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Preface 

The chapters included in this PhD thesis cover the work developed by the PhD 

candidate Ruifeng Du at the Catalonia Institute for Energy Research (IREC) in Sant 

Adrià de Besòs, Barcelona, in the period 2017-2022, supported by China Scholarship 

Council (No. 201706400066). The thesis is particularly focused on the functional 

design and preparation of nanocomposites and their application in energy conversion 

and storage. 

This thesis consists of five chapters. The first chapter mainly introduces the 

background, motivation and objectives of this thesis. The experiment work performed 

to achieve those objectives is shown in chapters 2-5. Within the general frame of 

optimizing functional nanocomposite design and preparation, the work presented in 

this thesis mainly contains the following aspects：(1) Functional design of composite 

nanomaterials based on specific applications; (2) According to the material design, 

realize the preparation of nanocomposite materials; (3) Performance testing of the 

prepared nanocomposites, and then using the measured results to verify our design 

conjectures. In chapter two, a composite based on CoFe2O4 NPs coating a Ni foam 

was developed for electrocatalytic oxygen evolution reaction. In chapter three, 2D/2D 

heterojunctions based on TiO2 nanosheets/utrathin g-C3N4 were produced for 

photocatalytic hydrogen evolution. In chapter four, oxygen doping in highly dispersed 

Ni-loaded g-C3N4 nanotubes was prepared for photocatalytic hydrogen peroxide 

evolution. In chapter five, CoFeP nanorods supported on tubular g-C3N4 were 

prepared for lithium−sulfur batteries. During all the experiments, there are several 

difficulties throughout, including surface modification of NPs, NPs agglomeration, 

and uniform loading of NPs.   
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Summary of results 

This thesis focuses on the functional design and preparation of different kind of 

nanocomposites and their applications in energy conversion and storage technologies, 

particular in OER, HER, H2O2ER and LSBs. For the different applications 

nanocomposite materials are designed, engineered and tested. First, nanocomposite 

materials are designed based on the requirements for various properties of the material, 

including conductivity, catalysis, adsorption performance, band structure, specific 

surface area, material stability etc. Then the composites nanocomposites are 

engineered using methods like NPs coating, self-assembly and in-situ growth method. 

Finally, as prepared functional nanocomposites are tested in specific application. 

Results from the tests are frequently used as feedback for the design and engineering 

tasks, thus optimizing the final material. An understanding of the correlation between 

the designed nanocomposite structure and the specific application performance allows 

a more rational design of functional nanocomposites. 

This thesis consists of five chapters. The first chapter presents a general introduction 

to the synthetic strategies and applications of nanocomposites. Chapter 2 details the 

preparation of CoFe2O4 NPs and their incorporation on Ni foams (NFs). The coating 

process was optimized for large electrode areas, ensuring a proper distribution of the 

NPs on the NF that allowed overcoming the electrical conductivity limitations of 

oxide NPs. We were able to produce CoFe2O4-coated NFs having 10 cm
2
 geometric 

surface areas with overpotentials below 300 mV for the OER at a current density of 

50 mA/cm
2
. The CoFe2O4-coated NFs were also tested in a photovoltaic-electrolyzer 

coupled system and achieved a conversion efficiency of solar to chemical up to 13%. 

The results in Chapter 2 were published in Appl. Catal. B Environ (2019). 

In chapter 3, the preaparation of 2D/2D heterojunction of TiO2 nanosheets/ultrathin 

g-C3N4 through the electrostatic self-assembly method is detailed. The obtained 

nanocomposites were applied for the photocatalytic HER under simulated solar light, 
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presenting high performance and good stabilities. Compared with g-C3N4 and pure 

TiO2 nanosheets, this 2D/2D TiO2/g-C3N4 heterojunction exhibited ultra-high charge 

separation and transport properties and obvious improvement in photocatalytic 

performance. The results in Chapter 3 have been accepted for publication in 

Nanomaterials (2022). 

In chapter 4, the oxygen doping of highly dispersed Ni-loaded g-C3N4 nanotubes 

produced through an in situ growth method is detailed. The obtained nanocomposites 

were applied for photocatalytic hydrogen peroxide evolution under visible light. The 

hollow structure of the tubular g-C3N4 provides a large surface with a high density of 

reactive sites and efficient visible light absorption during photocatalytic reaction. 

Furthermore, oxygen doping and the Ni loading of the Ni/g-C3N4 composite catalyst 

displays a superior ability to separate photogenerated charge carriers and a high 

selectivity to the two-electron process during the ORR. The optimized composition, 

Ni4%/O0.2tCN, displays a H2O2 production rate of 2464 mol g
-1

·h
-1

, and achieves an 

apparent quantum yield (AQY) of 14.9% at 420 nm. The results in Chapter 4 were 

published in Chem. Eng. J. (2022). 

Chapter 5 details the synthesis of colloidal CoFeP nanorods, tubular g-C3N4 and 

nanocomposites of CoFeP@t-CN. The as prepared CoFeP@t-CN composites were 

employed as sulfur hosts for LSBs. Density functional theory (DFT) calculations and 

experimental data confirmed that CoFeP@CN composites are characterized by a 

suitable electronic structure and charge rearrangement that allows them to act as a 

Mott-Schottky catalyst to accelerate LiPS conversion. Besides, the tubular geometry 

of CoFeP@CN composites facilitates the diffusion of Li ions, accommodates volume 

change during the reaction, and offers abundant lithiophilic/sulfiphilic sites to 

effectively trap soluble LiPS. As a result, S@CoFeP@CN electrodes deliver high 

initial capacities of 1607 mAh g
−1

 at 0.1 C, superior rate performance of 630 mAh g
−1

 

at 5 C, and remarkable cycling stability with 90.44% capacity retention over 700 

cycles. We further produced coin cells with high sulfur loading, 4.1 mg cm
−2

, and 
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pouch cells with 0.1 Ah capacity to validate their superior cycling stability. This work 

was published in Adv. Energy Mater. (2021). 

Finally, the results and discussion, conclusion and perspectives for future work are 

presented at the end of this thesis. 
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Resumen de Resultados 

Esta tesis se centra en el diseño funcional y la preparación de diferentes tipos de 

nanocompuestos y sus aplicaciones en tecnologías de conversión y almacenamiento 

de energía, en particular en OER, HER, H2O2ER y LSBs. Para diferentes aplicaciones, 

los materiales nanocompuestos se diseñan en función de los requisitos de varias 

propiedades del material, incluida la conductividad, la catálisis, el rendimiento de 

adsorción, la estructura de la banda, el área de superficie específica, la estabilidad del 

material, etc. Luego, los nanocompuestos funcionales se preparan a través de 

diferentes métodos como recubrimiento de NPs, autoensamblaje y crecimiento in situ. 

Finalmente, los nanocompuestos funcionales preparados se prueban en aplicaciones 

específicas. La comprensión de la correlación entre la estructura del nanocompuesto 

diseñado y el rendimiento de la aplicación específica permite un diseño más racional 

de nanocompuestos funcionales. 

Esta tesis consta de cinco capítulos. El primer capítulo presenta una introducción 

general a las estrategias sintéticas y aplicaciones de los nanocompuestos. El capítulo 2 

detalla la preparación de CoFe2O4, la modificación de la superficie de las NP y el 

recubrimiento de soportes de Ni (NF) con las NP de CoFe2O4. El proceso de 

recubrimiento se optimizó para áreas de electrodos grandes, asegurando una 

distribución adecuada de las NP en el NF que permitió superar las limitaciones de 

conductividad eléctrica de las NP de óxido. Pudimos producir NFs recubiertos con 

CoFe2O4 con áreas superficiales geométricas de 10 cm
2
 con sobrepotenciales por 

debajo de 300 mV para la OER a una densidad de corriente de 50 mA/cm
2
. Los NF 

recubiertos con CoFe2O4 preparados también se probaron en un sistema acoplado de 

electrolizador fotovoltaico y lograron una eficiencia de conversión de energía solar a 

química de hasta el 13 %. Los resultados del Capítulo 2 se publicaron en Appl. Catal. 

B Environ (2019). 



14 
 

En el capítulo 3, se preparó una heterounión 2D/2D de nanoláminas de TiO2/g-C3N4 

ultrafinas mediante el método de autoensamblaje electrostático. Los nanocompuestos 

obtenidos se aplicaron para la reacción fotocatalítica de evolución de hidrógeno bajo 

luz solar simulada, presentando un alto rendimiento HER y buenas estabilidades. En 

comparación con g-C3N4 y nanoláminas de TiO2 puro, esta heterounión 2D/2D 

TiO2/g-C3N4 exhibió propiedades de transporte y separación de carga ultra altas y una 

mejora evidente en el rendimiento fotocatalítico. Los resultados del Capítulo 3 se 

publicaron en Nanomaterils (2022). 

En el capítulo 4, se preparó el dopaje con oxígeno en nanotubos de g-C3N4 cargados 

con Ni altamente dispersos a través de un método de crecimiento in situ. Los 

nanocompuestos obtenidos se aplicaron para la reacción de evolución de peróxido de 

hidrógeno fotocatalítico bajo luz visible. La estructura hueca del g-C3N4 tubular 

proporciona una gran superficie con una alta densidad de sitios reactivos y una 

absorción eficiente de la luz visible durante la reacción fotocatalítica. Además, el 

dopaje con oxígeno y la carga de Ni del catalizador compuesto de Ni/g-C3N4 

muestran una capacidad superior para separar los portadores de carga fotogenerados y 

una alta selectividad para el proceso de dos electrones durante la reacción de 

reducción de oxígeno (ORR). Con la composición optimizada, Ni4%/O0.2tCN, muestra 

una tasa de producción de H2O2 de 2464 mol g
-1

•h
-1

 y logra un rendimiento cuántico 

aparente (AQY) del 14.9% a 420 nm. Los resultados del Capítulo 4 se publicaron en 

Chem. Eng. J. (2022). 

El Capítulo 5 muestra la síntesis de nanorods de CoFeP coloidal, g-C3N4 tubular y 

nanocompuestos de CoFeP@t-CN. Los compuestos CoFeP@t-CN preparados se 

emplearon como materiales soporte de azufre para baterías de litio-azufre. Los 

cálculos DFT y los datos experimentales confirman que los compuestos CoFeP@CN 

se caracterizan por una estructura electrónica adecuada y un reordenamiento de carga 

que les permite actuar como un catalizador de Mott-Schottky para acelerar la 

conversión de LiPS. Además, la geometría tubular de los compuestos CoFeP@CN 
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facilita la difusión de los iones de litio, se adapta al cambio de volumen durante la 

reacción y ofrece abundantes sitios litiófilos/sulfófilos para atrapar de forma eficaz los 

LiPS solubles. Como resultado, los electrodos S@CoFeP@CN brindan altas 

capacidades iniciales de 1607 mAh•g
-1

 a 0.1 C, un rendimiento de velocidad superior 

de 630 mAh•g
-1

 a 5 C y una notable estabilidad cíclica con una retención de capacidad 

del 90.44 % durante 700 ciclos. Además, producimos celdas tipo moneda con una alta 

carga de azufre, 4.1 mg•cm
−2

, y celdas tipo bolsa con una capacidad de 0.1 Ah para 

validar su estabilidad cíclica superior. Este trabajo fue publicado en Adv. Energy 

Mater. (2021). 

Finalmente, la conclusión y las perspectivas de trabajo futuro se presentaron al final 

de esta tesis. 
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Abbreviation 

bCN       Bulk graphitic carbonitrile C3N4 

BE           Binding energy 

BG            Band gap 

CB             Conduction band 

CN            Carbon nitride 

CNT            Carbon nanotube 

CV          Cyclic voltametry 

DFT            Density functional theory 

ECSA           Electrochemically active surface area 

EDS            Energy dispersive X-ray spectroscopy 

EELS           Electron energy loss spectroscopy 

EG     Ethylene glycol 

EIS             Electrochemical impedance spectroscopy 

FTIR            Fourier-transform infrared spectroscopy 

GC             Gas chromatography 

GCE            Glassy carbon electrode 

g-CN    Graphitic carbonitrile g-C3N4 

HER            Hydrogen evolution reaction 

HRTEM         High resolution transmission electron miroscopy 

H2O2ER         Hydrogen peroxide evolution reaction 

LIB            Lithium ion battery 

LiPS            Lithium polysulfide  

LSB            Lithium-sulfur battery 

NC            Nanocrystal 

NF             Nickel foam 

NP            Nanoparticle 

OAc            Oleic acid 
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OAm           Oleylamine 

ODE            1-Octadecene 

OER            Oxygen evolution reaction 

ORR            Oxygen reduction reaction 

PC             Photocurrent 

PEI     Polyetherimide 

PL             Photoluminescence  

PVDF           Polyvinilidene difluride 

RRDE           Roating ring-disk electrode 

SEM            Scanning electron microscopy 

SSA             Specific surface area 

STEM           Scanning transmission electron microscopy 

tCN            Tubular g-C3N4 

TEM            Transmission electron microscopy 

TGA           Theomogravimetric analysis 

TOP            Tri-n-octylphosphine 

TRPL           Transient photoluminescence 

uCN             Ultrathin g-C3N4 

VB             Valence band 

XPS            X-ray photoelectron spectroscopy 

XRD            X-ray diffraction 

0D/2D     Zero-dimensional/two-dimensional 

2D/2D    Two-dimensional/two-dimensional 

3D     Three-dimensional 
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Introduction 

1.1 Energy crisis and renewable energy 

The protection of the environment while securing enough energy for our development is one 

of the greatest challenges of the 21st century.[1][2] The rapid economic growth of most of the 

emerging and developing countries makes the adaptation and optimization of 

environmentally friendly and renewable energy sources important for our societies. [3][4][5] 

Renewable sources of energy are those derived from resources that are renewed naturally. 

They include solar energy, hydro energy, wind, rain, tides, waves, and geothermal heat. 

Whereas non-renewable resources are natural resources that cannot be renewed quickly by 

natural phenomena such as carbon-based fossil fuels like coal and petroleum.[6,7] 

 

Fig 1.1. Renewable energies.
[5]

 

In recent years, overexploitation of fossil fuels, environmental pollution, global warming, and 

nuclear safety issues are increasingly prominent problems. Additionally, there has been an 

unprecedented increase in energy demand caused by post-COVID recovery[8,9] and the 

tightening of world crude oil and natural gas supply caused by the Russian-Ukrainian war. 

[10,11]All of these make countries around the world realize the necessity and urgency of 
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developing and utilizing renewable energy. 

 

Fig 1.2. (a) Renewable electricity generation increase by technology country and region, 2020-2021, (b) 

Share of low-carbon sources and coal in world electricity generation, 1971-2021
12

. 

According to a survey by IEA in Fig 1.2, renewable electricity generation in 2021 was set to 

expand by more than 8% to reach 8300 TWh, the fastest year-on-year growth since the 

1970s. China alone should account for almost half of the global increase in renewable 

electricity in 2021, followed by the United States, the European Union and India. Increases in 

electricity generation from all renewable sources should push the share of renewables in the 

electricity generation mix to an all-time high of 30% in 2021. Combined with nuclear, 

low-carbon sources of generation well and truly exceed output from the world’s coal plants 

in 2021.[12] The "Revolutionary Strategy for Energy Production and Consumption" issued by 

China's National Development and Reform Commission and the National Energy 

Administration clearly states that by 2030, the country's new energy demand will be met 

mainly by clean energy. [13] The European Commission released a roadmap for energy 

independence, increasing the development and utilization of renewable energy, and striving 

to get rid of its dependence on Russia's energy imports by 2030. [14] Reuters also reported 

that the White House hopes to capitalize on growing support for a national clean energy plan 

that would require 80 percent of the electricity on the U.S. grid to come from emissions-free 

renewable energy sources by 2030. [15] According to the above, renewable energy has 

become an indispensable part of the energy consumption structure of various countries, and 

will play a very important or even dominating role in the future. 
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1.2 energy conversion and storage technologies 

Renewable electricity generation technologies like wind and solar are promising candidates 

to achieve a clean and sustainable energy infrastructure. However, wind and solar power are 

both characterized by an intermittent availability.[16,17] Thus, a large scale energy conversion 

and storage solution is required in order to bridge the time gap between supply and demand. 

[18,19] Photo/electrochemistry energy conversion and storage technologies have been 

recognized as one of the most promising approaches, which can convert energy to a storable 

form in various mediums and then be converted back when needed.[20–22] To meet the 

cost-effective industry requirement of energy conversion and storage, several reaction 

systems are extensively studied, including: 

(1) electrocatalytic oxygen evolution reaction 

(2) photocatalytic hydrogen/hydrogen oxide evolution reaction 

(3) electrochemical batteries, i.e. LSBs 

In order to realize the efficient and stable operation of the energy conversion and storage 

process, numerous highly demanding requirements are placed on the structure, morphology, 

catalytic performance, electrical conductivity, and adsorption performance of specific 

reactants of our materials.[23–27]  

However, it is obviously difficult to meet the requirements of all aspects of the reaction with 

only a single material. Therefore, the design and preparation of functional nanocomposites 

with high performance and good stability is a key direction of future research.[28–30] 

1.3 Applications 

1.3.1 Oxygen evolution reaction 

Among several energy conversion systems relying on electrochemical reactions, water 

splitting, and metal-air batteries may be the conceptually simplest. However, the water 

oxidation reaction or oxygen evolution reaction (OER) is the most critical and limiting 

reaction for all these systems to carry out their reversible process along with oxygen 

reduction reaction (ORR) and/or hydrogen evaluation reaction (HER) due to its four-electron 
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reaction process and higher reaction potential.[31,32]  

In OER, molecular oxygen is produced via two different proton/electron coupled procedures 

which is depending on the pH values. In acidic and neutral conditions two water molecules 

(H2O) are oxidized into four protons (H+) and an oxygen molecule (O2), while hydroxyl groups 

(OH-) are oxidized and transformed into H2O and O2 in basic environments. The equilibrium 

half-cell potentials (E°
a) at 1 atm and 25 °C for OER are shown as follows: 

4 OH- 2 H2O (l) +O2 (g) + 4 e-    E°a=0.404 V alkaline solution  

2 H2O (l) 4H+ + O2 (g) + 4 e-     E°a=1.23 V acidic solution  

In the past several decades, various kinds of catalysts have been employed to investigate the 

OER performance. Up till now, noble-metal-based materials (Ru, Ir) are still placed at the top 

in terms of their stability in all pH values despite the fair activity towards OER.[33,34] However, 

the high price and scarcity of these elements become a major bottlenecks in practical 

applications. Considerable research efforts have been devoted to identify and optimize 

alternative materials with better OER activity. Currently, a large number of catalysts have 

been developed, including noble-metal-based, carbon-based materials (e.g. graphene and 

graphene oxide, CNT, nitrogen-doped carbon, g-C3N4, etc.),[35–37] metal alloys, oxides and 

oxyhydroxides of earth abundant metals (e.g. Mn, Co, Ni, and Fe, etc.) and their composite 

with carbon as well as complex ternary structures of spinel and perovskite systems.[38–41] To 

evaluate the performance of electrocatalysts towards OER, there are several other 

parameters that influence the reaction significantly, namely, onset/over potential, tafel slope, 

stability, and current density. 

1.3.2 Photocatalytic H2 generation 

Solar energy conversion is one of the sustainable technologies that tackle the global warming 

and energy crisis. Photocatalytic hydrogen (H2) production is a clean technology to produce 

an eco-friendly fuel with the help of semiconductor NPs and the abundant sunlight 

irradiation.[42–44] Fig 1.3.a shows a scheme of the HER by photocatalysts. The photocatalytic 

reaction occurring on the semiconductor photocatalysts can be divided into three parts: (1) 

absorving photons with energy exceeding that of the photocatalyst’s band gap, generating 

electron and hole pairs; (2) separating carriers by migration in the semiconductor 
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photocatalyst; and (3) reaction between these carriers and H2O.
[45 – 47]

 Simultaneously, 

electron–hole pairs will recombine with each other, reducing the process efficiency. As shown 

in Figure 1.3.b, while photocatalysts are involved in hydrogen evolution, the lowest position 

of the conduction band (CB) should be lower than the reduction position of H2O/H2, while the 

position of the valence band (VB) should be higher than the potential of H2O/O2.  

 

Figure 1.3. Schematic illustration of hydrogen evolution over photocatalysts.
48

  

Over the last several decades, photocatalysis have been shown a promising method for H2 

production. Photocatalysts such as titanium oxide (TiO2), graphitic-carbon nitride (g-C3N4) and 

cadmium sulfide (CdS) are the most widely explored in recent decades for water splitting.[48–

50] Even though the principles controlling photocatalytic activity in the developed 

semiconductors were identified, several aspects remain unclear. Therefore, practical 

applications and the commercialization of photocatalytic H2 production require further 

research.
[43,50,51]

 In order to improve the photocatalytic HER performance, there are three basic 

paths we can choose from: (1) Modulation of photocatalyst morphology, band gap structure, 

and composition, (2) Construction of heterojunctions to facilitate charge separation, (3) 

Introduce a cocatalyst on the surface of the photocatalyst. 

1.3.3 Photocatalytic H2O2 

In the past few years, photochemical H2O2 production is attracting great interest as an 

alternative solar fuel. 
[52,53]

Solar-driven H2O2 synthesis presents unique features of remarkable 

sustainability and environmental friendliness, as compared to the traditional anthraquinone 
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process and direct synthesis method.
[54,55]

 As in the case of the hydrogen photogeneration, 

typically, reactions on photocatalysts include three main steps (Figure 1.4.a). In the first step, 

photons are absorbed on a semiconductor photocatalyst. If the energy of the photons is greater 

than the band gap of the photocatalyst, the electrons in the VB are excited to the CB, while 

holes are left in the VB. This step, therefore, creates the negatively charged electron (e
-
) and 

positively charged hole (h
+
) pairs. In the second step, the photoinduced e

-
 and h

+ 
separate and 

migrate to the photocatalyst surface. In the third step, the charge carriers react with the 

chemical species on the surface of the photocatalyst. Meanwhile, the photoinduced e
-
 and h

+
 

also recombine with each other without participating in any chemical reactions.
[56–58]

 

 

Figure 1.4. (a) Photoexcitation and charge-decay pathway in a photocatalyst. (b) Schematic 

representation of the photocatalytic system for the production of H2O2.
58

 

At present, it is accepted that H2O2 can be generated through either an indirect sequential 

two-step single-electron reduction (O2 *O2 H2O2) or a direct one-step two-electron 

reduction on the CB of photocatalyst while a water oxidation reaction takes place by 

injection of holes from the VB of semiconductor.[58,59] A schematic representation of a 

photocatalytic system for H2O2 production is as follow： 

2 H2O + 4 h+ O2 +4 H+ (reaction in VB) 

O2 + * - *O2 

*O2 + 2H+ + 2e-  H2O2  (one-step) 

*O2 + e-  *O2
- 

*O2
- + H+  *HOO  

*HOO + e-  HOO- 
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HOO- + H+  H2O2       (two-step) 

2H2O+ O2
ℎ𝑣
→ 2H2O2 ΔG0=117 KJ/mol 

In the past few decades, several photocatalysts have been also applied for H2O2 generation, 

including titanium dioxide[60,61], graphitic carbon nitride (g-C3N4) 
[62,63] and bismuth 

vanadate[64]. But to improve the conversion efficiency of solar energy to chemical energy to 

meet the needs of industrial production is still a major challenge. There are still some key 

factors in the establishment of a system for the efficient photocatalytic production of H2O2, 

including (1) the optimization of the morphology and electronic band structure of the 

photocatalysts (2) the minimization of the recombination of photogenerated electrons and 

holes (3) the selectivity of the hydrogen peroxide generation reaction. 

1.3.4 Lithium-sulfur batteries (LSBs) 

In the 1990s, lithium−ion batteries (LIBs) were successfully commercialized and rapidly 

occupied the worldwide energy market until today.[65] However, with the increasing demand 

for device duration especially under new applied situations such as unmanned aerial vehicles, 

the current LIB technology has gradually reached its limit.[66] Meanwhile, lithium−sulfur 

batteries (LSBs) have long been propsed as a promising high-energy-density secondary 

battery system since their first prototype in the 1960s. The main advantages of LSBs are an 

ultrahigh theoretical energy density up to 2600 Wh kg−1 and the benefits of cathode material 

including low cost, Earth abundance, and environmental friendliness.[67] The basic 

electrochemical process of a lithium-sulfur cell is the conversion of lithium and sulfur into 

lithium sulfide, 16 Li + S8 = 8 Li2S, via the formation of a series of intermediate polysulfides, 

Li2Sx (1≤ × ≤ 8), to which is associated a voltage of about 2 V and a specific capacity of 1,675 

mAh g−1. The discharge process is started with the ring opening of S8, followed by the PS 

reduction from high-order to low-order clusters (S8
2− → S6

2− → S4
2−), and it ends with the 

deposition of Li2S2/Li2S. The cell charging follows a reverse LiPS evolution to that in 

discharge.[23,24,67,68] 
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Figure 1.5. (a) Illustration of the charge (red)/discharge (black) process involved in a rechargeable Li-S 

cell
67

, (b) The compendium of LiPS composition and evolution in Li–S batteries.
68

 

In the past decade, numerous efforts have been devoted to achieving large-scale commercial 

application of LSBs. However, although substantial progress has been made, the road for 

making the sulfur-battery a practical reality is still long. Three most important issues limit its 

development. (1) The end products of discharging and charging are intrinsically 

electronic/ionic insulating to render severe kinetic difficulty. (2) Volume changes up to 80% 

during cycling results in heavy pressure on the cathode integrity with rapid loss of active 

materials. (3) The LiPS intermediates dissolve in the electrolyte and shuttle between the 

cathode and the anode, reducing the coulombic efficiency and cycling stability.[69–71] 

1.4 The functional design of nanocomposites 

Inorganic colloidal nanocrystals (NCs) are currently being employed as active components in 

a wide range of applications in fields such as catalysis, battery, chemical sensing and solar 

cells. [72–74] However, for a specific application, it is difficult to use a single nanomaterial to 

meet all the requirements of this application on the material's optical, electrical, magnetic, 

thermal, mechanical properties, catalytic properties, etc. Moreover, we also need a bridge to 

connect the nano-sized NPs to maximize charge transport and to ensure a proper NC 

dispersion. [75–77]In this context, nanocomposites have attracted wide attention during past 

decades because of their potential to combine desirable properties of different nanoscale 

building blocks to improve optical, electronic, catalytic, mechanical, and magnetic properties. 

For different applications, we have different requirements for the properties of various 

aspects of the material. Next, I will talk about the ideas of composite material design from 
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several specific application aspects. 

(1) Electrocatalytic oxygen generation electrode materials 

As an important half-reaction for electrochemical technologies such as electrolysis of water, 

fuel cells, etc. the OER involves a solid electrode with a high electrical conductivity, a large 

surface area to interact with the electrolyte and proper electrocatalytic properties, which is 

difficult to obtain from a single nanomaterial. Therefore, even though NCs are advantageous 

in catalysis due to their large specific surface area (SSA) and high exposed active sites, it is 

still usually needed to be combined with conductive substrate (e.g Ni foam, glass carbon, Ti 

plate, carbon cloth, etc.) that provide mechanical stability and contribute to the charge 

transport from/to the external circuit.[78–81] Moreover, in some cases NCs and substrates can 

interact during the reaction to further improve performance.[82,83] 

(2) Photocatalytic H2/H2O2 generation reaction 

While photocatalytic H2/H2O2 generation reactions are promising solar energy conversion 

pathways, their moderate conversion efficiency has always been an important factor limiting 

their industrialization. Several mechanisms limit the efficiency of photocatalytic reactions, 

including the recombination of photogenerated electrons and holes. So, large efforts have 

been devoted to improving the separation and transport efficiency of photogenerated 

electrons and holes. Construction of heterojunction nanocomposites and co-catalyst/catalyst 

nanocomposites are considered to be the two effective ways to solve the problem of 

photoelectron-hole recombination. [84,85] 

Graphitic carbonitride (g-C3N4) with high chemical stability and low cost have received 

considerable attention.[86,87] Moreover, a layered structured g-C3N4 with polar surface is very 

favorable for NP loading to build heterojunction nanocomposites and co-catalyst/catalyst 

nanocomposites. Particular, the 2D/2D nanocomposites made of sheet-shaped particles and 

g-C3N4 offer a particularly large interface contact area that benefits charges transfer and that 

could highly improve photocatalytic activity.[84,88] Moreover, 0D/2D nanocomposites of metal 

NPs/g-C3N4 could also significantly increase the photocatalytic performance by transferring 

the photoexcited electrons to the surface of metal NPs which have the lower Fimi 

level.[85,89,90] 

(3) Lithium-sulfur batteries 
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Lithium-sulfur batteries are considered to be a very promising battery technology because of 

their high theoretical specific capacity, abundant reserves of sulfur, low cost, and 

environmental friendliness. LSBs have several main problems: 1. LiPS compounds dissolve in 

the electrolyte, resulting in capacity loss; 2. As a non-conductive substance, sulfur has very 

poor conductivity, which is not conducive to the high rate performance of the battery; 3. 

During the charging and discharging process, the volume of sulfur expands and shrinks very 

greatly, which may cause damage to the battery. 4. Poor rate performance, especially at 

high sulfur loadings.[67,71] Due to these problems, we have to put many requirements on 

sulfur-host materials. (1) Good conductivity, (2) Good adsorption performance of polysulfide, 

(3) Spatial structure to buffer volume changes during charge and discharge, (4) Excellent 

catalytic performance for polysulfide conversion. Obviously this is not a problem that a 

single nanoparticle can solve either. Some researchers modified the NPs with high catalytic 

properties on structured carbon materials (carbon nanotube, graphen, etc.)[91,92] which 

significantly improve the capacity and rate performance. There are also some researchers 

who replaced the carbon material with N-doped carbon material and obtained better 

stability.[93,94] 

1.5 The preparation of functional nanocomposites 

1.5.1 Colloidal nanocrystals preparation 

The solution-based synthesis of various inorganic NCs has been studied extensively. It gained 

much attention during the last decades and impressive progress has been made towards the 

synthesis of colloidal NCs with well-defined nanostructure and tailored properties.[95,96] 

 

 

Figure 1.6. Colloidal synthesis Schlenk line set-up in FN group of IREC. 
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Colloidal synthesis routes allow producing NCs with excellent control over their properties 

using low amounts of energy and low capital cost equipment. Elemental, binary, ternary, 

quaternary and even quinary NCs can be prepared via reaction or decomposition of multiple 

precursors or single-molecule sources.
[97,98] 

Reactions are usually performed under inert 

atmosphere in high boiling point solvents, e.g. oleylamine (OLA), octadecene (ODE), oleic 

acid (OA), trioctylphosphine (TOP) or ethylene glycol (EG). The typical synthesis route to 

produce colloidal NCs at the laboratory scale uses a Schlenk line as shown in Figure 12. 

Among the synthesis process, the precursors, surfactants and solvent play a crucial role in the 

nucleation and growth kinetics. As shown in figure 1.7, research can precisely control the size, 

morphology and composition of nanocrystals by adjusting the conditions of precursors, 

surfactants, solvents, etc.
[99,100] 

 

Figure 1.7.  (1) TEM images of TiO2 NCs synthesized using the precursor TiF4 (a,d), a mixed precursor 

of TiF4 and TiCl4 (b,e), and TiCl4 (c,f). Those depicted in a−c and d−f are synthesized in the presence of 

OLAM and 1-ODOL, respectively.
99

 (2) TEM images of Ni2-xCoxP NCs with different compositions: x = 0 

(a), 0.2 (b), 0.6 (c), 1 (d), 1.2 (e), 1.4 (f), 1.8 (g), and 2 (h). Scale bars = 50 nm.
100

 



29 
 

1.5.2 Ligands remove and exchange strategies 

Surfactants, such as trioctylphosphine (TOP), oleic acid (OA), and oleylamine (OAm), are 

typically long hydrocarbon molecules attached to a functional headgroup and are critical 

components in colloidal synthesis.[101,102] These surfactants stabilize the NCs high-energy 

surfaces against uncontrolled growth and aggregation. Moreover, the use of surfactants may 

allow control of the nanocrystals shape and size by modulating the crystal growth 

kinetics.[103,104] Despite their essential role in the synthesis, the bulky surfactants surrounding 

NCs create barriers for many applications, especially for catalysis and battery, as the 

necessary surface active sites are blocked. Consequently, several surfactant removal 

methods have been reported in attempts to liberate active sites. These methods can be 

roughly divided into two categories:  

(1) ligands removal  

As shown in Figures (1-3), the ligands can be completely removed from the NCs with strong 

acid, strong base, oxidizing agent, reducing agent, annealing and UV-ozone/plasma 

treatment. The ligand removal may result in part of nanoparticle agglomeration.[105–107] 

(2) ligands exchange 

As shown in Fig (4-6), small carboxylate, sulfhydryl and amine ligands can be used to replace 

the long ligands like TOP, OAc and, OAm. This method can preserve the morphology of NPs 

wellbut may be inefective for strongly bound surfactants like phosphines.[108–110] 

 

Figure 1. (a) Schematic of surface treatments to remove ligands from metal oxide surfaces for 

electrocatalysis. Four popular ligand removal strategies are displayed: bases (potassium hydroxide) 
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displace ligands, for example, with hydroxyl groups; displace carboxylate ligands by esterification; 

Lewis acids form dative bonds with ligands; and heating in Ar (400°C) removes ligands by combustion. 

105 
(b) Schematic illustration of the ligand-exchange process with NOBF4.

106
 (c) Schematic of 

NHC-mediated surfactant removal for colloidal NCs.
107

 (d) Schematic of ligand exchange with 

ammonium thiocyanate (NH4SCN).
108

 (e) Schematic illustration of gold nanoparticle surface 

modification via a two-step ligand exchange reaction with CTAB and MPA. 
109

 (f) Scheme of 

EDA-mediated ligand exchange on an oleophilic NC surface.
110

  

1.5.3 Dip coating and Spin coating methods 

 

Figure 1.7. Schematic illustration of the dip coating and spin coating 

Nanocoating is an important method to realize functionalized nanodevices, which are widely 

used in the preparation of catalytic electrodes, battery electrodes, solar cell plates, 

functional ceramics, and various aspects of biomedicine and industry. In order to realize the 

functionalization of the substrate, we often need to modify it with different NPs.[111,112] There 

are two main methods of coating NPs that we commonly use, one is dip coating and the 

other is spin coating. For substrates with 3D structures, we usually use dip coating, and for 

2D surface coatings, we usually choose spin coating. Regardless of the coating method, if you 

want to get a uniform coating, the coating solutions have high requirements. (1) Excellent 

dispersion of NPs in ink solution. Researchers often use NP surface modification methods, 

such as adding short-chain carboxyl, hydroxyl or amino groups on the surface of NP to 

achieve uniform dispersion in aqueous solutions (2) Wettability of the coating solution to the 

substrate. Surface modification of substrates, such as removal of oxide layer on the surface 
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of NF, passivation of metal and carbon material substrates, and hydroxylation of battery 

separators are widely used. (3) Sufficient affinity between NPs and substrate material to 

ensure coating stability. Using hydrogen bonding or electrostatic force to assist the coating, 

adding binders such as Nafion and PVDF to the ink solution, and annealing after coating are 

all good solutions.[112–114] 

1.5.4 Electrostatic self-assembly method 

Electrostatic self-assembly refers to the technology in which basic structural units (molecules, 

nanomaterials, micrometers or larger-scale substances) spontaneously form ordered 

structures under the action of electrostatic forces. Electrostatic self-assembly is an important 

method for constructing nanocomposites.[115,116] The basic principle of this technique is 

straightforward: Two oppositely charged particles, suspended in a fluid, will attract. So when 

our two materials meet these two conditions (1) can be uniformly dispersed in the same 

solvent, (2) the surface has opposite electrical properties, we can use electrostatic 

self-assembly to prepare nanocomposites. When two materials are electrically opposite in 

solution, we can assemble directly, whereas we have to surface-modify one of the materials 

before assembling. As shown in fig 1.9, the PEI and the HNO3 was used to change the surface 

electrical properties of carbon tubes and Fe3O4 NPs before assembling.[117,118]   

 

Figure 1.9. (a) Schematic illustration of the preparation of MoS2@Fe3O4/CT,
117

 (b) schematic 

illustration of the synthetic route of pFe3O4-GO nanosystem.
118 

1.5.5 In situ growth method 

Whether it is NP coating, or the self-assembly, it is inevitable to carry out tedious processes 
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such as ligand treatment and surface modification of NPs and then assembly or coating. 

Moreover, due to the presence of surfactants, it will also lead to problems such as increased 

contact resistance and masked active sites.[119,120] Compared with coating method and 

self-assembly method, the in situ growth of NPs on conductive substrate or other materials 

to form functional nanocomposites are more desirable due to the following several 

advantages：(1) In situ synthesis process avoids the posterior surface modification and 

deposition process which simplified the production process and decrease the cost. (2) 

Expose more active sites on the surface of nanocomposites due to the less use of surfactants 

and binders. (3) The contact between two materials is firmer and closer which result in less 

contact resistance and make the nanocomposites more stable. [121–123] 

Common in situ growth methods include the hydrothermal method and electrodeposition 

method, which were widely used in the preparation of conductive electrodes.[124–126] 

Particular, for semiconductor materials, in situ photo-oxidation or reduction can also be used 

to synthesize nanocomposite photocatalysts.[127,128] Moreover, for some stable materials such 

as carbon materials or g-C3N4, we can also achieve in situ synthesis in high temperature 

colloidal synthesis.[129,130] 

1.6 Objectives 

This thesis aims to design and produce the functional nanocomposites in energy conversion 

and storage field. The designed nanocomposites are targeted to be low cost and non-toxic, 

more efficient in energy conversion and storage process and more stable during the long 

cycle test. In the process of achieving these goals, we will encounter many difficulties 

including controllable synthesis of NPs, surface modification of NPs and fabrication of 

nanocomposites. To overcome all these challenges, several specific objectives are identified 

as fellow: 

(1) To develop a large size of NPs coated metal substrate electrode with high 

electrochemical transfer efficiency and long stability for electrocatalytic OER. 

(2) To explore the role of 2D/2D heterojunctions in photogenerated electron and hole 

separation and their impact on photocatalytic HER performance. 
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(3) To improve the photocatalytic H2O2 generation performance of g-C3N4 by promoting 

charge separation and increasing the selectivity of the reaction.  

(4) To develop NP-coated hollow structured g-C3N4 that can effectively buffer the volume 

change during charge/discharge process, reduce polysulfide shuttling, accelerate the 

catalytic conversion of polysulfide, thus enhancing cycling stability and rate capability. 
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Chapter 2 

Upscaling high activity oxygen evolution catalysts based on 

CoFe2O4 nanoparticles supported on nickel foam for power-to-gas 

electrochemical conversion with energy efficiencies above 80% 

 

2.1 Abstract 

We investigate cobalt ferrite nanoparticles (NPs) supported on large-scale electrodes as 

oxygen evolution reaction (OER) catalysts. Colloidal CoFe2O4 NPs were loaded on low-cost 

and high surface area nickel foam (NF) scaffolds. The coating process was optimized for large 

electrode areas, ensuring a proper distribution of the NPs on the NF that allowed 

overcoming the electrical conductivity limitations of oxide NPs. We were able to produce 

CoFe2O4-coated NFs having 10 cm2 geometric surface areas with overpotentials below 300 

mV for the OER at a current density of 50 mA/cm2. Such impressively low overpotentials 

suggested using CoFe2O4 NP-based electrodes within a water electrolysis device. In this 

prototype device, stable operating currents up to 500 mA at remarkably low cell-voltages of 

1.62 and 1.53 V, at ambient and 50 ºC electrolyte temperatures, respectively, were reached 

during operation periods of up to 50 hours. The high electrochemical energy efficiencies 

reached at 50 mA/cm2, 75 % and 81 % respectively, rendered these devices particularly 

appealing to be combined with low-cost photovoltaic systems for bias-free hydrogen 
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production. Therefore, CoFe2O4 NP-based electrolysers were coupled to low-cost thin-film 

silicon solar cells with 13% efficiency to complete a system that afforded solar-to-fuel 

efficiencies above 10%.  

2.2 Introduction 

The development of cost-effective large-scale electrodes for highly active and stable oxygen 

evolution reaction (OER) catalysis is an essential step toward reaching commercial viable 

solutions for electrochemical water and CO2 reduction.[1] The OER is a complex multi-step 

reaction that starts with an OH coordination or H2O dissociation step in basic or acidic 

electrolytes, respectively, to form OH*, where (*) represents an active site at the surface of 

the catalyst.[2] OH* is subsequently decomposed to O*, which reacts with another adsorbed 

H2O/OH to form OOH*. In a last step OOH* is deprotonated to O2, which is finally released. 

This complex reaction is kinetically less favored than the concomitant hydrogen evolution 

reaction (HER), mainly due to the demanding formation of oxygen double bonds and the 

associated multi-electron transfer step. Due to its complexity, few catalysts have 

demonstrated high enough OER activities for commercially relevant application.  

Commercial electrolysis systems currently rely on expensive and scarce elements such as 

iridium and ruthenium,[3]since alternative low-cost catalysts suffer from unpractical high 

overpotential losses to provide high enough currents (> 200 mA), what makes them not 

competitive with alternative H2 production pathways.[4–6] 

In recent years, potentially cost-effective catalysts based on transition metal oxides not 

relying on Pt-group metals have demonstrated high current water electrolysis at operation 

voltages below 1.6 V. [7,8] However, most of these studies have been limited to small-scale 

electrodes or have relied on costly and energy-intensive deposition methods. These studies 

consequently lack of the scalability feature, which is crucial for commercial application. 

Against this backdrop, the present study is dedicated toward the realization of a prototype 

electrolyser utilizing a potentially low-cost, scalable and high throughput process for the 

realization of high-performing and environmentally friendly OER catalysts on large-scale 

electrode scaffolds.  
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Among non-noble OER catalysts, some spinel-type binary transition metal oxides (AB2O4, A, B 

= metal) come to the fore owing to their high abundance, low toxicity, rich redox chemistry 

and chemical robustness. [9–11] Besides, bimetallic catalysts offer additional degrees of 

freedom compared to elemental compositions, enabling further optimization of active sites 

towards OER catalytic steps. Among these bimetallic oxide catalysts, Co-Fe spinel compounds 

are a particularly interesting case of a highly abundant and potentially low-cost material that 

shows excellent activity toward water oxidation. [12–18] 

While oxides offer high electrochemical stability, they usually suffer from intrinsically inferior 

electrical conductivities. To circumvent this issue and at the same time maximize the density 

of potential catalytic sites, oxide nano-domains need to be evenly distributed through the 

surface of a highly conductive scaffold that facilitates the charge transfer of the conjoint OER 

system. However, previous studies on CoFe2O4 particles loaded on high surface area scaffolds, 

such as doped carbon nanofibers [15] or hematite nanorods [19], were limited to 

laboratory-scale applications due to the complexity and high cost of the utilized synthesis 

routes and the difficulties that supporting such particles onto a large area three-dimensional 

(3D) scaffold involve. [20]  

Herein, we developed a potentially low-cost, scalable, high throughput and high yield 

method to produce CoFe2O4 ferrite nanoparticles (NPs). Additionally, we optimized the 

loading of the active NPs on large-scale Ni foams (NFs), as highly conductive, 3D and 

cost-effective electrode scaffold. Following the optimization of the loading process and the 

loaded amount of NPs, electrodes based on NFs coated with CoFe2O4 NPs were tested in a 

three-electrode set-up, as well as in a scaled-up two-electrode prototype electrolysis system 

to assess their viability for high yield H2 production. We provide evidence that the used 

strategy bears great benefits regarding scalable preparation of high surface area and high 

activity catalysts. Additionally, we demonstrate the distribution and loading of oxide NPs to 

have a strong influence on the OER performance. Furthermore, we assessed the versatility of 

the presented system to be combined with renewable power sources by coupling the 

electrolyzer to a thin-film silicon solar cell for bias-free solar water splitting. Overall, the 

presented results set a new benchmark performance for transition metal oxides anchored on 
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large-scale electrode support for the OER. These results will contribute to push the frontier 

of the field of environmentally friendly processes and electrodes for commercially viable 

water electrolysis,[21]electrochemical alcohol oxidation,[22] waste water treatment,[23] or 

nitrate reduction systems.[24] 

2.3 Experimental Section 

Chemicals and Materials 

Cobalt(II) acetylacetonate (Co(acac)2, 97%, Sigma-Aldrich), Iron acetylacetonate (Fe(acac)3, 

97% Sigma-Aldrich), oleylamine (OAm, 80–90%, TCI), oleic acid (OAc, Sigma-Aldrich), Nafion 

(10 wt%, perfluorinated ion-exchange resin, dispersion in water), methanol (anhydrous, 

99.8%, Sigma-Aldrich), carbon black (CB, VULCAN XC72), potassium hydroxide (KOH, 85%, 

Sigma-Aldrich), tetrafluoroboric acid (HBF4, 48% Gew in H2O Sigma-Aldrich) and acetonitrile 

(CH3CN, extra dry, Fisher) were used as received without any further treatment. Chloroform, 

hexane, acetone, and ethanol were of analytical grade and purchased from various sources. 

Milli-Q water was obtained from a PURELAB flex from ELGA. An argon-filled glove box was 

used for storing and handling sensitive chemicals. 

Synthesis of Colloidal CoFe2O4 Nanoparticles 

All the syntheses were performed using standard airless techniques, i.e. a vacuum/dry argon 

gas Schlenk line. CoFe2O4 NPs were synthesized by loading 1.0 mmol of Fe(acac)3, 1mmol of 

Co(acac)2, 10 ml OAm and 1.0 ml OAc in a three-neck flask and degassed under vacuum at 80 

ºC for 1 hour while being strongly stirred using a magnetic bar. Subsequently, the reaction 

flask was heated to 230 ºC and maintained for 30 min, while continuously adding nitrogen 

into the flask. A visible color change was observed immediately (see Figure 2.1). The 

obtained NPs were collected by centrifuging and washing the solid product with acetone and 

hexane three times. The as-prepared NPs were finally dispersed in hexane with a 

concentration of 10 mg/mL and stored for further use. NPs were colloidally stable in 

chloroform for a couple of weeks.  

Ligand Removal 

In a typical process, 10 mL of CoFe2O4 NPs dispersion in hexane (10 mg/mL) was combined 
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with 10 mL acetonitrile to form a two-phase mixture and then a 1 mL HBF4 solution (48%) 

was added. The resulting solution was sonicated until the NPs transferred from the upper to 

the bottom layer. The surface modified NPs were washed with ethanol for three times and 

dispersed in 10 mL ethanol with a small amount of DMF for further use. 

Coating of Ni Foam 

Drop casting: Ni foam was sonicated in acetone, 1M HCl, Milli-Q water, and ethanol 

respectively. 50 µL of 10mg/mL CoFe2O4 ethanol solution was dropped on nickel foam and 

dried in air and subsequently annealed at 400℃ under nitrogen atmosphere. 

Dip coating: Ni foam was sonicated in acetone, 1M HCl, Milli-Q water, and ethanol 

respectively. In a typical process, clean and dry nickel foam was immersed in 10mg/mL of 

CoFe2O4 ethanol solution for 2 seconds and then taken out quickly and dried in air. This 

process was repeated for 1, 3, 5, and 7 times and donated as 1 dip, 3 dips, 5 dips and 7 dips, 

respectively. The coated NFs were subsequently annealed at 400 ℃  under nitrogen 

atmosphere.  

Characterization 

Structural characterization was carried out by X-ray diffraction (XRD). The samples were 

scanned from 2θ = 20° to 80° at a rate of 0.02 s-1 in Bragg–Brentano geometry. The 

diffractometer was equipped with a Cu Kα (1.54051 Å) radiation source. The morphology of 

the as deposited foam-based electrodes was observed using a scanning electron microscope 

(SEM) and elemental analysis was performed by the same microscope equipped with an 

X-ray energy dispersive spectrometer (EDS). The samples for transmission electron 

microscopy (TEM) were prepared by scratching the as-prepared CoFe2O4 powders from the 

Ni foam substrate, followed by dispersing them in hexane and collecting them on the TEM 

copper grids. High resolution transmission electron microscopy (HRTEM) images and 

scanning transmission electron microscopy (STEM) studies were conducted by using an FEI 

Tecnai F20 field emission gun microscope operated at 200 kV with a point-to-point resolution 

of 0.19 nm, which is equipped with high angle annular dark field (HAADF) and electron 

energy loss spectroscopy (EELS) detectors. X-ray photoelectron spectroscopy (XPS) was done 

on a SPECS system equipped with an Al anode XR50 source operating at 150 mWand a 

Phoibos 150 MCD-9 detector. The pressure in the analysis chamber was below 10-7 Pa. The 
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area analyzed was about 2 mm × 2 mm. The pass energy of the hemispherical analyzer was 

set at 25 eV and the energy step was set at 0.1 eV. Data processing was performed with the 

CasaXPS program (Casa Software Ltd., UK). Binding energy values were centered using the C 

1s peak at 284.8 eV.  Fourier transform infrared (FTIR) spectra were recorded on an Alpha 

Bruker spectrometer 

The electrochemical performance of CoFe2O4@NF electrodes towards OER reduction was 

assessed using a three-electrode set-up. A leak-free Ag/AgCl 3.4 M KCl reference electrode 

(RE) was assembled in the polytetrafluoroethylene (PTFE) frame of the cell and placed very 

close to the working electrode surface. The potential was transformed to the reversible 

hydrogen electrode (RHE) scale: E (VRHE) = E (VAg/AgCl) + 0.0592 × pH + 0.197. The data 

presented for the electrochemical characterization in aqueous solutions in three-electrode 

configuration do not include compensation for the series resistance of the solution. For the 

complete electrolyzer characterization, an adapted flow cell set-up (Micro Flow Cell, 

Electrocell A/S) was employed, schematically depicted in Figure 2.19a. The flow rates of 

electrolytes within the flow cell were kept at 20 ml/min. As illustrated in Figure 2.19a, the 

electrolyte was directly introduced through the macroporous 3D CoFe2O4@NF electrode 

(geometric surface area: 10 cm2). The electrically attached triple junction thin-film silicon 

device had an area of 1 cm2, thus during the photoelectrolysis measurement an area of 1 

cm2 was illuminated. All photoelectrochemical experiments were conducted using a solar 

simulator equipped with a 150 W xenon lamp. The intensity of the light source was adjusted 

to match standard AM 1.5G sunlight at 100 mW/cm2 intensity. The experiments for the full 

system assembly were carried out in a two-electrode configuration. The faradaic efficiency to 

H2 was calculated using the analysis of the outlet gas by gas chromatography (GC) during 

potentiostatic measurements. Helium (99.999%) was used as the carrier gas. The calibration 

of peak area vs. gas concentration was used for the molar quantification of each gaseous 

effluent. The faradaic efficiency was calculated by determining the number of coulombs 

needed for each product and then dividing by the total charge passed during the time of the 

GC sampling according to the flow rate. In the photovoltaic-electrolyzer coupled system, to 

account for deviations in the assessment of the photovoltaic performance of the complete 

system, i.e. spectra variations due to diode calibration accuracy, area definition, or 
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temperature variation, a systematic error of 2 % was considered.[25]  

2.4 Results and discussion 

Synthesis and Characterization of Colloidal CoFe2O4 NPs 

Co-Fe oxide NPs were produced in colloidal form from the reduction of cobalt and iron salts 

in the presence of OAm and OAc and the posterior oxidation of the reaction product in 

ambient conditions (Scheme 1, see Experimental Section for details). A representative TEM 

micrograph and the size distribution histogram of the oxidized NPs are shown in Figure 2.1. 

Co-Fe oxide NPs displayed a quasi-spherical geometry, with an average diameter of 7.1 ± 0.1 

nm. In contrast to the product of the oxidation of iron NPs, the oxidation of Co-Fe NPs did 

not result in the formation of hollow structures, probably due to the relatively low diffusivity 

of Fe and Co through the growing Co-Fe oxide shell compared with that of Fe though 

FeO/Fe2O3.
 [26–28] 

 

Figure 2.1. Schematic illustration of the synthesis procedure used to prepare colloidal CoFe2O4 NPs. 

XRD analysis revealed Co-Fe oxide NPs to crystallize in the CoFe2O4 cubic phase (JCPDS 

22-1086, Figure 2.2b). HRTEM micrographs confirmed the crystal structure of the NPs to be 

compatible with the CoFe2O4 ferrite cubic phase ([FM3-MZ]-Space group 227) with lattice 

parameters a = b = c = 0.83961 nm (Figure 2.2a). HAADF-STEM and EELS analysis 

demonstrated the three constituent elements, Co, Fe, and O, to be present in the same ratio 

in all NPs and to be homogeneously distributed within each NP (Figure 2.3a).  
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Figure 2.2. a) Representative TEM micrograph of as-prepared CoFe2O4 NPs. Inset displays the 

corresponding size distribution histogram from where an average NP diameter of 7.1 ± 0.1 nm was 

estimated. b) XRD pattern of the as-prepared CoFe2O4 NPs. Graph includes the reference pattern 

JCPDS 22-1086 for the cubic CoFe2O4 crystal phase. 

 

Figure 2.3. a) HAADF-STEM micrograph and EELS chemical composition maps (from cyan rectangle) for 

Co (red), Fe (blue), O (green) and their composites. b) HRTEM micrograph, detail of the red squared 

region (scale bar, 1 nm), and corresponding FFT spectrum indicating that NPs crystallized in the cubic 

CoFe2O4 phase, [FM3-MZ]-Space group 227, with lattice parameters of a = b = c = 0.83961 nm, and α = 

β＝γ＝90°. 

N2 adsorption–desorption isotherms of the CoFe2O4 NPs dried in the form of a powder 

displayed a type-I reversible behavior (Figure 2.4), which is generally a signature of 
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microporous solids. [29]CoFe2O4 nanopowders were characterized by a Langmuir specific 

surface area (SSA) of 276 m2/g and a Brunauer–Emmett–Teller (BET) SSA of 174 m2/g. The 

obtained BET SSA is among the highest reported for Co-Fe spinel NPs, slightly above that of 

NPs synthesized by hydrothermal[13] and micro emulsion techniques[20](~150 m2/g), and 

significantly higher than materials prepared by electrospinning[15] and electrodeposition[16] 

(~55 m2/g). Notice that these high SSAs were measured from the nanopowders obtained by 

drying the colloidal NPs in ambient conditions and with no pre-coordination of the NP into a 

network. Even larger SSA values would be potentially obtained through the formation of NP 

networks in solution, i.e. NP gelation, and the posterior drying from supercritical CO2 for 

instance. [30,31] 

 

Figure 2.4. N2 adsorption–desorption isotherms from the CoFe2O4 nanopowders obtained from drying 

CoFe2O4 NPs under ambient conditions 

The optimized loading of nano-sized OER catalysts onto large-scale scaffolds is an important 

step toward the realization of industry-viable electrodes and electrolyzers. In this direction, 

we first studied the deposition of NPs on small (1 cm2) NF electrodes and subsequently 

optimized the deposition process for larger scaffolds (≥ 10 cm2). Before deposition, organic 

ligands at the surface of as-synthesized NPs, which were used to adjust NP growth during the 

synthesis, were removed using a solution of tetrafluoroboric acid in acetonitrile. After 

successive cleaning with tetrafluoroboric acid, FTIR spectra showed the disappearance of the 

peaks at 2822 and 2890 cm-1 corresponding to C–H stretching modes, what evidenced the 

effective removal of hydrocarbon ligands (Figure 2.5). This ligand displacement step is key 
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towards producing high performance and reliable electrocatalyts since generally organic 

ligands strongly limit electronic transport and the ability of the NPs to interact with their 

surrounding media, i.e. with the scaffold and the electrolyte.[32]  Furthermore, in the present 

case, the presence of organic ligands on the surface of the CoFe2O4 NPs impeded a 

homogeneous coating of the NF. Not mediating a ligand removal pretreatment, a porous 

two-dimensional organic film was deposited on the NF after dip coating it into a suspension 

of colloidal NPs (Figure 2.6).  

 
Figure 2.5. FTIR spectra of OLA, OAc, CoFe2O4 NPs as-produced and after ligand removal. 

 

 

Figure 2.6. Scanning electron microscopy (SEM) images showing the Ni foam surface after immersion 

(1 dip) into the CoFe2O4 NP containing suspension without ligand removal. a) Scale bar: 10 µm, b) 

scale bar: 5 µm. 

Two procedures were explored to support CoFe2O4 NPs on NFs: dip coating and drop casting. 

As depicted in figure 2.8a, the foam was either dipped into the dispersion of colloidal NPs 

and hold for 2 seconds or the suspension was dropped onto the foam (2 mg of solution) and 

let it dry. SEM characterization showed the dip coating process to result in a homogeneous 
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distribution of NPs on the NF surface. On the other hand, drop-casted NFs displayed 

numerous NP agglomerates.  

XPS survey spectrum of the CoFe2O4 NPs supported on the NF (3 dips) demonstrated the 

presence of Co, Fe, O, and Ni (Figure 2.7). The Co 2p and Fe 2p spectra matched well with 

Co2+ and Fe3+.[33,34] and the O 1s spectrum displayed two peaks at about 531.1 and 532.4 eV 

which corresponded to oxygen in the metal-oxygen bond and hydroxyl groups, 

respectively.[35] Quantitatively, XPS analysis showed the atomic concentration of Fe on the 

surface to be a threefold of that of Co: Fe/Co=3 (Table 1). Additionally XPS analysis showed a 

large surface Ni concentration, ca. 50 at% of the surface composition (Table 1).  

 

Figure 2.7. XPS spectrum for CoFe2O4 coated Ni foam before OER measurement (a) survey XPS spectra 

(b) XPS spectra in Co 2p, (c) Fe 2p, and (d)O 1s . 

The electrochemical performance toward OER of NFs loaded with CoFe2O4 NPs (hereafter 

CoFe2O4@NF) is shown in Figure 2.8. In comparison with bare NF, used in industrial water 

splitting, CoFe2O4@NF electrodes displayed significantly enhanced OER catalytic activities. 

CoFe2O4@NF electrodes provided much higher current densities under the same applied 

potential than bare NF (Figure 2.8c). In addition, CoFe2O4@NF electrodes prepared by dip 

coating provided higher performance over electrodes prepared by drop casting. This result 

was consistent with the usual assumption that thinly dispersed oxide nanoparticles favor 

electrochemical performance. A significant increase in the current density for potentials > 

1.5 V was measured for samples prepared by dip coating, attaining 43.8 mA/cm2 at 1.7 VRHE 
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(470 mV overpotential), which is 1.4 times higher than the current density obtained with the 

drop casted sample (Figure 2.8b). 

 

Figure 2.8. a) Schematic illustration of the two tested coating techniques for the CoFe2O4 NPs on the 

NF (1 cm
2
 geometric area): dip coating and drop-casting, including photographs of the NF before and 

after the coating processes, as well as SEM images showing the distribution of the deposited NPs on 

the NF. b) CV curves of the NF coated with CoFe2O4 NPs by dip coating and drop casting, respectively, 

compared with bare NF. Measurements were conducted in 1 M KOH at a scan rate of 10 mV/s. c) 

Current densities achieved at different applied potentials.  

The dip coating technique was further optimized for large area electrodes (10 cm2). Figure 

2.10 presents SEM images of the NF surfaces after 1, 3, 5, and 7 dips (each hold for 2 seconds) 

into the CoFe2O4 NP suspension. After 1 dip, major parts of the NF remained uncovered, 

whereas 3 dips resulted in a high coverage of the NF surface with highly dispersed NPs 

(Figure 2.9). Increasing the number of dips to 5 led to the formation of NP aggregates with 

sizes ranging from 50 to 200 nm (Figure 2.10). This effect was even more pronounced after 7 

dipping times, resulting in an almost complete coverage of the NF surface by CoFe2O4 NP 

agglomerates.  
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Figure 2.9. Photograph of an uncoated (left) and a coated Ni foam (10 cm

2
) with CoFe2O4 

nanoparticles (right) after being 3 times immersed in the colloidal particle-containing solution. 

 

 

 

Figure 2.10. SEM micrographs of CoFe2O4@NF electrodes (10 cm
2
) produced using different dip 

coating steps:1, 3, 5, and 7 as noted in each micrograph. 

The electrochemical characteristics of the large-scale CoFe2O4@NF electrodes were assessed 

in a three-electrode configuration using 1M KOH electrolyte solution (see Experimental 

Section). Figure 2.11a shows the CV curves of the electrode samples investigated in Figure 

2.10b. The number of dip coating steps had a significant influence on the OER performance. 

Best performances were achieved with CoFe2O4@NF electrodes produced using 3 dip coating 

steps, in good agreement with the observed homogeneous coverage of the NF surface with 
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thinly dispersed NPs. OER overpotentials of the four tested samples for different current 

densities are shown in Figure 2.11b. CoFe2O4@NF electrodes produced after 3 coating steps 

exhibited the lowest overpotentials, with 250 mV and 460 mV for 10 mA/cm2 and 50 mA/cm2, 

respectively. Higher CoFe2O4 NP loads containing NP agglomeration provided lower OER 

performance. This result is understandable as oxide structures generally suffer from low 

electrical conductivities, which strongly limits the thickness of the oxide layer that can be 

practically used. The highest overpotential of 580 mV at 50 mA/cm2 was measured for the 1 

step coating CoFe2O4@NF electrode, presumably due to an insufficient coverage of the 

scaffold with CoFe2O4 NPs. 

Commercial alkaline electrolyzers work at operating temperature between 25 and 100 ºC, 

which is why we tested the best performing electrode (3 dips) also under elevated 

electrolyte temperature. As observed in Figure 2.11a and 2.11b, the OER performance was 

significantly enhanced by increasing the electrolyte temperature up to 50 ºC.  Extremely 

low overpotentials of 200 mV and 295 mV for 10 mA/cm2 and 50 mA/cm2, respectively, were 

obtained. Temperature has a strong influence on the thermodynamic and kinetic functions, 

including electronic, ionic and molecular diffusion. Increasing temperature can accelerate the 

reaction kinetics, improve diffusion, disturb the electrochemical double layer and increase 

the electrical conductivity of the electrolyte solution, among other, all of them having an 

important and beneficial influence on the OER performance. [36-38] 

 

Figure 2.11. CV curves of the pure Ni foam, NP coated Ni foam, pure Cu foam, NP coated Cu foam, 

pure carbon cloth and NP coated carbon cloth respectively. Measurements were conducted in 1 M KOH 

at a scan rate of 10 mV/s. 
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We further compared the performance of the CoFe2O4@NF electrodes with that of other 

electrodes prepared from supporting the CoFe2O4 on other substrates, including Cu foam 

and carbon cloth (Figure 2.11). The incorporation of the CoFe2O4 NPs on any of the 

substrates significantly reduced their overpotential. Among the different substrates, 

CoFe2O4@NF electrodes achieved the best performance, with an overpotential down to 250 

mV at 10 mA/cm2. Such value is below that of most of state-of-the-art OER electrodes in 

literature, evidencing the high potential for commercial applications of the herein developed 

large-scale CoFe2O4@NF OER electrodes. State-of-the-art electrocatalytic properties toward 

OER of previously reported Co-Fe and NF-based electrodes are summarized in Table 2. 

 

Figure 2.12. a) CV curves of NF electrodes dipped into the CoFe2O4 NP solution, for 1 (solid), 3 

(dashed), 5 (dotted), and 7 (dash-dotted) times. CV curves were measured in 1M KOH at a scan rate of 

10 mV/s. CoFe2O4@NF electrodes providing best OER catalytic performances (3 dips) were measured 

under elevated electrolyte temperature (50 ºC, pink dashed line). The H2O/O2 oxidation potential is 

indicated by the straight dash-dotted line. b) Required overpotentials derived from CV curves at 
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different current densities. c) Tafel plots of the tested samples. d) CV curves of the CoFe2O4@NF (3 

dips) and bare NF electrodes, respectively, before and after 1000 cycles. Every 200
th

 CV scan of each 

electrode is plotted. 

The electrocatalytic kinetics for OER of the CoFe2O4@NF electrodes were further investigated 

by Tafel plots (Figure 2.12c). For comparison, the Tafel plots of the sample prepared by drop 

casting and the bare NF sample are also shown in Figure 2.12c. In accordance with the 

results shown in Figure 2.8b and 2.8c, the drop casted and the bare NF electrodes exhibited 

the worst kinetics among the analyzed electrodes, i.e. the highest Tafel slopes, at 89 mV/dec 

and 72 mV/dec, respectively. For the CoFe2O4@NF electrodes prepared by dip coating, Tafel 

slopes were impressively low and ranged from 68 mV/dec for the 1 time dipped sample to 51 

mV/dec for the 3 times dipped electrode. Hence, our CoFe2O4@NF electrodes showed 

comparable and even better electrocatalytic properties toward OER than related 

nonprecious metal-based OER electrocatalysts reported in literature (Table 1). The 

CoFe2O4@NF electrode measured in a 50 ºC alkaline solution provided the lowest Tafel slope, 

42 mV/dec, as could be expected from the corresponding CV curve in Figure 2.12a. In fact, 

such an outstanding kinetic behavior made it an ideal anode candidate for commercial 

electrolysis systems.  

 

Figure 2.13. XPS spectrum for CoFe2O4 coated Ni foam after OER measurement (a) XPS spectra in Co 

2p, and (b) Fe 2p. 

XPS analysis of the electrodes after long term cycling showed no significant difference in the 

chemical environment of Co and Fe with respect to the results obtained from electrodes 

after annealing (Figure 2.13). However, quantitatively, after long term cycling the amount of 

Fe detected on the electrode surface was significantly lower from the initial Fe/Co=3 to the 



62 
 

final Fe/Co=0.5 (Table S1). In parallel, the concentration of Ni significantly increased, from 50 

at% to up to an 80 at% (Table S1). On the other hand, SEM-EDX analysis showed a similar Co 

and Fe concentration on top of the NF. We hypothesize that during cycling a significant 

amount of Ni from the NF is able to diffuse within the CoFe2O4 structure and to accumulate, 

together with Co, on the NP surface, partially displacing Fe ions. The presence of these Ni 

ions on the catalyst surface may contribute to the outstanding performance obtained from 

CoFe2O4@NF electrodes compared with other supports and literature results (Figure2.11 and 

Table S2)  
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Figure 2.14. XRD pattern of the pure CoFe2O4 NPs, after annealing and NP after 1000 cycles 

electrolysis. Graph includes the reference pattern JCPDS 22-1086 for the cubic CoFe2O4 crystal phase. 

 

 

 

Figure 2.15. HRTEM image showing the structure of the CoFe2O4 nanoparticles (scale bar, 10 nm) after 

long-term operation (1000 cycles). Top right: HRTEM detail of the red squared region (scale bar, 1 nm). 
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Bottom right: Corresponding FFT spectrum indicating that the material crystallizes in the cubic 

CoFe2O4 phase, [FM3-MZ]-Space group 227, with lattice parameters of a = b = c = 0.83961 nm, and α = 

β＝γ＝90°as visualized along the [111] direction. 

Besides electrochemical performance, durability is another major parameter in the 

realization of industry-viable electrodes for electrolyzers. In this direction, we investigated 

the long-term stability for CoFe2O4@NF electrodes (3 dips) by cycling them 1000 times in 1M 

KOH at ambient temperature (Figure 2.12d). Again, bare NF was utilized for comparison. 

CoFe2O4@NF electrodes showed a negligible degradation after continuous 1000 CV cycles, 

indicating its superior operational stability under alkaline test condition. XPS and XRD 

analysis of the material after long term cycling (Figures 2.14 and 2.15) also showed the 

chemical environment of Co and Fe and the crystal structure of the NPs to remain 

unmodified. The mechanical and structural stability was further confirmed by HRTEM 

analysis of the used catalyst, showing the CoFe2O4 NPs to remain thinly dispersed onto the 

NF and maintaining their size after the long-term experiment (Figure 2.15). No obvious NP 

aggregation/growth was observed, which was associated to the proper immobilization of the 

CoFe2O4 NP on the NF. Consistently with previous reports, bare NF slightly increased its 

activity towards OER with time (Figure 2.12d). In alkaline solution, this activity enhancement 

has been associated to the contribution to the catalytic activity of metallic impurities (e.g. Fe) 

from the electrolyte that are deposited onto the Ni surface during long-term operation.[56] 

Because such a behavior was not observed with CoFe2O4@NF electrodes, we assume that 

the Ni scaffold have a moderate catalytic role in this system. 



64 
 

 

Figure 2.17. a) Cyclic voltammograms for bare Ni foam. b) Cyclic voltammograms for CoFe2O4 NP 

coated Ni foam (3 times immersion). Both cathodes were measured in 1M KOH with a geometric 

surface area of 1 cm2. c) Capacitive currents with a scan rate of 10, 30, 50, 70, 90, and 110 mV/s in 1M 

KOH. The average value of the two respective slopes was taken as Cdl value. Assuming a general 

specific capacitance CS = 0.040 mF/cm
2
 in 1M KOH, the ECSA of the samples can be calculated to be 

80.5 cm2 for the CoFe2O4@NF and 31.0 cm
2
 for bare Ni foam. 

We estimated the electrochemical active surface area (ECSA) of CoFe2O4@NF (3 dips) and 

bare NF electrodes from the electrochemical double-layer capacitance (Cdl) at the 

solid/liquid interface. [57]Figure 2.17a and 2.18 present the CV curves of the two electrodes 

recorded in a non-Faradic potential range under different scan rates. CoFe2O4@NF cathodes 

exhibited a higher Cdl than bare NF, evidencing a higher active surface area, which was 

estimated as 80.5 cm2 for CoFe2O4@NF and 31.0 cm2 for bare NF (Figure 2.12c). This result 

probes the CoFe2O4@NF to provide a larger number of catalytically active sites and thus an 

improved OER activity, much higher than that of CoFe2O4 NPs on carbon nanofibers (20.6 

cm2) and commercial RuO2 catalyst (14.5 cm2).[15]  
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The optimized large-scale CoFe2O4@NF electrode was subsequently integrated in a prototype 

electrolysis reactor. [58-60]As illustrated in Figure 2.19a, the reactor design allowed to work 

under flow conditions, where the anolyte and catholyte solutions are continuously 

recirculated through the respective compartments, i.e. a CoFe2O4@NF anode compartment 

performing the OER and a Ti/Pt cathode compartment performing the hydrogen evolution 

reaction (HER). By this design, the flow dynamics of the electrolysis set-up could be 

significantly enhanced, fostering higher electrochemical activity. Both compartments were 

separated by a membrane and a gas chromatograph was employed for gaseous product 

identification. The configuration can even be adapted for the additional integration of 

photovoltaic devices, as shown in Figure 2.19a with a thin-film silicon solar cell (see 

Experimental Section for details). 

 

Figure 2.18. Linear sweep curves of the Ti/Pt plate in 1M KOH and 1M H2SO4 electrolyte solution, 

respectively, at a scan rate of 10 mV/s. The measurement in the 1M H2SO4 solution was also 

conducted at an electrolyte temperature of 50 ºC. 

The characteristics of the complete reactor in two-electrode operation are shown in Figure 

2.19b for two different configurations. The first configuration consisted in using a 

cation-exchange membrane (Nafion ®117) and 1M KOH electrolyte solution in both 

compartments. In the second configuration, we applied a bipolar membrane (BPM), enabling 

to operate the electrolysis reactor with two different electrolytes. In this configuration, we 

applied a 1M KOH (pH = 13.7) for the anolyte to perform the OER and a 1M H2SO4 (pH = 0) 

solution for the catholyte to perform the HER. As can be seen from the linear sweep 

voltammetry (LSV) curves in Figure 2.19b, the configuration using the BPM exhibited a better 

overall electrolysis behavior than the reactor configuration containing the Nafion membrane. 
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To provide 200 mA and 400 mA, respectively, the BPM configuration only required 1.51 V 

and 1.59 V, respectively, whereas in the Nafion configuration the complete electrolyser cell 

voltage augmented to 1.60 V and 1.76 V, respectively. The higher cell voltage was related 

with the reduced electrochemical performance of the Ti/Pt cathode in alkaline solution 

(Nafion configuration) compared to its performance in acid electrolytes (BPM configuration). 

In Figure 2.20, the LSV curves of Ti/Pt in 1M KOH and 1M H2SO4 electrolyte solution are 

shown. LSV curves displayed overpotentials of 340 mV and 180 mV at 50 mA/cm2 for basic 

and acidic catholytes, respectively, further demonstrating the superior cathode performance 

in acidic medium. To simulate real electrolyser conditions, the overall polarization of the 

reactor device was also measured at elevated electrolyte temperatures (50 ºC) in the BPM 

configuration. As expected from the results shown in Figure 2.12a and Figure 2.20, the 

electrochemical performance increased with increasing electrolyte temperature, reaching 

complete electrolyzer cell voltages of 1.46 V and 1.51 V to produce 200 mA and 400 mA, 

respectively. From these values, electrochemical energy efficiency up to 75 % and 81 %, for 

ambient and elevated operation temperatures were calculated. Consequently, the herein 

proposed electrolyzer based on a CoFe2O4@NF electrode presents an attractive alternative 

to commercial systems used for surplus electric power storage, such as pumped 

hydroelectric storage (70–80% efficiency), power-to-gas based on alkaline and PEM 

electrolyzers (65–70% efficiency), or ion lithium batteries (92–95% efficiency) that have other 

severe limitation in terms of energy density, cost and life time. 
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Figure 2.19. a) Sketch of the experimental prototype reactor used to assess the overall electrolysis 

performance. The illustration shows the different components, including a schematic illustration of 

the 3D NF coated with CoFe2O4 NPs and the coupled triple junction thin-film silicon solar cell 

(a-Si:H/a-Si:H/µc-Si:H) for the bias-free operation test (see Figure 2.19d). b) Linear sweep 

measurements of the CoFe2O4@NF electrodes (10 cm
2
 geometric area) combined with the Ti/Pt 

cathode (10 cm
2
 geometric area) for a configuration containing Nafion and BPM membrane, 

respectively. The BPM configuration (best performing) was also measured at 50 ºC electrolyte solution 

(1M KOH). c) Long-term behavior of the electrolysis showing the required cell voltages of the reactor 

as a function of the applied current (each galvanostatic testing was conducted for ~10 hours with the 

same electrodes and membrane). d) Bias-free solar water splitting using a triple junction 

a-Si:H/a-Si:H/µc-Si:H solar cell (as depicted in a)). Left y-axis shows the achieved bias-free current 

density over the operation time. Right y-axis represents the faradaic efficiency for H2 production over 

the operation time. The error bars indicate standard deviations obtained from 3 experimental repeats. 

The inset shows the calculated gas volume obtained. The dotted purple line shows the theoretical 

(assuming 100% faradaic efficiency) gas evolution for the measured bias-free current density and the 

black squares show the experimental values. 

The electrochemical durability of the prototype reactor was assessed by conducting 

chronoamperometry. Figure 2.19c displays the electrolyzer cell voltages  at successively 

increasing electrolysis currents of 200, 300, 400, and 500 mA applied for 10 hours each, until 
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a total of 50 hours of continuous operation. The prototype electrolyzer showed no sign of 

decay when operated for 50 hours, even when operated at higher temperature (50 ºC).  

 

Figure 2.20. Overall polarization characteristics for the H2O electrolysis using the CoFe2O4@NF anode 

and the Ti/Pt cathode in a two-electrode BPM configuration (1M KOH/BPM/1M H2SO4) (red curve). 

The measurement were conducted with a scan rate of 10 mV/s. The overlaid current density–voltage 

characteristics of the applied a-Si:H/a-Si:H/µc-Si:H triple junction solar cell (purple curve) was 

measured under simulated AM 1.5G illumination. The crossing point of both curves serves as 

estimation for the bias-free operation of the solar reactor device shown in Figure 2.19a and 2.19d. 

Given its remarkable activity and high electrochemical energy efficiency, the prototype 

electrolysis reactor can be effectively powered by renewable energy sources, such as 

photovoltaics.[21-24] In this direction, the conversion of solar energy into chemical fuels energy 

is a promising route for future conversion and storage concepts. Solar-to-fuel conversion 

efficiencies using photovoltaics and electrolyzers depends on the efficiency of the two 

systems. Taking into account electrochemical conversion efficiency above 80 % as reached 

for CoFe2O4@NF electrodes, their combination with commercial high efficiency solar cells 

having 30% conversion efficiencies could result in 24 % solar-to-fuel conversion efficiencies. 

However, in the present work, to achieve cost-effectiveness, we aimed at reducing the 

system cost using amorphous silicon solar cells. Thus, we electrically connected the 

prototype electrolyzer to a low-cost triple junction a-Si:H/a-Si:H/µc-Si:H solar cell with a 

photovoltaic conversion efficiency of around 13.4% (Figure 2.19a.). [61] In figure 2.20, the 

system current density-voltage (j-V) curve is overlaid with the polarization curve of the 

electrolyzer device. The crossing point of both j-V curves, which can serve to estimate the 

bias-free operation current density of the solar-driven electrolyzer, lied in the plateau region 
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of the solar cell characteristics (near the maximum power point) at 1.45 V and 8.2 mA/cm2. 

The bias-free measurement of the solar-driven electrolyzer is shown in Figure 2.19d. This 

result demonstrates that the prototype electrolyzer can be powered only by sunlight energy, 

providing current densities up to 8.2 ± 0.2 mA/cm2. The faradaic efficiency for H2 production, 

measured by gas chromatography, was found to be close to 100 % over the course of 

bias-free operation (> 5 hours), as depicted on the right ordinate in Figure 2.19d. The inset in 

Figure 2.19d shows the theoretical and experimentally determined bias-free H2 gas 

production over time, proving that H2 was the only product formed during electrolysis 

(besides O2). With these values, a solar-to-hydrogen conversion efficiency of 10.0 ± 0.2 % 

was calculated, which is among the record bias-free water splitting efficiencies for thin-film 

silicon based devices. [62][63] Overall, this example demonstrates that electrolyzers based on 

CoFe2O4@NF electrodes can match the stringent requirements for cost-effective renewable 

energy conversion and storage at large scale. 

The enhanced OER catalytic activity of the CoFe2O4@NF electrodes here presented can be 

ascribed to the combination of nano-sized active CoFe2O4 particles with the 3D macroporous 

structure of the supporting NF, as illustrated in Figure 2.19a. This marriage resulted in a 

significantly increased contact area between catalysts and electrolytes and provided a 

greater amount of active sites where OER could take place (see ECSA estimation in the SI, 

Figures S14c). The dip coating procedure eventually led to an optimum distribution of thinly 

dispersed CoFe2O4 NPs (Figure 2.10), which allowed to circumvent the intrinsically inferior 

electrical conductivity of oxide particles (see low Tafel slopes in Figure 2.12c), while ensuring 

an impressive stability of the CoFe2O4@NF electrode (Figure 2.12d and Figure 2.19c). 

The large-scale electrode used, the high stability demonstrated and the low electrolyser cell 

voltages at industrial relevant currents and at ambient and elevated temperature probed the 

technology relevance of the present system. Values reported here are among the record 

performance indices for overall water splitting using inexpensive and earth-abundant 

catalysts. Additionally, the present study assessed their performance on large-scale 

electrodes in a prototype electrolyzer. While the aspect of process scalability is vital in view 

of a real-world application, it has neither been experimentally evidenced, nor sufficiently 
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discussed in previous related studies on OER materials (exemplarily see electrode areas in 

Table S2). These previous studies focused on laboratory scale electrodes, neglecting critical 

issues, which have been addressed in the present study, such as homogeneous coverage of 

active electrocatalyst on large-scale scaffolds, higher chemical resistivity or low-cost and high 

throughput and yield processing techniques. 

In general, the coupling of pure academic with engineered systems is urgently needed to 

mature renewable fuel production processes and open the pathway towards commercial 

application. This aspect is successfully addressed by the herein proposed system. In addition, 

the scalable process of the developed CoFe2O4@NF electrode paired with the adaptability of 

the presented prototype reactor bears great benefits and cross-fertilization for a number of 

related catalytic and photovoltaic technologies. Thus, our electrolyzer concept is not limited 

to small active electrode areas [64][65] or expensive small-scale photovoltaic structures [66] but 

can be adapted to large scale designs. Nevertheless, from a scientific point of view, further 

attention should be devoted to investigate earth-abundant and active HER electrodes. The 

herein applied Ti/Pt plate served as stable and reliable proof-of-concept electrode, but could 

be replaced by a cathode system, which does not contain rare materials such as Pt. From a 

more engineering point of view, the evaluation of different approaches to upscale the 

photovoltaic structures up to the geometric size of the electrochemical active surface areas 

could be alluring if integrated photoelectrochemical cell (PEC) systems are envisaged. In this 

“PEC-farm” approach, multiple medium-scaled electrolyzers, i.e. electrolyzers similar to the 

herein presented prototype (10-100 cm2 active photovoltaic and electrochemical electrode 

areas), could operate independently, while the produced fuels of all the electrolyzers would 

be collected together. [67] The advantageous feature of this concept is that lower 

photocurrent densities would be required, which would be beneficial regarding lower 

overpotential losses and thus, eventually higher overall solar-to-fuel efficiencies. In this 

regard, it is projected by techno-economic models of large scale, centralized solar H2 

production facilities that overpotential losses at high operating current densities are one of 

the most important factors in reducing the STH efficiency and thus, increasing the cost of H2 

[68][69] 
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In total, all these examples manifest the high versatility and cross-fertilization of the herein 

presented scalable CoFe2O4@NF electrode and electrolysis system, respectively. 

 

Table S1. The relative atomic concentrations measured by EDS and XPS of CoFe2O4 coated nickel foam 

(CoFe2O4@NF) and carbon cloth (CoFe2O4@CC) before and after OER test. 

Sample 

       Element 

        

Technique 

Co   

Atomic% 

Fe  

Atomic% 

O  

Atomic% 

Ni  

Atomic% 

CoFe2O4 powder EDS 13.38 31.66 56.96 0 

CoFe2O4@NF EDS  1.96 4.94 36.63 56.47 

CoFe2O4@NF 

After annealing 
EDS  2.04 4.50 29.78 63.68 

CoFe2O4@NF 

After OER 
EDS  2.04 5.05 35.24 58.66 

CoFe2O4@NF 

After annealing 
XPS  10.6 33.5  55.9 

CoFe2O4@NF 

After OER 
XPS  10.1 5.6  84.3 

CoFe2O4@CC 

After annealing 
EDS  1.39 2.33 17.84 0 

CoFe2O4@CC 

After OER 
EDS  0.42 0.76 8.01 0 

CoFe2O4@CC 

After annealing 
XPS   63.8 36.2   

CoFe2O4@CC 

After OER 
XPS   74.5 25.5   
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Table S2. Overview of OER performances of Co-Fe based and other nonprecious electrocatalyst 

materials on Ni foam, indicating the scaffold material, the used electrolyte, the overpotential 

measured at 20 mA/cm
2
, the Tafel slope, the active geometrical area, and the synthesis and coating 

method. All listed OER electrocatalysts were measured in alkaline electrolytes. 

OER catalyst/scaffold Overpotential 

at 10 mA/cm
2
 

Tafel slope Geo. 

surface 

area 

Synthesis Ref. 

CoFe2O4/Ni foam 250 mV, 

210 mV   

(at 50 ºC) 

51 mV/dec, 

42 mV/dec        

(at 50 ºC)  

10 cm
2
 Colloidal This 

work 

CoFe2O4/C-fiber 378 mV 73 mV/dec - Hydrothermal 53 

CoFe2O4/glassy C 450 mV - 0.196 cm
2
 Hydrothermal 54 

CoFe2O4/NS-rGO 490 mV 70 mV/dec 0.196 cm
2
 Hydrothermal 55 

CoFe2O4/N-CNF 350 mV 80 mV/dec 0.196 cm
2
 Electrospinning 56 

CoFe2O4/C-NRA/Ni 

foam 
240 mV 45 mV/dec 0.5 cm

2
 Hydrothermal 57 

CoFe2O4/rGO 480 mV 67 mV/dec 0.196 cm
2
 Hydrothermal 58 

CoFe2O4@Co-Fe-Bi/C-c

loth 
460 mV 127 mV/dec 0.25 cm

2
 Hydrothermal 59 

CoFe2O4/glassy C 410 mV 82.15 mV/dec 0.196 cm
2
 Electrospinning 60 

(Co0.52Fe0.48)2P (free 

standing) 
270 mV 30 mV/dec 0.419 cm

2
 Electrochem. 

etching 

61 

Mn3O4/Ni foam 270 mV 86 mV/dec 0.25 cm
2
 Coprecipitation 62 

CO3O4/rm-GO/Ni foam 310 mV 67 mV/dec 1 cm
2
 Hydrothermal 63 

NiCo2S4 NW/Ni foam 260 mV 40.1 mV/dec 1 cm
2
 Hydrothermal 64 

Fe0.33Co0.67OOHPNSAs/

CFC 
266 mV 30 mV/dec 0.5 cm

2
 Hydrothermal 65 

MnO2-CoP3/Ti mesh 288 mv 65 mV/dec 4 cm
2
 Hydrothermal 66 

SnCoFe 

perovskite 
270 mV 42.3 mV/dec 0.419 cm

2
 Hydrothermal 67 

Single-Atom Au/NiFe 

Double Hydroxide 
237 mV  2 cm

2
 Hydrothermal 68 

Co3O4 Nanomeshes 307 mV 76 mV/dec 0.419 cm
2
 Hydrothermal 69 
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2.5 Conclusion 

In conclusion, we have presented a simple and scalable colloidal synthesis and coating 

strategy for the homogeneous anchoring of bimetallic CoFe2O4 NPs on large-scale NF. 

CoFe2O4@NF electrodes were demonstrated to be an efficient earth-abundant OER 

electrocatalysts with ultralow overpotential, large current density, small Tafel slope, and 

long-term durability in alkaline solution. The improved catalytic performances are believed 

to originate from the unique synergy between the nano-scaled active CoFe2O4 NPs and the 

highly conductive and high area Ni scaffold. The interdiffusion of Ni ions from the Ni scaffold 

to the CoFe2O4 NPs may also contribute to improve catalytic performance. Considering 

cost-effectiveness, facile, as well as reliable fabrication processes, and the outstanding 

catalytic performance of CoFe2O4@NFs may hold great potential in future energy conversion 

and storage devices. Moreover, the performance of the large-scale CoFe2O4@NF (10 cm2 

geometric active area) was investigated in a prototype electrolysis reactor, where currents of 

500 mA were achieved with electrolyzer cell voltages of 1.62 V and 1.53 V at ambient and 

elevated temperatures, respectively, over prolonged operation times. Overall, the presented 

electrochemical results paired with the versatile synthetic and coating strategy may stimulate 

future lines of work, which will be needed to address efficiency improvements and 

techno-economical questions while assessing cost competitiveness of promising 

(photo)-electrochemical technologies. 
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Chapter 3 

2D/2D heterojunction of TiO2 nanoparticles and ultrathin g-C3N4 

nanosheets for efficient photocatalytic hydrogen evolution 

 

 

 

3.1 Abstract 

Photocatalytic hydrogen evolution is considered one of the promising routes to solve the 

energy and environmental crises. However, developing efficient and low-cost photocatalysts 

remains an unsolved challenge. In this work, ultrathin 2D g-C3N4 nanosheets are coupled 

with flat TiO2 nanoparticles as face-to-face 2D/2D heterojunction photocatalysts through a 

simple electrostatic self-assembly method. Compared with g-C3N4 and pure TiO2 nanosheets, 

2D/2D TiO2/g-C3N4 heterojunctions exhibit effective charge separation and transport 

properties that translate into outstanding photocatalytic performances. With the optimized 

heterostructure composition, stable hydrogen evolution activities threefold and fourfold 

higher than those of pure TiO2 and g-C3N4 are consistently obtained. Benefiting from the 

favorable 2D/2D heterojunction structure, the TiO2/g-C3N4 photocatalyst yields H2 evolution 

rates up to 3875 μmol·g-1·h-1 with an AQE of 7.16% at 380 nm. 

Key words: hydrogen evolution, 2D/2D heterojunction, charge separation  
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3.2 Introduction 

Owing to the abundance of low-cost solar energy, the numerous uses of hydrogen and its 

advantages as an energy carrier, the photocatalytic generation of hydrogen is a highly 

appealing process.[1,2] However, the cost-effective photogeneration of hydrogen requires 

high activity and stable photocatalysts, which development has been a long-standing goal. 

Over the past decades, numerous semiconductors have been tested as photocatalysts for 

hydrogen evolution. Among them, titanium dioxide (TiO2) has received special attention 

owing to its stability, high abundance and low toxicity, being the earliest to be discovered 

and becoming the first to be industrialized.[3] Nevertheless, due to its wide bandgap and 

relatively fast charge recombination rate, its applicability has been strongly limited. 

Numerous strategies have been proposed to improve the photocatalytic performance of 

TiO2, facilitating charge separation and promoting efficiency and activity,[4–7] including the 

control of its particle facets and morphology [8–11], its modification with co-catalysts [12–15]
, 

and its coupling with other semiconductors to form heterostructures. [16–23]  

Graphite carbonitride (g-C3N4) with a layered structure similar to graphite, high chemical 

stability and low cost has received increasing interest in recent years.[24,25] In particular, as a 

polymeric semiconductor, g-C3N4 has been recently reported as a promising candidate 

photocatalyst due to its unique structure and electronic characteristics, with a 2.7 eV 

bandgap that allows absorbing part of the visible spectrum.[26,27] Besides, two-dimensional 

(2D) g-C3N4 nanosheets, benefiting from a huge specific surface area and a suitable band 

structure, have shown especially interesting properties and offer an excellent platform to 

produce heterojunctions with other semiconductors. [28–31]  

Recently, 2D/2D heterojunctions have been demonstrated to provide great advantages to 

improve charge separation.[32,33] 2D/2D heterojunctions simultaneously maximize the 

interface and surface areas, i.e. the charge transfer between the two materials and the 

interaction with the media, which can potentially improve photocatalytic activities.  

In the present work, we report the first synthesis of 2D/2D TiO2/g-C3N4 heterostructures. 

Such composite materials are produced from the electrostatic assembly of 2D anatase TiO2 

flat nanoparticles synthesized through a simple colloidal method with 2D ultrathin g-C3N4. 
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The produced heterostructures are tested as photocatalysts for hydrogen evolution under 

simulated solar light irradiation. The excellent hydrogen evolution performance obtained 

after optimizing the weight contents of TiO2 and g-C3N4 within 2D/2D heterojunction are 

rationalized using photoluminescence, photocurrent and impedance spectroscopy analysis. 

3.4 Experiment  

Synthesis of bulk g-C3N4 (bCN) and ultrathin g-C3N4 (uCN): Bulk g-C3N4 powder was 

synthesized by thermal polymerization of urea. Briefly, 10 g of urea (99%, Acros Organics) 

was placed into a ceramic crucible. The crucible was covered and heated to 550 °C at a ramp 

rate of 2°C min-1 for 4 h under air atmosphere. After cooling to room temperature, the 

resulting light-yellow solid was ground with the mortar to obtain the bulk g-C3N4 powder. To 

obtain ultrathin g-C3N4 (uCN), bulk g-C3N4 (2.0 g) was placed in a covered ceramic crucible 

and it was heated to 520 °C with a ramp rate of 5 °C min-1 for 2 h under air atmosphere to 

obtain a light yellow powder. 

Synthesis of TiO2 nanosheets: Titanium dioxide nanoparticles were prepared using a 

colloidal method. All the syntheses were performed using standard airless techniques[34,35] 

Typically, 10 mL of oleylamine (OAm, 80-90%, Acros Organics), 10 mL of octadecene (ODE, 

90%, Sigma-Aldrich) and 1 mL of oleic acid (OAc, 90%, Sigma-Aldrich) were loaded in a 

three-neck flask and degassed under vacuum at 120 °C for 1 h while being strongly stirred 

using a magnetic bar. Then 300 mg of TiF4 (99%, Sigma) was added in a mixed solution of 2 

mL OAm, 3 mL OAc and 6 mL ODE and sonicated for 0.5 h to prepare a precursor solution. 

Subsequently, under nitrogen atmosphere, 10 mL of the precursor solution were slowly 

added to the reaction flask, which was then heated to 290 °C at a rate of 5°C min-1 and 

maintained for 1 h. The solid product by centrifuged and washed with acetone and hexane 

three times. The particles were finally dispersed in hexane at a concentration of 10 mg/mL.  

Ligand removal from TiO2 nanoparticles: In a typical process, 10 mL of a TiO2 dispersion in 

hexane (2 mg/mL) was combined with 10 mL acetonitrile to form a two-phase mixture. Then 

1 mL of a HBF4 solution (48%, Sigma-Aldrich) was added. The resulting solution was sonicated 

until the particles transferred from the upper to the bottom layer. The surface-modified 
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particles were washed with ethanol and a 1 mol/L sodium hydroxide (85%, Sigma-Aldrich) 

aqueous solution three times to remove the residual fluoride ions and ligands. The particles 

were then washed with water to adjust the PH close to neutral. Finally, the particles were 

dispersed in 10 mL of water with a small amount of DMF. 

Synthesis of 2D/2D TiO2/ultrathin g-C3N4 (TiO2/uCN) composite:TiO2/uCN heterojunctions 

were produced by an electrostatic self-assembly method. Briefly, 20 mg of as prepared 

ultrathin g-C3N4 was dissolved in 10 mL of ultrapure water and sonicated for 1 h. The 

solution was then mixed with an ethanol solution of ligand-removed TiO2 nanoparticles with 

a weight ratio of 1:2, 1:1 and 2:1. The mixed solution was stirred for 24 hours after 1 h of 

sonication. The obtained composite was collected by centrifuging, it was washed with 

ethanol 2 times, and it was finally dried at 60°C for 12 h. The collected materials were 

named T1/uCN2, T1/uCN1, T2/uCN1 based on the different TiO2/ultrathin g-C3N4 weight ratios. 

TiO2/bulk g-C3N4 (T/bCN) samples were prepared using the same procedure. For 

photocatalytic measurements, 1 wt% of Pt was loaded on the surface of the photocatalysts 

by a photoreduction method.   

Photocatalytic hydrogen evolution procedure: Photocatalytic hydrogen evolution 

experiments were conducted in a Perfect Light Labsolar-Ⅲ (AG) photoreactor (Pyrex glass) 

connected with a closed-cycle gas circulation system. In a typical experiment, 20 mg 

photocatalyst was dispersed in 100 ml solution containing 10 ml methanol and 1 wt% Pt 

cocatalyst (40 uL 25.625 mmol/L H2PtCl6 aqueous solution). The mixed solution was bubbled 

with N2 for 30 min to ensure anaerobic state and illuminated 30 min with UV light before 

simulated solar light irradiation to ensure the completely loading of Pt. The incident light 

wavelength was provided by a 300 W Xe lamp with a AM 1.5 filter, and the reaction 

condition was kept at room temperature. The generated gas was analyzed by Labsolar-III 

(AG) gas chromatography furnished with thermal conductivity detector, and the high-purity 

argon was carrier gas. 

Characterization: The particle size and shape of the samples were characterized by scanning 

electron microscopy (SEM) using in a Zeiss Auriga microscope (Carl Zeiss, Jena, Germany) 

with an energy-dispersive X-ray spectroscopy (EDS) detector at 20 kV to study the 

composition and transmission electron microscopy (TEM) using a ZEISS LIBRA 120, operating 
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at 120 kV. High-resolution TEM (HRTEM) studies were conducted using a field emission gun 

FEI Tecnai F20 microscope at 200 kV with a pointto-point resolution of 0.19 nm. Powder 

X-ray diffraction (XRD) patterns were collected directly from the as-synthesized 

nanoparticles dropped on Si(501) substrates on a Bruker AXS D8 Advance X-ray 

diffractometer with Nifiltered (2 μm thic ness) Cu Kα radiation (λ = 1.5406 Å) operating at 40 

kV and 40 mA. A LynxEye linear position-sensitive detector was used in reflection geometry. 

Characterization of the surface was done by X-ray photoelectron spectroscopy (XPS) on a 

SPECS system equipped with a XR50 source operating at 250 W and a Phoibos 150 MCD-9 

detector. The pass energy of the hemispherical analyzer was set at 20 eV, and the energy 

step of high-resolution spectra was set at 0.05 eV. The pressure in the analysis chamber was 

always below 10−7 Pa. The specific surface area and analysis of the pore size distribution 

were obtained from nitrogen adsorption/desorption isotherms on Tristar II 3020 

Micromeritics system. Fourier transform infrared (FTIR) spectra were recorded on an Alpha 

Bru er spectrometer. The optical properties of samples were analyzed by a UV−vis 

spectrophotometer (UV-2600, Shimadzu). Photoluminescence (PL) spectra of aqueous 

photocatalysts suspension (0.1 g/L) were collected on a fluorescence spectrophotometer 

(F-7000, Hitachi), and the wavelength of excitation light is 370 nm. The decay time 

measurements were carried out on a compact fluorescence lifetime spectrometer 

(Quantaurus-Tau, C11367, HAMAMATSU), and an LED lamp (365 nm) was used as an 

excitation source.  

Electrocatalysis measurement: The photocurrent and electrochemical impedance 

spectroscopy (EIS) investigations were carried out on a CHI-760 electrochemical analyzer 

using a three-electrode cell system with indium tin oxide (ITO)/sample as the working 

electrode, platinum net as the counter electrode and standard calomel electrode (SCE) as 

the reference. A 300 W Xe lamp with a cut-off filter of 420 nm was utilized as the light 

source. Furthermore, the ITO/sample electrodes were fabricated as follows: first, samples (5 

mg) were added into solutions containing DI water (0.5 mL), ethanol (0.5 mL) and Nafion 

(20uL) and ultrasonicated for 20 min. Then, the resultant sample slurry (0.1 mL) was casted 

onto pre-cleaned ITO glass and then dried at 60℃ for 2 h.  

Apparent quantum efficiency (AQE) calculations: The apparent quantum efficiency can be 
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evaluated from following equation: 

 Q  
2       

 
                                                                                                 

    is the number of evolved H2 molecules,    is Avogadro number (6.02×1023) and N 

represents the number of incident photons, which can be calculated from following 

equation : 

  
                (      )                     (   ) 

  

 

                                                

h is plank constant (6.626 × 10-34 J·s = 4.136×10-15 eV·s), c is the speed of light (3.0×108  

m·s-1), λ is the wavelength of light (380 nm, 420 nm).  

Test method for light with wavelengths of 380 and 420 nm. The photocatalytic systems with 

200 mg catalyst and 100 mL solution (90 mL DI water, 10 mL methanol and 1 wt% Pt 

cocatalyst). The mixed solution was bubbled with N2 for 30 min to ensure anaerobic 

condition and illuminated 30 min with ultraviolet light before simulated solar light 

irradiation to measure H2 evolution.The test time was 1h and irradiated area is 28.26 cm2.  

The light intensity and resulting     are listed in the table 3.2. 

3.5 Result and discussion 

TiO2/g-C3N4 heterostructures were obtained by the electrostatic assembly of TiO2 

nanoparticles and ultrathin g-C3N4 nanosheets (Figure 3.1, see Experimental section for 

details). Colloidal TiO2 nanoparticles were produced in the presence of OAm and OAc using 

TiF4 as the Ti precursor. Low-resolution TEM images exhibited the TiO2 particles to have a flat 

square morphology with a side length of 30-50 nm and a thickness of about 5-10 nm. g-C3N4 

nanosheets were produced by the thermal etching of bulk g-C3N4. As observed by scanning 

electron microscopy (SEM, Figure 3.2) and transmission electron microscopy (TEM, Figure 

3.4b) characterization, bCN and uCN displayed significantly different morphologies. The uCN 

showed a thin nanosheet-based structure pointing at at the occurrence of a layer etching 

during the thermal process. Figure 3.2c displays the nitrogen adsorption-desorption isotherms 

of bCN and uCN, which further proved uCN (85.7m2/g) has a large specific surface area than bCN 

(46.3m2/g). 
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Figure 3.1. Schematic illustration of the process used to produce 2D/2D TiO2/uCN composite 

To positively charge the surface of the TiO2 particles, enable their dispersion in an aqueous 

solution and promote charge transfer with the media, the organic ligands attached to the 

particle surface were removed using HBF4 (Figure 3.3a). As observed by zeta-potential 

analysis, while the g-C3N4 nanosheets were negatively charged (V=-33.8 mV), after ligands 

removal the TiO2 particles were positively charged (V=+18.6 mV), which enabled the 

electrostatic self-assembly of the two components.[36] Indeed, when combining solutions of 

the two types of material, a light yellow precipitate was formed. The precipitate was 

composed of large uCN nanosheets containing numerous TiO2 particles attached to their 

surface. High-resolution TEM (HRTEM) analyses showed the TiO2 particles to lie flat on the 

surface of uCN forming 2D/2D heterostructures (Figure 3.4d).  

 

Figure 3.2. SEM image of (a)bulk g-C3N4 and (b)ultrathin g-C3N4. (c) nitrogen adsorption-desorption 

isotherms of bCN and uCN 
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Figure 3.3. (a) FTIR spectra of OAC, OLMA and TiO2 before and after ligands removal. (b) Zeta potential 

distribution spectrum of (b) TiO2 after ligands removal and (c) uCN. 

 

 

 

Figure 3.4. (a-c) Representative TEM images of TiO2 nanoparticles (a); g-C3N4 nanosheets (b); and (c) 

T1/uCN1 composite. (e,f) HRTEM images of T1/Ucn1. A magnified detail (top right) of the orange 

squared region in the HRTEM image and its corresponding indexed power spectrum (bottom right) is 

shown, revealing the TiO2 anatase phase (space group =I41/amd) with a=b=3.7840 Å, and c=9.5000 Å. 

TiO2 lattice fringe distances were measured to be 0.233 nm, 0.352 nm, and 0.348 nm, at 41.30º and 

139.38º which could be interpreted as the anatase TiO2 phase, visualized along its [1-11] zone axis. 

SEM-EDS elemental maps (Figure 3.5) displayed a homogeneous distribution of C, N, O, and 

Ti, demonstrating a uniform distribution of TiO2 particles on the uCN surface at the 
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microscale. On the other hand, quantitative EDX analyses showed the TiO2:CN weight ratio to 

be close to that of the nominal combination of each phase: TiO2:CN = 0.47 for T1/uCN; 

TiO2:CN = 1.1 for T2/uCN; and TiO2:CN = 1.9 for T3/uCN, obtained from mixing 1:2, 1:1 and 2:1 

mass ratios of particles, respectively (Figure 3.6). 

 

Figure 3.5. SEM image and EDS compositional maps of a T1/uCN1 composite 

 

 

Figure 3.6. SEM image of T1/uCN2, T1/uCN1 and T2/uCN1 and corresponding EDS spectrum  

Figure 3.7a displays the X-ray diffraction (XRD) patterns of bCN, uCN, TiO2 and T/uCN samples. 

The XRD peaks at 25.2◦ (101), 38.0◦ (004), 47.7◦ (200) and 54.8◦ (211) are associated with the 

anatase TiO2 phase (JCPDS No. 21-1272).[37] Besides, the characteristic diffraction peaks at 
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13.1º and 27.4º correspond to the (002) and (100) planes of g-C3N4 (JCPDS No. 87-1526).[38] 

The characteristic diffraction peaks of both TiO2 and g-C3N4 can be observed in all the 

composites samples, confirming the coexistence of anatase TiO2 and g-C3N4. 

The x-ray photoelectron spectroscopy spectra of TiO2, uCN and T/uCN are displayed in Figure 

3.7b-f. As observed from the survey XPS spectrum, besides Ti, C, O and N, a residual amount 

of F from the TiF4 precursor used to prepare the TiO2 particles was also present in the final 

material (Fig. 3b). The high-resolution C 1s XPS spectrum of uCN showed two main 

contributions at 288.2 eV, and 284.8 eV, which were assigned to C-(N3) and C–C/C=C, 

respectively (Figure 3c). Compared with pure uCN, the peak for C-(N3) of the T1/uCN1 sample 

was slightly shifted to 288.2 eV. The high-resolution N 1s XPS spectra were deconvoluted 

using three contributions at binding energies of 398.1 eV, 499.4 eV, and 400.5 eV for uCN 

and 398.1 eV, 499.6 eV, and 400.7 eV for T/uCN (Figure 3d). These three contributions were 

assigned to N-(C2), N-(C3) and N-Hx groups of the heptazine framework. The small shifts 

detected for C and some of the N components might be related to a certain degree of charge 

between the TiO2 and the CN phases. Figure 3e displays the high-resolution Ti 2p XPS spectra 

of TiO2 and T/uCN. Both samples show two strong peaks at approximately 458.7 and 464.5 

eV which are assigned to the Ti 2p3/2 and Ti 2p1/2 levels of Ti within a TiO2 environment. The 

high-resolution O 1s XPS spectra of TiO2 and T/uCN were fitted with two peaks at 530.4 eV 

and 531.8 eV, which were associated with oxygen within the TiO2 lattice and 

oxygen-containing surface adsorption groups such as surface hydroxyl, respectively (Figure 

3f).  
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Figure 3.7. (a) XRD patterns of TiO2, uCN and T/uCN. (b) XPS survey spectrum of TiO2, uCN and T/uCN; 

High-resolution XPS spectra at the regions (c) C 1s, (d) N 1s, (e) Ti 2p, and (f) O 1s. 

The UV-vis spectra showed the UV absorption edge of TiO2 particles and uCN nanosheets at 

about 390 nm and 445 nm, respectively (Figure 3.8a). T/uCN composites showed a similar 

onset absorption edge as uCN, but an increased absorption below 400 nm related to the 

presence of the TiO2 component. All TiO2 and T/uCN samples presented a small absorption in 

the range 500-800 nm related to a small amount of F ion doping. According to the 

Kubelk-Munk function, the band gaps of TiO2 and uCN samples were calculated at about 3.02 

eV and 2.62 eV, respectively (Figure 3.8b).  

According to Mott-Schottky analyses (Figures 3.8c,d), the flat band potentials of TiO2 and 

uCN were -0.36 V and -0.86 V vs. the normal hydrogen electrode (NHE). The valence band 

(VB) XPS spectra of TiO2 and uCN showed the valence band maximum (VBM) to be located at 

2.89 eV and 2.46 eV from the Fermi level, respectively. Since the flat band potentials are 

approximately equal to the Fermi level,[39,40] the VBM was located at 2.53 eV and 1.60 eV 

with respect to the NHE for TiO2 and uCN, respectively. Then, taking into account the 

calculated band gaps (Eg = Evb - Ecb),[41] the conduction band minimum (CBM) was located at 

0.49 and -1.02 for TiO2 and uCN, respectively. Figure 3.8f displays the energy level diagram 

calculated for TiO2 and uCN samples. According to this scheme, when combining uCN with 
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TiO2, a type II heterojunction is formed, involving electron transfer from the uCN to the TiO2 

particles. Besides, it is predicted that within such heterostructure, photogenerated electrons 

will move towards the TiO2 phase and photogenerated holes towards the uCN, respectively.  

 

Figure 3.8. (a) UV-vis absorption spectra. (b) Kubelka-Munk transformed function of TiO2 and uCN. 

(c,d) Mott–Schottky plots of uCN (c) and TiO2 (d). (e) Valence band XPS spectrum of TiO2 and uCN. (f) 

Diagram of the band structure of TiO2 and uCN. 

To analyze the photocatalytic activity towards hydrogen generation, all the samples were 

loaded with 1 wt% platinum as co-catalyst. Figure 3.9 displays the photocatalytic hydrogen 

generation from bCN, uCN, TiO2, and TiO2/uCN composites for 4 h under simulated solar light 

and using methanol as a sacrificial agent. For TiO2, a high hydrogen evolution rate (HER) up 

to 1449 mol·g−1·h−1 was obtained. Besides, a notable HER was also obtained from uCN (801 

mol·g−1·h−1), well above that of bCN (599 mol·g−1·h−1), which is consistent with the larger 

surface area provided by the thin layered structure of uCN. All the TiO2/uCN composites 

displayed a significant HER improvement with respect to pure TiO2 or uCN. The highest HERs 

were obtained with the TiO2/uCN composites having a 1:1 weight ratio of the two 

components, reaching a HER of 3875 mol·g−1·h−1, which is 2.7 and 4.8 times higher than 

that of TiO2 and uCN, respectively. The observed synergistic effect obtained when mixing 

both materials is related to the transfer and thus separation of photogenerated carriers at 
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the 2D/2D heterojunctions, which prevents their recombination.  

As a reference, we also measured the HER of TiO2/bCN composites with the optimized 

weight ratio 1:1 (T1/bCN1). As observed in Figures 5c, the HER of T1/bCN1 also showed an 

obvious improvement with respect to that of pure TiO2 and bCN, but the highest HER values 

were well below those of 2D/2D T/uCN heterojunctions having extended surface and 

interface areas.  

The apparent quantum yield (AQY) of the process was evaluated under 380 nm (4.51 

mW·cm-2) and 420 nm (12.14 mW·cm-2) irradiation (Table 3.1). For T1/uCN1, the AQY at 380 

nm and 420 nm was estimated at 7.61 % and 2.64% respectively, which is consistent with 

UV-vis spectroscopy results (Figure 3.9d). 

 

Figure 3.9. (a) Photocatalytic hydrogen generation on bCN, TiO2 and T/uCN samples during four hours 

under simulated solar light illumination. (b) Photocatalytic hydrogen peroxide generation rate of bCN, 

TiO2 and T/uCN samples (c) H2 production rate contrast between T1/uCN1 and T1/bCN1. (d) 

Wavelength-dependent AQY of T1/uCN1. 
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Table 3.1. AQE values with different incident light wavelengths for T1/uCN1 

Wavelength 

(nm) 

Light intensity 

(mW/cm
2
) 

T1/uCN1 

n H2 

(umol) 

AQE 

(%) 

380 4.51 58.3 7.16 

420 12.14 55.8 2.67 

 

Figure 3.10a displays the positive photocurrents measured from uCN, TiO2 and TiO2/uCN 

samples under simulated solar irradiation. All the composite T/uCN electrodes displayed 

significantly higher photocurrents than pure TiO2 and uCN, especially the T1/uCN1 electrode 

that showed the highest photocurrents, fourfold higher than those of uCN and TiO2. This 

result further confirmed an improvement of the charge separation/transport with the 

formation of the 2D/2D heterojunction.  

Electrochemical impedance spectroscopy (EIS) was further employed to identify the charge 

transport dynamics. Figure 3.10b displays the Nyquist plot of the impedance spectra of TiO2, 

uCN and T1/uCN1. Consistently with previous results, the T1/uCN1 electrode presented a 

much smaller arc radius than the other two samples, confirming a much lower charge 

transfer resistance with the formation of the 2D/2D TiO2/uCN heterojunction.[42] 

A strong photoluminescence (PL) peak was obtained under 370 nm light excitation from the 

uCN sample at about 455 nm, which is ascribed to the radiative band-to-band recombination 

of photogenerated charge carriers. When incorporating increasing amounts of TiO2, the PL 

intensity of T/uCN was progressively quenched (Figure 3.10c). Additional time-resolved PL 

(TRPL) spectra under 365 nm light excitation (Fig 3.10d and Table 3.2) allowed calculating 

significantly longer PL lifetimes (4.72 ns) for T1/uCN1 samples than for TiO2 (3.15 ns) and uCN 

(3.51 ns), which points at an effective separation of photogenerated charge carriers within 

the TiO2/uCN heterostructures.[43] 
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Figure 3.10. (a) Photocurrent response curves of bCN ,TiO2 and T/uCN samples; (b) Electrochemical 

impedance spectroscopy (EIS) Nyquist plots of bCN ,TiO2 and T1/uCN1 sample; (c,d) PL spectra and 

TRPL decay of bCN ,TiO2 and T/uCN samples. 

Table 3.2. Exponential decay-fitted parameters of fluorescence lifetime of uCN, TiO2 and T1/uCN1 

Sample uCN TiO2 T1/uCN1 

τ (ns) 3.51 3.15 4.72 

τ1 (ns) 1.04 0.96 1.49 

τ2 (ns) 6.03 5.47 6.93 

 

Based on the above results, the photocatalytic mechanism displayed in Figure 3.11 is 

proposed for hydrogen generation in T/uCN heterojunction photocatalysts. While both TiO2 

and uCN can generate electrons and holes under simulated solar light irradiation, the 

photogenerated electron-hole pairs in pure TiO2 and uCN rapidly recombine, resulting in 

moderate HERs. Through the formation of a 2D/2D T/uCN heterostructure, the 

photogenerated electrons remain or are transferred to the TiO2 CB because the TiO2 CBM is 

located 0.53 eV below that of CN. Similarly, photogenerated holes remain or are driven to 

the uCN VB, which is located 0.93 eV above that of TiO2. Electrons at the TiO2 CB migrate to 

the platinum, which has a larger work function, thus a lower Fermi level, from where thery 
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are transferred to adsorbed H+ to produce H2. On the other hand, holes react with sacrificial 

methanol at the CN surface. Consequently, the photocatalytic hydrogen evolution process 

using sacrificial methanol can be described as follows: 

uC /TiO2
ℎ𝑣
→uC /TiO2(e

− + h+)          (1) 

uC /TiO2(e
− + h+) → uC (h+) + TiO2(e

−)        (2) 

TiO2(e
−) + Pt → TiO2 + Pt(e

−)          (3) 

2H+ + e− → H2             (4) 

2h+ + CH3OH → CH2O + 2H
+          (5) 

  

Figure 3.11. Schematic diagram of photocatalytic hydrogen production over T/uCN photocatalyst 

 

Finally, the stability of the T1/uCN1 photocatalyst in hydrogen evolution conditions under 

simulated solar light irradiation was measured through five four-hour cycles. As shown in 

Figure 3.12a, after this 20 h of reaction, the photocatalytic performance was hardly reduced, 

proving the excellent stability and reusability of the T1/uCN1 photocatalyst. Besides, as 

displayed in Figure 3.12b,c, SEM and XRD analysis of the catalyst after 20 h photocatalytic 

hydrogen generation reaction demonstrated the morphology and crystallographic structure 

of the material to be stable under photocatalytic reaction conditions. 
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Figure 3.12. (a) Stability cycles of the T1/uCN1 for H2 evolution under simulated solar light irradiation; 

(b) TEM image of T1/uCN1 after 20 h photocatalytic H2 evolution reaction, and (c) XRD patterns of 

T1/uCN1 before and after 20 h photocatalytic hydrogen evolution reaction. 

3.6 Conclusion 

In summary, we detailed the synthesis of 2D/2D T/uCN heterojunctions from ultrathin g-C3N4 

(uCN) and colloidal TiO2 nanosheets through an electrostatic self-assembly approach. The 

highest hydrogen generation rate was achieved from T/uCN composites with a 1:1 mass ratio 

of the two components. The photocatalytic performance for H2 production was increased in 

the following order: bCN  uCN  TiO2  T1/uCN2  T2/uCN1  T1/uCN1. The enhanced 

performance was attributed to the unique 2D/2D type II heterojunction architecture that 

simultaneously maximized the surface area to interact with the media and the interface 

between the two materials. The face-to-face interfacial contact between ultrathin layers of 

g-C3N4 and the faceted TiO2 provided fast separation of photogenerated charges inside the 

composites, reducing recombination and thus increasing the apparent quantum yield. 
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Chapter 4 

Controlled oxygen doping in highly dispersed Ni-loaded g-C3N4 

nanotubes for efficient photocatalytic H2O2 production 

 

4.1 Abstract 

Hydrogen peroxide (H2O2) is both a key component in several industrial processes and a 

promising liquid fuel. The production of H2O2 by solar photocatalysis is a suitable strategy to 

convert and store solar energy into chemical energy. Here we report an oxygen-doped 

tubular g-C3N4 with uniformly dispersed nickel nanoparticles for efficient photocatalytic H2O2 

generation. The hollow structure of the tubular g-C3N4 provides a large surface with a high 

density of reactive sites and efficient visible light absorption during the photocatalytic 

reaction. The oxygen doping and Ni loading enable a fast separation of photogenerated 

charge carriers and a high selectivity toward the two-electron process during the oxygen 

reduction reaction (ORR). The optimized composition, Ni4%/O0.2tCN, displays an H2O2 

-1·h-1, which is eightfold higher than that of bulk g-C3N4 

under visible light irradiation (λ > 420 nm), and achieves an apparent quantum yield (AQY) of 

28.2% at 380 nm and 14.9% at 420 nm.  

Keywords: carbon nitride; nanotubes; nickel nanoparticles; photocatalysis, H2O2  



103 
 

4.2 Introduction 

Hydrogen peroxide is an important industrial raw material used among others as an 

eco-friendly oxidant for industrial synthesis, pulp bleaching and wastewater treatment, with 

a global annual demand of over 4 million tons.[1–4] Besides, H2O2 is also a promising liquid fuel 

that is safer and easier to store than compressed hydrogen.[5,6] At present, H2O2 is industrially 

produced mainly through the anthraquinone method, which is an energy-intensive process 

requiring large amounts of organic solvent.[7] Therefore, the development of cost-effective 

and environmentally friendly strategies for the large scale production of H2O2 is a worthwhile 

endeavour. In this scenario, the production of H2O2 using solar photocatalysis has received 

increased attention in recent years.[8,9] 

Several photocatalysts have been applied for H2O2 generation, including titanium dioxide[10,11], 

graphitic carbon nitride (g-C3N4)
[12,13] and bismuth vanadate[14], to cite a few. Among them, 

g-C3N4 is particularly interesting as a metal-free, non-toxic and chemically stable material 

that has shown excellent potential not only for H2O2 generation but also for hydrogen 

generation and wastewater treatment, among others. However, the low surface area, 

moderate light absorption, rapid recombination of the photogenerated electron-hole pairs 

and low photocatalytic reaction selectivity towards H2O2 generation limits the cost-effective 

use of g-C3N4 for photocatalytic H2O2 production. To overcome these limitations, several 

strategies have been developed, including tuning the g-C3N4 morphology, extrinsic doping, 

and heterojunction formation through co-catalyst loading. [15–19] 

It is well known that the morphology and nanostructure of g-C3N4 largely affect its 

photocatalytic performance. To date, several g-C3N4 morphologies, such as nanosheets,[20] 

nanospheres,[21] nanorods,[22] nanofibers[23] and nanotubes[24] have been prepared. Among 

them, nanotubes with a one-dimensional hollow structure offer particularly large surface 

areas, high light absorption and fast electron transport to optimize photocatalytic 

performance. 

Beyond controlling its morphology, the proper doping of g-C3N4 is critical to adjust its band 

structure and charge carrier concentration towards enhancing light absorption and 
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promoting charge injection.[25,26] Dopants such as oxygen and phosphorus can not only adjust 

the valence band structure of the catalyst and improve the separation efficiency of 

photogenerated electrons and holes, but also improve the OER selectivity toward the 

two-electron pathway.[27,28] 

The introduction of a co-catalyst on the surface of g-C3N4 is an effective strategy to improve 

photocatalytic performance by increasing the charge separation ability. Various noble metal 

co-catalyst, such as Pt, Pd, and Au, have been demonstrated to promote hydrogen evolution 

performance.[29–33] Nevertheless, the high cost of noble metals and the moderate H2O2 

production rates reached limit the cost-effectiveness of the process. Thus, the development 

of co-catalysts based on abundant and low-cost elements, such as MoS2, Ni, NiP or CoP, [34–37] 

that provide an efficient and high rate photocatalytic H2O2 production is highly desirable. 

In this study, we detail the synthesis of hollow tubular g-C3N4 (tCN), demonstrate its 

controlled oxygen doping (OtCN), and describe its surface modification with highly dispersed 

nickel nanoparticles (Ni/OtCN) through a photoreduction process. Nitrogen 

adsorption-desorption isotherms, UV–vis absorption and photoluminescence spectroscopies, 

and photochemical tests are used to investigate the charge separation and transfer abilities 

of these materials. Besides, rotating ring disk electrode analysis, active species capture 

experiments and DFT calculations are used to analyze the mechanism of H2O2 generation. 

Owing to its unique 1-D hollow structure, high charge separation efficiency and excellent 

reaction selectivity, Ni/OtCN achieved outstanding H2O2 photocatalytic generation 

performance. 

4.3 Experimental 

Preparation of tubular g-C3N4 precursor (C-M): g-C3N4 nanotubes were prepared by a 

self-assembly method using melamine (99%, Acros Organics) and cyanuric acid (99%, Acros 

Organics). Typically, 1 g melamine and 1 g cyanuric acid were separately added into 300 ml 

deionized water under stirring at 80 °C for about 10 minutes until completely dissolved. Then 

the melamine solution was slowly added to the cyanuric acid solution under homogeneous 

stirring, and let it self-assemble at 80 °C for 1.5 hours. The product was centrifuged and 
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washed twice with 80 °C deionized water to remove the unassembled melamine and 

cyanuric acid. The filtered product was re-dispersed in deionized water and then settled at 

room temperature for 12 hours. Then the supernatant was removed to obtain a flocculent 

precipitate. The precipitate was then freeze-dried for 48 hours to obtain the g-C3N4 precursor 

that we will refer to as C-M. 

Preparation of O-doped tubular g-C3N4 (OtCN) and bulk g-C3N4 (bCN): The OtCN was 

prepared by a two-step heating process. In detail, 2 g C-M was introduced into a lidded 

porcelain crucible and calcined at 520 °C for 2h with a temperature increase rate of 

2 °C·min-1 under Ar atmosphere. Then the product was mixed with the proper amount (0 g, 

200 mg, 400 mg, 600 mg, or 800 mg) of ammonium persulfate (98%, Sigma) and calcined 

again at 520 °C for 2h with a temperature ramp of 5 °C·min-1. The products were named 

OxtCN, with x=0, 0.1, 0.2, 0.3, or 0.4 for the different amounts of ammonium persulfate 

introduced. The bulk g-C3N4 (bCN) was prepared through a similar method but replacing the 

C-M with melamine and adding no ammonium persulfate. 

Preparation of Ni/OtCN, Au/OtCN and Pt/OtCN: 100 mg of OtCN was added into 100 ml 

deionized water containing 10 ml triethanolamine (99%, Acros Organics), 8.5 mg nickel 

acetate tetrahydrate (99%, Acros Organics), and 500 mg sodium hypophosphite (99%, Sigma), 

and the solution was sonicated for 30 min. Afterwards, argon was bubbled into the solution 

for 30 min to displace the oxygen. Then the solution was irradiated with UV-vis light (300 W 

Xe lamp) under continuous stirring and argon bubbling for 30 min. The product was 

centrifuged and washed 3 times with water and ethanol (90%, Acros Organics) and finally 

dried under vacuum for 6h. The sample was named Ni2％/OtCN. Samples with higher Ni 

concentration, Nix/OtCN (x=4%, 6% and 8%), were prepared using the same procedure but 

adding the proper higher amount of nickel acetate. Au/OtCN and Pt/OtCN samples were also 

prepared by this photo-deposition method using H2PtCl6 ·6H2O (99%, Acros Organics) and 

HAuCl4 ·4H2O (99%, Acros Organics) precursors and irradiating the samples with UV light for 

1 h. 

Characterization: The size and shape of the samples were characterized by scanning electron 

microscopy (SEM) analysis was carried out in a Zeiss Auriga microscope (Carl Zeiss, Jena, 
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Germany) with an energy-dispersive X-ray spectroscopy (EDX) detector at 20 kV to study the 

composition and transmission electron microscopy (TEM) using a ZEISS LIBRA 120, operating 

at 120 kV. Scanning TEM (STEM) and high-resolution TEM (HRTEM) were carried out under 

the 200 keV Tecnai F20 field emission microscope. Electron energy loss spectroscopy (EELS) 

and high-angle annular dark-field (HAADF) STEM were carried out using a Gatan Quantum 

image filter embedded in the F20 (S) TEM. Powder X-ray diffraction (XRD) patterns were 

collected directly from the as-synthesized particles dropped on Si (501) substrates on a 

Bruker AXS D8 Advance X-ray diffractometer with Nifiltered (2 μm thic ness) Cu Kα radiation 

(λ = 1.5406 Å) operating at 40 kV and 40 mA. A LynxEye linear position-sensitive detector was 

used in reflection geometry. Characterization of the surface was done by X-ray photoelectron 

spectroscopy (XPS) on a SPECS system equipped with an XR50 source operating at 250 W and 

a Phoibos 150 MCD-9 detector. The pass energy of the hemispherical analyzer was set at 20 

eV, and the energy step of high-resolution spectra was set at 0.05 eV. The pressure in the 

analysis chamber was always below 10−7 Pa. The specific surface area and analysis of the 

pore size distribution were obtained from nitrogen adsorption/desorption isotherms on 

Tristar II 3020 Micromeritics system. UV-vis absorption spectra were identified by the 

PerkinElmer LAMBDA 950 UV-vis spectrophotometer. Fourier transformed infrared (FTIR) 

spectra were recorded on an Alpha Bruker spectrometer. The optical properties of samples 

were analyzed by a UV−vis spectrophotometer (UV-2600, Shimadzu). Photoluminescence (PL) 

spectra of aqueous photocatalysts suspension (0.1 g·L-1) were collected on a fluorescence 

spectrophotometer (F-7000, Hitachi), and the wavelength of excitation light is 300 nm. The 

decay time measurements were carried out on a compact fluorescence lifetime 

spectrometer (Quantaurus-Tau, C11367, HAMAMATSU), and an LED lamp (365 nm) was used 

as an excitation source. Electron paramagnetic resonance (EPR) analysis was performed on 

an EPR spectrometer (Jeol FA 200) in the presence of 10 mM 5, 5-dimethyl-1-pyrrolidine 

N-oxide (DMPO) as the spin trapper. DMPO was dispersed in methanol for detection *O2
−. 

Before the test, the Xenon research lamp (300W) was used to irradiate the photocatalyst 

suspension for 3 minutes.  

Electrocatalysis measurements: The photocurrent and electrochemical impedance 
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spectroscopy (EIS) investigations were carried out on a CHI-760 electrochemical analyzer 

using a three-electrode cell system with indium tin oxide (ITO)/sample as the working 

electrode, platinum net as the counter electrode and standard calomel electrode (SCE) as the 

reference. A 300 W Xe lamp with a cut-off filter of 420 nm was utilized as the light source. 

Furthermore, the ITO/sample electrodes were fabricated as follows: first, samples (5 mg) 

were added into solutions containing DI water (0.5 ml), ethanol (0.5 ml) and Nafion (20 ul) 

and ultrasonicated for 20 min. Then, the resultant sample slurry (0.1 ml) was cast onto 

pre-cleaned ITO glass and then dried at 60 ℃ for 2 h.  

Photocatalytic reduction of oxygen to hydrogen peroxide: The photocatalytic reduction of 

O2 to H2O2 was analyzed according to the literature with a slight modification 50 mg of 

photocatalyst suspended in 90 ml of water and 10 ml ethanol. The suspension solutions were 

first ultrasonically dispersed for 30 min in the dark and then stirred for 30 min before 

irradiation to reach the absorption–desorption equilibrium. The light source was provided by 

a Xe lamp at 300 W with 420 nm cut-off filter. The average light intensity was 100 mW·cm−2. 

At certain time intervals, 2 ml solution was sampled and centrifuged to remove the 

photocatalysts. The reactions were carried out in the air atmosphere without special 

instructions. The amount of H2O2 was analyzed by iodometry. 1ml 1 M KI solution and 0.002 

M (NH4)6Mo7O24 were added to the obtained solution, which was then kept for 30 min. The 

H2O2 molecules reacted with iodide anions (I−) under acidic conditions (H2O2 + 3 I− + 2 H+ → 

I3− + 2 H2O) to produce triiodide anions (I3−) possessing a strong absorption at around 350 nm. 

The amount of I3− was determined by means of UV–vis spectroscopy on the basis of the 

absorbance at 350 nm, from which the amount of H2O2 produced during each reaction was 

estimated. The standard curve line of UV-vis absorption spectrum of different H2O2 amounts 

could be found in fig 4.20.  

Rotating ring-disk electrode (RRDE) test: To electrochemically determine the selectivity of 

the catalyst toward the production of H2O2 instead of H2O, one can estimate the electron 

transfer number (n) of the ORR reaction. The closer the electron transfer number is to 2, the 

higher the H2O2 generation efficiency. A rotating ring-disk electrode (RRDE) was used to 

estimate n, and thus assess the ORR pathway and H2O2 generation efficiency. Within an RRDE, 

the peroxide species produced at the disk electrode are detected by the ring electrode. Thus, 
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n can be determined from the ratio of the ring current (Ir) and the disk current (Id) using the 

following equation: 

  4
Id

Id+Ir  ⁄
          (8) 

where N is the collection efficiency of the ring electrode, which is estimated at 0.42.(Fig 4.21) 

Besides, the percentage of H2O2 produced can be determined from:  

%HOO−  200  
Ir
 ⁄

Id+
Ir
 ⁄

        

 (9) 

When calibrating N, N2 saturated 0.1 M KOH and 0.004 M K3Fe(CN)6 were used as the 

electrolyte.[38][39] The electrodes were the same as those used in the ORR measurements. The 

electrode was rotated at a certain angular velocity and the amperometric i-t measurements 

were performed. The voltage of the disk and ring was set to 0.1 V and 1.5 V, respectively. The 

N value is calculated by using the following equation: 

  
𝐼𝑟
𝐼𝑑

 

Computational method: The density functional theory (DFT) calculations were performed by 

Vienna Ab-initio Simulation Package[40][41] (VASP), using the Projected Augmented Wave[42] 

(PAW) method. The revised Perdew-Burke-Ernzerhof (PBE) functional was used to describe 

the exchange and correlation effects.[43][44] For all the geometry optimizations, the cutoff 

energy was set to be 500 eV. Spin-polarization calculations were included in all cases. 

Reciprocally proportional to the lattice  

parameters, the Monkhorst-Pack grids[45] were set to be 3×3×1 for performing the surface 

calculations. The g-C3N4 and oxygen doped g-C3N4 were simulated as single-layer structure; 

while the Ni/OCN was simulated as one single-layer OCN coated on a three-layer nickel. A 

vacuum layer of 20 Å was applied in the z-direction of the slab models, preventing the 

vertical interactions between slabs.  

The 4e– elementary steps of ORR were calculated via the following procedures: 

O2
 + * → *O2 

*O2
 + (H+ + e–) → *OOH 
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*OOH + (H+ + e–) → *O + H2O 

*O + (H+ + e–) → *OH 

*OH + (H+ + e–) → * + H2O  

The 2e– elementary steps of ORR were calculated via the following procedures: 

O2
 + * → *O2 

*O2
 + (H+ + e–) → *OOH 

*OOH + (H+ + e–) → * + H2O2 

where * denotes the active sites on the catalyst surface. The computational hydrogen 

electrode (CHE) model [46]was used to calculate the free energies of ORR intermediates, 

based on which the free energy of an adsorbed species is defined as 

   𝑑     𝑑 +    𝑃      𝑑 +    +      

where ∆Eads is the electronic adsorption energy, ∆EZPE is the zero-point energy difference 

between adsorbed and gaseous species, T∆Sads is the corresponding entropy difference 

between these two states, ΔGU is the contribution from the electrode potential (U), and ΔGpH 

is the contribution from pH value. The electronic binding energy is referenced as ½  H2 for 

each H atom, and (H2O – H2) for each O atom, plus the energy of the clean slab.  

The effect of electrode potential U (ΔGU) is defined as: 

     𝑛𝑒𝑈 

where n is the number of electrons transferred in the elementary step, and U is the 

electrode potential. 

The effect of pH (ΔGpH) is defined as: 

     𝑝𝐻  𝑘𝐵 𝑙𝑛10 

where pH equals to 7, and kB is the Boltzmann constant.  

Apparent quantum yield (AQY) calculations: The apparent quantum yield can be evaluated 

from the following equation:[47][48] 

 QY  
2 𝑛𝐻 𝑂  𝑁𝐴

𝑁
                                                                                                 

𝑛  O  is the number of evolved H2O2 molecules, 𝑁𝐴 is Avogadro number (6.02×1023) and N 

represents the number of incident photons, which can be calculated from the following 

equation : 
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                (      )                     (𝑐  ) 

ℎ𝑐

𝜆

                                                

h is plank constant (6.626 × 10-34 J·s = 4.136×10-15 eV·s), c is the speed of light (3.0×108 m·s-1), 

λ is the wavelength of light (380, 420, 600 nm).  

Test method for light with wavelengths of 420 and 600 nm. The photocatalytic systems with 

100 mg catalyst and 100 ml O2 saturated solution (90 ml DI water and 10 ml ethanol) were 

irradiated for 1 h at room temperature and atmospheric pressure. The irradiated area is 3.14 

cm2.  

Test method for the 380 nm. The photocatalytic systems with 10 mg catalyst and 10 ml O2 

saturated solution (9 ml DI water and 1 ml ethanol) were irradiated for 1 h at room 

temperature and atmospheric pressure. The irradiated area is 1.13 cm2. (Because the light 

intensity of 380nm wavelength is very low, to reduce the error, we choose a smaller test 

system) 

The light intensity and resulting 𝑛  𝑂  are listed in Table 2. 

4.4 Results and discussions  

Structural and chemical properties of oxygen-doped tubular g-C3N4 and the Ni-loaded 

composite 

Oxygen-doped tubular carbon nitride samples loaded with Ni nanocrystals (Ni/OtCN) were 

obtained through a 4-step process involving the synthesis of the carbon nitride precursor 

from the combination of melamine and cyanuric acid in water, annealing under argon at 520 

C, oxygen doping using ammonium persulfate, and photo-deposition of Ni (Figure 4.1).  

Figure 4.1. Schematic illustration on the synthesis of Ni/OtCN samples. 
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Because the water solubility of melamine and cyanuric acid is very low at room temperature, 

the two components were dissolved at 80 C to ensure their full and uniform dispersion 

before self-assembly. The assembly is driven by the hydrogen bond formation between the 

amino group on melamine and the hydroxyl group on cyanuric acid. To determine the 

optimum precursor composition, materials with different melamine and cyanuric acid molar 

ratios (1:2, 1:1 and 2:1) were prepared for comparison. SEM analysis of the obtained 

precursors (Figures 4.2 and 4.4a) showed the 1:1 ratio to provide the best-defined nanorod 

structures, with a diameter in the range 300-600 nm and lengths of 15-30 nm. This result is 

consistent with the equal number of functional groups of both molecules, thus assembling at 

a 1:1 molar ratio. While the 1:2 and 2:1 ratios also resulted in nanorod-like structures, they 

showed poor uniformity and presented a large amount of unassembled precursor on their 

surfaces.  

 

Figure 4.2. SEM image of C-M precursors with different ratio of melamine and cyanuric acid 

(a) 1:2; (b) 1:1; (c) 2:1. 

Once the self-assembly process was completed, the material was washed with hot water to 

remove the residual not-assembled precursors. To prevent agglomerating during the drying 

process, samples were freeze-dried, which yielded dried materials with high porosity, as 

observed in Figure 4.3. The freeze-drying step was demonstrated as particularly important 

because an extensive agglomeration of the nanorods results in a high sintering and very 

notable loss of porosity during the posterior annealing step at 520 °C.  
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Figure 4.3. SEM image of precursors with 1:1 ratio of melamine and cyanuric acid after 

freeze drying. 

To minimize the damage to the nanostructure during the thermal polymerization of the C-M 

precursor, the annealing and oxygen doping of the material was divided into two steps. The 

first annealing step at 520 °C used a relatively low heating rate of 2 °C·min-1. After this step, 

samples were combined with a proper amount of ammonium persulfate and the mixture 

was annealed again at 520 °C for two additional hours using a temperature ramp of 

5 °C·min-1. This second annealing step completed the polymerization process. Besides, 

during the annealing process, the ammonium persulfate releases ammonia, sulfur dioxide, 

and oxygen gases creating a porous fluffy structure and inhibiting the agglomeration of 

nanotubes. At the same time, in this oxygen-enriched atmosphere, part of the generated 

oxygen gas reacts with the polymerizing carbon nitride incorporating oxygen into the 

structure. After the two-step thermal polymerization at 520 °C, the nanorod precursor was 

turned into g-C3N4 nanotubes that maintained approximately the same size as the precursor 

nanorods (Figure 4.4b). 

The annealed and oxygen-doped samples, OtCN, were dispersed in a solution containing 

nickel acetate tetrahydrate to be loaded with nickel nanoparticles through a photodeposition 

process. As a result, as observed in Figure 4.4c, uniformly and highly dispersed Ni 

nanoparticles were grown on the surface of the OtCN. Table 5 provides results from the EDX 

analysis of Ni4%/O0.2tCN showing the weight percentage of O and Ni to be 2.1 % and 3.2 %, 

respectively. 

TEM analysis of OtCN samples confirmed the tubular structure of the products and further 
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showed the nanotube walls have a porous structure (Figure 4.4d). The tubular structure of 

OtCN was thus significantly different from that of bulk g-C3N4 (bCN) produced from the direct 

annealing of melamine (Figure 4.6a). TEM images of the Ni/OtCN samples also confirmed the 

homogeneous distribution of Ni nanoparticles and showed their size to be in the range of 

20-60 nm (Figure 4.4e). HRTEM micrographs revealed that the selected nanoparticles had a 

crystal phase matching the Ni cubic phase (space group=FM3-M) with a=b=c=3.5241 Å 

(Figure 4.4f). EELS chemical composition maps obtained on the Ni/OtCN nanotubes 

displayed a uniform distribution of O, N and C and the presence of Ni-rich regions 

corresponding to the Ni nanoparticles. 

 

Figure 4.4. (a) SEM image of the C-M precursor. (b) SEM image of OtCN. (c) SEM image of Ni/OtCN. (d) 

TEM image of OtCN. (e) TEM image of Ni/OtCN. (f) HRTEM micrograph obtained on a representative 

region of the Ni/OtCN nanostructures. On the top right, we show a magnified detail (top right) of the 

orange squared region in the HRTEM image and its corresponding indexed power spectrum (bottom 

right) which reveals that this nanoparticle has a crystal phase in agreement with the Ni cubic phase 
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(space group=FM3-M) with a=b=c=3.5241 Å, visualized along its [011] zone axis. (g) HAADF STEM 

general detail of the Ni/OtCN catalyst, showing the presence of Ni nanoparticles as bright spots. EELS 

chemical composition maps were obtained on the red squared area of the STEM micrograph. 

Individual composition maps were obtained by using: (h) Individual Ni L2,3-edges at 855 eV (pink), (i) C 

K-edges at 284 eV (blue), (j) N K-edges at 401 eV (red) and (k) O K-edges at 532 eV (green), as well as 

their composites for C-N-O and Ni-C-N-O. 

Figure 4.7a displays the XRD patterns of O0.2tCN, Nix/O0.2tCN and a reference bCN. The main 

diffraction peaks at about 13.1ºaand 27.4ºnobserved from all the samples are assigned to 

the (100) and (002) family planes of g-C3N4, respectively. Compared with bCN, the (002) peak 

of OtCN samples shows a slight shift from 27.4º to 27.2ºowhich is a signature of an increase 

of the interplanar distance associated with the presence of oxygen.[49,50] Besides, the (002) 

diffraction peak of OtCN is broader and weaker than that of bCN, which is attributed to the 

tubular structure of OtCN. The samples containing Ni show no alteration of the g-C3N4 

diffraction peaks compared with OtCN, which indicates that the loading of Ni does not affect 

the OtCN structure. Meanwhile, Ni/OtCN samples display two additional XRD peaks at 44.3º

3and 51.5º that are assigned to the (111) and (200) family planes of cubic nickel. The 

intensity of these peaks correlates with the amount of Ni introduced, proving the successful 

loading of controlled amounts of nickel.  

FTIR spectroscopy was used to gain further insight into the structure of the material. As 

shown in Figure 4.7b, all OtCN materials displayed the fingerprints of g-C3N4, including the 

absorption peak at 812 cm-1 that corresponds to the out-of-plane bending of the triazine 

units, and the range of peak at 1200–1600 cm-1 that are related to the stretching modes of 

C-N in the aromatic heterocyclic rings. Besides, OtCN samples displayed FTIR peaks at 1235 

and 1075 cm-1, which intensity increased with the amount of ammonium persulfate used 

during the synthesis. These peaks are associated with the stretching mode of C-O-C 

group.[27,51]  

Figure 4.7c displays the UV–vis diffuse reflectance spectra of the different samples. The 

absorption edge of OtCN samples presented an obvious red-shift compared with that of bCN. 

This redshift was accentuated with the increase in the oxygen content. As shown in Figure 
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4.7d, the band gaps of bCN and OtCN samples, calculated according to Kubelk-Munk function, 

shifted from 2.73 eV for bCN, to 2.56 eV for O0.4tCN. Besides, the presence of oxygen 

resulted in a notable enhancement of the Urbach tail, which is associated with the presence 

of defects as a result of oxygen doping.[27,50] As expected from the metallic character of the 

introduced Ni nanoparticles, the Ni/OtCN composites presented a strong absorption in the 

visible range of the spectra, which was enhanced with the increasing contents of Ni, from 2% 

to 8%. On the other hand, the presence of Ni did not result in a shift of the OtCN absorption 

edge.  

Mott-Schottky analysis was used to further investigate the band structure of the samples 

(Figure 4.5). The flat band potentials of bCN and OtCN were obtained from the fitting of the 

Mott-Schottky plots and were used to estimate the position of the conduction band 

minimum (assuming it is ca. 0.1 eV above the flat band)[52][53] and valence band maximum 

(considering Eg = Evb - Ecb).[43] Figure 4.7e displays the schematized band structure 

experimentally determined from bCN and OtCN samples. 

 

Figure 4.5. Mott–Schottky plot of (a) bCN and (b-f) OxtCN (x=0, 0.1, 0.2, 0.3, 0.4). 

Figure 4.7f displays the nitrogen adsorption-desorption isotherms of bCN and O0.2tCN 

nanotubes. Both samples exhibit type IV isotherms with H3 hysteresis loops, indicating the 

presence of a mesoporous structure. As shown in Table S1, the specific surface area (SSA) of 

O0.2tCN nanotubes was 124 m2·g -1, which is over six-fold larger than that of bCN (18.7 m2·g-1). 
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The calculated pore size distribution of the two samples is shown in Figure 4.6b. As expected 

from SEM images, the pore volume of OtCN, 0.97 cm3·g-1, was significantly larger than that of 

bCN, 0.19 cm3·g-1.  

 

Figure 4.6. (a) SEM image of bCN; (b) pore size distribution curves of bCN and O0.2tCN. 

 

Table 4.1. Specific surface area (SSA) and pore volume of bCN and O0.2tCN. 

Sample SAA (m2·g-1) Pore volume (cm3·g-1) 

BCN 18.72 0.19 

O0.2tCN 124.22 0.97 

 

 

Figure 4.7. (a) XRD pattern of bCN, O0.2tCN and Nix/O0.2tCN (x=2%, 4%, 6% and 8%). (b) FTIR spectra of 
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bCN and OxtCN. (c) UV–Vis absorption spectra of bCN, OXtCN and Nix/O0.2tCN. (d) plot of the band 

energy spectra and (e) band structure alignments for bCN and OtCN. (f) N2 adsorption-desorption 

isotherms of bCN and O0.2tCN. 

Figure 4.8 displays the XPS spectra of bCN, O0.2tCN, and Ni4%/O0.2tCN samples. The 

high-resolution C 1s XPS spectra showed three main contributions at 288.2 eV, 286.5 eV, and 

284.8 eV, which were assigned to C-(N3), C–NHX and C–C/C=C, respectively.[40] Besides, the 

OtCN samples displayed a fourth C 1s peak 288.5 eV corresponding to C-O obtained from the 

replacement of N atoms by O in the CN heterocycles. All samples displayed the presence of 

oxygen at their surface, including the bCN. The high-resolution O 1s XPS spectrum of bCN 

was fitted with two peaks at 531.7 eV and 533.1 eV, which were associated with adsorbed 

oxygen-containing species such as water, O2, OH- groups and even CO2.
 [49] Besides, samples 

OtCN and Ni/OtCN displayed an additional contribution at 530.7 eV which is assigned to the 

C-O bond. Additionally, a peak at 529.7 eV was identified in the XPS spectrum of Ni/OtCN, 

and it was assigned to oxygen within a nickel oxide chemical environment created by the 

surface oxidation of the Ni nanoparticles. The high-resolution N 1s XPS spectra of bCN, 

O0.2tCN and Ni4%/O0.2tCN were fitted with three peaks at binding energies of 398.1 eV, 499.4 

eV, and 400.5 eV, which were assigned to N-(C2), N-(C3) and N-Hx groups of the heptazine 

framework, respectively. Finally, the high-resolution Ni 2p XPS spectrum of Ni/OtCN was 

fitted with three doublets, corresponding to metallic Ni (2p3/2 at 851.6 eV), Ni 2+ (2p3/2 at 

855.8 eV) and a Ni 2+ shake-up satellite (2p3/2 at 860.4 eV).[44] While (NH4)2S2O8, added as the 

oxygen source, decomposes to NH3 (g), SO2 (g) and O2 (g) during the second annealing step, 

no sulfur was detected by XPS and EDX analyses due to the low reactivity of sulfur within 

sulfur dioxide in the temperature range used (Figures 4.23 and 4.24).  

The EPR spectra of bCN and OtCN samples are displayed in Figure 4.8f. The Lorentzian 

absorption line at g =2.0027 is a fingerprint of the unpaired electrons of the sp2 hybridized C 

atoms in the aromatic rings.[27,49] The EPR signal of the OtCN sample is significantly less 

intense than that of bCN, which is consistent with the partial replacement N by O atoms, 

thus decreasing the number of lone pair electrons. According to XPS data (Table S5), the N/C 

ratio of OtCN (1.13) is significantly lower than that of bCN (1.21), and the O/C ratio of OtCN 
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(0.08) is higher than that of bCN (0.04), which is consistent with the hypothesis that O 

replaces N within the carbon nitride structure. Overall, the above experimental results 

confirmed the presence of O within OtCN replacing N atoms. 

 

Figure 4.8. (a) XPS survey spectra. (b-d) High-resolution XPS spectra of (b) C 1s, (c) O 1s and (d) N 1s 

obtained from bCN, O0.2tCN and Ni4%/O0.2tCN. (e) Ni 2p XPS spectrum of Ni4%/O0.2tCN. (f) EPR spectra 

of bCN and O0.2tCN. 

Photocatalytic H2O2 evolution 

Figure 4.9a displays the photocatalytic H2O2 generation from bCN, O0.2tCN, and Ni4%/O0.2tCN 

irradiated during 2h with visible light (λ > 420 nm). The H2O2 production rate of O0.2tCN was 

fourfold higher than that of bCN (Figure 4.9b). Besides, when loading the O0.2tCN with Ni, the 

H2O2 evolution rate further increased to reach nearly an order of magnitude higher values 

than bCN. Besides the Ni/OtCN sample displayed higher H2O2 evolution rates than noble 

metal co-catalyst: Au/OtCN and Pt/OtCN. The presence of Au showed an obvious 

improvement over OtCN, but the presence of Pt had no positive impact on the H2O2 

generation, which is associated with a low two-electron reaction selectivity and a high H2O2 

decomposition rate during the oxygen reduction reaction.  
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Figure 4.9. (a) Photocatalytic H2O2 generation on bCN, O0.2tCN and Ni4%/O0.2tCN during 2 h under 

visible light (λ > 420 nm). (b) Photocatalytic H2O2 generation rate of bCN, O0.2tCN, Ni4%/O0.2tCN, 

Au4%/O0.2tCN and Pt4%/O0.2tCN (c) H2O2 production on Ni4%/O0.2tCN under different conditions: N2 

instead of O2, no irradiation, no ethanol and no photocatalyst. (d) AQY of Ni4%/O0.2tCN at three 

different wavelengths, superimposed to the UV-vis spectrum. 

To find the optimal amount of oxygen doping, OXtCN samples produced using different 

amounts of ammonium persulfate were tested (Figure 4.10a-b). OXtCN samples containing 

relatively small amounts of oxygen (0 < x < 0.4) exhibited a significant enhancement of the 

H2O2 generation rate over tCN, but too high oxygen substitutions resulted in a lower H2O2 

evolution rate. Among all the OxtCN samples, O0.2tCN displayed the best H2O2 generation 

performance, 58.1 μmol·h −1.  

The amount of Ni was optimized by measuring the photocatalytic hydrogen peroxide 

generation on Nix/O0.2tCN containing different Ni concentrations (Figure 4.10c-d). The 

loading of O0.2tCN with a moderate amount of Ni nanoparticles largely enhanced the 

photocatalytic performance toward H2O2 generation. At a Ni loading of 2% and 4%, the H2O2 

generation rate was improved to 88.2 μmol·h −1 and 123.2 μmol·h −1, which is 1.5 and 2.1 

times higher than that of O0.2tCN, respectively. When further increasing the Ni loading to 6% 

and 8% the H2O2 production rate decreased to 101 μmol·h −1 and 75 μmol·h −1, respectively. 
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This decrease of the H2O2 production rate at high Ni loads may be related to the aggregation 

of small Ni particles and the blocking of the visible light absorption of the C3N4 caused by an 

excess of Ni.  

 

Figure 4.10. (a-b) Photocatalytic hydrogen peroxide generation amount and rate of OxtCN (x=0.0, 0.1, 

0.2, 0.3 and 0.4) and (c-d) Nix/O0.2tCN (X=0, 2%, 4%, 6% and 8%). 

To further evidence the advantages of OtCN over bCN, we also prepared a Ni-loaded 

oxygen-doped bulk g-C3N4 (Ni/ObCN) to be used as a reference. As observed in Figure 4.11a, 

the Ni4%/O0.2bCN sample displayed a slightly improved H2O2 production rate over bCN, but 

still well below the rates obtained from OtCN samples. This moderate production rate is in 

part related to the small surface area of bCN and the uneven deposition of nickel 

nanoparticles (Figure 4.11b) caused by the insufficient active sites on the bCN surface. 
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Figure 4.11. (a)The photocatalytic hydrogen peroxide generation amount of bCN and Ni4%/O0.2bCN and 

(b) SEM image of Ni4%/O0.2bCN. 

 

 Figure 4.12. Photocatalytic hydrogen peroxide generation amount of Ni4%/O0.2tCN under simulate 

solar light. 

As displayed in Figure 4.9c, control experiments demonstrated that the presence of O2 and 

light irradiation were required for the H2O2 generation, proving the production of H2O2 to 

take place by the ORR pathway instead of the water oxidation. Besides ethanol, other 

sacrificial agents, such as lactic acid and triethanolamine, also enabled a high H2O2 generation 

rate (Figure 4.12). But even in the absence of ethanol or another sacrificial agent, the 

Ni4%/O0.2tCN sample was able to achieve a notable photocatalytic H2O2 generation (Figure 

4.9c). Besides, as shown in Fig. 4.12, Ni4%/O0.2tCN also shows a prominent photocatalytic 

hydrogen peroxide generation performance of about 5012 mol g-1·h-1 under simulated solar 

light, using an AM1.5 filter.  

Table4.2. AQY under different incident light wavelengths for bCN, O0.2tCN and Ni4%/O0.2tCN.  

Wavelength 

(nm) 

Light intensity 

(mW·cm-2) 

Ni4%/O0.2tCN 

n H2O2 (umol·L-1) AQY (%) 

380 0.53 84.1 28.2 

420 9.91 279 14.9 

600 17.66 32.9 0.7 

 

The apparent quantum yield (AQY) of the process was evaluated under 380 nm (0.53 

mW·cm-2), 420 nm (9.91 mW·cm-2) and 600 nm (17.66 mW·cm-2) irradiation (Table S2, see 

details in the experiment section). For Ni4%/O0.2tCN, the AQY at 380 nm and 420 nm was 
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estimated at 28.2% and 14.9%, respectively. Even under 600 nm light irradiation, an AQY of 

0.7% was achieved for Ni0.4/O0.2tCN, which is consistent with UV-vis spectroscopy results 

(Figure 4.9d).[56]  

The electrochemical characterization of the samples allowed the further study of their 

charge transfer and transport properties. As observed in Figure 4.13a, bCN, O0.2tCN and 

Ni4%/O0.2tCN electrodes showed positive photocurrents under visible-light irradiation. Among 

them, O0.2tCN showed a slightly higher photocurrent density than bCN, but the highest 

photocurrents were obtained with the Ni4%/O0.2tCN electrode, reaching about 7.2 and 4 

times higher current densities than with bCN and O0.2tCN, respectively. These results 

demonstrate that O0.2tCN and especially the presence of Ni nanoparticles significantly 

increase the charge separation and transfer efficiency, which is in good agreement with the 

photocatalysis results. [57]  

Charge transfer and transport properties were further evaluated by electrochemical 

impedance spectroscopy (EIS). Figure 4.13b displays the Nyquist plot of the impedance 

spectra for the different materials. The larger arc associated with the transfer resistance of 

photo-generated charges[37] has a significantly smaller diameter for O0.2tCN than bCN, 

indicating a faster charge transfer efficiency in the former. Besides, the sample containing Ni, 

Ni4%/O0.2tCN, presents a much smaller arc radius than the other two samples, confirming the 

much lower charge transfer resistance in the presence of Ni.  

Table 4.3. Exponential decay fitted parameters of fluorescence lifetime of bCN, O0.2tCN and 

Ni4%/O0.2tCN. 

Sample bCN O0.2tCN Ni4%/O0.2tCN 

τ 5.95 4.06 3.39 

τ1 1.10 1.13 0.83 

τ2 8.26 6.21 4.92 

 

The photoluminescence (PL) spectra of the different samples under 300 nm light excitation is 

displayed in Figure 4.13c. The bCN sample displayed a broad and intense PL band at ca. 455 

nm, which is associated with the radiative band-to-band recombination of photogenerated 

charge carriers within C3N4. With oxygen doping, the PL intensity significantly decreases 
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owing to the presence of oxygen-related non-radiative recombination centers. Besides, the 

presence of Ni introduces additional recombination sites which further quenches the C3N4 PL. 

As obtained from time-resolved PL (TRPL) spectroscopy (Figure 4.13d) and consistently with 

previous results, O0.2tCN and Ni4%/O0.2tCN samples exhibited much shorter average PL 

lifetimes (4.06 ns and 3.39 ns) than bCN (6.22 ns), demonstrating the strong electronic effect 

of the substitutional oxygen and nickel nanoparticles.[36][58] 

 

Figure 4.13. (a) Photocurrent response curves of bCN, O0.2tCN and Ni4%/O0.2tCN; (b) Electrochemical 

impedance spectroscopy (EIS) Nyquist plots of bCN ,O0.2tCN and Ni4%/O0.2tCN; (c,d) PL spectra and 

TRPL decay of bCN ,O0.2tCN and Ni4%/O0.2tCN. 

The generation of H2O2 from the coupling of the oxygen reduction reaction (ORR) with the 

oxidation of an alcohol takes place through two main pathways. Both paths share the alcohol 

dehydrogenation reaction and the oxygen adsorption as the initial ORR step: 

RCH2OH + 2h+  RCHO + 2H+             (1) 

O2 + * - *O2                  (2) 

In one possible path, the reduction of the adsorbed oxygen molecule (*O2) can take place 

through a direct two-electron route: 

*O2 + 2H+ + 2e-  H2O2               (3) 
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The second possible ORR pathway is a two-step single-electron process, that can be broken 

down into the following steps: 

*O2 + e-  *O2
-                 (4) 

*O2
- + H+  *HOO                (5) 

*HOO + e-  HOO-                (6) 

HOO- + H+  H2O2                (7) 

Besides, the H2O2 evolution reaction competes with the oxygen reduction to H2O, which 

overall involves a total of 4e- (see details in the SI): 

O2 + 4H+ + 4e−  2H2O               (8) 

A rotating ring-disk electrode (RRDE) was used to determine the selectivity of the catalyst 

toward the production of H2O2 instead of H2O. [59] The disk electrode was scanned 

cathodically at a scan rate of 10 mV·s -1, while the ring potential was set at 0.5 V vs. Ag/AgCl 

(Figure 4.14). The linear sweep voltammetry (LSV) curves of bCN achieved Ir = 0.40 mA·cm-2 

and Id=-1.91 mA·cm-2 at -1.0 V vs. Ag/AgCl. From these values, a transfer number n =2.71 and 

an H2O2 selectivity of 60.8% was determined.[60] Similarly, a transfer number n = 2.32 and an 

H2O2 selectivity of 81.2% was obtained for O0.2tCN, and n = 2.24 and an H2O2 selectivity of 

88.9% for Ni4%/O0.2tCN. Overall, the RRDE measurements indicated that the oxygen doping 

and the presence of Ni significantly promoted the two-electron pathway for oxygen 

reduction to H2O2 over the four-electron H2O generation. 

To differentiate between the one-step two-electron direct ORR (O2 → H2O2 ) and the 

sequential two-step single-electron indirect reduction (O2 → *O2
− → H2O2 ) routes,[18,19] 

LSV curves were analyzed in more detail (Figures 4.14 and 4.15). Notice that the bCN and 

O0.2tCN samples exhibit two reduction plateaus at around −0.2 V and −0.5 V, suggesting a 

two-step pathway for H2O2 generation.[19][61] As observed in Figure 4.14b,c, no obvious H2O2 

current is detected in the ring electrode during the first plateau, in the potential range -0.2 V 

to -0.4 V. Only when reaching the second plateau a ring current is measured, which indicates 

the successive two single-electron reduction pathway. On the other hand, after loading the 
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Ni nanoparticles, the first plateau almost disappears and the onset potential of the H2O2 

current at the ring electrode approximately matches that of the disk electrode, pointing at a 

one-step two-electron direct reduction pathway in Ni4%/O0.2tCN. Overall, these results 

indicate that the introduction of nickel transforms the reaction from a two-step 

single-electron process to a direct two-electron process.  

 

Figure 4.14. LSV curves of (a) bCN, (b) O0.2tCN and (c) Ni4%/O0.2tCN obtained using an RRDE with a 

rotating speed of 1600 rpm and a ring biased at 0.5 V.  

 

Figure 4.15. Linear sweep voltammetry (LSV) plots of bCN, O0.2tCN and Ni4%/O0.2tCN on rotating disk 

electrode (RDE) with rotating speed of 1600 rpm. 

DFT calculations were carried out to further understand the selectivity of the ORR process on 

CN, OCN and Ni/OCN. The top view of the intermediates adsorption and the free energy 

diagram of ORR on the three materials are shown in Figure 4.16 and Table S4. The bCN 

sample is characterized by the strongest adsorption strength of ORR intermediates, which 

may hamper the product formation. The reduction of *OOH and *OH to form the final 

products, H2O2 or H2O, are generally considered as the limiting ORR steps determining the 
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reaction rate and pathway, either 2e- or 4e-. [17] The change of Gibbs free energy (ΔG) for the 

reduction of *OOH and *OH on CN was calculated to be 1.42 eV and 1.35 eV, respectively 

(Figure 4.17d). The similar ΔG for *OOH and *OH reduction on CN points toward the 

simultaneous occurrence of the two-electron and four-electron pathways. With the oxygen 

doping, ΔG for the reduction of *OOH and *OH on OCN decreased to 0.72 eV and 0.99 eV, 

respectively. Besides, with the introduction of Ni, ΔG values further decreased down to 0.35 

eV and 0.66 eV, respectively. The lower ΔG values obtained for OCN and particularly for 

Ni/OCN are consistent with experimental data obtained for OtCN and Ni/OtCN. Besides, 

notice that the ΔG of the reduction of *OOH is significantly lower than that of *OH reduction 

in OCN and Ni/OCN samples, involving a higher probability of the 2e– ORR pathway than the 

4e-. These DFT calculation results are consistent with the experimental data obtained from 

the RRDE test, further demonstrating that the oxygen doping and the Ni loading incline the 

catalyst toward two-electron reactions, which can significantly improve the H2O2 generation 

efficiency.  

 

Table 4.4. Free energy diagram of ORR on the g-C3N4, O doped g-C3N4 (OCN) and Ni loaded O atoms 

doping g-C3N4 (Ni/OCN). 

 * *O2 *OOH H2O2 *O *OH OH– 

g-C3N4 0 -1.92 -2.82 -1.40 -2.77 -3.98 -2.63 

OCN 0 -1.82 -2.12 -1.40 -2.02 -3.62 -2.63 

Ni/OCN 0 -1.06 -1.75 -1.40 -2.16 -3.29 -2.63 
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Figure 4.16. Top view of intermediate of *O2, *OOH, *O and *OH for the g-C3N4, O doped g-C3N4 and 

Ni loaded O atoms doping g-C3N4. 

 

Figure 4.17. Free energy diagrams of oxygen reduction reaction steps on bCN, O0.2tCN and 

Ni4%/O0.2tCN 

Additional experimentally of the ORR pathway were obtained by introducing a *O2− trapping 

agent in the solution, PBQ (1 mM). As shown in Figure 4.18a-c, after introducing the PBQ, 

the H2O2 generation rate strongly decreased for bCN and O0.2tCN, by an 88% and 84%, 

respectively, demonstrating the important role played by *O2− as an intermediate during 

H2O2 generation process, i.e. pointing at the two-step single-electron process as the main 

pathway for H2O2 generation process in bCN and O0.2tCN. On the contrary, the Ni4%/O0.2tCN 

sample showed just a 35% decrease of H2O2 generation in the presence of PBQ, indicating 

the predominance of the two-electron process over the two single-electron processes.  
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Figure 4.18. Photocatalytic H2O2 generation performance with and without 1MM PBQ on (a) bCN, (b) 

O0.2tCN, and (c) Ni4%/O0.2tCN. (d) EPR spectra of bCN, O0.2tCN and Ni4%/O0.2tCN with DMPO in 

methanol with the light on. 

To further explore the reaction mechanism and determine the role of superoxide radicals in 

the reaction process, DMPO spin-trapping EPR spectroscopy was used to determine the 

presence of *O2
− in the surface of the photocatalyst. As shown in Figure 4.18d, after 

irradiating bCN with visible light for 3 min with DMPO and methanol, four characteristic EPR 

features were observed. These DMPO-*O2
− characteristic EPR peaks were much more 

intense for the Ot0.2CN sample under the same conditions, indicating that O0.2tCN can 

generate larger amounts of *O2
– during the H2O2 evolution process, which is consistent with 

its higher H2O2 generation rate. On the other hand, while Ni4%/O0.2tCN provided much higher 

H2O2 generation rates than O0.2tCN, the *O2
− characteristic EPR signal was less intense, 

involving significant participation of an alternative path for H2O2 generation, i.e. the direct 

two-electron process. This result further confirms that the direct two-electron process has a 

fundamental role in the large H2O2 generation rates obtained in the presence of Ni.  
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Figure 4.19. (a) Stability cycles of the Ni4%/O0.2tCN for H2O2 evolution under visible-light irradiation; (b) 

SEM image of Ni4%/O0.2tCN after 20 h photocatalytic H2O2 evolution reaction ; (c) XRD pattern of 

Ni4%/O0.2tCN before and after 20 h photocatalytic H2O2 evolution reaction.  

Stability cycles of the Ni4%/O0.2tCN for H2O2 evolution under visible-light irradiation are 

displayed Figure 4.19a. After 20 hours of reaction, with five four-hour cycles, the catalyst 

maintained over 81 % photocatalytic H2O2 ·h-1, 

demonstrating excellent stability and reusability. Besides, SEM and XRD analysis of the 

catalyst after 20 h photocatalytic H2O2 reaction demonstrated the morphology and 

crystallographic structure of the material to be stable under photocatalytic reaction 

conditions (Figure4.19b,c). 

 

Figure 4.20. UV-vis absorption spectrum of different H2O2 amount in 1 M KI solution and 0.002 M 

(NH4)6Mo7O24. 
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Figure 4.21. (a) LSV curves for a bare GC disk in 0.1 M KOH and 0.004 M K3Fe(CN)6. The ring is biased 

at 0.5 V. (b) N value of the bare RRDE under different rotating speeds. 

 

 

Figure 4.22. EDX spectrum of Ni4%/O0.2Tcn sample. 

 

 

Figure 4.23. SEM images and EDX spectrum of O0.2tCN. 
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Figure 4.24. S 2p XPS spectrum and atomic ratio (measured by XPS technique) of O0.2tCN. 

 

Table S5. Relative atomic concentrations measured by EDS and XPS of bCN, O0.2tCN and Ni4%/ O0.2tCN. 

Samples  C 

 

N O Ni S 

bCN XPS 44.06% 53.07% 1.88% 0 -- 

O0.2tCN XPS 45.15% 51.18% 3.66% 0 0.01% 

Ni4%/O0.2tCN XPS 45.34% 48.66% 4.39% 1.61% -- 

bCN EDS 39.57% 59.29% 1.14% 0 -- 

O0.2tCN EDS 42.21% 56.10% 1.68% 0 0.00% 

Ni4%/O0.2tCN EDS 39.78% 57.94% 1.90% 0.78% -- 

 

Table S6. Comparison of photocatalytic H2O2 generation performance of co-catalyst/g-C3N4 based 

catalysts. 

Material Sacrificial 

reagent 

Irradiation 

conditions 

H2O2 yield 

(umolh-1g-1) 

AQE 

 

Ref. 

CoP/g-C3N4 ethanol λ>420 nm 700 -- [62] 

Au/g-C3N4 2-propanol UV/Vis 3735 19.5% at λ=380 nm [63] 

Cu-doped g-C3N4 ethanol λ>400 nm 2263 -- [64] 

g-C3N4 -carbon 2-propanol UV-vis 318 10.2% at λ=420 nm [65] 

g-C3N4 -CNTs formic acid λ>420 nm 518 -- [66] 

g-C3N4 -SiW11 methanol AM 1.5 152 6.5% at λ=420 nm [67] 

g-C3N4 -CoWO electron donor λ>420 nm 97 15.1% at λ=420 nm [68] 

Au/g-C3N4 C2H5OH λ>420 nm 688 -- [69] 

Ti3C2/g-C3N4 2-propanol λ>420 nm 1317 -- [70] 

Ni/OtCN Ethanol λ>420 nm 

AM 1.5 

2460 

5012 

14.9% at λ=420 nm 

28.2% at λ=380 nm 

This 

work 

 

Technique 

Elements 
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4.5 Conclusion 

In summary, we detailed the synthesis of hollow tubular g-C3N4 (tCN), and demonstrated 

their controlled oxygen doping (OtCN), and their surface modification with highly dispersed 

nickel nanoparticles (Ni/OtCN) through a photoreduction process. OtCN samples displayed a 

hollow tubular structure with a large specific surface area (124 m2·g-1). With larger SSA and 

more porous structure, OtCN can provide more reactive sites, improve the light absorption 

by the multiple diffusion and accelerate the diffusion of reactants and products on the 

surface. Based on the DFT and RRDE results, the doping with oxygen and the presence of Ni 

nanoparticles greatly reduced the energy barrier for H2O2 generation, and improved the H2O2 

selectivity from 60.8% to 88.9%, which enabled a more effective and efficient ORR towards 

H2O2 evolution. After loading the Ni nanoparticles, the electrons on the conduction band of 

OtCN are transferred to the surface of Ni which has a lower Femi level and then reducing the 

oxygen through a one-step two-electron direct reduction (O2 are2O2) route, which is more 

efficient for H2O2 generation. Efficient charge separation and high selective formation of H2O2 

during ORR process allow Ni4%/O0.2tCN to achieve an outstanding production rate up to 2464 

μmol g -1·h −1 under visible light and 5021 μmol g -1·h −1 under simulated solar light and AQY 

of 28.2% at 380 nm and 14.9% at 420 nm. 
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Charpter 5 

Tubular CoFeP@CN as a Mott-Schottky catalyst with multiple 

adsorption sites for robust lithium−sulfur batteries 

 

5.1 Abstract 

The shuttle effect and the sluggish reaction kinetics of lithium polysulfide (LiPS) seriously 

compromise the performance of lithium-sulfur batteries (LSBs). To overcome these 

limitations and enable the fabrication of robust LSBs, here we propose the use of 

Mott-Schottky catalyst based on bimetallic phosphide CoFeP nanocrystals supporting on 

carbon nitride tubular (t-CN) nanostructures as sulfur hosts. Density functional theory 

calculations and experimental data confirm that CoFeP@CN composites are characterized by 

a suitable electronic structure and charge rearrangement that allows them to act as a 

Mott-Schottky catalyst to accelerate LiPS conversion. Besides, the tubular geometry of 

CoFeP@CN composites facilitates the diffusion of Li ions, accommodates volume change 

during the reaction, and offers abundant lithiophilic/sulfiphilic sites to effectively trap soluble 

LiPS. As a result, S@CoFeP@CN electrodes deliver high initial capacities of 1607 mAh g−1 at 

0.1 C, superior rate performance of 630 mAh g−1 at 5 C, and remarkable cycling stability with 

90.44% capacity retention over 700 cycles. We further produce coin cells with high sulfur 

loading, 4.1 mg cm−2, and pouch cells with 0.1 Ah capacity to validate their superior cycling 
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stability. In addition, we demonstrate here that CoFeP@CN hosts greatly alleviate the often 

overlooked issues of low energy efficiency and serious self-discharging in LSBs. 

5.2 Introduction 

Lithium-sulfur batteries (LSBs) are regarded as the most promising candidate to replace 

lithium-ion batteries (LIBs) in next-generation energy storage systems. Compared with LIBs, 

LSBs are characterized by a sixfold higher theoretical energy density, 2600 W h kg−1, and a 

potentially lower cost and environmental impact if properly selecting the cathode 

materials.[1–3] Despite these attractive advantages, the electrically insulating character of 

sulfur and the shuttle effect of intermediate lithium polysulfides (LiPS) greatly limit the 

practical application of LSBs.[4] Additionally, the serious volume changes and slow redox 

kinetics during the charging/discharging process also reduce the cycling life and power 

density.[5]  

Several sulfur host materials have been proposed to overcome the aforementioned 

limitations.[2,6] Carbon-based hosts with high electrical conductivity and large specific surface 

area (SSA), like graphene,[7] carbon nanotubes[8] and hollow carbon spheres,[9] have been 

employed to disperse sulfur species and confine the volume expansion. However, the weak 

physical interaction between LiPS and the non-polar surfaces of these materials makes them 

ineffective to capture soluble LiPS, which results in a serious shuttle effect and a reduced 

cyclability.[10] Previous work has demonstrated that LiPS can be confined through strong 

chemical binding and rapid catalytic conversion at polar surfaces.[11] In this direction, the use 

of transition metal oxides (TMO) and sulfides (TMS) remarkably improve cycling performance. 

But unfortunately, polar TMO/TMS usually suffer from unsatisfying electrical conductivities 

that greatly limit the rate performance.  

Alternatively, transition metal phosphides (TMP) with metallic character may simultaneously 

provide the required high electrical conductivity and polar surfaces.[12,13] Besides, TMP also 

show exceptional catalytic activity towards Li-S redox reactions. As an example, the Qian 

group showed cobalt phosphide to exhibit the best catalytic performance among several 

Co-based compounds and associated this experimental evidence with an appropriate p-band 

file:///D:/Program%20Files%20(x86)/youdao/Dict/8.8.1.0/resultui/html/index.html#/javascript:;
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position.[14] Among phosphides, bimetallic compositions provide an additional degree of 

freedom to tune the electronic structure and optimize electrocatalytic activity in several 

reactions, including hydrogen and oxygen evolution,[15, 16] and CO2 reduction,[17] among 

others. To maximize the amount of LiPS adsorption sites and catalytic activity, the TMP 

should be nanostructured. In this direction, TMP nanocrystals (NCs) can provide relatively 

high SSAs and abundant unsaturated sites and defects to effectively reduce the reaction 

energy barrier.[18] To prevent their aggregation caused by the surface energy, and also 

compensate for the relatively high volumetric density of TMP, TMP NCs can be combined 

with lightweight support, which should be characterized by a large SSA to support a high 

dispersion of the TMP phase and high porosity to allow an effective diffusion of lithium ions. 

As a proper support material, graphite C3N4 is based on abundant elements and it can be 

obtained with high SSA.[19] Besides, in contrast to graphene and carbon nanotubes, the 

presence of Lewis-base pyridine nitrogen in C3N4 can effectively interact with the strong 

Lewis-acid of terminal Li atoms in LiPS, thus contributing to prolonging the lifespan of 

LSBs.[20–22] In terms of geometric structure, graphite C3N4 nanosheets (s-CN) prepared by the 

traditional liquid-phase exfoliation method usually suffer from low SSA due to re-aggregation 

by Van der Waals forces.[23] On the other hand, template methods to produce high-SSA C3N4 

are cumbersome and wasteful, inappropriate for a technology with a huge potential market 

and thus potentially requiring enormous amounts of materials.[19]  

Besides, the catalytic activity of C3N4-based catalysts can be significantly augmented by 

altering their electronic structures through tuning the surface/interface atom 

environment.[24,25] When combining metallic TMP NCs with n-type semiconductive C3N4, the 

charge is rearranged at the created Mott-Schottky junction and a built-in electric field 

appears at the TMP/C3N4 interphase.[25–27] This electric field with altered electron cloud 

density potentially promotes catalytic activity, suppress the shuttle effect, and boost lithium 

ion diffusion, subsequently improved Li-S performance.[28,29] Despite the great promise on 

regulating Li-S reaction, there is little research on Mott-Schottky catalyst up to date. And to 

the best of our knowledge, there is no report investigating the electronic structure of 

TMP/C3N4 hetrojunction attempt to apply for LSBs. 
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In the present study, we first engineer and characterize a novel porous graphite C3N4 tubular 

structure (t-CN). Subsequently, we use an electrostatic self-assembly method to blend this 

novel t-CN with colloidal CoFeP NCs, which we selected taking into account the catalytic 

activity toward Li-S reaction of single-metal cobalt/iron phosphides and its proper band 

alignement with CN.[30,31] The obtained tubular CoFeP@CN Mott-Schottky catalysts are then 

analyzed both experimentally and through theoretical calculations. Afterwards, the 

performance of S@CoFeP@CN cathodes is thoroughly tested and their superior cycling 

stability and rate capability are demonstrated. Finally, lithium-sulfur pouch cells are 

manufactured and their potential toward practical applications is validated. 

5.3 Experimental section 

Preparing of CoFeP nanoparticles. In a typical synthesis, 2.4 g (10 mmol) of 1-hexadecylamine 

(HDA, 90%, Acros Organics) were combined with 10.0 mL of 1-octadecene (ODE, 90%, ACROS 

Organics) and 2.6 mL (10 mmol) of triphenyl phosphite (TPP, 99%, ACROS Organics) in a 50 

mL flask. The system was degassed and heated to 150 °C and maintained at this temperature 

for 1 h to remove low boiling point impurities, moisture, and oxygen. After 4 mL ODE contain 

384 mg (1 mmol) Co2(CO)8 (95%, ACROS Organics) and 390 mg (2 mmol) Fe(CO)5 

(Sigma-Aldrich) was added into the system the temperature was then increased to 290 °C in 

20 min and kept there for 1 h. Afterward, the mixture was allowed to cool down to 200 °C by 

removing the heating mantle and then cooled rapidly down to room temperature with a 

water bath. The black product was isolated by precipitation with acetone. To remove as 

many organics as possible, two redispersion and precipitation cycles using chloroform and 

acetone were additionally carried out. To further remove the organic ligands, 10 mL of CoFeP 

NCs dispersion (10 mg mL−1) in hexane (99.0%, Honeywell) was combined with 10 mL 

acetonitrile (99%, ACROS Organics) to form a two-phase mixture and then add 1 mL HBF4 

solution (48%) in it. The resulting solution was sonicated until the NCs transferred from the 

upper to the bottom layer. The surface-modified NCs were washed with ethanol three times 

and dispersed in 10 mL ethanol with a little amount of N,N-Dimethylformamide (DMF, 99.8%, 

Alfa Aesa) for further use. 
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Preparing tubular t-CN and s-CN. The t-CN was prepared by an annealing method using a 

mixture of urea and melamine as the precursor. Typically, 100 mg urea (99.5%, ACROS 

Organics) and 10 mg melamine (99%, ACROS Organics) was put in a mortar and grinded for 

10 min. The mixture powder was loaded into a graphite die and compacted into cylinders (Ø  

10 mm×10 mm) under a pressure of 10 MPa. Then cylinders were put into a crucible covered 

loosely with a lid and then heated at 550 °C for 4 h in static air in a muffle furnace. The 

ramping rate was 5 °C min−1. After cooled naturally to room temperature, the resultant 

yellow solid was collected and grounded into powder for further use. s-CN was prepared by 

the same annealing method using melamine as the precursor but without any pressure 

treatment. After cooling naturally to room temperature, the resultant yellow solid was 

collected and grounded into powder, then an ultrasonic treatment was conducted for 2 

hours to obtain the s-CN. 

Synthesis of CoFeP@CN composites. Typically, 50 mg of t-CN powder was dispersed in 15 mL 

ethanol and DMF mixed solution and then sonicated for 1 h. Then 5 mL of a CoFeP ethanol 

dispersion (10 mg mL−1) was added into the mixture solution and stirred for 24 h. The 

product CoFeP@CN(also named 50%CoFeP@CN) was washed with ethanol 3 times and dry 

under vacuum overnight. 25%CoFeP@CN and 75%CoFeP@CN were fabricated by the same 

methods with different weight ratio. 

Synthesis of S@CN, S@CoFeP, S@CoFeP@CN, and S@Super P. Typically, CoFeP@CN and 

sulfur powder (99.98%, Sigma Aldrich) were well mixed with the weight ratio of 1:3, and then 

heated the mixture at 155 °C for 6 h in a sealed glass bottle under Ar protection. The 

redundant sulfur not incorporated into CoFeP@CN was removed by 10 mL CS2 (99.9%, Alfa 

Aesa) and ethanol solution (1:4, volume ratio). S@CN, S@CoFeP, and S@Super P were 

prepared by the same method. 

Materials Characterization: X-ray diffraction (XRD) patterns were detected by Bruker AXS D8 

Advance X-ray diffractometer with Cu K radiation (λ = 1.5106 Å) operating at 40  V and 40 

mA. The morphology and microstructure of samples were investigated by FESEM (ZEISS 

Auriga) equipped with an energy-dispersive X-ray spectroscopy (EDS) detector operated at 

20 kV. High-resolution TEM (HRTEM) and scanning TEM (STEM) studies were carried out 



145 
 

using a field emission gun FEI Tecnai F20 microscope at 200 kV with a point-to-point 

resolution of 0.19 nm. High angle annular dark-field (HAADF) STEM was combined with 

electron energy loss spectroscopy (EELS) in the Tecnai microscope by using a GATAN 

QUANTUM filter. X-ray photoelectron spectroscopy (XPS) measurements were carried out in 

normal emission using an Al anode XR50 source operating at 150 mW and a Phoibos 150 

MCD-9 detector. The content of sulfur in the composites was estimated by TGA (PerkinElmer 

Diamond TG/DTA instrument) experiments under N2 atmosphere. The specific surface area 

and analysis of the pore size distribution were obtained from nitrogen adsorption-desorption 

isotherms on Tristar II 3020 Micromeritics system. UV-vis absorption spectra were identified 

by the PerkinElmer LAMBDA 950 UV-vis spectrophotometer. Zeta potential measurements 

were obtained by the Malvern Zetasizer Nano ZS90 zeta instrument. 

Li-S cell assembly and measurements: Li-S batteries performance was tested at room 

temperature in CR2032 coin-type cells. The assembly process, in which lithium foils were 

used as anode and Celgard 2400 membranes as separators, S@host composites electrode 

work as the cathode, were conducted in a glovebox filled with argon. Cathode was obtained 

by doctoral blade methods. Briefly, S@host composites (S@t-CN; S@CoFeP; S@CoFeP@CN 

and S@CoFeP@CN), conductive carbon, and PVDF binder (weight ratio = 8:1:1) were well 

mixed into N-methyl pyrrolidone (NMP, 99.5%, Acros Organics) to form a black slurry, and 

then coated it on Al foils and dried at 60 °C overnight. After drying the foil was punched into 

small disks with a diameter of 12.0 mm. Sulfur loading was about 1.0 mg cm−2. High-loading 

tests were applied with sulfur-loaded of 4.1 mg cm−2. The electrolyte was prepared by 

dissolving 1.0 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) (99%, Acros Organics) 

into a solution of 1,2-dimethoxy ethane (DME, 99%, Honeywell) and 1,3-dioxolane (DOL, 

99.5%, Alfa Aesar) (v/v = 1/1) and containing 0.2 M of LiNO3 (99.98%, Alfa Aesar). For each 

coin cell, 15 µL/mg S−1 of electrolyte was used, high-loaded coin cells added 12 mL g−1
Sulfur, 

and lean electrolyte coin cells added 6.7 or 8.9 mL g−1
Sulfur. The Li-S cells were 

galvanostatically cycled at a voltage window of 1.7-2.8 V on a Neware BTS4008 battery tester 

with different C rates, low current activation was conducted before the cycling test. Cyclic 

voltammetry (CV) measurements were performed on a battery tester BCS-810 from Bio Logic 

at a scan rate of 0.1-0.4 mV s−1 and electrochemical impedance spectroscopy (EIS) tests were 
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conducted with a voltage amplitude of 10 mV in the frequency range 100 kHz to 10 mHz.  

Preparation of Li2S6 solutions for adsorption test: Sulfur and Li2S (99.9%, Alfa Aesar) were 

mixed with the molar ratio of 5:1, and then the powder was poured into appropriate 

amounts of DME/DOL (volume ratio of 1:1) solution under vigorous magnetic stirring 

overnight until a dark brown solution was obtained. 15 mg of Super P, t-CN, s-CN, CoFeP, and 

CoFeP@CN were poured into 3.0 mL 10 mM Li2S6 solution, respectively. All the steps were 

conducted under Ar atmosphere. 

Symmetric cell assembly and measurements: Symmetric cells also assembled and tested 

under CR2032 coin cells, in which two pieces of the same electrode (average loading about 

0.5 mg cm−2) were used as wor ing and counter electrodes, and 40 μL of electrolyte 

containing 0.5 mol L−1 Li2S6 and 1 mol L−1 LiTFSI dissolved in DOL/DME (v/v = 1/1) was added. 

Electrodes were prepared by the doctor blade method coating the host materials with 

conductive carbon and PVDF on Al foil. In all cases, CV measurements were performed at a 

scan rate of 5 mV s−1. 

Measurement of nucleation and dissolution of Li2S: Nucleation and dissolution of Li2S were 

conducted in CR2032 coin cells, where 1 mg host materials loaded on the carbon papers 

applied as wor  electrode, Li foil wor ed as the counter electrode, 20 μL catholyte was 

added in the positive side, in which 0.25 M Li2S8 dissolved in tetraglyme with 1.0 M LiTFSI 

added, and 20 μL of 1.0 M LiTFSI in tetraglyme solution as anolyte. The cells were first 

discharged at a current of 0.112 mA to 2.06 V and then hold the voltage at 2.05 V until the 

current decreased to 10−2 mA for Li2S nucleation and growth. To invest the Li2S dissolution, 

fresh cells were firstly discharged at a current of 0.10 mA to 1.80 V and subsequently 

discharged at 0.01 mA to 1.80 V for full transformation of S species into solid Li2S, after that 

the cells were potentiostatically charged at 2.40 V for the dissolution of Li2S into LiPS until 

charge current was below 10-5 A. 

Pouch cell assembly and measurements: Both the S@CoFeP@CN cathode and lithium 

anode were cut into 7 × 5.5 cm pieces. The sulfur loading of the cathode in the pouch cell (7 

× 5.5 cm) was 1.6 mg cm−2 (total sulfur loading: 61.6 mg). The E/S ratio was about 15 mL 

g−1
Sulfur, the thickness of the lithium belt anode was 0.4 mm. Separator and electrolyte were 

sandwiched between the tailored S@CoFeP@CN and lithium belt. The pouch cell was 
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galvanostatically cycled within a voltage range of 1.5−3.0 V. 

Theoretical Computation: All geometric optimizations and electronic structure calculations 

were performed using density functional theory (DFT), as implemented in the Vienna ab 

initio Simulation Package (VASP) (MedeA 3.2.1-VASP5.4.4), within the generalized gradient 

approximation (GGA) of Perdew–Burke–Ernzerhof (PBE) for the exchange-correlation 

potential. Projector augmented wave (PAW) pseudopotentials were applied with an energy 

cutoff of 450 eV.[1] A supercell of graphite C3N4 containing 4×2×1 unit cells and CoFeP 

containing 3×3×1 unit cells was used to model CoFeP@CN systems. For pure graphite C3N4, 

CoFeP, and CoFeP@CN, the Monkhorst–Pack k-point mesh of 5×5×1, 5×5×1, and 2×2×1 were 

used to perform geometry optimizations, and a 10×10×1, 10×10×1, and 4×4×1 k-point mesh 

were used for the electronic structure calculations, respectively. All atoms were relaxed until 

the Hellman–Feynman forces on individual atoms were less than 0.01 eV/Å. The vacuum 

thickness along the z-axis was set to 15 Å, which was large enough to prevent interaction 

between adjacent layers. To study the adsorption of LiPS to the surface of CoFeP and C3N4, 

we have considered constraint the lowest layer of CoFeP. The barriers for LiPS decomposition 

on graphite C3N4, CoFeP, and CoFeP@CN were calculated with the climbing-image nudged 

elastic band (CI-NEB) method to evaluate discharge reaction kinetics. 

5.4 Results and discussions 

t-CN was synthesized by annealing a mixture of urea and melamine that had been previously 

pressed at 10 MPa. The mixture was annealed at 550 ºC during 4 h in air and resulted in a 

yellow powder (see details in the Experiment Section). No post-exfoliation or etching 

treatment was carried out. Scanning electron microscopy (SEM) characterization of the 

yellow powder displayed a hollow tubular structure with 300-500 nm outer diameter and 

several micrometer long tubes (Figure 5.1a). Transmission electron microscopy (TEM) 

confirmed the tubular morphology of the product and further displayed the tube walls to be 

highly porous (Figure 5.1b and 5.2a). Powder X-ray diffraction (XRD) patterns revealed the 

obtained powder to display the graphite C3N4 crystal structure (Figure 5.2b). The uniform 

distribution of C and N in t-CN was confirmed by scanning transmission electron 
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microscopy-electron energy loss spectroscopy (STEM-EELS) and X-ray photoelectron 

spectroscopy (XPS) (Figure 5.2a,c). Meanwhile, the high-resolution XPS N1s spectrum (Figure 

5.2d) proved a high 68.3% content of pyridinic nitrogen, which could be beneficial to capture 

LiPS by forming Li-N bonds through its extra pair of electrons.[20]  

Figure 5.1. (a) FESEM and (b) TEM images of t-CN. (c) TEM image of CoFeP nanocrystals and their size 

distribution histogram. (d) (left and middle) HAADF STEM image and EELS chemical composition maps 

of CoFeP nanocrystals. (right) HRTEM image and corresponding indexed power spectrum (e) Optical 

image of t-CN, CoFeP, and CoFeP@CN particles dispersed in solution. (f) Schematic illustration of the 

process used to produce CoFeP@CN composites from the assembly of the two types of 

differently-charged particles. (g) FESEM image and (h) EDX compositional mapping of CoFeP@CN. (i) 
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TEM image of a CoFeP@CN composite. (j) HAADF STEM image and EELS chemical composition maps 

of CoFeP@CN. (k) XRD pattern of CoFeP@CN. 

 

Figure 5.2. t-CN characterization: (a) HAADF STEM micrograph and EELS chemical composition maps 

of individual C K-edges at 284 eV (olive-drab) and N K-edges at 401 eV (lake blue) as well as 

composites of C-N. (b) XRD pattern. (c) XPS survey spectrum. (d) High resolution N 1s XPS spectrum 

As a reference material, graphite C3N4 nanosheets (s-CN) were produced through the 

conventional liquid-phase exfoliation method. XRD and SEM analysis showed s-CN to have a 

similar crystallinity as t-CN, but an obviously different geometry (Figure 5.3a,b). The 

Barrett-Joyner-Halenda (BJH) SSA of t-CN was 186 m2 g−1 and its pore volume 0.85 cm3 g−1, 

with a relatively narrow microporous distribution and a fraction of mesopores (Figure 5.3c, 

d). This contrasted with the sevenfold lower SSA and sixfold lower pore volume obtained for 

s-CN, related to the different geometry. s-CN suffers from strong Van der Waals' interaction 

that drives their re-stacking and thus results in moderate surface areas. On the contrary, the 

folding of C3N4 sheets into tubular structures can effectively avoid stacking, thus providing 

much larger SSAs and pore volumes. Besides a simple preparation, the t-CN reported here 

exhibited significant advantages in terms of SSA and pore volume compared with previously 

file:///D:/Program%20Files%20(x86)/youdao/Dict/6.3.69.7015/resultui/frame/javascript:void(0);
file:///D:/Program%20Files%20(x86)/youdao/Dict/6.3.69.7015/resultui/frame/javascript:void(0);
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reported materials.  

 

Figure 5.3. (a) SEM and (b) XRD pattern of s-CN nanosheets obtained from conventional liquid-phase 

exfoliation method. (c) N2 adsorption-desorption isotherms of t-CN and s-CN. Inset shows the SSA and 

pore volume of t-CN and s-CN. (d) Pore size distribution of t-CN and s-CN samples. 

CoFeP NCs with an elongated geometry and an average size of 21.2 ± 3.2 nm were produced 

using our previously reported colloidal synthesis method (Figure 5.1c).[32] A uniform 

distribution of Co, Fe, and P elements within each particle was revealed by STEM-EELS 

elemental composition maps (Figure 5.1d). High-resolution TEM (HRTEM) and XRD 

characterization proved the CoFeP NCs to have an orthorhombic crystal phase belonging to 

the pnma space group (JCPDS 01-082-5970, Figure 5.1d and 5.43). SEM-energy dispersive 

x-ray spectroscopy (EDX) analysis revealed the ratio of the elements of Co: Fe: P to be close 

to 1:1:1.2 (Figure 5.4b), with the small excess of phosphorous most probably located at the 

NC surface and playing a ligand role.[33]  

https://scholar.google.com/javascript:void(0)
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Figure 5.4. (a) XRD pattern and (b) EDS results of CoFeP NCs. 

 

Figure 5.5. Zeta potential plots of (a) t-CN and (b) CoFeP dispersions. 

Zeta potential measurements (Figure 5.5) revealed the different signs of the charge at the 

surface of CoFeP NCs (positively charged) and t-CN (negatively charged). Taking advantage of 

this different charge, CoFeP@CN nanocomposites with a 1:1 mass ratio were prepared by a 

simple solution-phase electrostatic self-assembly method (Figure 5.1e,f).[34] This process 

maintained the tubular morphology of t-CN intact (Figure 5.1g).[35] EDX elemental maps 

showed a homogeneous dispersion of CoFeP NCs throughout the t-CN surface (Figure 5.1h). 

High-angle annular dark-field (HAADF) images further confirmed the homogeneous 

distribution of CoFeP NCs on t-CN (Figure 5.1i). In HAADF images, CoFeP NCs with a higher 

atomic number possess a stronger ability to scatter electrons than t-CN, thus appear much 

brighter. XRD patterns of the composites displayed diffraction peaks corresponding to both 

crystallographic structures: the diffraction peak at 27.4° belonging to the (002) plane of 

graphite C3N4 and the diffraction peaks at 40.5° and 51.7° corresponding to the (112) and 
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(020) planes of CoFeP (Figure 5.1k).  

 

Figure 5.6. (a,b) Energy band diagrams of metallic CoFeP and n-type semiconducting graphite-C3N4 

before (a) and after (b) Schottky contact formation. Evac=vacuum level, Ec=conduction band minimum, 

Ev=valence band maximum, EF=Fermi level. (c) C 1s high-resolution XPS spectra from t-CN and 

CoFeP@CN. (d) Co 2p high-resolution XPS spectra from CoFeP and CoFeP@CN. (e) Gain/loss of 

electrons of the different atoms calculated by Bader charge analysis. 
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Graphite C3N4 is an n-type semiconductor. Its computed work function (WF) is around 4.4 eV 

and its band gap is ~2.6 eV.[36] On the other hand, the WF of metallic CoFeP can be estimated 

at around 4.8 eV (Figure 5.7).[27,37]. When placed in contact, the difference in Fermi levels 

drives an injection of electrons from C3N4 to CoFeP, until the WFs of the two materials at the 

interface are equilibrated. At equilibrium, an upward bending of the electron energy bands 

of C3N4 at the interface and an electric field pointing from C3N4 to CoFeP remain, forming a 

Mott-Schottky heterostructure (Figure 5.6a and b).[27,38]  

 

Figure 5.7. The computed work function of (a) graphite C3N4 and (b) CoFeP. The red and blue lines 

denote the Fermi level, EF, and the vacuum energy level, Evaccum, respectively. 

High-resolution XPS valence band spectra confirmed the semiconducting and metallic 

character of t-CN and CoFeP, respectively (Figure 5.8b). The XPS valence band spectrum of 

CoFeP@CN composite also showed the Fermi level to lay within a band of states, as in the 

case of CoFeP. The C 1s spectra of t-CN and CoFeP@CN showed three bands (Figure 5.6c). 

The band at 284.8 eV corresponding to adventitious C-C was used as a reference. The main C 

1s peak from t-CN was located at 288.5 eV and corresponded to the N−C=N chemical 

environment of carbon nitride.[15] In the composite material, a significant blue shift of the 

this N−C=N band, up to 288.7 eV, was obtained. This shift was related to the electron loss of 

t-CN when in contact with CoFeP NCs.[15,39]  
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Figure 5.8. (a) XPS survey spectrum of CoFeP@CN. (b) Normalized valence band XPS spectra of t-CN, 

CoFeP and CoFeP@CN samples. (c) High resolution Fe 2p XPS spectra of CoFeP and CoFeP@CN 

samples. 

The Co 2p spectrum of CoFeP displayed two bands at 778.6 eV (2p3/2) and 793.4 eV (2p1/2), 

associated with a Co-P chemical environment (Figure 5.6d). Two additional bands at 781.6 eV 

(2p3/2) and 797.5 eV (2p1/2) were assigned to oxidized cobalt species arising from the 

exposure of the sample to air during handling and transportation.[26,40] Additional shake-up 

satellite peaks located at 786.1 eV and 803.2 eV were also discerned. A slight shift of the Co 

2p bands toward lower binding energies was observed when supporting the CoFeP NCs on 

t-CN, consistent with a charge arrangement at the interface and an increased electron 

density in Co atoms.[26,40]  

Similar results were obtained when analyzing the Fe 2p spectra, displaying bands associated 

with a Fe-P environment at 707.6eV (2p3/2) and 720.0 eV (2p1/2), and bands associated to an 

oxidized environment at 710.7 eV (2p3/2) and 724.2 eV (2p1/2).
[41] A similar band shift was 

observed for Fe and Co when contacting CoFeP with t-CN (Figure 5.8c).  

A larger degree of surface oxidation was observed in the CoFeP NCs supported on t-CN than 

in the unsupported NCs. However, XRD patterns in Figure 5.1k confirmed the presence of the 

CoFeP phase in both samples, indicating an overall low content of CoPOx or FePOx in 

CoFeP@CN samples. Notice in any case that recent reports have demonstrated that TMPs 

with an oxidized surface can still effectively promote LiPS capture through the metal oxide 

and phosphate sites, which can form strong metal−S and oxide P−Li bonds, respectively.[42] 

Density functional theory (DFT) calculations further demonstrated a charge redistribution at 

the atomic scale when placing the two materials in contact. According to XRD results of 
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CoFeP, we constructed a slab model based on the exposed CoFeP (112) facet and a graphite 

C3N4 monolayer to evaluate the charge transfer at the interface. Bader charge analysis 

calculated charge redistribution at the CoFeP/C3N4 interface and quantified that the bottom 

CoFeP unit cell gains 1.84 electrons from the CN layer. The gain/loss of electrons of the 

different atoms is displayed in Figure 5.6e.  

Sulfur was introduced within the CoFeP@CN by a melt-diffusion process (see the 

Experimental Section for details). SEM characterization of the obtained S@CoFeP@CN 

composites revealed the tubular structure of CoFeP@CN to be conserved after S addition 

(Figure 5.9a). XRD patterns confirmed the presence of crystalline sulfur (JCPDS No. 08-0247) 

within S@CoFeP@CN composites (Figure 5.9b)[43] and a homogenous distribution of the 

different elements was proven by EDS mapping (Figure 5.9c). With the introduction of sulfur, 

the SSA value sharply decreased from 86.8 m2 g−1 (CoFeP@CN) to 1.8 m2 g−1 (S@CoFeP@CN), 

as shown in Figure 5.9d. Thermogravimetric analysis (TGA) allowed quantifying the sulfur 

content in the S@CoFeP@CN composite at about 70 wt%, consistent with the nominal 

amount introduced (Figure 5.9e). The same preparation process was employed to load 

equivalent amounts of sulfur into other hosts, CoFeP, t-CN, and Super P, which were used as 

reference materials when testing CoFeP@CN performance (Figure 5.10). 
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Figure 5.9. (a) SEM image, (b) XRD pattern, and (c) EDX compositional maps of S@CoFeP@CN. (d) N2 

adsorption-desorption isotherms of CoFeP@CN and S@CoFeP@CN. Calculated specific surface areas 

were 86.8 m
2
 g

−1
 and 1.8 m

2
 g

−1
 for CoFeP@CN and S@CoFeP@CN, respectively. (e) TGA curve 

measured in N2 atmosphere from S@CoFeP@CN. 
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Figure 5.10. XRD patterns (a-c) and TGA curves measured in N2 atmosphere (d-f) obtained from 

S@t-CN (a,d), S@CoFeP (b,e), and S@Super P (c,f). 

The LiPS adsorption ability of the host material plays a key role in suppressing the shuttle 

effect in LSBs, thus it is the first property analyzed when screening different materials toward 

finding a good sulfur host. To evaluate LiPS affinity, the same amount of the different hosts 

was immersed into a 10 mM LiPS (~Li2S6) solution. After 12 h, clear differences in the color of 

the solution containing the different materials were observed, indicating a different degree 

of LiPS adsorption (Figure 5.11). Adsorption results were also confirmed by analyzing the 

UV−vis spectra of the solutions in the range of 400-500 cm−1 (Figure 5.11b).[31,44,45] We 

noticed that the color of the solutions containing t-CN and/or CoFeP was much lighter than 

that of the solution containing Super P, inferring a stronger interaction of t-CN and CoFeP 

with LiPS. The clearest solution was obtained with the presence of CoFeP@CN, 

demonstrating that the composite was characterized by an additional LiPS adsorption 

capability when compared with the same amount of each of the components.    
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Figure 5.11. LiPS adsorption ability. (a) Optical image and (b) UV−vis spectra of the polysulfide solution 

containing the different adsorbers overnight. (c-f) High-resolution XPS spectrum of (c) N 1s, (d) Co 2p 

3/2, (e) Fe 2p 3/2 and (f) P 2p before and after CoFeP@CN interaction with Li2S6. (g,h) Relaxed 

Li2S6-adsorbed structures on the surface of (g) graphite-C3N4 and (h) CoFeP calculated with DFT. (i) 

The calculated binding energy between LiPSs (Li2S2, Li2S4, Li2S6, and Li2S8) and graphite-C3N4 and CoFeP 

surfaces. 

Additional XPS analyses were conducted to understand the chemical interaction between 

CoFeP@CN and LiPS during the Li2S6 adsorption experiment. From the comparison of the N 

1s spectra of the composite before and after Li2S6 adsorption (Figure 5.11c), a distinct shift 

could be observed in the pyridinic-N band from 399.1 eV to 399.3 eV.[46] The small additional 

band in the CoFeP@CN-LiPS sample at 397.8 eV is attributed to N-Li bond formation during 

the adsorption process.[47,48] These results were consistent with previous reports 

demonstrating that LiPS could anchor on active nitrogen sites through dipole-dipole 

interactions. This Li−N chemical interaction certainly contributes to inhibiting the shuttling 
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effect.[49]  

Meanwhile, the Co 2p3/2 and Fe 2p3/2 XPS spectra displayed in Figure 5.11d,e show that after 

interaction with Li2S6, bands corresponding to Co−P or Fe−P environments suffered an 

obvious shift to higher binding energy, indicating the formation of Co−P/S and Fe−P/S 

bonds.[30,44] Additionally, the relative intensity of the oxide Co and Fe bands decreased in the 

CoFeP@CN-LiPS sample, which was also consistent with the formation of strong Co-S and 

Fe-S bonds during the Li2S6 adsorption process which partially prevented the surface 

oxidation.[42,44] In Figure 5.11f, a band shift can be also found in the P 2p spectrum, which 

might be attributed to the accumulation of electrons at P sites related to the interaction with 

terminal Li atoms in Li2S6 species.[50,51]  

 

Figure 5.12. Binding energies and adsorbed structures of LiPS on the surface of g-C3N4 and CoFeP 

calculated by DFT. 

DFT calculations were conducted to determine the affinity between chained LiPS species and 

CoFeP and t-CN. The binding energies and atomic structures between LiPS (Li2S2, Li2S4, Li2S6, 

and Li2S8) and CoFeP (001) and graphite C3N4 (001) surfaces were calculated (Figure 5.12). 

Compared with previous reports on graphitic carbon,[52,53] the more negative LiPS binding 

energies on the surface of CoFeP and graphite C3N4 (Figure 5.11i) indicated stronger 

adsorption of soluble LiPS on the latter two. The chemical adsorption of LiPS with CoFeP@CN 

is mainly originated from the treble interactions: i) Lewis-base pyridine N in t-CN with extra 

pair of electrons interact with Lewis acid of terminal Liδ+ atoms in LiPS; ii) chemical bonding 

between the terminal Sδ− atoms and Coδ+/Feδ+ atoms in CoFeP NCs; and iii) chemical bonding 
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between Liδ+ atoms and Pδ− atoms. Taking Li2S6-adsorbed structures as an example (Figure 

5.11g and 5.11h), Li atoms preferentially bind to N sites in C3N4, with a Li-N bond distance in 

the C3N4/Li2S6 model of only 2.10 Å. S atoms tend to bind with Co and Fe atoms into a small 

2.16 Å Co-S and 2.21 Å Fe-S bond distance. Besides, the calculated Li-P bond distance was 

2.50 Å. Overall, the coexistence of multiple adsorption sites to strongly capture the LiPS by 

Li-N, Fe/Co-S and Li-P bonds endow the great potential of CoFeP@CN composite as S host in 

LSBs. 

Figure 5.13.  Polysulfide redox activity. (a) CV profiles of symmetrical cells with three different host 

materials using an electrolyte containing 0.5 mol L
−1

 Li2S6 and 1 mol L
−1

 LiTFSI dissolved in DOL/DME 

(v/v = 1/1). (b) CV profiles of lithium-sulfur coin cells. (c) Peak voltages and onset potentials obtained 

from CV curves with different electrodes. (d) Charging/discharging curves of different electrodes at 

the current rate of 0.1 C. (e) DE and Q2/Q1 values obtained from charging/discharging curves. (f) CV 

curves of S@CoFeP@CN electrode at various scan rates. Inset shows the CV peak current for peaks I, II, 

and III versus the square root of the scan rates. (g) Potentiostatic discharge profile of Li2S nucleation at 

2.05 V on different electrodes with Li2S8 catholyte. (h) DFT-calculated Gibbs free energy changes of 

reduction of LiPS (Li2S6, Li2S4, Li2S2, and Li2S) in the presence of three hosts. (i) Li-ion diffusion 
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coefficient value at peaks I, II, and III. 

To evaluate the ability of host materials to catalytically accelerate the kinetics of polysulfide 

conversion, cyclic voltammetry (CV) tests of Li2S6 symmetrical cells were conducted in the 

voltage window -1 to 1 V. As shown in Figure 5.13a, t-CN, CoFeP, and CoFeP@CN electrodes 

showed significantly different CV curves. The symmetric curves of CoFeP@CN electrodes 

exhibited higher peak current densities than t-CN and CoFeP electrodes, demonstrating the 

combination of both materials within a heterostructured composite to boost the 

electrochemical activity of polysulfide conversion.[54]  

 

Figure 5.14. (a) CV profile at a scan rate of 0.1 mV s−1 and (b) charging/discharging curve of the 

S@Super P at a current rate of 0.1 C. 

The electrochemical performance of the electrodes was evaluated using LSBs assembled in 

coin cells. Figure 5.13 and Figure 5.14a display the CV curves obtained from S@t-CN, 

S@CoFeP, S@CoFeP@CN and S@Super P cells, respectively. All curves showed two reduction 

peaks (peak I and II), which corresponded to a two-step S reduction process upon cathodic 

scanning: peak I was attributed to the transformation from S8 to soluble long-chain LiPSs 

(Li2Sx, 4≤x≤8), followed by a further reduction to insoluble Li2S2/Li2S in peak II.[53,55] The 

anodic peak (peak III) was ascribed to the reverse multistep oxidation process of short-chain 

sulfides to LiPS and eventually to sulfur. S@CoFeP@CN electrodes exhibited the most intense 

peak currents and the cathodic/anodic peaks located at the most positive/negative 

potentials (Figure 5.13c). This result indicated that among the tested materials, CoFeP@CN 

was the most effective catalyst in promoting the polysulfides redox reaction kinetics. [43,53] 

Among the three kinds of electrode tested, the onset potentials of S@CoFeP@CN were the 
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highest/lowest in reduction/oxidation peaks (Figure 5.13c), demonstrating an effective 

decrease of the overpotential in LiPS conversion reaction.  

Charging/discharging tests at different current rates were conducted for the three types of 

electrodes. At the current rate of 0.1 C, all electrodes showed one charging and two 

discharging plateaus, consistently with the measured CV peaks (Figure 5.13d). A voltage gap 

ΔE found between the oxidation and the second reduction plateaus introduced polarization 

potential in the redox reaction, which was taken as the voltage gap at 50% discharged 

capacity.[43,56] S@CoFeP@CN electrodes displayed a lower polarization potential (ΔE = 147 

mV) than S@CoFeP (ΔE = 158 mV), S@t-CN electrodes (ΔE = 211 mV), and S@Super P 

electrodes (ΔE = 223 mV, Figure 5.14b), demonstrating the synergism between the two 

components within CoFeP@CN to accelerate the LiPS conversion kinetics. S@CoFeP 

electrodes exhibited a much better polarization than S@CN because of the intrinsic metallic 

and semiconductor nature of CoFeP and t-CN, respectively. S@CoFeP@CN electrodes also 

exhibited the lowest overpotentials in the phase conversion between soluble Li2S4 and 

insoluble Li2S2/Li2S (Figure 5.15).[57]  

 

Figure 5.15. (a) Discharging and (c) charging profiles of S@t-CN, S@CoFeP, and S@CoFeP@CN 

electrodes showing the overpotentials for conversion between soluble LiPS and insoluble Li2S2/Li2S. 

The catalytic activity of the host materials toward the LiPS conversion reaction can be 

quantified by the ratio Q2/Q1, where Q1 and Q2 denote the capacity of the two discharge 

plateaus (Figure 5.13d). Q1 corresponds to the reduction of sulfur to soluble LiPS (S8 + 4Li+ + 

4e- → 2Li2S4) and Q2 to the subsequent transfer to insoluble sulfide (2Li2S4 + 12Li+  + 12e- → 
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8Li2S), respectively.[43] During the second plateau (Q2), the final product Li2S generally 

accompanied by the presence of Li2S2 due to sluggish reaction kinetics, which inhibits the 

release of capacity during the Q2 stages. Thus, while the capacity ratio should be Q2/Q1 = 3, 

taking into account the electrons involved in each process (4 for Q1 and 12 for Q2), generally 

ratios lower than 3 are obtained. Additionally, the LiPS shuttle effect is also reflected in a 

capacity loss. In all cases, the higher Q2/Q1, the better the catalytic ability. As displayed in 

Figure 5.13e, S@CoFeP@CN exhibited the highest Q2/Q1 ratio at 2.74, close to the 

theoretical value and well above that of S@CoFeP (2.47), S@t-CN (2.17) and S@Super P 

(1.88, Figure 5.14b), which further evidenced the synergistic effect towards LiPS redox 

reaction obtained when combining both materials in the CoFeP@CN Mott-Schottky 

heterostructure. 

The efficiency of LSBs is limited by the high charging/discharging overpotentials that are in 

large part related to the sluggish kinetics of deposition/dissolution of insulating solid 

Li2S.[58][59] Thus, we performed Li2S nucleation and dissolution experiments to further assess 

the performance of the materials developed here. For this experiment, electrode materials 

were supported on carbon paper (CP, see details in the Supporting Information) which is able 

to soak the catholyte. From the potentiostatic discharge profiles in Figure 5.13g, 

CP/CoFeP@CN exhibited the sharpest nucleation peak and the fastest responsivity toward 

Li2S nucleation, when compared with CP/t-CN and CP/CoFeP electrodes. According to 

Faraday’s law, the conversion capacity was obtained by integrating the area below the 

current curves. The Li2S deposition capacity of CP/CoFeP@CN (237.9 mAh g−1) was larger 

than that of CP/t-CN and CP/CoFeP electrodes (141.5 mAh g−1 and 165.4 mAh g−1, 

respectively), demonstrating that CoFeP@CN could effectively decrease the overpotential 

and promote the Li2S nucleation reaction.[43,59] To further verify the catalytic activity of 

catalysts on the LiPS conversion, the Gibbs free energy changes during the LiPS reduction on 

t-CN, CoFeP, and CoFeP@CN were calculated (Figure 5.13h). For the liquid-to-solid (Li2S6 to 

Li2S) nucleation reaction, all LiPS reduction steps were endothermic with relatively large 

positive Gibbs energy barriers, especially for the Li2S2 to Li2S conversion, which was the 

rate-limiting step.[60] However, CoFeP@CN exhibited the lowest Gibbs free energy changes 
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(0.47 eV) than CoFeP and t-CN (0.61 and 0.75 eV, respectively), and this value is much lower 

than previously reported graphene or N-doped graphene (above 1 eV), which suggested that 

the composite CoFeP@CN was a relatively excellent catalyst to promote the LiPS conversion 

kinetics.[57,61,62] The lowest Gibbs free energy change in the reduction of Li2S2 measured for 

CoFeP@CN was consisted of Li2S nucleation test and overall, these results demonstrated that 

CoFeP@CN Mott-Schottky heterostructure catalyst plays a catalytic role to accelerate the Li2S 

formation. 

To obtain further insight into the role of CoFeP@CN in accelerating the LiPS reaction, 

electrode kinetics were further analyzed by measuring CV at different scan rates, from 0.1 to 

0.4 mV s−1 (Figure 5.13f). When increasing the scan rate, the two cathodic peaks shifted to 

more negative potentials and the anodic peak shifted to a positive potential, overall 

increasing the polarization voltage. The linear relationship between the anodic/cathodic 

peak current and the square root of the scanning rates pointed at a diffusion-limited reaction 

(insert in Figure 5.13f). Thus, the classical Randles−Sevci  equation was used to calculate the 

Li+ diffusivity in the process:[63,64] 

5.05.05.15

p )1069.2( vCADnI LiiL                                            
 

where Ip is the peak current, n is the number of charge transfer, A is the geometric 

electrode area, DLi+ is the Li+ diffusion coefficient, CLi+ is the concentration of Li+ in the 

electrolyte, and ν is the scan rate. At a given n, A, and CLi+, sharper Ip/ν0.5 slopes denote 

faster Li+ diffusion. As displayed in Figure 5.13f,i, S@CoFeP@CN electrodes exhibited the 

sharpest slopes for the 3 peaks, thus the highest Li+ diffusivity during the redox reactions. In 

peak I, II and III, the Li+ diffusion coefficients of S@CoFeP@CN were 2.15, 3.92, and 5.26×10−7 

cm2 S−1, respectively. Li+ diffusivity strongly depends on the viscosity of the electrolyte 

containing LiPS and the accumulation of insulating Li2S/Li2S2 on the electrode.[43,64] The 

highest diffusivities obtained for the CoFeP@CN host reflected that the improved reaction 

kinetics by the Mott-Schottky catalyst was in part related to a confined shuttle effect and an 

improved catalytic activity towards LiPS conversion, consistently with the above results. 
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Figure 5.16. Electrochemical performance of lithium-sulfur coin cells. (a) Rate performances of 

S@CoFeP@CN, S@CN, and S@CoFeP electrodes. (b) Charging/discharging curves of S@CoFeP@CN 

electrode at current rates from 0.1 C to 5 C. (c) Capacity retention of different electrodes at 1 C over 

200 cycles. (d) Cycling stability of S@CoFeP@CN electrode at 3 C over 700 cycles. (e) The energy 

efficiency of three different electrodes at various current rates. (f) Change of open-circuit voltage at 72 

h self-discharge test and comparison of discharge curves before and after standing of S@Super P and 

S@CoFeP@CN electrodes. (g) EIS plot of S@CoFeP@CN electrode before and after 200 cycles at 1 C. 

The Nyquist curves were fitted considering the equivalent circuits shown as inset, where Rs, Rp, Rct, 

and W stand for the resistance of the electrolyte, insoluble Li2S2/Li2S precipitation layer, interfacial 

charge-transportation, and semi-infinite Warburg diffusion, respectively; and CPE stands for the 

corresponding capacitance. (h-k) After cycling at 1 C for 200 cycles: (h) optical images of membranes 

recovered from coin cells based on S@CoFeP@CN electrode (left) and S@Super P electrode (right); (i) 
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SEM image of S@CoFeP@CN electrode; (j, k) SEM image of lithium foil recovered from a coin cell 

based on S@CoFeP@CN (j) and S@Super P (k). Inset images in (j,k) show the map of the sulfur signal 

detected by EDX. 

Figure 5.16a shows the rate performances of the three types of electrodes tested, at current 

rates from 0.1 to 5 C. S@CoFeP@CN electrodes systematically exhibited the highest 

discharge capacity at any current rate among the different electrodes tested. A high initial 

discharge capacity at 1607 mAh g−1 was measured, demonstrating a very high sulfur activity 

and utilization. Even at high current rates of 5 C, the average capacity stabilized at 630 mAh 

g−1, well above the capacity obtained for S@CoFeP and S@CN electrodes, 406 mAh g−1 and 

0.23 mAh g−1, respectively. When the current rate was returned to 0.2 C, the average 

capacity of the cells with S@CoFeP@CN electrodes returned to approximately 1010 mAh g−1, 

demonstrating remarkable reversibility and stability. The galvanostatic charging/discharging 

profiles of S@CoFeP@CN at different current rates are displayed in Figure 5.16b. All 

discharge curves exhibited two well-defined discharge plateaus, even at a current density of 

5.16C. In contrast, S@CoFeP electrodes displayed a similar shape but much lower capacity 

(Figure 5.17a), and S@CN electrodes showed a high polarization potential and no capacity 

response above 2 C (Figure 5.17b), due to the huge potential barrier and the limited redox 

kinetics of the electrode material.  And change of the Q2/Q1 ratio with the current rate can 

be found in Figure S20. 

 

Figure 5.17. Galvanostatic charging/discharging curves of (a) S@CoFeP and (b) S@t-CN at various C 

rates. 

To evaluate the long-term cycling stability of the different host materials, cells were 

continuously cycled at 1 C (Figure 5.16c). The initial discharge capacity of S@CoFeP@CN 
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electrodes at 1 C was about 844 mAh g−1, and retained about 96.5 % capacity after 200 cycles, 

814 mAh g−1. Significantly lower capacity retention was obtained for S@CoFeP electrodes 

(81.4%), which suffered a notable capacity decay during the first 100 cycles. This result might 

be attributed to the relatively low SSA of the CN-free CoFeP host. The partially aggregated 

CoFeP NCs had insufficient active sites to anchor the initial excess of sulfur species, but as 

the S content decreased, its stability improved owing to its sulfiphilic surface. Capacity 

retention differences can be clearly observed comparing the charging/discharging profiles at 

various cycles (Figure 5.18a,c). Surprisingly, even though S@t-CN electrodes exhibited a 

relatively low initial capacity, they were characterized by remarkable stabilities, with 

retention of about 96.6% after 200 cycles. This superior stability can be explained by the t-CN 

with tubular structure here presented that provides a very high SSA to trap LiPS species by 

the lithiophilic sites and a high pore volume to accommodate the volume change during 

cycles, although a poor conductivity resulted in a large voltage gap (Figure 5.18b). Additional 

cycling was carried out on the S@CoFeP@CN electrodes at a higher current rate of 3 C 

(Figure 5d). After 700 stable cycles at 3 C, S@CoFeP@CN electrodes still provided a discharge 

capacity of 606 mAh g−1, showing an average 0.014% decay per cycle and a stable and high 

coulombic efficiency above 99.6%. 

 

Figure 5.18. Charging/discharging profiles of four electrodes at various cycles during test at 1 C. 
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The compositional ratio of the host material certainly affected its catalytic performance. To 

determine the optimum composition, three samples with different CoFeP:t-CN weight ratio 

(one above and one below the 50% CoFeP:t-CN ratio analyzed in the rest of this work) were 

prepared and characterized. The weight ratios studied were 25%CoFeP:75%t-CN, 

50%CoFeP:50%t-CN and 75%CoFeP:25%t-CN, and the samples were named as 

25%CoFeP@CN, 50%CoFeP@CN, and 75%CoFeP@CN, respectively. S@50%CoFeP@CN 

electrodes exhibited better rate performance and higher capacity than S@25%CoFeP@CN 

(Figure 5.19), which can be attributed to a larger Mott-Schottky interface and catalytic sites. 

On the other hand, S@75%CoFeP@CN electrodes provided the worse performances, which 

is explained by a reduced amount of catalytic sites and thus of catalytic activity related to the 

aggregation of the CoFeP NCs on the surface of t-CN. 

 

Figure 5.19. (a) Rate performances of S@25%CoFeP@CN, S@50%CoFeP@CN, and S@75%CoFeP@CN 

electrodes. (b) Capacity stability of different electrodes at 1 C over 200 cycles. (c,d) 

Charging/discharging profiles of (c) S@75%CoFeP@CN and (d) S@25%CoFeP@CN electrodes at 

various cycles during cycling test at 1 C. 

The LSB energy conversion efficiency in the charging/discharging process, different from the 

above coulombic efficiency, was calculated by the ratio of energy output/input (E = 

∫UIdt).[53,65] At 0.1 C current rate, the three types of electrode tested exhibited a high energy 

efficiency of around 90% (Figure 5.16e). When increasing the current rate, S@CoFeP@CN 

displayed the highest and most stable energy efficiency, retaining 89.91% efficiency at 1 C 
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and 79.89% at 5 C, well above the 69.37% for S@CN at 1 C and 74.61% for S@CoFeP at 5 C. 

We associate this higher energy efficiency to the lower polarization potential of CoFeP@CN 

electrodes, which was in turn related to its excellent catalytic properties, as discussed above.  

Self-discharging is another main drawback of LSBs. The self-discharge profiles of 

S@CoFeP@CN and S@Super P electrodes are presented in Figure 5.16f. The open-circuit 

voltage (OCV) of the cells was measured during 72 consecutive hours after 30 stabilization 

cycles. During this time, S@Super P electrodes showed a significant OCV decrease to 2.288 V, 

denoting a notable self-discharging. On the other hand, the S@CoFeP@CN electrode 

maintained a much more stable OCV, with a final voltage of 2.367 V, suggesting superior 

stability against self-discharge. Self-discharging may be more clearly seen in the right side of 

Figure 5.16f, where the dash/solid curves present the discharge curves before/after 72 h of 

rest under a current rate of 0.2 C. After the 72 h rest period, an obvious capacity decay, from 

691 to 580 mAh g−1, was obtained from the S@Super P electrode, consistently with the OCV 

change. On the other hand, just a slight capacity loss was measured from the S@CoFeP@CN 

electrode, from 989.2 to 975.5 mAh g−1. Under shelf storage conditions, the capacity of 

batteries shows exponential decay with storage time tS, so the self-discharge behavior can be 

quantitatively analyzed using the following equation:[66] 

SSt-K0 eDD QQ                                                                                                                      

0

DQ and DQ are discharge capacity before and after storage for a period of time tS, so the 

self-discharge constant KS can be easily obtained from: 

SD

D
S

Q

Q
K

t

1
ln

0

                                                                                                                     

While S@Super P electrodes were characterized by a KS value of 2.40×10−3 h−1, an order of 

magnitude lower self-discharge constant was obtained for S@CoFeP@CN, KS = 1.96×10−4 h−1, 

S@CoFeP, KS = 5.9×10−4 h−1, and S@t-CN, KS = 6.5×10−4 h−1, electrodes in (Figure 5.20). The 

lower self-discharge constant of S@CoFeP@CN batteries was related to the lower loss of 

active material and a stronger LiPS anchoring. 
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Figure 5.20. Change of open-circuit voltage during a 72 h self-discharge test and comparison of 

discharge curves before and after the 72 h self-standing test: (a) S@CoFeP and (b) S@t-CN electrodes. 

Electrochemical impedance spectroscopy (EIS) was used to further understand the 

parameters behind the enhanced redox kinetics of S@CoFeP@CN electrodes. Figure 5.16g 

and 5.21 display the Nyquist plot obtained from S@CoFeP@CN, S@CoFeP, and S@CN coin 

cells before and after cycling at 1 C. The fresh electrodes displayed a semicircle in the 

high-frequency region associated with the charge-transfer resistance (Rct), followed by a 

linear dependence in the low-frequency region that is related to the diffusion of lithium 

ions.[43,67] Data was fitted considering the equivalent circuit displayed as an inset in Figure 

5.16g. A moderate Rct was obtained for the S@CoFeP@CN electrode (62.99 Ω), when 

compared with that of S@CoFeP (80.36 Ω) and S@CN (125.5 Ω). This low Rct denoted an 

enhanced charge transferability of the CoFeP@CN composite when compared with 

electrodes based on each of the composite components. After charging/discharging loops, 

an additional semicircle in the high-frequency range was evidenced. This newly appearing 

loop was associated with the resistance of an insoluble Li2S2/Li2S passivation layer (Rp in the 

equivalent circuit) grown during cycling.[60,67] After cycling, Rct notably decreased for the 

three types of electrode tested due to the activation process. After cycling, S@CoFeP@CN 

electrodes were characterized by smaller Rct (9.56 Ω) and Rp (20.14 Ω), when compared 

with S@CoFeP (Rct = 29.39 Ω and Rp = 23.36 Ω) and S@CN electrodes (Rct = 52.67 Ω and Rp 
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= 120.91 Ω). The small Rp value obtained for CoFeP and specially CoFeP@CN hosts indicated 

a reduction of the deposition of insulting Li2S/Li2S2 on the surface, associated with an 

accelerated LiPS conversion.[67]  

 

Figure 5.21. (a,b) EIS spectra of (a) S@CoFeP and (b) S@t-CN coin cells before and after 100 cycles. 

Black trace corresponds to fresh cell and red trace to the same cell after cycling at 1 C for 100 cycles. 

The solid line corresponding to the fitting result from the equivalent circuit (c) and (d), and the Rs, Rp, 

Rct, and W stand for the resistance of the electrolyte, insoluble Li2S2/Li2S layer, interfacial 

charge-transportation, and semi-infinite Warburg diffusion, respectively; and CPE stands for the 

corresponding capacitance. (e) Different resistances of three coin cells were obtained from the 

equivalent circuit. 

To thoroughly demonstrate that CoFeP@CN host could effectively capture soluble LiPS to 

confine the shuttle effect in the charging/discharging process, cycled coin cells were 

disassembled and analyzed after 200 cycles at 1 C. A striking contrast in the color of 

separators of the different cells can be observed in Figure 5.16h. The membrane 

disassembled from a S@CoFeP@CN cell (left one) showed a much lighter color than the dark 

brown membrane recovered from a S@Super P (right one). This simple visual inspection 

demonstrated that the CoFeP@CN host could trap polysulfide much more effectively than 
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Super P, and thus suppressed self-discharging and overall improved the cell efficiency and 

stability. Another strong evidence in support of the inhibited LiPS dissolution of CoFeP@CN 

was found from the surface morphology of the cycled Li anode. Different from the large 

cracks and severe corrosion phenomenon observed in the surface of the Li anodes recovered 

from S@Super P coin cells, Li foils recovered from cycled S@CoFeP@CN coin cells showed a 

smooth surface and lower sulfur signal at their surface, as detected by SEM and EDS analysis 

(Figure 5.16j,k). Finally, Figure 5.16i displays the morphology of cycled S@CoFeP@CN. Due to 

the inevitable grinding and shearing treatment during the slurry preparation, partial crushing 

happened on the S@CoFeP@CN composite, but the original tubular nanostructure was still 

recognizable after cycling, indicating good mechanical stability of the material towards 

lithiation/delithiation cycles.  

 

Figure 5.22. (a) Charging/discharging curves and (b) cycling performance of S@CoFeP@CN electrodes 

with a 4.1 mg cm
−2

 sulfur loading. (c) Charging/discharging curves of S@CoFeP@CN electrodes at 0.1 

C with lean electrolyte. (d) Cycling performance of S@CoFeP@CN electrodes with lean electrolyte. (e) 

Optical photograph of a mobile phone being charged by a pouch cell based on a S@CoFeP@CN 

electrode. (f) Cycling performances at 0.4 C of a pouch cell based on a S@CoFeP@CN cathode. 
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Figure 5.23. Rate capability of a S@CoFeP@CN cathode loaded with 4.1 mg cm
−2

 of sulfur at various C 

rates. 

Increasing the sulfur loading and decreasing the electrolyte addition are mandatory to 

achieve the high energy density LSBs required in practical applications. Hence, a series of 

electrochemical tests of S@CoFeP@CN electrodes were conducted with high sulfur loading 

and a lean electrolyte. The results of the rate performance of cells produced with 3.2 mg 

cm−2 high S loading can be found in Figure 5.22a. S@CoFeP@CN electrodes displayed high 

initial discharge capacities at 1255 mAh g−1, which corresponded to an areal capacity of 5.15 

mAh cm−2, notably above that of commercial LIBs (4 mAh cm−2). Even at high current rates of 

3 C, a stable discharge capacity at 508 mAh g−1 was obtained. Besides, when the current rate 

was returned to 0.2 C, the initial capacity was recovered (Figure 5.23). All the galvanostatic 

charging/discharging profiles at different current rates clearly exhibited one charge plateau 

and two discharge plateaus, indicating that CoFeP@CN hosts could effectively reduce the 

polarization of LiPS conversion even under high sulfur-loading (Figure 5.22a). Figure 5.22b 

shows the long-term cycling performance of high sulfur loading S@CoFeP@CN electrode at 1 

C. After 400 cycles, the discharge capacity was maintained at 608 mAh g−1, which involved an 

87.6% capacity retention, i.e. a 0.031% average capacity loss per cycle. Figure S30 displays 

the charging/discharging profiles at various cycles, exhibiting excellent stability. 

S@CoFeP@CN electrodes were also characterized by a high and stable coulombic efficiency 

at 99.3%. Lean electrolyte tests were conducted with a low electrolyte usage of 8.9 and 6.7 

mL g−1
Sulfur (Figure 5.22c,d). The corresponding galvanostatic charge/discharge profiles 

(Figure 5.22c) clearly exhibit the enlarged voltage gap with the decreased electrolyte volume, 

which is attributed to deteriorative polarization caused by weakened ion transportation in 
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the higher viscosity electrolyte.[68] In spite of this, the S@CoFeP@CN cathode with 8.9 mL 

g−1
Sulfur electrolyte still showed superior cycling stability with a capacity retention of 75.7% 

after 200 cycles. When the electrolyte amount decreased to 6.7 mL g−1
Sulfur, the capacity 

rapidly decreased to some extent but still maintained a stable cycling performance 

demonstrating that the CoFeP@CN catalysts could effectively promote the Li-S reaction even 

under lean electrolyte conditions. Table S2 displays a comparison of several parameters of 

state-of-the-art TMP-based and C3N4-based materials as cathode hosts for LSBs. Notice that 

the CoFeP@CN host presented here is characterized by the highest capacities and stabilities. 

Besides, to illustrate the practical applicability of LSBs based on S@CoFeP@CN cathodes, 

pouch cells were also fabricated. S@CoFeP@CN-based pouch batteries revealed a stable 

operation at 0.4 C during 200 cycles, remarkable capacity retention of 89.6% was obtained 

and accompanied by a high coulombic efficiency at 99.5% (Figure 5.22d), and the charged 

mobile phone clearly demonstrate their potential (Figure 5.22c). All these results indicate 

that S@CoFeP@CN electrodes can definitively help LSBs to reach practical applications.  

Table S2. Comparison of CoFeP@CN electrochemical performance as host cathode for LSBs with 

state-of-the-art TMP-based or C3N4-based materials.  

Host  

material 

Capacity (mAh g−1) 

(low/high current 

rate) 

Cycling stability(%) 

(cycles, current 

rate) 

Decay rate 

(per cycle, %) 

S content 

(wt%) 
Ref 

Co-Fe-P 
1243 (0.1 C) 

741 (2 C) 

78.5% 

(500 cycles, 1 C) 
0.043% 71% 11[11] 

CoP@HPCN 
1058 (0.1 C) 

527 (3 C) 

76.9% 

(300 cycles, 0.2 C) 
0.077% 70%   12[12] 

FeP/rGO/C

NTs 

1271 (0.1 C) 

613 (3 C) 

84% 

(400 cycles, 1 C) 
0.04% 75%   13[13] 

CNT-MoP/G

O 

1301 (0.1 C) 

656 (2 C) 

80.3% 

(1156 cycles, 1 C) 
0.017% 73%   14[14] 

Ni12P5/CNTs 
1079 (0.5 C) 

784 (4 C) 

42.4% 

(1000 cycles, 0.5 C) 
0.057% 65%   15[15] 
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G@g-C3N4 
1116 (0.5 C) 

612 (10 C) 

86% 

(800 cycles, 0.3 C) 
0.017% 73%   16[16] 

rGO/g-C3N4

/ 

CNT 

1263 (0.05 C) 

554 (2 C) 

85% 

(500 cycles, 1 C) 
0.03% 70.8%   17[17] 

g-C3N4 
1170 (0.05 C) 

785 (1 C) 

40% 

(1500 cycles, 0.5 C) 
0.04% 75%   18[18] 

CN-5@NSH

PC 

1447 (0.2 C) 

387 (5 C) 

72.3% 

(500 cycles, 1 C) 
0.055% 73%   19[19] 

CoFeP@CN 
1607 (0.1 C) 

630 (5 C) 

90.4% 

(700 cycles, 3 C) 
0.014% 70% 

Our 

work 

 

5.5 Conclusion 

In summary, we reported a highly efficient sulfur host for robust LSBs, enabled by 

orthorhombic phased bimetallic phosphide CoFeP NCs decorated on novel nanotubular t-CN 

by a facile self-assembly process that took advantage of the different sign of the particles 

surface charge. While each of the materials provided advantages in terms of adsorption sites 

and available SSA, the combination of the two materials within CoFeP@CN heterostructures 

awoke a clear synergism between them that significantly contributed to improving LiPS 

adsorption and catalytic activity. Besides t-CN allowing a high distribution of CoFeP NCs, 

experimental results and DFT calculations displayed charge redistribution within the formed 

Mott-Schottky heterostructures. Additionally, experimental and theoretical work also 

confirmed the superior LiPS adsorbability realized by abundant sulfiphilic/lithiophilic sites in 

CoFeP and t-CN. Besides, the modified electron distribution within heterostructures allowed 

reducing the potential barriers and improved the redox kinetics during the 

charging/discharging processes, including LiPS phase change and Li2S deposition/dissolution. 

Moreover, the porous CoFeP@CN host provides sufficient space to accommodate the 

volume change and efficient channels for Li+ diffusion in reaction. As a result, S@CoFeP@CN 

electrodes delivered a high sulfur utilization, superior rate performance (630 mAh g−1 at 5 C), 

and remarkable cycling stability with 90.44% capacity retention over 700 cycles at 3 C. Even 
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with 4.1 mg cm−2 high-loading sulfur electrode coin cells and the 0.1 Ah capacity pouch cells 

test, the robust electrochemical performance results were obtained. In addition, 

S@CoFeP@CN electrodes exhibit high energy efficiency and low self-discharge property, 

which are two frequently neglected issues in material research of LSBs. This work not only 

demonstrated a new and highly suitable form of t-CN and further probed the suitability of 

metal phosphides in the field of LSBs, but also provided valuable insights into the design of 

heterostructural electrocatalyst to regulate LiPS. 
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Results and discussion 

Renewable energies, such as wind and solar energy, are the most promising solution 

to relieve the increasing energy crisis. However, wind and solar power are both 

characterized by intermittent availability. Hence, the photo/electrochemistry energy 

conversion and storage technology, such as photocatalytic H2/H2O2 generation, 

electrocatalytic water splitting and battery, has been recognized as one of the most 

promising approaches, which can convert energy to a storable form in various 

mediums and then be converted back when needed. 

To realize the conversing and storage of renewable energy into stable chemical fuel or 

batteries, suitable materials are needed to efficiently perform the 

photo/electrochemical energy conversion processes. These materials not only need to 

be based on abundant elements, low coat and environment friendly but also should 

meet the requirements of high energy conversion efficiency and long-term stability for 

the corresponding reaction system such as OER, HER, H2O2ER and LSBs. 

Nanomaterials are key in the energy conversion and storage field due to their high 

specific performance based on a high specific surface area and a high number of 

exposed active sites. However, a single component is generally not enough to meet all 

the requirements of the applications. Hence, building functional nanocomposites 

which combined desired properties from each part is generally necessary. For this 

reason, rational nanocomposites were designed and produced here for the respective 

applications. 

The result section started by presenting a large size of nanoparticle coated metal 

substrate electrode with high electrochemical transfer efficiency and long stability for 

electrocatalytic oxygen evolution reaction. As shown in the thesis, the CoFe2O4 

NP-coated NF, which combined the outstanding catalytic properties of NPs and good 

conductivity and large electrochemical surface area of NF, was produced through a 

dip-coating method. The enhanced OER catalytic activity of the CoFe2O4@NF 

electrodes can be ascribed to the combination of nano-sized active CoFe2O4 particles 
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with the 3D macroporous structure of the supporting NF. This marriage resulted in a 

significantly increased contact area between catalysts and electrolytes and provided a 

greater amount of active sites where OER could take place. The dip-coating procedure 

eventually led to an optimum distribution of thinly dispersed CoFe2O4 NPs, which 

allowed to circumvent the intrinsically inferior electrical conductivity of oxide 

particles, while ensuring impressive stability of the CoFe2O4@NF electrode.  

Compared with the conversion of electrical energy to chemical energy, direct 

photocatalytic hydrogen production may be more attractive. In chapter 3, 2D/2D 

heterojunction of TiO2/g-C3N4 were produced through an electrostatic self-assembly 

method. The enhanced performance was attributed to the integrated effects of the 

unique 2D/2D morphology and type II heterojunction transfer mechanism. The 

face-to-face interfacial contact between ultrathin layers of g-C3N4 and the facets of 

TiO2 provides fast photogenerated charges migration channels inside the composites. 

Also, the intimate attachment of 2D planes enables efficient charge transport through 

the heterojunction, which encourages charge pair separation and reduces the 

possibility of recombination.  

H2O2 is a promising liquid fuel that is safer and easier to store than compressed 

hydrogen. Compared with photocatalytic hydrogen production, the difficulty of 

photocatalytic hydrogen peroxide production lies in the selectivity of the product. In 

chapter 4, oxygen doping Ni-loaded g-C3N4 nanotubes with efficient charge 

separation and high H2O2 selectivity were synthesized through an in situ 

photoreduction method. The hollow structure of the tubular g-C3N4 provides a large 

surface with a high density of reactive sites and efficient visible light absorption 

during the photocatalytic reaction. The oxygen doping and Ni loading enable a fast 

separation of photogenerated charge carriers and a high selectivity toward the 

two-electron process during the ORR. The combination of nickel nanoparticles and 

tubular g-C3N4 brings together the advantages of efficient light absorption, effective 

separation of charges, and high conversion efficiency of hydrogen peroxide, and 

finally realizes the efficient conversion of light energy to chemical energy.  
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Compared with the conversion and storage in the form of fuel energy, the storage and 

use of batteries is more convenient and faster. As shown in chapter 5, a highly 

efficient sulfur host for LSBs, the CoFeP NCs decorated nanotubular g-C3N4 was 

produced by a self-assembly process. The combination of the two materials within 

CoFeP@CN heterostructures awoke a clear synergism that significantly contributed to 

improving LiPS adsorption and catalytic activity. Besides, as experimental and 

theoretical work shown in this thesis confirmed the superior LiPS adsorbability 

realized by abundant sulfiphilic/lithiophilic sites in CoFeP and t-CN. Additionally, the 

modified electron distribution within heterostructures allowed reducing the potential 

barriers and improved the redox kinetics during the charging/discharging processes, 

including LiPS phase change and Li2S deposition/dissolution. Moreover, the porous 

CoFeP@CN host provides sufficient space to accommodate the volume change and 

efficient channels for Li+ diffusion in reaction. Above all, the marriage of CoFeP NCs 

and tubular g-C3N4 accelerates the LiPS conversion, facilitates the diffusion of Li ions, 

accommodates volume change during the reaction, and offers abundant 

lithiophilic/sulfiphilic sites to effectively trap soluble LiPS, which result in the 

superior cycling stability and rate capability. 

Based on all the results above, we were able to rationally construct functional 

nanocomposites to meet the requirements of various properties of materials according 

to different reactions.  
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Conclusion 

In this thesis, four functional nanocomposite materials including CoFe2O4/Ni foam, 

TiO2/g-C3N4, Ni/g-C3N4 and CoFeP/g-C3N4 have been developed based on different 

applications in energy conversion and storage filed. Moreover, the photo/ 

electrochemical conversion applications such as OER, H2/H2O2 generation and LSBs 

were studied utilizing the produced nanocomposites. From the investigations we got 

the following conclusions: 

(1) The NP coating of 3D conductive substrate is an excellent method to produce 

electrocatalysts with high energy conversion efficiency and outstanding stability 

toward OER. 

(2) 2D/2D heterojunction nanocomposites with rational components and suitable band 

structure could promote the separation and migration of photogenerated charges, 

thus significantly improving the photocatalytic hydrogen evolution performance. 

(3) Transition metal NPs such as Ni NPs, which worked as co-catalyst in 

metal/g-C3N4 nanocomposites, could not only accelerate the charge separation and 

transfer but also improve the selectivity of the hydrogen peroxide evolution 

process.  

(4) Suitable NP-coated hollow structured g-C3N4 can effectively buffer the volume 

change during charge/discharge process, reduce polysulfide shuttling, accelerate 

the catalytic conversion of polysulfide, thus enhancing the cycling stability and 

rate capability of LSBs. 

Above all, functional NP-coated nanocomposites, with rational functional design, 

optimized nanoparticle synthesis and successful nanocomposite construction, were 

shown key processes to optimize photo/ electrochemical energy conversion and 

storage processes. 
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Future work 

In this thesis, we mainly focus on the design and synthesis of nanocomposites and the 

exploration of the energy conversion process. However, there are still some problems 

and challenges related to the nanocomposites preparation and energy conversion 

process. I will continue my research work in the following 3 main areas: 

(1) Regarding the NP-coated conductive substrate electrode, further exploration of the 

interaction between NPs and substrates is of great significance for us to gain a 

deeper understanding of the reaction mechanism and improve the design of 

nanocomposites. 

(2) Exploring the in situ colloidal syntheses on different substrates (such as g-C3N4, 

C2N, MOF and COF) is very meaningful for us to enrich our synthetic method and 

broaden our material system. 

(3) Improving our energy conversion efficiency testing capabilities to find the most 

suitable reaction conditions and improve the performance of our materials. 
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A B S T R A C T

We investigate cobalt ferrite nanoparticles (NPs) supported on large-scale electrodes as oxygen evolution re-
action (OER) catalysts. Colloidal CoFe2O4 NPs were loaded on low-cost and high surface area nickel foam (NF)
scaffolds. The coating process was optimized for large electrode areas, ensuring a proper distribution of the NPs
on the NF that allowed overcoming the electrical conductivity limitations of oxide NPs. We were able to produce
CoFe2O4-coated NFs having 10 cm2 geometric surface areas with overpotentials below 300mV for the OER at a
current density of 50mA/cm2. Such impressively low overpotentials suggested using CoFe2O4 NP-based elec-
trodes within a water electrolysis device. In this prototype device, stable operating currents up to 500mA at
remarkably low cell-voltages of 1.62 and 1.53 V, at ambient and 50 °C electrolyte temperatures, respectively,
were reached during operation periods of up to 50 h. The high electrochemical energy efficiencies reached at
50mA/cm2, 75% and 81% respectively, rendered these devices particularly appealing to be combined with low-
cost photovoltaic systems for bias-free hydrogen production. Therefore, CoFe2O4 NP-based electrolysers were
coupled to low-cost thin-film silicon solar cells with 13% efficiency to complete a system that afforded solar-to-
fuel efficiencies above 10%.

1. Introduction

The development of cost-effective large-scale electrodes for highly
active and stable oxygen evolution reaction (OER) catalysis is an es-
sential step toward reaching commercial viable solutions for electro-
chemical water and CO2 reduction [1]. The OER is a complex multi-step
reaction that starts with an OH coordination or H2O dissociation step in
basic or acidic electrolytes, respectively, to form OH*, where (*) re-
presents an active site at the surface of the catalyst [2]. OH* is subse-
quently decomposed to O*, which reacts with another adsorbed H2O/
OH to form OOH*. In a last step OOH* is deprotonated to O2, which is
finally released. This complex reaction is kinetically less favored than

the concomitant hydrogen evolution reaction (HER), mainly due to the
demanding formation of oxygen double bonds and the associated multi-
electron transfer step. Due to its complexity, few catalysts have de-
monstrated high enough OER activities for commercially relevant ap-
plication. Commercial electrolysis systems currently rely on expensive
and scarce elements such as iridium and ruthenium [3], since alter-
native low-cost catalysts suffer from unpractical high overpotential
losses to provide high enough currents (> 200mA), what makes them
not competitive with alternative H2 production pathways [4–6].

In recent years, potentially cost-effective catalysts based on transi-
tion metal oxides not relying on Pt-group metals have demonstrated
high current water electrolysis at operation voltages below 1.6 V [7,8].
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However, most of these studies have been limited to small-scale elec-
trodes or have relied on costly and energy-intensive deposition
methods. These studies consequently lack of the scalability feature,
which is crucial for commercial application. Against this backdrop, the
present study is dedicated toward the realization of a prototype elec-
trolyser utilizing a potentially low-cost, scalable and high throughput
process for the realization of high-performing and environmentally
friendly OER catalysts on large-scale electrode scaffolds.

Among non-noble OER catalysts, some spinel-type binary transition
metal oxides (AB2O4, A, B=metal) come to the fore owing to their high
abundance, low toxicity, rich redox chemistry and chemical robustness
[9–11]. Besides, bimetallic catalysts offer additional degrees of freedom
compared to elemental compositions, enabling further optimization of
active sites towards OER catalytic steps. Among these bimetallic oxide
catalysts, Co-Fe spinel compounds are a particularly interesting case of
a highly abundant and potentially low-cost material that shows ex-
cellent activity toward water oxidation [12–18].

While oxides offer high electrochemical stability, they usually suffer
from intrinsically inferior electrical conductivities. To circumvent this
issue and at the same time maximize the density of potential catalytic
sites, oxide nano-domains need to be evenly distributed through the
surface of a highly conductive scaffold that facilitates the charge
transfer of the conjoint OER system. However, previous studies on
CoFe2O4 particles loaded on high surface area scaffolds, such as doped
carbon nanofibers [15] or hematite nanorods [19], were limited to la-
boratory-scale applications due to the complexity and high cost of the
utilized synthesis routes and the difficulties that supporting such par-
ticles onto a large area three-dimensional (3D) scaffold involve [20].

Herein, we developed a potentially low-cost, scalable, high
throughput and high yield method to produce CoFe2O4 ferrite nano-
particles (NPs). Additionally, we optimized the loading of the active
NPs on large-scale Ni foams (NFs), as highly conductive, 3D and cost-
effective electrode scaffold. Following the optimization of the loading
process and the loaded amount of NPs, electrodes based on NFs coated
with CoFe2O4 NPs were tested in a three-electrode set-up, as well as in a
scaled-up two-electrode prototype electrolysis system to assess their
viability for high yield H2 production. We provide evidence that the
used strategy bears great benefits regarding scalable preparation of
high surface area and high activity catalysts. Additionally, we demon-
strate the distribution and loading of oxide NPs to have a strong in-
fluence on the OER performance. Furthermore, we assessed the versa-
tility of the presented system to be combined with renewable power
sources by coupling the electrolyzer to a thin-film silicon solar cell for
bias-free solar water splitting. Overall, the presented results set a new
benchmark performance for transition metal oxides anchored on large-
scale electrode support for the OER. These results will contribute to
push the frontier of the field of environmentally friendly processes and

electrodes for commercially viable water electrolysis [21], electro-
chemical alcohol oxidation [22], waste water treatment [23], or nitrate
reduction systems [24].

2. Experimental section

2.1. Chemicals and materials

Cobalt(II) acetylacetonate (Co(acac)2, 97%, Sigma-Aldrich), Iron
acetylacetonate (Fe(acac)3, 97% Sigma-Aldrich), oleylamine (OAm,
80–90%, TCI), oleic acid (OAc, Sigma-Aldrich), Nafion (10wt%, per-
fluorinated ion-exchange resin, dispersion in water), methanol (anhy-
drous, 99.8%, Sigma-Aldrich), carbon black (CB, VULCAN XC72), po-
tassium hydroxide (KOH, 85%, Sigma-Aldrich), tetrafluoroboric acid
(HBF4, 48% Gew in H2O Sigma-Aldrich) and acetonitrile (CH3CN, extra
dry, Fisher) were used as received without any further treatment.
Chloroform, hexane, acetone, and ethanol were of analytical grade and
purchased from various sources. Milli-Q water was obtained from a
PURELAB flex from ELGA. An argon-filled glove box was used for
storing and handling sensitive chemicals.

2.2. Synthesis of colloidal CoFe2O4 nanoparticles

All the syntheses were performed using standard airless techniques,
i.e. a vacuum/dry argon gas Schlenk line. CoFe2O4 NPs were synthe-
sized by loading 1.0 mmol of Fe(acac)3, 1 mmol of Co(acac)2, 10ml
OAm and 1.0ml OAc in a three-neck flask and degassed under vacuum
at 80 °C for 1 h while being strongly stirred using a magnetic bar.
Subsequently, the reaction flask was heated to 230 °C and maintained
for 30min, while continuously adding nitrogen into the flask. A visible
color change was observed immediately (see Scheme 1). The obtained
NPs were collected by centrifuging and washing the solid product with
acetone and hexane three times. The as-prepared NPs were finally
dispersed in hexane with a concentration of 10mg/mL and stored for
further use. NPs were colloidally stable in chloroform for a couple of
weeks.

2.3. Ligand removal

In a typical process, 10mL of CoFe2O4 NPs dispersion in hexane
(10mg/mL) was combined with 10mL acetonitrile to form a two-phase
mixture and then a 1mL HBF4 solution (48%) was added. The resulting
solution was sonicated until the NPs transferred from the upper to the
bottom layer. The surface modified NPs were washed with ethanol for
three times and dispersed in 10mL ethanol with a small amount of DMF
for further use.

Fig. 1. a) Representative TEM micrograph of
as-prepared CoFe2O4 NPs. Inset displays the
corresponding size distribution histogram from
where an average NP diameter of
7.1 ± 0.1 nm was estimated. b) XRD pattern of
the as-prepared CoFe2O4 NPs. Graph includes
the reference pattern JCPDS 22–1086 for the
cubic CoFe2O4 crystal phase.
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2.4. Coating of Ni foam

2.4.1. Drop casting
Ni foam was sonicated in acetone, 1M HCl, Milli-Q water, and

ethanol respectively. 50 μL of 10mg/mL CoFe2O4 ethanol solution was
dropped on nickel foam and dried in air and subsequently annealed at
400℃ under nitrogen atmosphere.

2.4.2. Dip coating
Ni foam was sonicated in acetone, 1M HCl, Milli-Q water, and

ethanol respectively. In a typical process, clean and dry nickel foam was
immersed in 10mg/mL of CoFe2O4 ethanol solution for 2 s and then
taken out quickly and dried in air. This process was repeated for 1, 3, 5,
and 7 times and donated as 1 dip, 3 dips, 5 dips and 7 dips, respectively.
The coated NFs were subsequently annealed at 400 ℃ under nitrogen
atmosphere. After 3 dips the CoFe2O4 NP loading was 3.3 mg, about
1.15mg/cm2. (Fig. S5).

2.5. Characterization

Structural characterization was carried out by X-ray diffraction
(XRD). The samples were scanned from 2θ=20° to 80° at a rate of 0.02
s−1 in Bragg–Brentano geometry. The diffractometer was equipped
with a Cu Kα (1.54051 Å) radiation source. The morphology of the as
deposited foam-based electrodes was observed using a scanning elec-
tron microscope (SEM) and elemental analysis was performed by the
same microscope equipped with an X-ray energy dispersive spectro-
meter (EDS). The samples for transmission electron microscopy (TEM)
were prepared by scratching the as-prepared CoFe2O4 powders from the
Ni foam substrate, followed by dispersing them in hexane and collecting
them on the TEM copper grids. High resolution transmission electron
microscopy (HRTEM) images and scanning transmission electron mi-
croscopy (STEM) studies were conducted by using an FEI Tecnai F20
field emission gun microscope operated at 200 kV with a point-to-point
resolution of 0.19 nm, which is equipped with high angle annular dark
field (HAADF) and electron energy loss spectroscopy (EELS) detectors.
X-ray photoelectron spectroscopy (XPS) was done on a SPECS system
equipped with an Al anode XR50 source operating at 150 mW and a
Phoibos 150 MCD-9 detector. The pressure in the analysis chamber was
below 10-7 Pa. The area analyzed was about 2 mm × 2 mm. The pass
energy of the hemispherical analyzer was set at 25 eV and the energy
step was set at 0.1 eV. Data processing was performed with the CasaXPS
program (Casa Software Ltd., UK). Binding energy values were centered
using the C 1s peak at 284.8 eV. Fourier transform infrared (FTIR)
spectra were recorded on an Alpha Bruker spectrometer

The electrochemical performance of CoFe2O4@NF electrodes to-
wards OER reduction was assessed using a three-electrode set-up. A
leak-free Ag/AgCl 3.4M KCl reference electrode (RE) was assembled in
the polytetrafluoroethylene (PTFE) frame of the cell and placed very
close to the working electrode surface. The potential was transformed
to the reversible hydrogen electrode (RHE) scale: E (VRHE) = E (VAg/
AgCl) + 0.0592 × pH+0.197. The data presented for the electro-
chemical characterization in aqueous solutions in three-electrode con-
figuration do not include compensation for the series resistance of the
solution. For the complete electrolyzer characterization, an adapted
flow cell set-up (Micro Flow Cell, Electrocell A/S) was employed,
schematically depicted in Fig. 7a. The flow rates of electrolytes within
the flow cell were kept at 20ml/min. As illustrated in Fig. 7a, the
electrolyte was directly introduced through the macroporous 3D
CoFe2O4@NF electrode (geometric surface area: 10 cm2). For details on
the cyclic voltammetry (CV) and gas chromatography (GC) regarding
the assessment of current-voltage behavior and the faradaic efficiency
for gaseous products, respectively, the reader is referred to Ref. [41]
and Ref. [42]. The electrically attached triple junction thin-film silicon
device had an area of 1 cm2, thus during the photoelectrolysis mea-
surement an area of 1 cm2 was illuminated. All photoelectrochemical

experiments were conducted using a solar simulator equipped with a
150W xenon lamp. The intensity of the light source was adjusted to
match standard AM 1.5 G sunlight at 100mW/cm2 intensity. The ex-
periments for the full system assembly were carried out in a two-elec-
trode configuration. The faradaic efficiency to H2 was calculated using
the analysis of the outlet gas by gas chromatography (GC) during po-
tentiostatic measurements. Helium (99.999%) was used as the carrier
gas. The calibration of peak area vs. gas concentration was used for the
molar quantification of each gaseous effluent. The faradaic efficiency
was calculated by determining the number of coulombs needed for each
product and then dividing by the total charge passed during the time of
the GC sampling according to the flow rate. In the photovoltaic-elec-
trolyzer coupled system, to account for deviations in the assessment of
the photovoltaic performance of the complete system, i.e. spectra var-
iations due to diode calibration accuracy, area definition, or tempera-
ture variation, a systematic error of 2% was considered [25].

3. Results

3.1. Synthesis and characterization of colloidal CoFe2O4 NPs

Co-Fe oxide NPs were produced in colloidal form from the reduction
of cobalt and iron salts in the presence of OAm and OAc and the pos-
terior oxidation of the reaction product in ambient conditions (Scheme
1, see Experimental Section for details). A representative TEM micro-
graph and the size distribution histogram of the oxidized NPs are shown
in Fig. 1a. Co-Fe oxide NPs displayed a quasi-spherical geometry, with
an average diameter of 7.1 ± 0.1 nm. In contrast to the product of the
oxidation of iron NPs, the oxidation of Co-Fe NPs did not result in the
formation of hollow structures, probably due to the relatively low dif-
fusivity of Fe and Co through the growing Co-Fe oxide shell compared
with that of Fe though FeO/γ-Fe2O3 [26–28].

XRD analysis revealed Co-Fe oxide NPs to crystallize in the CoFe2O4

cubic phase (JCPDS 22-1086, Fig. 1b). HRTEM micrographs confirmed
the crystal structure of the NPs to be compatible with the CoFe2O4

ferrite cubic phase ([FM3-MZ]-Space group 227) with lattice para-
meters a= b = c=0.83961 nm (Fig. 2b). HAADF-STEM and EELS
analysis demonstrated the three constituent elements, Co, Fe, and O, to
be present in the same ratio in all NPs and to be homogeneously dis-
tributed within each NP (Fig. 2a).

N2 adsorption–desorption isotherms of the CoFe2O4 NPs dried in the
form of a powder displayed a type-I reversible behavior (Fig. 3), which
is generally a signature of microporous solids [29]. CoFe2O4 nano-
powders were characterized by a Langmuir specific surface area (SSA)
of 276m2/g and a Brunauer–Emmett–Teller (BET) SSA of 174m2/g.
The obtained BET SSA is among the highest reported for Co-Fe spinel
NPs, slightly above that of NPs synthesized by hydrothermal [13] and
micro emulsion techniques [20] (˜150m2/g), and significantly higher
than materials prepared by electrospinning [15] and electrodeposition
[16] (˜55m2/g). Notice that these high SSAs were measured from the
nanopowders obtained by drying the colloidal NPs in ambient condi-
tions and with no pre-coordination of the NP into a network. Even
larger SSA values would be potentially obtained through the formation

Scheme 1. Schematic illustration of the synthesis procedure used to prepare
colloidal CoFe2O4 NPs.
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of NP networks in solution, i.e. NP gelation, and the posterior drying
from supercritical CO2 for instance [30,31].

3.2. Loading on large-scale Ni foams

The optimized loading of nano-sized OER catalysts onto large-scale
scaffolds is an important step toward the realization of industry-viable
electrodes and electrolyzers. In this direction, we first studied the de-
position of NPs on small (1 cm2) NF electrodes and subsequently opti-
mized the deposition process for larger scaffolds (≥ 10 cm2). Before
deposition, organic ligands at the surface of as-synthesized NPs, which
were used to adjust NP growth during the synthesis, were removed
using a solution of tetrafluoroboric acid in acetonitrile (see
Experimental Section). After successive cleaning with tetrafluoroboric
acid, FTIR spectra showed the disappearance of the peaks at 2822 and

2890 cm−1 corresponding to CHe stretching modes, what evidenced
the effective removal of hydrocarbon ligands (Fig. S3). This ligand
displacement step is key towards producing high performance and re-
liable electrocatalyts since generally organic ligands strongly limit
electronic transport and the ability of the NPs to interact with their
surrounding media, i.e. with the scaffold and the electrolyte [32].
Furthermore, in the present case, the presence of organic ligands on the
surface of the CoFe2O4 NPs impeded a homogeneous coating of the NF.
Not mediating a ligand removal pretreatment, a porous two-dimen-
sional organic film was deposited on the NF after dip coating it into a
suspension of colloidal NPs (Fig. S2).

Two procedures were explored to support CoFe2O4 NPs on NFs: dip
coating and drop casting. As depicted in Fig. 4a, the foam was either
dipped into the dispersion of colloidal NPs and hold for 2 s or the sus-
pension was dropped onto the foam (2mg of solution) and let it dry.
SEM characterization showed the dip coating process to result in a
homogeneous distribution of NPs on the NF surface. On the other hand,
drop-casted NFs displayed numerous NP agglomerates.

XPS survey spectrum of the CoFe2O4 NPs supported on the NF (3
dips) demonstrated the presence of Co, Fe, O, and Ni (Fig. S6). The Co
2p and Fe 2p spectra matched well with Co2+ and Fe3+ [33,34] and the
O 1s spectrum displayed two peaks at about 531.1 and 532.4 eV which
corresponded to oxygen in the metal-oxygen bond and hydroxyl groups,
respectively [35]. Quantitatively, XPS analysis showed the atomic
concentration of Fe on the surface to be a threefold of that of Co: Fe/
Co=3 (Table S1). Additionally XPS analysis showed a large surface Ni
concentration, ca. 50 at% of the surface composition (Table S1). XRD
and HRTEM analysis of the NPs after the annealing step, showed the
CoFe2O4 crystal structure to be maintained (Figs. S8 and S9). SEM-EDX
analysis showed a homogeneous distribution of the different elements
on the NF (Fig. S10).

The electrochemical performance toward OER of NFs loaded with

Fig. 2. a) HAADF-STEM micrograph and EELS chemical composition maps (from cyan rectangle) for Co (red), Fe (blue), O (green) and their composites. b) HRTEM
micrograph, detail of the red squared region (scale bar, 1 nm), and corresponding FFT spectrum indicating that NPs crystallized in the cubic CoFe2O4 phase, [FM3-
MZ]-Space group 227, with lattice parameters of a= b = c=0.83961 nm, and α = β＝γ＝90°. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).

Fig. 3. N2 adsorption–desorption isotherms from the CoFe2O4 nanopowders
obtained from drying CoFe2O4 NPs under ambient conditions.
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CoFe2O4 NPs (hereafter CoFe2O4@NF) is shown in Fig. 4b. In com-
parison with bare NF, used in industrial water splitting, CoFe2O4@NF
electrodes displayed significantly enhanced OER catalytic activities.
CoFe2O4@NF electrodes provided much higher current densities under
the same applied potential than bare NF (Fig. 4c). In addition,
CoFe2O4@NF electrodes prepared by dip coating provided higher per-
formance over electrodes prepared by drop casting. This result was
consistent with the usual assumption that thinly dispersed oxide na-
noparticles favor electrochemical performance. A significant increase in
the current density for potentials> 1.5 V was measured for samples
prepared by dip coating, attaining 43.8mA/cm2 at 1.7 VRHE (470mV
overpotential), which is 1.4 times higher than the current density ob-
tained with the drop casted sample (Fig. 4b).

The dip coating technique was further optimized for large area
electrodes (10 cm2). Fig. 5 presents SEM images of the NF surfaces after
1, 3, 5, and 7 dips (each hold for 2 s) into the CoFe2O4 NP suspension.
After 1 dip, major parts of the NF remained uncovered, whereas 3 dips
resulted in a high coverage of the NF surface with highly dispersed NPs

(Fig. S4). Increasing the number of dips to 5 led to the formation of NP
aggregates with sizes ranging from 50 to 200 nm (Fig. 5). This effect
was even more pronounced after 7 dipping times, resulting in an almost
complete coverage of the NF surface by CoFe2O4 NP agglomerates.

The electrochemical characteristics of the large-scale CoFe2O4@NF
electrodes were assessed in a three-electrode configuration using 1M
KOH electrolyte solution (see Experimental Section). Fig. 6a shows the
CV curves of the electrode samples investigated in Fig. 5. The number of
dip coating steps had a significant influence on the OER performance.
Best performances were achieved with CoFe2O4@NF electrodes pro-
duced using 3 dip coating steps, in good agreement with the observed
homogeneous coverage of the NF surface with thinly dispersed NPs.
OER overpotentials of the four tested samples for different current
densities are shown in Fig. 6b. CoFe2O4@NF electrodes produced after
3 coating steps exhibited the lowest overpotentials, with 250mV and
460mV for 10mA/cm2 and 50mA/cm2, respectively. Higher CoFe2O4

NP loads containing NP agglomeration provided lower OER perfor-
mance. This result is understandable as oxide structures generally suffer

Fig. 4. a) Schematic illustration of the two
tested coating techniques for the CoFe2O4 NPs
on the NF (1 cm2 geometric area): dip coating
and drop-casting, including photographs of the
NF before and after the coating processes, as
well as SEM images showing the distribution of
the deposited NPs on the NF. b) CV curves of
the NF coated with CoFe2O4 NPs by dip coating
and drop casting, respectively, compared with
bare NF. Measurements were conducted in 1M
KOH at a scan rate of 10mV/s. c) Current
densities achieved at different applied poten-
tials.

Fig. 5. SEM micrographs of CoFe2O4@NF electrodes (10 cm2) produced using different dip coating steps:1, 3, 5, and 7 as noted in each micrograph.
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from low electrical conductivities, which strongly limits the thickness of
the oxide layer that can be practically used. The highest overpotential
of 580mV at 50mA/cm2 was measured for the 1 step coating
CoFe2O4@NF electrode, presumably due to an insufficient coverage of
the scaffold with CoFe2O4 NPs (Fig. 5).

Commercial alkaline electrolyzers work at operating temperature
between 25 and 100 °C, which is why we tested the best performing
electrode (3 dips) also under elevated electrolyte temperature. As ob-
served in Fig. 6a and b, the OER performance was significantly en-
hanced by increasing the electrolyte temperature up to 50 °C. Extremely
low overpotentials of 200mV and 295mV for 10mA/cm2 and 50mA/
cm2, respectively, were obtained. Fig. S12 show results obtained for 4
additional samples in the same conditions, demonstrating the re-
producibility of our procedure. Temperature has a strong influence on
the thermodynamic and kinetic functions, including electronic, ionic
and molecular diffusion. Increasing temperature can accelerate the re-
action kinetics, improve diffusion, disturb the electrochemical double
layer and increase the electrical conductivity of the electrolyte solution,
among other, all of them having an important and beneficial influence
on the OER performance [36–38].

We further compared the performance of the CoFe2O4@NF elec-
trodes with that of other electrodes prepared from supporting the
CoFe2O4 on other substrates, including Cu foam and carbon cloth (Fig.
S13). The incorporation of the CoFe2O4 NPs on any of the substrates
significantly reduced their overpotential. Among the different sub-
strates, CoFe2O4@NF electrodes achieved the best performance, with
an overpotential down to 250mV at 10mA/cm2. Such value is below
that of most of state-of-the-art OER electrodes in literature, evidencing
the high potential for commercial applications of the herein developed
large-scale CoFe2O4@NF OER electrodes. State-of-the-art electro-
catalytic properties toward OER of previously reported Co-Fe and NF-
based electrodes are summarized in Table S2 in the SI.

The electrocatalytic kinetics for OER of the CoFe2O4@NF electrodes
were further investigated by Tafel plots (Fig. 6c). For comparison, the
Tafel plots of the sample prepared by drop casting and the bare NF
sample are also shown in Fig. 6c. In accordance with the results shown
in Fig. 4b and c, the drop casted and the bare NF electrodes exhibited
the worst kinetics among the analyzed electrodes, i.e. the highest Tafel

slopes, at 89mV/dec and 72mV/dec, respectively. For the CoFe2O4@
NF electrodes prepared by dip coating, Tafel slopes were impressively
low and ranged from 68mV/dec for the 1 time dipped sample to
51mV/dec for the 3 times dipped electrode. Hence, our CoFe2O4@NF
electrodes showed comparable and even better electrocatalytic prop-
erties toward OER than related nonprecious metal-based OER electro-
catalysts reported in literature (Table S1 of the SI). The CoFe2O4@NF
electrode measured in a 50 °C alkaline solution provided the lowest
Tafel slope, 42mV/dec, as could be expected from the corresponding
CV curve in Fig. 6a. In fact, such an outstanding kinetic behavior made
it an ideal anode candidate for commercial electrolysis systems.

XPS analysis of the electrodes after long term cycling showed no
significant difference in the chemical environment of Co and Fe with
respect to the results obtained from electrodes after annealing (Fig. S7).
However, quantitatively, after long term cycling the amount of Fe de-
tected on the electrode surface was significantly lower from the initial
Fe/Co= 3 to the final Fe/Co= 0.5 (Table S1). In parallel, the con-
centration of Ni significantly increased, from 50 at% to up to an 80 at%
(Table S1). On the other hand, SEM-EDX analysis showed a similar Co
and Fe concentration on top of the NF. We hypothesize that during
cycling a significant amount of Ni from the NF is able to diffuse within
the CoFe2O4 structure and to accumulate, together with Co, on the NP
surface, partially displacing Fe ions. The presence of these Ni ions on
the catalyst surface may contribute to the outstanding performance
obtained from CoFe2O4@NF electrodes compared with other supports
and literature results (Fig. S13 and Table S2)

Besides electrochemical performance, durability is another major
parameter in the realization of industry-viable electrodes for electro-
lyzers. In this direction, we investigated the long-term stability for
CoFe2O4@NF electrodes (3 dips) by cycling them 1000 times in 1M
KOH at ambient temperature (Fig. 6d). Again, bare NF was utilized for
comparison. CoFe2O4@NF electrodes showed a negligible degradation
after continuous 1000 CV cycles, indicating its superior operational
stability under alkaline test condition. XPS and XRD analysis of the
material after long term cycling (Figs. S7 and S8) also showed the
chemical environment of Co and Fe and the crystal structure of the NPs
to remain unmodified. The mechanical and structural stability was
further confirmed by HRTEM analysis of the used catalyst, showing the

Fig. 6. a) CV curves of NF electrodes dipped
into the CoFe2O4 NP solution, for 1 (solid), 3
(dashed), 5 (dotted), and 7 (dash-dotted) times.
CV curves were measured in 1M KOH at a scan
rate of 10mV/s. CoFe2O4@NF electrodes pro-
viding best OER catalytic performances (3
dips) were measured under elevated electrolyte
temperature (50 °C, pink dashed line). The
H2O/O2 oxidation potential is indicated by the
straight dash-dotted line. b) Required over-
potentials derived from CV curves at different
current densities. c) Tafel plots of the tested
samples. d) CV curves of the CoFe2O4@NF (3
dips) and bare NF electrodes, respectively, be-
fore and after 1000 cycles. Every 200th CV scan
of each electrode is plotted.
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CoFe2O4 NPs to remain thinly dispersed onto the NF and maintaining
their size after the long-term experiment (Fig. S9). No obvious NP ag-
gregation/growth was observed, which was associated to the proper
immobilization of the CoFe2O4 NP on the NF. Consistently with pre-
vious reports, bare NF slightly increased its activity towards OER with
time (Fig. 6d). In alkaline solution, this activity enhancement has been
associated to the contribution to the catalytic activity of metallic im-
purities (e.g. Fe) from the electrolyte that are deposited onto the Ni
surface during long-term operation [40]. Because such a behavior was
not observed with CoFe2O4@NF electrodes, we assume that the Ni
scaffold have a moderate catalytic role in this system.

We estimated the electrochemical active surface area (ECSA) of
CoFe2O4@NF (3 dips) and bare NF electrodes from the electrochemical
double-layer capacitance (Cdl) at the solid/liquid interface [41]. Figs.
S14a and S14b (SI) present the CV curves of the two electrodes recorded
in a non-Faradic potential range under different scan rates. CoFe2O4@
NF cathodes exhibited a higher Cdl than bare NF, evidencing a higher
active surface area, which was estimated as 80.5 cm2 for CoFe2O4@NF
and 31.0 cm2 for bare NF (Fig. 6c). This result probes the CoFe2O4@NF
to provide a larger number of catalytically active sites and thus an
improved OER activity, much higher than that of CoFe2O4 NPs on
carbon nanofibers (20.6 cm2) and commercial RuO2 catalyst (14.5 cm2)
[15].

3.3. Prototype electrolysis reactor

The optimized large-scale CoFe2O4@NF electrode was subsequently
integrated in a prototype electrolysis reactor [41–44]. As illustrated in
Fig. 7a, the reactor design allowed to work under flow conditions,
where the anolyte and catholyte solutions are continuously recirculated
through the respective compartments, i.e. a CoFe2O4@NF anode com-
partment performing the OER and a Ti/Pt cathode compartment per-
forming the hydrogen evolution reaction (HER). By this design, the flow
dynamics of the electrolysis set-up could be significantly enhanced,
fostering higher electrochemical activity. Both compartments were se-
parated by a membrane and a gas chromatograph was employed for
gaseous product identification. The configuration can even be adapted

for the additional integration of photovoltaic devices, as shown in
Fig. 7a with a thin-film silicon solar cell (see Experimental Section for
details).

The characteristics of the complete reactor in two-electrode opera-
tion are shown in Fig. 7b for two different configurations. The first
configuration consisted in using a cation-exchange membrane (Nafion
®117) and 1M KOH electrolyte solution in both compartments. In the
second configuration, we applied a bipolar membrane (BPM), enabling
to operate the electrolysis reactor with two different electrolytes. In this
configuration, we applied a 1M KOH (pH=13.7) for the anolyte to
perform the OER and a 1M H2SO4 (pH=0) solution for the catholyte
to perform the HER. As can be seen from the linear sweep voltammetry
(LSV) curves in Fig. 7b, the configuration using the BPM exhibited a
better overall electrolysis behavior than the reactor configuration
containing the Nafion membrane. To provide 200mA and 400mA,
respectively, the BPM configuration only required 1.51 V and 1.59 V,
respectively, whereas in the Nafion configuration the complete elec-
trolyser cell voltage augmented to 1.60 V and 1.76 V, respectively. The
higher cell voltage was related with the reduced electrochemical per-
formance of the Ti/Pt cathode in alkaline solution (Nafion configura-
tion) compared to its performance in acid electrolytes (BPM config-
uration). In Fig. S15, the LSV curves of Ti/Pt in 1M KOH and 1M H2SO4

electrolyte solution are shown. LSV curves displayed overpotentials of
340mV and 180mV at 50mA/cm2 for basic and acidic catholytes, re-
spectively, further demonstrating the superior cathode performance in
acidic medium. To simulate real electrolyser conditions, the overall
polarization of the reactor device was also measured at elevated elec-
trolyte temperatures (50 °C) in the BPM configuration. As expected
from the results shown in Figs. 6a and S15, the electrochemical per-
formance increased with increasing electrolyte temperature, reaching
complete electrolyzer cell voltages of 1.46 V and 1.51 V to produce
200mA and 400mA, respectively. From these values, electrochemical
energy efficiency up to 75% and 81%, for ambient and elevated op-
eration temperatures were calculated. Consequently, the herein pro-
posed electrolyzer based on a CoFe2O4@NF electrode presents an at-
tractive alternative to commercial systems used for surplus electric
power storage, such as pumped hydroelectric storage (70–80%

Fig. 7. a) Sketch of the experimental prototype
reactor used to assess the overall electrolysis
performance. The illustration shows the dif-
ferent components, including a schematic il-
lustration of the 3D NF coated with CoFe2O4

NPs and the coupled triple junction thin-film
silicon solar cell (a-Si:H/a-Si:H/μc-Si:H) for the
bias-free operation test (see Fig. 7d). b) Linear
sweep measurements of the CoFe2O4@NF
electrodes (10 cm2 geometric area) combined
with the Ti/Pt cathode (10 cm2 geometric area)
for a configuration containing Nafion and BPM
membrane, respectively. The BPM configura-
tion (best performing) was also measured at
50 °C electrolyte solution (1M KOH). c) Long-
term behavior of the electrolysis showing the
required cell voltages of the reactor as a func-
tion of the applied current (each galvanostatic
testing was conducted for ˜10 h with the same
electrodes and membrane). d) Bias-free solar
water splitting using a triple junction a-Si:H/a-
Si:H/μc-Si:H solar cell (as depicted in a)). Left
y-axis shows the achieved bias-free current
density over the operation time. Right y-axis
represents the faradaic efficiency for H2 pro-
duction over the operation time. The error bars
indicate standard deviations obtained from 3

experimental repeats. The inset shows the calculated gas volume obtained. The dotted purple line shows the theoretical (assuming 100% faradaic efficiency) gas
evolution for the measured bias-free current density and the black squares show the experimental values. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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efficiency), power-to-gas based on alkaline and PEM electrolyzers
(65–70% efficiency), or ion lithium batteries (92–95% efficiency) that
have other severe limitation in terms of energy density, cost and life
time.

The electrochemical durability of the prototype reactor was assessed
by conducting chronoamperometry. Fig. 7c displays the electrolyzer
cell voltages at successively increasing electrolysis currents of 200, 300,
400, and 500mA applied for 10 h each, until a total of 50 h of con-
tinuous operation. The prototype electrolyzer showed no sign of decay
when operated for 50 h, even when operated at higher temperature
(50 °C).

Given its remarkable activity and high electrochemical energy ef-
ficiency, the prototype electrolysis reactor can be effectively powered
by renewable energy sources, such as photovoltaics [25,42]. In this
direction, the conversion of solar energy into chemical fuels energy is a
promising route for future conversion and storage concepts. Solar-to-
fuel conversion efficiencies using photovoltaics and electrolyzers de-
pends on the efficiency of the two systems. Taking into account elec-
trochemical conversion efficiency above 80% as reached for CoFe2O4@
NF electrodes, their combination with commercial high efficiency solar
cells having 30% conversion efficiencies could result in 24% solar-to-
fuel conversion efficiencies. However, in the present work, to achieve
cost-effectiveness, we aimed at reducing the system cost using amor-
phous silicon solar cells. Thus, we electrically connected the prototype
electrolyzer to a low-cost triple junction a-Si:H/a-Si:H/μc-Si:H solar cell
with a photovoltaic conversion efficiency of around 13.4% (Fig. 7a.)
[25]. In figure S16, the system current density-voltage (j-V) curve is
overlaid with the polarization curve of the electrolyzer device. The
crossing point of both j-V curves, which can serve to estimate the bias-
free operation current density of the solar-driven electrolyzer, lied in
the plateau region of the solar cell characteristics (near the maximum
power point) at 1.45 V and 8.2 mA/cm2. The bias-free measurement of
the solar-driven electrolyzer is shown in Fig. 7d. This result demon-
strates that the prototype electrolyzer can be powered only by sunlight
energy, providing current densities up to 8.2 ± 0.2mA/cm2. The far-
adaic efficiency for H2 production, measured by gas chromatography,
was found to be close to 100% over the course of bias-free operation
(> 5 h), as depicted on the right ordinate in Fig. 7d. The inset in Fig. 7d
shows the theoretical and experimentally determined bias-free H2 gas
production over time, proving that H2 was the only product formed
during electrolysis (besides O2). With these values, a solar-to-hydrogen
conversion efficiency of 10.0 ± 0.2% was calculated, which is among
the record bias-free water splitting efficiencies for thin-film silicon
based devices [25,45,46]. Overall, this example demonstrates that
electrolyzers based on CoFe2O4@NF electrodes can match the stringent
requirements for cost-effective renewable energy conversion and sto-
rage at large scale.

4. Discussion

The enhanced OER catalytic activity of the CoFe2O4@NF electrodes
here presented can be ascribed to the combination of nano-sized active
CoFe2O4 particles with the 3D macroporous structure of the supporting
NF, as illustrated in Fig. 7a. This marriage resulted in a significantly
increased contact area between catalysts and electrolytes and provided
a greater amount of active sites where OER could take place (see ECSA
estimation in the SI, Figures S14c). The dip coating procedure even-
tually led to an optimum distribution of thinly dispersed CoFe2O4 NPs
(Fig. 5), which allowed to circumvent the intrinsically inferior electrical
conductivity of oxide particles (see low Tafel slopes in Fig. 6c), while
ensuring an impressive stability of the CoFe2O4@NF electrode (Figs. 6d
and 7 c).

The large-scale electrode used, the high stability demonstrated and
the low electrolyser cell voltages at industrial relevant currents and at
ambient and elevated temperature probed the technology relevance of
the present system. Values reported here are among the record

performance indices for overall water splitting using inexpensive and
earth-abundant catalysts. Additionally, the present study assessed their
performance on large-scale electrodes in a prototype electrolyzer. While
the aspect of process scalability is vital in view of a real-world appli-
cation, it has neither been experimentally evidenced, nor sufficiently
discussed in previous related studies on OER materials (exemplarily see
electrode areas in Table S1 in the SI). These previous studies focused on
laboratory scale electrodes, neglecting critical issues, which have been
addressed in the present study, such as homogeneous coverage of active
electrocatalyst on large-scale scaffolds, higher chemical resistivity or
low-cost and high throughput and yield processing techniques.

In general, the coupling of pure academic with engineered systems
is urgently needed to mature renewable fuel production processes and
open the pathway towards commercial application. This aspect is suc-
cessfully addressed by the herein proposed system. In addition, the
scalable process of the developed CoFe2O4@NF electrode paired with
the adaptability of the presented prototype reactor bears great benefits
and cross-fertilization for a number of related catalytic and photo-
voltaic technologies. Thus, our electrolyzer concept is not limited to
small active electrode areas [47,48] or expensive small-scale photo-
voltaic structures [49] but can be adapted to large scale designs.
Nevertheless, from a scientific point of view, further attention should be
devoted to investigate earth-abundant and active HER electrodes. The
herein applied Ti/Pt plate served as stable and reliable proof-of-concept
electrode, but could be replaced by a cathode system, which does not
contain rare materials such as Pt. From a more engineering point of
view, the evaluation of different approaches to upscale the photovoltaic
structures up to the geometric size of the electrochemical active surface
areas could be alluring if integrated photoelectrochemical cell (PEC)
systems are envisaged. In this “PEC-farm” approach, multiple medium-
scaled electrolyzers, i.e. electrolyzers similar to the herein presented
prototype (10-100 cm2 active photovoltaic and electrochemical elec-
trode areas), could operate independently, while the produced fuels of
all the electrolyzers would be collected together [50]. The advanta-
geous feature of this concept is that lower photocurrent densities would
be required, which would be beneficial regarding lower overpotential
losses and thus, eventually higher overall solar-to-fuel efficiencies. In
this regard, it is projected by techno-economic models of large scale,
centralized solar H2 production facilities that overpotential losses at
high operating current densities are one of the most important factors in
reducing the STH efficiency and thus, increasing the cost of H2 [51,52].

In total, all these examples manifest the high versatility and cross-
fertilization of the herein presented scalable CoFe2O4@NF electrode
and electrolysis system, respectively.

5. Conclusion

In conclusion, we have presented a simple and scalable colloidal
synthesis and coating strategy for the homogeneous anchoring of bi-
metallic CoFe2O4 NPs on large-scale NF. CoFe2O4@NF electrodes were
demonstrated to be an efficient earth-abundant OER electrocatalysts
with ultralow overpotential, large current density, small Tafel slope,
and long-term durability in alkaline solution. The improved catalytic
performances are believed to originate from the unique synergy be-
tween the nano-scaled active CoFe2O4 NPs and the highly conductive
and high area Ni scaffold. The interdiffusion of Ni ions from the Ni
scaffold to the CoFe2O4 NPs may also contribute to improve catalytic
performance. Considering cost-effectiveness, facile, as well as reliable
fabrication processes, and the outstanding catalytic performance of
CoFe2O4@NFs may hold great potential in future energy conversion
and storage devices. Moreover, the performance of the large-scale
CoFe2O4@NF (10 cm2 geometric active area) was investigated in a
prototype electrolysis reactor, where currents of 500mA were achieved
with electrolyzer cell voltages of 1.62 V and 1.53 V at ambient and
elevated temperatures, respectively, over prolonged operation times.
Overall, the presented electrochemical results paired with the versatile
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synthetic and coating strategy may stimulate future lines of work,
which will be needed to address efficiency improvements and techno-
economical questions while assessing cost competitiveness of promising
(photo)-electrochemical technologies.
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A B S T R A C T   

Hydrogen peroxide (H2O2) is both a key component in several industrial processes and a promising liquid fuel. 
The production of H2O2 by solar photocatalysis is a suitable strategy to convert and store solar energy into 
chemical energy. Here we report an oxygen-doped tubular g-C3N4 with uniformly dispersed nickel nanoparticles 
for efficient photocatalytic H2O2 generation. The hollow structure of the tubular g-C3N4 provides a large surface 
with a high density of reactive sites and efficient visible light absorption during the photocatalytic reaction. The 
oxygen doping and Ni loading enable a fast separation of photogenerated charge carriers and a high selectivity 
toward the two-electron process during the oxygen reduction reaction (ORR). The optimized composition, Ni4%/ 
O0.2tCN, displays an H2O2 production rate of 2464 μmol g− 1⋅h− 1, which is eightfold higher than that of bulk g- 
C3N4 under visible light irradiation (λ > 420 nm), and achieves an apparent quantum yield (AQY) of 28.2% at 
380 nm and 14.9% at 420 nm.   

1. Introduction 

Hydrogen peroxide is an important industrial raw material used 
among others as an eco-friendly oxidant for industrial synthesis, pulp 
bleaching and wastewater treatment, with a global annual demand of 
over 4 million tons.[1–4] Besides, H2O2 is also a promising liquid fuel 
that is safer and easier to store than compressed hydrogen.[5,6] At 
present, H2O2 is industrially produced mainly through the anthraqui
none method, which is an energy-intensive process requiring large 
amounts of organic solvent.[7] Therefore, the development of cost- 
effective and environmentally friendly strategies for the large scale 
production of H2O2 is a worthwhile endeavour. In this scenario, the 
production of H2O2 using solar photocatalysis has received increased 
attention in recent years.[8,9]. 

Several photocatalysts have been applied for H2O2 generation, 
including titanium dioxide[10,11], graphitic carbon nitride (g-C3N4) 

[12,13] and bismuth vanadate[14], to cite a few. Among them, g-C3N4 is 
particularly interesting as a metal-free, non-toxic and chemically stable 
material that has shown excellent potential not only for H2O2 generation 
but also for hydrogen generation and wastewater treatment, among 
others. However, the low surface area, moderate light absorption, rapid 
recombination of the photogenerated electron-hole pairs and low pho
tocatalytic reaction selectivity towards H2O2 generation limits the cost- 
effective use of g-C3N4 for photocatalytic H2O2 production. To overcome 
these limitations, several strategies have been developed, including 
tuning the g-C3N4 morphology, extrinsic doping, and heterojunction 
formation through co-catalyst loading. [15–19]. 

It is well known that the morphology and nanostructure of g-C3N4 
largely affect its photocatalytic performance. To date, several g-C3N4 
morphologies, such as nanosheets,[20] nanospheres,[21] nanorods,[22] 
nanofibers[23] and nanotubes[24] have been prepared. Among them, 
nanotubes with a one-dimensional hollow structure offer particularly 
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large surface areas, high light absorption and fast electron transport to 
optimize photocatalytic performance. 

Beyond controlling its morphology, the proper doping of g-C3N4 is 
critical to adjust its band structure and charge carrier concentration 
towards enhancing light absorption and promoting charge injection. 
[25,26] Dopants such as oxygen and phosphorus can not only adjust the 
valence band structure of the catalyst and improve the separation effi
ciency of photogenerated electrons and holes, but also improve the OER 
selectivity toward the two-electron pathway.[27,28]. 

The introduction of a co-catalyst on the surface of g-C3N4 is an 
effective strategy to improve photocatalytic performance by increasing 
the charge separation ability. Various noble metal co-catalyst, such as 
Pt, Pd, and Au, have been demonstrated to promote hydrogen evolution 
performance.[29–33] Nevertheless, the high cost of noble metals and 
the moderate H2O2 production rates reached limit the cost-effectiveness 
of the process. Thus, the development of co-catalysts based on abundant 
and low-cost elements, such as MoS2, Ni, NiP or CoP, [34–37] that 
provide an efficient and high rate photocatalytic H2O2 production is 
highly desirable. 

In this study, we detail the synthesis of hollow tubular g-C3N4 (tCN), 
demonstrate its controlled oxygen doping (OtCN), and describe its sur
face modification with highly dispersed nickel nanoparticles (Ni/OtCN) 
through a photoreduction process. Nitrogen adsorption–desorption 
isotherms, UV–vis absorption and photoluminescence spectroscopies, 
and photochemical tests are used to investigate the charge separation 
and transfer abilities of these materials. Besides, rotating ring disk 
electrode analysis, active species capture experiments and DFT calcu
lations are used to analyze the mechanism of H2O2 generation. Owing to 
its unique 1-D hollow structure, high charge separation efficiency and 
excellent reaction selectivity, Ni/OtCN achieved outstanding H2O2 
photocatalytic generation performance. 

2. Experimental 

2.1. Preparation of tubular g-C3N4 precursor (C-M) 

g-C3N4 nanotubes were prepared by a self-assembly method using 
melamine (99%, Acros Organics) and cyanuric acid (99%, Acros Or
ganics). Typically, 1 g melamine and 1 g cyanuric acid were separately 
added into 300 ml deionized water under stirring at 80 ◦C for about 10 
min until completely dissolved. Then the melamine solution was slowly 
added to the cyanuric acid solution under homogeneous stirring, and let 
it self-assemble at 80 ◦C for 1.5 h. The product was centrifuged and 
washed twice with 80 ◦C deionized water to remove the unassembled 
melamine and cyanuric acid. The filtered product was re-dispersed in 
deionized water and then settled at room temperature for 12 h. Then the 
supernatant was removed to obtain a flocculent precipitate. The pre
cipitate was then freeze-dried for 48 h to obtain the g-C3N4 precursor 
that we will refer to as C-M. 

2.2. Preparation of O-doped tubular g-C3N4 (OtCN) and bulk g-C3N4 
(bCN) 

The OtCN was prepared by a two-step heating process. In detail, 2 g 
C-M was introduced into a lidded porcelain crucible and calcined at 520 
◦C for 2 h with a temperature increase rate of 2 ◦C⋅min− 1 under Ar at
mosphere. Then the product was mixed with the proper amount (0 g, 
200 mg, 400 mg, 600 mg, or 800 mg) of ammonium persulfate (98%, 
Sigma) and calcined again at 520 ◦C for 2 h with a temperature ramp of 
5 ◦C⋅min− 1. The products were named OxtCN, with x = 0, 0.1, 0.2, 0.3, 
or 0.4 for the different amounts of ammonium persulfate introduced. 
The bulk g-C3N4 (bCN) was prepared through a similar method but 
replacing the C-M with melamine and adding no ammonium persulfate. 

2.3. Preparation of Ni/OtCN, Au/OtCN and Pt/OtCN 

100 mg of OtCN was added into 100 ml deionized water containing 
10 ml triethanolamine (99%, Acros Organics), 8.5 mg nickel acetate 
tetrahydrate (99%, Acros Organics), and 500 mg sodium hypophosphite 
(99%, Sigma), and the solution was sonicated for 30 min. Afterwards, 
argon was bubbled into the solution for 30 min to displace the oxygen. 
Then the solution was irradiated with UV–vis light (300 W Xe lamp) 
under continuous stirring and argon bubbling for 30 min. The product 
was centrifuged and washed 3 times with water and ethanol (90%, Acros 
Organics) and finally dried under vacuum for 6 h. The sample was 
named Ni2％/OtCN. Samples with higher Ni concentration, Nix/OtCN (x 
= 4%, 6% and 8%), were prepared using the same procedure but adding 
the proper higher amount of nickel acetate. Au/OtCN and Pt/OtCN 
samples were also prepared by this photo-deposition method using 
H2PtCl6⋅6H2O (99%, Acros Organics) and HAuCl4⋅4H2O (99%, Acros 
Organics) precursors and irradiating the samples with UV light for 1 h. 

3. Results and discussions 

3.1. Structural and chemical properties of oxygen-doped tubular g-C3N4 
and the Ni-loaded composite 

Oxygen-doped tubular carbon nitride samples loaded with Ni 
nanocrystals (Ni/OtCN) were obtained through a 4-step process 
involving the synthesis of the carbon nitride precursor from the com
bination of melamine and cyanuric acid in water, annealing under argon 
at 520 ◦C, oxygen doping using ammonium persulfate, and photo- 
deposition of Ni (Fig. 1). 

Because the water solubility of melamine and cyanuric acid is very 
low at room temperature, the two components were dissolved at 80 ◦C to 
ensure their full and uniform dispersion before self-assembly. The as
sembly is driven by the hydrogen bond formation between the amino 
group on melamine and the hydroxyl group on cyanuric acid. To 
determine the optimum precursor composition, materials with different 
melamine and cyanuric acid molar ratios (1:2, 1:1 and 2:1) were pre
pared for comparison. SEM analysis of the obtained precursors (Fig. 2a 
and S1) showed the 1:1 ratio to provide the best-defined nanorod 
structures, with a diameter in the range 300–600 nm and lengths of 
15–30 μm. This result is consistent with the equal number of functional 
groups of both molecules, thus assembling at a 1:1 M ratio. While the 1:2 
and 2:1 ratios also resulted in nanorod-like structures, they showed poor 
uniformity and presented a large amount of unassembled precursor on 
their surfaces. 

Once the self-assembly process was completed, the material was 
washed with hot water to remove the residual not-assembled precursors. 
To prevent agglomerating during the drying process, samples were 
freeze-dried, which yielded dried materials with high porosity, as 
observed in Figure S2. The freeze-drying step was demonstrated as 
particularly important because an extensive agglomeration of the 
nanorods results in a high sintering and very notable loss of porosity 
during the posterior annealing step at 520 ◦C. 

To minimize the damage to the nanostructure during the thermal 
polymerization of the C-M precursor, the annealing and oxygen doping 
of the material was divided into two steps. The first annealing step at 
520 ◦C used a relatively low heating rate of 2 ◦C⋅min− 1. After this step, 
samples were combined with a proper amount of ammonium persulfate 
and the mixture was annealed again at 520 ◦C for two additional hours 
using a temperature ramp of 5 ◦C⋅min− 1. This second annealing step 
completed the polymerization process. Besides, during the annealing 
process, the ammonium persulfate releases ammonia, sulfur dioxide, 
and oxygen gases creating a porous fluffy structure and inhibiting the 
agglomeration of nanotubes. At the same time, in this oxygen-enriched 
atmosphere, part of the generated oxygen gas reacts with the polymer
izing carbon nitride incorporating oxygen into the structure. After the 
two-step thermal polymerization at 520 ◦C, the nanorod precursor was 
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turned into g-C3N4 nanotubes that maintained approximately the same 
size as the precursor nanorods (Fig. 2b). 

The annealed and oxygen-doped samples, OtCN, were dispersed in a 
solution containing nickel acetate tetrahydrate to be loaded with nickel 
nanoparticles through a photodeposition process. As a result, as 
observed in Fig. 2c, uniformly and highly dispersed Ni nanoparticles 
were grown on the surface of the OtCN. Figure S3 provides results from 

the EDX analysis of Ni4%/O0.2tCN showing the weight percentage of O 
and Ni to be 2.1 % and 3.2 %, respectively. 

TEM analysis of OtCN samples confirmed the tubular structure of the 
products and further showed the nanotube walls have a porous structure 
(Fig. 2d). The tubular structure of OtCN was thus significantly different 
from that of bulk g-C3N4 (bCN) produced from the direct annealing of 
melamine (Figure S7a). TEM images of the Ni/OtCN samples also 

Fig. 1. Schematic illustration on the synthesis of Ni/OtCN samples.  

Fig. 2. (a) SEM image of the C-M precursor. (b) SEM image of OtCN. (c) SEM image of Ni/OtCN. (d) TEM image of OtCN. (e) TEM image of Ni/OtCN. (f) HRTEM 
micrograph obtained on a representative region of the Ni/OtCN nanostructures. On the top right, we show a magnified detail (top right) of the orange squared region 
in the HRTEM image and its corresponding indexed power spectrum (bottom right) which reveals that this nanoparticle has a crystal phase in agreement with the Ni 
cubic phase (space group = FM3-M) with a = b = c = 3.5241 Å, visualized along its [011] zone axis. (g) HAADF STEM general detail of the Ni/OtCN catalyst, 
showing the presence of Ni nanoparticles as bright spots. EELS chemical composition maps were obtained on the red squared area of the STEM micrograph. Indi
vidual composition maps were obtained by using: (h) Individual Ni L2,3-edges at 855 eV (pink), (i) C K-edges at 284 eV (blue), (j) N K-edges at 401 eV (red) and (k) O 
K-edges at 532 eV (green), as well as their composites for C-N-O and Ni-C-N-O. 
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confirmed the homogeneous distribution of Ni nanoparticles and 
showed their size to be in the range of 20–60 nm (Fig. 2e). HRTEM 
micrographs revealed that the selected nanoparticles had a crystal phase 
matching the Ni cubic phase (space group = FM3-M) with a = b = c =
3.5241 Å (Fig. 2f). EELS chemical composition maps obtained on the Ni/ 
OtCN nanotubes displayed a uniform distribution of O, N and C and the 
presence of Ni-rich regions corresponding to the Ni nanoparticles. 

Fig. 3a displays the XRD patterns of O0.2tCN, Nix/O0.2tCN and a 
reference bCN. The main diffraction peaks at about 13.1◦ and 27.4◦

observed from all the samples are assigned to the (100) and (002) 
family planes of g-C3N4, respectively. Compared with bCN, the (002) 
peak of OtCN samples shows a slight shift from 27.4◦ to 27.2◦ which is a 
signature of an increase of the interplanar distance associated with the 
presence of oxygen.[38,39] Besides, the (002) diffraction peak of OtCN 
is broader and weaker than that of bCN, which is attributed to the 
tubular structure of OtCN. The samples containing Ni show no alteration 
of the g-C3N4 diffraction peaks compared with OtCN, which indicates 
that the loading of Ni does not affect the OtCN structure. Meanwhile, Ni/ 
OtCN samples display two additional XRD peaks at 44.3◦ and 51.5◦ that 
are assigned to the (111) and (200) family planes of cubic nickel. The 
intensity of these peaks correlates with the amount of Ni introduced, 
proving the successful loading of controlled amounts of nickel. 

FTIR spectroscopy was used to gain further insight into the structure 
of the material. As shown in Fig. 3b, all OtCN materials displayed the 
fingerprints of g-C3N4, including the absorption peak at 812 cm− 1 that 
corresponds to the out-of-plane bending of the triazine units, and the 
range of peak at 1200–1600 cm− 1 that are related to the stretching 
modes of C-N in the aromatic heterocyclic rings. Besides, OtCN samples 
displayed FTIR peaks at 1235 and 1075 cm− 1, which intensity increased 
with the amount of ammonium persulfate used during the synthesis. 
These peaks are associated with the stretching mode of C-O-C group. 
[27,40]. 

Fig. 3c displays the UV–vis diffuse reflectance spectra of the different 
samples. The absorption edge of OtCN samples presented an obvious 
red-shift compared with that of bCN. This redshift was accentuated with 
the increase in the oxygen content. As shown in Fig. 3d, the band gaps of 
bCN and OtCN samples, calculated according to Kubelk-Munk function, 
shifted from 2.73 eV for bCN, to 2.56 eV for O0.4tCN. Besides, the 

presence of oxygen resulted in a notable enhancement of the Urbach tail, 
which is associated with the presence of defects as a result of oxygen 
doping.[27,39] As expected from the metallic character of the intro
duced Ni nanoparticles, the Ni/OtCN composites presented a strong 
absorption in the visible range of the spectra, which was enhanced with 
the increasing contents of Ni, from 2% to 8%. On the other hand, the 
presence of Ni did not result in a shift of the OtCN absorption edge. 

Fig. 3f displays the nitrogen adsorption–desorption isotherms of bCN 
and O0.2tCN nanotubes. Both samples exhibit type IV isotherms with H3 
hysteresis loops, indicating the presence of a mesoporous structure. As 
shown in Table S2, the specific surface area (SSA) of O0.2tCN nanotubes 
was 124 m2⋅g -1, which is over six-fold larger than that of bCN (18.7 
m2⋅g− 1). The calculated pore size distribution of the two samples is 
shown in Figure S7b. As expected from SEM images, the pore volume of 
OtCN, 0.97 cm3⋅g− 1, was significantly larger than that of bCN, 0.19 
cm3⋅g− 1. 

Mott-Schottky analysis was used to further investigate the band 
structure of the samples (Figure S6). The flat band potentials of bCN and 
OtCN were obtained from the fitting of the Mott-Schottky plots and were 
used to estimate the position of the conduction band minimum 
(assuming it is ca. 0.1 eV above the flat band)[4142] and valence band 
maximum (considering Eg = Evb - Ecb).[43] Fig. 3e displays the sche
matized band structure experimentally determined from bCN and OtCN 
samples. 

Fig. 4 displays the XPS spectra of bCN, O0.2tCN, and Ni4%/O0.2tCN 
samples. The high-resolution C 1 s XPS spectra showed three main 
contributions at 288.2 eV, 286.5 eV, and 284.8 eV, which were assigned 
to C-(N3), C–NHX and C–C/C = C, respectively.[40] Besides, the OtCN 
samples displayed a fourth C 1 s peak 288.5 eV corresponding to C-O 
obtained from the replacement of N atoms by O in the CN heterocycles. 
All samples displayed the presence of oxygen at their surface, including 
the bCN. The high-resolution O 1 s XPS spectrum of bCN was fitted with 
two peaks at 531.7 eV and 533.1 eV, which were associated with 
adsorbed oxygen-containing species such as water, O2, OH– groups and 
even CO2. [38] Besides, samples OtCN and Ni/OtCN displayed an 
additional contribution at 530.7 eV which is assigned to the C-O bond. 
Additionally, a peak at 529.7 eV was identified in the XPS spectrum of 
Ni/OtCN, and it was assigned to oxygen within a nickel oxide chemical 

Fig. 3. (a) XRD pattern of bCN, O0.2tCN and Nix/O0.2tCN (x = 2%, 4%, 6% and 8%). (b) FTIR spectra of bCN and OxtCN. (c) UV–Vis absorption spectra of bCN, OXtCN 
and Nix/O0.2tCN. (d) plot of the band energy spectra and (e) band structure alignments for bCN and OtCN. (f) N2 adsorption–desorption isotherms of bCN 
and O0.2tCN. 
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environment created by the surface oxidation of the Ni nanoparticles. 
The high-resolution N 1 s XPS spectra of bCN, O0.2tCN and Ni4%/O0.2tCN 
were fitted with three peaks at binding energies of 398.1 eV, 499.4 eV, 
and 400.5 eV, which were assigned to N-(C2), N-(C3) and N-Hx groups of 
the heptazine framework, respectively. Finally, the high-resolution Ni 
2p XPS spectrum of Ni/OtCN was fitted with three doublets, corre
sponding to metallic Ni (2p3/2 at 851.6 eV), Ni 2+ (2p3/2 at 855.8 eV) and 
a Ni 2+ shake-up satellite (2p3/2 at 860.4 eV).[44] While (NH4)2S2O8, 

added as the oxygen source, decomposes to NH3 (g), SO2 (g) and O2 (g) 
during the second annealing step, no sulfur was detected by XPS and 
EDX analyses due to the low reactivity of sulfur within sulfur dioxide in 
the temperature range used (Figures S4 and S5). 

The EPR spectra of bCN and OtCN samples are displayed in Fig. 4f. 
The Lorentzian absorption line at g = 2.0027 is a fingerprint of the 
unpaired electrons of the sp2 hybridized C atoms in the aromatic rings. 
[27,38] The EPR signal of the OtCN sample is significantly less intense 

Fig. 4. (a) XPS survey spectra. (b-d) High-resolution XPS spectra of (b) C 1 s, (c) O 1 s and (d) N 1 s obtained from bCN, O0.2tCN and Ni4%/O0.2tCN. (e) Ni 2p XPS 
spectrum of Ni4%/O0.2tCN. (f) EPR spectra of bCN and O0.2tCN. 

Fig. 5. (a) Photocatalytic H2O2 generation on bCN, O0.2tCN and Ni4%/O0.2tCN during 2 h under visible light (λ > 420 nm). (b) Photocatalytic H2O2 generation rate of 
bCN, O0.2tCN, Ni4%/O0.2tCN, Au4%/O0.2tCN and Pt4%/O0.2tCN (c) H2O2 production on Ni4%/O0.2tCN under different conditions: N2 instead of O2, no irradiation, no 
ethanol and no photocatalyst. (d) AQY of Ni4%/O0.2tCN at three different wavelengths, superimposed to the UV–vis spectrum. 
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than that of bCN, which is consistent with the partial replacement N by 
O atoms, thus decreasing the number of lone pair electrons. According to 
XPS data (Table S1), the N/C ratio of OtCN (1.13) is significantly lower 
than that of bCN (1.21), and the O/C ratio of OtCN (0.08) is higher than 
that of bCN (0.04), which is consistent with the hypothesis that O re
places N within the carbon nitride structure. Overall, the above exper
imental results confirmed the presence of O within OtCN replacing N 
atoms. 

3.2. Photocatalytic H2O2 evolution 

Fig. 5a displays the photocatalytic H2O2 generation from bCN, 
O0.2tCN, and Ni4%/O0.2tCN irradiated during 2 h with visible light (λ >
420 nm). The H2O2 production rate of O0.2tCN was fourfold higher than 
that of bCN (Fig. 5b). Besides, when loading the O0.2tCN with Ni, the 
H2O2 evolution rate further increased to reach nearly an order of 
magnitude higher values than bCN. Besides the Ni/OtCN sample dis
played higher H2O2 evolution rates than noble metal co-catalyst: Au/ 
OtCN and Pt/OtCN. The presence of Au showed an obvious improve
ment over OtCN, but the presence of Pt had no positive impact on the 
H2O2 generation, which is associated with a low two-electron reaction 
selectivity and a high H2O2 decomposition rate during the oxygen 
reduction reaction. 

To find the optimal amount of oxygen doping, OXtCN samples pro
duced using different amounts of ammonium persulfate were tested 
(Figure S9a-b). OXtCN samples containing relatively small amounts of 
oxygen (0 < x < 0.4) exhibited a significant enhancement of the H2O2 
generation rate over tCN, but too high oxygen substitutions resulted in a 
lower H2O2 evolution rate. Among all the OxtCN samples, O0.2tCN dis
played the best H2O2 generation performance, 58.1 μmol⋅h − 1. 

The amount of Ni was optimized by measuring the photocatalytic 
hydrogen peroxide generation on Nix/O0.2tCN containing different Ni 
concentrations (Figure S9c-d). The loading of O0.2tCN with a moderate 
amount of Ni nanoparticles largely enhanced the photocatalytic per
formance toward H2O2 generation. At a Ni loading of 2% and 4%, the 
H2O2 generation rate was improved to 88.2 μmol⋅h − 1 and 123.2 μmol⋅h 
− 1, which is 1.5 and 2.1 times higher than that of O0.2tCN, respectively. 
When further increasing the Ni loading to 6% and 8% the H2O2 pro
duction rate decreased to 101 μmol⋅h − 1 and 75 μmol⋅h − 1, respectively. 
This decrease of the H2O2 production rate at high Ni loads may be 
related to the aggregation of small Ni particles and the blocking of the 
visible light absorption of the C3N4 caused by an excess of Ni. 

To further evidence the advantages of OtCN over bCN, we also pre
pared a Ni-loaded oxygen-doped bulk g-C3N4 (Ni/ObCN) to be used as a 
reference. As observed in Figure S10a, the Ni4%/O0.2bCN sample dis
played a slightly improved H2O2 production rate over bCN, but still well 
below the rates obtained from OtCN samples. This moderate production 
rate is in part related to the small surface area of bCN and the uneven 
deposition of nickel nanoparticles (Figure S10b) caused by the insuffi
cient active sites on the bCN surface. 

As displayed in Fig. 5c, control experiments demonstrated that the 
presence of O2 and light irradiation were required for the H2O2 gener
ation, proving the production of H2O2 to take place by the ORR pathway 
instead of the water oxidation. Besides ethanol, other sacrificial agents, 
such as lactic acid and triethanolamine, also enabled a high H2O2 gen
eration rate (Figure S11). But even in the absence of ethanol or another 
sacrificial agent, the Ni4%/O0.2tCN sample was able to achieve a notable 
photocatalytic H2O2 generation (Fig. 5c). Besides, as shown in Fig. S12, 
Ni4%/O0.2tCN also shows a prominent photocatalytic hydrogen peroxide 
generation performance of about 5012 μmol g− 1⋅h− 1 under simulated 
solar light, using an AM1.5 filter. 

The apparent quantum yield (AQY) of the process was evaluated 
under 380 nm (0.53 mW⋅cm− 2), 420 nm (9.91 mW⋅cm− 2) and 600 nm 
(17.66 mW⋅cm− 2) irradiation (Fig. 5d and S13, and Table S3, see details 
in the SI). For Ni4%/O0.2tCN, the AQY at 380 nm and 420 nm was esti
mated at 28.2% and 14.9%, respectively. Even under 600 nm light 

irradiation, an AQY of 0.7% was achieved for Ni0.4/O0.2tCN, which is 
consistent with UV–vis spectroscopy results (Fig. 5d).[45]. 

3.3. Charge carrier dynamics 

The electrochemical characterization of the samples allowed the 
further study of their charge transfer and transport properties. As 
observed in Fig. 6a, bCN, O0.2tCN and Ni4%/O0.2tCN electrodes showed 
positive photocurrents under visible-light irradiation. Among them, 
O0.2tCN showed a slightly higher photocurrent density than bCN, but the 
highest photocurrents were obtained with the Ni4%/O0.2tCN electrode, 
reaching about 7.2 and 4 times higher current densities than with bCN 
and O0.2tCN, respectively. These results demonstrate that O0.2tCN and 
especially the presence of Ni nanoparticles significantly increase the 
charge separation and transfer efficiency, which is in good agreement 
with the photocatalysis results. [46]. 

Charge transfer and transport properties were further evaluated by 
electrochemical impedance spectroscopy (EIS). Fig. 6b displays the 
Nyquist plot of the impedance spectra for the different materials. The 
larger arc associated with the transfer resistance of photo-generated 
charges[37] has a significantly smaller diameter for O0.2tCN than 
bCN, indicating a faster charge transfer efficiency in the former. Besides, 
the sample containing Ni, Ni4%/O0.2tCN, presents a much smaller arc 
radius than the other two samples, confirming the much lower charge 
transfer resistance in the presence of Ni. 

The photoluminescence (PL) spectra of the different samples under 
300 nm light excitation is displayed in Fig. 6c. The bCN sample dis
played a broad and intense PL band at ca. 455 nm, which is associated 
with the radiative band-to-band recombination of photogenerated 
charge carriers within C3N4. With oxygen doping, the PL intensity 
significantly decreases owing to the presence of oxygen-related non- 
radiative recombination centers. Besides, the presence of Ni introduces 
additional recombination sites which further quenches the C3N4 PL. As 
obtained from time-resolved PL (TRPL) spectroscopy (Fig. 6d) and 
consistently with previous results, O0.2tCN and Ni4%/O0.2tCN samples 
exhibited much shorter average PL lifetimes (4.06 ns and 3.39 ns) than 
bCN (6.22 ns), demonstrating the strong electronic effect of the substi
tutional oxygen and nickel nanoparticles.[3647]. 

3.4. Reaction mechanism 

The generation of H2O2 from the coupling of the oxygen reduction 
reaction (ORR) with the oxidation of an alcohol takes place through two 
main pathways. Both paths share the alcohol dehydrogenation reaction 
and the oxygen adsorption as the initial ORR step:  

RCH2OH + 2 h+ → RCHO + 2H+ (1)  

O2 + * -→ *O2                                                                               (2) 

In one possible path, the reduction of the adsorbed oxygen molecule 
(*O2) can take place through a direct two-electron route:  

*O2 + 2H+ + 2e- → H2O2                                                                (3) 

The second possible ORR pathway is a two-step single-electron 
process, that can be broken down into the following steps:  

*O2 + e- → *O2
–                                                                             (3)  

*O2
– + H+ → *HOO                                                                       (4)  

*HOO + e- → HOO–                                                                       (5)  

HOO– + H+ → H2O2                                                                       (6) 

Besides, the H2O2 evolution reaction competes with the oxygen 
reduction to H2O, which overall involves a total of 4e- (see details in the 
SI): 
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O2 + 4H+ + 4e− → 2H2O                                                                (7) 

A rotating ring-disk electrode (RRDE) was used to determine the 
selectivity of the catalyst toward the production of H2O2 instead of H2O. 
[48] The disk electrode was scanned cathodically at a scan rate of 10 
mV⋅s -1, while the ring potential was set at 0.5 V vs. Ag/AgCl (Fig. 7). The 
linear sweep voltammetry (LSV) curves of bCN achieved Ir = 0.40 
mA⋅cm− 2 and Id = -1.91 mA⋅cm− 2 at − 1.0 V vs. Ag/AgCl. From these 
values, a transfer number n = 2.71 and an H2O2 selectivity of 60.8% was 
determined.[49] Similarly, a transfer number n = 2.32 and an H2O2 
selectivity of 81.2% was obtained for O0.2tCN, and n = 2.24 and an H2O2 
selectivity of 88.9% for Ni4%/O0.2tCN. Overall, the RRDE measurements 
indicated that the oxygen doping and the presence of Ni significantly 
promoted the two-electron pathway for oxygen reduction to H2O2 over 
the four-electron H2O generation. 

To differentiate between the one-step two-electron direct ORR (O2 
→ H2O2) and the sequential two-step single-electron indirect reduction 
(O2 → *O2

− → H2O2) routes,[18,19] LSV curves were analyzed in more 
detail (Figures 7, S14 and S15). Notice that the bCN and O0.2tCN samples 
exhibit two reduction plateaus at around − 0.2 V and − 0.5 V, suggesting 

a two-step pathway for H2O2 generation.[1950] As observed in Fig. 7b,c, 
no obvious H2O2 current is detected in the ring electrode during the first 
plateau, in the potential range − 0.2 V to − 0.4 V. Only when reaching the 
second plateau a ring current is measured, which indicates the succes
sive two single-electron reduction pathway. On the other hand, after 
loading the Ni nanoparticles, the first plateau almost disappears and the 
onset potential of the H2O2 current at the ring electrode approximately 
matches that of the disk electrode, pointing at a one-step two-electron 
direct reduction pathway in Ni4%/O0.2tCN. Overall, these results indi
cate that the introduction of nickel transforms the reaction from a two- 
step single-electron process to a direct two-electron process. 

DFT calculations were carried out to further understand the selec
tivity of the ORR process on CN, OCN and Ni/OCN.(Fig. 8) The top view 
of the intermediates adsorption and the free energy diagram of ORR on 
the three materials are shown in Figure S16 and Table S5. The bCN 
sample is characterized by the strongest adsorption strength of ORR 
intermediates, which may hamper the product formation. The reduction 
of *OOH and *OH to form the final products, H2O2 or H2O, are generally 
considered as the limiting ORR steps determining the reaction rate and 
pathway, either 2e- or 4e-. [17] The change of Gibbs free energy (ΔG) for 
the reduction of *OOH and *OH on CN was calculated to be 1.42 eV and 

Fig. 6. (a) Photocurrent response curves of bCN, O0.2tCN and Ni4%/O0.2tCN; (b) Electrochemical impedance spectroscopy (EIS) Nyquist plots of bCN,O0.2tCN and 
Ni4%/O0.2tCN; (c,d) PL spectra and TRPL decay of bCN,O0.2tCN and Ni4%/O0.2tCN. 

Fig. 7. LSV curves of (a) bCN, (b) O0.2tCN and (c) Ni4%/O0.2tCN obtained using an RRDE with a rotating speed of 1600 rpm and a ring biased at 0.5 V.  
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1.35 eV, respectively (Fig. 7d). The similar ΔG for *OOH and *OH 
reduction on CN points toward the simultaneous occurrence of the two- 
electron and four-electron pathways. With the oxygen doping, ΔG for 
the reduction of *OOH and *OH on OCN decreased to 0.72 eV and 0.99 
eV, respectively. Besides, with the introduction of Ni, ΔG values further 
decreased down to 0.35 eV and 0.66 eV, respectively. The lower ΔG 
values obtained for OCN and particularly for Ni/OCN are consistent with 
experimental data obtained for OtCN and Ni/OtCN. Besides, notice that 
the ΔG of the reduction of *OOH is significantly lower than that of *OH 
reduction in OCN and Ni/OCN samples, involving a higher probability of 
the 2e– ORR pathway than the 4e-. These DFT calculation results are 
consistent with the experimental data obtained from the RRDE test, 
further demonstrating that the oxygen doping and the Ni loading incline 
the catalyst toward two-electron reactions, which can significantly 
improve the H2O2 generation efficiency. 

Additional experimentally of the ORR pathway were obtained by 
introducing a *O2− trapping agent in the solution, PBQ (1 mM). As 
shown in Figure S17a-c, after introducing the PBQ, the H2O2 generation 
rate strongly decreased for bCN and O0.2tCN, by an 88% and 84%, 
respectively, demonstrating the important role played by *O2− as an 
intermediate during H2O2 generation process, i.e. pointing at the two- 
step single-electron process as the main pathway for H2O2 generation 
process in bCN and O0.2tCN. On the contrary, the Ni4%/O0.2tCN sample 
showed just a 35% decrease of H2O2 generation in the presence of PBQ, 
indicating the predominance of the two-electron process over the two 
single-electron processes. 

To further explore the reaction mechanism and determine the role of 
superoxide radicals in the reaction process, DMPO spin-trapping EPR 
spectroscopy was used to determine the presence of *O2

− in the surface 
of the photocatalyst. As shown in Figure S17d, after irradiating bCN with 
visible light for 3 min with DMPO and methanol, four characteristic EPR 
features were observed. These DMPO-*O2

− characteristic EPR peaks 
were much more intense for the Ot0.2CN sample under the same con
ditions, indicating that O0.2tCN can generate larger amounts of *O2

– 

during the H2O2 evolution process, which is consistent with its higher 
H2O2 generation rate. On the other hand, while Ni4%/O0.2tCN provided 
much higher H2O2 generation rates than O0.2tCN, the *O2

− character
istic EPR signal was less intense, involving significant participation of an 
alternative path for H2O2 generation, i.e. the direct two-electron pro
cess. This result further confirms that the direct two-electron process has 
a fundamental role in the large H2O2 generation rates obtained in the 
presence of Ni. 

Stability cycles of the Ni4%/O0.2tCN for H2O2 evolution under 
visible-light irradiation are displayed Figure S18a. After 20 h of reaction, 
with five four-hour cycles, the catalyst maintained over 81 % 

photocatalytic H2O2 generation activities, i.e. about 99.3 μmol⋅h− 1, 
demonstrating excellent stability and reusability. Besides, SEM and XRD 
analysis of the catalyst after 20 h photocatalytic H2O2 reaction 
demonstrated the morphology and crystallographic structure of the 
material to be stable under photocatalytic reaction conditions 
(Figure S18b,c). 

4. Conclusion 

In summary, we detailed the synthesis of hollow tubular g-C3N4 
(tCN), and demonstrated their controlled oxygen doping (OtCN), and 
their surface modification with highly dispersed nickel nanoparticles 
(Ni/OtCN) through a photoreduction process. OtCN samples displayed a 
hollow tubular structure with a large specific surface area (124 m2⋅g− 1). 
With larger SSA and more porous structure, OtCN can provide more 
reactive sites, improve the light absorption by the multiple diffusion and 
accelerate the diffusion of reactants and products on the surface. Based 
on the DFT and RRDE results, the doping with oxygen and the presence 
of Ni nanoparticles greatly reduced the energy barrier for H2O2 gener
ation, and improved the H2O2 selectivity from 60.8% to 88.9%, which 
enabled a more effective and efficient ORR towards H2O2 evolution. 
After loading the Ni nanoparticles, the electrons on the conduction band 
of OtCN are transferred to the surface of Ni which has a lower Femi level 
and then reducing the oxygen through a one-step two-electron direct 
reduction (O2 → H2O2) route, which is more efficient for H2O2 genera
tion. Efficient charge separation and high selective formation of H2O2 
during ORR process allow Ni4%/O0.2tCN to achieve an outstanding 
production rate up to 2464 μmol g -1⋅h − 1 under visible light and 5021 
μmol g -1⋅h − 1 under simulated solar light and AQY of 28.2% at 380 nm 
and 14.9% at 420 nm. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

Ruifeng Du, Ke Xiao, Xu Han, Chaoqi Zhang and Xiang Wang thank 
the China Scholarship Council for the scholarship support. IREC and 
ICN2 acknowledge funding from Generalitat de Catalunya, projects 
2017 SGR 1246 and 2017 SGR 327, respectively. The authors thank the 
support from the project COMBENERY (PID2019-105490RB-C32) and 
NANOGEN (PID2020-116093RB-C43), funded by MCIN/ AEI/ 
10.13039/501100011033/. ICN2 is supported by the Severo Ochoa 
program from Spanish MINECO (Grant No. SEV-2017-0706) and is 
funded by the CERCAProgramme / Generalitat de Catalunya. Baoying Li 
and Jianbin Chen greatly appreciate the financial support from the 
National Natural Science Foundation of China (Nos. 22171154 & 
21801144), the Youth Innovative Talents Recruitment and Cultivation 
Program of Shandong Higher Education, The Project Supported by the 
Foundation (No. ZZ20190312) of State Key Laboratory of Biobased 
Material and Green Papermaking, Qilu University of Technology 
(Shandong Academy of Sciences). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cej.2022.135999. 

References 

[1] Y. Kofuji, Y. Isobe, Y. Shiraishi, H. Sakamoto, S. Tanaka, S. Ichikawa, T. Hirai, 
Carbon nitride-aromatic diimide–graphene nanohybrids: metal-free photocatalysts 
for solar-to-hydrogen peroxide energy conversion with 0.2% Efficiency, J. Am. 
Chem. Soc. 138 (2016) 10019–10025, https://doi.org/10.1021/jacs.6b05806. 

Fig. 8. Free energy diagrams of oxygen reduction reaction steps on bCN, 
O0.2tCN and Ni4%/O0.2tCN. 

R. Du et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/j.cej.2022.135999
https://doi.org/10.1016/j.cej.2022.135999
https://doi.org/10.1021/jacs.6b05806


Chemical Engineering Journal 441 (2022) 135999

9

[2] M. Melchionna, P. Fornasiero, M. Prato, The rise of hydrogen peroxide as the main 
product by metal-free catalysis in oxygen reductions, Adv. Mater. 31 (2019) 
1802920, https://doi.org/10.1002/adma.201802920. 

[3] S. Yang, A. Verdaguer-Casadevall, L. Arnarson, L. Silvioli, V. Čolić, R. Frydendal, 
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1. Introduction

Lithium–sulfur batteries (LSBs) are 
regarded as the most promising candidate 
to replace lithium–ion batteries (LIBs) in 
next-generation energy storage systems. 
Compared with LIBs, LSBs are character-
ized by a sixfold higher theoretical energy 
density, 2600 W h kg−1, and a potentially 
lower cost and environmental impact 
if properly selecting the cathode mate-
rials.[1–3] Despite these attractive advan-
tages, the electrically insulating character 
of sulfur and the shuttle effect of interme-
diate lithium polysulfides (LiPS) greatly 
limit the practical application of LSBs.[4] 
Additionally, the serious volume changes 
and slow redox kinetics during the 
charging/discharging process also reduce 
the cycling life and power density.[5]

Several sulfur host materials have 
been proposed to overcome the afore-
mentioned limitations.[2,6] Carbon-based 
hosts with high electrical conductivity 

The shuttle effect and the sluggish reaction kinetics of lithium polysulfide 
(LiPS) seriously compromise the performance of lithium–sulfur batteries 
(LSBs). To overcome these limitations and enable the fabrication of robust 
LSBs, here the use of a Mott–Schottky catalyst based on bimetallic phos-
phide CoFeP nanocrystals supported on carbon nitride tubular nanostruc-
tures as sulfur hosts is proposed. Theoretical calculations and experimental 
data confirm that CoFeP@CN composites are characterized by a suitable 
electronic structure and charge rearrangement that allows them to act as a 
Mott–Schottky catalyst to accelerate LiPS conversion. In addition, the tubular 
geometry of CoFeP@CN composites facilitates the diffusion of Li ions, 
accommodates volume change during the reaction, and offers abundant lithi-
ophilic/sulfiphilic sites to effectively trap soluble LiPS. Therefore, S@CoFeP@
CN electrodes deliver a superior rate performance of 630 mAh g−1 at 5 C, and 
remarkable cycling stability with 90.44% capacity retention over 700 cycles. 
Coin cells with high sulfur loading, 4.1 mg cm−2, and pouch cells with 0.1 Ah 
capacities are further produced to validate their superior cycling stability. In 
addition, it is demonstrated here that CoFeP@CN hosts greatly alleviate the 
often overlooked issues of low energy efficiency and serious self-discharging 
in LSBs.
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and large specific surface area (SSA), like graphene,[7] carbon 
nanotubes,[8] and hollow carbon spheres,[9] have been employed 
to disperse sulfur species and confine the volume expansion. 
However, the weak physical interaction between LiPS and the 
non-polar surfaces of these materials makes them ineffective to 
capture soluble LiPS, which results in a serious shuttle effect 
and a reduced cyclability.[10] Previous work has demonstrated 
that LiPS can be confined through strong chemical binding and 
rapid catalytic conversion at polar surfaces.[11] In this direction, 
the use of transition metal oxides (TMO) and sulfides (TMS) 
remarkably improve cycling performance. But unfortunately, 
polar TMO/TMS usually suffer from unsatisfying electrical 
conductivities that greatly limit the rate performance.

Alternatively, transition metal phosphides (TMP) with 
metallic character may simultaneously provide the required 
high electrical conductivity and polar surfaces.[12,13] Besides, 
TMP also show exceptional catalytic activity towards Li–S redox 
reactions. As an example, the Qian group showed cobalt phos-
phide to exhibit the best catalytic performance among several 
Co-based compounds and associated this experimental evi-
dence with an appropriate p-band position.[14] Among phos-
phides, bimetallic compositions provide an additional degree 
of freedom to tune the electronic structure and optimize elec-
trocatalytic activity in several reactions, including hydrogen and 
oxygen evolution,[15,16] and CO2 reduction,[17] among others. To 
maximize the amount of LiPS adsorption sites and catalytic 
activity, the TMP should be nanostructured. In this direction, 
TMP nanocrystals (NCs) can provide relatively high SSAs and 
abundant unsaturated sites and defects to effectively reduce the 
reaction energy barrier.[18] To prevent their aggregation caused 
by the surface energy, and also compensate for the relatively 
high volumetric density of TMP, TMP NCs can be combined 
with lightweight support, which should be characterized by a 
large SSA to support a high dispersion of the TMP phase and 
high porosity to allow an effective diffusion of lithium ions.

As a proper support material, graphite C3N4 is based on 
abundant elements and it can be obtained with high SSA.[19] 
Besides, in contrast to graphene and carbon nanotubes, the 
presence of Lewis-base pyridine nitrogen in C3N4 can effectively 
interact with the strong Lewis-acid of terminal Li atoms in LiPS, 
thus contributing to prolonging the lifespan of LSBs.[20–22] In 
terms of geometric structure, graphite C3N4 nanosheets (s-CN) 
prepared by the traditional liquid-phase exfoliation method 
usually suffer from low SSA due to re-aggregation by van der 
Waals forces.[23] On the other hand, template methods to pro-
duce high-SSA C3N4 are cumbersome and wasteful, inappro-
priate for a technology with a huge potential market and thus 
potentially requiring enormous amounts of materials.[19]

Besides, the catalytic activity of C3N4-based catalysts can be 
significantly augmented by altering their electronic structures 
through tuning the surface/interface atom environment.[24,25] 
When combining metallic TMP NCs with n-type semicon-
ductive C3N4, the charge is rearranged at the created Mott–
Schottky junction and a built-in electric field appears at the 
TMP/C3N4 interphase.[25–27] This electric field with altered elec-
tron cloud density potentially promotes catalytic activity, sup-
press the shuttle effect, and boost lithium ion diffusion, sub-
sequently improved Li–S performance.[28,29] Despite the great 
promise on regulating Li–S reaction, there is little research on 

Mott–Schottky catalyst up to date. And to the best of our knowl-
edge, there is no report investigating the electronic structure of 
TMP/C3N4 heterojunction attempt to apply for LSBs.

In the present study, we first engineer and characterize a 
novel porous graphite C3N4 tubular structure (t-CN). Subse-
quently, we use an electrostatic self-assembly method to blend 
this novel t-CN with colloidal CoFeP NCs, which we selected 
taking into account the catalytic activity toward Li–S reaction of 
single-metal cobalt/iron phosphides and its proper band align-
ment with CN.[30,31] The obtained tubular CoFeP@CN Mott–
Schottky catalysts are then analyzed both experimentally and 
through theoretical calculations. Afterwards, the performance 
of S@CoFeP@CN cathodes is thoroughly tested and their 
superior cycling stability and rate capability are demonstrated. 
Finally, lithium–sulfur pouch cells are manufactured and their 
potential toward practical applications is validated.

2. Results and Discussions

t-CN was synthesized by annealing a mixture of urea and mel-
amine that had been previously pressed at 10  MPa. The mix-
ture was annealed at 550 °C during 4 h in air and resulted in a 
yellow powder (see details in the Experiment Section). No post-
exfoliation or etching treatment was carried out. Scanning elec-
tron microscopy (SEM) characterization of the yellow powder 
displayed a hollow tubular structure with 300–500  nm outer 
diameter and several micrometer long tubes (Figure 1a). Trans-
mission electron microscopy (TEM) confirmed the tubular 
morphology of the product and further displayed the tube walls 
to be highly porous (Figure  1b; Figure S1a, Supporting Infor-
mation). Powder X-ray diffraction (XRD) patterns revealed the 
obtained powder to display the graphite C3N4 crystal structure 
(Figure S1b, Supporting Information). The uniform distribu-
tion of C and N in t-CN was confirmed by scanning transmis-
sion electron microscopy-electron energy loss spectroscopy 
(STEM-EELS) and X-ray photoelectron spectroscopy (XPS) 
(Figure S1a,c, Supporting Information). Meanwhile, the high-
resolution XPS N1s spectrum (Figure S1d, Supporting Informa-
tion) proved a high 68.3% content of pyridinic nitrogen, which 
could be beneficial to capture LiPS by forming LiN bonds 
through its extra pair of electrons.[20]

As a reference material, s-CN was produced through the 
conventional liquid-phase exfoliation method. XRD and SEM 
analysis showed s-CN to have a similar crystallinity as t-CN, 
but an obviously different geometry (Figure S2a,b, Supporting 
Information). The Barrett–Joyner–Halenda SSA of t-CN was 
186 m2 g−1 and its pore volume 0.85 cm3 g−1, with a relatively 
narrow microporous distribution and a fraction of mesopores 
(Figure S2c,d, Supporting Information). This contrasted with 
the sevenfold lower SSA and sixfold lower pore volume obtained 
for s-CN, related to the different geometry. s-CN suffers from 
strong van  der  Waals interaction that drives their re-stacking 
and thus results in moderate surface areas. On the contrary, 
the folding of C3N4 sheets into tubular structures can effectively 
avoid stacking, thus providing much larger SSAs and pore vol-
umes. A comparison of the SSA and pore volume of previously 
reported graphite C3N4 can be found in Table S1, Supporting 
Information. Besides a simple preparation, the t-CN reported 
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here exhibited significant advantages in terms of SSA and pore 
volume compared with previously reported materials.

CoFeP NCs with an elongated geometry and an average size 
of 21.2 ± 3.2 nm were produced using our previously reported 
colloidal synthesis method (Figure  1c).[32] A uniform distribu-
tion of Co, Fe, and P elements within each particle was revealed 
by STEM-EELS elemental composition maps (Figure 1d). High-
resolution TEM (HRTEM) and XRD characterization proved the 
CoFeP NCs to have an orthorhombic crystal phase belonging 
to the pnma space group (JCPDS 01-082-5970, Figure  1d; 
Figure S3, Supporting Information). SEM-energy dispersive 
X-ray spectroscopy (EDX) analysis revealed the ratio of the ele-
ments of Co:Fe:P to be close to 1:1:1.2 (Figure S3b, Supporting 
Information), with the small excess of phosphorous most prob-
ably located at the NC surface and playing a ligand role.[33]

Zeta potential measurements (Figure S4, Supporting 
Information) revealed the different signs of the charge at the 
surface of CoFeP NCs (positively charged) and t-CN (nega-
tively charged). Taking advantage of this different charge, 
CoFeP@CN nanocomposites with a 1:1 mass ratio were 

prepared by a simple solution-phase electrostatic self-assembly 
method (Figure  1e,f).[34] This process maintained the tubular 
morphology of t-CN intact (Figure 1g).[35] EDX elemental maps 
showed a homogeneous dispersion of CoFeP NCs throughout 
the t-CN surface (Figure  1h). High-angle annular dark-field 
(HAADF) images further confirmed the homogeneous distri-
bution of CoFeP NCs on t-CN (Figure 1i). In HAADF images, 
CoFeP NCs with a higher atomic number possess a stronger 
ability to scatter electrons than t-CN, thus appear much 
brighter. XRD patterns of the composites displayed diffraction 
peaks corresponding to both crystallographic structures: the dif-
fraction peak at 27.4° belonging to the (002) plane of graphite 
C3N4 and the diffraction peaks at 40.5° and 51.7° corresponding 
to the (112) and (020) planes of CoFeP (Figure 1k).

Graphite C3N4 is an n-type semiconductor. Its computed 
work function (WF) is around 4.4  eV and its band gap is 
≈2.6  eV.[36] On the other hand, the WF of metallic CoFeP can 
be estimated at around 4.8  eV (Figure S5, Supporting Infor-
mation).[27,37] When placed in contact, the difference in Fermi 
levels drives an injection of electrons from C3N4 to CoFeP, until 

Figure 1.  a) FESEM and b) TEM images of t-CN. c) TEM image of CoFeP nanocrystals and their size distribution histogram. d) (Left and middle) 
HAADF STEM image and EELS chemical composition maps of CoFeP nanocrystals. (Right) HRTEM image and corresponding indexed power spectrum 
e) Optical image of t-CN, CoFeP, and CoFeP@CN particles dispersed in solution. f) Schematic illustration of the process used to produce CoFeP@CN 
composites from the assembly of the two types of differently-charged particles. g) FESEM image and h) EDX compositional mapping of CoFeP@CN.  
i) TEM image of a CoFeP@CN composite. j) HAADF STEM image and EELS chemical composition maps of CoFeP@CN. k) XRD pattern of CoFeP@CN.
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the WFs of the two materials at the interface are equilibrated. At 
equilibrium, an upward bending of the electron energy bands 
of C3N4 at the interface and an electric field pointing from C3N4 
to CoFeP remain, forming a Mott–Schottky heterostructure 
(Figure 2a,b).[27,38]

High-resolution XPS valence band spectra confirmed the 
semiconducting and metallic character of t-CN and CoFeP, 
respectively (Figure S6b, Supporting Information). The XPS 
valence band spectrum of CoFeP@CN composite also showed 
the Fermi level to lie within a band of states, as in the case 
of CoFeP. The C 1s spectra of t-CN and CoFeP@CN showed 

three bands (Figure  2c). The band at 284.8  eV corresponding 
to adventitious CC was used as a reference. The main C 1s 
peak from t-CN was located at 288.5  eV and corresponded to 
the NCN chemical environment of carbon nitride.[15] In the 
composite material, a significant blue shift of the this NCN 
band, up to 288.7 eV, was obtained. This shift was related to the 
electron loss of t-CN when in contact with CoFeP NCs.[15,39]

The Co 2p spectrum of CoFeP displayed two bands at 
778.6  eV (2p3/2) and 793.4  eV (2p1/2), associated with a CoP 
chemical environment (Figure  2d). Two additional bands at 
781.6  eV (2p3/2) and 797.5  eV (2p1/2) were assigned to oxidized 

Figure 2.  a,b) Energy band diagrams of metallic CoFeP and n-type semiconducting graphite-C3N4 before (a) and after (b) Schottky contact formation. 
Evac = vacuum level, Ec = conduction band minimum, Ev = valence band maximum, EF = Fermi level. c) C 1s high-resolution XPS spectra from t-CN 
and CoFeP@CN. d) Co 2p high-resolution XPS spectra from CoFeP and CoFeP@CN. e) Gain/loss of electrons of the different atoms calculated by 
Bader charge analysis.

Adv. Energy Mater. 2021, 11, 2100432
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cobalt species arising from the exposure of the sample to air 
during handling and transportation.[26,40] Additional shake-
up satellite peaks located at 786.1 and 803.2  eV were also dis-
cerned. A slight shift of the Co 2p bands toward lower binding 
energies was observed when supporting the CoFeP NCs on 
t-CN, consistent with a charge arrangement at the interface and 
an increased electron density in Co atoms.[26,40]

Similar results were obtained when analyzing the Fe 2p 
spectra, displaying bands associated with a Fe-P environment at 
707.6eV (2p3/2) and 720.0 eV (2p1/2), and bands associated to an 
oxidized environment at 710.7 eV (2p3/2) and 724.2 eV (2p1/2).[41] 
A similar band shift was observed for Fe and Co when con-
tacting CoFeP with t-CN (Figure S6c, Supporting Information).

A larger degree of surface oxidation was observed in the 
CoFeP NCs supported on t-CN than in the unsupported NCs. 
However, XRD patterns in Figure  1k confirmed the presence 
of the CoFeP phase in both samples, indicating an overall low 
content of CoPOx or FePOx in CoFeP@CN samples. Notice in 
any case that recent reports have demonstrated that TMPs with 
an oxidized surface can still effectively promote LiPS capture 
through the metal oxide and phosphate sites, which can form 
strong metalS and oxide PLi bonds, respectively.[42]

Density functional theory (DFT) calculations further dem-
onstrated a charge redistribution at the atomic scale when 
placing the two materials in contact. According to XRD results 
of CoFeP, we constructed a slab model based on the exposed 
CoFeP (112) facet and a graphite C3N4 monolayer to evaluate 
the charge transfer at the interface. Bader charge analysis cal-
culated charge redistribution at the CoFeP/C3N4 interface and 
quantified that the bottom CoFeP unit cell gains 1.84 electrons 
from the CN layer. The gain/loss of electrons of the different 
atoms is displayed in Figure 2e.

Sulfur was introduced within the CoFeP@CN by a melt-dif-
fusion process (see the Experimental Section for details). SEM 
characterization of the obtained S@CoFeP@CN composites 
revealed the tubular structure of CoFeP@CN to be conserved 
after S addition (Figure S7a, Supporting Information). XRD pat-
terns confirmed the presence of crystalline sulfur (JCPDS No. 
08-0247) within S@CoFeP@CN composites (Figure S7b, Sup-
porting Information)[43] and a homogenous distribution of the 
different elements was proven by EDS mapping (Figure S7c,  
Supporting Information). With the introduction of sulfur, the 
SSA value sharply decreased from 86.8 m2 g−1 (CoFeP@CN)  
to 1.8 m2 g−1 (S@CoFeP@CN), as shown in Figure S7d,  
Supporting Information. Thermogravimetric analysis allowed 
quantifying the sulfur content in the S@CoFeP@CN com-
posite at about 70 wt%, consistent with the nominal amount 
introduced (Figure S7e, Supporting Information). The same 
preparation process was employed to load equivalent amounts 
of sulfur into other hosts, CoFeP, t-CN, and Super P, which 
were used as reference materials when testing CoFeP@CN per-
formance (Figure S8, Supporting Information).

The LiPS adsorption ability of the host material plays a key 
role in suppressing the shuttle effect in LSBs, thus it is the first 
property analyzed when screening different materials toward 
finding a good sulfur host. To evaluate LiPS affinity, the same 
amount of the different hosts was immersed into a 10 mm LiPS 
(≈Li2S6) solution. After 12 h, clear differences in the color of 
the solution containing the different materials were observed, 

indicating a different degree of LiPS adsorption (Figure  3a; 
Figure S9, Supporting Information). Adsorption results were 
also confirmed by analyzing the UV−vis spectra of the solutions 
in the range of 400–500 cm−1 (Figure 3b).[31,44,45]

Comparing the t-CN developed here with s-CN obtained by 
conventional exfoliation methods, we observed how the t-CN 
exhibited a much higher LiPS adsorption ability as qualitatively 
observed by the much lighter color of its final solution (Figure S9,  
Supporting Information). This result is consistent with the 
larger SSA and pore volume of t-CN compared with s-CN. Sub-
sequently, we compared the LiPS adsorption ability of CofeP@
CN, CoFeP, t-CN, and Super P. We noticed that the color of the 
solutions containing t-CN and/or CoFeP was much lighter than 
that of the solution containing Super P, inferring a stronger 
interaction of t-CN and CoFeP with LiPS. The clearest solution 
was obtained with the presence of CoFeP@CN, demonstrating 
that the composite was characterized by an additional LiPS 
adsorption capability when compared with the same amount of 
each of the components.

Additional XPS analyses were conducted to understand the 
chemical interaction between CoFeP@CN and LiPS during the 
Li2S6 adsorption experiment. From the comparison of the N 
1s spectra of the composite before and after Li2S6 adsorption 
(Figure 3c), a distinct shift could be observed in the pyridinic-N 
band from 399.1 to 399.3  eV.[46] The small additional band in 
the CoFeP@CN-LiPS sample at 397.8 eV is attributed to NLi 
bond formation during the adsorption process.[47,48] These 
results were consistent with previous reports demonstrating 
that LiPS could anchor on active nitrogen sites through dipole–
dipole interactions. This Li–N chemical interaction certainly 
contributes to inhibiting the shuttling effect.[49]

Meanwhile, the Co 2p3/2 and Fe 2p3/2 XPS spectra displayed 
in Figure  3d,e show that after interaction with Li2S6, bands 
corresponding to CoP or FeP environments suffered an 
obvious shift to higher binding energy, indicating the forma-
tion of CoP/S and FeP/S bonds.[30,44] Additionally, the rela-
tive intensity of the oxide Co and Fe bands decreased in the 
CoFeP@CN-LiPS sample, which was also consistent with the 
formation of strong CoS and FeS bonds during the Li2S6 
adsorption process which partially prevented the surface oxida-
tion.[42,44] In Figure 3f, a band shift can be also found in the P 
2p spectrum, which might be attributed to the accumulation of 
electrons at P sites related to the interaction with terminal Li 
atoms in Li2S6 species.[50,51]

DFT calculations were conducted to determine the affinity 
between chained LiPS species and CoFeP and t-CN. The 
binding energies and atomic structures between LiPS (Li2S2, 
Li2S4, Li2S6, and Li2S8) and CoFeP (001) and graphite C3N4 (001) 
surfaces were calculated (Figure S10, Supporting Information). 
Compared with previous reports on graphitic carbon,[52,53] the 
more negative LiPS binding energies on the surface of CoFeP 
and graphite C3N4 (Figure 3i) indicated stronger adsorption of 
soluble LiPS on the latter two. The chemical adsorption of LiPS 
with CoFeP@CN is mainly originated from the treble interac-
tions: i) Lewis-base pyridine N in t-CN with extra pair of elec-
trons interact with Lewis acid of terminal Liδ+ atoms in LiPS; 
ii) chemical bonding between the terminal Sδ− atoms and Coδ+/
Feδ+ atoms in CoFeP NCs; and iii) chemical bonding between 
Liδ+ atoms and Pδ− atoms. Taking Li2S6-adsorbed structures as 
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an example (Figure 3g,h), Li atoms preferentially bind to N sites 
in C3N4, with a LiN bond distance in the C3N4/Li2S6 model of 
only 2.10 Å. S atoms tend to bind with Co and Fe atoms into a 
small 2.16 Å CoS and 2.21 Å FeS bond distance. Besides, the 
calculated LiP bond distance was 2.50 Å. Overall, the coexist-
ence of multiple adsorption sites to strongly capture the LiPS 
by LiN, Fe/CoS and LiP bonds endow the great potential 
of CoFeP@CN composite as S host in LSBs.

To evaluate the ability of host materials to catalytically accel-
erate the kinetics of polysulfide conversion, cyclic voltammetry 
(CV) tests of Li2S6 symmetrical cells were conducted in the 
voltage window −1 to 1 V. As shown in Figure 4a, t-CN, CoFeP, 
and CoFeP@CN electrodes showed significantly different 
CV curves. The symmetric curves of CoFeP@CN electrodes 
exhibited higher peak current densities than t-CN and CoFeP 
electrodes, demonstrating the combination of both materials 
within a heterostructured composite to boost the electrochem-
ical activity of polysulfide conversion.[54] When similar experi-
ments were carried out on CoFeP@CN electrodes without Li2S6 

addition in the electrolyte (Figure S11, Supporting Informa-
tion), the approximately rectangular-shaped CV curves obtained 
demonstrated a pure capacitive behavior rather than a chemical 
reaction. This result implies that Li2S6 was the unique electro-
chemically active species in the system.[43]

The electrochemical performance of the electrodes was 
evaluated using LSBs assembled in coin cells. Figure  4b and 
Figure S13, Supporting Information display the CV curves 
obtained from S@t-CN, S@CoFeP, S@CoFeP@CN, and S@
Super P cells, respectively. All curves showed two reduction 
peaks (peak I and II), which corresponded to a two-step S reduc-
tion process upon cathodic scanning: peak I was attributed to 
the transformation from S8 to soluble long-chain LiPSs (Li2Sx, 
4 ≤ x ≤ 8), followed by a further reduction to insoluble Li2S2/
Li2S in peak II.[53,55] The anodic peak (peak III) was ascribed to 
the reverse multistep oxidation process of short-chain sulfides 
to LiPS and eventually to sulfur. S@CoFeP@CN electrodes 
exhibited the most intense peak currents and the cathodic/
anodic peaks located at the most positive/negative potentials 

Figure 3.  LiPS adsorption ability. a) Optical image and b) UV−vis spectra of the polysulfide solution containing the different adsorbers overnight. High-
resolution XPS spectrum of c) N 1s, d) Co 2p3/2, e) Fe 2p3/2, and f) P 2p before and after CoFeP@CN interaction with Li2S6. g,h) Relaxed Li2S6-adsorbed 
structures on the surface of g) graphite-C3N4 and h) CoFeP calculated with DFT. i) The calculated binding energy between LiPSs (Li2S2, Li2S4, Li2S6, and 
Li2S8) and graphite-C3N4 and CoFeP surfaces.
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(Figure  4c). This result indicated that among the tested mate-
rials, CoFeP@CN was the most effective catalyst in promoting 
the polysulfides redox reaction kinetics. Catalytic activities were 
further quantified through the onset potentials at 10 µA cm−2 
current density beyond the baseline current (Figure S12, Sup-
porting Information).[43,53] Among the three kinds of electrode 
tested, the onset potentials of S@CoFeP@CN were the highest/
lowest in reduction/oxidation peaks (Figure 4c), demonstrating 
an effective decrease of the overpotential in LiPS conversion 
reaction.

Charging/discharging tests at different current rates were 
conducted for the three types of electrodes. At the current 
rate of 0.1 C, all electrodes showed one charging and two dis-
charging plateaus, consistently with the measured CV peaks 
(Figure 4d). A voltage gap ΔE found between the oxidation and 
the second reduction plateaus introduced polarization poten-
tial in the redox reaction, which was taken as the voltage gap 
at 50% discharged capacity.[43,56] S@CoFeP@CN electrodes dis-
played a lower polarization potential (ΔE  = 147  mV) than S@
CoFeP (ΔE = 158 mV), S@t-CN electrodes (ΔE = 211 mV), and 

S@Super P electrodes (ΔE = 223 mV, Figure S13b, Supporting 
Information), demonstrating the synergism between the two 
components within CoFeP@CN to accelerate the LiPS conver-
sion kinetics. S@CoFeP electrodes exhibited a much better 
polarization than S@CN because of the intrinsic metallic and 
semiconductor nature of CoFeP and t-CN, respectively. S@
CoFeP@CN electrodes also exhibited the lowest overpotentials 
in the phase conversion between soluble Li2S4 and insoluble 
Li2S2/Li2S (Figure S14, Supporting Information).[57]

The catalytic activity of the host materials toward the LiPS 
conversion reaction can be quantified by the ratio Q2/Q1, 
where Q1 and Q2 denote the capacity of the two discharge pla-
teaus (Figure  4d). Q1 corresponds to the reduction of sulfur 
to soluble LiPS (S8 + 4Li+ + 4e− → 2Li2S4) and Q2 to the sub-
sequent transfer to insoluble sulfide (2Li2S4  + 12Li+  + 12e−  → 
8Li2S), respectively.[43] During the second plateau (Q2), the final 
product Li2S generally accompanied by the presence of Li2S2 
due to sluggish reaction kinetics, which inhibits the release of 
capacity during the Q2 stages. Thus, while the capacity ratio 
should be Q2/Q1 = 3, taking into account the electrons involved 

Figure 4.  Polysulfide redox activity. a) CV profiles of symmetrical cells with three different host materials using an electrolyte containing 0.5 mol L−1 
Li2S6 and 1 mol L−1 LiTFSI dissolved in DOL/DME (v/v = 1/1). b) CV profiles of lithium–sulfur coin cells. c) Peak voltages and onset potentials obtained 
from CV curves with different electrodes. d) Charging/discharging curves of different electrodes at the current rate of 0.1 C. e) DE and Q2/Q1 values 
obtained from charging/discharging curves. f) CV curves of S@CoFeP@CN electrode at various scan rates. Inset shows the CV peak current for peaks 
I, II, and III versus the square root of the scan rates. g) Potentiostatic discharge profile of Li2S nucleation at 2.05 V on different electrodes with Li2S8 
catholyte. h) DFT-calculated Gibbs free energy changes of reduction of LiPS (Li2S6, Li2S4, Li2S2, and Li2S) in the presence of three hosts. i) Li-ion dif-
fusion coefficient value at peaks I, II, and III.
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in each process (4 for Q1 and 12 for Q2), generally ratios lower 
than 3 are obtained. Additionally, the LiPS shuttle effect is 
also reflected in a capacity loss. In all cases, the higher Q2/Q1, 
the better the catalytic ability. As displayed in Figure  4e, S@
CoFeP@CN exhibited the highest Q2/Q1 ratio at 2.74, close to 
the theoretical value and well above that of S@CoFeP (2.47), 
S@t-CN (2.17), and S@Super P (1.88, Figure S13b, Supporting 
Information), which further evidenced the synergistic effect 
towards LiPS redox reaction obtained when combining both 
materials in the CoFeP@CN Mott–Schottky heterostructure.

The efficiency of LSBs is limited by the high charging/dis-
charging overpotentials that are in large part related to the 
sluggish kinetics of deposition/dissolution of insulating solid 
Li2S.[58,59] Thus, we performed Li2S nucleation and dissolution 
experiments to further assess the performance of the materials 
developed here. For this experiment, electrode materials were 
supported on carbon paper (CP, see details in the Supporting 
Information) which is able to soak the catholyte. From the 
potentiostatic discharge profiles in Figure  4g, CP/CoFeP@CN 
exhibited the sharpest nucleation peak and the fastest respon-
sivity toward Li2S nucleation, when compared with CP/t-CN 
and CP/CoFeP electrodes. According to Faraday's law, the con-
version capacity was obtained by integrating the area below the 
current curves. The Li2S deposition capacity of CP/CoFeP@
CN (237.9 mAh g−1) was larger than that of CP/t-CN and CP/
CoFeP electrodes (141.5 and 165.4 mAh g−1, respectively), dem-
onstrating that CoFeP@CN could effectively decrease the over-
potential and promote the Li2S nucleation reaction.[43,59] We 
investigated the kinetics of the Li2S dissolution experiment 
using a similar protocol (Figure S15, Supporting Information). 
In the potentiostatic charge curves, the highest peak current 
densities and shortest peak current time were obtained for the 
CP/CoFeP@CN electrode, indicating a faster Li2S dissolution. 
Moreover, CP/CoFeP@CN electrodes revealed a 532 mAh g−1 
dissolution capacity, much higher than that measured for the 
other electrodes (406 mAh g−1 for CP/t-CN and 466 mAh g−1 for 
CP/CoFeP).

To further verify the catalytic activity of catalysts on the 
LiPS conversion, the Gibbs free energy changes during the 
LiPS reduction on t-CN, CoFeP, and CoFeP@CN were calcu-
lated (Figure 4h). For the liquid-to-solid (Li2S6 to Li2S) nuclea-
tion reaction, all LiPS reduction steps were endothermic with 
relatively large positive Gibbs energy barriers, especially for the 
Li2S2 to Li2S conversion, which was the rate-limiting step.[60] 
However, CoFeP@CN exhibited the lowest Gibbs free energy 
changes (0.47  eV) than CoFeP and t-CN (0.61 and  0.75  eV, 
respectively), and this value is much lower than previously 
reported graphene or N-doped graphene (above 1  eV), which 
suggested that the composite CoFeP@CN was a relatively excel-
lent catalyst to promote the LiPS conversion kinetics.[57,61,62] 
The lowest Gibbs free energy change in the reduction of Li2S2 
measured for CoFeP@CN was consisted of Li2S nucleation test 
and overall, these results demonstrated that CoFeP@CN Mott–
Schottky heterostructure catalyst plays a catalytic role to accel-
erate the Li2S formation.

To obtain further insight into the role of CoFeP@CN in 
accelerating the LiPS reaction, electrode kinetics were further 
analyzed by measuring CV at different scan rates, from 0.1 to 
0.4 mV s−1 (Figure 4f). When increasing the scan rate, the two 

cathodic peaks shifted to more negative potentials and the 
anodic peak shifted to a positive potential, overall increasing 
the polarization voltage. The linear relationship between the 
anodic/cathodic peak current and the square root of the scan-
ning rates pointed at a diffusion-limited reaction (inset in 
Figure  4f). Thus, the classical Randles−Sevcik equation was 
used to calculate the Li+ diffusivity in the process:[63,64]

I n AD C v(2.69·10 )p
5 1.5

Li
0.5

Li
0.5= + + 	 (1)

where Ip is the peak current, n is the number of charge transfer, 
A is the geometric electrode area, DLi+ is the Li+ diffusion coef-
ficient, CLi+ is the concentration of Li+ in the electrolyte, and 
ν is the scan rate. At a given n, A, and CLi+, sharper Ip/ν0.5 
slopes denote faster Li+ diffusion. As displayed in Figure  4f,i 
and Figure S16, Supporting Information, S@CoFeP@CN elec-
trodes exhibited the sharpest slopes for the 3 peaks, thus the 
highest Li+ diffusivity during the redox reactions. In peak I, II, 
and III, the Li+ diffusion coefficients of S@CoFeP@CN were 
2.15, 3.92, and 5.26 × 10−7 cm2 S−1, respectively. Li+ diffusivity 
strongly depends on the viscosity of the electrolyte containing 
LiPS and the accumulation of insulating Li2S/Li2S2 on the elec-
trode.[43,64] The highest diffusivities obtained for the CoFeP@
CN host reflected that the improved reaction kinetics by the 
Mott–Schottky catalyst was in part related to a confined shuttle 
effect and an improved catalytic activity towards LiPS conver-
sion, consistently with the above results.

To further demonstrate the influence of the Mott–Schottky 
heterostructure on the catalytic activity of CoFeP@CN elec-
trodes toward the Li–S reaction, we compared the catalytic 
performance of CoFeP@CN electrodes with that of two addi-
tional electrode architectures that minimized or reduced the 
interaction between the two materials, CoFeP and t-CN. In 
one first design, we divided the electrode area into 4 parts, and 
loaded two of them with CoFeP and two of them with t-CN, 
so the physical, chemical and electronic interaction between 
the two materials was minimized (CoFeP⊗CN, Figure S17a, 
Supporting Information). In a second design, we physically 
mixed CoFeP particles with t-CN (CoFeP+CN, Figure S17b, 
Supporting Information), thus reducing but still maintaining 
some interaction between the two materials. When comparing  
the CV curves of the three electrodes (S@CoFeP@CN; 
S@CoFeP⊗CN; and S@CoFeP+CN, Figure S17c, Supporting 
Information), we observed that the S@CoFeP@CN electrode 
exhibited the highest peak current and the most positive peak 
potential in the reduction process. On the other hand, the worst 
performance was obtained for the electrode having no interac-
tion between the two materials, S@CoFeP⊗CN. Similar results 
were obtained in the Li2S nucleation test (Figure S17d, Sup-
porting Information), with CP/CoFeP@CN electrodes showing 
the fastest peak time and the highest Li2S nucleation capacity, 
and CP/CoFeP⊗CN showing the worse performance as a con-
sequence of the lack of heterostructure formation. CoFeP+CN 
electrodes showed an intermediate behavior as they contained 
a non-optimized mixture of the two compounds with a par-
tial heterostructure formation. Both CV measurements and 
Li2S nucleation test further pointed toward the association of 
the improved catalytic effect with the formation of CoFeP/CN 
Mott–Schottky heterojunctions.
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Figure 5a shows the rate performances of the three types of 
electrodes tested, at current rates from 0.1 to 5 C. S@CoFeP@
CN electrodes systematically exhibited the highest discharge 
capacity at any current rate among the different electrodes 
tested. A high initial discharge capacity at 1607 mAh g−1 was 
measured, demonstrating a very high sulfur activity and utili-
zation. Even at high current rates of 5 C, the average capacity 
stabilized at 630 mAh g−1, well above the capacity obtained for 
S@CoFeP and S@CN electrodes, 406 and 0.23 mAh g−1, respec-
tively. When the current rate was returned to 0.2 C, the average 
capacity of the cells with S@CoFeP@CN electrodes returned 
to ≈1010 mAh g−1, demonstrating remarkable reversibility and 
stability. It is worth mentioning that a negligible capacity was 
obtained from pure CoFeP@CN electrodes, that is, without 
sulfur, under the same measuring conditions (Figure S18, Sup-
porting Information). The galvanostatic charging/discharging 

profiles of S@CoFeP@CN at different current rates are dis-
played in Figure  5b. All discharge curves exhibited two well-
defined discharge plateaus, even at a current density of 5 C. 
In contrast, S@CoFeP electrodes displayed a similar shape but 
much lower capacity (Figure S19a, Supporting Information), 
and S@CN electrodes showed a high polarization potential and 
no capacity response above 2 C (Figure S19b, Supporting Infor-
mation), due to the huge potential barrier and the limited redox 
kinetics of the electrode material. And change of the Q2/Q1 
ratio with the current rate can be found in Figure S20, Sup-
porting Information.

To evaluate the long-term cycling stability of the different 
host materials, cells were continuously cycled at 1 C (Figure 5c). 
The initial discharge capacity of S@CoFeP@CN electrodes at 
1 C was about 844 mAh g−1, and retained about 96.5% capacity 
after 200 cycles, 814 mAh g−1. Significantly lower capacity 

Figure 5.  Electrochemical performance of lithium–sulfur coin cells. a) Rate performances of S@CoFeP@CN, S@CN, and S@CoFeP electrodes.  
b) Charging/discharging curves of S@CoFeP@CN electrode at current rates from 0.1 to 5 C. c) Capacity retention of different electrodes at 1 C over 200 cycles.  
d) Cycling stability of S@CoFeP@CN electrode at 3 C over 700 cycles. e) The energy efficiency of three different electrodes at various current rates.  
f) Change of open-circuit voltage at 72 h self-discharge test and comparison of discharge curves before and after standing of S@Super P and  
S@CoFeP@CN electrodes. g) EIS plot of S@CoFeP@CN electrode before and after 200 cycles at 1 C. The Nyquist curves were fitted considering the 
equivalent circuits shown as inset, where Rs, Rp, Rct, and W stand for the resistance of the electrolyte, insoluble Li2S2/Li2S precipitation layer, interfacial 
charge-transportation, and semi-infinite Warburg diffusion, respectively; and CPE stands for the corresponding capacitance. After cycling at 1 C for  
200 cycles: h) optical images of membranes recovered from coin cells based on S@CoFeP@CN electrode (left) and S@Super P electrode (right);  
i) SEM image of S@CoFeP@CN electrode; j,k) SEM image of lithium foil recovered from a coin cell based on S@CoFeP@CN (j) and S@Super P (k). 
Inset images in (j,k) show the map of the sulfur signal detected by EDX.
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retention was obtained for S@CoFeP electrodes (81.4%), which 
suffered a notable capacity decay during the first 100 cycles. 
This result might be attributed to the relatively low SSA of the 
CN-free CoFeP host (38 m2 g−1 experiment result, that is, a 50% 
of the theoretical SSAs of geometric model, Figure S21, Sup-
porting Information), associated with the high atomic mass of 
its constituents. The partially aggregated CoFeP NCs had insuf-
ficient active sites to anchor the initial excess of sulfur species, 
but as the S content decreased, its stability improved owing 
to its sulfiphilic surface. Capacity retention differences can be 
clearly observed comparing the charging/discharging profiles 
at various cycles (Figure S22a,c, Supporting Information). Sur-
prisingly, even though S@t-CN electrodes exhibited a relatively 
low initial capacity, they were characterized by remarkable sta-
bilities, with retention of about 96.6% after 200 cycles. This 
superior stability can be explained by the t-CN with tubular 
structure here presented that provides a very high SSA to trap 
LiPS species by the lithiophilic sites and a high pore volume 
to accommodate the volume change during cycles, although a 
poor conductivity resulted in a large voltage gap (Figure S21b, 
Supporting Information). Additional cycling was carried out 
on the S@CoFeP@CN electrodes at a higher current rate of 
3 C (Figure  5d; Figure S23, Supporting Information). After 
700 stable cycles at 3 C, S@CoFeP@CN electrodes still pro-
vided a discharge capacity of 606 mAh g−1, showing an average 
0.014% decay per cycle and a stable and high Columbic effi-
ciency above 99.6%.

The compositional ratio of the host material certainly affected 
its catalytic performance. To determine the optimum composi-
tion, three samples with different CoFeP:t-CN weight ratio (one 
above and one below the 50% CoFeP:t-CN ratio analyzed in the 
rest of this work) were prepared and characterized. The weight 
ratios studied were 25%CoFeP:75%t-CN, 50%CoFeP:50%t-
CN, and 75%CoFeP:25%t-CN, and the samples were named 
as 25%CoFeP@CN, 50%CoFeP@CN, and 75%CoFeP@CN, 
respectively. S@50%CoFeP@CN electrodes exhibited better 
rate performance and higher capacity than S@25%CoFeP@CN 
(Figure S24, Supporting Information), which can be attributed 
to a larger Mott–Schottky interface and catalytic sites. On the 
other hand, S@75%CoFeP@CN electrodes provided the worse 
performances, which is explained by a reduced amount of cata-
lytic sites and thus of catalytic activity related to the aggregation 
of the CoFeP NCs on the surface of t-CN, as observed by TEM 
characterization (Figure S25, Supporting Information).

The LSB energy conversion efficiency in the charging/
discharging process, different from the above Columbic effi-
ciency, was calculated by the ratio of energy output/input 
(E  =  ∫UIdt).[53,65] At 0.1 C current rate, the three types of elec-
trode tested exhibited a high energy efficiency of around 90% 
(Figure  5e). When increasing the current rate, S@CoFeP@
CN displayed the highest and most stable energy efficiency, 
retaining 89.91% efficiency at 1 C and 79.89% at 5 C, well above 
the 69.37% for S@CN at 1 C and 74.61% for S@CoFeP at 5 C. 
We associate this higher energy efficiency to the lower polari-
zation potential of CoFeP@CN electrodes, which was in turn 
related to its excellent catalytic properties, as discussed above.

Self-discharging is another main drawback of LSBs. The 
self-discharge profiles of S@CoFeP@CN and S@Super P 
electrodes are presented in Figure 5f. The open-circuit voltage 

(OCV) of the cells was measured during 72 consecutive hours 
after 30 stabilization cycles. During this time, S@Super P elec-
trodes showed a significant OCV decrease to 2.288 V, denoting 
a notable self-discharging. On the other hand, the S@CoFeP@
CN electrode maintained a much more stable OCV, with a final 
voltage of 2.367  V, suggesting superior stability against self- 
discharge. Self-discharging may be more clearly seen in the 
right side of Figure 5f, where the dash/solid curves present the 
discharge curves before/after 72 h of rest under a current rate of 
0.2 C. After the 72 h rest period, an obvious capacity decay, from 
691 to 580 mAh g−1, was obtained from the S@Super P elec-
trode, consistently with the OCV change. On the other hand, 
just a slight capacity loss was measured from the S@CoFeP@
CN electrode, from 989.2 to 975.5 mAh g−1. Under shelf storage 
conditions, the capacity of batteries shows exponential decay 
with storage time tS, so the self-discharge behavior can be quan-
titatively analyzed using the following equation:[66]

Q Q K teD D
0 S S= − 	 (2)

QD
0 and QD are discharge capacities before and after storage 

for a period of time tS, so the self-discharge constant KS can be 
easily obtained from:

K
Q

Q t
= ln ·
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D
0

D S
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While S@Super P electrodes were characterized by a 
KS value of 2.40 × 10−3 h−1, an order of magnitude lower 
self-discharge constant was obtained for S@CoFeP@CN, 
KS = 1.96 × 10−4 h−1, S@CoFeP, KS = 5.9 × 10−4 h−1, and S@t-
CN, KS = 6.5 × 10−4 h−1, electrodes in (Figure S26, Supporting 
Information). The lower self-discharge constant of S@CoFeP@
CN batteries was related to the lower loss of active material and 
a stronger LiPS anchoring.

Electrochemical impedance spectroscopy (EIS) was used to 
further understand the parameters behind the enhanced redox 
kinetics of S@CoFeP@CN electrodes. Figure 5g and Figure S27,  
Supporting Information display the Nyquist plot obtained 
from S@CoFeP@CN, S@CoFeP, and S@CN coin cells before 
and after cycling at 1 C. The fresh electrodes displayed a semi-
circle in the high-frequency region associated with the charge-
transfer resistance (Rct), followed by a linear dependence in the 
low-frequency region that is related to the diffusion of lithium 
ions.[43,67] Data were fitted considering the equivalent circuit 
displayed as an inset in Figure 5g. A moderate Rct was obtained 
for the S@CoFeP@CN electrode (62.99 Ω), when compared 
with that of S@CoFeP (80.36 Ω) and S@CN (125.5 Ω). This 
low Rct denoted an enhanced charge transferability of the 
CoFeP@CN composite when compared with electrodes based 
on each of the composite components. After charging/dis-
charging loops, an additional semicircle in the high-frequency 
range was evidenced. This newly appearing loop was associated 
with the resistance of an insoluble Li2S2/Li2S passivation layer 
(Rp in the equivalent circuit) grown during cycling.[60,67] After 
cycling, Rct notably decreased for the three types of electrode 
tested due to the activation process. After cycling, S@CoFeP@
CN electrodes were characterized by smaller Rct (9.56 Ω) and Rp  
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(20.14 Ω), when compared with S@CoFeP (Rct  = 29.39 Ω 
and Rp  = 23.36 Ω) and S@CN electrodes (Rct  = 52.67 Ω and  
Rp  = 120.91 Ω). The small Rp value obtained for CoFeP and 
especially CoFeP@CN hosts indicated a reduction of the depo-
sition of insulting Li2S/Li2S2 on the surface, associated with an 
accelerated LiPS conversion.[67]

To thoroughly demonstrate that CoFeP@CN host could 
effectively capture soluble LiPS to confine the shuttle effect 
in the charging/discharging process, cycled coin cells were 
disassembled and analyzed after 200 cycles at 1 C. A striking 
contrast in the color of separators of the different cells can 
be observed in Figure  5h. The membrane disassembled from 
a S@CoFeP@CN cell (left one) showed a much lighter color 
than the dark brown membrane recovered from a S@Super 
P (right one). This simple visual inspection demonstrated 
that the CoFeP@CN host could trap polysulfide much more 
effectively than Super P, and thus suppressed self-discharging 
and overall improved the cell efficiency and stability. Another 
strong evidence in support of the inhibited LiPS  dissolution 
of CoFeP@CN was found from the surface morphology of the 
cycled Li anode. Different from the large cracks and severe cor-
rosion phenomenon observed in the surface of the Li anodes 
recovered from S@Super P coin cells, Li foils recovered from 
cycled S@CoFeP@CN coin cells showed a smooth surface 
and lower sulfur signal at their surface, as detected by SEM 
and EDS analysis (Figure  5j,k). Finally, Figure  5i displays the 
morphology of cycled S@CoFeP@CN. Due to the inevitable 

grinding and shearing treatment during the slurry preparation, 
partial crushing happened on the S@CoFeP@CN composite, 
but the original tubular nanostructure was still recognizable 
after cycling, indicating good mechanical stability of the mate-
rial towards lithiation/delithiation cycles.

Increasing the sulfur loading and decreasing the electrolyte 
addition are mandatory to achieve the high energy density LSBs 
required in practical applications. Hence, a series of electro-
chemical tests of S@CoFeP@CN electrodes were conducted 
with high sulfur loading and a lean electrolyte. The results of 
the rate performance of cells produced with 4.1 mg cm−2 high S 
loading can be found in Figure 6a and Figure S28, Supporting 
Information. S@CoFeP@CN electrodes displayed high initial 
discharge capacities at 1255 mAh g−1, which corresponded to 
an areal capacity of 5.15 mAh cm−2, notably above that of com-
mercial LIBs (4 mAh cm−2). Even at high current rates of 3 C, a 
stable discharge capacity at 508 mAh g−1 was obtained. Besides, 
when the current rate was returned to 0.2 C, the initial capacity 
was recovered (Figure S28, Supporting Information). All the 
galvanostatic charging/discharging profiles at different current 
rates clearly exhibited one charge plateau and two discharge 
plateaus, indicating that CoFeP@CN hosts could effectively 
reduce the polarization of LiPS conversion even under high 
sulfur-loading (Figure 6a). And the change of the Q2/Q1 ratio 
with the current rate for a S@CoFeP@CN electrode with a high 
sulfur loading can be found in Figure S29, Supporting Infor-
mation. A high Q2/Q1 value at a low rate was delivered, but 

Figure 6.  a) Charging/discharging curves and b) cycling performance of S@CoFeP@CN electrodes with a 4.1 mg cm−2 sulfur loading. c) Charging/
discharging curves of S@CoFeP@CN electrodes at 0.1 C with lean electrolyte. d) Cycling performance of S@CoFeP@CN electrodes with lean electro-
lyte. e) Optical photograph of a mobile phone being charged by a pouch cell based on a S@CoFeP@CN electrode. f) Cycling performances at 0.4 C of 
a pouch cell based on a S@CoFeP@CN cathode.
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the increased resistance and thickness of the electrode strongly 
limited the Q2 capacity at a high current rate. Figure 6b shows 
the long-term cycling performance of high sulfur loading S@
CoFeP@CN electrode at 1 C. After 400 cycles, the discharge 
capacity was maintained at 608 mAh g−1, which involved an 
87.6% capacity retention, that is, a 0.031% average capacity 
loss per cycle. Figure S30, Supporting Information displays 
the charging/discharging profiles at various cycles, exhibiting 
excellent stability. S@CoFeP@CN electrodes were also charac-
terized by a high and stable Columbic efficiency at 99.3%. Lean 
electrolyte tests were conducted with a low electrolyte usage of 
8.9 and 6.7  mL g−1

Sulfur (Figure  6c,d; Figure S31, Supporting 
Information). The corresponding galvanostatic charge/dis-
charge profiles (Figure  6c) clearly exhibit the enlarged voltage 
gap with the decreased electrolyte volume, which is attributed 
to deteriorative polarization caused by weakened ion trans-
portation in the higher viscosity electrolyte.[68] In spite of this, 
the S@CoFeP@CN cathode with 8.9  mL g−1

Sulfur electrolyte 
still showed superior cycling stability with a capacity reten-
tion of 75.7% after 200 cycles. When the electrolyte amount 
decreased to 6.7  mL g−1

Sulfur, the capacity rapidly decreased to 
some extent but still maintained a stable cycling performance 
demonstrating that the CoFeP@CN catalysts could effectively 
promote the Li–S reaction even under lean electrolyte condi-
tions. Table S2, Supporting Information displays a comparison 
of several parameters of state-of-the-art TMP-based and C3N4-
based materials as cathode hosts for LSBs. Notice that the 
CoFeP@CN host presented here is characterized by the highest 
capacities and stabilities. Besides, to illustrate the practical 
applicability of LSBs based on S@CoFeP@CN cathodes, pouch 
cells were also fabricated according to the schematic diagram 
shown in Figure S32, Supporting Information. S@CoFeP@
CN-based pouch batteries revealed a stable operation at 0.4 C 
during 200 cycles, remarkable capacity retention of 89.6% was 
obtained and accompanied by a high Columbic efficiency at 
99.5% (Figure  6d; Figure S33, Supporting Information), and 
the charged mobile phone clearly demonstrate their potential 
(Figure 6c; Video S1, Supporting Information). All these results 
indicate that S@CoFeP@CN electrodes can definitively help 
LSBs to reach practical applications.

3. Conclusion

In summary, we reported a highly efficient sulfur host for 
robust LSBs, enabled by orthorhombic phased bimetallic phos-
phide CoFeP NCs decorated on novel nanotubular t-CN by a 
facile self-assembly process that took advantage of the different 
sign of the particles surface charge. While each of the materials 
provided advantages in terms of adsorption sites and available 
SSA, the combination of the two materials within CoFeP@CN 
heterostructures awoke a clear synergism between them that 
significantly contributed to improving LiPS adsorption and 
catalytic activity. Besides t-CN allowing a high distribution of 
CoFeP NCs, experimental results and DFT calculations dis-
played a charge redistribution within the formed Mott–Schottky 
heterostructures. Additionally, experimental and theoretical 
work also confirmed the superior LiPS adsorbability realized 
by abundant sulfiphilic/lithiophilic sites in CoFeP and t-CN. 

Besides, the modified electron distribution within heterostruc-
tures allowed reducing the potential barriers and improved 
the redox kinetics during the charging/discharging processes, 
including LiPS phase change and Li2S deposition/dissolution. 
Moreover, the porous CoFeP@CN host provides sufficient 
space to accommodate the volume change and efficient chan-
nels for Li+ diffusion in reaction. As a result, S@CoFeP@CN 
electrodes delivered a high sulfur utilization, superior rate per-
formance (630 mAh g−1 at 5 C), and remarkable cycling stability 
with 90.44% capacity retention over 700 cycles at 3 C. Even with 
4.1  mg cm−2 high-loading sulfur electrode coin cells and the  
0.1 Ah capacity pouch cells test, the robust electrochemical per-
formance results were obtained. In addition, S@CoFeP@CN 
electrodes exhibit high energy efficiency and low self-discharge 
property, which are two frequently neglected issues in material 
research of LSBs. This work not only demonstrated a new and 
highly suitable form of t-CN and further probed the suitability 
of metal phosphides in the field of LSBs, but also provided valu-
able insights into the design of heterostructural electrocatalyst 
to regulate LiPS.

4. Experimental Section
Preparing of CoFeP Nanoparticles: In a typical synthesis, 2.4  g 

(10  mmol) of 1-hexadecylamine (HDA, 90%, Acros Organics) were 
combined with 10.0 mL of 1-octadecene (ODE, 90%, ACROS Organics) 
and 2.6 mL (10 mmol) of triphenyl phosphite (99%, ACROS Organics) 
in a 50  mL flask. The system was degassed and heated to 150  °C and 
maintained at this temperature for 1 h to remove low boiling point 
impurities, moisture, and oxygen. After 4  mL ODE contain 384  mg 
(1  mmol) Co2(CO)8 (95%, ACROS Organics) and 390  mg (2  mmol) 
Fe(CO)5 (Sigma Aldrich) was added into the system the temperature 
was then increased to 290 °C in 20 min and kept there for 1 h. Afterward, 
the mixture was allowed to cool down to 200 °C by removing the heating 
mantle and then cooled rapidly down to room temperature with a water 
bath. The black product was isolated by precipitation with acetone. To 
remove as many organics as possible, two redispersion and precipitation 
cycles using chloroform and acetone were additionally carried out. To 
further remove the organic ligands, 10  mL of CoFeP NCs dispersion 
(10 mg mL−1) in hexane (99.0%, Honeywell) was combined with 10 mL 
acetonitrile (99%, ACROS Organics) to form a two-phase mixture 
and then 1  mL HBF4 solution (48%) was added in it. The resulting 
solution was sonicated until the NCs transferred from the upper to 
the bottom layer. The surface-modified NCs were washed with ethanol 
three times and dispersed in 10  mL ethanol with a little amount of  
N,N-dimethylformamide (DMF, 99.8%, Alfa Aesa) for further use.

Preparing Tubular t-CN and s-CN: The t-CN was prepared by an 
annealing method using a mixture of urea and melamine as the 
precursor. Typically, 100 mg urea (99.5%, ACROS Organics) and 10 mg 
melamine (99%, ACROS Organics) was put in a mortar and grinded 
for 10  min. The mixture powder was loaded into a graphite die and 
compacted into cylinders (Ø 10  mm × 10  mm) under a pressure of 
10 MPa. Then cylinders were put into a crucible covered loosely with a 
lid and then heated at 550 °C for 4 h in static air in a muffle furnace. The 
ramping rate was 5 °C min−1. After cooled naturally to room temperature, 
the resultant yellow solid was collected and grounded into powder for 
further use. s-CN was prepared by the same annealing method using 
melamine as the precursor but without any pressure treatment. After 
cooling naturally to room temperature, the resultant yellow solid was 
collected and grounded into powder, then an ultrasonic treatment was 
conducted for 2 h to obtain the s-CN.

Synthesis of CoFeP@CN Composites: Typically, 50 mg of t-CN powder 
was dispersed in 15  mL ethanol and DMF mixed solution and then 
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sonicated for 1 h. Then 5 mL of a CoFeP ethanol dispersion (10 mg mL−1) 
was added into the mixture solution and stirred for 24 h. The product 
CoFeP@CN(also named 50%CoFeP@CN) was washed with ethanol 
three times and dried under vacuum overnight. 25%CoFeP@CN and 
75%CoFeP@CN were fabricated by the same methods with different 
weight ratio.

Synthesis of S@CN, S@CoFeP, S@CoFeP@CN, and S@Super P: 
Typically, CoFeP@CN and sulfur powder (99.98%, Sigma Aldrich) were 
well mixed with the weight ratio of 1:3, and then heated the mixture at 
155 °C for 6 h in a sealed glass bottle under Ar protection. The redundant 
sulfur not incorporated into CoFeP@CN was removed by 10  mL CS2 
(99.9%, Alfa Aesa) and ethanol solution (1:4, volume ratio). S@CN,  
S@CoFeP, and S@Super P were prepared by the same method.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Abstract: Photocatalytic hydrogen evolution is considered one of the promising routes to solve the en-
ergy and environmental crises. However, developing efficient and low-cost photocatalysts remains an
unsolved challenge. In this work, ultrathin 2D g-C3N4 nanosheets are coupled with flat TiO2 nanopar-
ticles as face-to-face 2D/2D heterojunction photocatalysts through a simple electrostatic self-assembly
method. Compared with g-C3N4 and pure TiO2 nanosheets, 2D/2D TiO2/g-C3N4 heterojunctions
exhibit effective charge separation and transport properties that translate into outstanding photo-
catalytic performances. With the optimized heterostructure composition, stable hydrogen evolution
activities are threefold and fourfold higher than those of pure TiO2, and g-C3N4 are consistently ob-
tained. Benefiting from the favorable 2D/2D heterojunction structure, the TiO2/g-C3N4 photocatalyst
yields H2 evolution rates up to 3875 µmol·g−1·h−1 with an AQE of 7.16% at 380 nm.

Keywords: hydrogen evolution; 2D/2D heterojunction; charge separation

1. Introduction

Owing to the abundance of low-cost solar energy, the numerous uses of hydrogen and
its advantages as an energy carrier, the photocatalytic generation of hydrogen is a highly
appealing process [1,2]. However, the cost-effective photogeneration of hydrogen requires
high activity and stable photocatalysts, development of which has been a long-standing
goal. Over the past decades, numerous semiconductors have been tested as photocatalysts
for hydrogen evolution. Among them, titanium dioxide (TiO2) has received special atten-
tion owing to its stability, high abundance, low toxicity, being the earliest to be discovered
and becoming the first to be industrialized [3]. Nevertheless, due to its wide bandgap and
relatively fast charge recombination rate, its applicability has been strongly limited. Nu-
merous strategies have been proposed to improve the photocatalytic performance of TiO2,
facilitating charge separation and promoting efficiency and activity, [4–7] including the
control of its particle facets and morphology [8–11], its modification with cocatalysts [12–15]
and its coupling with other semiconductors to form heterostructures [16–24].

Graphite carbonitride (g-C3N4) with a layered structure similar to graphite, high
chemical stability and low cost has received increasing interest in recent years [25–27]. In
particular, as a polymeric semiconductor, g-C3N4 has been recently reported as a promising
candidate photocatalyst due to its unique structure and electronic characteristics, with a
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2.7 eV bandgap that allows absorbing part of the visible spectrum [28,29]. Additionally,
two-dimensional (2D) g-C3N4 nanosheets, benefiting from a huge specific surface area
and a suitable band structure, have shown especially interesting properties and offer an
excellent platform to produce heterojunctions with other semiconductors [30–33].

Recently, 2D/2D heterojunctions have been demonstrated to provide great advantages
to improve charge separation [34,35]. 2D/2D heterojunctions simultaneously maximize
the interface and surface areas, i.e., the charge transfer between the two materials and the
interaction with the media, which can potentially improve photocatalytic activities.

In the present work, we target improving photocatalytic hydrogen production using
2D/2D heterojunctions. In this direction, we report the first synthesis of 2D/2D TiO2/g-
C3N4 heterostructures. Such composite materials are produced from the electrostatic assem-
bly of 2D anatase TiO2 flat nanoparticles synthesized through a simple colloidal method
with 2D ultrathin g-C3N4. The produced heterostructures are tested as photocatalysts
for hydrogen evolution under simulated solar light irradiation. The excellent hydrogen
evolution performance obtained after optimizing the weight contents of TiO2 and g-C3N4
within 2D/2D heterojunction are rationalized using photoluminescence, photocurrent and
impedance spectroscopy analysis.

2. Experiment

Synthesis of bulk g-C3N4 (bCN) and ultrathin g-C3N4 (uCN): Bulk g-C3N4 powder
was synthesized by thermal polymerization of urea. Briefly, 10 g of urea (99%, Acros
Organics) was placed into a ceramic crucible. The crucible was covered and heated to
550 ◦C at a ramp rate of 2 ◦C min−1 for 4 h under air atmosphere. After cooling to room
temperature, the resulting light-yellow solid was ground with the mortar to obtain the bulk
g-C3N4 powder. To obtain ultrathin g-C3N4 (uCN), bulk g-C3N4 (2.0 g) was placed in a
covered ceramic crucible, and it was heated to 520 ◦C with a ramp rate of 5 ◦C min−1 for
2 h under air atmosphere to obtain a light-yellow powder.

Synthesis of TiO2 nanosheets: Titanium dioxide nanoparticles were prepared using a
colloidal method. All the syntheses were performed using standard airless techniques [36,37].
Typically, 10 mL of oleylamine (OAm, 80–90%, Acros Organics, Geel, Belgium), 10 mL
of octadecene (ODE, 90%, Sigma-Aldrich, Burlington, MA, USA) and 1 mL of oleic acid
(OAc, 90%, Sigma-Aldrich, Burlington, MA, USA) were loaded in a three-neck flask and
degassed under vacuum at 120 ◦C for 1 h while being strongly stirred using a magnetic bar.
Then, 300 mg of TiF4 (99%, Sigma, Burlington, MA, USA) was added in a mixed solution
of 2 mL OAm, 3 mL OAc and 6 mL ODE and sonicated for 0.5 h to prepare a precursor
solution. Subsequently, under nitrogen atmosphere, 10 mL of the precursor solution were
slowly added to the reaction flask, which was then heated to 290 ◦C at a rate of 5 ◦C min−1

and maintained for 1 h. The solid product was centrifuged and washed with acetone and
hexane three times. The particles were finally dispersed in hexane at a concentration of
10 mg/mL.

Ligand removal from TiO2 nanoparticles: In a typical process, 10 mL of a TiO2 dis-
persion in hexane (2 mg/mL) was combined with 10 mL acetonitrile to form a two-phase
mixture. Then, 1 mL of a HBF4 solution (48%, Sigma-Aldrich, Burlington, MA, USA) was
added. The resulting solution was sonicated until the particles transferred from the upper to
the bottom layer. The surface-modified particles were washed with ethanol and a 1 mol/L
sodium hydroxide (85%, Sigma-Aldrich, Burlington, MA, USA) aqueous solution three
times to remove the residual fluoride ions and ligands. The particles were then washed
with water to adjust the PH close to neutral. Finally, the particles were dispersed in 10 mL
of water with a small amount of DMF.

Synthesis of 2D/2D TiO2/ultrathin g-C3N4 (TiO2/uCN) composite: TiO2/uCN het-
erojunctions were produced by an electrostatic self-assembly method. Briefly, 20 mg of
as prepared ultrathin g-C3N4 was dissolved in 10 mL of ultrapure water and sonicated
for 1 h. The solution was then mixed with an ethanol solution of ligand-removed TiO2
nanoparticles with a weight ratio of 1:2, 1:1 and 2:1. The mixed solution was stirred for
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24 h after 1 h of sonication. The obtained composite was collected by centrifuging, it was
washed with ethanol 2 times, and it was finally dried at 60 ◦C for 12 h. The collected mate-
rials were named T1/uCN2, T1/uCN1 and T2/uCN1 based on the different TiO2/ultrathin
g-C3N4 weight ratios. TiO2/bulk g-C3N4 (T/bCN) samples were prepared using the same
procedure. For photocatalytic measurements, 1 wt% of Pt was loaded on the surface of the
photocatalysts by a photoreduction method.

Photocatalytic Hydrogen Evolution Procedure

The photocatalytic hydrogen evolution experiments were carried out in a Perfect Light
Labsolar-III (AG) photoreactor (Pyrex glass) connected to a closed-loop gas circulation
system. In a typical experiment, 20 mg photocatalyst was dispersed in 100 mL aqueous
solution containing 10 mL methanol and 1 wt% Pt cocatalyst (40 uL 25.625 mmol/L H2PtCl6
aqueous solution). The mixed solution was bubbled with N2 for 30 min to ensure anaerobic
state and illuminated 30 min with UV light before simulated solar light irradiation to ensure
the complete loading of Pt. The incident light was provided by a 300 W Xe lamp with an
AM 1.5 filter, and the reaction conditions were kept at room temperature. The resulting
gas was analyzed by a Labsolar-III (AG) gas chromatograph equipped with a thermal
conductivity detector, with high-purity argon as the carrier gas.

3. Result and Discussion

TiO2/g-C3N4 heterostructures were obtained by the electrostatic assembly of TiO2
nanoparticles and ultrathin g-C3N4 nanosheets (Figure 1, see Experimental section for
details). Colloidal TiO2 nanoparticles were produced in the presence of OAm and OAc
using TiF4 as the Ti precursor. As shown in Figure 2a, low-resolution TEM images exhibited
the TiO2 particles to have a flat square morphology with a side length of 30–50 nm and a
thickness of about 5–10 nm. g-C3N4 nanosheets were produced by the thermal etching of
bulk g-C3N4. As observed by scanning electron microscopy (SEM, Figure S1a,b) and trans-
mission electron microscopy (TEM, Figure 2b) characterization, bCN and uCN displayed
significantly different morphologies. The uCN showed a thin nanosheet-based structure
pointing at the occurrence of a layer etching during the thermal process. Figure S1c displays
the nitrogen adsorption–desorption isotherms of bCN and uCN, which further proved
uCN (85.7 m2/g) to be characterized by a larger specific surface area than bCN (46.3 m2/g).
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A magnified detail (top right) of the orange squared region in the HRTEM image and its 
corresponding indexed power spectrum (bottom right) is shown, revealing the TiO2 anatase phase 
(space group = I41/amd) with a = b = 3.7840 Å, and c = 9.5000 Å. TiO2 lattice fringe distances were 
measured to be 0.233 nm, 0.352 nm and 0.348 nm at 41.30° and 139.38°, which could be interpreted 
as the anatase TiO2 phase, visualized along its [1–11] zone axis. 

To positively charge the surface of the TiO2 particles, enable their dispersion in an 
aqueous solution and promote charge transfer with the media; the organic ligands at-
tached to the particle surface were removed using HBF4 (Figure S2). As observed by 
zeta-potential analysis, while the g-C3N4 nanosheets were negatively charged (V = −33.8 
mV), after ligands removal the TiO2 particles were positively charged (V = +18.6 mV), 
which enabled the electrostatic self-assembly of the two components [38]. Indeed, when 
combining solutions of the two types of material, a light-yellow precipitate was formed. 
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Figure 2. Representative TEM images of (a) TiO2 nanoparticles; (b) g-C3N4 nanosheets and T1/uCN1

composite with representative (c) low and (d) high magnification. (e,f) HRTEM images of T1/uCN1.
A magnified detail (top right) of the orange squared region in the HRTEM image and its corre-
sponding indexed power spectrum (bottom right) is shown, revealing the TiO2 anatase phase
(space group = I41/amd) with a = b = 3.7840 Å, and c = 9.5000 Å. TiO2 lattice fringe distances were
measured to be 0.233 nm, 0.352 nm and 0.348 nm at 41.30◦ and 139.38◦, which could be interpreted as
the anatase TiO2 phase, visualized along its [1–11] zone axis.

To positively charge the surface of the TiO2 particles, enable their dispersion in an
aqueous solution and promote charge transfer with the media; the organic ligands attached
to the particle surface were removed using HBF4 (Figure S2). As observed by zeta-potential
analysis, while the g-C3N4 nanosheets were negatively charged (V = −33.8 mV), after
ligands removal the TiO2 particles were positively charged (V = +18.6 mV), which enabled
the electrostatic self-assembly of the two components [38]. Indeed, when combining
solutions of the two types of material, a light-yellow precipitate was formed. The precipitate
was composed of large uCN nanosheets containing numerous nanoparticles attached to
their surface. TEM analyses showed these nanoparticles lie flat on the surface of uCN,
forming 2D/2D heterostructures (Figure 2c,d). High resolution TEM (HRTEM) further
confirmed these nanoparticles are TiO2 with good crystallinity (Figure 2e,f).

SEM-EDS elemental maps (Figure S4) displayed a homogeneous distribution of C,
N, O and Ti, demonstrating a uniform distribution of TiO2 particles on the uCN surface
at the microscale. On the other hand, quantitative EDX analyses showed the TiO2:CN
weight ratio to be close to that of the nominal combination of each phase: TiO2:CN = 0.47
for T1/uCN2; TiO2:CN = 1.1 for T1/uCN1 and TiO2:CN = 1.9 for T2/uCN1, obtained from
mixing 1:2, 1:1 and 2:1 mass ratios of particles, respectively (Figures S5–S7).

Figure 3a displays the X-ray diffraction (XRD) patterns of bCN, uCN, TiO2 and T/uCN
samples. The XRD peaks at 25.2◦ (101), 38.0◦ (004), 47.7◦ (200) and 54.8◦ (211) are associated
with the anatase TiO2 phase (JCPDS No. 21-1272) [39]. Additonally, the characteristic
diffraction peaks at 13.1◦ and 27.4◦ correspond to the (002) and (100) planes of g-C3N4
(JCPDS No. 87-1526) [40]. The characteristic diffraction peaks of both TiO2 and g-C3N4 can
be observed in all the composites samples, confirming the coexistence of anatase TiO2 and
g-C3N4.
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The X-ray photoelectron spectroscopy spectra of TiO2, uCN and T/uCN are displayed
in Figure 3b–f. As observed from the survey XPS spectrum, besides Ti, C, O and N, a
residual amount of F from the TiF4 precursor used to prepare the TiO2 particles was also
present in the final material (Figure 3b). The high-resolution C 1s XPS spectrum of uCN
showed two main contributions at 288.2 eV and 284.8 eV, which were assigned to C-(N3)
and C–C/C=C, respectively (Figure 3c). Compared with pure uCN, the peak for C-(N3) of
the T1/uCN1 sample was slightly shifted to 288.2 eV. The high-resolution N 1s XPS spectra
were deconvoluted using three contributions at binding energies of 398.1 eV, 499.4 eV
and 400.5 eV for uCN and 398.1 eV, 499.6 eV and 400.7 eV for T/uCN (Figure 3d). These
three contributions were assigned to N-(C2), N-(C3) and N-Hx groups of the heptazine
framework. The small shifts detected for C and some of the N components might be related
to a certain degree of charge between the TiO2 and the CN phases. Figure 3e displays
the high-resolution Ti 2p XPS spectra of TiO2 and T/uCN. Both samples show two strong
peaks at approximately 458.7 and 464.5 eV, which are assigned to the Ti 2p3/2 and Ti 2p1/2
levels of Ti within a TiO2 environment. The high-resolution O 1s XPS spectra of TiO2 and
T/uCN were fitted with two peaks at 530.4 eV and 531.8 eV, which were associated with
oxygen within the TiO2 lattice and oxygen-containing surface adsorption groups such as
surface hydroxyl, respectively (Figure 3f).

The UV-vis spectra showed the UV absorption edge of TiO2 particles and uCN
nanosheets at about 390 nm and 445 nm, respectively (Figure 4a). T/uCN composites
showed a similar onset absorption edge as uCN but an increased absorption below 400 nm
related to the presence of the TiO2 component. All TiO2 and T/uCN samples presented
a small absorption in the range 500–800 nm related to a small amount of F ion doping.
According to the Kubelk–Munk function, the band gaps of TiO2, uCN and T1/Ucn1 samples
were calculated at about 3.02 eV, 2.62 eV and 2.65 eV, respectively (Figure 4b).

According to Mott–Schottky analyses (Figure 4c,d and Figure S3), the flat band poten-
tials of TiO2 and uCN were −0.36 V and −0.86 V vs. the normal hydrogen electrode (NHE).
The valence band (VB) XPS spectra of TiO2 and uCN showed the valence band maximum
(VBM) to be located at 2.89 eV and 2.46 eV from the Fermi level, respectively. Since the flat
band potentials are approximately equal to the Fermi level [41,42], the VBM was located at
2.53 eV and 1.60 eV with respect to the NHE for TiO2 and uCN, respectively. Then, taking
into account the calculated band gaps (Eg = Evb − Ecb) [43], the conduction band minimum
(CBM) was located at 0.49 and −1.02 for TiO2 and uCN, respectively. Figure 4f displays
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the energy-level diagram calculated for TiO2 and uCN samples. According to this scheme,
when combining uCN with TiO2, a type II heterojunction is formed, involving electron
transfer from the uCN to the TiO2 particles. Besides, it is predicted that within such het-
erostructure, photogenerated electrons move toward the TiO2 phase and photogenerated
holes toward the uCN, respectively.
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To analyze the photocatalytic activity towards hydrogen generation, all the samples
were loaded with 1 wt% platinum as cocatalyst. Figure 5 displays the photocatalytic
hydrogen generation from bCN, uCN, TiO2 and TiO2/uCN composites for 4 h under
simulated solar light and using methanol as a sacrificial agent. Figures S8 and S9 and
Table S2 show the chromatogram plots and the linear fitting of the standard hydrogen
curve for gas chromatography, which show our measurement error is less than 0.2%.

For TiO2, a high hydrogen evolution rate (HER) up to 1449 µmol·g−1·h−1 was obtained.
Additionally, a notable HER was also obtained from uCN (801 µmol·g−1·h−1), well above
that of bCN (599 µmol·g−1·h−1), which is consistent with the larger surface area provided
by the thin-layered structure of uCN. All the TiO2/uCN composites displayed a significant
HER improvement with respect to pure TiO2 or uCN. The highest HERs were obtained
with the TiO2/uCN composites having a 1:1 weight ratio of the two components, reaching
a HER of 3875 µmol·g−1·h−1, which is 2.7 and 4.8 times higher than that of TiO2 and
uCN, respectively. The observed synergistic effect obtained when mixing both materials
is related to the transfer and thus separation of photogenerated carriers at the 2D/2D
heterojunctions, which prevents their recombination. Table S3 provides a comparison of
the activity obtained here with those of previous published works, demonstrating the
outstanding activity provided by the 2D/2D TiO2/uCN heterojunction.

As a reference, we also measured the HER of TiO2/bCN composites with the optimized
weight ratio 1:1 (T1/bCN1). As observed in Figure 5c and Figure S7, the HER of T1/bCN1
also showed an obvious improvement with respect to that of pure TiO2 and bCN, but
the highest HER values were well below those of 2D/2D T/uCN heterojunctions having
extended surface and interface areas.
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the T1/uCN1 electrode that showed the highest photocurrents, fourfold higher than those 

Figure 5. (a) Photocatalytic hydrogen generation on bCN, TiO2 and T/uCN samples during four
hours under simulated solar light illumination. (b) Photocatalytic hydrogen peroxide generation rate
of bCN, TiO2 and T/uCN samples. (c) H2 production rate contrast between T1/uCN1 and T1/bCN1.
(d) Wavelength-dependent AQY of T1/uCN1.

The apparent quantum yield (AQY) of the process was evaluated under 380 nm
(4.51 mW·cm−2) and 420 nm (12.14 mW·cm−2) irradiation (Table S4, see details in the
SI). For T1/uCN1, the AQY at 380 nm and 420 nm was estimated at 7.61% and 2.64%,
respectively, which is consistent with UV-vis spectroscopy results (Figure 5d).

Figure 6a displays the positive photocurrents measured from uCN, TiO2 and TiO2/uCN
samples under simulated solar irradiation. All the composite T/uCN, electrodes displayed
significantly higher photocurrents than pure TiO2 and uCN, especially the T1/uCN1 elec-
trode that showed the highest photocurrents, fourfold higher than those of uCN and TiO2.
This result further confirms an improvement of the charge separation/transport with the
formation of the 2D/2D heterojunction.
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Electrochemical impedance spectroscopy (EIS) was further employed to identify the
charge transport dynamics. Figure 6b displays the Nyquist plot of the impedance spectra
of TiO2, uCN and T1/uCN1. Consistent with previous results, the T1/uCN1 electrode
presented a much smaller arc radius than the other two samples, confirming a much lower
charge transfer resistance with the formation of the 2D/2D TiO2/uCN heterojunction [44].
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A strong photoluminescence (PL) peak was obtained under 370 nm light excitation
from the uCN sample at about 455 nm, which is ascribed to the radiative band-to-band
recombination of photogenerated charge carriers. When incorporating increasing amounts
of TiO2, the PL intensity of T/uCN was progressively quenched (Figure S10). Additional
time-resolved PL (TRPL) spectra under 365 nm light excitation (Figure 6c) allowed calculat-
ing significantly longer PL lifetimes (4.72 ns) for T1/uCN1 samples than for TiO2 (3.15 ns)
and uCN (3.51 ns), which points at an effective separation of photogenerated charge carriers
within the TiO2/uCN heterostructures [45].

Based on the above results, the photocatalytic mechanism displayed in Figure 7 is
proposed for hydrogen generation in T/uCN heterojunction photocatalysts. While both
TiO2 and uCN can generate electrons and holes under simulated solar light irradiation, the
photogenerated electron–hole pairs in pure TiO2 and uCN rapidly recombine, resulting in
moderate HERs. Through the formation of a 2D/2D T/uCN heterostructure, the photogen-
erated electrons remain or are transferred to the TiO2 CB because the TiO2 CBM is located
0.53 eV below that of CN. Similarly, photogenerated holes remain or are driven to the uCN
VB, which is located 0.93 eV above that of TiO2. Electrons at the TiO2 CB migrate to the
platinum, which has a larger work function, thus a lower Fermi level, from where they are
transferred to adsorbed H+ to produce H2. On the other hand, holes react with sacrificial
methanol at the CN surface. Consequently, the photocatalytic hydrogen evolution process
using sacrificial methanol can be described as follows:

uCN/TiO2
hv→ uCN/TiO2

(
e− + h+) (1)

uCN/TiO2
(
e− + h+)→ uCN

(
h+)+ TiO2

(
e−

)
(2)

TiO2
(
e−

)
+ Pt→ TiO2 + Pt

(
e−

)
(3)

2H+ + e− → H2 (4)

2h+ + CH3OH→ CH2O + 2H+ (5)
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Figure 7. Schematic diagram of photocatalytic hydrogen production over T/uCN photocatalyst.

Finally, the stability of the T1/uCN1 photocatalyst in hydrogen evolution conditions
under simulated solar light irradiation was measured through five four-hour cycles. As
shown in Figure S11a, after this 20 h of reaction, the photocatalytic performance was hardly
reduced, proving the excellent stability and reusability of the T1/uCN1 photocatalyst.
Additionally, as displayed in Figure S11b,c, SEM and XRD analysis of the catalyst after 20 h
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photocatalytic hydrogen generation reaction demonstrated the morphology and crystallo-
graphic structure of the material to be stable under photocatalytic reaction conditions.

4. Conclusions

In summary, we detailed the synthesis of 2D/2D T/uCN heterojunctions from ultra-
thin g-C3N4 (uCN) and colloidal TiO2 nanosheets through an electrostatic self-assembly
approach. The highest hydrogen generation rate was achieved from T/uCN compos-
ites with a 1:1 mass ratio of the two components. The photocatalytic performance for
H2 production was increased in the following order: bCN < uCN < TiO2 < T1/uCN2 <
T2/uCN1 < T1/uCN1. The enhanced performance was attributed to the unique 2D/2D type
II heterojunction architecture that simultaneously maximized the surface area to interact
with the media and the interface between the two materials. The face-to-face interfacial
contact between ultrathin layers of g-C3N4 and the faceted TiO2 provided fast separation of
photogenerated charges inside the composites, reducing recombination and thus increasing
the apparent quantum yield.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12091557/s1, Figure S1: SEM image of (a) bulk g-C3N4
and (b) ultrathin g-C3N4, (c) N2 adsorption-desorption isotherms of bCN and uCN; Figure S2: FTIR
spectra of OAC, OLMA and TiO2 before and after ligands remove; Figure S3: Zeta potential dis-
tribution spectrum of TiO2 after ligands removal (a) and uCN (b); Figure S4: SEM image and EDS
compositional maps of a T1/uCN1 composite; Figure S5: SEM image of T1/uCN2 and corresponding
EDS spectrum; Figure S6: SEM image of T1/uCN2 and corresponding EDS spectrum; Figure S7: SEM
image of T1/uCN2 and corresponding EDS spectrum; Figure S8: Chromatogram plots for 0.5 mL
of standard hydrogen injected every half hour; Table S1: Gas Chromatography Peak Processing
Data based on figure S8; Figure S9: Standard hydrogen curve for gas chromatography; Table S2:
Exponential decay-fitted parameters of fluorescence lifetime of uCN, TiO2 and T1/uCN1; Figure S10:
Photocatalytic hydrogen generation amount on bCN, TiO2 and T1/bCN1 during 4 h under simulated
solar light irradiation; Table S3: Photocatalytic hydrogen production about TiO2/g-C3N4 based cata-
lysts; Table S4: The AQE values with different incident light wavelengths for T1/uCN1; Figure S11:
(a) Stability cycles of the T1/uCN1 for H2 evolution under simulated solar light irradiation; (b) TEM
image of T1/uCN1 after 20 h photocatalytic H2 evolution reaction and (c) XRD pattern of T1/uCN1
before and after 20 h photocatalytic H2O2 evolution reaction.
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