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Nanocrystals as Highly Active and Stable Electrocatalysts for the Oxygen Reduction Reaction” has been submitted
and is currently under review. In the second part of chapter 2, an epitaxial method to prepare CZTS-based HNPs
and their use as photocatalysis is presented, particularly, semiconductor-metal heterostructures such as CZTS-Au
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Highly Active and Stable Electrocatalysts for the Oxygen Reduction Reaction. Enviado.

El objetivo principal de esta tesis se centra en el disefio e ingenieria de nanoparticulas (NPs) coloidales y su
aplicacion en la conversion y almacenamiento de energia. Esto incluye principalmente la sintesis y caracterizacién
de NP coloidales semiconductoras, metalicas y basadas en 6xidos, y la exploracién a fondo de sus propiedades
(electro/foto) cataliticas. Se prestd especial atencion es la sintesis y caracterizacion de NPs de calcogenuros de

cobre, 6xido de metales de transicién y NPs multimetalicas.

El capitulo dos de la tesis trata sobre NPs de calcogenuros de cobre. El trabajo esta centrado en el desarrollo de
rutas sintéticas para producir NPS de Cu,ZnSnS, (CZTS) y heteroestructuras a partir de CZTS: CZTS-Au, CZTS-Pt y
CZTS-Ag,S. La composicion, el tamafio y la forma de las NPS se controlaron mediante la regulacién de la
concentracion de precursor, el uso de tensioactivos, el burbujeo de gas y el ajuste de la rampa de calentamiento.
Utilizamos estas NPS como fotocatalizadores para la degradacién de tintes y para la produccién de hidrogeno a
partir del agua y también como electrocatalizadores para la reaccién de reduccidon de oxigeno. En la tesis se

presentan los cuatro articulos resultantes de estos trabajos después de un breve resumen para cada articulo.

El tercer capitulo trata sobre NPs multimetalicas. Se desarrollaron métodos de sintesis para producir nanorods
(NRs) de Pd,Sn y para el crecimiento de dominios cristalograficos de Au encima de estos: Au-Pd,Sn. Se determind
asi mismo el mecanismo de control de la morfologia de las NPs de estos materiales. Estas NPs se utilizaron con
éxito en diversas aplicaciones cataliticas. Las NPs de Pd,Sn se utilizaron para la reduccién de nitrofenol y la
desnitrificacién del agua. También se usaron para la reaccidén electrocatalitica de oxidacién del etanol. Se
compararon los resultados obtenidos con los NRs con particulas de igual composicion pero con morfologia
esférica y también con NPs de Pd esféricas. Se observd que los NRs resultaban en mejores actividades. Las NPs de
Au-Pd,Sn fueron investigadas para reacciones de hidrogenacién y de acoplamiento. En la tesis se presentan los

tres articulos resultantes de estos trabajos después de un breve resumen para cada articulo.

El cuarto capitulo de la tesis trata de NPs de 6xidos metdlicos. NPs heteroestructuradas de Mn;0,@CoMn,04-CoO
se prepararon mediante la reaccidon de intercambio catidnico parcial a partir de semillas de Mn3;0,. Tales
heteroestructuras mostraron una excepcional actividad electrocatalitica y estabilidad para las reacciones de
reduccion y evolucién de oxigeno en solucién alcalina. En base a esta via de sintesis coloidal, NPs de
Fe;0,@Ni,Fe;,0, fueron obtenidas mediante la reaccidon de precursores de perclorato de niquel con semillas de
Fe;0,. Estas NPs se usaron como electrocatalizadores de oxidacion de agua, demostrando una excepcional
actividad catalitica. En la tesis se presentan los tres articulos resultantes de estos trabajos después de un breve

resumen para cada articulo.

El dltimo capitulo de la tesis incluye un resumen de la tesis y las conclusiones del trabajo.
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Chapter 1

General Introduction



1.1 The energy challenge

One of the major challenges of the 21*' century is the foundation of a sustainable future in terms of
environmental integrity and economic viability for the present and future generations. Energy has become one of
the strategic factors driving the development of global environment and economy. Currently, most of the energy
consumption is derived from the burning of fossil fuels in the form of petroleum, coal and natural gas. Renewable
resources such as wind, biomass, photovoltaics and geothermal conversion account for about 9% (Figure 1.1)."
Therefore, the optimization of current energy sources and the development of cheap, efficient renewable power

are becoming critical.

Coal and

lignite

15.7 % Geothermal
-0 A — (  Biogas 7.5 %
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13.6 %

Natural gas d and
Wood an
24.5 % Other fuels wood waste
0.3 % 67.0 %
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Figure 1.1 European Union Energy Consumption by type' ( Source: http://www.eea.europa.eu/data-and-
maps/indicators/renewable-primary-energy-consumption/renewable-primary-energy-consumption-assessment-

7)

In the future of energy conversion and storage, catalysis will play a key role. Therefore, important efforts are
devoted to the understanding of catalytic mechanisms and to the development of novel catalysts. Over the past
decade, impressive progress has been made towards controlling the shape and size of metal nanostructures.”*
For catalytic NPs, it is not only important to control the novel shape-dependent properties of these
nanostructures but also the size-dependency. Currently, the interest migrates to the synthesis and application of
more complex structures, such as multi-shell and heterogeneous NPs due to their superior and synergetic
properties.””’ The goal is to develop and optimize preparative strategies to produce efficient and environmentally

benign systems for cleaner technologies throughout both industry and academia.
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1.2 Colloidal NPs for energy conversion and storage

Solution based colloidal NPs have special size- or shape-dependent mechanical, optical, and electronic properties

compared to their bulk materials.>*

The large surface-to-volume ratio enhances surface properties of
nanomaterials, enabling application of nanomaterials in catalysis. The control of the size and shape of colloidal
NPs, and especially of its composition and the distribution of elements within each NC is of essential importance

to comprehensively understand and be able to optimize the performance of a catalytic system (see Figure 1.2)."

o L el
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Figure 1.2 Scheme of the different NPs that will be produced and used to determine the effect of the catalyst

composition and the distribution of its constituents on its catalytic activity.
1.3 Colloidal synthesis of NPs

Colloidal synthesis routes and bottom-up assembly procedures allow an extremely precise control over material
properties at the nanometer scale. Moreover, such control of material at its lowest organization level does not
required high capital cost equipment or extremely complex procedures, but it is compatible with the production
of materials with high-throughput and high yield with ambient pressure and low temperature synthetic routes.
The huge potential of such solution-based strategies to tune material properties at the nanoscale resides in the
ability to chemically manipulate material formation from the very initial combination of atoms into clusters, to

the growth of nanometer scale entities.'* ">

Chemical manipulation is accomplished through the use of surface
active agents or surfactants, which regulate the incorporation of atom/ions at each surface site by locally
controlling surface energy and charge. This strategy allows huge amounts of colloidal NPs to simultaneously
nucleate and grow, all self-evolving at the same rate and in the same conditions. Thus, massive amounts of

particles with precisely tuned properties can be produced in a simple, fast and cost-effective manner.
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1.3.1 General Solution-based Strategy to Collodial synthesis of NPs

Colloidal synthesis methods have been demonstrated to provide the highest degree of control over the NPs
properties. This synthetic methods allow to tune not only the particle size, morphology and composition, but also
the distribution of the constituent elements at the nanoscale.'® Typically, a general solution-based colloidal
synthetic route consists of three parts: monomer formation, nucleation and growth. Considering a
thermodynamic system, nucleation is the formation of a new phase (nuclei) in a metastable primary phase and it
related to the Gibbs free energy for the formation of nuclei.'’” The classical nucleation theory was developed by
LaMer in the 1950s."®%° After the burst of nucleation, NC enters the growth regime. The growth rate of NC will
depend on the monomer flux supply (a diffusion process that can be express by the Fick’s law) and the size of the
NC via the Gibbs-Thomson equation.21 Figure 1.3 displays the 3 principal phases during NC synthesis: (I) monomer
formation, (Il) nucleation; and (lll) growth. Below these lines the phenomena occurring in each phase is briefly

described.

I) Monomer concentration increases gradually and reaches a critical supersaturation level (S.), at this time,

the nucleation occurs.

II) Monomer concentration further increases to overcome the energy barrier (determined by minimizing the
Gibbs free energy) leading to a rapid self-nucleation. The burst of nucleation abruptly deplete the monomer

concentration bellow the supersaturation level required to produce nuclei entering thereby in the growth phase.

[l1) As the NCs growth, monomer concentration is further reduced. The growth rate of the NC will depend on

their size and the diffusion of monomers in solution towards the already formed NCs.

| | ]|
4 ﬁutlaatiu? Growth

L

Monomer conc.

w

Reaction time

Figure 1.3 LaMer plot illustrating the separation of nucleation and growth during the synthesis of monodisperse

NPs. S and S, are supersaturation and critical supersaturation, respectively.*®
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Nucleation:

Nucleation can occurs either heterogeneously (nucleation at preferential sites of surfaces) or homogeneously
(uniformly throughout the solution phase); and both kinds of nucleation can occur consecutively or parallel. The
heterogeneous nucleation can be seen as the driving force for a successful seed-mediated growth. For

homogeneous nucleation, considering spherical particles, the Gibbs free energy of a nuclei (AG) is given as:
AG=§mﬂmQ4+@nw (1)

where r is radius of a spherical particle, y is the surface energy per unit area and AGy is the free energy change

between monomers in the solution and a unit volume of bulk crystal, defined as:

RTIns
Vm

AG, = — (2)

where R is the gas constant, T is the absolute temperature in Kelvin, S is the degree of supersaturation (defined
as S=[M]/[M],, where [M] is the monomer concentration and [M], is the equilibrium monomer concentration of
the bulk solid) and V}, is the molar volume of the bulk crystal. In addition, the critical nucleus r, which determine
the energy barrier or activation energy AG, for self-nucleation to occur can be determined by solving equation (1)

for dAG/dr=0 leading to:

2 29V,
r, =2 = m (3)
|AGy| — kpTinS

The critical radius determines if the NCs once formed will dissolve or will growth. NCs with critical size bellow the

critical radius will dissolve.

The corresponding energy barrier AG., can be determined by substituting r in equation (1) with r. from equation

(3) yields the express for AG,:

_16my?
AG, = Gy 2 (4)

Then the nucleation rate J (t, AG.) can be expressed using the Arrhenius equation as following:

-AG,
J(T,86) = Aexp (1) (5)
Colloidal stability:

To get monodisperse colloidal NP, it is important to overcome NP aggregation in the solvent due to van der Waals

interaction-NPs attraction force. Such inter particles force can be described with the following equation:
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Wiotar(D) = Wo (D) + W (D) + Witeric (6)

where W, (D) correspond to van der Waals interaction energy, W, (D) to interparticle energy and Wieric
represent the repulsive forces of steric stabilization. Wi is mainly determined by the molecules absorbed at
the NC surface to prevent aggregation and hence depend on the concentration, temperature, chain length and
solubility of those molecules. The other interaction between NPs will depend on their size and on the distance
between NP, which will be defined as the surface to surface distance between two spherical nanoparticles (D).

Among them, W, (D) is expressed by the following equation:

Wa(D) — _7T2P1P2 B 21177 + 21177 + 1n(C2—(r1+r2)2) (7)

6 c?2=(r+r)? = c?2-(r-ny)? c?2—(r1—1)?

where p; and p,are electron density of two particles, B is constants of attractive van der Waals, r; and r, are
radius of two particles and c is center to center distance between the two particles. In which considering identical

particles (ry=r,=r) in close proximity (D << r) and D = ¢ - (r; + r;); W, (D) can be expressed as:

W,(D) = — == (8)
where A is the Hamaker constant.
W,.(D) can be descrived as:
W,.(D) = 2meeyrp? S exp(—kD) (9)

Where ¢ is the permittivity of vacuum (8.854 x 10 C J* m™), &, is the dielectric constant, ¢ is the electrical
potential, xis the Debye constant; and again r is the radius of two spherical particles and D is a distance of surface

to surface between two spherical particles.
Growth:

Considering that the distance between particles is sufficiently large, the growth of each NP can be treated

independently. The diffusion process can be expressed by Fick’s first law:*® %

dac
J= 4nx2da (10)

where J is the flux of monomers, diffusing through the surface of the particle, d is the diffusion coefficient, x is the
distance to the center of the particle, Cis concentration at distance x. In the NC surface vicinity at a distance from

the NC center of r + §, the gradient concentration is determined by:

] = 41d T(T;-5) (Cb _ Cs) % ] = 4mr d(Cb - CS) (11)
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where C, is the bulk concentration of monomers at the distance of r + § and C; is the concentration of monomers

at the solid/liquid interface (NC surface).

Similarly, on a reaction controlled growth with x being the reaction rate constant and C, the solubility of the

particles with radius r:

J =4nr? k(Cs - C;) (12)
In this two scenarios the NC growth rate is:

2= (c-C) 22 (13)
for a diffusion-controlled model

& = (Co—C) k Vi (14)

for a reaction-controlled growth

Vin d
r+D/k

2 =(C-C) (15)

for a neither diffusion- nor surface-reaction controlled growth.

On the other hand, considering the Gibbs-Thomson effect, the solubility of the NP depends on the particle size. A

2yVm

" ). The solubility of the particle of radius r

spherical particle with radius r has an extra chemical potential (Au=

(C,) can express as:

2¥Vm

C =Coerir (16)

Combining Fick’s law and the Gibbs-Thomson effect, a general expression for NC growth is given by:

[

dr* S—er*
= (17)
de r*+K e%
with
- RT (18)
2YVim
and
k=L 4 (19)
2yVm k



as the Damkaohler number (K), an indicator of diffusion- or reaction-controlled system.

At small values of K (< 0.01), the overall growth rate is dominated by the rate of mass transfer (diffusion-
controlled growth. When K is larger than 10,? the growth rate is mainly determined by the surface reaction rate

(reaction-controlled growth).
1.3.2 Strategies for NP engineering

Colloidal synthesis routes are also extremely versatile, allowing production of elemental or multinary NPs with
metallic, semiconductor, magnetic, plasmonic, etc. character with unmatched composition, size, shapes and

[ 24-26

phases contro Colloidal synthesis routes also allow producing multi-material nanostructures with organized

phase distribution by parallel or sequential growth of one material at the surface of the other or by replacing part

27, 28

of the ions of a preformed nanostructure. In the following sub-chapter, the different strategies used to

prepare engineered NPs will be presented.

1.3.2.1 Co-Precipitation

29,30

The co-precipitation method is one of the most classical techniques to prepare NPs. As shown in Figure 1.5,

this method consists of mixing anions and cations solution. The advantages are large-scale production and

simplicity, but the biggest problem is the broad particles size distribution and poor control of morphology.

u Nucleation and Growth A}'j

@ Agglomeration

Precipitation

Filteration

Calcination

Figure 1.5 Typical co-precipitation methods for micro and NPs synthesis.?
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1.3.2.2 Solvothermal and Hydrothermal Synthesis

Solvothermal/hydrothermal strategies have been used to prepare various NPs.*3*

The key disadvantage of this
synthesis route is the requirement of both high temperature and high pressure. If the solvent is an aqueous
solution, this method is called hydrothermal, otherwise is known as solvothermal. The main advantage of this
method is the possibility to grow good-quality crystalline NPs with controlled size, shape and phase when
compared to co-precipitation method. In particular, the ability of create crystalline phase which are not stable at
the melting point. Wang et al. had reported a general strategy for NP synthesis by hydrothermal method (Figure

1.6).* However, the high cost and the unablility to observe the growth of crystal limited the development of this

method.

Figure 1.6 TEM images of a variety of NPs.*® (a) shows noble metal NPs including Ag, Au, Rh and Ir. (b) a shows
chalcogenides NPs including Ag.S, PbS, ZnSe and CdSe. (c) shows metal oxide NPs including Fe;0,4, BaTiOs, CoFe,0,4
and TiO,. (d) shows upconversion NPs including NaYF,, YF3, LaF; and YbFs.
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1.3.2.3 Thermal Decomposition

So far, the best strategy for precisely controlling of the production of highly monodisperse NPs with a narrow size
distribution, morphology and composition is the mid-to-high-temperature thermal decomposition/reaction
method, which is based on the decomposition/reaction of metal-organic or metal salt precursors in high-boiling

non-polar solvent and in presence of surfactant agents.***°

Figure 1.7 shows a typical set-up in our laboratory for
this thermal decomposition method. This technique is beneficial for controlling concentrations of precursors and
surfactants, reaction temperature, heating rate, reaction time, etc. For instance, Hyeon and co-workers
demonstrated a synthesis of highly crystalline and monodispersed iron oxide NPs without any size-selection
process by the thermal decomposition of iron-oleate complex in presence of oleic acid in high-temperature

boiling point solvent.”’ It should be noted that the NPs obtained are generally stable in solution in nonpolar

solvents due to the hydrophobicity of the common surfactant used.

Temperature
controller

Metal bath

Figure 1.7 (a) Photograph of laboratory setup. (b) Scheme of set-up in laboratory for the synthesis of
monodisperse NPs by decomposition of suitable metal precursors using a metal bath with temperature

controller.’” (c) TEM-image of as-prepared Fe;0, NPs.
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Besides the above-mentioned methods, numerous physical or chemical methods can be used to synthesize NPs,

4143 5ol-gel reaction,**® microwave-assisted method,*”*! electrochemical method****

such as biosynthesis route,
and so on. Table 1 shows a brief summary about the principal characteristics of the most common NP synthetic
methods. Currently, the major difficulties in the synthesis of colloidal NPs are still to control size, morphology,
composition, and size distribution at the nanoscale to the desired level. Therefore, the demand of a facile and
flexible method to produce colloidal NPs with the perfect design is of extreme importance to realize the full

potential of these materials for many different applications among which is catalysis.

Table 1. Summary comparison of the synthetic methods for producing NPs.

Method Reaction and Reaction Reaction Size distribution Shape Yield
conditions temp.°C period control
Co-precipitation Simple, ambient ~ 20-150  minutes Broad Not good High/scalable
Solvo-or Simple, high 150-220 Hours-days  Narrow Good High/scalable
hydrothermal pressure
Thermal Complicated, 100-350 Minutes Very narrow Very good High/scalable
decomposition insert Hours-days
atmosphere
biosynthesis Complicated, Room Hours-days  Broad Bad Low
ambient temp.
Electrochemical Complicated, Room Hours-days  Medium Medium Medium
methods ambient temp.
Microwave- Complicated, 20-80 Minutes Medium Good Medium

assisted synthesis  ambient

sol-gel reaction Complicated, 25-200  Hours Narrow Good medium
ambient
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1.4 Objectives of the thesis

The main objective of this thesis focuses on the design and engineering of colloidal NPs and its application in
energy conversion and storage. This mainly includes the synthesis and characterization of colloidal
semiconductor, metallic and metal oxides NP and the depth exploration of their properties; in particular
electro/photo-catalytic. Special attention was paid is the synthesis and characterization of copper chalcogenide,

transition metal oxide and multi-metallic NP.
These works can be summarized as follows:

(1) Copper chalcogenides NPs: | focused on the development of synthetic routes to produce CZTS NP and HNP
with CZTS: CZTS-Au, Pt and CZTS-Ag,S. The composition, size and shape of the NPs are controlled by regulating the
concentration of precursor, the use of surfactants, the gas flow and adjusting the heating ramp. The NPs

produced were used as photocatalysts for dye degradation, water splitting and as electrocatalysts for ORR.

(2) Multi-metallic NPs: | developed synthetic methods for producing NRs of Pd,Sn and for growing Au
crystallographic domains above them, i.e. Au-Pd,Sn. The mechanism to control NP morphology NPs of these
materials was determined. These NPs were successfully used in various catalytic applications. The Pd,Sn NPs were
used for nitrophenol reduction and water denitration. They were also used for the electrocatalytic oxidation
reaction of ethanol. The results obtained with NRs were compared with particles of the same composition but
with spherical morphology and with spherical Pd NPs. NRs resulted in better catalytic activities. Au-Pd,Sn were

investigated for hydrogenation reactions and coupling.

(3) Metal oxide NPs: HNPs of Mn;0,@CoMn,0,-CoO were prepared by partial cation exchange from seeds of
Mn30,. Such heterostructures showed exceptional electrocatalytic activity and stability for reduction reactions
and oxygen evolution in an alkaline solution. Based on this synthesis pathway, Fe;0,@NiFe;, O, NP were
obtained by reaction of nickel perchlorate precursors with Fe;0, seeds. These NPs were used as electrocatalysts

for water oxidation, demonstrating exceptional catalytic activity.
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2.1 CZTS NCs

This first chapter focus on the synthesis of high quality monodisperse CZTS NCs using a facile heating-up method,
reaching a 90% yield, which provide 6 to 10 fold higher amounts of material than common NCs synthesis
procedures. The results obtained were published in Chemistry of Materials in 2016. Secondly, we discuss the
application of CZTS NCs for ORR. Results in this direction have been sent for publication. Then CZTS-Pt and CZTS-
Au HNPs with strongly electrically coupled interfaces were prepared based on the CZTS host. These
heterostructures were tested for photodegradation of pollutants and for photocatalytic hydrogen generation. We
describe their enhanced photocatalytic activity toward photodegradation of RhB and H, production by water
splitting when compared to pure CZTS. The results were published in the Journal of the American Chemical Society
in 2014. In addition, CZTS-Ag,S p-n HNPs with tuned composition were produced involving the cation exchange
route, such CZTS-Ag,S p-n nanoheterostructures outperformed pure CZTS NCs as photoelectrocatalyst for water
splitting because of a higher separation efficiency of the photogenerated electron-hole pairs. The results obtained
were published in Langmuir in 2015. The four papers mentioned above these lines are presented after a brief

summary in the corresponding subchapter.
2.1.1 Synthesis of copper-based chalcogenides NPs

Recently, the development of colloidal synthetic approaches to produce copper-based chalcogenides NP, such as
Cu,,S, CIS, CZTS, CZTSe, etc. have attracted extensive attention. The main reasons are: their low toxicity,
environmental friendliness, low cost and the very wide range of compositions and crystal phase structures which
enable them to be used in very diverse applications.”®> In particular, the large plethora of copper-based
chalcogenides NP not only can offer similar properties but also offer unique features (e.g. plasmonic properties)
compared to conventional chalcogenide NPs contain toxic heavy metal such as Cd, Pb or Hg.*® For example, by
modifying their composition, copper-based chalcogenides offer a high flexibility for tuning the band gap without
toxic elements (Table 2.1) ® Figure 2.1 shows a scheme of general copper-based chalcogenide NPs with different
size, morphology and compositions, such as binary Cu,X (X='S, Se and Te), ternary CulnX, (X='S and Se), CuSnS;
and quaternary CZTS, CIGS NPs, and their application in plasmonic devices, photovoltaic cells and light-emitting

271 |n order to better understand the properties of copper-based chalcogenide NPs and to

diodes among others.
improve their performance in the different application possible, is important to produce high-quality copper-
based chalcogenide NPs with control of the size, shape, and composition. However, the synthesis of colloidal
copper chalcogenide NPs, and especially of those with three or four elements such as CZTS NCs is extremely

challenging.

CZTS is a I,-lI-IV-VI, quaternary semiconducting compound which has received a great deal of interest for
applications such as photocatalysis, thermoelectric and solar cells.”” One of the main difficulties during the
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synthesis of CZTS NPs is the tendency to form secondary phases like binary (i.e., CuS, ZnS and SnS) and ternary

sulfides (CTS).”® It is therefore important to understand the nucleation and growth mechanism of CZTS NP

formation to be able to develop reproducible synthetic route for pure-phase CZTS NPs. Tan Rui et al. reported the

growth mechanism of wurtzite CZTS NPs using Surface-Enhanced Raman Scattering (SERS) as a sensitive tool.”

They found the formation of CZTS proceeds via three steps: (1) Cu,.S NP nucleation, (I1) Sn** diffusion into Cu,,S to

form kinetically driven CTS NPs and; (Ill) Zn** diffusion into CTS NPs to form CZTS NPs (Figure 2.2).

Table 2.1 Band gaps, crystal structures and lattice parameters of the some bulk copper-based chalcogenides

semiconductors

Material Band gap at Crystal structure  Lattice parameters
300K (eV)
Culns, 1.53 Chalcopyrite a=552c=11.12
CulnSe, 1.05 Chalcopyrite a=5.61c=11.02
Cu(IngsGags)S; 1.6 Chalcopyrite a=5.67c=11.32
Cu(Ing5Gags)Se, 1.3 Chalcopyrite a=5.45¢c=10.88
CuGas, 1.68 Chalcopyrite a=5.61c=11.02
CuFeS, 0.6 Chalcopyrite a=5.28¢c=10.41
Cu,ZnSnS, 1.50 Kesterite a=5.45¢=10.86
Cu,ZnSnS, 1.02 Kesterite a=5.61c=11.20
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| | A

Figure 2.1 Scheme of colloidal copper-based chalcogenide NPs and various applications, e.g. plasmonic devices,

photovoltaic cells and light-emitting diodes.*
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Figure 2.2 CZTS NPs extracted at different reaction times at 240 °C. (a) TEM images and (b) SERS spectra at 2 min,
(c) TEM images and (d) SERS spectra at 8 min, (e) TEM images and (f) SERS spectra at 12 min, and (g) TEM images
and (h) SERS spectra at 90 min. (i) Pictorial representation of the three step growth process for the formation of

CZTS NPs.”

Coughlan et al. performed a detailed study on the composition and shape evolution of of CZTS NPs during the

synthesis and their found out a similar growth mechanism (Figure 2.3).”

CZTS NPs with different morphologies including NRs, ellipsoids, tadpole and P-shaped NCs were obtained by
tuning the amine concentration. In addition, polytypic NCs with mixed wurtzite and zinc blende phase were

synthesized by proper selection of the metal precursors.
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Figure 2.3 Schematic illustration of the growth mechanism for CZTS NCs during the temperature ramp (left
figure); Schematic of the hot injection approach to form CZTS NRs and TEM images , DF-STEM and EDX line of as-
obtained CZTS NPs at different temperature (right figure).”

In addition, for practical applications, the scalability of NC production needs to be considered. Actually, the ability
to produce large scale quantities of NCs is rather important for research but even more for implement the use of
this material in real applications. Our group reported a continuous production method to obtain relatively large
amounts of chalcogenide NPs, in particular CZTS with controlled chemical composition through the reaction of the
metals’ amino complexes with elemental sulfur in a continuous-flow reactor at moderate temperatures (Figure
2.4).”® There is another similar work presented by Grover et al., where a supercritical carbon dioxide continuous-
flow reactor is used to deposit CZTS microparticles and NPs onto a silicon wafer from metal dithiocarbamate

precurso rs.77
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Figure 2.4 (A) Scheme of the flow reactor setup and image of a 1 g pellet made of CZTS NPs. (B) TEM micrograph
of cleaned CZTS NPs prepared inside the flow reactor at 300 ° C at a flow rate of 2.0 mL/min. The inset shows an
HRTEM image of a CZTS NC and the corresponding SAED pattern. (C) XRD patterns (left) and Raman spectra (right)
of the prepared NPs before (black) and after (red) annealing at 500 °C for 1 h. As a reference, the diffraction
pattern of CZTS (JCPDS no. 00-026-0575) is shown. The lattice parameters for the heated sample were a =b =5.40
A and ¢ = 10.40 A. (D) CZTS cationic ratios obtained from SEM-EDX. The arrow points the direction of increasing
flow rate. Different symbols denote different reaction conditions. (E) Single-particle composition (red +) obtained
by HRTEM-EDX analysis of a number of CZTS NPs synthesized at 315 ° C. The green X shows the mean composition

obtained by averaging the values obtained from several NPs. The blue hexagon in each graph shows the nominal

composition of the precursor solution.”®
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2.1.2 Scalable Heating-Up Synthesis of Monodisperse CuzZnSnS; NCs

This year, our group developed with my contribution a new method to produce large scale amounts of CZTS NPs
with unprecedented control over NP size distribution and composition. The article entitled as the heading of this
section was published in Chemistry of Material 2016, 2, 720-726. The article as well as the corresponding
supporting information can be found at the end of this section. The article describes a facile phosphine-free
synthesis protocol to produce monodisperse CZTS NCs with tuned composition and morphology. In this work, we
reported a heat-up synthesis strategy and high initial concentration of precursors to yield 90% of CZTS NPs using
OLA and ODE as organic ligand and solvent. A minucious characterization by means of TEM, HRTEM, XRD and
SERS demosntrated that the CZTS NC produced were ourely wurtzite CZTS NCs (Figure 2.5). The growth
mechanism was discussed in this paper, we found out that the inert gas bubbling rate and the heating ramp
stability influences the quality of the final CZTS NPs produced. Besides the concentration of precursors, the
different Cu: Zn: Sn ratio, and the presence of 1-DDT and tDDT were key parameters to control CZTS NCs
morphology. In the final part of the paper, we studied different ligand exchange reaction to replace the bulky OLA
with shorter ligands. The goal behind this study was to reduce the final carbon content of the NC ensemble to
promote the charge transfer between/from/to NCs necessary for most potential applications. Elemental analysis

experiments showed carbon contents within the limit of detection.
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Figure 2.5 (a) TEM micrograph and a typical size histogram of CZTS NCs (NCs); (b) HRTEM micrograph and
corresponding indexed power spectrum on the selected CZTS NC in the red square; (c) XRD pattern and (d) Raman
spectra with 532 and 325 nm excitation of CZTS NCs. The resonant Raman spectrum of ZnS obtained under 325

nm excitation is also shown as a reference.
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ABSTRACT: Monodisperse Cu,ZnSnS, (CZTS) nanocrystals (NCs), with quasi-
spherical shape, were prepared by a facile, high-yield, scalable, and high-concentration
heat-up procedure. The key parameters to minimize the NC size distribution were
efficient mixing and heat transfer in the reaction mixture through intensive argon
bubbling and improved control of the heating ramp stability. Optimized synthetic
conditions allowed the production of several grams of highly monodisperse CZTS
NCs per batch, with up to 5 wt % concentration in a crude solution and a yield above

N,

1. INTRODUCTION

Ternary and quaternary semiconductors have recently attracted
immense interest in photovoltaics, photocatalysis, and thermo-
electrics.' ™" Among numerous chalcogenides, Cu,ZnSnS,
(CETS), which is composed of abundant and nontoxic
elements, has particularly appealing characteristics, such as
high absorption coefficient in the visible region (>10% cm™)
and a suitable band gap (145—150 eV) for solar energy
conversion. These properties make it an excellent absorber
material, not only for the next generation of solar cells,’ but
also for photocatalysts.” ™

The availability of these quaternary semiconductors in the
form of nanocrystal (NC)-based inks allows low-cost solution
processing by common techniques such as spray coating or
inkjet printing. Inexpensive and scalable bottom-up approaches
are increasingly needed for transferring the compositional
versatility and homogeneity of individual NCs to the device-
level macroscale (large-area thin films or bulklike nanogranular
materials), "~

The preparation of multinary nanocrystals has proven to be
much more difficult than the synthesis of elemental and binary
nanocrystals, In particular, formation of quaternary chalcoge-

< ACS Publications  © 2018 American Chemical Sacioty
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nides requires narrow parametric spaces, because it competes
with simultaneous formation of binary and temary phases, all
having similar energies of formation and similar crystal
structures. OFf course, diversity of phases and compositions in
multicomponent systems offers also important and useful
advantages. For instance, Cu-poor and Zn-rich CZTS materials
have demonstrated better performances as absorbers in solar
cells than nearly stoichiometric materials.” In contrast, Cu-rich
CZTS have shown improved photocatalytic properties.”
Furthermore, the compositional control allows tuning of the
semiconductor charge carrier concentration, which is key to
optimize performance in applications such as thermoelectrics."”

Control and analysis of compositional and phase homoge-
neities are experimentally challenging and require, for instance,
scanning transmission electron microscopy (STEM) combined
with high-spatial-resolution chemical analysis with energy-
dispersive X-ray spectroscopy (EDX) or electron energy loss
spectroscopy (EELS) to unravel the complexity within the
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individual NC. To obtain NC-to-NC variation in atomistic
uniformity, one would need to map thousands of NCs, which is
difficult experimentally, while other characterization techniques
provide only average information. In this regard, very useful is
the observation that shape and size uniformity of multinary
M5 are indicative of their intrinsic chemical humng&neit‘y.m_ "
In other words, monodisperse NCs are more likely to be also
chemically identical/similar. Since photovoltaic, catalytic, and
almost all other applications require large quantities of NCs
with a minimal particle-to-particle variation in composition, the
objective of this work was to develop a high-yield and easily
scalable synthesis protocol to produce CZTS NCs, with high
compositional and morphological uniformities.

The “heating-up” synthesis—when all reagents and solvents
are premixed and then simply heated—is generally easier to
scale up than the injection-based procedures, primarily because
of highly homogeneous concentrations and temperatures
throughout the process.”’ When the injection of a reagent is
involved, the scaleup is limited by difficulties in achieving fast
mixing of large volumes of reagents. Few gram-scale synthesis
protocels to produce CZTS NCs have been already proposed,
Among them, the solvent-free, mechanochemical synthesis
approach is a remarkably simple pathwzl:.rf'_m albeit with
limited control over the compaosition and morphology of CZTS
MNCs.

Here, we report a 90%-yield synthesis of monodisperse
CZTS NCs, using a heating—up chedure and hig]'i initial
concentration of precursors, up to 06 mmol per gram of a
reaction mixture, which is a factor of 8=10 higher than that
commaonly used in NC synthesis. We also present a detailed
nuclear magnetic resonance (NMR) study of the surface
capping ligands and an efficient organic ligand displacement
procedure, with a final carbon content of just 0.1-0.2 wt %,

2. EXPERIMENTAL SECTION

Chemicals and Solvents. fert-Dodecanethiol (tDDT, 98.5%), 1-
dodecanethial (DDT, >98%), tin(IV) chloride pentahydrate {SnCl,-
SH,0, 98%), zine oxide (Zn0), 299%), copper(I1) chloride dihydrate
[CuCl,2H,0, =99%), l-octadecene (ODE, 90%), and oleylamine
[OLA, T0%) were purchased from Aldrich. Chloroform, isopropanel,
dimethyl formamide (DME), and tetrahydrofuran (THF) were
analytical grade and obtained from various sources. OLA was
vacuum-distilled before its use. The use of “as received” OLA results
in poor NC size distributions and irregular NC shapes. Others
precursars and solvents were used without further purification. Cale—
Parmer “Digi-Sense B/57 temperature controllers with enabled
“autotuning” mode were used for the accurate control of the heating
rate during the synthesis,

CZTS Nanocrystals. Quasi-spherical CETS NCs were prepared by
the reaction of copper and tin chlorides and zine oxide with a mixture
of tDDT and DDT in the presence of OLA. In a typical synthesis, 5.4
mmol {920 mg) of CuCl, 2H,0, 4.8 mmol (391 mg) of Zn0, and 1.8
mmol (630 mg) of SnCl-5H,0 were dissolved in a minimal amount
af THF. Afterward, 24 mmol (6,43 g} of distilled OLA and 20 g of
ODE were added to the reaction mixture, The solution was heated
under argon flow (ca. 30 mL/min) to 175 “C and maintained at this
temperature for ~1 h to ensure the removal of traces of low-boiling-
point impurities and water, Three issues to be noted at this point:

(i) the purification time may be significantly optimized in a large-

scale production scenario;

(i) the main reason to use THF as a co-solvent is to facilitate the
metal salts dissolution, but it also helped to remove water from
the reaction mixture; and
Zn0 is soluble only with the presence of SnCl:5H,O in
solution,

{iii)

T
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After purging, the misture was cooled to 100 °C and 50 mmeol
(1012 g} of tDDT and 3 mmol {1012 g) of DDT were added
through a syringe. The solution then was heated to 250 “C during 10
min and maintained at this temperature for 1 h A constant heating
rate and a high argon flow during the heating were key to obtaining
monodisperse NCs. The formation of NCs was noted by a gradual
darkening of the reaction mixture at ~135=145 “C. Final CZTS NCs
were thoroughly purified by multiple precipitation and redispersion
steps, using 2-propanol and chloroform. Finally, CZTS NCs were
dissolved in THF and the solution was centrifuged at 9000 rpm for 5—
13 min to precipitate poorly soluble unreacted metal complexes and
large (=100 nm} Zn-rich particles (nete the initial nonstoichiometric
precursor ratio). The supernatant was recovered and stored for its
posterior use. Mo additional size-selective precipitation was performed.
The proposed synthetic route allowed to prepare ~670 mg of CATS
NCs in 30 g of reaction mixture, and with a precurser metal
concentration of 0.3 mmol/g It is worth mentioning that the total
precursor concentration might be doubled simply by reducing the
amount of solvent. However, by doing so, the viscosity of the reaction
mixture increased significantly, reducing the product quality and
rendering the synthetic procedure less convenient. Instead, we propose
to proportionally scale up the synthesis by a factor of 10 by conducting
the synthesis in a 1 L flask. In fact, we regularly performed this
synthesis protocol at 5—7-fold scale, producing 5—6 g of CETS NCs
per batch with essentially the same results, The typical yield of the
synthesis was ~90%.

Characterization Technigues. The morphological, chemical, and
structural characterizations of the NCs were carried out by
transmission electron microscopy (TEM) and high-resolution trans-
mission electron microscopy (HRTEM). Carbon-coated TEM grids
from Ted-Pella were used as substrates. A solution of the CETS NCs
in THF was deposited dropwise directly onte the grids and dried
under ambient conditions. HRTEM images were obtained using a FEI
Tecnai F20 field-emission gun microscope operated at 200 keV with
an embedded Gatan image filter for EELS analyses. Images were
analyzed by means of Gatan Digital Micrograph software, Powder X-
ray diffraction (XRD) patterns were obtained with Cu Ka, (4 = 15406
A) radiation in a reflection geometry on a Bruker DB system operating
at 40 kW and 40 mA. Raman scattering measurements were performed
in backscattering configuration with a LabRam Model HRR00-UV
Horiba—Jobin Yvon spectrometer, using the 532 nm line from a
Nd:-YAG solid-state laser and the 325.0 nm line from a HeNe laser as
excitation lights. Elemental analyses were performed using an
elemental organic analyzer (Thermo, Model EA 1108), working
under a helium flow of 120 mL/min; the combustion furnace
temperature was 1000 “C, the chromatographic column owven
temperature was 60 “C, and the pressure of the 10 mL oxygen loop
was 100 kTa,

Wuclear magnetic resonance (NMR) measurements were recorded
on a Bruker Model Avance [11 HDY Spectrometer operating at a 'H
frequency of 50026 MHz and equipped with a BBFO-Z probe, The
sample temperature was set to 298.2 K. One-dimensional {1D) 'H and
2D NOESY {nuclear Overhauser effect spectroscopy) spectra were
acquired using standard pulse sequences from the Bruker library. For
the quantitative 1D 'H measurements, 64k data points were sampled
with the spectral width set to 20 ppm and a relaxation delay of 30 s,
The NOESY mixing time was set to 300 ms and 409 data points in
the direct dimension for 512 data points in the indirect dimension
were sampled, with the spectral width set to 12 ppm. Diffusion
measurements (2D DOSY) were performed using a double-stimulated
echo sequence for convection compensation and with monopolar
gradient pulses.” Smoaothed rectangle gradient pulse shapes were used
throughout. The gradient strength was varied quadratically from 2% to
95% of the probe’s maximum value in 64 increments, with the gradient
pulse duration and diffusion delay optimized to ensure a final
attenuation of the signal in the final increment of <10%, relative to the
firest increment, For 2D processing, the spectra were zero-filled until a
4096—2048 real data matrix, Before Fourier transformation, the 2D
spectra were multiplied with a squared cosine bell function in both
dimensions, the 110 spectra were multiplied with an exponential
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Figure 1. (a) Representative TEM micrograph and a typical size histogram of CZTS nanocrystals (NCs); (b) HRTEM micrograph and
corresponding indexed power spectrum on the selected CZT'S NC in the red square; (c) XRD pattern and (d) Raman spectra with 532 and 325 nm
excitation of CZTS NCs. The resonant Raman spectrum of ZnS obtained under 325 nm excitation is also shown as a reference,

window function. Concentrations were obtained using the Digital
ERETIC method, as provided in the standard software of Bruker. The
diffusion coefficients were obtained by fitting the ¢ appropriate Stejskal—
Tanner equation to the signal intensity decay.”

3. RESULTS AND DISCUSSION

Representative TEM and HRTEM micrographs of the CZTS
NCs prepared following the above detailed heating-up
procedure are shown in Figures la and 1b, respectively.
CZTS NCs have slightly faceted, almost isotropic spherical
shapes. Importantly, the size dispersion was below 10%
(estimated as full-width at half-maximum (fwhm) of the size
histogram collected from several hundred NCs). The power
spectrum, shown in Figure Ib, unambiguously revealed CZTS
NCs with a wurtzite phase and lattice parameters; a = b =
0.3839 nm and ¢ = 0.6339 nm (P6ymc space group). XRD
analysis confirmed the wurtzite crystal phase of the CZTS NCs
(Figure Ic). The presence of alkylthiols in the reaction mixture
was found to be crucial to obtain CZTS NCs of this crystal
structure. In contrast, sulfur as a precursor causes the formation
of nanoparticles with a kesterite structure.”’ Raman spectra of
the produced materials are shown in Figure 1d. Various
excitation wavelengths were used to enhance the signal of the
possible secondary and ternary impurity phases. The Raman
spectrum obtained with a 532 nm excitation shows two broad
bands, at 333 and 288 cm ™, which agree well with the reported
spectra of wurtzite CZTS. The presence of CuS, SnS, SnS,,
SnS;, or Cu,SnS, would have associated bands at 475 em™,
190-220 em™', 315 em™, 310, or 350 em™,"” respectively,
which were not observed. Raman spectra with 325 nm
excitation were also obtained to verify the possible presence
of ZnS, which is characterized by the presence of two peaks at
350 and 700 cm™'. None of these peaks was observed, ruling
out the presence of this phase in the final material.
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Figure 2 shows the programed temperature profiles and
actual readouts from the thermocouples during the synthesis.
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2. (a) Programmed (red) and real (black) temperature profiles.
gumvoluhon of the composition of the CZTS NCs during the
synthcsns (W) Cu, (@) Zn, and (A) Sn.

The initial formation of NCs was observed as a clear change of
color of the reaction mixture from yellow to dark-brown at
135—145 “°C. At this point, copper sulfide NCs nucleated first
due to high chalcophilicity of this metal. These NCs then grew
via the incorporation of all other metals from the reaction
medium (Cu, Zn, and Sn ions) as the temperature increased. A
similar mechanism of the formation of quaternary phases, based
on the progressive incorporation of the different cations in an
initially formed copper chalcogenide lattice, was observed for
several Cu-based quaternary chalcogenide semiconductors,
such as Cu,CdSnSe, (see ref 26) and CZTS.” ™ The
formation of the CZTS NCs was completed close to reaching
the peak temperature of the temperature ramp (250 °C). The
final composition and size remained unchanged after further
annealing at 250 °C for 30 min.
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Surprisingly, the heating rate played an insignificant role on
the size and composition of the formed CZTS NCs. For
example, constant-rate 10 or 30 min ramps from 100 °C to 250
“C resulted in essentially the same final material. However, the
stability of the heating rate had a much more profound effect
on the size distribution of the obtained CZTS NCs, as
consistently observed in over 20 syntheses shown in Figure 3.
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Figure 3. Representative TEM images of CZTS NCs obtained from a
floating (left) and a steady (right) heating rate. CZTS NCs with 12%
standlard size dispersion were obtained using a relatively irregular
heating rate. MCs produced with a more stable heating rate were
characterized with size distributions of 7.6%.

We associate this result with a better separation of the
nucleation and growth stages and a higher temperature
homogeneity of the solution with a steady heating rate,
Practically, this result points to the need for accurate control

and knowledge of the temperature profile of the NC synthesis.
The second main factor determining the size distribution was
mixing of the reagents. Intense argon bubbling (few bubbles per
second, ea. 30 mL/min) was found to be a key to obtaining
high-quality CZTS NCs. Argon bubbling facilitates both mixing
and heat transfer during the heat-up process, as previously
indicatled by Lynch et al. for the heat-up synthesis of iron oxide
NCs.'

Besides the scalability of the heat-up based syntheses, the
ability to synthesize at high concentrations and with high
reaction yields is also highly important. Hence, these
considerations had also received a great amount of attention
in this study. Figure 4a shows a ternary diagram with data
points corresponding to the actual composition of CZTS NCs
produced at gradually higher precursor concentrations,
obtained by reducing the amount of solvent (ODE) and
keeping the same quantities of all reagents. Higher precursor
concentrations resulted in a decrease in the zinc content and a
slight increase in tin content in the final CZTS NCs. These
changes were then eliminated by readjusting the ratios of
reagents: increasing the amount of Znld and dti:n:a:ilng the
amount of SaCl-5H,0. As a side effect of additional Zn0, an
impurity of large polydisperse ZnS-rich NCs had formed, but
could be easily removed by centrifugation. On the other hand,
the batch-to-batch compositional dispersion was relatively low,
as shown in Figure 4b, showing the composition of 16 CZTS
MC batches obtained using the same total metal concentration,

The size, shape, and monodispersity of CZTS NCs did not
change significantly with the total precursor concentration
when maintaining the metal ratios constant, On the other hand,
the Cu:Zn:Sn ratio was a main factor governing the shape of
the CZTS nanoparticles. It is well-known that the presence of
tDDT in the reaction mixture is a key factor for the production
of rod-shaped CZTS and CTS nanoparticles.” It is considered
that, while DT binds equally to all facets, tDDT preferentially
binds to specific facets, leaving the [001] direction for crystal
growth, This difference allows the preparation of CZTS or CTS
NCs with different aspect ratios.” It is assumed that DDT
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Figure #. Ternary diagrams of the composition of CZTS NCs: (a) composition for samples obtained using different total metal concentrations in the
initial solution, as detailed within the graph (in mmol) of the metals {Z7..5.) per gram of a reaction mixture. The symbol color and shape
display the initial ratio of metals. The [Cu, Zn, Sn] initial concentration ratios were (00} [2, 1, 1], () [2, 1.35, 0.84], and (D) [2, 1.78, 0.67]. The
solid black square, red triangle, and blue eircle mark the initial precursor concentrations used for the materials represented with empty black squares,
red triangles and blue circles, respectively. (b} Composition of 16 CZTS samples produced with a metal concentration of 0L303 mmol/g and an

initial metal ratio of [Cu, Zn, Sn] = [2, 1.78, 0.67].
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binds to the surface of CZTS NCs stronger, allowing for the
preparation of smaller but more homogeneous CZTS nano-
rods. (See Figure 53 in the Supporting Information for
representative TEM micrographs of CZTS NCs synthesized
with and without DDT.} Surprisingly, we found that, at high
precursor concentrations, the presence of tDDT did not
significantly influence the shape of the CZTS NCs. Only highly
Cuerich precursor selutions in combination with high initial
precursor concentration resulted in the formation of quasi-
spherical CZTS nanocrystals, as shown in Figure 5

Figure 5 TEM image of CETS NCs prepared using different
Cu:Zn:5n ratios and concentrations: 3.50:2.67:1.00 and 0.303 mmol/g
(left) and 2.40:1.60:1.00 and 0.219 mmal/g (right). A TEM image of
the rodlike CZTS NCs prepared with stoichiometric  precursor
concentrations is presented in Figure 52 in the Supporting
Information. The presence of tDDT in the reaction mixture did not
influence the shape of CZTS NCs at high precursor concentrations,

To study the surface chemistry of the synthesized CZTS
NCs, NMR measurements were performed on a purified
dispersion of CZTS NCs '[:-‘Et Figure 'E-:I'. In the 'H NMR
spectrum, overlapping sharp and broad resonances were
detected in the chemical shift range of 0—3 ppm (Figure 6a),
rendt:ring it difficult to directly interpret them. However, the
izolated alkene resonance at 5.5 ppm was clearly broadened, an
effect of slower molecular tumbling, which is attributed to the
binding of ligands to NC surfaces.™ As OLA is the only
maolecule in the reaction mixture with an internal alkene, and
we thus identify OLA as a ligand. Confirmation of the bound
nature of OLA is provided by the negative (black) cross peaks
between its resonances in the 2D NOESY spectrum {Figure
Gb}. In addition, we find that the sharp resonances feature

positive (red) cross peaks, which means that the corresponding
melecule does not interact with the surface and is a desorbed or
unbound ligand.

The overdapping resonances at 0—3 ppm can be separated
along the diffusion dimension (Figure &6c) as the broad
resomances correspond to bound OLA, diffusing slowly while
the sharp resonances belong to a free, yet unidentified
melecule, diffusing quickly. The diffusion coefficient of OLA
is 41 gm*/s and can be converted to a solvo-dynamic diameter
of 20 nm, using the Stokes—Einstein equation. Since this value
is of the same order of magnitude as the NC diameter, we
conclude that OLA is tightly bound to the NC."' Amines
typically bind in a NC(L) binding motif {a stoichiometric
nanocrystal with an L-type ligand coordinating to surface metal
ions) and, although they are generally considered as weakly
binding ligands, they were found to bind tightly to copper
indium sulfide NCs.™ Here, we find the same tight binding to
CZTS NCs, and we infer that this is due to the strong affinity of
amines for copper.

Interestingly, neither the reference spectrum of DDT, nor
the reference spectrum of tDDT, match the sharp resonances of
the unbound compound. However, when DDT is added to the
sample, its resonances disappear after 2 weeks and the signals of
the unidentified species have increased in intensity, suggesting
that this compound is a degradation product of DDT.

Finally, the OLA concentration was quantified to 3.34 mM
and with an NC diameter (13 nm) and an NC concentration
(13 mM), we caleulated a ligand density of 0.8 nm™ This is a
rather low value, since full coverage typically corresponds to 4—
5 ligands per square nanometer and it can be explained by
assurning that the original ligand shell comprised both thiol and
amine and that the thiol degraded over time, possibly even
catalyzed by the CZTS NCs. However, to confirm these
xpucu]ati:ms, a thumugh surface chemistry study during all the
synthetic steps would be needed, which is outside the scope of
this contribution. The solvo-dynamic diameter from the DOSY
experiment I:?.ﬂ nm) was alsa highcr than the sum of the NC
core diameter (13 nm) and the organic ligand shell (3 nm).
This leads us to believe that the NCs agglomerate during the
drying step, prior to dissolution in CDCly— because of the low
ligand coverage.

Potential applications of CZTS NCs requires displacement of
the bulky ligands from the surface of the NCs. Several
potentially useful short surfactants were tested as stabilizers of
the CZTS nanoparticles in polar media (see Table 51 in the
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Figure 6. {a) '"H NMER. spectrum of 14 nm CZTS NCs in CDCly; concentration is 84 pM particles. (b} NOESY spectrum of the same sample. (c)
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Supporting Information). Thermogravimetric analysis showed
that weight loss upon heat treatment was only a few percent
and was mainly dependent on the drying conditions. (See the
Supporting Information for details.) Note that DMF and water
are tightly bound to the surface of CZTS NCs and an intensive
drying procedure needs to be applied in order to remove them
completely. CZTS NCs typically lose solubility after such
excessive drying. Exchanged samples showed exceptionally low
carbon content (<1 wt % with a record value of 0.1-0.2 wt %,
which is the practical limit of the used analytical instrument)
after heat treatment in a nitrogen atmosphere, We believe that
the residual carbon content is dependent more on the practical
accuracy during the cleaning procedure after ligand exchange
than on the nature of the stabilizer/solvent couple used,

4. CONCLUSION

In summary, we detailed a >90% yield synthesis to prepare
highly monodisperse wurtzite CZTS nanocrystals {NCs) with
the size distributions below 10%. The synthesis protocol is easy
to scale up in order to prepare at least several grams of CZTS
NCs per batch. To produce stoichiometric WCs with highly
concentrated precursor solutions, initial metal ratios had to be
adjusted. Finally, effective mixing and heat exchange using
intense argon bubbling and a careful control of the heating
ramp stability were found to be key parameters to produce
highly menodisperse CZTS NCs.
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Scalable heating-up procedure to synthesize monodisperse
Cu2ZnSnS4 nanocrystals
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Ligand exchange strategy: Organic ligands were displaced from the surface of CZ T8 nanocrystals using various short molecules
or ions, Ligand exchange was carried out by mixing 5-10 ml of a 0.05-0.1 M solution of the new ligand (sodium
diethyldithiocarbamate Na(dedte); tetrabutylammonium  1-phenyltetrazol-5-thiolate. ThioTz[NBuw,], Na:S or NaMNi) in
formamide with 10 ml of a solution of nanoparticles in chloroform (with concentration approximately equal to the crude
solution). The (NH,):S ligand exchange was performed by adding a few drops of (NH, )28 (20 wt % in water) and 10 ml of
formamide { or water) into a 10 mlsolution of CZTS nanoparticles stabilized in chloroform. Both mixtures were vigorously stirred
and let stand until phase separation was observed, Nanoparticles moved from the chloroform to the formamide (or water) phase.
The final formamide or water solution containing the nanoparticles was washed several times with chloroform to drag all the
remaining organic ligands surrounding the nanoparticles. Nanoparticles were finally precipitated using acetonitrile and re-
dispersed in N,N-dimethylformamide, Finally, solution was eleaned by precipitation with acetone and re-dispersion in DMF, Few
drops of the fresh solution of stabilizer were added every time to DMF in order facilitate dissolution and ensure displacement of
the original bulky organic ligand. The resulting nanoparticles could be deposited in the form of thin film and when heated to
500°C in nitrogen atmosphere the final carbon content was analyzed using chemical analysis, Table S1 displays the carbon
contents measured for each ligand exchange procedure,

Table s1. Carbone content of the CZTS samples after heat treatment in N,.

5 Inarganic Stabilizer M wli Cowo TG weight loss %
1 [WH:]:S in FA 0 0.61-0.67 9

2 | ThioTz[NBus]in FA; 0.05M 0 015019 3

3 [WH.]:5 in H.0 0 1.78-1.87 5

4 | ThioTz[NBus] in FA; 0.05SM 0 044 3

5 Ma:z8 in FA LA 0.50-0.51

& MNaldedte) in FA 006G 0.98-0.50 14

7 MalNain FA o 0.46-0.50
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Figure 51. TG ofthe CZTS nanoparticles after ligand exchange,
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Figure 52, FTIR spectra of CZTS nanocrystals before and after ligand exchange with (NH,):S and zeta potential and DLS size
distribution of the ligand exchanged CZTS nanoerystals.
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Figure S3. TEM micrographs of the CZTS nanocrystals obtained with (left) and without (right) using of the dodecylmercaptan

(DDT) as a co-precursor in the synthesis. Both sample prepared with same Cu:Zn:Sn ratio (2.0:1.0:1.0) and
concentration:0.078mmol/g (left) and 0.08 Immol/g (rigth).

Figure S4: HRTEM micrographs of CZTS nanoparticles.
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2.1.2 CuzZnSnS; Nanocrystals as Highly Active and Stable Electrocatalysts for the Oxygen Reduction

Reaction

The article with the title “Cu,ZnSnS,; Nanocrystals as Highly Active and Stable Electrocatalysts for the Oxygen
Reduction Reaction” has been submitted as is currently under review, also attached in the end of this subchapter.
First-principles simulations predicted that CZTS NCs could be high performance electrocatalyst for ORR due to a
relatively low energy barrier for O, adsorption and subsequent dissociation to OH. We compared the catalytic
properties of wurzite and kesterite CZTS NCS toward ORR in alkaline medium, including stability and resistance to
methanol. The kesterite CZTS NCs showed exceptional electrocatalytic performance for ORR with high current
densities and low onset reduction potential over commercial Pt/C electrocatalysts (Figure 2.6). This
electrocatalyst provide a reasonable alternative electrocatalysts based on non-noble metal multinary

chalcogenides.

C (1600 rpm)
\
1600 rpm
N
Pt (1600 rpm)
i 5| 0.3 0.5 0.7 0.9
E (V vs. RHE)
d) o —0— 0.1V (n=4.12) » C) 9
—0— 0.2V (n=3.90)
—0— 0.3V (n=3.80) // . a4 C (1?00 rpm)
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G  |o-osv (n=3,601//" g —o
go i CZTSWZ v~ £ 400 ;pm CZTSKE
— 0.44 )
< w7 < -3 /
E E
703 Za— 0.1V (neats) T4 /
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- CZTS-KE —=— 0.4V (n=3.90 . e,
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Figure 2.6 (a) TEM micrograph of the CZTS NCs supported on Ketjen carbon. Arrows point at some of the CZTS
NCs. (b-c) LSV curves of the ORR at various rotation rates (400, 635, 900, 1225, 1600 rpm) from wurtzite CZTS/C
(b) and kesterite CZTS/C (c) electrocatalysts in O,-saturated 0.1 M KOH solutions at a scan rate of 10 mV s™. The
RDE voltammograms of the Ketjen carbon and of commercial Pt/C, both obtained at 1600 rpm, are also plotted

for reference. (d) Koutecky—Levich plots for wurtzite and kesterite CZTS at various potentials.
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Cu;ZnSnS; Nanocrystals as Highly Active and Stable
Electrocatalysts for the Oxygen Reduction Reaction

¥uelian Yu,™" Da Wa ng,b'* Jingging Liu," Zhishan Lug,” Ruifeng Du,” Li-Min Liu,™® Guangjin Zhang,"‘
Yihe Zhang” and Andreu Cabot™®

The implementation of cost-sffective fuel cells and meatzl-air batteries requires developing environmental friendly and
cost-affective electrocatalyst with high activity in the oxygen reduction reaction (ORR). While several cxides has been
proposed as electrocatalysts for the ORR in basic conditions, some sulfides, particularly copper sulfide, have been shown
to provide some of the highest electrical conductivities and overall improved electrocatalytic properties. We use here first-
principle calculations to study the oxygen adsorption and ORR kinetics on alternative copper-based sulfides and find out
that the inclusion of cations with a higher oxidation state, such as zn® and Sn"‘, provides more energetically favorable
sites for oxygen adsorption and subsequent formation of hydrowyls. Supported by these calculations, we synthesized
Cu;Zn5nS, (CZTS) nanocrystals (NCs) with controlled crystallographic phase by high-yield colloidal synthesis routes, and
investigated their electrocatalytic properties toward ORR in alkaline solution. Kesterite CZTS NCs show exceptional
electrocatalytic performance for ORR with high current densities (5.45 ma cm? at 0.1 W vs. RHE} and low onset reduction
potential |0.89 W ws. RHE), comparable to commercial Pt/C electrocatalysts. Equally important, CZTS MNCs exhibit superior
stability and resistance to methanaol, thus avoiding the poisoning limitation of commercial Pt/C catalyst in the particular

case of direct methanol fuel cells.

Introduction

The oxygen reduction reaction (ORR) is a limiting step in several
energy conversion and storage technologies, such as fuel cells,
metal-air batteries and certain n!l|=_r1:tr-::ul',.rsvers.[]‘l1 To accelerate this
reaction, platinum-based catalysts are generally required. However,
the low abundance and high cost of platinum strongly limits the
cost-effective commercialization of these technologies. In addition,
platinum-based electrocatalysts suffer from limited durability
associated to surface poisoning by certain substances. This is the
case, for instance, in direct methanol fuel cells where Pt stability
becomes an issue due to methanol crossover.”! Alloying Pt with
low-cost transition metals which maintain proper ORR activities
with a lower usage of Pt represents an insufficient step in the
correct  direction.*®  Another approach to  overcome the
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extraordinary challenge that the cost-effective iactivation of the
ORR represents is the use of alkaline electrolytes, While the
implementation of alkaline solutions still requires further
electrolyte or membrane optimization in terms of performance and
especially tolerance to CO,, it has a main advantage in enabling the
use of much more cost-effective catalysts. In this regard, a wide
range of noble metal-free electrocatalysts have been explored for
ORR in alkaline media, such as transition metal oxides,
chalcogenides, nitrides, oxynitrides and modified graphene.mm
among them, copper chalcogenides have been demonstrated to
provide outstanding performance and stability, especially when
supported an different forms of carbon. 1Y

In view of the exceptional electrocatalytic properties of copper
sulfides and selenides, it is surprising that other copper-based
chalcogenides have not been explored for such a technologically
relevant reaction, especially when taking into account that some
multinary copper chalcogenides have been demonstrated to
overcome binary copper chalcogenide performances in other
electrocatalytic applications. This is the case on the reduction
reaction of the oxidized electrolyte at the counter electrode of
quantum dot sensitized solar cells, for instance.** ™!

The ample chemical and structural freedom of multinary
chalcogenide enable optimizing this class of materials in multiple
applications, including  photovoltaics, thermoelectrics  and
catalysis."™" The small size and electronegativity differences
between transition metals and chalcogens makes them strongly
covalent compounds. This covalency, the chalcogen ability to
catenate, the variable valences of transition metals, and the higher

1. Mame., 2013, 00, 1-3 | 1
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ability of metal atoms to form metal-metal bonds  within
chalcogenides result in a wery large diversity of multinary
chalcogenide stoichiometries and structures, including abundant
non-stoichiometric phases and a wide range of solid solutions. This
structural and wvalence variability yields materials with large
densities of defects, large charge carrier concentrations and
potentially excellent and tunable photocatalytic and electrocatalytic
prnperties.'“’“'

In this work, we investigate multinary copper-based chalcogenides
as low-cost, non-toxic, potentially highly reactive and robust
electrocatalysts for ORR. We first use first-principles calculations to
determing the potential of CuZnSnS, (CZTS) for ORR. Then, we
produce CZTS nanocrystals (NCs) with two different phases and test
their catalytic properties toward ORR, including stability and
tolerance to methanol crossover, We show kesterite CZT5 NCs to
display excellent catalytic properties toward ORR, and therefore to
provide a reasonable zlternative electrocatalysts based on non-
noble metal multinary chalcogenides.

Experimental section

Computational methods: Our calculations were performed based
on DFT calculations, as implemented in the Vienna ab initic package
{'I.I'.&SP:_W““' The general gradient approximation of Perdew-Burke-
Ernzerhof (GGA-PBE) was adopted for the exchange-correlation
functional,*® Moreover, the electron wave functions were
expanded by a plane wave cutoff of 400 eV. The (4=4x2) and
(4%3=3) supercell kesterite and wurtzite CZT5 with the
stoichiometry of CugeZna;5n;S;0e and CupaZnagSnasS, ., respectively,
were constructed by periodic boundary condition (PBC), and the
vacuum layers were set to be larger than 20 & to avoid periodic
interaction. Reciprocal space was performed by the Monkhorst-
Pack special k-point scheme with 2x2x2 grid meshes for structure
relaxation for both kesterite and wurtzite CZTS. Atomic relaxation
until the total energy variation was smaller than 10° eV and all
forces on each atom were less than 0,01 eV/A. We determined the
free energy barrier for ORR on the CZTS using the climb image
nudged elastic band (CL-NEB) method.” A set of images (N=9) was
unifarmly distributed along the reaction path connecting the initial
and final states optimized in our simulation. To ensure the
continuity of the reaction path, the images were coupled with
elastic forces, and each intermediate state was fully relaxed in the
hyperspace perpendicular to the reaction coordinate.

Synthesis of kesterite CZTS NCs: In a typical synthesis, 1.8 mmaol of
CuCly-2H;0, 1.6 mmol of Zn0 and 0.6 mmal of SnCl,-5H,0, and 0.5
mmol of octadecylphosphonic acid {ODPA) were mixed with 30 mL
of oleylamine (OLA} under argon flow in constant stirring. The
mixture was heated to 200 “C and maintained at this temperature
for 1 hour, Then the mixture was heated to 300 *Cand 1 mL of a 2
M solution of tetrasthylthiuram disulfide in dichlorobenzene was
injected, The solution was maintained at this temperature for 30
min. MCswere thoroughly purified by multiple precipitation and
redispersion steps using 2-propanal and chloroform.

Synthesis of wurtzite CZTS NCs: In a typical synthesis, 1.8 mmol of
CuCly-2H;0, 1.6 mmel of Zn0 and 0.6 mmol of SnCly5H,0 were
dissolved in a minimum amount of the tetrahydrofuran (THF).
Afterward, &8 mmol of OLA and 6.5 g 1-octadecene were added to

2 | 4. Name., 2012, 00, 1-3
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the reaction mixture. The solution was heated under flow of argon
to 175 °C and maintained at this temperature for 1 hour. Then the
mixture was cooled to 100 °C and 16 mmol of tert-
dodecylmercaptan and 1.6 mmol of dodecanethiol were injected.
Then the solution was heated to 250 °C and maintained at this
temperature for 1 hour. The purified process was the same as the
kesterite ones.

Characterization: Transmission electran microscopy (TEM) analysis
was carried out using a JEQL 2010F field emission gun microscope
with a 0.19 nm point-to-point resolution at 200 keV. Powder XRD
patterns were obtained with Cu Kol{i= 1.5406 A) radiation in a
reflection geometry on a Bruker D8 operating at 40 kV and 40 mA,
Raman scattering measurements were carried out in backscattering
configuration with a LabRam Model HREBO0-UV Horiba-lobin Yvon
spectrometer, using the 532 nm line of a Nd:YAG solid-state laser.

Electrochemistry  Experiments: To study the  material
electrocatalytic performance, NCs were supported on carbon black
(Ketjen carbon, C) with a weight ratio of 3:7 (NCs/C) through
sonication of the NCs dispersion and C in chlorofarm. The C-NCs
catalysts were activated wvia thermal annealing under Ar
atmosphere at 400 °C for 1 h and then dispersed in @ mixture of 0.5
mL deionized water, 0.5 mL isopropanol and 8.75 pL Mafion (10
wi¥). Finally, 10 pl of this solution (5 mg/mL) was deposited on the
glassy carbon (GC, 4 mm in diameter) rotating disk electrode [RDE)
for elactrochemical characterization, The prepared electrodes were
dried at room temperature overnight befare electrochemical tests.
Following a similar procedure, a GC electrode coated with Pt/C (20
wt Pt, purchased from Alfa Aesar) was also fabricated for
comparison. Cyclic voltammetry (CV), linear sweep voltammetry
(LSV} and chronoamperometric experiments were performed on a
CHI780e electrochemical workstation (CHI Instrument Inc.). A
standard three-electrode cell was used and controlled at 25 °C
during the experiment using a water bath. The prepared thin-film
GC electrodes were used as the working electrodes, Platinum foil
and Ag/AgCl were used as the counter and reference elactrodes,
respectively. The Ag/agCl electrode was calibrated with respect to
the reversible hydrogen electrode (RHE) in all measurements
{+0.949 Y vs. RHE). The electrolyte, consisting of a solution of 0.1 M
KOH, was saturated with ultrahigh-purity Ar for 30 min before the
measurements. The oxygen reduction experiments were performed
by saturating with ultrahigh-purity O, for 30 min before the
measurements.

Results and discussion

First-principles calculations were carried out to determine the
potential of multinary copper-based sulfides toward the ORR, After
preliminary  analysis of several potentially suitable ternary
compounds, eg Cuy5nS,, CusShs, we focused our attention on
quaternary Cuy=ll-IV-5, compounds and particularly on CZT5. CZTS
is composed of four relatively earth-abundant, low-cost and non-
toxic elements. In CZTS, the electronic hybridization is very strong
due to the atomic levels of Cu-3d states are just slightly above the
5-3p orbitals. This strong p-d hybridization results in a wvery
significant contribution of the Cu-3d states to the near-edge
valence band, while Sn mainly contributes to the near-edge
conduction band. The presence of multiple elements and with

This journal is © The Royal Society of Chemistry 20
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different valences at their surface also provides CZTS with a wide
range of adsorption sites.

Catalytic and electrocatalytic properties not only depend on
material composition, but also on its crystal phase and particularly
on their surface facets, CZTS crystallizes in three possible phases:
kesterite, wurtzite and stannite, being the two former the most
commonly encountered. These phases have sensibly different
physical and chemical characteristics, which have an impact on the
material functionality. As an example, kesterite phasze is generally
considered the best candidate for photavaltaic application, ™ but
better results were obtained with wurtzite CZTS in the
photacatalysis field."™ To obtain an initial estimation of the
potential of CZT5 for the ORR, we undertook the modelling of the
two main phases, kesterite and wurtzite, We modelled the [112)
surface of kesterite and the (100) surface of wurtzite CZTS following
previous literature raports 7! considering these two as the most
probably surface facets (as shown in Figure 51). Various possible
adsorption configurations and the associated energies of various
ORR species on the CZTS surfaces were examined. The
corresponding most stable adsorption configurations of various
ORR species on the kesterite (112) surface are shown in Figure 52.
Due to their higher axidation state, all ORR species preferentially
adsorb on either $n* or Zn™" instead of Cu’ jons. The kinetically
most favorable reaction pathway for the ORR process catalyzed by
non-precious-metal catalysts in an alkaline solution is considerad to
be the OOH dissociation pathway,”™ which can be divided inte four
steps: 1) the adsorption of an O, molecule onto the Cuzfnsns,
surface site [0y ); II) the reduction of 0, with H,0  ta an QOH
group adsorbed on the Cu,ZnsnS, site; I} the transition from the
DOH to an adsorbed O atom; IV) the transition from the O to an
adsorbed OH'. The latter three steps in our DFT calculations were
considered as follows:

H,O0 + 0, —0H +00H (I}
00H = 0OH+0 ()
Y]

The relative energy profile of the ORR process on each CZTS surface
was calculated, as shown in Figure 1. To exhibit the reaction
process more clearly, the maolecular level of the ORR pathway is also
provided in Figures 53 and 54, As illustrated, once the I:Ilz1 and HJO'
were adsorbed, Dz‘ is reduced to OOH while the H,Clr is
simultaneously oxidized to OH’. In this case, the calculated ENErgy
barrier is 0.36 eV for the kesterite (112} surface and 0.56 eV for the
wurtzite (100) surface. The rate-determining step corresponds to
the transition from the OOH to an adsorbed @ atom (Equation 11},
which has a relatively low energy barrier of 0,65 eV for kesterite
CZTS. This barrier is close to the overall barrier calculated for Pd and
PdCu allovs'“' and similar to the considered as limiting reaction in
FeN;graphenetO;+GGH:I[5“|. The calculated energy for (100)
wurtzite CZTS was still moderate, 0.87 eV, but sensibly higher than
that of (211} kesterite CZTS. The final step in the ORR is the o
reduction to OH aided by @ HzO molecule, for which we calculated
energy barriers of 0.38 eV and 0.59 eV for kesterite (112) surface
and wurtzite (100) surface, respectively. Overall, DFT results clearly
show that CZTS, particularly kesterite CZTS, has an excellent
potential for ORR.

0"+ H,0' — OH* + OH*
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Figure 1. The chemical reactivity of kesterite and wurtzite CZTS. (a)
Energy profiles of ORR on kesterite (blue) and wurtzite CZTS (red).
{b)} The initial state {IS), transition state (T5) and final state (FS) of
the rate-determining step on kesterite (112) surface. The blue,
vellow, grey, lavender, red, and pink balls represent Cu, 5, 5n, Zn, O,
and H atoms, respectively.

Motivated by the excellent expectations given by DFT calculations,
we produced CZTS nanccrystals wsing a facile and high vyield
colloidal synthesis protocol. By modifying the synthesis conditions
(see experimental part) we synthesized CZT5 MCs with kesterite and
wurtzite crystal structures, Figure 2 shows representative TEM
micrographs of as-synthesized kesterite (Figure 2a) and wurtzite
CITS (Figure 2b) MCs. Both CZTS kesterite and wurtzite MCs were
highly monodisperse, with average sizes of 15 £ 2 nm. The NC
composition, obtained using energy-dispersive X-ray spectroscopy
(EDS), was found to be consistent, within the technigue error [~10
%), with that of stoichiometric CZT5, [Cul: [2n): [Sn): [5]=2.0: 1.0:
1.0: 4.0. Figure 2c shows the x-ray diffraction (XRD) patterns of the
two different MWC phases. In the kesterite sample, the main
diffraction peaks correspond to the (112), (200), (220), and (312}
lattice planes of the tetragonal CZTS phase (JCPDS 00-026-0575).
For the wurtzite sample, the diffraction peaks match well with the
(100), (002), (101), (102) and (110) planes of the hexagonal CZTS
phase.ml The Raman spectra in Figure 2d obtained with a 532 nm
excitation shows a band at 327 cmand 331 cm for wurtzite and
kesterite CZTS, respectively, which agrees well with the reported
spectra of czrs.* The presence of Cus, 505, 5n%., 55, or Cu,5n5,,
which would have asseciated bands at 475 cm™, 190-220 cm ™, 315
em™, 310 em™, or 350 em™', was not identified.
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other hand, the wurtzite CZTS/C showed significantly lower current

: rfﬂTI densities, with a saturation value at 1600 rpm of 4.0 mA em™,
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Figure 2. TEM micrographs (a,b), powder XRD patterns (c) and
Raman spectra (d) of kesterite and wurtzite CZTS MCs.

To study the electrocatalytic performance of CZITS toward ORR,
CZ2TS NCs were supported on Ketjen carbon (C) up to a weight ratio
of 3:7 (MCs/C) through sonication and subsequent amnealing.
Following this procedure, homogensous nanocomposites with a
high NC dispersion were systematically obtained, as shown in the
TEM micrograph of the CITS-WZ/C electrocatalyst displayed in
Figure 3a. XRD analysis of the supported materials revealed that the
NCs preserved their crystallographic phase after the annealing
process [Figure 58). These nanacomposites were deposited over GC
electrodes for electrocatalytic measurements.

Figure 57 displays CVs curves of the GC electrodes modified with
kesterite and wurtzite CZTS NCs/C hybrids in a 0.1 M KOH salution
saturated with Ar or Oy during the experiments. Both materials
exhibited considerable electrocatalytic activities toward ORR in the
Oj-saturated solution, The wurtzite CZTS/C electrocatalyst showed
a faradaic current onset potential of E,..= +0.86 ¥V vs. RHE, a
potential of the cathodic peak current of E .= +0.66 V vs. RHE, and a
cathodic peak current depsity of .= 1.12 maA cm”. Slightly
improved values were obtained for kesterite CZTS/C electrocatalyst,
with @ Egpye= +0.89 V vs. RHE, a E.= +0.70 ' vs. RHE and a ipc= 1.44

méd cm’”,

RDE experiments and Koutecky—Levich analysis were used to study
the ORR kinetics. Figure 3b and 3c show the linear sweep
voltammetry (LSV) curves of the wurtzite and kesterite CZTS/C
catalysts at a rotation speed from 400 rpm to 1600 rpm, with a scan
rate of 10 mV s and in an O,-saturated 0.1 M KOH solution. The
increase in the rotation speed contributes to the increase in the
diffusion of oxygen at the surface of electrodes, resulting in larger
current densities. The limiting current density of kesterite CZTS/C
modified electrode at 0.1 V vs. RHE reached 5.45 ma& cm”, well
above that of pure carbon (2.0 mA/c m'z:l and a very similar value to
the one obtained with a commercial Pt/C electrocatalyst. On the
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Figure 3. (a) TEM micrograph of the CZT5 NCs supported on Ketjen
carbon. Arrows point at some of the CZTS NCs. (b-c) LSV curvesaf
the ORR at various rotation rates (400, 635, 900, 1225, 1600 rpm)
fram wurtzite CZT5/C (b) and kesterite CZTS/C (c) electrocatalysts in
Qy-saturated 0.1 M KOH solutions at a scan rate of 10 my st The
ROE voltammaograms of the Ketjen carbon and of commercial Pt/C,
both obtained at 1600 rpm, are also plotted for reference. (d)
Koutecky-Levich plots for wurtzite and kesterite CZTS at various
potentials.

While displaying slightly higher onset potentials than Pt/C, kesterite
CZTS/C displayed very steep slopes in the kinetic region, pointing
toward a highly faverable kinetic behavior. Figure 4d displays the
corresponding  Koutecky-Levich plots, i.e. the inverse current
density :j'l] as a function of the inverse of the square root of the
rotation speed {m'm} at different potentials. The good linearity and
parallelism of the obtained curves indicate first-order reaction
kinetics with respect to the concentration of dissolved oxygen and
similar electron transfer numbers for ORR at different pntentials.'m
From the slopes of the Koutecky—Levich plots at potentials ranging
from 0.1 to 0.5 V vs. RHE, the number of electrons transferred for
the ORR was estimated to be in the range 3.7-4.0 for both
electrodes. This high electron transfer numbers indicated that both
electrocatalyst have high selectivity toward total oxygen reduction,
and that the ORR is mainly dominated by the one-step, four
electron pathway. In contrast, the electron-transfer number for C
was close to 2, in agreement with the reported data for Vulcan XC-
72 carbon support (Figure 58)."%

The rotating ring-disk electrode (RRDE) technique was used to
confirm the ORR pathway by monitoring the formation of the
intermediate peroxide species during the ORR process (see 5l for
details). As shown in Figure 4, the measured HO; yields wera about
13-16% for wurtzite CZTS/C electrodes over the potential range
0.1=0.6 V vs. RHE. These yields correspond to an electron transfer

This journal is © The Royal Society of Chemistry 20xx
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number of about 3.65-3.75 and are in agreement with the RDE
measurements. & significant drop of HO. yield (4.3-10 %) was
cbserved on kesterite CZTS/C electrodes, which confirmed the high
electron transfer numbers and related excellent catalytic selectivity
of this material.
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Figure 4. (2) RRDE curves of kesterite CZTS/C and wurtzite CZTS/C in
an Op-saturated 0.1 M KOH solution at a rotation rate of 1600 rpm
with the ring potential kept constant at 1.45 V vs. RHE. (b) Yield of
the peroxide species and calculated electron transfer number at
different potentials on the kesterite CZTS/C electrode and wurtzite
CZTS/C electrode.

Tahle 51 shows a comparison of the ORR activities of several
potentially low cost electrocatalysts reported in the literature.
Kesterite CZTS/C catalysts have one of the highest limiting current
densities reported at 1600 rpm and comparable onset patentials. It
is noteworthy that in the present work CZT5 NCs were supported on
low cost commercial carbon. Thus, the performances displayed
here for CZTS MNCs did not rely on the electrocatalytic activity
enhancement from expensive carbon support with specific
architectures, Conversely, in several previous works, other farms of
carbon, with patentially higher performance but also higher casts,
were used. This included doped graphene, carbon nanotubes, or
highly ordered porous carbon matrices. All these results indicate
that kesterite CZTS is indeed a strong and promising candidate as
low cost electrocatalyst for ORR in alkaline electrolyte.

The stability and poison tolerance of the catalysts are also
extremely important parameters for practical applications, The
stability of the kesterite CITS/C catalyst was assessed by
chronoamperometric analysis (Figure 5). These measurements
revealed no apparent attenuation of the catalytic activity during a
40,000 s test. Additionally, the catalyst was exposed to methanol to
test its tolerance. When 1.2 mL of 3 M methanol solution was
added, almost no response was observed for kesterite CZTS NCs/C,
while the catalytic activity of Pt/C severely dropped in the same
condition due to the methanol oxidation reaction (Figure 5).
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Figure 5. Stability and methanol-tolerance evaluation of kesterite
CZTS/C tested by current—time chroncamperometric responses in
Og-saturated 0.1 M KOH solution. Notice that after 490 s from the
start of the test, 1.2 mL of a 3 M methanol solution was added. The
commercial 20% Pt/C electrode was used for comparison.

Conclusions

In summary, first-principles calculations pointed toward CZTS
MCs as a potentially high performance elactrocatalyst for ORR,
showing a relatively low energy barrier for O, adsorption and
subsequent dissociation to oH', Accordingly, CZTS NCs with
contrelled crystal phases, kesterite or wurtzite, were prepared
by a high yield and easily up-scalable colloidal synthesis routes,
Such CZTS NCs, supported on conventional carbon, were
demonstrated to be highly active for ORR and their activity to
strongly depend on the crystal phase, We found kesterite CZTS
MCs exhibited high current densities (5.45 ma cm? at 0.1 W vs,
RHE) and relatively low onset reduction potential (0.89 V vs,
RHE), comparable to commercial Pt/C electrocatalysts,
Importantly, kesterite CZTS MNCs showed not only excellent
electrocatalytic activities, but also much better tolerances to
methanol crossover than Pt/C.
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Figure S1. Crystal surfaces of Cu-ZnSnS;. (a) kesterite and (b) wurtzite.
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Figure 82. Top and side views of the structures of relaxed geometries for various ORR
chemical species adsorbed on the (112) surface of kesterite CuzZnSnS,. (a-e) Stable H-0, OH,
0, OOH and O adsorption configurations, respectively. The blue, yellow, grey, lavender, red,
and pink balls represent Cu, S, Sn, Zn, O, and H atoms, respectively. Ey, indicates the binding

Energy.
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Figure S3. Top and side views of the initial state (I8), transition state (TS) and final state (FS)
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structures for the ORR reactions of Equations (II-V) on the (112) surface of kesterite
CuxZnSnSy. (a-d) correspond to Equations (II-V), respectively. The blue, yellow, grey,

lavender, red, and pink balls represent Cu, 5, Sn, Zn, O, and H atoms, respectively.
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Figure S4. Top and side views of the IS, TS and FS structures for the ORR reactions of
Equations (II-V) on the (100) surface of wurtzite Cu,ZnSnS;. (a-d) correspond to Equations
(I1-V), respectively.
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Oxygen Reduction Reaction (ORR) Measurements:

Cyclic voltammetry (CV) testing: CV was conducted in a home-made electrochemical cell.
The electrolyte (0.1 M KOH) was saturated with oxygen by bubbling O, for at least 30
minutes before the measurements. During the recording of CVs, a flow of O, was maintained
over the electrolyte to ensure its continued O saturation. The working electrode was cycled
for 5 times before the data were recorded. In the control experiments, CVs were performed in
an Ar-saturated 0.1 M KOH.

Rotating disk electrode (RDE) measurements: The working electrode was scanned at a rate
of 10 mV s with rotating speeds from 400 rpm to 1600 rpm. Koutecky—Levich (K-L) plots

(7" vs.o %) were analysed at various electrode potentials. The slopes of the linear lines were

used to calculate the electron transfer numbers (n) on the base of the K-L equations.

Rotating ring-disk electrode (RRDE) measurements: The disk electrode was scanned
cathodically at a rate of 10 mV s ' and the ring potential was constant at 1.45 V vs. RHE. The %
HO;" and the electron transfer number (n) were calculated from the ratio of the ring current

(I;) and the disk current (13) following the equations given in Reference S1.

Figure S5. TEM image of the kesterite CZTS nanocrystals supported on carbon.
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Figure 56. XRD patterns of the kesterite (a) and wurtzite (b) CZTS nanocrystals after

annealing process.
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Figure 87. CV curves of kesterite CZTS/C and wurtzite CZTS/C in Ar- and Os-saturated 0.1

M KOH solution (scanning rate: 10 mV s '). The argon one is for wurtzite CZTS.
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Figure S8. Linear sweep voltammograms (a) and Koutecky-Levich plots (b) recorded at

different potentials of C modified GC electrode at different rotating rates in Oz-saturated 0.1

M KOH solution.

Table S1. Comparison of the performances of kesterite CZTS (this work) and other
potentially low-cost catalysts reported in the literatures.

Iy
Catalysts v vl?sf,mETHE} (m.ga’;?:, at References

Kesterite CZTS/C .89 54 This work

Co:P nanorods/C 0.85 3.9 ACS Nano 2015, 9,
H108-8115

Cuz-S/graphene 0.9 4.5 ACS  Catal 2015, 5,
2534-2540

Coyp ssSe/graphene 0.65 3.5 Nanoscale 2014, .
1782-1789

Fe-N-doped 0.8 53 Angew, Chem. Int. Ed. 2015,

carbon nanofibers 34, B1T79-R183

M.F codoped | 0.86 54 Adv.  Mater. 2015, 27,

triazine-based framework 3190-3195

N-doped nanoporous | 0,88 4.7 Energy Environ. Sci. 2014, 7,

carbon nanosheets 4095-4103

Reference

(S1). H. Tang, H. Yin, J. Wang., N. Yang, D. Wang and Z. Tang, Angew. Chem. Int. Ed.,

2013, 52, 5585 -5589.
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2.2 Synthesis of CZTS-based HNPs and their potential photocatalytic application

Semiconductor-metal HNPs are emerging as new functional materials for the study of solar-to-chemical energy
conversion and a highly control over the size, position, composition, and shape of the different components have
been achieved (Figure 2.7).”%% In particular, p-n junction HNPs provides new ways to manipulate electron and
hole wave functions. In this direction, CZTS-based HNPs are increasing much attention in the past decade,
because CZTS uniquely combines both optoelectronic properties and a composition based on elements that are
abundant in the Earth’s crust and non-toxic. Its direct band gap of 1.5 eV, matches well with the energy
requirement for solar water splitting, which makes CZTS a good candidate for water splitting. On the other hand,
the fabrication of CZTS heterostructures formed with constituent having different physical and chemical
properties together in a single building block allows for fundamental chemistry studies and provides new physical

insights into the interfacial junction.

Figure 2.7 Various hybrid NPs showing TEM images. (a) Au-Ni-ZnO flower-like HNPs.®** (b) Au-CusP
heterostructured nanodisks.® (c) Pt-CulnS, HNPs.?® (d) Pt-CdSe HNPs, the Pt-domain size is 2.8 nm after 24h

reaction time on CdSe NPs.?’” (e) Au-CZTS heterostructured NRs.® (f) Ag-Fe;0, HNPs.*

There have been a few reports for CZTS-based heterostructured NPs. Among these, CZTS-Au core-shell or HNPs
have attracted extensive attention due to strongly synergic effect of plasmon-exciton coupling and rapidly charge

carrier movement. These HNPs were proven to be an efficient photocatalyst for water splitting under full-arc light
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irradiation.®® 9%

Ha Enna et al. reported a Au@CZTS core-shell nanostructure via a simple wet chemistry method.
Au@CZTS core-shell NPs showed a superior photoelectrochemical and photocatalytic activities because of
enhancing the absorption in the UV-vis-NIR region and generating more photoelectrons in such metal-
semiconductor hybrid core-shell structure (Figure 2.8).° Patra B. K. et al. reported the formation of heteroepitaxy
at the junction of Au-CZTS heterostructure. CZTS with two different crystal phases wurtzite and tetragonal was
prepared, and the epitaxial formation of both phases with Au(0) was analyzed as a new material to study the
photocurrent and photoresponse behavior.”® The results were promising, and the coupled Au-CZTS
heterostructures not only increase the photostability of the materials but also showed better photodetector
device performances. In addition, one similar work was presented by Dilsaver et al. in which fabrication of CZTS-

Au heterosturctures by a variety of pathways utilizing both a molecular gold precursor (AuCl;) and preformed Au

NPs under thermal and photochemical deposition conditions.®
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Figure 2.8 lllustration and energy diagram of interfacial charge transfer and photocatalytic redox reaction in

Au@CZTS core-shell NPs.*

On the other hand, CZTS-based hybrid NPs, such as CZTS-Pt,** CZTS-PtM (M = Co, Ni)93 and CZTS-Ag2594 HNPs were
presented by our group (Figure 2.9). In particular, CZTS-PtCo and CZTS-PtNi nanoheterostructures with combining
of a Pt-based magnetic metal alloy with CZTS showed some advantages. One is to minimize the amount of Pt by
forming an alloy with lower cost transition metals decreasing the overall cost. The other is alloying Pt with a
second element like Co and Ni is effective for increasing the photocatalytic activity due to surface strongly
influences its chemical and electronic properties, ultimately determining its functionality. CZTS-PtCo HNPs were
characterized up to a 15 folder high photocatalytic activities toward hydrogen generation from water when
compared with not only the bare CZTS semiconductor but also two times higher hydrogen evolution rates with

CZTS-Pt. The high activity of CZTS-PtCo was ascribed to the enhanced charge carrier separation and transport
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efficiency. The presence of Co enhanced the accumulation of photoexcited electrons in the alloy and facilitated

the charge transfer to the surface-adsorbed species (Figure 2.9).

CZAS-PiCe

H, evolution rate

0 05 1 2

[ColPt

Figure 2.9 TEM and HRTEM micrograph of CZTS-PtCo nanoheterostructures and Comparison of photocatalytic H,

evolution activity of CZTS, CZTS-Pt, CZTS-PtCo metal alloy heterostructrues with different nominal Co/Pt ratios
(CZTS-Pt,Co, CZTS-PtCo, and CZTS-PtCo,) under full-arc light irradiation.”®
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2.2.1 Cu2ZnSnS;-Pt and Cu;ZnSnS4-Au Heterostructured NPs for Photocatalytic Water Splitting and

Pollutant Degradation

The paper entitled “Cu,ZnSnS,-Pt and Cu,ZnSnS,-Au Heterostructured Nanoaprticles for Photocatalytic Water
Splitting and Pollutant Degradation” is the third article that constitutes this thesis and was published in Journal of
the American Chemical Society 2014, 136 (26), 9236-9239. In this paper a procedure to produce colloidal
monodisperse CZTS, CZTS-Au and CZTS-Pt HNPs with strongly electrically coupled interface between Au or Pt and
CZTS is detailed. Au was chosen due to the possible plasmonic enhancement and Pt because a proper
overpotential for hydrogen generation was chosen (Figure 2.10). The produced HNP were characterized by TEM,
HRTEM, XRD, XPS and UV-vis. The multiple nucleation sites present at the faceted CZTS NCs resulted in multiple
Au or Pt NCs with an average size of 2 nm homogeneously distributed at the surface of each CZTS NC. Such HNPs,
which were transferred to aqueous media via a ligand exchange with an inorganic salt, are shown to have
excellent photocatalytic properties toward degradation of RhB and hydrogen generation by water splitting when
compared to pure CZTS NPs. This highlights the importance of nanoscale interface controlling also in complex
guaternary materials for both fundamental understanding and technology applications. The article is presented in

the corresponding subchapter.

SPR-enhanced
separation '\\

52,50, '-)

OX

Figure 2.10 lllustration of the possible mechanism of enhancement of the H, evolution Rate in CZTS-Au and CZTS-

Pt HNPs in the presence of S* and SO;” hole scavengers.
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ABSTRACT: Cu,ZnSnS,, based on abundant and envi-
ronmental friendly elements and with a direct band gap of
1.5 eV, is a main candidate material for solar energy
conversion through both photovoltaics and photocatalysis.
We detail here the synthesis of quasi-spherical Cu,ZnSnS,
nanoparticles with unprecedented narrow size distribu-
tions. We further detail their use as seeds to produce
CZTS-Au and CZTS-Pt heterostructured nanoparticles.
Such heterostructured nanoparticles are shown to have
excellent photocatalytic properties toward degradation of

CZTS and related quaternary nanocrystals can currently be
produced by different procedures.* However, due to the
difficulties in tuning the composition, phase, size, and shape of
such complex materials, the preparation of CZTS-based
heterostructures and particularly CZTS-metal hybrid nano-
particles has not yet been achieved.

In the present work, we detail a procedure to produce
colloidal CZTS-metal heterostructured nanoparticles with
strongly electrically coupled interfaces. Au and Pt were the
metals chosen due to their potential for plasmonic enhance-
ment (Au) and a proper over-potential for hydrogen generation
(Pt) (Scheme 1). Heterostructures were tested for photo-

Rhodamine B and hydrogen generation by water splitting.

C urrent functional nanomaterials must meet numerous

very demanding properties that cannot be realized with a
unique compound. Thus, the use heterostructured nano-
materials or nanocomposites is generally required in a wide
range of applications. In such multiphase materials, not only the
properties of the compounds but also those of their interface
have a determinant influence over their performance. In
particular, an eficient photocatalytic system requires an
intimate interface between two phases, a light-absorbing
semiconductor and a co-catalyst. Such hybrid materials can
be produced with composition control at the nanometer scale
through the direct growth in solution of one of the compounds
from the surface of the other, which acts as a seed.! Such direct
growth of the heterostructured nanomaterial ensures a fast and
efficient charge transfer between the two phases.

Solar energy conversion to electricity or its storage in
renewable fuels is a particularly interesting application requiring
the development of high-performance, environmental friendly,
and cost-effective heterostructured materials. While several
semiconductors have been proposed to harvest sunlight,2
Cu,ZnSnS, (CZTS) uniquely combines both outstanding
optoelectronic properties, with a direct band gap energy of
1.5 eV, and a composition based on elements that abound in
the Earth’s crust. Such an environmental friendly and low-cost
material has been demonstrated to be an excellent light
absorber in photovoltaic devices and to have a large potential
for photodegradation of pollutants and for photocatalytic
generation of hydrogen and other value-added chemicals.?

" 4 ACS Publications  © 2014 American Chemical Society
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Scheme 1. Illustration of the Possible Mechanism of
Enhancement of the H, Evolution Rate in CZTS-Au and
CZTS-Pt Heterostructured Nanoparticles in the Presence of
$?~ and SO,;*” Hole Scavengers
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degration of pollutants in solution using Rhodamine B as the
model system, and for photocatalytic hydrogen generation from
water under full-arc light irradiation.

Highly monodispersed CZTS nanocrystals were prepared by
the reaction of copper, tin, and zinc salts with tert-
dodecylmercaptan and dodecanethiol in the presence of
oleylamine (OLA). In a typical 1 g scale synthesis, 5.4 mmol
(920 mg) of CuCl,-2H,0, 4.8 mmol (391 mg) of ZnO, and 1.8
mmol (630 mg) of SnCl,-SH,O were dissolved in a minimum
amount of tetrahydrofuran (THF). Then, 24 mmol (6.43 g) of
distilled OLA and 20 g of distilled 1-octadecene were added to
the reaction mixture. The solution was heated to 175 °C under
argon flow and maintained at this temperature for 1 h to
remove low boiling point impurities and water. After purging,
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the mixture was cooled to 100 °C, and 50 mmol (10.12 g) of
fert-dodecylmercaptan and S mmol (1.012 g) of dodecanethiol
were added. The solution was then heated to 250 °C and kept
at this temperature for 1 h. The obtained CZTS nanocrystals
were thoroughly purified by multiple precipitation and re-
dispersion steps using 2-propanol and chloroform. Finally,
CZTS nanoparticles were dissolved in THF, and poorly soluble
unreacted metal complexes and large Zn-reach particles were
precipitated by centrifugation. The supernatant was collected
and stored for later use.

CZTS nanocrystals were characterized by a quasi-spherical
geometry but having faceted surfaces, as shown in the
representative transmission electron microscopy (TEM) micro-
graph in Figure la. They were highly monodisperse, with an

Intensity (a.u.)

O
20 0 4 W W N

24 (dagree)

Figure 1. (a) TEM and (b} HRTEM micrographs and (c) XRD
pattern of quasi-spherical CZTS nanocrystals produced by the
procedure detailed in the text.

average size of 12 nm. High-resolution TEM (HRTEM)
micrographs and X-ray diffraction (XRD) analysis showed the
crystal structure of the CZTS nanocrystals to be wurtzite
(Figure 1b,c).*® The nanocrystal composition, obtained by
using a scanning electron microscope (SEM) equipped with an
energy-dispersive X-ray spectroscopy (EDS) detector, was
found to be very close to that of stoichiometric CZTS
(Cu:Zn:Sn:S = 2:1:1:4). Further confirmation of the element
oxidation states was obtained by X-ray photoelectron spectros-
copy (XPS) (Supporting Information, Figure S1). No
secondary phases were detected by HRTEM, XRD, EDS, or
XPS analysis,

CZTS nanocrystals were used as seeds for the preparation of
heterostructured CZTS-Au and CZTS-Pt nanoparticles. To
produce CZTS-Au nanoparticles, AuCl; (40 mg), didecyl-
dimethylammonium bromide (40 mg), and dodecylamine (140
mg) were dissolved in toluene (4.0 mL) using ultrasonic
sonication for 30 min. This reaction mixture was added
dropwise (80 mL/h) to a toluene dispersion (20 mL) of the
CZTS nanocrystals (100 mg) at room temperature. £ After-
ward, the product was immediately purified by methanol
precipitation and toluene re-dispersion.

To prepare CZTS-Pt heterostructured nanoparticles, oleic
acid (0.20 mL), OLA (0.20 mL), 1,2-hexadecanediol (43 mg),
and phenyl ether (10 mL) were loaded into the reaction flask
and kept at 120 °C for 30 min under a nitrogen flow. In
parallel, platinum(II) acetylacetonate (40 mg) was mixed with a
dispersion of the CZTS nanocrystals (100 mg) and heated at
65 “C for 10 min. This CZTS suspension containing the Pt
precursor was injected into the phenyl ether solution kept at
200 °C."" After 10 min, the reaction was quenched in a water
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bath. The product was purified by ethanol precipitation and
toluene re-dispersion.

Figures 2 and 3 display representative TEM and HRTEM
micrographs of the CZTS-Au and CZTS-Pt heterostructured

Figure 2. Bright-field and dark-field TEM micrographs and HRTEM
image of CZTS-Au heterostructured nanoparticles,

Figure 3. Bright-field and dark-field TEM micrographs and HRTEM
image of CZTS-Pt heterostructured nanoparticles.

nanoparticles obtained, respectively. After the noble metal
loading, no change of the size and shape of the CZTS
nanocrystals was observed. Under the detailed reaction
conditions, metals nucleated preferentially at the CZTS
nanocrystal surface, and no independent metal particles were
observed. In both cases, multiple nucleation sites present at the
faceted CZTS nanocrystals resulted in multiple noble metal
nanocrystals with an average size of 2 nm homogeneously
distributed at the surface of each CZTS nanocrystal. XPS
analysis confirmed Au and Pt to be in a metallic oxidation state

dxdoiong/10.1021/ja502076b | £ Am. Chem. Soc 2014, 136, 9236-923%
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(Figure S2). By adjusting the metal salt concentration in the
initial selution, the Au and Pt loads could be controlled,

The UV=vis absorption spectra of CZTS-An and CZTS-Pt
heterostructures were analogous to these of pure CZTS
nanocrystals (Figure 53). Due to the relatively low concen-
tration of very small Au nanoparticles at the CZTS surface, no
evidence of a Au-related plasmon resonance peak was observed.

Prior to the reaction studies, heterostructured nanoparticles
were transferred from toluene to agqueous media viza a |i5and
exchange with {NH,),5. Briefly, a highly concentrated solution
of purified CZT5-metal nanoparticles was mixed with 1 vol% of
[NH,].S (20% aqueous) in formamide. The bi-phase system
was vigorously shaken to promote the phase transfer. Almost
immediately, the CZTS-metal nanoparticles moved into the
upper formamide phase. We discarded the clear, colorless
chloroform solution and purified the formamide phase with
fresh chloroform several times. CZT5-metal nanoparticles were
finally precipitated with acetone and dried under vacuum
overnight.

To evaluate the photocatalytic potential of CZTS-metal
heterostructures, the degradation under full-arc irradiation of
agueous Rhodamine B (RhB) was tested as a model system. In
a typical measurement, 10 mg of nanoparticles was suspended
in 50 mL of 10 ppm aqueous solution of RhB. The solution was
stirred in the dark overnight to achieve the equilibrium
adsorption. The suspension was then illuminated with a 300
W Xe lamp. The RhB concentration change was monitored by
measuring the 552 nm optical absorption of the suspensions at
regular intervals.

The photodegradation of RhB in the presence of pure CZTS
was relatively slow, with 60% of BhB degraded after an
illumination time of 4 h (Figure 4). In the presence of CZTS-
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Figure 4. Full arc-light-driven photodegradation of RhB over CZTS,
CETS-An, and CETS-Pr nanoparticles.

oxygen from the headspace of the reactor and that dissolved in
the water. H; evolution was monitored by periodically sampling
the gas phase inside the glass chamber with a gastight syringe
and analyzing it by a gas chromatograph fitted with a thermal
conductivity detector.

As shown in Figure 5a, the presence of the noble metals at
the surface of CETS clearly promoted the H, production rate.,
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Figure 5. (a) Hydrogen evolution rate of CZTS, CZTS5-Au, and
CZTS-Pt nanomaterials during a 4 h test. {b) Dependence of the
hydrogen evolution rate on the Pt load on CETS-Pt heterostructures.
[c) Recycle hydrogen generation property of 1 wi% CZTS-It
nanoparticles. {d) Hydrogen evolution rate of CZTS-Pt (1%) as a
function of the CZTS composition.

Aun and especially CZTS-Pt, the photodegradation of RhB was
much faster, with conversions up to 88% and 95% after 2.5 b,
respectively, The photodegradation kinetics were fitted to a
pseudo-first-order reaction, In(C/C) = Kk, where k is the
apparent rate constant (Figure 4b).* CZTS-Pt heterostructures
showed the highest average apparent rate constant of 1.17
min~!, about 6-fold higher than that of pure CZTS nanocrystals
(0.19 min~"). The average apparent rate constant for CZTS-Au
was 0.90 min ",

We also examined the activity of CZTS, CZTS5-Au, and
CETS-Pr toward photocatalytic hydrogen evolution from water
splitting, For these experiments, 10 mg of nanoparticles was
i:{'l.r.Pl-:'r.tiud in 50 mL of deionired water contained in a Elas:i
reactor, and 0.1 M MNa,5 and Na,50; were added as hole
scavengers. Just before irradiation using a 300 W Xe lamp, the
reactor was thﬂmuﬂﬂ}r PurEEd with argon to remove both the
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CZT5-Pt provided the highest H; evolution rate {1.02 mmaol/g-
h), which was 8-fold higher than that of bare CZTS (0.13
mmcrl.-"g-h]. We further investigated the influence of the noble
metal load on the H, evolution with CZTS-Pt nanoparticles, As
shown in Figure 5b, the H, production rate increased with the
Pt load uwntil a maximum at around 1% and decreased with
further noble metal loading, Such an activity decrease was
associated with the nucleation, at too-high Pt loads, of
independent Pt nanocrystals outside the CZTS surface (Figure
57). Such independent nanacrystals were much less effective in
promoting the water-splitting reaction but still scattered
photons, thus decreasing the light absorption on CZTS. The
observation of such an optical shielding effect” confirms that an
intimate interface between CZTS and the noble metal is key to
promote the photocatalytic hydrogen generation.

The photostability of the CZTS-Pt catalyst was tested by

measuring the H, evolution dur'mg consecutive runs (Figu.n:

chckoi ong/ 100020/ faS02076k | L Am. Chem, Soc 2004, 136, 5236-023%
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Sc). After each run, the photocatalyst was recovered by
centrifugation and re-dispersed in a new deionized water
solution containlng fresh hole SCAVEngers. No l:atalyst
deactivation was observed after three cycles. Actually, the
activity of the CZTS-Pt catalyst increased slightly with time,
which may be F:xplained by the decomposltinn of residual
organic molecules at the nano!:atticle surface, noticeably
increasing the catalyst active area.

We further analyzed the photocatalytic activity of CZTS-Pt
nanoparticles with different CZTS compositions (Figure 5d).
We observed an increase of the hydrogen evolution rate with
increasing Cu/(Zn+5n) ratio. This is the opposite of the trend
observed in the photovoltaics field, where Cu-poor and Zn-rich
materials generally result in higher efficiencies, On the other
hand, no dependence of the photocatalytic activity on the Zn/
Sn ratio was observed.

The above results confirmed that CZTS absorbed the visible
light and efficiently transferred the photogenerated charge
carriers Lo the noble metal, enriching its electron concentration
and promoting the chemical reaction.” The presence of the co-
catalyst reduced the reaction overpotential, decreasing the
interface barrier for the charge carrier transfer. In this way, the
metal accelerated the surface redox reactions such as water
splitting and dye degradation, as confirmed by electrochemical
impedance spectroscopy measurements (Figure §14).%1

In summary, we detail a synthesis route to produce CZTS-
noble metal heterostructured nanoparticles. Both CZTS-Au
and CZTS-Pt heterostructures showed enhanced photocatalytic
activity toward photodegradation of RhB and H, production by
water splitting when compared to pure CZTS. The intimate
contact between the two materials was key to obtain a real
semiconductor—noble metal synergetic effect to promote solar
energy conversion through an efficient charge transfer of the
photogenerated carriers from the semiconductor to the metal
co-catalyst and from this to the species in solution. This
highlights the importance of nanascale interface control alse in
complex quaternary materials for both fundamental under-
standing and technology applications.
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1. Materials and Methods
1.1. Materials
1.1.1. Chemicals and solvents

Gold{lll) chloride hydrate (AuCls;, >49%Au), Dodecylamine (DDA, 98%), Didecyldimethylammonium bromide
(DDAB, 98%), 1,2-hexadecanediol (90%), Platinum(ll) acetylacetonate (97%), oleylamine (OLA), diphenyl
ether (99%), oleic acid (OA, tech. 90 %), copper (ll) chloride dihydrate (>99%, CuCl,-2H;0), zinc oxide (Zn0),
tin (IV) chloride pentahydrate (SnCl,-5H.0), tert-dodecylmercaptan (tech. =97%), dodecanethiol (DDT,
»98%), octadecene (tech. 90%) were purchased from Aldrich. The purity of the chemicals and especially of
the OLA played a very important role in determining the quality (shape and size distribution) of the
prepared CZTS nanoparticles. Therefare, OLA, 1-octadecene and also ter-todecylmercaptan were distilled
before using them far the synthesis of CZTS nanoparticles. Chloroform, isopropanol, toluene and methanaol
were of analytical grade and obtained from various sources.

1.1.2. CZTS Nanoparticles

Quasi-spherical CZTS nanoparticles with wurtzite structure were prepared by the reaction of copper, tin
and zinc salts with a mixture of the tert-dodecylmercaptan and dodecanethiol in the presence of OLA. In a
typical synthesis, 5.4 mmol {920 mg) of CuCl;-2H;0, 4.8 mmol (391 mg) of Zn0 and 1.8 mmol (630 mg) of
5nCly-5H,0 were dissolved in a minimum amount of the tetrahydrofuran (THF). Afterward, 24 mmol (6.43 g)
of distilled OLA and 20 g distilled 1-octadecene were added to the reaction mixture. The solution was
heated under flow of argon to 175 °C and maintained at this temperature for 1 hour to remove low boiling
point impurities and water. The main reason to use THF as co-solvent is to facilitate the metal salts
dissolution, but it also helps to remove water from the reaction mixture.

After purging, the mixture was cooled to 100 °C and 50 mmol (10.12 g) of tert-dodecylmercaptan and 5
mmal (1.012 g) of dodecanethiol were added using a syringe. Then the solution was heated to 250 °C and
maintained at this temperature for one hour. Finally, the CZTS nanoparticles were thoroughly purified by
multiple precipitation and re-dispersion steps using 2-propanol and chloroform. Finally, CZTS nanoparticles
were dissolved in THF and the solution was centrifuged at 9000 rpm during 5-15 minutes to precipitate
poorly soluble unreacted metal complexes and large Zn-reach particles (note the initial non-stoichiometric
precursor ratio). The supernatant was recovered and stored for its posterior use.

1.1.1. CZT5-Au nanoparticles

AuCl;, DDAB (40 mg), and DDA (140 mg) were dissolved in toluene (4.0 mL) and sonicated for 30 min, until
the color of the gold precursor solution turned from dark orange to light yellow. This reaction mixture was
added drop-wise to the CZTS nanocrystals dispersion in toluene (20 mL) at a rate of 80 mL/h for 5 min at
room temperature. The product was immediately precipitated by adding methanol with centrifugation and
finally dispersed in toluene.
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1.1,2. CZTS-Pt nanoparticles

OA (0.20 mL), OLA (0.20 mL), 1,2-hexadecanediol (43 mg), and phenyl ether (10 mL) were loaded into the
reaction flask and kept at 120 °C for 30 min. Platinum(ll) acetylacetonate was mixed with the CZTS
nanocrystals dispersion and heated to 65 "C for 10 min. The former mixture of the surfactants and phenyl
ether was purged with nitrogen and heated to 200 °C. The latter mixture of the Pt precursor and the CZTS
dispersion was injected into the reaction mixture at 200 “C. After 10 min, the reaction was guenched in a
water bath. The product was washed with ethanol by precipitation-dispersion cycles, and finally dispersed
in toluene.

1.2.  Characterization techniques

Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM): The morphological, chemical
and structural characterizations of the nanoparticles were carried out by TEM and HRTEM. Carbon-coated
TEM grids from Ted-Pella were used as substrates. HRTEM images were obtained using a Jeol 2010F field-
emission gun microscope with a 0.19 nm point- to-point resolution at 200 keV with an embedded Gatan
image filter for EELS analyses. Images were analyzed by means of Gatan Digital micrograph software.
Scanning electron microscopy (SEM): SEM analysis was done in a ZEISS Auriga SEM with an energy
dispersive X-ray spectroscopy (EDX) detector at 20 kV to study the composition of nanoparticles. For SEM
characterization, the particles were dissolved in chloroform and were drop casted on silicon substrates.
Powder X-ray diffraction (¥RD): Powder XRD patterns were obtained with Cu Kal (A = 1.5406 ;5\} radiation
in a reflection geometry on a Bruker D8 operating at 40 kV and 40 mA.

Ultraviolet-visible spectrascopy (UV-Vis): Optical absorption spectra were recorded on a LAMBDA 950 UV-
Vis spectrophotometer from PerkinElmer.

X-ray photoelectron spectroscopic (XP5): XPS measurements were performed on a Thermo Scientific XPS
spectrometer.

1.3 Photocatalytic hydrogen generation experiments

Nanocrystals were rendered water soluble by replacing the initial hydrophobic surfactants with [NH4];5S. In
a typical procedure, a highly concentrated and well cleaned solution of CZTS nanoparticles was mixed with
1 v¥% of [NH.]:5 {20 % agueous) in formamide. The bi-phase system was vigorously shaken to promote the
phase transfer. Almost immediately, CZTS nanoparticles moved into the upper formamide phase. The clear
chloroform solution was discarded and the formamide phase was cleaned few times with fresh chloroform.
CZTS NPs were precipitated with acetone and dried under vacuum overnight.

For the photocatalytic H; generation experiments, 10 mg of powder was dispersed in 50 ml of deionised
water, with 0.1 M Na,;5 and NaSO; as hole scavengers. The whole reaction was carried out in a glass
reactor. Befare the solution was irradiated, the reactor was thoroughly purged with argon to remove all
oxygen in the headspace of the reactor and dissolved oxygen in water. A baseline was taken to ensure that
there was little or no detectable oxygen in the system. A 300 W Xe lamp (Newport) was used to irradiate
the sample after a suitable baseline was obtained. The reaction product was monitored by periodical
sampling the gas phase from the glass chamber using a gas tight syringe and analyzing it by a gas
chromatograph (Varian GC-450) fitted with a thermal conductivity detector (TCD, connected to molecular
sieve column) to detect H;, O; and N; and a flame ionization detector (FID, connected to CP-SIL 5CB
capillary column) to detect hydrocarbons. Argon was used as the gas chromatograph (GC) carrier gas.
Photostability was tested by analyzing the photocatalytic activity of the samples on three consecutive runs.
In this experiment, the photocatalyst was washed after each run and reused in the H; generation
experiments.

1.4 Photodegradation of Rhodamine B measurements

To evaluate the photodegradation of Rhodamine B (RhB) under full arc light, 10 mg of photocatalysts were
suspended in 50 mL of 10 ppm agueous solution of RhB. The solution was stirred in the dark overnight to
achieve the equilibrium adsorption. Then the suspension was illuminated with a 300 W Xe lamp. The
concentration change of RhB was monitored by measuring the UvV—vis absorption of the suspensions at
regular intervals. The suspension was centrifuged for 1 min to remove the photocatalysts before
measurement. The peak absorbance of RhE at 552 nm was used to determine its concentration. The
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photocatalytic activity was analyzed by the time profiles of Co/C, where C is the concentration of RhB at the
irradiation time t and Cy the concentration just after the absorption equilibrium before irradiation,
respectively.

1.5 Fabrication of thin film electrodes and electrochemical measurements

5 mg of photocatalysts and 10 pL of Nafion solution (5 wt%) were dispersed in 1 mL water/isopropanol
mixed solvent (3:1 v/v) by at least 30 min sonication to form a homogeneous catalyst colloid. For the
measurements, 100 pL of the catalyst colloid was deposited onto areas of ca. 1 cm’ of the FTO conductive
glass to form the working electrode. A platinum wire was used as a counter electrode while an Ag/AgCl
electrode worked as the reference electrode in the three electrode electrochemical system. The electrolyte
was 0.5 M Na 50, agueous solution degassed with Ar. Electrochemical impedance spectra (EIS) were
recorded under an ac perturbation signal of 10 mV over the frequency range from 1 MHz to 100mHz.

2. Additional NP Characterization
2.1. XPS

High-resolution XPS spectra of Zn 2p, Cu 2p, 5n 3d, and 5 2p were measured to determine the oxidation
states of the constituent elements and determine the potential presence of secondary phases (Figure 51).
The narrow doublet peaks in the Cu 2p spectrum appeared at 932.1 eV (2p3/2) and 951.9 eV (2p1/2),
confirming the Cu(l) state. The peaks of Zn 2p appeared at binding energies of 1021.6 and 1044.7 eV, which
can be assigned to Zn(ll) with a peak splitting of 23.1 eV. The Sn(IV) state was confirmed by peaks located at
486.4 and 494.8 eV with its characteristic peak separation of 8.4 eV, The sulfur spectrum can be assigned to
the presence of sulfide at binding energies of 161.7 and 162.9 eV with a doublet separation of 1.2 ev. %
On the other hand, XPS analysis of the heterostructured nanoparticles unambiguously showed that noble
metals were present only in the metallic form (Figure 52},
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Figure 51. XPS spectra of CZTS nanocrystals.
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Figure S2. Au 4f (a) and Pt 4f (b) XPS spectra of CZTS-Au and CZTS-Pt nanoparticles.
2.2. UV-vis

—CZTS

Absorbance (a.u.)

400 600 200 1000 1200 1400 1600
Wavelength (nm)

Figure S3. UV-vis absorbance spectra of CZTS, CZTS-Au and CZTS-Pt nanoparticles.
23. TEM

Figure S4. TEM and HRTEM images for CZTS-Au (a-b) and CZTS-Pt(c-d) heterostructured nanoparticles.
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Figure S5. TEM images of CZTS-Au nanoparticles with different gold concentrations.

As we increased the metal concentration in the precursor solution, the number of tips increased. No clear
differences on the tip size were observed. Notice that the concentration of metal at the CZTS surface was
limited. Large concentrations of the gold precursor in the initial solution translated in small deposition
yields, easily evidenced by the yellow color of the final solution (Figure S6). Large concentrations of Pt
precursor on the initial solution translated into the nucleation of independent Pt particles (Figure S7).

Figure S6. Photographs of the centrifuge tubes containing CZTS-Au nanoparticles with 1 % and 10 %
nominal Au concentrations after reaction.

Figure S7. TEM image of 1.5 wt% CZTS-Pt nanostructures, showing the presence of independent Pt
nanoparticles.

3. Additional Photocatalytic characterization
3.1. Unsupported Pt

As a control experiment, we determined the H, evolution rate of unsupported Pt nanoparticles. The
evolution rate obtained for Pt nanoparticles without CZTS was a 4 fold lower than that obtained with CZTS
particles and a 34 fold lower than that obtained for CZTS-Pt nanoparticles with 1 % of Pt.
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Figure $8. H, evolution rate of Pt nanoparticles compared with that of CZTS and CZTS-Pt nanoparticles.

3.2. Comparison of kesterite vs wurtzite CZTS nanoparticles

For a preliminary comparison the photocatalytic properties of kesterite vs. wurtzite nanoparticles, we
prepared kesterite CZTS nanoparticles, grew Pt on their surface in the same conditions as we did over
wurtzite CZTS and measured their photocatalytic properties. Two conclusions were extracted from this
preliminary experiment: 1) The yield of the Pt deposition over the CZTS surface is lower in the case of
kesterite CZTS nanoparticles than over wurtzite CZTS. This experimental fact should be associated to a
higher density of nucleation sites at the wurtzite CZTS surface, possibly related to the higher faceting
degree and the larger amount of vertex of the wurtzite CZTS nanoparticles; 2) At similar Pt concentrations,
kesterite CZTS-Pt showed slightly lower hydrogen generation rates than wurtzite CZTS-Pt. While intrinsic
differences related to the dissimilar crystal phase cannot be ruled out, the lower activity of the kesterite
CZTS nanoparticles may be in part related to the slightly larger size of the kesterite CZTS nanoparticles and
to their slightly higher agglomeration, which results in relatively lower surface areas.
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Figure 59. H; evolution rate of wurtzite CZTS, wurtzite CZTS-Pt (0.25 %) and kesterite CZTS-Pt (0.1 %).
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Figure 510. XRD pattern (left) and TEM images (right) of the kesterite CZTS-Pt nanoparticles used for
photocatalytic experiments (few examples of Pt nanoparticles are pointed out with red arrows in the top-
right TEM image).

56

75



3.3. Influence of the ligand exchange molecule

To determine the influence of the ligand on the photocatalytic properties of the material, we compared the
photocatalytic activity of the materials after two different ligand exchange processes. We measured the
hydrogen evolution rate of CZTS-Pt nanoparticles rendered water soluble by means of (NH;),S or
mercaptopropionic acid (MPA). A slight increase of the hydrogen evolution rate was obtained when using
MPA (Figure S11).
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(NH,),S
1.0
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Figure S11. Hydrogen evolution rate as a function of the ligand used to render the CZTS-Pt nanoparticles
water soluble.

3.4. Influence of the CZTS composition

By tuning the ratio of the different elements within the initial precursor solution, we further prepared CZTS
nanoparticles with different compositions: i) Cu;Zngg;SNpesSa; i) CuZNy 035Ny 15S4; iii) CuZNng s1SN; 0sS4; V)
Cu,Zng 55Ny 0554, and we analyzed their photocatalytic activity. We observed an increase of the H; evolution
rate with the Cu(Zn+Sn) ratio. Surprisingly, this is the opposite trend as the one observed in the
photovoltaics field, where Cu-poor and Zn-rich materials generally result in higher efficiencies. On the other
hand, no dependence of the photocatalytic activity on the Zn/Sn ratio was observed.
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Figure $12. TEM images of CZTS-Pt (1%) nanoparticles with different CZTS compositions.
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Figure 513. Hydrogen evolution rate of CZT5-Pt as a function of the CZTS compaosition.

3.5. Electrochemical tests:

Myquist spectra obtained by electrochemical impedance spectra measurements for CZTS, CZTS-Au and
CZTS-Pt electrodes are depicted in Figure 514, With the introduction of noble metals, the semicircles of
both electrodes in the plot become narrower, which indicates an increase of the electrical conductivity of
the system. Being all the other parameters the same, the lower conductivities are associated to a decrease
of the charge transfer resistance between the material and the species in solution, which is associated to a
reduction of the barrier for charge carrier transfer from the CZTS to the water molecules.

CETE-Au

C2TS-P

a i1l H]l‘]tl} 1SI;I]D zuﬁm]

Z,,/0)
Figure 514. Electrochemical impedance spectra of CZTS, CZT5-Au and CZT5-Pt nanoparticles supported on a
FTO-coated glass substrate.
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2.2.2 Cu2ZnSnS;-Ag,S Nanoscale p-n Heterostructures as Sensitizers for Photoelectrochemical Water

Splitting

“CuyZnSnS,;-Ag,S Nanoscale p-n Heterostructures as Sensitizers for Photoelectrochemical Water Splitting” is the
title of the fourth article presented on this thesis for the graduation requirements. The article was published in
Langmuir 2015, 31 (38), 10555-10561. As showed in the end of this part, it presented a detailed study of the
formation of CZTS-Ag,S heterodimers via a cation exchange-reaction. This reaction occurs when controlled
amounts of Ag’ ions are added to a solution containing CZTS NPs at 120 "C. TEM, HRTEM and XRD analysis of
CZTS-Ag,S p-n NPs with different ratio of CZTS and Ag,S demonstrated that the HNPs had coincident site epitaxial.
Such CZTS-Ag,S HNP exhibited significantly enhanced photoelectrochemical current response under visible-light
illumination compared to pure CZTS. The ability to synthesize such structures with controlled composition and
suitable band alignment promoting charge separation provided a better insight into fundamental synthetic
chemistry as well as opening avenues for diverse optoelectronic application. Figure 2.11 shows the scheme of

energy band gap of HNPs and water splitting reaction in the photoelectrochemical cell.
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Figure 2.11 (a) Schematic of the energy band diagram of the heterostructures and the possible model of electron

transfer. (b) Schematic diagram of water splitting reaction in the photoelectrochemical cell.
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ABSTRACT: A cation exchange-based route was used to produce Cu,ZnSnS,
(CZTS)—Ag,S nanoparticles with controlled composition. We report a detailed
study of the formation of such CZTS—Ag,S nanoheterostructures and of their
photocatalytic properties. When compared to pure CZTS, the use of nanoscale p—n
heterostructures as light absorbers for photocatalytic water splitting provides superior
photocurrents. We associate this experimental fact to a higher separation efficiency of
the photogenerated electron—hole pairs. We believe this and other type-II
nanoheterostructures will open the door to the use of CZTS, with excellent light
absorption properties and made of abundant and environmental friendly elements, to

the field of photocatalysis.

Py  l

B INTRODUCTION

Colloidal nanocrystals are highly suitable building blocks for the
fabrication of energy conversion and storage devices. Their
solution processability and the precise control that can be
achieved over their chemical and structural parameters, which
control their optical and electronic properties, make nano-
crystal-based solution processing approaches highly advanta-
geous when compared with conventional vacuum-based thin
film technologies. ~* However, current functional nanomateri-
als must meet too many very demanding properties not
realizable with a unique compound. Thus, the design of
multicomponent nanostructures with improved, multiple, and/
or new physical-chemical properties, such as enhanced
photoluminescence,” modified magnetic behavior,” improved
(photo)catalytic performances,ﬂ_]O and superior thermoelectric
efficiencies,'' is essential. In particular, p—n junction hetero-
structured nanoparticles provide new ways to manipulate
electron and hole wave functions.'” Among them, type-II
nanoparticles, with a staggered alignment of band edges at the
heterointerface, promote the spatial separation of electrons and
holes."* ™"

Several synthesis strategies have been developed to produce
type-Il nanoheterostructures. Among them, ion-exchange
methods based on solubility constant difference have been
proven as particularly suitable.'” They provide versatility, high

i i © 2015 American Chemical Society
~g ACS Publications

degree of control over composition of each compound, and
high selectivity toward the formation of dimers with an epitaxial
heterointerface while keeping the geometry of the initial
nanoparticles and preventing the nucleation of secondary
phases."*"”

While most of the effort oriented to produce nano-
heterostructures by cation exchange methods has been carried
out with Cd-based chalcogenides,”” very recently, this strategy
has also been applied to the total or partial conversion of more
environmental friendly Cu-based chalcogenides.”' ™" Within
this group of materials, a particularly environmental friendly
direct band gap semiconductor is Cu,ZnSnS, (CZTS). In the
past decade, CZTS has attracted much attention in the field of
thin film photovoltaics as alternative to CdTe and
Culn,_,Ga,Se,. CZTS uniquely combines both outstanding
optoelectronic properties and a composition based on elements
that are abundant in the Earth’s crust. Particularly, its direct
band gap at 1.5 eV matches well with the energy requirement
for solar water splitting, which makes CZTS a strong candidate
for water splitting.er However, in spite of its outstanding
properties, and except for few examples on the photocatalytic
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generation of hydrogen and other value-added chemicals,”* >

this material has been mostly ignored in the photocatalysis field.
This is in part due to its high surface charge carrier
recombination, which becomes critical in high surface area
materials as those required for photocatalysis.

One solution to minimize recombination of photogenerated
charge carriers is the rapid spatial separation of electrons and
holes in heterostructures. CZTS and related quaternary
nanocrystals can be nowadays produced by different synthetic
approaches.”’™*® However, due to the difficulties in tuning the
composition, phase, size and shape of such complex materials,
the preparation of CZTS-based nanoscale p—n junction
heterostructures still remains challenging.

In this work, we demonstrate that partial cation exchange is
an excellent strategy to produce CZTS-based nanoheteros-
tructures due to the high mobility of cations in the CZTS
lattice. In particular, we describe the preparation of CZTS-
based type-II nanoheterostructures via cation exchange of
CZTS with Ag® ions to form CZTS—Ag,S nanoparticles. The
progressive exchange in the initial CZTS nanoparticles by Ag"
ions allows controlling the relative ratio between the two
compounds. We further demonstrate here that the use of
CZTS—Ag,S nanoheterostructures as sensitizers provides
significantly enhanced photocurrent response for photoelec-
trochemical water splitting under visible-light illumination.

B EXPERIMENTAL SECTION

Chemicals and Solvents. tert-Dodecylmercaptan, dodecanethiol,
tin(IV)chloride (SnCly-5H,0), zinc oxide(ZnO), copper(11) chloride
(CuClL-2H,0), silver nitrate (AgNOQ;), l-octadene (ODE), oleyl-
amine (OLA, 70%), and oleic acid (OA, 90%) were purchased from
Aldrich. Chloroform, isopropanol, tetrahydrofuran (THF), toluene,
and methanol were of analytical grade and obtained from various
sources. OLA was distilled before its use. The rest of the precursors
and solvents where used without further purification.

Synthesis of CZTS—Ag,5 Heterostructures. Quasi-spherical
CZTS nanoparticles with wurtzite structure were prepared using the
method we described before™ by the reaction of copper, tin, and zinc
salts with a mixture of tert-dodecylmercaptan and dodecanethiol in the
presence of OLA. In a typical synthesis, 5.4 mmol of CuCl,-2H,0, 4.8
mmol of ZnO, and 1.8 mmol of SnCl,-5H,0 were dissolved in THF.
Then, 24 mmol of distilled OLA and 20 g of ODE were added to the
reaction mixture. The solution was heated to 175 °C under argon flow
and maintained at this temperature for 1 h. After purging, the mixture
was cooled to 100 °C, and 50 mmol of fert-dodecylmercaptan and §
mmol of dodecanethiolwere added. The solution was then heated to
250 °C and kept for 1 h. The obtained CZTS nanocrystals were
thoroughly purified by multiple precipitation and redispersion steps
using 2-propanol and chloroform.

To produce CZTS—Ag,S heterostructures, first, a stock precursor
solution of AgNQO; in OLA was made by dissolving 0.34 g of AgNO,
(2.0 mmol) in 10.0 mL of OLA at 60 °C. Dissolution took ~15 min
under magnetic stirring and N, atmosphere. When cooled down to
room temperature, the colorless solution gradually turned into a white
waxy paste. Then, 1 mL of THF dispersion of the CZTS nanoparticles
(~40 mg) was mixed with 10 mL of ODE and 0.5 mL of OLA under
N, atmosphere. The solution was maintained under N, flow at 120 °C
for 30 min to remove THF. Depending on the relative CZTS/Ag,S
ratio targeted, between 2 and 6 mL of AgNO; stock solution was
quickly injected into the CZTS nanoparticle dispersion at 120 °C. The
reaction was maintained at this temperature for 30 s before it was
rapidly cooled down to room temperature using a water bath.
Nanoparticles were finally washed by multiple precipitation and
redispersion steps using toluene and ethanol.

Characterization Techniques. The morphological, chemical, and
structural characterization of the nanoparticles was carried out by
transmission electron microscopy (TEM) and high-resolution TEM

(HRTEM). Carbon-coated TEM grids from Ted-Pella were used as
substrates. HRTEM images were obtained using a JEOL 2010F field-
emission gun microscope with a 0.19 nm point-to-point resolution at
200 keV with an embedded Gatan image filter for EELS analyses.
Images were analyzed by means of Gatan Digital micrograph software.

Powder X-ray diffraction (XRD) patterns were obtained with Cu
Ka (4 = 1.5406 A) radiation in a reflection geometry on a Bruker D8
operating at 40 kV and 40 mA. UV—vis optical absorption spectra
were recorded on a LAMBDA 950 UV—vis spectrophotometer from
PerkinElmer. X-ray photoelectron spectroscopic (XPS) measurements
were performed on a Thermo Scientific XPS spectrometer.

Photoelectrochemical response was measured using a CHI852C
electrochemical workstation with conventional three-electrode setup
under visible-light illumination. Fluorine doped tin oxide (FTO) glass
substrates were cleaned with acetone and ethanol, and dried with pure
nitrogen. To prepare the electrode, aqueous TiO, paste (25% w/w
TiO,, 10% w/w polyethylene glycol (MW 20 000)) was doctor bladed
onto 1 X 1 cm? FTO substrates. The films were then calcined at 450
°C for 2h. Then, the as-prepared CZTS—Ag,S were first dispersed in 1
mL toluene with concentration of 1 mg/mL followed by sonication.
After that, the solution was deposited on the working electrode
substrate by spin-coating (rotation speed: 3000 rpm). A platinum wire
and Ag/AgCl were used as the counter and reference electrodes,
respectively. Eu(NO;); aqueous solution (1 M) was used as
electrolyte. The illumination source was a 300 W xenon lamp with a
cutoff filter (4 > 420 nm) to provide visible light illumination.

B RESULTS AND DISCUSSION

Figure la shows a representative TEM micrograph of the
CZTS nanocrystals used to produce CZTS-based nano-

Figure 1. TEM images of CZTS nanocrystals (a) and CZTS—Ag,S
heterostructures with different amounts of AgNO, precursor: 0.4
mmol (b, sample H1), 0.8 mmol (c, sample H2), and 1.2 mmol (d,
sample H3).

heterostructures. CZTS nanocrystals were highly monodis-
perse, with an average size of 12 & 1 nm, and presented quasi-
spherical geometries with faceted surfaces. CZTS—Ag,S
heterostructures were obtained by adding Ag® ions to a
solution containing CZTS nanoparticles at 120 °C. CZTS—
Ag,S heterodimers were formed by the preferential cation
exchange at the vertexes of the hexagonal structures, which are
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the most reactive sites (Figure 1b—d). A similar preferential
partial cation exchange reaction was observed with Cd5 rods
that were progressively transformed into Cu,S rods, starting at
the nanorod tip as the most reactive regjons.*'

When increasing the amount of Ag" precursor added, the
interface between the two compounds, CZTS and Ag, 5, moved
inward the CZTS nanoparticle. The diameter of the Ag,S
nanocrystal increased from ~2 nm (Figure 1b, sample H1}, to
~4 nm I:]"i!._:urr: le, sample H2), and ~7 nm I:]"i!._:urr: 1d, sample
H3) when the amount of Ag" precursor used increased from
0.4, 0.8, and 1.2 mmol, respectively. In accordance with the
rapid kinetics characterizing cation exchange reactions,” the
reaction was completed in less than 5 s and a further
prolongation of the reaction time did not translate in any
murp]‘mlngy c]'langl:.

XRD patterns of the CZTS nanocrystals before and after the
addition of increasing amounts of Ag® cations are shown in
Figure 2. Initial CZTS nanoparticles presented a wurtzite
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Figure 3. XRI} patterns of CZTS nanocrystals and CELTS—Ag,5
nancheterostructures oblained with the inereasing amount of AgNO,
added (H1, 0.4 mmel; H2, 0.8 mmol; H3, 1.2 mmol).

crystallographic structure.™ As increasing amounts of Ag” were
added, monoclinic Ag,5 (JCPDS card no. 14-0072) was
formed, as it can be observed by the higher intensities of the
peaks associated with Ag,S crystallographic phase. Energy-
dispersive X-ray spectroscopy (EDX) analysis (Table S1)
verified the increasing ratio of [Pug],l"[(:u + Zn + 3n] when
increasing the amount of Ag’ ions introduced. Further
confirmation of the element oxidation states was obtained by
XP5. Besides the existence of Cu, Zn, Sn, and 5, the XPS
spectrum for both sample H1 and H3 (Figure 51) also showed
the components at 368.0 and 374.0 eV, which were attributed
to Ag 3ds; and Ag 3d, ., respectively, of Ag” ions in the Ag,S
phase.

Based on these results, we believe Cu, Zn, and Sn atoms in
CZTS behave virtually like a “fuid”, which diffuses toward the
solid—liquid interface through the amion sublattice and is
replaced by Ag', with a slight preferential exchange of Zn** ions
by Ag". The exchange is in part driven by the extremely small

solubility constant of Ag”, K, = 1.0 107" at 18 °C."" CZTS—
Ag,S nanoparticles formed did not conserve the quasi-spherical
geometry, but became slight]y tlungated I:]"igum 5{3). This
slight shape medification is explained by the different
crystallographic structures of the initiall CZTS nanoparticles
and the growing Ag,S nanocrystals, what does not allow
conservation of the anfon sublattice during the cation exchange
process,

As a final evidence of the cation exchange mechanism, CZTS
nanoparticles were reacted with an excess of Ag® jons. As a
result, a full exchange of Cu, Zn and Sn ions within CZTS by
Ag+ ions took place and Ag,S nanoparticles were obtained
(Figures 53 and 54). Final Ag,S nanoparticles were mostly
polyerystalline, indicating the presence of multiple Ag,S
nucleation points within each CZTS. Furthermore, Ag,S
nanoparticles did not conserve the very narrow size distribution
of the initial CZTS nanoparticles, which indicates a coalescence
or Dstwald ripening of the final Ag,5 nanoparticles {F1S1II'|_' 541,
AL the same time, the excess amount of Ag™ most probably was
reduced by OLA in the reaction conditions used, forming a
broad size distribution of metal Ag nanoparticles {Figure 530

HRTEM analysis confirmed the crystallographic phases,
wurtzite and monoclinic, of both compounds within the
CZTS5=Ag:S nancheterostructure although some orthorhom-
bic Ag,S crystals were also identified (Figure 55). HRTEM
analysis also allowed determining the structural relationship at
the interface. Figure 3 shows HRTEM, fast Fourier transform

Figure 3. (2) HRTEM micrograph of CZTS—Ag,S heterostructures,
The closer look of the HRTEM image of CATS and Ag,5 areas and its
corresponding power spectrum analysis are shown in the left (Ag,5,
red) and right (CZTS, green) panels, respectively. (b) HRTEM image
of the interface between CATS and Ag.S within a single CZTS=Ag,5
nanoparticle, (¢} Corresponding power spectrum and (d) inverse FFT
of the drcled diffraction spots showing the cpitaxal relation.

(FFT), and simulated HRTEM images of CZTS—Ag,S
heterostructures. In Figure 3a, details of each crystal structare
(CZTS in green and Ag,S in red) are shown along with their
corresponding power spectra (FFTs), The Ag,S crystal is
visualized along the [311] axis of its monodinic phase, with
lattice parameters a = 04127 nm, b = 0.6699 nm, ¢ = 0.7838
nm (space group = P21/c), o = y = 90°, and f# = 99.67". Power
spectrum of the CZTS crystal unambiguously revealed that it
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Figure 4. (a) Linear sweep voltammograms curves under visible light illumination for PECs. (b} Corresponding amperometric I—t curves under

switching light ON—OFF at the applied potential of 0.5V,

had a wurtzite phase visualized along its [11-2—3] axis and
with lattice parameters of @ = b = 0,3839 nm, and ¢ = 0.6339
nm (space group = P63mc). Figure 3b shows a close-up
HRETEM micrograph of the CZTS-Ag,S interface. Its
corresponding FFT power spectrum reveals a possible epitaxial
relationship with a certain misorientation and lattice mismatch.
In Figure 3¢, green cireled diffraction spots belong to the (10—
11} plane of the wurtzite CZTS phase which has a d-spacing
value of 0.2944 nm, and red circled diffraction spots belong to
the (10-3) F]am: of manoclinic Ags Pha.'.'e that has a d'—spa.cing
value of 0.2363 nm. For clarity, Figure 3d shows the inverse
FFT of selected diffraction spots. Although they are slightly
misoriented and the lattice mismatch between them is about
0%, the inverse FFT image shows an epitaxial relationship
where there are three Ag,S planes for every 2 CZTS plane
[marked with white parentheses in the image, showing the
expected misfit dislocations). Similar epitaxial relations were
observed on CATS—Au nancheterostructures by Pradhan’s
group.

As a proof-of-concept application, CZTS—Ag:S nanoparticles
were used as sensitizers in a photoelectrochemical (PEC) cell
for water splitting. Within the PEC cell, electron—hole pairs are
generated under visible light illumination, Photogenerated
holes are used to oxidize H,O and produce O, and the
photogenerated electrons are driven toward the Pt electrode ta
produce hydrogen. As shown in Figure 4a, the photocurrent of
Ti0,/CLTS—Ag,5 nanoheterostructures (H1) at 0.5 Vis 0.15
mﬁ;"cml, what is much higl‘ltr than that of the electrode made
from pure Ti0, (0.03 mA/cm®) or that of the one
incorporating CZTS nanocrystals (Ti0,/CZTS, 0.06 mA/
cm®). These values indicate that the CZTS=AgS hetero-
structure promotes photocatalytic activity under visible light
illumination. This result was further supported by the
corresponding amperometric I—t cycles. Figure 4b shows the
rapid and consistent photocurrent responses for each switch-on
and -off event in multiple 10 s on—off cycles under visible-light
illumination, The sample H2 showed the highest photocurrent
density (ca. 0.58 mA/cm®), which was about 10 times higher
than that of the pure CZTS clectrode (ca 0.06 mA/cm?).
However, the photocurrent decreased when further increasing
the amount of Ag,S (sample H3). This indicates that an
optimal compositional ratio of the two phases exist that
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provides the highest photocatalytic activity as will be discussed
below.

The main key parameters determining the PEC activity are
charge carriers photogeneration, separation, and transport
efficiency.”” To be able to account for the performance
enhancement, light absorption and charge separation and
transfer properties of the CZTS—Ag,S (H2) heterostructures
were studied. As shown in Figure 56, just a slight extension of
the absorbance edge toward the infrared was observed after
coupling CZTS (1.5 eV) with Ag,S. This observation agrees
well with the fact that 4 nm A nanoerystals do not exhibit
quantum confinement effects and thus possess a bulk-like band
gap (~1.0 eV)." To better understand the electronic properties
of CZTS—AgS heterostructures, Mott—Sckottky (M-85}
measurements were performed in dark using impedance
spectroscopy.  Figure 57 shows M-S plots of Ti0O; and
CZTS—Ag,S (H2) sensitized TiQy,. The flat band potential
for TiO,, calculated from the x intercept of the linear region,
was found to be —0.8 V vs Ag/AgCL Just a slight positive shift
of potential was found for the Ti0,—CZTS—Ag,5 sample, This
sample was also characterized by a lower slope of the linear
region, which suggested a much higher donor density. The
energy band structures of Ti0y,, Ag,S, and CZTS are plotted in
Fignre 5a. The Permi level in n-type TiO; and Ag,S are close to
their conduction band minimum (CBMY), while that of p-type
CZTS are close to its valence band maximum (VEM), As the
CBM and VBM of p-type CZTS are situated at higher energy
levels than ASESJ“ under v'i:iin-l'lEht irradiation, F-hulu-
generated electrons in the CB of CZTS will transfer to the
CB of Ag,S, while holes travel in the opposite direction within
the VB, as shown in Figure 5a, This type-II band alignment in
the CZTS—Ag,S nanoscale p—n heterostructure increases the
driving force for photogenerated charge carrier separation, thus
reducing the chance for their recombination, increasing their
lifetime and enhancing the overall material photocatalytic
performance.”” Besides, the relatively low CBM of Ag,$ still
facilitates the electron transfer to the CB of TiO,. In a third
step, as shown in Figure 5b, the efficiently separated electrons
are collected on the surface of electrodes and injected into the
external circuit, which are subsequently consumed in the
reduction of water into hydragen,” while holes participate in
the oxidation reaction taking place at the CZTS surface.
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Figure 5. (a) Schematic of the energy band diagram of the
heterostructures and the possible model of electron transfer. (b)
Schematic diagram of water splitting reaction in the photo-
electrochemical cell,

While the combination of CZTS and Ag,S clearly results in
an enhancement of the photocatalytic properties, it is also clear
that an optimum composition exist, One possible explanation
for the ulmpusiﬁnn-dl:?i."nd:nt PEC activities measured rnight
be ascribed to the structural change of CZTS in the presence of
different concentration of Ag”. Along with the increase of Ag*
concentration, the molar ratio of Zn/{Cu + 5n) decreases from
0.32 to 0.17. As previously reported, the content of Zn can
affect the CBM of the particles, In this direction, usually Zn-rich
CZTS nanocrystals exhibit better photovoltaic conversion
efficiency.” """ For CZTS—Ag,S nanoheterostructures, a
narrowing of the CZTS band gap from L5 to 1.37 eV was
observed when increasing the Ag” concentration I:Fisun: S8Y,
which may make the transfer of electrons from CZTS to Ag,S
difficult. A second explanation for the PEC activity decrease
with the increase of Ag® is related to the loss of effective donars
for the oxidation reaction. The decreased amount of CZTS
with good hole transport ability results in a lower donor
density. Furthermore, excessive AgS in the heterostructures
surface might reduce the CZTS reactive sites for the oxidation
reaction, thus deteriorating the hole extraction from CZTS.
This is consistence with the fact that, for type-1I nanoparticles,
the use of linear heterostructures is more favorable than the use
of core—shells to extract charge from both semiconductor
phases.

B CONCLUSIONS

In summary, a series of CETS=Ag,S nanoscale p—n
heterostructures with different CZ2T5/Ag,S ratios was obtained
by partial cation exchange. From HRTEM characterization, we
conclude that the heterojunction has coincident site epitaxy.

Such CETS—Ag,5 nanoheterostructures exhibited significantly
enhanced photoelectrochemical current response under visible-
light illumination compared to pure CZTS. The ability to
synthesize such structures with controlled composition and
suitable band alignment promoting charge separation provides
a better insight into fundamental synthetic chemistry as well as
opening avenues for diverse optoelectronic applications.
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Table S1.CZTS and CZTS-Ag,8 atomic composition obtained from EDX analysis.

Cu (%) Zn (%) Sn (%) 5 (%) Ag (%) | Zn/(Cu+Sn)

CZTS 22 1 12 55 0 0.32

CZTS-Ag:S - o " s s 0.23

(Sample H1)

CZTS-Ag:S 0.19

] 9 57 12

{Sample H2Z) ! 3

CZTS-Ag,S 0.17
= 16 4 7 50 23

(Sample H3)
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Figure S1. XPS spectra of CZTS-Ag>S nano-heterostructures.

2

87



Figure S2. Selection of HRTEM micrographs showing some single crystalline and polycrystalline
Ag,;S NPs attached to CZTS NPs. They all seem to have the epitaxial relation.
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Figure 83, XRD patterns of CZTS nanoparticles and CZTS-Ag:S nanoparticles obtained with an
excess amount of Ag'. Only the XRD peaks corresponding to the Ag,S and most probably also
metal Ag crystal structures were obtained after the full cation exchange reaction. Reference patterns
of wurtzite CZTS (JCPDS: 00-005-0492), Ag,S (JCPDS: 00-003-0844) and Ag (JCPDS:

00-004-0783) are also shown as reference.
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Figure S4. TEM micrographs of CZTS nanoparticles before (left) and after (right) full cation

exchange with Ag’ ions,

(11-2)
-

P (}I‘l())

[021] Ag,S orthorhombic

Figure S5. HRTEM micrograph showing the presence of several NPs, detail of the single crystalline
NP indicated with red square and its corresponding power spectrum.

We identified another phase of Ag,;S, which has a primitive orthorhombic lattice (space group =
P2,2,2,) with lattice parameters of a = 0.6725 nm, b = 0.4148 nm and ¢ = 0.7294 nm. The
abundance of this phase is about the same with the above presented monoclinic Ag,;S phase. A
HRTEM micrograph showing the presence of a single crystalline Ag,S attachment is presented in
Fig. S5. On the right, detail of the red squared region and its corresponding power spectrum, which
reveals that this NP has the orthorhombic Ag,S phase and visualized along its [021] axis, are
shown.
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Figure S86. UV-vis absorbance spectra of CZTS nanocrystals and CZTS-Ag:S nanoheterostructures
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Figure 87. (a) Mott-Sckottky plot of TiO,; (b)Mott-Sckottky plot of CZTS-Ag,S-sensitized TiO,.
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Figure S8. The linear extrapolations of plots of (ahv)® vs. photon energy for CZTS (a), CZTS-Ag:S
HI1 (b), CZTS-Ag:S H2 (c) and CZTS-Ag,S H3.
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Chapter 3

Multimetallic NPs and Their
Catalytic Property



3.1 Multimetallic NPs and their catalytic property

This chapter is about multimetallic NPs, including synthesis, structural and catalytic properties. The combination
of two or more metals provides novel catalysts for energy conversion application. This chapter is based on the
papers: “Size and Aspect Ratio Control of Pd,Sn Nanorods and Their Water Denitration Properties”, “Pd,Sn
Nanorods as Highly Active and Stable Catalyst for Ethanol Oxidation Reaction” and “Pd,Sn and Au-Pd,Sn Nanorods
in Catalytic Hydrogenation and Sonogashira Coupling Reactions”. The first is published in Langmuir 2015, 31 (13),
3952-3957, and the later two part are under revision (we already submitted comments from the second one). In
the first paper we report a synthesis of monodisperse Pd,Sn NRs and their catalytic properties for reduction of
nitrophenol and water denitration. The second is a study of Pd,Sn NRs as electrocatalyst for EOR. In the final part

of the chapter we detail the preparation of Pd,Sn-based HNPs and their potential catalytic applications.
3.1.1 Synthesis of multimetallic NPs

The synthesis of multimetallic NPs is attracting large interest due to their unique physical and chemical
properties. In particular, the synergic and co-operative effects of bimetallic NPs could lead to a more useful
functionality and can ease the addressability of the particles with extensively studied surface states.” ® Another
merit of bimetallic, such as an alloy, core-shell, or Janus NPs, has been the possibility of lowering cost while
maintaining performance through the use of a precious metal in combination with a more abundant, cheaper
metal, with the properties of the former still being retained or sometimes even enhanced.’”'® Figure 3.1 shows
the main four routes to prepare bimetallic NPs: (1) continuous growth, (2) crystallites coalescence, (3) seeded

growth and (4) galvanic replacement reaction. There are some key factors for these synthetic routes:*™*

a) Different redox potentials between the different metals. Different standard reduction potential of metal is the
driving force for the galvanic replacement reaction. In our group, we reported that a procedure to produce
monodisperse Co@Cu core-shell NPs with control size and composition distributions involving galvanic

replacement reaction.'®

b) Different reduction rate. Different reduction agents can decide reduction rate, further influence the shape and
composition of bimetallic NPs. For instance, Au-Pd bimetallic NPs, such as core-shell octahedrons, alloy
octahedron, rhombic dodecahefron and nano-dendrite, could be obtained through different reduction rate via

. 1
controlling reductant.'®

c) Different capping agent. Facet-specific capping agents are essential for well-defined morphology of bimetallic
NPs. Among them, halide ions and PVP are often used in aqueous system. Organic amines and acids (e.g. OLA and
OA) are often used in organic solvent systems. In addition, citric acid, NO,, C,0,4, CO etc. can serve for special facet

bimetallic NPs,0+1%
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d) Different intefacial energy. The interfacial energy between two metals plays a main role on the thermodynamic
stability of bimetallic core-shell NPs. Two main factors determine the interfacial energy: the lattice missmatch,
and the bond between atoms in the overlayer. Xia et al. reported the synthesis of Pd@Cu core-shell nanocubes
via Cu epitaxial growth on Pd NCs, where the lattice mismatch is 7.1%. The results may be due to the decrease of

the interfacial energy of NPs.'"’

e) Temperature and reaction time. The reaction temperature and the time also play crucial roles to control the
size and shape evolution of bimetallic NPs. A high temperature implies a high reduction rate during the reaction,
which decreased the size of final products. Moreover, the thermodynamically stability of bimetallic NPs can be
reached at high temperature easier with spheres or convex polygons structures. The reaction time should be
determined to match the decomposition and reduction rates of the precursors. In general, the longer reaction

time favors to obtain thermodynamically stable bimetallic NPs.

These factors provide us with the appropriated tools to design rationally well-defined bimetallic NPs with size,
shape and composition control. Table 3.1 summarizes some cases of bimetallic NPs prepared by the four routes,

including the geometric structure, synthetic route, and key factor in synthetic process.

d)

101 (3) continuous growth, (b) crystallites

Figure 3.1 Four routes towards shape-controlled bimetallic NCs:
coalescence, (c) seeded growth and (d) galvanic replacement reaction. Blue, red and yellow parts stand for mono-

metal and orange parts stand for alloy.
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Table 3.1 Summary of bimetallic NPs that have been successfully synthesized through routes of continuous

growth, crystallites coalescence, seeded growth and galvanic replacement reaction, including alloy, core—shell and

heterostructure bimetallic NPs

nanostructure

Synthetic route

Key factors in the

synthetic process

Synthetic cases

Alloy

Core-shell

Shpere

Cube

Terahedron

Icosahedron

Rod

Dendritic

structure

Wires

Hollow structure

Concave stucture

Shpere

Continuous growth

Continuous growth

Continuous growth

Continuous growth

Continuous growth

Crystallites

coalescence

Crystallites

coalescence

Galvanic

replacement

reaction

Galvanic

replacement

reaction

Galvanic

replacement
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Capping agents

Capping agents

Capping agents

Slow reduction rate;

capping agents

Capping agents

Rapid reduction;
polymer-formed

templates

Facet-oriented
attachment of

crystallites

Kirkendall effect

Underpotential

deposition followed

by galvanic

replacement reaction

Facet-specific galvanic Co@Cu

replacement reaction

Pd-Sn*®
Pt-Ni*®
Pt-Co™®

Pt-Pd'"!

Pd-Sn'%®

Au-Pd'?

Au-Ag113

Pt-Pd*

Pt-Cu™™
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reaction

Cube Seeded growth Capping agents Pd@pPt'*®
Core-dendritic Crystallites Rapid reduction; Pd@Rh"’
shell coalescence polymer-formed

templates
Tetrahexahedron Seeded growth Large lattice Pd@Au™’

mismatch; oxidative

etching

Concave cube Seeded growth Growth rate control Pt@Rh''®

on different facets

heterostructure Binary structure  Seeded growth Island growth caused  Au-Pt'*°
by large lattice
mismatch or rapid

reduction

Multi-pod Galvanic Facet-specific galvanic Pd-Pt'*°

replacement reaction
replacement

reaction

Recently, alloying Pd with a second element like Sn, Co, Cu or Bi is effective for increasing the electrocatalytic
activity and CO tolerance through tuning the chemical composition, size and morphology between the two
metals.'® *"'?* Besides, electronic states and synergy between the different components are playing a vital role
to determine the electrocatalyst performance. Among the various Pd-based bimetallic NPs, Pd-Sn is a particularly
interesting candidate for some catalytic application. However, the preparation of Pd-Sn NPs is still challenge. Liu
X. et al. presented a study about synthesis of Pd-Sn bimetallic single-crystalline hollow nanospheres using a fast

2% In this system, didodecyldimethyl-ammonium bromide (DDAB) as one kind of

one-pot strategy in OLA.
surfactants played a key role to create hollow nanostructures (Figure 3.2). Such bimetallic NPs of special hollow
structure may be expected to possess particular electronic, mechanical and optical properties. Freakley S. J. et al.

reported a simple impregnation method to synthesize palladium-tin catalysts onto supports and then used an

97



appropriate heat treatment reaction, which enabling selectivity of >95% toward H,0, synthesis directly from H,
and 0,.'% In addition, they could synthesize a series of Pd-based bimetallic catalysts. All of these catalysts showed
activity for H,0, synthesis and no activity for H,0, degradation (Figure 3.3). Du W. et al. presented a study of a
series of Pd-Sn binary alloy support carbon catalysts as anode electrocatalysts for the ethanol oxidation reaction
in alkaline medium.**® Among various Pd-Sn/C catalysts, PdgeSny,/C showed much enhanced current densities in
cyclic voltammetric and chronoamperometric measurements while compared to commercial Pd/C. Furthermore,
such PdgsSny14/C was more favorable in high ethanol concentration and high pH environment. In addition, density
functional theory calculations confirmed that Pd-Sn alloy nanostructures have lower reaction energy for the

dehydrogenation of ethanol, compared to the Pd.

oxidative

etching

ordered

pitting
enlargement
R g

arrangement
-

Figure 3.2 Proposed mechanism for the formation of hollow Pd/Sn bimetallic nanospheres.**
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W H,0, H,0 W HO, W H,0,
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oxidized AR reduced N oxidized y N

ot Sn0O, secondary support Ao Sn0, secondary support A SnO, secondary support

TiO, primary support TiO, primary support TiO, primary support

125

Figure 3.3 Evolution of catalyst through oxidation-reduction-oxidation cycle.”™ (A) Proposed mechanism for
switching off H,0, hydrogenation by small Pd-rich NPs through a strong metal-support interaction (SMSI).The
secondary metal must both form an alloy with Pd and oxidize to form a secondary support (i.e., SnO,) that can
encapsulate the relatively small, poorly alloyed, Pd-rich NPs after an O-R-O cycle. This step prevents these NPs
from decomposing and hydrogenating the H,0, product. (B and C) STEM-EELS mapping of a 5 wt % Pd/SnO, model
catalyst at the oxidized (B) and O-R-O (C) stages, showing partial encapsulation of the Pd NP (red) by SnO, (green)

after the O-R-O heat treatment cycle. The Sn intensities in the SnO, support area were deliberately saturated to

reveal any relatively weak signals in the particle region. Scale bars, 1 nm.
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3.1.2 Size and Aspect Ratio Control of Pd.Sn Nanorods and Their Water Denitration Properties

The paper entitled “Size and Aspect Ratio Control of Pd,Sn Nanorods and Their Water Denitration Properties” was
published in Langmuir 2015, 31 (13), 3952-3957 and can be found with the corresponding supporting information
file after this brief summary. In this paper, we study the synthesis and catalytic properties of monodisperse Pd,Sn
NPs with different morphologies, sizes and aspect ratios. Pd-Sn NPs were prepared by co-reducing Pd(acac), and
Sn(acac), in the presence of amines, TOP, and chlorine ions (Figure 3.4). The growth mechanism of the NRs was
based on the selective desorption of TOP by chlorine ions at the NR tips. A preliminary evaluation of the geometry
influence on catalytic properties evidenced Pd,Sn NRs to have higher catalytic performance than spherical Pd,Sn

and Pd NPs toward reduction of nitrophenol and water denitration due to the more active surface facets of NRs.

Pd.Sn NR (44 x10 nm)
Pd_Sn NR (130 x 24 nm)

Conversion N, Selectivity

Figure 3.4 A) TEM micrographs of Pd,Sn NPs with different aspect ratios. B) Schematic illustration of the influence
of the TOP and chloride ions on the shape and size of the Pd,Sn NRs. ¢) Sodium borohydride-driven degradation
of p-nitrophenol over 3.0 nm Pd (black) and 4.3 nm Pd,Sn (red) spheres, and 15 nm x 8 nm Pd,Sn NRs (blue). d)
TEM images of Pd,Sn spherical NPs (a) and NRs (b) supported on TiO,. Scale bars correspond to 20 nm. c) Nitrate
conversion after 24h reaction and N, selectivity measured from TiO,:Pd,Sn spherical NPs (red) and TiO,:Pd,Sn NRs

(blue).
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ABSTRACT: Monodisperse Pd,Sn nanorods with tuned size and aspect ratio were prepared by co-reduction of metal salts in
the presence of trioctylphosphine, amine, and chloride ions. Asymmetric Pd,Sn nanostructures were achieved by the selective
desorption of a surfactant mediated by chlorine ions. A preliminary evaluation of the geometry influence on catalytic properties
evidenced Pd,Sn nanorods to have improved catalytic performance. In view of these results, Pd,Sn nanorods were also evaluated

for water denitration.

Bl INTRODUCTION

The development of alternative Pt-free catalysts with
comparable or improved activities, selectivities, and stabilities
is critical to reduce the cost of catalytic materials and processes.
In this direction, bimetallic catalysts, including abundant
elements, are one first step toward cost reduction. > In
particular, Pd-based bimetallic particles with tuned chemical
composition, electronic states, and synergy between the two
metals have allowed for not only the reduction of material costs
but also the improvement of performance and stability with
respect to Pt-based and pure Pd catalysts.4—6 As an example, Pd
and Pd-based bimetallic catalysts are particularly suitable for
hydrogenation and dehydrogenation reactions, carbon—carbon
bond-forming reactions, such as Heck or Suzuki, and
electrooxidation of primary alcohols.”™"! Pd alloys with metals
that bind strongly to oxygen also provide greater resistance to
CO, C, and § poisoning. =17

Besides composition, the shape of catalytic nanoparticles
(NPs), which dictates surface facets and active reaction sites, is

v ACS Publica‘tions @ 2015 American Chemical Society
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the other key parameter determining a catalyst perform-
ance.’® 2" However, because of the limitations of conventional
impregnation methods to control NP geometry, this parameter
is generally neglected during catalyst optimization. Colloidal
synthesis methods allow for adjusting catalytic NP properties
beyond conventional impregnation methods, offering the
opportunity to design and engineer well-controlled model
systems. In this direction, the development of synthetic routes
to produce Pd-based bimetallic NPs with tuned size and shape
has attracted significant effort in the past decade.>'>™'"*!
Among the various bimetallic NPs, Pd—Sn is a particularly
interesting candidate for the ethanol oxidation reaction®*** and
water denitration.”**® However, despite its interest, the
synthesis of Pd—Sn NPs with controlled morphology still
remains a major challenge.
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Figure 1. (a) TEM micrograph of 27 nm long and 9 nm wide Pd,Sn NRs. (b) HRTEM micrographs, power spectra, and 3D atomic models of

vertically and horizontally aligned Pd,Sn NRs.

Herein, we describe a synthetic route to produce highly
monodisperse Pd,Sn NPs with tuned size and morphology.
Besides, we present here results from the functional character-
ization of the new materials produced. We preliminary tested
the catalytic properties of Pd,Sn NPs using the reduction of p-
nitrophenol by NaBH, as a model reaction.”® Furthermore, the
performance of TiO,-supported Pd,Sn nanorods (NRs) and
nanospheres toward water denitration was also evaluated.

B EXPERIMENTAL SECTION

Chemicals. Palladium(II) acetylacetonate [Pd(acac),, 99%], tin(II)
acetylacetonate [Sn(acac),, 99.9%], oleylamine (OLA, >70%), 3-
mercaptopropionic acid (MPA, >99%), oleic acid (OA, 90%),
hexadecylamine (HDA, 90%), cyclohexanone (C¢H,;,0, 99.8%),
sodium hydroxide pellets (NaOH, >97%), and hydrochloric acid
(37% in water) were purchased from Sigma-Aldrich. Tri-n-
octylphosphine (TOP, 97%) was purchased from Strem. Sodium
nitrate (NaNOj, 99%) was purchased Riser S.A. Aeroxide P25 (TiO,)
was purchased from Acros Organics. Hexane, chloroform, and ethanol
were of analytical grade and obtained from various sources. Milli-Q
water was supplied by the PURELAB flex from ELGA. All chemicals
were used as received without further purification, except OLA, which
was purified by distillation. All syntheses were carried out using
standard airless techniques: a vacuum/dry argon gas Schlenk line was
used for the syntheses, and an argon glovebox was used for storing and
handling air and moisture-sensitive chemicals.

Preparation of Hexadecylammonium Chloride (HDA-HCI).
HDA-HCI was prepared by the direct reaction of HDA with an
aqueous solution of hydrochloric acid. A total of 20 mmol (4.83 g) of
HDA was dissolved in 50 mL of acetone, and 30 mmol (2.96 g) of
HCl (37% in water) was added dropwise to the solution. The white
precipitate was kept stirring in solution overnight. The HDA-HCI
precipitate was filtered out, thoroughly washed with Milli-Q water, and
dried under vacuum.

Synthesis of Pd,Sn Nanorods. In a typical synthesis, S mL of
OLA, 0.2 mmol of HDA-HCI, and 0.075 mmol of Pd(acac), were
placed in a 25 mL four-neck flask and purged under argon flow for 30
min at 60 °C. Next, 0.25 mL of 0.1 M Sn(acac), in TOP was injected.
Upon injection, the solution color changed to dark yellow. The
solution was heated to 200 °C at 12 °C/min and maintained at this
temperature for 30 min. Afterward, the temperature was further
increased to 300 °C at 2.5 °C/min and kept for an additional 30 min.
During heating, the color changed gradually to black. Then, the
solution was cooled to room temperature. While cooling, when the

temperature reached approximately 70 °C, 1 mL of OA was added to
improve nanoparticle (NP) solubility. Pd,Sn NPs were separated from
the reaction mixture by adding 20 mL of ethanol and centrifuging at
3000 rpm for S min. NPs were washed with chloroform as the solvent
and ethanol as the non-solvent by multiple precipitation/redispersion
steps.

Synthesis of Pd,Sn Spherical NPs for Catalytic Performance
Evaluation. Pd,Sn spherical NPs were obtained following the same
procedure used to produce Pd,Sn NRs but without introducing HDA-
HCL

Synthesis of Pd Spherical NPs for Catalytic Performance
Evaluation. Pd spherical NPs were prepared following the same
procedure used to produce Pd,Sn NRs but without introducing HDA-
HCI and Sn(acac), and setting the growth temperature to 200 °C and
growth time to 30 min.

Ligand Exchange with Mercaptopropionic Acid (MPA).
Pd,Sn NPs dispersed in hexane (~50 mg in S mL) were mixed with
S mL of MPA and 5 mL of cyclohexanone. The mixture was sonicated
for 30 min. Subsequently, NPs were centrifuged, and the precipitate
was further washed with 10 mL of cyclohexanone, chloroform, and
ethanol, successively. Finally, NPs were dissolved in 225 mL of
deionized water with 0.25 mL of 0.2 M NaOH solution.

p-Nitrophenol Reduction. The kinetics of catalytic reduction of
p-nitrophenol to p-aminophenol was monitored by the color change
involved in the reaction. Aqueous solutions of p-nitrophenol (1.4 mM)
and NaBH, (042 M) were freshly prepared as separate stock
solutions. Deionized water (13.0 mL) was mixed with 1.5 mL of p-
nitrophenol stock solution. Then, S mL of MPA-coated Pd,Sn NR
catalysts in water containing 0.1 mL of 0.2 M NaOH solution was
added to the mixture with a final concentration of 0.05 mg/mL or 1.4
X 10° NRs/mL. After mixing, 19.5 mL of the reaction solution was
quickly transferred to a quartz cuvette. Then, 0.5 mL of NaBH, stock
solution was injected into the quartz cuvette, and the absorbance
spectra were successively recorded with a 5 s period using an
ultraviolet—visible (UV—vis) spectrometer until the pale brown
solution became colorless. To properly compare each type of catalyst,
we keep the same amount for all catalysts (0.05 mg/mL). A total of §
mL of Pd (3.1 nm in size) and Pd,Sn (4.9 nm in size) NP catalyst
aqueous solution separately was used with a final concentration of 3.4
x 10" and 6.8 x 10" NPs/mlL, respectively (see the Supporting
Information).

Water Denitration. For the nitrate heterogeneous catalytic
reduction reaction, 5% Pd,Sn spherical NPs and NRs were supported
on Aeroxide TiO, P25 powder form. A constant hydrogen flow (150
mL/min) was used as a reducing agent to transform nitrate into
nitrogen gas as the desirable product.

3953 DOI: 10.1021/1a504906q
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Figure 2. TEM micrographs of Pd,Sn NPs with different aspect ratios (AR): (a) 4.3 £ 0.2 nm, AR = 1; (b) 9 + 1 nm X 6.8 £ 0.6 nm, AR = 1.3; (c)
1S+ 1nmX7+1nm, AR =2.1;(d)24+2nm X 7 + 1 nm, AR = 3.4; (¢) 44 + 4nm X 10 + 2 nm, AR = 4.4, (f) 98 + 8 nm X 9 + 1 nm, AR =
10.8; (g) 130 + 10 nm X 24 + 4 nm, AR = 5.4; and (h) 290 + 20 nm X 12 + 3 nm, AR = 24.2.

Denitration experiments were performed in a 350 mL polytetra-
fluoroethylene (PTFE) batch reactor under standard operational
conditions (atmospheric pressure and room temperature). Sodium
nitrate (NaNO;) was used as the nitrate source in ultrapure water. The
amount of 0.2 g of catalyst was introduced in the 100 ppm nitrate
(NOj;") solution and remained in suspension by continuously stirring
at 500 rpm. Samples were periodically withdrawn to analyze NO;™ and
reaction byproducts, such as nitrite (NO,”) and ammonia (NH,")
ions, which were quantified by photometry (PC MultiDirect
Lovibond).

B RESULTS AND DISCUSSION

Pd—Sn NPs were prepared by co-reducing Pd(acac), and
Sn(acac), in the presence of amines, TOP, and chlorine ions. In
a typical synthesis, 5 mL of OLA, 0.2 mmol of HDA-HCI, and
0.075 mmol of Pd(acac), were placed in a 25 mL four-neck
flask and purged under argon flow for 30 min. Next, 0.25 mL of
a 0.1 M Sn(acac), solution in TOP was injected, and the
mixture was heated to 200 °C at 12 °C/min and maintained at
this temperature for 30 min. Finally, the solution was heated to
300 °C at 2.5 °C/min, and NPs were allowed to grow for 30
min before cooling to room temperature. Finally, NPs were
purified by multiple precipitation/redispersion steps.

Figure 1 displays representative transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) micrographs of Pd—Sn NPs obtained
by the procedure described above. Pd—Sn NPs were
characterized by very narrow size distributions and rod-like
geometry.

Power spectrum analysis revealed Pd—Sn NRs to have an
orthorhombic Pd,Sn phase (space group Pnma) with lattice
parameters a = 0.5635 nm, b = 0.4283 nm, and ¢ = 0.8091 nm.
The NR growth direction was identified as [010]. HRTEM
micrographs taken from vertically (along the growth axis) and
horizontally (lateral view) aligned NRs showed them to have
eight facets, {100} and {102}, forming a rhombitruncated
hexahedron.”” Pd,Sn NR tips were also faceted, as shown in
Figure 1b, and three-dimensional (3D) models were obtained
using Rhodius software®® (see animated 3D models in ref 29).
The Pd/Sn ratio within Pd—Sn NPs was 2:1, as determined by
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energy-dispersive X-ray spectroscopy within scanning electron
microscopy and confirmed by inductively coupled plasma
spectrometry. X-ray diffraction analysis further confirmed Pd—
Sn NRs to have a Pd,Sn orthorhombic crystal structure [Joint
Committee on Powder Diffraction Standards (JCPDS) number
00-026-1297; see Figure S2 of the Supporting Information].
The presence of both chloride ions and TOP was critical to
produce rod-shaped Pd,Sn NPs. Moreover, the chlorine and
TOP concentrations determined NR size and aspect ratio.
Experimental results pointed out that the NR thickness was
mainly influenced by the TOP concentration, while the length
mainly depended upon the amount of chloride ions (Figure 3).

] r
;f\E Al

Figure 3. Schematic illustration of the influence of TOP and chloride
ions on the shape and size of the Pd,Sn NRs.

With adjustment of the synthetic conditions (details in section
4 of the Supporting Information), the average NR length could
be tuned in the range from 20 to 600 nm and its diameter could
be tuned in the range between 6 and 40 nm (Figure 2).
Several theories have been proposed to exglain the influence
of halide ions on the shape control of Pd,* Ag,3l’32 Ay, P38
and CdSe** " NPs. Halides may modify the reduction
potential of the metal ions, passivate specific NP surfaces, or
control surface 3passivation by modulating the concentration of
surface ligands.”' >****! In our system, while OLA played an
essential role as coordinating solvent in controlling NP size,
TOP and chlorine ions were the key compounds directing

DOI: 10.1021/1a504906q
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Figure 4. Sodium-borohydride-driven degradation of p-nitrophenol over 3.0 nm Pd and 4.3 nm Pd,Sn spheres, 15 X 8 nm Pd,Sn NRs, 44 X 10 nm

Pd,Sn NRs, and 130 X 24 nm Pd,Sn NRs.
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Figure S. (a and b) TEM images of Pd,Sn (a) spherical NPs and (b) NRs, supported on TiO,. Scale bars correspond to 20 nm. (c) Nitrate
conversion after 24 h of reaction and N, selectivity measured from TiO,/Pd,Sn spherical NPs (red) and TiO,/Pd,Sn NRs (blue).

Pd,Sn NP asymmetric growth and determining its aspect ratio.
Experimental results evidenced that both TOP and chlorine
ions were necessary to produce Pd,Sn NRs and that they both
competed for the passivation of the NR tips (see control
experiments in section S of the Supporting Information). We
believe that a preferential organic ligand desorption from Pd,Sn
NP tip facets directs the growth of asymmetric Pd,Sn NPs. We
hypothesize that, while TOP bonded across the whole NP
surface, chlorine ions (harder base than phosphine) induced
TOP desorption at the NP tip facets, where a larger density of
Sn ions (harder acid than Pd ions) was probably found. From
another point of view, rods were formed in the presence of CI™
because the surface energy differences among the various facets
allowed CI” to selectively desorb TOP from the (010) facets.
These hypotheses are consistent with the larger amounts of
TOP providing a more efficient protection of the NR tips, thus
resulting in thicker NRs. At the same time, larger amounts of
CI” displace TOP from the NR tips more efficiently, resulting
in longer Pd,Sn NRs.

An initial evaluation of the functional properties of the new
Pd,Sn NP geometry detailed here was obtained using the
reduction of p-nitrophenol by sodium borohydride as a model
catalytic system.”® To evaluate and compare NP activity,
spherical Pd,Sn and Pd NPs and Pd,Sn NRs with three
different lengths were rendered soluble in water through ligand
exchange with MPA (see the Supporting Information). Figure
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4a displays the kinetic of p-nitrophenol reduction to p-
aminophenol in the presence of 3.0 nm Pd (160 m*/g), 4.3
nm Pd,Sn spheres (110 m?/g), 15 X 8 nm Pd,Sn NRs (50 m?/
g), 44 X 10 nm Pd,Sn NRs (37 m*/g), and 130 X 24 nm Pd,Sn
NRs (15 m?/g).** In the presence of an excess of sodium
borohydride and sufficient catalysts, the reaction rate could be
fitted to a pseudo-first-order reaction, In(Ay/A) = kt, where k is
the apparent rate constant (Figure 4b).*’ Using the exact same
total amount (5 mg) and concentration (0.0S mg/mL) of
catalytic NPs, 15 X 8 nm Pd,Sn NRs showed the highest
reaction rates, 38 s g™ (0.7 s™' m™2). This value was clearly
above that measured for spherical Pd,Sn (23 s™! g7!; 0.2 5™
m™) and spherical Pd (4.6 s™' g™'; 0.03 s7' m™) NPs. With
normalization for the different surface areas of NRs and
spherical NPs, the performance enhancement associated with
Pd,Sn NRs was even more notable, with 3.5- and 28-fold
reaction rate increases over spherical Pd,Sn and Pd NPs,
respectively. Such an enhancement of the reaction rates with
this particular NR geometry indicates that highly active catalytic
sites are located at the NR (100) and/or (102) facets or at the
corners between these facets. The reaction rates for longer NRs
were 22 57! g7! (0.6 s™' m™?) for 44 X 10 nm Pd,Sn NRs and
1157 g7 (0.8 s7' m™2) for 130 X 24 nm Pd,Sn NRs. When
the NR length was increased, similar reaction rates per surface
area unit were obtained (see Figure S17 of the Supporting
Information). However, when the decrease of the surface area is

DOI: 10.1021/1a504906q
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taken into account with the increase of the NR size, lower
reaction rates per mass unit were measured when increasing the
NR size.

We further compared the activity and selectivity of Pd,Sn
NRs (AR = 19) and Pd,Sn spherical NPs toward water
denitration. The removal of nitrate is becoming a major social
and environmental challenge because nitrate is growing to be
one main pollutant of natural aquifers and drinking water
produced from groundwater. The catalytic hydrogenation of
nitrate to nitrogen is a potential cost-effective and ecological
alternative to biological and physicochemical processes of
denitrification.***® However, an efficient and selective nitrate
hydrogenation requires the synergy between different metals,
complicating the catalyst optimization by conventional
impregnation methods. Among the different materials tested,
Pd-based bimetallic catalysts have shown some of the best
conversion rates and selectivities.”>*"**

To evaluate Pd,Sn NP activity toward water denitration,
water-soluble spherical Pd,Sn NPs and Pd,Sn NRs were
supported on Aeroxide TiO, P25 with a 5% weight load. Panels
a and b of Figure 5 show TEM images of 4.3 + 0.2 nm Pd,Sn
spherical NPs and 27 + 2 nm long and 9 + 1 nm Pd,Sn NRs,
respectively, supported on TiO,. A constant hydrogen gas flow
(150 mL/min) was used as a reducing agent to transform
nitrate into nitrogen gas.

Figure 5c shows the percentage of nitrate conversion and the
selectivity to N, obtained after 24 h of reaction. The catalyst
containing 5 wt % Pd,Sn NRs showed much higher catalytic
activity than the spherical NPs; around 3 times higher nitrate
conversion was observed. The initial reaction rate for nitrate
removal was 21.7 mg h™! g™! (0.5 mg h™" m™*) of metal and 7.4
mg h™' g7" (0.06 mg h™' m™) of metal for NRs and spherical
NPs, respectively (SI). The selectivity to nitrogen for NRs was
higher (51%) than that for spherical NPs (32%). Furthermore,
the NH," formation (5% of selectivity) was lower than other
reported Pd—Sn catalysts, e.g., the catalyst reported by
Palomares et al.* (around 40% of selectivity to NH,*). The
hydrogen chemisorption technique (see the Supporting
Information) was applied on both catalysts to determine
palladium dispersion. The 5% Pd,Sn NRs exhibited a
dispersion of 0.37%, while the 5% Pd,Sn spherical NPs showed
a lower dispersion (0.16%). These very low values of metal
dispersion indicate that the formation of the PdSn alloy inhibits
the hydrogen chemisorption, as reported by other authors.>™’
Consequently, the alloy formation could be responsible for the
lower selectivity to NH,", reducing the over-hydrogenation
reaction.

B CONCLUSION

In summary, we detailed a procedure to produce Pd,Sn NRs
with controlled size and aspect ratio. The growth mechanism
was based on the selective desorption of TOP by chlorine ions.
Pd,Sn NRs showed higher catalytic performance than smaller
spherical NPs toward reduction of p-nitrophenol by sodium
borohydride and water denitration. Enhanced catalytic proper-
ties must be associated with the more active surface facets of
Pd,Sn NRs. A systematic optimization of the catalyst, which
should probably involve the decrease of the NR dimensions, is
now required to maximize its catalytic activity and selectivity in
several potential applications of this material.
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1. Characterization Tecniques

Transmission electron microscopy (TEM) studies. Size and shape of initial nanoparticles were
examined by transmission electron microscopy (TEM) using a ZEISS LIBRA 120, operating at 120 kV.
Structural and compositional characterization of the nanocomposites were also examined under TEM.
High resolution TEM (HRTEM) studies are conducted by using a field emission gun FEI™ Tecnai F20
microscope at 200 kV with a point-to-point resolution of 0.19 nm.

X-ray power diffraction (XRD) analyses were collected directly from the as-synthesized NPs dropped
on Si(501) substrate on a Bruker AXS D8 Advance X-ray diffractometer with Ni-filtered (2 um

thickness) Cu K = radiation (A = 1.5406 A) operating at 40kV and 40mA. A LynxEye linear position-
sensitive detector was used in reflection geometry.

2. TEM micrograph spherical Pd NPs

3. Geometric and crystal structure characterization
As shown in figure S2 and S3, X-ray diffraction confirmed the Pd,Sn spherical NPs and NRs to have the

orthorhombic Pd,Sn phase (space group Pnma, JCPDS no. 00-026-1297). Which was further verified by
HRTEM studied performed either in the Pd;Sn nanorods and Pd,Sn spherical nanoparticles.
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Figure 52 XRD pattern of a) 4.3 £ 0.2 nm diameter Pd,Sn spherical NPs, b) 83 £ 9 nm long and 9 &+ 2 nm

wide NRs, ¢) 276 + 28 nm long and 15 £ 2 nm wide NRs, d) 603 £+ 65 nm long and 32 + 3 nm wide NRs,
and reference pattern corresponding to orthorhombic Pd.Sn phase Pnma space group (JCPDS no. 00-026-

1297),
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Figure 83 XRD pattern of 276 £ 28 nm long and 15 £ 2 nm wide NRs and reference pattern
corresponding to orthorhombic Pd:5Sn (red) phase Pnma space group (JCPDS no. 00-026-1297), cubic
Pd:Sn (green) phase Pm-3m space group (JCPDS no. 03-065-8225), orthorhombic PdSn (dark blue)
phase Pnma space group (JCPDS no. 03-065-2603), tetragonal PdSn, (light blue) phase space group
(JCPDS no. (1-075-0892), cubic Pd (purple) phase Fm-3m space group (JCPDS no. 03-065-6174), and
cubic Sn (dark green) phase Im-3m space group (JCPDS no. 03-065-0298),
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TEM. HRTEM and STEM-HAADF micrographs of vertically aligned NRs probed NRs to be faceted and
to show a rhombitruncated hexahedron geometry. Figure S4 and S5 display TEM and HAADF-STEM
micrographs of vertically aligned Pd,Sn NRs where it is clearly appreciated their non-circular cross
section.

.,

Figure S5 General STEM-HAADF micrographs showing Pd;Sn NRs aligned along the growth axis.

The crystal phase, shape and faceting of the NRs were studied in more detail by HRTEM. Figure Ib in the
main text shows HRTEM micrographs taken from vertically (along the growth axis) and horizontally
aligned (lateral view) NRs, their corresponding power spectra and 3D structural models. As seen in the
HRTEM micrograph taken from the vertically aligned NR, Pd,Sn NRs have at least 8 facets. This kind of
structure is called rhombitruncated hexahedron and comprises {100} and {110} facets for cubic
structures.’ The power spectrum of the Pd,Sn NR revealed that it has an orthorhombic Pd,Sn phase (space
group Pnma) with lattice parameters of a = 0.5635 nm, b = 0.4283 nm and ¢ = 0.8091 nm. The NR
vertical view is visualized along its [010] zone axis, which is also the growth direction of the NR. For the
orthorhombic system, {110} planes of the cubic rhombitruncated hexahedron structures are replaced by
1102} planes, which are perpendicular planes to the <101> zone axes. Notice that the tips of the NR are
also faceted. We could identify the Pd,Sn NR tip facets using different power spectra of Pd;Sn NRs
aligned along [001] and [101] lateral zone axes. We created 3D structural models with the observed facets
using the Rhodius software” (Figure S$6). It should be noted here that the experimentally observed facets
are mostly truncated and in some cases may contain other high index facets. Power spectrum of
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horizontally aligned NR was also in good agreement with the orthorhombic Pd,Sn phase and confirmed
the growth direction of the Pd,Sn NR as [010].

(202) (222)

' * (020)
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L -
_

AL : : .
2 IR ot i s RN
Figure S7 Additional HRTEM micrographs of orthorhombic Pd,Sn NRs.

Figure S8 shows a HRTEM micrograph revealing the presence of mostly single crystalline nanoparticles,
where the presence of several twinned nanoparticles is also observed. Detail of the red squared
nanoparticle and its corresponding power spectrum (FFT) are presented on the right. The power spectrum
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reveals that this 4.5 nm nanoparticle is composed of an orthorhombic Pd,Sn phase (space group Pnma)
with lattice parameters of a = 0.5635 nm, b = 0.4283 nm and ¢ = 0.8091 nm and it is visualized along its
[010] zone axis. The phase is in good agreement with the previously studied Pd,Sn nanorods.

Figure S8 HRTEM micrograph showing several nanoparticles, detail of the red squared nanoparticle and

its corresponding power spectrum.

4. Summary of synthesis conditions of samples presented in figure 2

Table S1. Synthesis conditions and geometrical parameters of the Pd,Sn NPs obtained

somple "o Sooc OB OLs b o [Lneh | Wit

(mmol) (nm)

a 0.075 0.025 0.25 5 e 0 0=4.3+0.2 1

b 0.075 0.025 0.25 5 HDA-HCI 0.15 9+1 |6.8+06] 1.3

C 0.075 0.025 0.25 5 HDA-HCI 0.18 15+1 71 2.1

d 0.075 0.025 0.25 5 MAH 0.2 24 %2 7 £ 2 B 3.4

[ 0.075 0.025 0.5 5 HDA-HCI 0.2 44+4 | 102 4.4

f 0.075 0.025 0.25 5 HDA-HCI 0.25 98+8 9+1 10.8

g 0.075 0.025 0.50 5 HDA-HCI 0.5 130+10| 24+4 5.4

h 0.075 0.025 0.25 5 HDA-HCI 0.5 290+20| 123 | 24.2

5. Control experiments

To understand the role of each compound in the reaction mixture, a series of control experiments was
carried out. We observed that the presence of chlorine ions and TOP was essential to obtain Pd,Sn NRs.

6
112




In the absence of any of these two compounds, no NRs were produced. As a source of chlorine ions, we
initially tested the use of CHCl:. The addition of chloroform in the reaction mixture containing an amine
resulted in elongated Pd;Sn NPs, but repetitivity was very poor due to a lack of control on the chlorine
ion concentration in solution. In this regard, chloroform decomposes to give a number of chlorine
substituted organic compounds (mostly C,Cl,, C;HCl,, etc.) and HCI as a main product.’ Subsequently,
HCI reacts with amine to provide the chlorine ions. Note that the yield of CHCI; decomposition to HCI is
quite low at relatively high temperatures, although CHCI; decomposition can be catalyzed by the
presence of the small Pd,Sn NPs. Instability of the Ar flow rate adds an additional uncertainty in the final
hydrochloride concentration and thus the corresponding amount of chlorine ions present in the solution. A
much more convenient strategy to introduce controlled amounts of chlorine ions was the addition of
amine hydrochlorides. Different amine hydrochlorides were prepared as detailed in the previous section.
The introduction of controlled amounts of amine hydrochloride allowed a precise control of the NR
dimensions with a relatively high repetitivity from batch to batch. It should be pointed out that we
observed no large differences on the results obtained using different amine hydrochlorides as chloride
sources.

3 3 e

Figure S9 TEM micrographs of the Pd;Sn NPS obtained from the control experiments. In each TEM
image the parameter changed with respect to the standard Pd,Sn NR synthesis conditions is pointed out.
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The reaction temperature also played an important role in the control of the size of the NRs obtained.
Larger temperatures and chloroform as a chlorine ion source resulted in the largest NRs, 600 + 65 nm x

Figure S10 TEM micrograph of ~ 600 = 60 nm x 32 + 3 nm Pd,Sn NRs.

The use of OLA as a coordinating solvent systematically resulted in much better quality NP ensembles.
As pointed out before, the presence of amines was also key to introduce chlorine ions when using CHCl;
as the chlorine source. Thus the use of absolutely no amines resulted in spherical nanoparticles (Fig. S11).

Figure S11 TEM micrographs of the Pd,Sn NPs obtained from control experiments. Noted in each TEM
image the parameter changed with respect to the standard Pd;Sn NR synthesis conditions.
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Figure S13 TEM micrograph of the NPs obtained when no Pn(acac), and HDA-HCI| were added.

Note Pd/Sn_ratio: Different ratios of Pd/Sn precursor did not allow to control composition or
crystallographic phase of the nanoparticles. The only effect we observed is that highest monodispersity
was obtained when Pd-complex concentration was higher that the stocichiomnetric amount.

Figure S14 TEM micrograph of the NPs obtained for Pd/Sn ratio equal to 2.
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6. Ligand exchange with mercaptopropionic acid

.
.

.

i o

~

—

Figure S15 Picture of the solution of Pd,Sn NRs before and after the MPA treatment.

7. Estimation of nanorods and nanospheres concentration in NPs/ml

Concentrations of NPs per ml were estimated considering the NPs geometry and the density for bulk
Pd,Sn and Pd. NRs geometry was approximated as cylinders. The length and radius of the cylinder were
obtained from TEM analysis and correspond to the length and the half width of the NR respectively. In
the case of spheres, the radius was also estimated by means of TEM analysis

Pd;Sn NRs volume (V) is Vag= L r’, where r is the radius and L is the length. Pd and Pd,Sn nanospheres
(NE) volume: VN,.;=4/'3-rt-r‘1 , where r is radius.

To estimate the amount of NPs (n) in a certain mass we used the values provide in literature for the
density (p) of Pd;Sn and Pd: n=m/ p-V .

8. P-nitrophenol reaction
4-nitrophenol 4-aminophenol

OH OH

Nanoparticles
_—
NaBH,

NO, NH,

Figure S16 Scheme of the p-nitrophenol reaction
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Figure 517 Sodium borohydride-driven degradation of p-nitrophenal over 3.0 nm Pd (black) and 4.3 nm
Pd.5n spheres, 15 nm x 8 nm Pd:Sn NRs, 44 nm x 10 nm Pd-5n NRs and, 130 nm x 24 nm Pd.Sn NRs.

9. Water denitration

A general mechanism for nitrate reduction in aqueous solution” is shown in Figure S13:

.t
+ H, . S
No, C——) NO; O
0.0 o
8§ O
o
550 a;‘ N,
Catalyst O
5 D
C:'
DDQ

Figure 518 Mechanism of nitrate reduction by catalyzed hydrogenation to final product A) Ammonia
and/or B) Nitrogen. The letter S represents the support of the catalyst, and the M, its metal phase.

In the pathway of nitrate reduction into nitrogen by hydrogenation, it is accepted that nitrite is obtained as
an intermediate and ammonia as a by-product if the reaction is over-hydrogenated.
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Figure 519 shows the percentage of nitrate conversion and the selectivity to N., NO. and NH, obtained
after 24 hours of reaction. The 5% wt Pd;Sn/P25 NRs catalyst showed around three times higher nitrate
conversion than the NPs, Moreover, the selectivity to nitrogen was higher for the Pd,Sn NRs,

5 NO, NH,*
Selectivity  Selectivity Selectivity

Conversion

Figure 519 Nitrate conversion and selectivity towards nitrogen, nitrite and ammonia measured from
Ti04+:PdsSn spherical NPs (red) and TiO+:Pd.5n NEs (blue), after 24 hours reaction.

Although the amount of nitrate obtained is under the legal limit (50 ppm), the European limits of drinking
water for nitrite and ammonia are not reached (0.1 ppm and 0.5 ppm, respectively). Further optimization
has to be done.

To determine the palladium dispersion (%) and metallic surface area (m’/g) in each catalyst, hydrogen
chemisorption studies were carried out with a Micromeritics ASAP 2010 equipment. The H/Pd hydrogen
adsorption stoichiometry factor has been considered as 1." and the amount of catalyst sample introduced
was (1.6 g. The study consisted on one cycle of Helium, two cycles of O, flow followed by two cycles of
H, flow at 350 °C. Afterwards, the chemisorption analysis took place at 100 “C. Table 1 shows the
hydrogen chemisorption results, which are so far under the expected values, It is concluded that Pd-Sn
alloy formation strongly decreases the hydrogen adsorption over palladium.

In the main text, the reaction rates for nitrate removal per surface area unit were calculated taking into
account the total surface area of the nanorods, not taking into account the support or a possible
aggregation. Metal dispersion values were calculated using hydrogen chemisorption, but results obtained
are a clear underestimation taking into account that the formation of the PdSn alloy inhibits hydrogen
chemisorption,

12
118



Table 2 Hydrogen chemisorption results for 3% wit PdSn NPs and 5% wit Pd,SnNRs,

Metal (%)  Metal Dispersion Metallic Surface Area (m®/ g) Volume of H: adsorbed

Catalyst (%) (em’g catalyst STP)
Sample Metal
Pd  Sn (m’/g sample)  (m*/g Metal)
NPs 3 2 0.1604 0.0214 0.7148 0.010140 + 0.004332
NRs 3 2 0.3731 0.0499 1.6622 0.000280 + 0.000039
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3.1.3 Pd2Sn nanorods as Highly Active and Stable Catalyst for Ethanol Oxidation Reaction

This article with title “Pd,Sn [010] Nanorods as a Highly Active and Stable Ethanol Oxidation Catalyst” is a
submitted to Journal of Materials Chemistry A, currently under review with major corrections required. This work
is about to study Pd,Sn NRs as electrocatalyst for EOR, detail information is presented in the end of this section. In
this work, the superior EOR catalytic properties were observed using Pd,Sn NRs as anode electrocatalyst for EOR
in alkaline medium. We demonstrated an effective approach to remove organic ligands with hydrazine hydrate
treatment. We also demonstrated the organic-free Pd,Sn NRs with tuned size and aspect ratio exhibited improved
EOR performance and durability while comparing with Pd,Sn nanospheres and Pd NPs electrocatalysts. Pd,Sn NRs
provided 3 fold higher peak current densities than spherical Pd,Sn NPs, a 10 fold increase over Pd NPs. We
presented DFT analysis results in showing (100) and (001) facets of orthorhombic Pd,Sn to be more favourable for
EOR than (010). The stability measurements exhibited NRs was a more effect electrocatalysts in potential
practical application in direct alcohol fuel cells. Figure 3.5 shows that summary of TEM images of different aspect
ratio of Pd and Pd,Sn NPs, FTIR spectrum of before and after Pd,Sn NRs ligand removed and performance EOR of
Pd,Sn and Pd NPs.
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Figure 3.5 A) TEM micrographs of Pd,Sn NPs with different aspect ratios. B) FTIR spectra of before and after of
removing ligand of Pd,Sn NRs. C) Performance EOR of Pd,Sn and Pd NPs including cyclic voltammetric and

chronoamperometric in 0.5 M KOH and 0.5 KOH + 0.5 M ethanol solution.
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Pd,Sn [010] Nanorods as a Highly Active and Stable Ethanol
Oxidation Catalyst
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Jordi Llorea,® Maria Ibafez,” Joan Ramon Morante™, Andreu Cabot™’

The development of highly active, low cost and stable electrocatalysts for direct alcohal fuel cell remains as a
critical challenge. While Pd.5n has been reported as an excellent catalyst for the ethanol oxidation reaction
[EOR), here we present DFT analysis results showing (100} and [001) facets of artharhombic Pd;Sn to be
more favourable for EOR than [010). Accordingly, uwsing tri-n-octylphosphine, oleylamine (OLA) and
methylamine hydrochloride as size and shape directing agents, we produced colloidal Pd.5n nanorods (NRs)
grown on the [010] direction. Such Pd,5n MRs, supported on graphitic carbon, showed excellent performance
and stability as anode electrocatalyst for the EOR in alkaline medium, exhibiting 3-fold and 10-fold higher
EOR current densities than that of Pd,Sn and Pd nanospheres, respectively. We associate this improved

performance with the favourable faceting of the NRs.

Introduction

Ethanal is @ particular appealing fuel, Ethanol (24 MIFL) has higher
energy density than hydrogen (liquid, 8.5 MIfL), methanol (15.6
ML) ar formic acid (6.4 MISL). It has a low taxicity, is safe to stare
due to its relatively high boiling point and it can be bio-sourced by
fermentation of sugar- or cellulose-containing compounds.”™
Therefore, direct ethanol fuel cells (DEFCs), with low operation
temperature operation, high potential energy density, and safe
storage and operation, are considered as one of the main candidate
technologies to supply electric power in electric vehicles and
portable electronics.” However, several limitations still hinder the
large scale implementation of DEFCs, most of them being related to
the ethanol oxidation electrocatalyst. Current electrocatalysts for
the ethanol oxidation reaction (EOR) show relatively slow kinetics
and low stability associated with the poisening of the surface active
sites. The use of alkaline media represents an advantage in these
two directions. Compared with acid electrolytes, alkaline solutions
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provide faster reaction kinetics for both alcohol oxidation and
axygen reduction, enabling use of less expensive catalysts or higher
efficiencies in the use of precious metals, easier electrolyte
management and a wider fuel product selection.** ™ Pt has been
widely used as the most active electrocatalysts for pEFC. Y
However, its scarcity and related high price limits the cost-
effectiveness of this technology. Recently, increasing attention has
been paid to less expensive Pd and Pd-based compounds which
show comparable or even better electrocatalytic activities than Pt-
based catalysts for alcohol oxidation."™® ™
with elements such as Sn,n'“ Cn,zs Cu
increasing electrocatalytic activity and CO tolerance, particularly for
the EOR,

Currently, electrocatalysts are mainly  produced by  the
impregnation, electrodeposition or evaporation of one or several
active phases on a large surface support. These methodologies
provide very limited control over the size, shape and distribution of
the different phases, which generally makes the development of
new catalysts a slow trial and error process, especially in structural
sensitive reactions such as EOR. Alternatively, colloidal synthesis
routes and bottom-up assembly procedures allow an unmatched
precise tuning over material properties at the nanometer scale.
Moreover, such control of material parameters at its lowest
organization level does not require high capital cost equipment or
extremely complex procedures, but can be reached using high-
throughputs and high yield chemical routes at ambient pressure
and low temperature. The huge potential of such solution-based
strategies to tune material properties resides in the ability to
chemically manipulate material formation, from the very initial

Specifically, alloying Pd

2 ar Bi® s effective in
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combinatian of atoms into cluster to the growth of nanometer scale
entities. Chemical manipulation is accomplished through the use of
surfactants, which regulate the incorparation of atom/ions at each
surface site by locally determining surface energy and charge. This
strategy allows huge amounts of colloidal nanoparticles (MPs) to
simultaneously nucleate and grow, all evolving at the same rate in
the same conditions, Thus, massive amounts of particles with
precisely tuned properties can be produced in a simple, fast and
cost-effective manner. Colloidal synthesis routes are also extremely
versatile, allowing production of elemental, multinary and
heterostructured MNPs with metallic, semiconductor, magnetic,
plasmonic, etc. character and with unmatched composition, size,
shapes and phases control. ¥

In the present work, using DFT calculations, we show the (100) and
(001) facets of orthorombic Pd;5n to be more favorable for EOR
than (010). We subsequently produce colloidal Pd;5n NRs grown on
the [010] direction and assess their electrocatalytic performance as
anode EOR electrocatalyst for DEFC in alkaline medium, comparing
it with that of Pd,Sn and Pd spherical NPs.

Experimental

Chemicals: Palladium (ll) acetylacetonate (Pd{acac), 99%),
tin(ll) acetate (Sn{OAc),), oleylamine (OLA, =70%), oleic acid
(OA, 90%), methylamine hydrochloride (MAHC), hydrazine
hydrate (M,H., 50-60% in water] were purchased from Sigma
Aldrich, Tri-n-octylphosphine (TOP, 97 %) was purchased from
Strem. Hexane, chloroform and ethanol were of analytical
grade and obtained from warious sources. MilliQ water was
supplied by the PURELAB flex from ELGA, All chemicals were
used as received without further purification, except OLA,
which was purified by distillation. All syntheses were carried
out using standard airless technigues: a vacuum/dry argon
Schlenk line was used for the syntheses and an argon glove-
box for storing and handling sensitive chemicals.

Pd;Sn NRs: Pd;Sn NRs were prepared following the protocol we
previously reported with slight modifications.™ Briefly, 20 mL of
OLA, a certain amount of MAHC, 0.3 mmol of Pd{acac); and 0.15
mmol Sn(0Ac), were placed in a 100 mL four-neck flask and purged
under argon flow for 30 minutes at 60 °C. Then 1 ml of TOP was
injectad into the solution was heated to 200 °C in 10 min and kept
for 30 min, Then, the temperature was further increased to 300 °C
in 40 min and maintained for additional 30 min. Finally, the solution
was coocled to room temperature. Pd,5n NPs were collected by
centrifuging and washing with ethancl and chloroform. When
different amount of MAHC was used, different size and aspect ratio
of NRs were obtained.

Pd;5n and Pd spherical NPs were also produced following previously
reported procedures with slight moadifications.”™ Briefly, Pdy5n
spherical NPs were obtained by mixing 20 mL of OLA, 0.2 mmaol of
Pdiacac);, 0.15 mmol of 5n{0Ac); and 1 mL of TOP under argon flow
but without MAHC. The rest of the procedure was the same as that
used to produce Pd,5n MRs. Pd spherical NPs were prepared by
mixing OLA, Pd{acac); and TOP under argon flow but without

2 | I Naome., 2012, 00, 1-3
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sni0Ac), and MAHC  precursors, then  setting  the
termperature to 200 °C and growth time to 30 min.
Organic ligand removal: Pd,5n MPs dispersed in hexane (-50 mg in

5 ml) were mixed with an equal volume fraction of a 1 M hydrazine

growth

hydrate aqueous solution to form two phase system. The misture
was stirred until the black NPs turned into agueous phase. NPS
were collected by centrifugation and washed with hexane and
ethanal.

Characterization: Size and shape of initial NPs were examined by
transmission electron microscopy (TEM) using a ZEISS LIBRA 120,
operating at 120 kv, Structural and compaositional properties of the
nanocomposites were also examined under TEM, High resolution
TEM [HRTEM) studies were conducted using a field emissian gun
FEI™ Tecnal F20 microscope at 200 kV with a point-to-point
resolution of 0.19 nm. Scanning electron microscopy (SEM) analysis
was done in a ZEISS Auriga SEM with an energy dispersive X-ray
spectroscopy (EDS) detector at 20 kV to study the composition of
nanoparticles. For SEM characterization, NPs were dissolved in
chloroform and were drop casted on silican substrates. Powder X-
ray diffraction (XRD) patterns were collected directly from the as-
synthesized NPs dropped on SI(501) substrate on a Bruker AXS D8
Advance X-ray diffractometer with Mi-filtered (2 um thickness) Cu K
radiation (A = 1.5406 A) operating at 40kV and 40maA. A LynxEye
linear position-sensitive detector was used in reflection geometry.
¥-ray photoelectron spectroscopy (XPS) was done on a SPECS
system equipped with an Al anode XRS50 source aperating at 150
mW and a Phoibos 150 MCD-9 detector. The pressure in the
analysis chamber was always below 107" 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 (BE) values were centered using
the C 15 peak at 284.8 eV. The atomic fractions (%) were calculated
using peak areas normalized on the basis of acquisition parameters
after background subtraction, experimental sensitivity factors and
transmission factors provided by
transform infrared spectroscopy (FTIR) was measured on Alpha
Bruker FTIR spectrometer with a platinum attenuated total

the manufacturer, Fourier

reflectance (ATR) single reflection module. FTIR data were typically
averaged over 64 scans.

Electrochemical measurements: All electrochemical measurements
were performed at room temperature in a standard three-electrode
cell using a rotating disc electrode from Pine Instruments connected
to a Bio-Logic VMP-3 multipotentiostat controlled by EC-lab
software. A Pt foil and Hg/HgO (1 M KOH) were used as counter and
reference electrode, respectively. The working electrode was
prepared using a glassy carbon (GC) disc measuring 5 mm in
diameter, which was previously polished with diamond (1 pm) and
alumina {0.05 um), senicated for 10 min and washed with deionized
water. Catalytic electrodes were produced by drop-casting 10 pl of
a 2 mg/ml suspension of NPs in deionized water on the GC. To
immobilize the Pd or Pd;5n NPs on the GC, 10 pl of 0.5 wt% Nafion
was dropped on the surface electrode. The background was
obtained by cyclic voltammetry (CV) in an Argon-purged agueous

This journal is @ The Royal Society of Chemistry 20w
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solutions of 0.5 M KOH without ethanol solution from -1 to 0.3 V vs.
Hg/HgD at 50 mV s and 1000 rpm, The electrochemically active
surface areas [ECSA) were evaluated from integration of the
charges during Pd0O reduction in the cathode scan, assuming a value
of 405 |.vv:3,lfr|:rn2 for the reduction of PAQ monolayer. Electrochemical
activity of the Pd- and PdSn-based catalysts was conducted in 0.5M
KOH with 0.5M ethanol solution at the same condition. The
chronoamperometric (CA) analysis was conducted at -0.1 W during 2
hour in 0.5 M ethanol/0.5 M KOH electrolyte in order to elucidate
the stability of the NPs. The guasi-steady state polarization curves
recorded at a sweep rate of 1 mV st by using the Linear Sweep
Voltammetry (L5V) technique in 0.5M ethanol/ 0.5M KOH solutions
were used to derive the Tafel plots. Current densities were
calculated taking into account the geometrical area of the electrode
(0,196 cm”). Electrochemical impedance spectroscopy  (EIS)
measuremeants were carried out from 100 kHz to 10 mHz with a2 5
m¥ Ac amplitude at -0.4 amd -0.1 V.

DFT calculations: All DFT calculations were performed using the
Vienna Ab Initio Simulation Package WASP],“'E
wave-based density functional theory (DFT) package. The electron-
ion interactions were described by the projector-augmented wave
methad {F.a.w].":' The exchange correlation energy has been
calculated within the generalized gradient approximation by the
Perdew-Burke-Ernzerhof formulation :GGA-PEE}_“' * The kinetic

a periodic plane-
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energy cutoff of plane-wave basis sets was fixed to 400 eV for all
calculations, Dispersion [van der Waals forces) corrections were
included by the DFT-D3 methadnlagv.“ The lattice constants of
bulk artharhombic Pd.5n were calculated to be a=5.616 &, b=4.333
A, c=8.203 A, which are in reasonable agreements with
experimental values (a=5.635 A, b=4.283 A, c=8.001 A].h These
lattice constants are used to construct 3 periodic Pd,5n slabs ((010),
(001} and (100) surfaces) the parameters of which are listed in table
1. For each slab, 15 A of vacuum layer was added to mitigate the
interactions between the slab and its periodic replica. For the 3
slabs, the bottom half atomic layers were fixed to their optimized
bulk configuration during all computations, and the top half atomic
layers and surface intermediates are fully relaxed. All atomic
coordinates of the adsorbates and the atoms in the relaxed layers
were optimized to a force of <0.03 ev/d on each atom. All self-
consistent field calculations were converged to 1%10°% V. Brillauin
zone integration was performed with a Methfessel-Paxton smearing
order of 2 with a broadening of 0.2 eV. The adsorption energy of
ethanol, £,4., was calculated by the following equation:

Eﬂﬂi = E£|3b+l‘.'l|'lanl'h| - ESl:!h - E&[]LSIID[[Q}

where Ejupearhang 15 the total energy of the slab with an ethanol
bound to it, £, is the total energy of the clean Pd;5n slab, and
Eqthanailg 15 the total energy of ethanol in gas phase.

Table 1. Parameters of 3 Pd,5n surface slabs for the DFT calculations. The (010), (001) and (100) slabs are orthorhombic.

surface Periodicity aih) b(A) c (&) Pd atoms 5n atoms k-paint mesh
(010) 1x1x2 B.203 5.616 21.500 16 B Sxfxl
(oo1) 1xlx2 11.230 B.667 22.305 32 16 Fxdxl
(100) 2x1x%1.5 B.667 8.203 22.733 24 12 Aubul

Results and discussion

While the mechanism of electrochemical oxidation of ethanol
is still controversial, it is generally accepted that the first step
invalves the dissociative adsorption of ethanol on the catalyst
surface aided by hydroxide groups.” """ We carried out a DFT
investigation of the interaction betwean the ethanol molecule
and different Pd;5n surfaces to understand the role of Pd and
5n and different facets on this reaction. Figure 1 shows the
ethanol adsorption configurations on Pd,5n (001}, (010) and
{100) surfaces. The adsorption energies of ethanol (E,..) on Pd,
obtained for each surface were -0.52, -0.45 and -0.51 eV for
Pd,Sn (001), Pd,Sn (010) and Pd,5n (100), respectively. The
corresponding E,.. of Sn were -0.35, -0.42 and -0.45 aV,
respectively, The higher absolute values of E,4 on Pd indicate
that ethanol molecules prefer to adsorb on Pd atom instead of
5n, in which cases, the O atom of ethanol binds on top of Pd
atoms. However, the presence of Sn clearly changes E,,. of Pd
by means of an electronic and also geometrical effect, Qur DFT
results also show that among the studied surfaces and taking
into account just the first ethanol adsorption step, the (001)
and (100) are more favorable for EQR than the (010), We also
investigated the OH adsorption on the different elements and

This journal is © The Royal Society of Chemistry 20xx

facets. DFT calculations showed that OH preferentially adsorbs
on 5n atoms at (001) and (100} facets, with Eads values -2.91
and -2.92, respectively. Eads on 5n at a {010) facet was just -
2.83 and Eads on Pd sites ranged from -2.61 for (010) to -2.27
and -2.25 for (001) and (100} facets, respectively.

(0o1) (010) (100)

o L e

Figure 1. Side (upper panel) and top view (lower panel) of
preferred adsorption structure of ethanol on Pd atoms over the
Pd;Sn (001), Pd;5n (010) and Pd,5n (100) surfaces. Blue and dark
silver spheres represent Pd and Sn atoms, respectively.
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Figure 2a and 2c show representative TEM micrograph and size
distribution histograms of 4 nm spherical Pd NPs, 5 nm spherical
Pd.Sn NPs and different aspect ratio Pd,5n NRs produced following
the above detailed pmcedure.zq Pd;5n NRs were synthesized from
the reaction of Pd(acac); and 5n{QAc), in the presence of OLA, TOP

Journal Name

and MAHC™ Increasingly larger sizes and aspect ratios were
abtained by increasing the amount of MAHC added: 9 nm x 26 nm
{0.85 mmaol MAHC); 10 nm x 70 nm (0.95 mmaol MAHC); 12 nm %
150 nm (1.8 mmal MAHC); 20 nm x 460 nm (2.75 mmol MAHC).
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Figure 2. a) Representative TEM micrographs of spherical Pd NPs (4 nm), spherical Pd;5n MPs {5 nm) and Pd;5n MRs with different sizes: 9
nm x 26 nm; 10 nm = 70 nm; 12 nm ® 150 nm; 20 am x 460 nm. b} HRTEM micrograph of a Pd25n MR visualized along the [001] axis and its
corresponding power spectrum, which shows that it has the orthorhombic Pd,Sn phase. An atomic model of a Pd,Sn MR is also displayed. c)
Size distribution histograms of the same samples; d) XRD patterns including reference patterns for Pd (JCDPS 01-088-2355) and Pd,5Sn

{JCDPS 01-089-2057).

HRTEM analysis showed Pd,5n NRs to be crystalline with an
erthorhombic structure {space group Pnma) with a = 0.56 A, b =
0.431 A and c = 0.812 A and to grow aleng the [010] direction
(Figure 2b). XRD analysis (Figure 1d) confirmed the Pd;5n MRs and
spherical NPs to have the ortherhombic crystal structure (JOPDS 00-
026-1297) and showed Pd NPs to have the cubic phase (JCPDS 01-
088-2335). Within its experimental error, EDS analysis revealed
metal ratios of Pd and 5n to be [Pd]/[5n]=2.0 + 0.1. On the contrary,
XP5 analysis systematically provided significantly  higher 5n
contents, [Pd]/|5n]=1.25 + 0.05, which pointed toward a partial
surface segregation of 5n.

Figure 3 shows the Pd 3d and 5n 3d regions of the XPS spectrum of
Pd;5n MRs, Pd 3d peaks could be deconvoluted into a pair of
doublets, painting to the presence of two Pd chemical states, The
main component, Pd°, appeared at binding energies of 335.6 eV
{3dsp) and 340.9 eV (3d,,), which represents a positive shift of ~0.5
eV comparaed with Pd metal, at 3351 eV (3ds;) and 3404 ev

4 | 1. Name., 2012, 00, 1-3
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{3d;). This result revealed that the electronic structure of Pd
changed with the incorporation of 5n, which is a common
ohservation considered to have a positive effect on catalytic activity
by reducing the adsorption strength of poisonous intermediates,
0n the other hand, the minority pd’* state provided peaks located
at 337.6 eV (3ds;;) and 342.9 eV (3ds;). In addition, threse pairs of
doublets were fitted to the 5n 3d binding energy region. The peaks
at 488.4 eV (3d.,), and 496.8 eV (3ds;), were associated to sn™,
the stronger peaks at 486.3 eV (3dy;), and 494.9 eV (3dy.), could
be associated with 5n°*, and the minority component at 484.8 eV
(3ds5) and 493.3 eV (3d5;) corresponded to metallic Sn, Thus Sn
atoms on the Pd;5n MR surface appeared to be significantly oxidized
as commonly observed in previous works on 5n-based alla-,,rs_n' o

Control over NP size and shape rely on the use of organic ligands
adjusting surface energy and providing stability in solution. Such
ligands may block catalytic active sites and hinder charge transfer,
thus the material

they must be removed before testing
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slectrocatalytic performance.”™ *' Several strategies have been
proposed to clean colloidal NP surfaces, including the ligand
decomposition by means of a thermal anneallng“ or Uv-ozone
irradiation, surface etching and ligand exchange pm-cedures_“ In
the present work, to remove the loosely bond OLA from the NP
surface, MPs suspended  in a  hydrazine  hydrate
aqueous/hexane two phase mixture, After shaking, the NFs moved
inte the polar phase leaving surfactants in the organic phasa, as
confirmead by FTIR analysis (Figure 4),

Were

ﬂ-} Pd 3d_ . b:l Sn 3,
—_— Pd ‘?"dw -
3 2
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Figure 3. Pd 3d and 5n 3d regions of the XPS spectrum of Pd,5n MRs,

For electrocatalytic measurements, Pd and Pd.Sn NPs were
supported on GC. CV of the electrocatalysts prepared from Pd and
Pd;5n spheres (Pd-5F/C, Pd,5n-5F/C) and from Pd;5n NRs (Pd;5n-
MRs/C) was first investigated in 0.5 M KOH without ethanaol (Figure
Sa,b). All NPs showed similar veltammetric profiles, although small
differences in relevant regions of the wvoltammograms were
obzerved. The peaks in the region between —0.6 V and -0.8 W vz,
HE/HEO are attributed to the absorption/adsorption and desorption
of hydrogen. In the anodic sweep, the cyclic voltammetry of Pd;Sn-
MRs/C shows two peaks centered in -0.65 V and -0.41 W vs. Hg/HgO,
attributed to the desorption of weakly and strongly bond hydrogen,
respectively.

LA

Transmission (a.u)

922

Pd,Sn after ligand TEM

4000 3000 2000

Wavenumber (cm™)

1000

Figure 4. FTIR spectra of OLA and Pd,5n MAs before and after ligand
removal.
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Moving to higher potentials, oxidation peaks associated to the
formation of surface oxides appeared (from -0.4 to 0.1 WV s,
Hg/Hg0). Subsequently, oxide reduction peaks showed up during
the negative scans (from 0 to -0.4 ¥ vs. Hg/HgD). Comparing the
cathodic peak potentials of Pd.5Sn- and Pd-based electrocatalysts,
Pd.5n-NR/C samples showed positive shifts, indicating that the
electronic structure of Pd atoms on the Pd,5n surface had changed,
a5 observed from XPS analysis. The electrochemically active surface
area (ECSA) was estimated for all catalysts using the area over the
voltammetry curve in the PdO, reduction peak reglon [Table 2).
ECSA wvalues increased when decreasing the NR length in Pdi5n-
MRs/C catalysts, consistently with the increase of surface area.
Moreover, higher ECSA values were obtained for Pd-5P/C compared
with most Pd,Sn-based catalysts.

The EOR electrocatalytic activities were characterized by CV
technigue in a mixture of 0.5 M KOH and 0.5 M ethanol agueous
solution [Figure 5¢,d). The hydrogen absorption-desorption peaks
disappeared in presence of the ethanol due to the dominant
adsorption of the ethanol in the low-potential region. All CVs
yielded a pair of well-defined peaks characteristic for the ethanol
electro-oxidation, In the anadic scan, the forward oxidation peak at
around 0.0 V vs. HgfHeD is assigned to the oxidation of freshly
chemisorbed species derived from ethanol adsorption. The current
density decrease at high potentials is associated to the oxidation of
the Pd surface blocking the EOR electrocatalytic activity, During the
reverse scan, the catalyst reactivates when reaching the Pd
reduction potentials (around -0.2 W vs. Hg/HgO). While the forward
peak is associated to the dehydrogenation and dissociative
adsorption of ethanol, the axidation peak in the reverse scan has an
additional strong contribution from the oxidation of carbonaceous
s.pecies.“

To guantify the electrocatalytic performance, the redox onset
potential (E.), the forward oxidation current density peak (jg, the
potential at j; (E;), the backward anodic peak current (j,) and the ji/j,
ratio were determined (table 2). Lower overpotentials and much
higher current densities were generally obtained for EOR in Pd,5n-
based catalyst compared with Pd-5P/C. The overall EOR mechanism
in alkaline media involves the reaction of ethanol with 4 OH” groups
to produce acetic acid and water. In Pd-based alloys, ethanol is
generally accepted to adsorb at Pd sites. In Sn-based alloys, the
formation of Sn{OH), increases the surface density of OH groups
available for ethanol oxidation, enhancing in this way the
electrocatalytic acf.h.rlt',l-'.21 On top of the alloying benefits, the rod
geometry further reduced the overpotentials required, down to -
0.47 W vs Hg/HgO for Pd,5n-5P/C (9 x 26 nm) as compared with -
0.39 for Pd-5P/C, and increased the peak current densities, up to
45.6 mA-cm” (9 x 26 nm) as compared with 5.0 ma-cm ™ and 13.1
micem” far Pd-SP/C and Pd.5n-SP/C, respectively. The lower onset
potential measured from Pd.5n NRs compared with spherical Pd;5n
NPs suggests lower activation energy for ethanol oxidation at the
facets of Pd;5n NRs. Nevertheless, as the NR size increased, the
current density decreased due to a reduction of the surface-to-bulk
ratio as the thickness of the MRz also increased with the length. A
decrease of the overall concentration of NR tips, potentially
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providing high activity sites, with the MR size increase may also
contribute to the observed activity reduction. Overall the highest
mass activity was obtained for the smallest Pd.Sn NRs (9 x 26 nm
Pd.Sn-MRs/C), being 3-fold higher than Pd25n-5P/C and close to 10-
fold higher than Pd-5P/C (Table 2, Figure Se).

Higher jifj. ratios were obtained for all the Pd;Sn-based catalysts
when compared with Pd-5P/C, which is indicative of a more
efficient oxidation of ethanol and less accurmulation of
carbonaceous species to the catalyst, The long-term stability of the
electrocatalyst was determined by chronoamperometric technigues
[Figure 5f) at -0.1 W vs Hg/HgO during 2 h. The current density of
ethanol oxidation dropped quickly within the first seconds
presumably due the formation of strongly adsorbed
intermediates onto the surface of reactive sites, After that, the
current decreased slowly and reached a pseudo-steady state.
Currant densities decayed faster on Pd NP-based electrodes than on
Pd.Sn MRs. After 2h of reaction, the current obtained for Pd,Sn-
MNR/C (10.4 mA cm'“} was up to an order of magnitude higher than
Pd.5n-SP/C (0.8 mA cm”) and Pd-SP/C (0.35 mA cm™), proving the

to

Journal Name

potential of Pd;5n NRs to enhance both performance and stability.
TEM analysis of the NRs after stability test showed no change an
their size and geometry (Figure 5f inset). Additional SEM-EDX
analysis showed no change of composition.

The linear region of the Tafel plots stretched from -0.4 to -0.1 V. As
the potential is further increased above -0.2 V, the Tafel plot
becomes curved, indicating the EORs are no longer charge transfer
controlled reactions. Similar Tafel slopes were obtained for the
different PdSn-based catalysts, around 130 mV-dec’, denoting
similar ethanol oxidation mechanism. These wvalues significantly
differed from that of Pd-SP/C (167 mV-dec ') which also showed a
clear change of slope denoting a variation of the EOR mechanism.
The lowest Tafel slopes obtained for the Pd.Sn-based catalysts
compared with Pd-5P/C can be explained by the contribution of 5n
ta form oxygenated species (e.g., OH,.) that participate to the EOR
accelerating the oxidation of the reaction intermediates adsorbed
an the Pd sites.
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Figure 5. a-d} Cyclic voltammetric measurements of Pd and Pd;5n spheres and Pd,5n NRs with different sizes supported on GC ina 0.5 M
KOH solution {a,b) and ina 0.5 M KOH + 0.5 M ethanol solution (c,d). @) Mazs activity at the ethanol oxidation peak calculated per mass of
palladium, F} Chronocamperometric measurements for the different samples ina 0.5 M KOH + 0.5 M ethanol solution at -0.1 V vs Hg/HgO.
Insat shows a TEM image of the 10x70 nm Pd.5n MRs after the stability test,

Table 2, Summary of the electrochemical parameters measured for Pd,5n-MR/C, Pd;5n-5P/C and Pd-5P/C electrocatalysts

Catatvet ECSA | Eo(Vvs. | EF{Vvs. i ' c::jfs oy " jiowat2h | Tafel slope
¥s ime) | He/HgO) | He/HgO) | (mAem?) i 3_,]"' [mA em?} e imAem?) | (mVdec?)
Pd-SP/C 52.0 039 | -0.12 5.0 49 4.7 0.54 0.3 167

& | /. Name_, 2012, 00, 1-3
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Pdsn-5P/C 27.1 -0.51 0.11 13.1 131 12.8 0.98 0.8 128
Pd,5n-MNR/C [9x26) 99.4 -0.47 -0.01 45.6 447 33.1 0.75 10.4 131
Pd,5n-MR/C (10x40) 54.3 -0.48 0.04 31.6 310 19.3 0.77 -

Pd,5n-MR/C (10x70) 335 -0.49 0.03 221 217 18.4 0.73 1.9 -
Pd;5n-MR/C (12x150) | 22.6 -0.54 -0.04 15.1 148 17.1 0,75 - -

Figure & displays the Myquist impedance spectra of ethanol
oxidation on Pd-5P/C, Pd,5n-5P/C and Pd,5n-NR/C electrodes, The
measuremants were made in 0.5 M KOH + 0.5 M ethanol solution at
-0.1 W ws, Hg/HgO. We observed the electron- transfer resistance for
ethanol electrochemical oxidation to decrease in the following
order: Pd-SP/C »> Pd,5n-5P/C »> Pd,5n-MNR/C, demonstrating the
enhanced electron-transfer kinetics of Pd.Sn-NR/C catalysts, in
good agreement with voltammetric results presented above.
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Pd-SPIC

300 4

200 1

-Z img {ohm cm®)

Pd_Sn-SPIC

-

(=]

(=]
f

P, Sn-NRIC

200 300 400

Z real (ohm om®)

0 100 500
Figure 6. Myquist plot of the ethanol oxidation on Pd-5P/C, Pd,Sn-

SP/C and Pd,5n-MRs/C electrodes in 0.5 0.5 M KOH + 0.5 M ethanol
salution at -0.1 WV ws. Hg/Hg0.

Conclusions

In summary, a series of Pd.Sn MRs grown in the [010] direction
were produced via colloidal synthesis routes. Their surface
chemistry was characterized by XPS, which discerned a loosely
bond organic shell that could be easily removed. Such NRs
were employed as electrocatalyst for EOR in alkaline solution.
Pd.5n MR-based electrocatalysts showed superior
electrocatalytic activity and durability toward EOR over Pd.5n
and Pd nanospheres. The excellent electrocatalytic
performance correlates with DFT calculations showing (001)
and (100) facets to be more favarable than (010) facets for
ethanol and OH adsorption, although further detailed surface
analysis and much more meticulous DFT calculations taking
into account all the reaction steps and the real Pd,5n NR
surface, i.e. taking into account the higher amount of Sn
observed and its possible surface ordering with Pd, are

This journal is © The Royal Society of Chemistry 20xx

reguired to determine the exact EOR mechanism on this
material.
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3.1.4 Au-Pd.Sn heterostructures nanoalloy: tuning alloy composition and catalytic property

This section contains the manuscript submitted for publication with the title “Pd,Sn and Au-Pd,Sn Nanorods in
Catalytic Hydrogenation and Sonogashira Couping Reactions”. Pd,Sn NCs with tuned sizes, shapes and
compositions are good candidates for several applications, such as fuel cell catalysis, water denitration and
oxidative dehydrogenation of organic molecule. Meanwhile, to achieve multifunctionality, synergetic effects or

enhanced performance Pd,Sn-based HNPs could be developed.

On the other hand, Au NCs are well-known for their wide use in optical devices, catalysts and SERS. Moreover, Au
domains can be introduced into HNPs to improve catalytic activity, stability and biocompatibility. In this section
we present for the first time a synthetic method to produce novel hybrid Au-Pd,Sn NPs with tuning composition.
Au-Pd,Sn heterostructured NRs were synthesized by a seed-mediated growth method involving a galvanic
replacement reaction. Different size and aspect ratio of Pd,Sn NRs were used as seeds. Au domains were
selectively grown in the presence of OLA at room temperature. TEM, HRTEM, UV-vis and XRD confirmed such
HNPs (Figure 3.6). Both Pd,Sn and Au-Pd,Sn NRs were found to be very active in the hydrogenation of aromatic
and aliphatic alkenes and alkynes under mild conditions, also active in the Sonogashira coupling between PhA and
Phl to yield tolan in good selectivity, especially with Au-Pd,Sn NRs, when the reaction was performed at high
dilution. In addition, the novel synthetic strategy offers an important tool towards the development of
multifunctional nanomaterial applicable in photocatalysis, chemical sensing, and fabrication of photovoltaic

devices.

‘ ‘ [
T T T T
40 50 60 70 80
20 (degrees)

Au-Pd,Sn

Wavelength(nm)
Figure 3.6 (a) TEM and HRTEM micrographs of Au-Pd,Sn HNPs (b) XRD pattern ofPd,Sn and Au-Pd,Sn HNPs, inset
showed angle shift before and after Au growth on surface of Pd2Sn NRs (c) UV-vis spectra of ofPd,Sn and Au-
Pd,Sn HNPs.
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ABSTRACT

Colloidal Pd:Sn and Au-Pd;Sn nanorods (NEs) with tuned size were produced by the reduction of Pd and Sn

salts in the presence of size- and shape-controlling agents and the posterior growth of Au tips through a

galvanic replacement reaction. 'H nuclear magnetic resonance (NMR) and diffusion ordered NMR

spectroscopy (DOSY) analysis revealed a highly dynamic binding of surfactants to these colloidal

nanoparticles (NPs). Such dynamics allowed Pd:Sn and Au-Pd.Sn NRs to exhibit a high catalytic activity in

the quasi-homogencous hydrogenation of alkenes (styrene and 1-octene) and alkynes (phenylacetylene and

l-octyne) in dichloromethane (DCM). In Au-Pd.Sn heterostructures, XPS evidenced an electron donation

from the Pd:Sn NRE to the Au tips. Such heterostructures showed distinct catalytic behaviour in the
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hydrogenation of compounds containing a triple bond such as tolan. This can be explained by the
aurophilicity of triple bonds. Pd:Sn and Au-Pd;Sn NRs were also tested in the Sonogashira coupling reaction
between iodobenzene and phenylacetylene in DMF. At low concentration, this reaction provided the
expected product (tolan). Howewver, at high concentration, more reduced products such as stilbene and 1.2-
diphenylethane could be also obtained, even without the addition of Ha. A mechanism for this unexpected

reduction is proposed as well.

INTRODUCTION

The development of homogeneous and heterogeneous catalysts for organic reactions is driven by the search
of cost-effective and environmentally-friendly processes suitable for a sustainable society. From the myriad
of currently exploited catalytic reactions, hydrogenation and cross-coupling are among the most heavily
studied. Hydrogenation comprises an exceedingly important group of reactions, including the Haber-Bosch

" On the other hand, cross-

process as well as the reduction of alkenes, aldehydes, ketones and imines.
coupling reactions comprise several essential mechanistically-related reactions, including Suzuki, Stille,
Heck and Sonogashira couplings among others.”

While numerous homo- and heterogeneous catalysts have been successfully applied in these reactions,
several performance, economic and impact parameters, such as activity, selectivity, substrate scope,
durability/recyclability, cost-effectiveness, environmental friendliness and sustainability require further
improvement, making the design of better hydrogenation and cross-coupling catalysts a worthy endeavour,
The recent years have witnessed an intense activity on Pd hydrogenation catalysts for a wide range of

applications.”! Pd-based catalysts have been also explored for the Sonogashira reaction,”’

which is ideally
suited to install an alkyne unit in molecules intended for use in drugs, natural products, molecular wires and
other organic functional materials. In particular, Pd-based bimetallic catalysts and specifically Pd-Sn alloys
for hydrogenation and alkynylation reactions,”**"! have raised especial attention owing to their reduced
cost and improved performance compared to bare Pt or Pd catalysts. While cost is reduced by decreasing the

use of expensive noble metals, bimetallic catalysts can also improve performance by a fine tuning the

structural and electronic properties of the resulting alloy. The presence of two different metals may also
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allow the development of tandem reactions or alternative multisite reaction paths that are faster, more
selective and/or prevent poisoning species to be formed or to remain at the catalyst surface. Moreover,
tandem reactions can reduce the number of synthetic steps toward a specific product in one-pot procedures.™
Bimetallic catalysts can be realised by incorporating the two metal centres within a molecule, by producing
alloyed particles or by supporting the two metals on a substrate. Among the different options, monodisperse
and shape-engineered colloidal inorganic NPs are an interesting but clearly underexploited class of catalysts,
Being unsupported, essentially solution-dispersed, they combine the advantages of classic homogeneous and
heterogencous catalysts.” Like organic synthesis methods, colloidal synthesis routes allow preparing
materials with extraordinary control over main parameters relevant to catalysis, composition, size, phase
organization and surface sites/facets, potentially allowing to rationally tune or even program the catalytic
performance and especially selectivity in sensitive reactions.""”’ Colloidal NPs can also have extremely high
surface-to-volume ratio, what makes them potentially very active, as molecular catalysts. Additionally,
unlike molecular catalysts, NPs can be easily separated from reactants and products, and used in multiple
cycles,

We recently described the synthesis of Pd;Sn NRs with narrow size distribution and geometry control."™ In
the present paper we report a procedure for the growth of Au tips onto Pd;Sn NRs to produce Au-Pd,Sn NRs.
With both types of NRs in hand, we compare the performance of Pd:Sn and Au-Pd.5Sn NPs in alkene and
alkyne hydrogenations and in Sonogashira couplings. These reactions have been chosen because Pd-Sn
systems have been previously shown excellent performance used in cross-couplings™ and there is also

M

literature precedents demonstrating that supported Au NPs are active both in hydrogenation" and

Sonogashira!”! couplings due the aurophilicity of alkynes.!""
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EXPERIMENTAL

Chemicals: Palladium({Il) acetylacetonate ([Pd(acac).]. 99%), tin{II) acetate (Sn(OAc);). gold(IIT) chloride
{AuCly, 99,99%), 1-octadecene (ODE, 90%), oleylamine (OLA, = 70%), oleic acid (OA, 90%), methylamine
hydrochloride (MAH), hydrochloric acid (37% in water), styrene, 1-octene, phenylacetylene (PhA), 1-
octyne, iodobenzene (Phl), tolan, potassium carbonate and potassium hydroxide were purchased from Sigma
Aldrich. Tri-n-octylphosphine (TOP, 97%) was acquired from Strem. Hexane, chloroform, N,N-
dimethylformamide, toluene and ethanol were of analytical grade and obtained from various sources, MilliQ)
water was supplied by the PURELAB flex from ELGA., All chemicals were used as received without further
purification, except OLA, which was purified by distillation.

Synthesis of Pd-Sm NRs: Pd.Sn NRs were produced following our previous report’™ with a slight
maodification to improve the yield of the synthesis while simultaneously using an air stable reactant,
Sn(OAc):. In a typical synthesis, 20 mL of OLA. (.8 mmol of MAH, 0.3 mmaol of [Pd{acac);] and 0.15 mmaol
SniOAc): were placed in a 100 mL four-neck flask and purged under argon flow for 30 minutes at 60 °C.
Then | mL of TOP was injected into the solution and the mixture was heated to 200 °C at 12 *C/min. After
maintaining the reaction mixture at 200 °C for 30 min, the solution was heated to 300 °C at 2.5 *C/min and
kept for additional 30 min at this temperature. Finally, the solution was cooled down and Pd;Sn NRs were
separated from the reaction mixture by adding 20 mL of ethanol and centrifuging at 3000 rpm for 5 min.
NRs were washed with chloroform as solvent and ethanol as non-solvent by multiple
precipitation/redispersion steps,

Synthesis of Au-Pd:Sn NRs: Au-Pd;Sn NRs were prepared by growing Au over Pd;Sn NRs produced
following the procedure described above. Initially, a stock solution containing 0,02 mmaol of AuCl; in 50 pl
of OLA and 2 ml of ODE was prepared. Then, this Au stock solution was injected at room temperature into 5
mL of Pd;Sn NRs dispersed in toluene {5 mg/mL) under strong stirring, and maintained in these conditions
for 60 min. Finally, Au-Pd:Sn NRs were washed by multiple precipitation/redispersion using toluene and
ethanol,

Procedures for the catalytic runs:
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A) Hydrogenation reactions. An exactly weighted quantity of 12 nm Pd:Sn or Au-Pd:Sn NEs (usually 10.0
mg) and the allotted quantity of substrate (styrene. 1-octene, PhA, 1-octyne or tolan) were dissolved in 20
mL of the solvent of choice under nitrogen atmosphere, sonicated for 10 minutes and transferred by syringe
to a Fischer-Porter flask, which was then purged with H; three times, pressurised to the desired H; pressure
(usually 3 bar) and left stirring for the selected time.

B) Sonogashira coupling reactions. An exactly weighted quantity of 12 nm Pd.Sn or Au-Pd,Sn NEs (usually
10,0 mg), PRI (204 mg, 1.0 mmaol), PhA (153 mg, 1.5 mmol) and base (2 mmol) were dissolved in 10 mL of
dry DMF under nitrogen atmosphere, sonicated for 10 minutes and transferred by syringe to a microwave
tube. The reaction was heated 130 °C for the allotted time.

The conversions in Sonogashira coupling reactionswere calculated with respect to the limiting agent (PhI).
The Turnover Frequencies (TOF) were caleulated from the amount of product produced in a specific time
interval in hours by considering the total Pd amount according to:

mol product
mol Pd -t

TOF =
Gas chromatography (GC) analyses after catalytic runs were performed with an Agilent Technologies 6890N
chromatograph equipped with a HP5-5MS capillary column (30 m x 0.32 mm size) and a FID detector, with
He as a carrier gas. Additionally some compounds were characterized by GC-MS analyses in an Agilent
Technologies chromatograph 78204 with a mass detector 39753 using the same column.
Characterisation:
Size and shape of initial NPs were examined by transmission electron microscopy (TEM) using a ZEISS
LIBRA 120, operating at 120 kV. Structural and compositional characterization of the nanocomposites were
analysed by high resolution TEM (HRTEM) and high angle annular dark field (HAADF) scanning TEM
(STEM) using a field emission gun FEI™ Tecnai F20 microscope at 200 kV with a point-to-point resolution
of 0.19 nm. Scanning electron microscopy (SEM) analysis was done in a ZEISS Auriga microscope with an
energy dispersive X-ray spectroscopy (EDS) detector at 20 kV to study the chemical composition of NPs.
For SEM characterization, NPs were dissolved in chloroform and were drop casted on silicon substrates. X-
ray power diffraction (XRD) patterns were obtained on a Bruker AXS D8 Advance diffractometer, using

CuK radiation (% = 1.5406 A), operating at 40 kV and 40 mA, and with a LynxEye linear position-sensitive
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detector used in reflection geometry. For XRD characterization, samples were deposited on a Si substrate.
Ultraviolet-visible (UV-Vis) spectra were recorded on a LAMBDA 950 UV-Vis spectrophotometer from
PerkinElmer, X-ray photoelectron spectroscopy (XPS) was done on a SPECS system equipped with an Al
anode XR350 source operating at 150 mW and a Phoibos 150 MCD-9 detector. The pressure in the analysis
chamber was always below 10" Pa. The area analysed was about 2 mm * 2 mm. The pass energy of the
hemispherical analyser 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 (BE) values were centered
using the C 15 peak at 2848 V. The atomic fractions (%) were calculated using peak areas normalized on
the basis of acquisition parameters after background subtraction, experimental sensitivity factors and
transmission factors provided by the manufacturer,

Thermogravimetric analyses (TGA) were performed in the temperature range of 30-500 °C at a heating rate
of 10 °C min-1 under Ar using a PerkinElmer TGA4000 Nuclear Magnetic Resonance (NMR) measurements
were recorded on a Bruker Avance Il HD Spectrometer operating at a 'H frequency of 500.26 MHz and
equipped with a BBFO-Z probe. The sample temperature was set to 298.2 K. One dimensional {(1D) 'H and
2D NOESY (Nuclear Overhauser Effect Spectroscopy) spectra were acquired using standard pulse sequences
from the Bruker library. For the quantitative 1D '"H measurements, 64k data points were sampled with the
spectral width set to 20 ppm and a relaxation delay of 30 s. NOESY mixing time was set to 300 ms and 4096
data points in the direct dimension for 512 data points in the indirect dimension were typically sampled, with
the spectral width set to 10 ppm. Diffusion measurements (2D DOSY) were performed using a double
stimulated echo sequence for convection compensation and with monopolar gradient pulses."* Smoothed
rectangle gradient pulse shapes were used throughout. The gradient strength was varied linearly from 2 to
95% of the probe’s maximum value in 64 increments, with the gradient pulse duration and diffusion delay
optimized to ensure a final attenuation of the signal in the final increment of less than 10% relative to the
first increment. For 2D processing, the spectra were zero filled until a 409620485 real data matrix. Before
Fourier transformation, the 2D spectra were multiplied with a squared cosine bell function in both
dimensions, the 1D spectra were multiplied with an exponential window function. The diffusion coefficients

were obtained by fitting the appropriate Stejskal-Tanner (ST) equation to the signal intensity decay.!"”
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Dnffusion measurements (2D DOSY) were performed using a double stimulated echo sequence for
convection compensation and with monopolar gradient pulses.""! Smoothed rectangle gradient pulse shapes
were used throughout. The gradient strength was varied linearly from 2-95% of the probe’s maximum value
(calibrated at 50.2 G/cm) in 64 steps, with the gradient pulse duration and diffusion delay optimized to
ensure a final attenuation of the signal in the final increment of less than 10% relative to the first increment.
The diffusion coefficients were obtained by fitting the Stejskal-Tanner (5T) equation to the signal intensity
decay. For the pulse sequence at hand, the appropriate ST equation is:!"”
[ = e Pr 8 a*(a-5/3)
with the gyromagnetic ratio of the observed "H nucleus p, the gradient pulse length 8, the gradient strength g,

the diffusion time A and the diffusion coefficient £,
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RESULTS AND DISCUSSION

Structural and chemical characterisation of Pd:Sn and Au-Pd,Sn NRs

Representative TEM micrographs of rod-shaped Pd:Sn NPs with three different sizes [(10 £ 2 nm) =(4 £ 1
nmj; (26 £ 2 nm) =(9 £ 1 nm); (40 £ 5 nm) =(11 £ 2 nm)] produced following the methodology detailed
above are shown in Figure la, le¢, le. NPs showed narrow size distributions and no apparent aggregation,
After the Au growth stage, multiple Au dots with higher contrast and average size of ca. 2 nm were grown
along the whole NR surface for the larger NRs and preferentially at the NR ends in the smallest ones
{Figures 1b, 1d, 1f). Figure 1g shows the size distribution histograms for the smallest Pd.Sn and Au-Pd.Sn
NRs produced. Due to the preferential growth of the Au domains at the NR tips, a slight increase of the NR
length was obtained in this sample, from (10 £ 2 nm) = (4 £ 1 nm) to (12 £ 2 nm) =(4 = 1 nm). EDX spectra
of single NRs that contained a contrast difference confirmed the presence of the three elements, Pd, Sn and
Au (Figure 2a). Moreover UV-vis spectroscopy showed the disappearance of the characteristic Au plasmonic

peak, suggesting a strong electronic interaction between Au and Pd,Sn nanodomains (Figure 1h).
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Figure 1. a)-f) TEM micrographs of Pd,Sn (a.c,¢) and Au-Pd,Sn (b.d.f) NRs with three different sizes: 10+2 nm x 4 +
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Inm(ab26+2mmx9+ 1 nm(c,d):;40+5nmx 11+ 2nm(ef). All TEM micrographs have the same scale. g) Size
distribution histograms of the smallest Pd,Sn and Au-Pd;Sn NRs (10 £ 2 nm x 4 £ | nm). h) UV-vis spectra of
independent colloidal Au NPs, and Pd;Sn and Au-Pd;Sn NRs. i) XRD patterns of Pd;Sn NRs and Au-Pd,Sn NRs,

including reference patterns for Pd,Sn and Au.

HAADF-STEM images of the smallest Au-Pd-Sn NRs further confirmed the presence of Au dots at the
Pd,Sn NR tips, as deduced by the brighter dots associated to the higher Z contrast of Au (Figure 2). Even
though most of the NRs showed the presence of Au in just one tip, a few contained Au on both sides of the
NR while a few other displayed no contrast difference. XRD patterns showed Pd,Sn NRs to have an

orthorhombic crystal structure (JCPDS No. 00-026-1297). While the Au XRD reflections were mostly
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hidden by the Pd,Sn peaks, slight shoulders at 20 = 44.5° and 64.5° and a shift of the main Pd,Sn diffraction
peak to lower angles clearly suggested the presence of Au crystalline domains (Figure 1i).""® HRTEM
analysis confirmed the orthorhombic crystal structure of Pd,Sn NRs (space group Pnma) with a=5.65 A, b=
4.31 A and ¢ = 8.12 A, showed the [010] as the NR growth direction and revealed the presence of Au crystal
domains at the Pd;Sn NR tips forming almost perfect epitaxy (Figure 2c). The Au crystal phase was
identified as cubic Fm-3m with a =b = ¢ = 4.09 A. It has to be noticed that the Au{I11} and Pd-Sn{210}
planes, as well as Au{002} and Pd,Sn{020} present almost identical lattice parameters, which difficult

distinguishing between them.

[001] Pd,Sn

Figure 2. a) HAADF-STEM image of a single Au-Pd,;Sn NR and its corresponding EDX spectrum. b) False coloured

HAADF-STEM image of Au-Pd,Sn NRs and details of three different particles one containing a higher contrast dot at
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both ends, another at only one end {most common case) and another without any higher conirast region. ¢) HRTEM

micrograph of a An-Pd.Sn NRs, details of the squared regions and their corresponding power spectra.

Within its experimental error, EDX analysis showed the atomic ratio of Pd and Sn to be consistent with stoichiometric
Pd;Sn ([Pd)/[Sn] = 2.0 £ 0.1). However, with the introduction of Auw, higher Pd ratios were systematically obtained as
detailed in Table 1. We associate this experimental observation to a possible galvanic replacement of Sn by Au. We
speculate that when adding AuCl; to the solution containing Pd;Sn NRs, Au™ ions in solution could be reduced to Au’
or even Au" at the NR surface through the simulianeous oxidation of Sn or Sn™ ions to Sn™ and the subsequent
solvation of Sn*" ions in the solution containing the remaining chlorine ions. Au” could be also further reduced to Au”

through charge transfer from Pd atoms (Figure 3a).'”

Table 1. Atomic ratios of Pd:Sn and Au-Pd,Sn MRs as obtained by EDX and XPS analyses, and atomic percentage of

cach oxidation state as obtained from the fitting of the XPS spectra

o I+ 0 2+ v o it
AL paisan | e |pairsmifaieal 9, | P | S| Sl S A A
- 2.0 - 1.25 - 79.4 | 206 | 217 | 702 | 80 | - | -
0.01 2.2 0.07
0.02 2.3 0.14 s5 | 05 |82 | 138184 | 8.7 |61.9/381|
0.04 2.4 0.26

To further clarify the composition and oxidation states of the different elements within Pd;Sn and Au-Pd;Sn NRs,
samples were analysed using XPS (Figure 3b-f), In Pd,Sn NRs, the atomic ratio of Pd and Sn was measured as
[Pd]/[Sn] = .25, pointing at a surface segregation of Sn. However, this ratio was much higher in Au-Pd.Sn NRs, up to
[Pd)/[Sn] = 5.5 when using a 0.02 M AuCl; concentration { Table 1), which further points toward a galvanic replacement
of surface Sn by Au. Fitting each region of the XPS spectra, it can be observed that in Pd:5Sn and Au-Pd.Sn NRs the
deconvolution of the Pd 3d spectra indicated the presence of two Pd oxidation states, a dominant Pd" state with a
doublet at around 335.6 ¢V (Pd 3d:-) and 3409 ¢V (Pd 3d;,), and a Pd”" state with a doublet at 337.6 ¢V (Pd 3ds) and
342.9 eV (Pd 3d;:). With the Au introduction, these two doublets were slightly shified (o lower binding energies (AE =
~0.5 eV) and an increase of the Pd" contribution was observed, which is in good agreement with previous reports,'™
Larger changes were obtained in the Sn 3d spectral region, which showed three main Sn contributions in Pd.Sn NRs: a

main Sn°* state (486.3 eV and 494.9 eV) and minor Sn® (488.4 eV and 496.% eV) and Sn” (484.8 eV and 493.3 eV)

states, Oxidised surface Sn phases, related either to the Sn reaction with oxygen or its coordination with ligands, are a
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common observation on Pd-Sn and Pt-Sn alloys."™"™ With the introduction of Au, on top of the decrease of the Sn
signal described above, the main Sn*’ contribution was further oxidized, shifting its doublet peak position more than |
eV toward higher biding energies. Finally, the deconvolution of the Au 4f spectrum in Au-Pd;Sn showed 2 doublets.
The major contribution corresponded to metallic Au (83.3 eV and 87.0 ¢V), and the other contribution at higher binding
energy (%4.5 eV and 88.2 V) indicated the presence of positively charged gold atoms, Au™, which can be attributed to

Au surface atoms with different environments, ['™*

a)

@ Pd°

J Pd*
@ 5n”

@ 5n¥
@ Sn**
@ Au®
@ Aud
@ Ag?

Intensity (a.u)
Intensity (a.u)

345 340 335 330 500 495 490 485 480
Binding Energy (eV) Binding Energy (eV)

Intensity (a.u)
Intensity (a.u)

Intensity (a.u)

92 80 88 B8 B4 B2 &0 345 340 335 330 S00 495 490 485 480
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Figure 3. a) Scheme of the proposed Au-Pd;Sn formation mechanism. b-f) Detailed regions of the XPS specira of

PdsSn (b, ¢} and Au-Pd-Sn NRs (d-): Pd 3d (b.e), Sn 3d (c,f) and Aw 41 (d), as indicated within each graph,

Thermogravimetric analysis showed the presence of a 13% of organics at the NR surface in the smallest 10
nm x 4 nm Pd.Sn NRs subsequently used in catalytic tests (Figure S1).

The Pd:Sn NR surface chemistry was further elucidated by solution '"H NMR techniques. Prior to solution 'H
NMR characterization, Pd:Sn NRs were washed by different precipitation and redispersion steps, Initial

washing step was performed without adding any non-solvent. Further purifications were carried out using
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chloroform as solvent and acetone as non-solvent. For NMRE measurements NRs were dissolved in
deuterated chloroform. After a second purification step, NR colloidal stability was compromised and
concentration of NRs stable in solution decreased abruptly. The resonance at chemical shift around 5.3 ppm
characteristic of the alkene group indicated the presence of OLA (Figure 4a). The other organic molecules
used during the NR synthesis could not be identified in the '"H NMR spectra. Further analysis to determine
the characteristic of the interaction between OLA and the NR surface was performed by observing this
resonance. The alkene group displayed slightly shifted sharp resonances in the 'H NMR spectra, in contrast
to the broad resonances typically characteristic of tightly bound ligands."” In parallel, NOESY spectra
presented negative cross peaks corroborating the interaction of OLA with the surface (Figure 4b). These data
pointed us toward the possibility of a highly dynamic surface stabilization, as previously reported for other
systems.”” Hence, we studied the diffusion coefficient of our system (NR plus the ligand shell) using
DOSY. Generally, once the diffusion coefficient is found the solvodynamic size can be estimated via the

Stokes-Einstein equation:

_ kT
f

where kg is the Boltzmann constant, 7' the absolute temperature and f the friction coefficient. The friction

D

coefficient depends on the object size and shape, /= fnd where i solvent’s viscosity and C the so-called
capacity of the object. For spherical NRs C is equal to the solvodynamic radius (r,) and for cubes C = (66
with d the cube edge length.”"! Both of these expressions have been used to determine the solvodynamic size
of the different NPs from DOSY data.”™*! To the best of our knowledge, there are no studies of the DOSY
NMR on rod-shape NPs, Mansfield and Douglas determined an approximation to calculate C for rods.”™ We
used their expression for rods with rounded ends (» radius of the circular cross section of the NE, A= L/r

aspect ratio with L being the length), r = 1/ln4d):

F=4 [ (M)]_l 1-0.782¢ + 06916767 + 0.622277 + 0.481¢216
R B 10,677t + 1.601t297 1 0.178¢225

Using this expression, we estimated the diffusion coefficient of 26 x 9 nm NRs to be 26 pm’s '; from DOSY

data we found [ = 120 = 12 pm’s . The larger experimental value can be ascribed to the highly dynamic

stabilization of OLA on the NRs surface.
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Figure 4. a) '"H NMR spectra of 26 x 9 nm Pd;Sn NRs in CDCl, after 2 purification steps (OLA + sample) and

reference spectrum of OLA; b) NOESY spectrum of the Pd,Sn NRs.

Hydrogenation reactions

The exploration of the catalytic potential of Pd.Sn and Au-Pd,Sn NRs was started with the hydrogenation of
styrene to ethylbenzene (Table 2). The smallest Pd.Sn NEs were active in the hydrogenation reaction when
DCM was used as solvent and H. pressure was set at 3 bar, achieving conversions above 70% at large
loadings (100 g styrene/g Pd,Sn) even under mild reaction conditions (25°C, Table 2, entry 1). Larger Pd.Sn
systematically resulted in lower activities (Table 2, entry 2) due to their lower surface-to-bulk ratio and
possibly to the reduced number of higher active sites such as tips, thus the shortest Pd.Sn (10 + 2 nm x4 + |
nm} NRs were used for all following catalytic tests. The activity of Pd.Sn NRs toward the hydrogenation of
styrene was higher than that of Au-Pd;Sn NRs (Table 2, entry 3). Notice in this regard that all the
comparisons carried out between Pd:Sn and Au-Pd:Sn NRs were based on results obtained from the exact
same batch of Pd,Sn NRs.

Activity was lower at | bar of hydrogen pressure (Table 2, entry 4) and when using methanol as solvent
{Table 2, entry 5) due to the low solubility of the NRs in this solvent.

Even at much harsher conditions (Table 2, entry 6) the reaction yielded just ethylbenzene, without any trace
of phenyl group hydrogenation. Finally, it is also worth noting that the reaction could be carried out without

solvent, in neat styrene (Table 2, entry 7), achieving the highest TOF values up to 286 h™'.
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Table 2. Results of the styrene hydrogenation with Pd-Sn NRs.

Styrene Ethylbenzene
Entry Catalyst (size/nm) Kolvent T°C | Pibar th Loading” | Comv/% TOFW!

1 PdSn (10 x 4) DCM 25 3 1 100 73.3 114
2 PdySn (40 x 12) DCM 25 3 1 99 53.3 4
3 Au-Pd:Sn (12 x 4) DCM 25 3 1 100 48.3 86
4 Pd,Sn (10 x 4) DCM 25 1 1 104 12.8 21
5" Pd:Sn (10 x 4) MeOH 25 3 1 103 58.0 96
6 PdSn (10 x 4) Toluene 70 50 4 30 1040 -

T Pd-Sn (10 % 4) - 25 3 1 436 41.3 287

"g styrene/g NRs. "NRs were poorly soluble in methanol. “The reaction was carried out in neat styrene.

The hydrogenation of [-octene under the optimised conditions was then pursued (Table 3). Apart from the
hydrogenated product, octane, isomerisation of the substrate to the two geometric isomers of 2-octene was
observed. In this case, Au-Pd:Sn NRs were more active than Pd,Sn NRs, achieving almost full conversion
after 1 h, and were slightly more selective towards the formation of the hydrogenated product. The
isomerisation of |-octene to 2-octene can be explained by a sequence of insertion and f-hydride elimination
on the NR surface (Figure 5). It is interesting to note that no further isomerisation of 2-octene to more

internal olefins was observed, suggesting that such reaction was very slow.

Table 3. Results of l-octene hydrogenation with Pd,5n and Au-Pd;Sn NRs.

N~~~ H2@Bban, DCM -~~~ R R
1-octene NRs, 11,1 h Octane (ElZ)-2-octene
I Selectivity¥s
Bt e L] Ociane (EJ)-2-octene {£)-2-octene
Pd:Sn 7.6 110.2 52.7 27.6 19.7
Au-PdaSn 98.1 157.2 56.7 327 10.6

" The catalyst loading (g 1-octene/g NRs) was 106,

ACS Paragon PHfls Environment

144




e e R
1-octene (ElZ)-2-octene

| = | -

L -
e Y == N T
—H HH\L/W .

Figure 5. Mechanism of isomeristation of 1-octene to 2-octenes.

In Table 4, the results obtained in the hydrogenation of alkynes, namely phenvlacetylene and |-octyne, are
presented. In this case, a clearer gold effect was expected on the grounds of the known affinity of Au for
triple bonds. "**!In the hydrogenation of phenylacetylene, a slightly higher activity of the Au-Pd,Sn NRs was
observed. Regarding the selectivity, very little amounts of ethylbenzene were formed, evidencing the higher
reactivity of phenylacetylene compared to styrene in hydrogenation. Similar results and tendencies were
obtained for the hydrogenation of 1-octyne. In this case, both Pd:Sn and Au-Pd;Sn NRs were very selective
towards hyvdrogenation to 1-octene. The small amount of 2-octenes vielded showed that the hydrogenation of
l-octyne was also faster than the isomerisation of the 1-octene formed. In the case of styrene, Pd:Sn NRs
were considerably more active than Au-Pd-Sn NRs, whereas the opposite trend was observed for |-octene.
The more electron-rich nature and the lesser steric shielding of 1-octene compared to styrene could explain
this effect. In contrast, the differences in performance were less important for phenylacetylene and 1-octyne,
with the Au-Pd;Sn being more active for both substrates. These trends could be understood by the known

113202 The high electron rich character of the triple bond probably masked the effect

alkynophilicity of Au.
of the substituent.

Table 4. Results of alkyne hydrogenation with Pd,Sn and Au-Pd,Sn NRs.”

- Ha (3 bar), DEM_ \_@
— < > “NRs. . 1h

Phenylacetylene Styrene Ethylbenzene
Catalyst Convi/'% TOF/H ' Styrene Seiectlvity/? Erlylbenzene
Pd,Sn 46.4 78.9 96.6 34
Au-PdsSn 54.8 90.7 96.7 3.3
He BBar) DOM o™+ SN eSS
Zz T NRs, rt, 1 h * *
1-octyne Octane 1-octens (EiZ)-2-0ctene
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Selectivity/¥s
-
Ll el Lk Octane I-octene (E)-2-0ctene (2)-2-
octene
Pd.Sn 47.4 75.5 0.0 98,1 1.9 0.0
Au-Pd,Sn 58.7 93.9 0.7 94 .4 4.0 0.9

"The catalyst loading (g alkyne/z NRs) was 106,

Sonogashira coupling reactions

The Pd-5n and Au-Pd.Sn NR performance in the Sonogashira reaction between phenylacetylene (PhA) and
iodobenzene (phenyl iodide, Phl) to give diphenylacetylene (tolan) is displayed in Table 5. Using Pd;Sn NRs
and K,;CO; as base (Table 5, entries 1-4) very high conversions could be attained at 2 h (Table 5, entry 2)
leading mainly to tolan, although products | and 1" were also formed. Both products were characterised by
GC-MS, with a peak at m/z of 280 units, proving that they are isomeric. These compounds arose from the
condensation of two molecules of PhA and one molecule of Phl, which gave a pair of geometric isomers of a
1,3-enyne (Figure 6). The decrease of the catalyst loading (Table 5, entry 3) produced a drop on the
conversion and selectivity to tolan. Comparison of entries | and 4 shows that Pd.5Sn NRs were more active
than Au-Pd:Sn NRs,

When the base was changed to KOH (Table 5, entries 5-8) the activity was higher, achieving full conversion
at 1 h (Table 5, entries 5 and 7). However, the selectivity toward tolan was not improved, because apart from
1 and 17, frans-stilbene (tSt) was also produced. This compound is the product of the formal addition of H; to
tolan. Interestingly. not even trace amounts of cis-stilbene (cSt) were detected. Additionally, in all the essays
with KOH, a trace quantity of triphenylethene (TPE) was formed, which arises from the combination of a
molecule of PhA and two molecules of Phl.

It is widely accepted that the Sonogashira reaction mechanism starts with an oxidative addition of the Ph—I
bond to Pd(0). Therefore, the higher activity of Au-containing NRs (Table 5, entries 6 and &) can be due to

the larger content of catalytically active Pd(0) of these NRs, as demonstrated by XPS.

Table 5. Results of Sonogashira with PdsSn and Au-Pd.Sn NRs,

Ph
Base, DMF — _
—_— - Ph———FPh + + C
< > = '_Q NRs, 130 °C pr/ s
Phenylacetylene lodobenzene Tolan frans-stilbene 1471
PhA Phi tSt
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Entry Catalyst Base th Conv'™a Tolan/a fAY e I1+1°%
1 Pd.5Sn K-CO, 1.0 47.2 T70.6 — 294
2 Pd:Sn Ko C O 2.0 97.3 65.7 34.7
3 Pd.Sn K.CO, 1.0 10.9 40.6 — 594
4 Au-Pd:Sn K.C O, 1.0 20.9 60.9 - 39.1
5 Pd.Sn KOH 1.0 100 6.8 17.6 21.6
4] Pd.Sn KOH 0.5 88.3 66.7 17.9 15.4
7 Au-Pd,Sn KOH 1.0 104 65.0 17.0 18.0
8 Au-PdsSn KOH 0.5 100 67.0 14.1 15.9

5.3 mg of NR were used.

Figure 6. Proposed structures of 1 and 17,

The recyelability of the Pd;Sn NR catalyst was studied under the conditions of entry 5 in Table 5. Afier cach

catalytic run, NRs were separated by centrifugation. To the recovered NRs, a new batch of fresh reagents

was added to carry out a second catalytic run under the same conditions. The process was repeated three

times. Figure 7 represents the conversions referred to Phl after each catalytic run (blue bars) and also the

activity of the first supernatant after the addition of one batch of fresh reagents. A drop in the conversion, but

no change in the selectivity, was observed in each catalytic run. We associate this drop to the non-full

recovery of the material in each precipitation step, what would also explain the relatively high supernatant

activity obtained. A partial NR aggregation during the recovery and their degradation by leaching and/or

surface modification could also reduce the NR catalytic activity,
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Figure 7. Recycling test for the Sonogashira reaction, Blue bars show the conversion obtained from the first to the third

reaction. The red bar corresponds to the conversion obtained with the first supernatant.

An interesting aspect of the catalytic runs was the unexpected formation of the products tSt, 1, 17 and TPE.
To shed light into the formation of these products, we carried out a set of experiments at different conditions
(Table 6). It was found that reducing the concentration of Phl fivefold with respect to the 0.1 M used in
previous experiments improved the selectivity to tolan (Table 6, cf. entries 1 with 2 and 4 with 5) by
diminishing the quantity of 1 and 17 or eliminating it completely in the case of Au-Pd;Sn NRs (Table 6, entry
4). Unexpectedly, with Pd;Sn NRs, increasing the concentration to 0.5 M (Table 6, entry 3) resulted in no
trace of tolan but the formation of new products c5t, 1,2-diphenylethane (DPE), TPE and 2 (Figure 52). A

similar result was obtained with Au-Pds5Sn NRs (Table 6, entry 6), but in this case only traces of DPE were

formed, what improved the selectivity toward cSt.

Table 6. Effect of the concentration on the Sonogashira reaction with NRs."

7 = KO, DMF - - Ph Ph, . ‘_F"h Ph
=+ wemern =" o T ¢ G v o
Phenylacetylens  |odobenzons Tolan cisfrans-stilbena  triphamylethens 1, 2-diphenylethans 1+71 2

Fha Phi cStast TRE DPE

Entry NRs PRI Tolan A S I Y ] TPE™4 DPEMa I+ 2%
1 Pd-Sn 0.02 66,7 16.9 — — — 16.4 —
2 Pd.Sn 0.1 Ll 17.6 — - — 21.6 —
3 Pd-Sn 0.5 — 10.1 49.2 6.2 9.8 15.2 9.5
4 Au-Pd.Sn (.02 8.7 11.3 = = — — —
5 Au-Pd,Sn 0.1 650 17.0 — — — 18.0 —
o Au-Pd.Sn 0.5 = 11.9 63.7 kR, - 17.5 kN

L
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DPE and 2 come from the formal addition of hydrogen to St and to 1/1° respectively whereas St comes from
the tormal addition of hydrogen to tolan. To understand the origin of the reduced products and the different
selectivity of Pd;Sn and Au-Pd;Sn NRs, a sample of tolan was subjected to the catalytic conditions of the
Sonogashira coupling and also to standard reduction with H; (Table 7).

Pd-5Sn and Au-Pd-Sn NRs catalysed the reduction of tolan to St (but not to DPE) under Sonogashira
conditions. The reduction was quite selective to the formation of ¢St, as it happened when the Sonogashira
coupling was carried out at high concentration {Table 6). As no trace of 1/17 or 2 was detected, it can be
concluded that the formation of these molecules needs Phl and PhA. Au-Pd.Sn NRs were less active for the
reduction of tolan, possibly due to the major adsorption of the triple bond to Au. !

Pd:Sn and Au-Pd.Sn NRs were also active in the reduction of tolan by hydrogenation. While Pd.5n NRs
gave mainly ¢S5t and DPE, Au-Pd;Sn NRs were more active and gave full conversion to DPE. In both cases,
however, the product distribution was rather different from that obtained under the Sonogashira reaction
conditions.

Table 7. Results of tolan reduction with NRs.

Ph Ph
KOH, DMF
Ph—=—Ph : - ~ Ph, P+ —
NRs, 130 “C, 1 h Ph =/ Ph
Tolan trans-stilbene trans-stilbene  1,2-diphenylethane
tSt cSt DPE
NR® Talan/% AY e o8/ DPE/"
Pd,Sn — 10.7 8O3 -
Au-Pd:Sn 336 7.1 59.2 -
H, (3 bar), DMF _fn Ph. Ph Ph
Ph—=—FPh - 7~ N+ —
MRs, rt, 1h Ph Phi
Talan trans-stilbene trans-stilbene  1,2-diphenylethane
tSt cSt DPE
NR® Talan/% AY o8 DPE®;
PdsSn - 5.0 44.3 50.7
Au-Pd-Sn - E - 1000
“"The catalyst loading (g tolan/ £ NRs) was 18,
* Conditions as in Table 5.

From the above data, a mechanism for the formation of the different products can be envisaged (Scheme 1).
The formation of the expected tolan through Sonogashira coupling (left in Scheme 1) involves oxidative

addition of Phl, transmetallation with PhA and reductive elimination. The reduction of tolan catalvsed by the
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Pd:Sn or Au-Pd:Sn NRs leads to the formation of mainly cSt as shown by the data of Table 6 at high
concentration and also by experiments of Table 7. An alternative mechanism (right in Scheme 1) might start
with an initial insertion of PhA into the Ph—NR bond forming an intermediate. From this intermediate, 1, 17,
5t and TPE can be produced by functionalization of the NEs and reductive elimination (see Scheme 1 of the
Supporting Information). It is interesting to note that by this mechanism, tSt, the most thermodynamically
stable compound, is mainly formed as shown in the data given in Table 5 and Table 6.

Although the reduction of both isomers St produces DPE, the selectivity to ¢St observed when performing
the reactions at high concentration (Table 6) suggests that most of the DPE was formed by the reduction of
cSt, shown in the left-hand side of Scheme 1.

Under the Sonogashira catalytic conditions the formal addition of a molecule of hyvdrogen to tolan, St, 1 and

1" is observed. This pointed out that molecular hydrogen, formed by decomposition of DMF, %]

was
probably involved in the reductions. To explore the origin of the added hydrogen atoms an experiment with
DMF-d: was performed, under analogous conditions to entry 3 of Table 6. It was found that no deuterium
was incorporated to product 1 but its reduction product (2) was formed in 30% as monodeuterated and 10%
as didenterated. In the case of St both isomers were formed with similar ratios of mono- and dideuterated
form. These facts pointed out that | was formed by an insertion reductive elimination steps (see Scheme 1 of
Supporting Information) not involving hydrogen or deuterium adsorbed on the Pd:Sn or Au-Pd;Sn NR. In
contrast, St (either formed from tolan or by the insertion mechanism) required the adsorption of hydrogen on
the NR. The detection of a mixture of hydrogenated and deuterated reduction products indicates that the

solvent provided the required H or D atoms. *"!

cstvim - ) . (-
amnmﬂ'ra INSEiong H i LEA |
té ?—: -
e
e - =
Totan

DPE CBL + 152 meE
Scheme 1. Mechanisms for the formation of the different products observed.
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CONCLUSIONS

Au nanodomains were grown at the surface of Pd:Sn NRs through a process involving a galvanic
replacement with Sn ions, The surface chemistry of Pd,Sn and Au-Pd.Sn NRs was characterized by XPS and
NMR. XPS results evidenced an electron donation from the Pd;Sn NR to the Au tips. '"H NMR and DOSY
allowed demonstrating for the first time in NRs a highly dynamically binding of the surfactant. Both Pd,;Sn
and Au-Pd.Sn NRs were found to be very active in the hvdrogenation of aromatic and aliphatic alkenes and
alkynes under mild conditions. While Pd;Sn NEs were more active in the hydrogenation of styrene, Au-
Pd;Sn NRs performed better for the hydrogenation of alkynes, probably due to their aurophilicity, Pd,Sn and
Au-Pd;Sn NRs were also active in the Sonogashira coupling between PhA and Phl to yield tolan in good
selectivity, especially with Au-Pd;Sn NRs, when the reaction was performed at high dilution. An advantage
of our system over traditional Cu-cocatalyzed Sonogashira couplings is that the catalytic system does contain
the catalyst and the cocatalyst in a single unit, Interestingly, St was produced at higher concentration either
by reduction of tolan or by a mechanism involving insertion of PhA into the NR-Ph bond. In this regard, the
production of St can be considered a cascade or tandem reaction, which was performed with a better
selectivity using Au-Pd;Sn NRS as a catalyst. Additionally the deuterated experiments confirmed that the
solvent (DMF) play a role in this cascade reaction. We are currently investigating the implications of this

methodology with other substrates.

Supporting information
Thermogravimetric profile of Pd:Sn NRs, chromatogram of the products obtained in the
Sonogashira reaction and possible mechanism of formation of St 1, 17, 2, DPTE and TPE. This

material is available free of charge via the Internet at http://pubs.acs.org.
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Figure S1. Thermogravimetric profile of Pd:Sn NRs.
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Figure S2. Chromatogram of the products obtained with Pd,Sn NRs in the Sonogashira reaction when

increasing the concentration to 0.5 M.
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Scheme S1. Possible mechanism of formation of St, 1, 1°, 2, DPE and TPE.
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Chapter 4

Heterostructured Metal Oxide
NPs and Their Electrocatalytic

Properties



4.1 Heterostructured metal oxide NPs and their electrocatalytic properties

This chapter focuses on heterostructured metal oxide NPs and their electrocatalytic properties. Cation exchange
reaction is a simple and adjustable tool to design HNPs. In the first part of the chapter, we study
Mn;0,@CoMn,0, core-shell NPs formed by the partial cation exchange between Mn and Co in preformed Mn;0,
NPs. Mn3;0,@CoMn,0,—~CoO NPs could be as well obtained when the proper cobalt precursor was selected. Such
HNPs exhibited improved performance and stability as bifunctional catalysts for the ORR and OER in alkaline

solution. The results obtained were published in ACS Applied Materials & Interfaces in 2016.

The cation exchange strategy was also applied to synthesize metal oxide shell onto iron oxide NPs. The second
part of this chapter is based on the paper “Fe;0,@NiFe,O, Nanoparticles with Enhanced Electrocatalytic
Properties for Oxygen Evolution in Carbonate Electrolyte”, which was just accepted by ACS Applied Materials &
Interfaces. We demonstrated that monodisperse ultrathin transition metal oxide shell coating iron oxide HNPs

are efficient electrocatalysts exhibiting high activity toward the OER in carbonate electrolyte.
4.1.1 HNPs based on colloidal NCs

One of the most active lines of research nowadays is the development of synthetic procedures that allow to form

127-134

multicomponent NCs, such as core-shell or dumbbell-like NPs among others. There are very specific

conditions to be able to growth such type of NPs and hence different types of growth mechanisms which are

enumerated below these lines..5% 13 13¢

a) Surface growth. Mainly seeds growth is applied to such reaction regime, to overcome energy barrier for

surface nucleation and growth.

b) Surface diffusion. In some systems, NCs grown at the surface may undergo a diffusion process. A transport
process occurs via the merge of surface clusters at a single particle, either on the surface of the HNPs or within

the center of the HNPs.

¢) Simultaneous nucleation and growth of both materials. One component forms a seed particle by homogeneous
nucleation at the beginning state. Secondly, the other mater heterogeneously nucleates and grows on the initial

seed particles.

d) Replacement of a sacrificial domain. In some systems, HNPs obtained involve galvanic replacement reaction,

cation exchange, anion exchange and chemical etching.

e) Self-assembled HNPs.
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Among HNPs, core-shell NPs have attracted numerous interests to the basis for widespread application in energy
storage materials, fuel cell, solar cells and many important catalytic processes. These interesting properties

.78 137150 sayeral

between cores and shells arise depending on the interactions between the core and shel
strategies for core-shell NPs have been used, as shown in Figure 4.1, including direct heterogeneous deposition
on core to grow shell material (a-c, e and j), shell growth after chemical activation of the core surface involving
cation exchange, redox replacement and Kirkendall effect (d, f and g), self-controlled nucleation growth shell (h

andi).
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Figure 4.1 Sketch of mechanisms leading to the formation of core@shell HNPs ®°: (a—c) direct heterogeneous
nucleation and growth of the shell material onto preformed NC seeds with controlled shape and crystal structure;

(d) sequential heterogeneous nucleation and growth steps onto preformed seeds, involving deposition of an
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amorphous shell and its conversion to crystalline upon cation exchange; (e) silica shell growth by priming of the

seed surface and subsequent polymerization; (f) sacrificial red-ox replacement of the outer seed layer; (g) surface-

confined red-ox reaction followed by hollowing via the Kirkendall effect; (h) self-controlled nucleation-growth; (i)

thermally driven crystal-phase segregation; (j) solid-state diffusion and coalescence

Table 4.1 List of reactant and core-shell structure product materials via cation exchange in NCs

Class Reactant product
oxides FeO@CoFe,04 Fe1..Co,0,@CoFe,0,'
Mn30, Mn3;0,@CoMn,0,
Fe;0, Fe;0,@ NiFe;,0,
selenides CdSe CdSe@PdSe™™
PbSe PbSe@CdSe"
sulfides PbS PbS@CdS 5156
cds CdS@Pbs,”’” CAS@HgS,*** CdS@Cu,.S™’
CulnS, CulnS,@ZnS'®
Cu,S Cu,S@AU,S,"®" Cu,S@ZnS,™ Cu,,S@CulnsS,™®
TiS, TiS,@Cu,S'*
CZTS CZTS@Ag,S™

lantanide fluorides

tellurides

Selenide-sulfide

NaYF,: Yb, Tm

PbTe

Cu,,Te

CulnSe,S,.,

CdSe@Cds

Cu,Se@Cu,S
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NaYF,: Yb, Tm@NaGdF,**
PbTe@CdTe'®

Cu,,Te@PbTe,*’ Cu,,Te@SnTe'®’
CulnSe,S,.@CdSe,S,, %
CUzSE@Cuzsleg'”l

PbSe@PbS,'"* ZnSe@zns,** 2 CdSe@CdSs*"”°



Hybrid metal Au@Fe;0, Au@Co,Fe, 0,
chalchogenide Au@Ag,S Au@Cds'”
Se@A,,Se Se@ZnSe, Se@CdSe, Se@PbSe'’* '

Au@Ag,X(X=S,Se, Te)  Au@CdS, Au@CdTe, Au@PbS, Au@Zns'’®

Among all these methods, cation exchange reactions have been increasingly utilized as a synthetic tool for core-
shell NPs with unique composition and morphology. Table 4.1 shows a list of core-shell NPs that were prepared
via cation exchange reactions. For instance, Sytnyk et al. reported that cation exchange process is a valuable tool
for tuning of the magnetic properties of 3 different metal oxides based colloidal NCs, such as Fe;0,, Au@Fe;0,
and FeO@CoFe,0, NCs.™! They demonstrated ferrite-based NCs were subjected to a Fe* to Co** cation exchange
procedure (Figure 4.2). Such cation exchange process enables to obtain novel nanoheterostructures, which are
not achievable by conventional synthetic routes. While Lee et al. demonstrated an innovative and universal
strategy for Cu,,S@CulnS, core-shell nanodisks by involving cation exchange reaction, introducing In into Cu,.,S
nanoplates with controlling shell thickness and composition.’®® In addition, they also showed AuS@CulnS, core-
shell nanodisk obtained from Cu,, S@CulnS, by replacing Cu with Au. Similarly, our group has been reported the
partial ation exchange reaction to produce Mn;0,@CoMn,0, core-shell NPs at low temperature and ambient
atmosphere. Furthermore, by using a cobalt perchlorate instead of cobalt chloride, Mn;0,@CoMn,0,—~CoO NPs
were obtained due to a simultaneous nucleation on the core-shell surface in addition to the cation exchange
reaction (Figure 4.3). Such HNPs were investigated for ORR and OER in alkaline solution and improved
performance with respect to commercial Pt, IrO,-based and previously reported transition metal oxides as

bifunctional catalysts.
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Figure 4.2 Three classes of magnetic NCs are investigated:** (a, e) homogeneous spherical magnetite (Fe;0,) NCs,
(b, f) gold-magnetite core-shell NCs, and (c, g) Wu'stite (FeO)-magnetite core-shell NCs. (a-c) TEM images of the
starting materials. (d) Scheme of the cation exchange procedure in the three different NC types with inverse
spinel or rock-salt crystal structure, (blue balls represent oxygen atoms; red balls, Fe" orange, Fe’": green, Co*";
gold, Au atoms). (e, f) are high-angle annular dark field STEM images of NCs after the Fe®* to Co®" cation exchange
procedure is performed. The ion concentration distributions for Fe (red) and Co (green), and Au (golden) across
the NCs, shown by the EDX line scans (obtained for transitions from the K or M shell respectively), evidence the

Co doping after the cation exchange treatment.

Currently, core-shell NPs catalysts have been used in many areas of electrocatalysis, such as ORR, OER and alcohol

oxidation,13% 142 146

Their electrocatalytic activity depends on their structure and composition. Core-shell NPs show
remarkable catalytic activity compared with single-component NPs because of the synergistic effect between the
core and shell. In Zhuang et al. report, monodisperse Au@Co;0, core-shell NCs were prepared by seeds growth
method to deposit Co shells on surface of the Au core and their conversion to Co30,4 shells.””” Such Au@Co;0,
core-shell as a OER catalysts has 7 times higher activity than Au and Cos0, mixture or Co30,alone and 55 times
higher than Au alone due to synergistic between the Au core and Co;0,shell (Figure 4.4) at overpotential of 0.35
V. Guo et al. reported a seed-mediated growth method to prepare core-shell FePtM@FePt (M = Pd, Au)
nanowires.'’”® Theses FePtM@FePt nanowires were used as electrocatalysts for ORR and displayed excellent

performance and significant stability dependent on core composition and shell thickness. A general synthetic

approach to synthesize core-shell metal oxide hybrid (M;M,@M,;0,) NPs was demonstrated by Nong and co-
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workers.””” They took IrNi@IrO,NPs as example to exhibit these kinds of core-shell NPs and showed that they

possess improved OER catalytic activity when compare with benchmark catalysts. Hu et al. also demonstrated
that Co3;0,@NiCo,0, double-shelled nanocages had superior performance when evaluated as electrocatalysts for

OER and compared with many other related work.™®

~ Mn;0,@CoMn,0, :

Mn?* by Co?* cation exchange
+ Co,0, nucleation

Figure 4.3 Scheme of the formation of the Mn;0,@CoMn,0, and Mn;0,@CoMn,0,~Co,0, nanoheterostructures
when using either a cobalt chloride or a cobalt perchlorate solution. Mn;0,@CoMn,0, was obtained by partial
cation exchange between Mn?* and Co®" when using a cobalt chloride precursor. Mn;0,@CoMn,0,~Co,0, were
obtained by the same cation exchange reaction and the additional and simultaneous nucleation of a Co,O, phase
when using a cobalt perchlorate. Green arrows in the bottom cartoon point at Co,O, NC nucleation sites of the

Mn;0,@CoMn,0,

In summary, the works specify above are just some examples of the fact that core-shell nanostructures as
electrocatalyst exhibit many unique properties providing an exceptional way to increase active surface energy on

the shell surface and decrease the reactions overpotential.
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Co(acac):
e
TBAB, 110°C

Au+Co,0, Co,0,

Figure 4.4 Scheme of the synthetic route to Au@Cos0, core-shell NPs (top), and TEM micrographs of Au, Au@Co

and to Au@Co;0, (middle), and corresponding activity of the catalysts at an overpotential of 0.35 V (bottom)."”’
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4.1.2 Mn30,@CoMn.04-Cox0y Nanoparticles: Partial Cation Exchange Synthesis and Electrocatalytic

Properties Toward the Oxygen Reduction and Evolution Reactions

This paper of the thesis is based on the paper entitled “Mn;0,@CoMn,0,-Co,0, Nanoparticles: Partia Cation
Exchange Synthesis and Electrocatalytic Propertie Toward the Oxygen Reduction and Evolution Reactions”
published in ACS Applied Materials & Interfaces, 2016, 8, 17435-17444. This paper is based on partial cation
exchange reaction between Mn ions and Co ions in preformed Mn;0, seeds NPs to produce Mn3;0,@CoMn,0,
NPs. Additionally Mn3;0,@CoMn,0,-CoO were obtained by different using a different cobalt precursor that
promoted a simultaneous nucleation on the Mn;0,@CoMn,0, surface. Such a seeds-mediated growth method
offers a scalable, low temperature and ambient pressure protocol to control composition and phase distribution
of core-shell HNPs. The growth mechanism was discussed in the article. The different coordination ability of the
cobalt precursors was the key behind the formation of this two distinct HNPs. Cobalt chloride was used for
Mn;0,@CoMn,0,and cobalt perchlorate for Mn;0,@CoMn,0,-Co0. These HNPs were tested as electrocatalysts
for ORR and OER in alkaline solution and displayed superior activity and durability versus to state-of-the-art
electrocatalysts. For instance, MC1 composition showed low overpotentials of 0.31 V at -3 mA-cm™ and a small
Tafel slope of 52 mV/dec for ORR, and overpotentials of 0.31 V at 10 mA-cm™ and a Tafel slope of 81 mV/dec for
OER. These properties outperformed commercial Pt, IrO,-based and previously reported transition metal oxides
as bifunctional catalysts. In addition, the different potential of ORR current density of -3 mA-cm™ and that at OER
current density of 10 mA-cm™ is a main figure of merit for potential practical applications. The value was 0.85 V
for MC1/C is among the best values reported. Figure 4.5 shown, a clear nanoheterostructure of MC1 where the
CoO (green part) grew on the surface of core-shell NPs (red and yellow part), and the spider graphic showed some
electrocatalytic performance of ORR and OER in onset potential, Tafel and overpentitial, and a comparison with

commercial Pt and IrO, elelctrocatalysts.

Pt Mn,0,@CoMn,0,- CoO Iro,

AE.

-3to 10 mA.cm?

]:
0.8
(0]
ORR \ y E o
1.0 i

Mot -3ma.cm? Mat 10ma.cm

Figue 4.5 HRTEM mircograph of Mn-Co oxide HNPs (left) and some electrocatalytic performance Mn-Co oxide
HNPs and commercial noble catalysts.
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ABSTRACT: Mn;Ou@CoMn, O, nanoparticles {(NPs) were produced at
low temperature and ambient atmosphere using a one-pot two-step
synthesis protocol invelving the cation exchange of Mn by Co in
preformed Mny0, NPs. Selecting the proper cobalt precursor, the
nucleation of Co, O, crystallites at the Mn;O,@CoMn,0, surface could
be .l'.'Lrnultam:nus;I:,r Pmrnuted to form Mn;ﬂ,@ﬁnf‘v‘lnlﬂ_l—cnlﬂy NPs,
Such heterostructured NPs were investigated for oxygen reduction and
evolution reactions (ORR, OER) in alkaline solution. Mn;O.@
CoMn,0,—Co,0, NPs w'lt'h [Cal/[Mn] = 1 showed low overpotentials
of 0.31 V at —3 mA-cm " and a small Tafel slope of 52 mV-dec™ for ORR,
* and a Tafel slope of 81 mV-dec™" for OER, thus outperforming commercial Pt-,

and overpotentials of 0.31 V at 10 mA-cm

Min 08 oM 0. Cod

Ir()y-based and previously reported transition metal oxides. This cation-exchange-based synthesis protocol opens up a new
approach to design novel heterostructured NPs as efficient nonprecious metal bifunctional oxygen catalysts.

KEYWORDS: ranoparticle, ORR, OER, manganese oxide, cobalt oxide, colloidal, electrocatalysis, cation exchange

1. INTRODUCTION

The development of highly active, low-overpotential, stable,
and low-cost electrocatalysts based on abundant and conflict-
free raw materials is a critical challenge in several energy
conversion technologies. In particular, high-performance
bifunctional electrocatalysts for oxygen reduction and evolution
reactions (ORR and OER) are an essential component in
rechargeable metal—air batteries and regenerative low-temper-
ature fuel cells.'™ In these devices, the use of a cata])'xl' based
on scarce and high-cost platinum group metals represents a
severe cost constraint that strongly limits deployment.
Alternative cost-effective and abundant transition metal oxides
have been recently shown as outstanding candidates for ORR
and/or OER in alkaline media. Some transition metal oxides
show excellent stability, very high activity, low overpotential,
and large roundtrp efficiency associated with their multiple
possible oxidation states, off-stoichiometric compositions,
defects, and vacancies, "

Among  transition metal oxides, Mn-based oxides and
particularly spinels have shown outstanding performance for
ORR and, to a minor extent, for OFER. " "~ Besides, Co-based

Publications 2016 Amesican Chemical Society
< ACS Public:

oxides are excellent electrocatalysts for {}ER,'\: = a]thn::ugh
particular Co-based catalysts have also shown excellent
properties as Dbifunctional OER/ORR catalysts,™ ™" For
instance, Co,0, NPs supported on graphene demonstrated
excellent electrocatalyst not only for OER but also for ORR,"
Uutxtnnding purﬁ]rm:mcr_'x were also demonstrated from Co,0,
nanoparticles (NPs) on carbon nanofibers and Vulcan carbon
as oxygen catalysts in zinc—air batteries.”

The combinatien of Mn and Co oxides, among other
app[icntmns,"_ " may thus provide excellent ORR/OER
activities useful for a range of technologies.™ ™ In  this
direction, Cheng et al. demonstrated that Co Mn, 0O, NPs
have considerable catalytic activity toward ORR and OER”
Liang et al. demonstrated MnCo, 04 graphene hybrids to be
excellent electrocatalysts for ORR.™ D, Wang et al. produced
CoyMn0,—=Co,0, nanccomposites and  demonstrated I:l'ILIIT
excellent pedformance as bifunctional oxygen electrocatalyst.™
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¥. Wang et al. showed MnO —Co,0, supported on carbon to
outperform MnO./C and Coy0,/C catalysts in the ORR.™
Xiao et al. produced Mn,0,—Co0 core—shell structures and
demonstrated that they have high performance in the ORR.Y
Mn, ;Co, 0, oxides were produced by Xu et al, who also
evaluated their electrocatalytic ORR perfonnance.'“ In another
excellent work, Menezes et al. demonstrated that tetragonal
CobMn,( catalyst outperforms MnCo,0; in the ORE but
MnCo, 0, outperforms CoMn, 0, in the OER™ Zhao et al.
also produced spinel Mn—Co oxides and demonstrated their
superior bifunctional electrocatalytic properties when sup-
ported on N-doped carbon nanotubes.”” Recently, C. Li et al.
demonstrated the phase and composition control of cobalt
manganese spinel NPs to provide improved oxygen electro-
catalysis performances,’” G. Li et al. probed Coy0,—Mn,0,
composites having discovered their excellent performance as
oxygen electrocatalysts in zinc—air batteries.”” MnO,—CoO
supported on reduced graphene oxide was also demonstrated as
an excellent catalyst for ORR,” and CoMn,0,; nanodots on
graphene showed efficient ORR and OER"™ Interestingly,
ordered CoMnO NPs within a nitrogen carbon framework also
showed excellent OER activity.'' Ge et al also showed
MnCo, 00y supported on nanocarbon !.'uﬁmrbi to be an
excellent electrocatalyst for ORR and OER.

However, the multiple valence and related structural
variability of transition metal oxides, which is at the origin of
their exceptional electrocatalytic performance, is also behind
the difficulty to produce these compounds in a reproducible
and controlled manner. This is a particularly important
limitation when taking into account the strong dependence of
the physicochemical properties of transition metal oxides on
composition, structural parameters, and distribution and
oxidation state of cations, Besides, beyond performance and
rcpruclucihih't}r, to ensure h:d'mnlugicﬂ relevance, materials
with large surface areas to maximize activity need to be
produced in a cost-effective manner, what requires the synthesis
of NPs using low reaction temperatures and ambient pressures,

In this work, we detail a scalable, low-temperature, and
ambient pressure protocol to produce monodisperse Mn,O @
CoMn,0, and Mn,0,@CoMn,0,~Co,0, NPs with con-
trolled composition and phase distribution. We characterized
the ORR and OER performance in alkaline solution of such
heterostructured NPs performance to demonstrate their
superior activity and durability when compared with benchmark
electrocatalysts.

2. EXPERIMENTAL SECTION

Chemicals. Manganese(1l) acetate (Mn{OAc),, 98%), cobalt(II}
perchlorate hexahydrate (Co(ClO,), 6H,0), xylenes (=98.5%),
cobalt{Il) chloride hexahydrate (CoCl-6H,0, 98%), oleylamine
[OLA, =70%), oleic acid {04, 20%), Nafion (3%), and carbon-
supported Pt nanoparticles (Pt/C, 10 wt % Pt} were purchased from
Sigma-Aldrich. The reference IrOx:/Ti dimensionally stable anode
[DSA) electrocatalyst was obtained from ElectroCell Systems,
Toluene, chloroform, and cthanol were of analytical grade and
obtained from various sources. Milli-Q) water was supplied by the
PURELAB flex from ELGA. All chemicals were used as received
without further purification, except OLA, which was purified by
distillation.

Synthesis of Mn;0,2CoMn,0,; Core—5Shell NPs. Mn,0,@
CoMn, 0, core—shell NPs were synthesized by means of a one-pot
two-step procedure. First MnyOy NPs were prepared similaly to
previously reported procedures.” Briefly, xylene (15 mL), OLA (0,82
mL), OA (0,16 mL}, and Mn{0OAc), {1 mmaol} were placed in a 50
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mL three-neck flask, Under air conditions, the solution was heated to
90 “C at 5 “C/min, the temperature at which deionized water (1 mL)
was injected. The reaction mixture was maintain at 90 “C for 100 min
to form MO, NPs, AL this point, 1.0 M CoCl-6H, 0 agueous
solution (1 mL) was added and the reaction was continued for an
additional 300 min. Finally, the solution was cooled to room
temperature, and MNPs were purified by multiple precipitation/re-
dispersion steps wsing toluene as solvent and ethanol as nonsolvent.

Synthesis of Mn,0,@CoMn;0,—Co,0, NPs. Mn,0,@
CoMn,0,—Co, 0, NPs were prepared following the exact same
procedure but wsing a different cobalt precursor: Co{CIO, ), 6HLO. By
tuning the Co:Mn molar ratio, NPs with different sizes and different
compositions were obtaned, In order to tune the Co:Mn maolar rabio,
we medified the concentration of the Co{ClOy),-6H,0 aqueous
solution between 0.5 and 2 M. The obtained Mn,O @ CoMn,0,~
CoO NPs were denoted MCO0.5, MC1, and MC2 referring to the
Co:Mn maolar ratios of 0.5, 1, and 2, respectively.

Structural and Chemical Characterization. Sizes and shapes of
the initial MPs were examined by transmission electron microscopy
(TEM) using a ZEISS LIBRA 120, operating at 120 kV. High-
resolution TEM (HRTEM) studies were conducted wsing a field
emission gun FEI Tecnai F20 microscope at 200 kV with a point-to-
point resolution of 0,19 nm. Scanning electron microscopy (SEM)
analyses were done in a ZEISS Avriga microscope with an energy
dispersive X-ray spectroscopy (EDS} detector operating at 20 kV that
allowed studying the NP composition. For SEM characterization, the
materials were dispersed in chloroform and drop cast on silicon
substrates, Powder Xeray diffraction (XRD) patterns were collected
directly from the as-synthesized NPs dropped on Si(301) substrate on
a Bruker AXS D8 Advance X-ray diffractometer with Ni-fltered (2 pm
thickness) Cu Ker radiation {4 = 1.5406 A) aperating at 40 kV and 40
mA. A LynxEye linear position-sensitive detector was used in reflection
geometry, Nitrogen adsorption—desorption events were performed on
a BEL-Mini adsorption analyzer. Thermogravimetric analysis was
carried out on a Metzsch STA 449 F3 Jupiter analyzer. Hydrogen
temperature-programmed reduction (TPR) was performed using a
Micromeritics AutoChem HP 2950 chemisorption analyzer. A 20 mg
amount of sample was pretreated at 100 °C for 30 min under an He
flow of 50 mL/min. After cooling to room temperature, the samples
were reduced in a flow of 12 val % Hy/Ar (50 mL/min), and
temperature was linearly increased at a rate of 10 °C/min up to 800
“C. X-ray photoelectron spectroscopy [XP5) was done on a SPECS
system equipped with an Al anode XR30 source operating at 150 mW
and a Phoibos 130 MCD-9 detector. The pressure in the analysis
chamber was always below 1077 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 CasaXP3 program (Casa Software Lid, Teign-
mouth, UK.}, Binding energy {BE)} values were centered using the C
1s peak at 284.8 eV. The atomic fractions (%) were calculated using
peak areas,

Catalyst Preparation. The as-synthesized Mn—Co oxide MNPs
were mixed with carbon powder {Vulcan XC-72) with a weight ratio of
30¥% through sonication of MPs and carbon in chloroform and ethanol
mixture (1:1). The NIVC composite was washed several times with
chloroform and acetone. As formed NP/C nanocomposites were
treated under air atmosphere at 180 °C for 5 h to remove surface
organic ligands,” The catalyst ink for electrochemical measurements
was prepared by mixing 5 mg of NP/C, 0.5 mL of deionized water, 0.5
mL of isopropanol, and 17.5 gL of 5 wt % of Nafion solution, The
electrode was prepared by drop casting 10 uL of the catalyst ink on
glassy carbon electrode, to afford a catalyst mass loading of
approximately 275 mgem ™. For comparison, electrodes with
commercial Pt/C and an IrQ, -based catalyst {DSA, Electrocell A/S)
were also prepared following the same experimental procedure.

Electrochemical Measurements, Electrochemical measurements
were performed with a computer-controlled workstation bipotentio-
stats (VMP3 multichannel, BioLogic Instruments). A three-electrade
system and rotator assembly (Pine rotator, AFMSRCE Pine
Intruments) were used for electrochemical measurements containing
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Figure 1. TEM micrographs of Mn,O, NPs (a) and MCI1-CI NPs (b). (c) ADF-STEM image and EELS elemental mapping of MC1-Cl NPs and
compositional line profile of Mn, Co, and O elements recorded along the arrow in the STEM images. (d) HRTEM micrograph of a MC1-Cl NP,
power spectra of the blue squared region, and colorful structural map showing the distribution of Mn; 0, {red) and CoMn, 0, (green) phases. (e) H,

TPR profile of Mn,0, and MC1-CI NPs.

a Teflon surrounded glassy carbon working electrode (S mm in
diameter), a silver—silver chloride reference electrode (Ag/AgCl with
3.5 M KCl encapsulated, 012167 RE-1B, ALS Co. Ltd.-BAS Inc.), and
a platinum wire for the counter electrode. The Ag/AgCl electrode was
calibrated in a standard three-electrode system with two Pt wires used
as working and counter electrodes and the Ag/AgCl electrode as
reference electrode, using a 0.1 M KOH electrolyte saturated with pure
H,.** From linear scanning voltammetry at a scan rate of 0.1 mV-s™',
the thermodynamic potential (versus Ag/AgCl) for the hydrogen
electrode reaction (potential at which the current crossed zero) was
measured as —0.9863 V (Suppporting Information Figure $8). Then,
potential was transformed to the reversible hydrogen electrode (RHE)
scale as follows: Egye = Ejgpc + 09863 V. Both ORR and OER
polarization curves were obtained in O,-saturated 0.1 M KOH
electrolyte. ORR experiments were tested from 0.1 to —0.55 V versus
Ag/AgCl (e, 1.09 to 0.44 V versus RHE) at a scan rate of 5 mV wg
with different rotating rates {400-2000 rpm). OER polarization curves
were obtained at potentials from 0.1 V versus Ag/AgCl (e, 1.09 V
versus RHE) until current density reached 15 mA-cm™ at a scan rate
of S mV-s™'. To evaluate the catalyst durability, chronoamperometry
was collected at 0.79 V versus RHE without rotation (0 rpm) in O,-
saturated 0.1 M KOH solution. For all measurements, the current
density was iR-corrected (R & 45 Q) using the solution resistance
measured by EIS (electrochemical impedance spectroscopy) at open
circuit potential with 5 mV amplitude over the frequency range of 200
kHz to 100 mHz.

3. RESULTS AND DISCUSSION

Mn—Co oxide (MC) NPs were prepared by a one-pot, two-
step process. First Mn O, NPs with octahedral geometries were
produced by decomposin§; Mn(OAc), at 90 °C in the presence
of OLA, OA, and water.”' In a second step, within the same
flask and at the same temperature, an aqueous cobalt chloride
(CoCl,-6H,0) solution was added and allowed to react for 300
min. Panels a and b of Figure | show representative
transmission electron microscopy (TEM) micrographs of the
initial Mn,O; NPs and those produced after adding an
equivalent molar amount of Co chloride ([Co]/[Mn] = I;
MCI-CI). Upon Co addition, the initial octahedral-shaped
Mn,O; NPs were slightly rounded (Figure lab) without
undergoing significant growth even for [Co]/[Mn] ratios up to
5. Annular dark field scanning TEM (ADF-STEM) in
combination with electron energy loss spectroscopy (EELS)
showed a core—shell type Co and Mn distribution with core
and shell compositions compatible with Mn;0, and CoMn,0,
stoichiometries (Figure Ic). We observed no modification of
the shell thickness when increasing the [Co]/[Mn] ratios above
one, what points toward a self-limited reaction. High-resolution
TEM (HRTEM) analysis showed Bragg reflections from two
body centered tetragonal Mn;O, phases (space group = I4,/
amd) with close lattice parameters. Upon filtering, a crystallo-
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Figure 2. TEM (scale bar = 100 nm) and HRTEM micrographs of MCO0.5 (a), MC1 (b), and MC2 {c) NPs. (d) ADE-STEM image and EELS
elemental mapping of MC2 NPs and compositional line profile of Mn, Co, and O elements recorded along the arrow in the STEM image. (e)
HRTEM micrographs of a MC1 NP, details of the red and green squared regions with the corresponding power spectra, and colorful structural map
showing the distribution of body centered tetragonal Mn,0, (red} and face centered cubic CoO (green) phases. (f) H, TPR profile of Mn,0,, MC2,

and Co;O, NPs.

graphic epitaxial core—shell distribution was identified (Figure
1d). H, temperature-programmed reduction (TPR) profiles of
Mn;0, and MCI-Cl NPs were performed after ligand removal
at 180 °C. H, TPR profile of Mn;O, NPS showed two peaks, at
173 and 380 °C, which are associated with the reduction of
low-coordinated surface and bulk Mn ions, respectively. MC1-
Cl NPs did not present the 173 °C peak related to surface Mn
ions in Mn;0,. However, it displayed the main Mn,O,
reduction peak at 380 °C and an additional peak at 490 °C,
which can be associated with the reduction of a CoMn,0,
phase (Figure le).**"

When cobalt perchlorate (Co(ClO,),-6H,0) instead of
chloride was used as cobalt precursor, NPs with rougher
surfaces were produced (Figure 2a—c). Upon Co perchlorate
addition, a clear increase of the NP size was observed, with a
final diameter depending on the amount of Co precursor used
(l'igurcs S1—-S53). HRTEM and EELS mapping (ngrc 2d,e)
displayed a clear core—shell type element distribution with a
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central core phase and composition consistent with Mn,O, and
a Co-rich shell. At the NP surface, several crystallites with a
CoO phase were evidenced (Figure 2e). H, TPR analysis of the
MC/C samples after thermal treatment at 180 °C showed the
main Mn;O, and the CoMn,0,-related components and an
additional peak at the reduction temperatures of Co,O, (300
°C, Figure 13 ey

From the structural and chemical characterization, we
conclude that when reacting Mn,;0, with a solution of cobalt
chloride or perchlorate in the above-defined conditions, a
partial cation exchange between Mn®" and Co®* takes place at
the Mn,0, surfaces, to form a CoMn,O, shell.”” Besides, when
compared with the Co chloride, the lower coordination ability
of the perchlorate translates in a relatively higher reactivity of
the Co ions in solution.”* ™ The higher propensity of Co®*
ions to incorporate to the oxide structure in the presence of the
weaker perchlorate ion coordination makes the Co® ion uptake
by cation exchange not fast enough, which results in the
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simultaneous nucleation of a cobalt oxide phase at the surface
of the growing MnO,@CoMn, 0y structure. The initially
nucleated cobalt oxide phase was identified as CoO by
HETEM, but it oxidized to Co,0, with time and/or under
mild thermal treatment. On the other hand, the lower reactivity
of Co®™ in the presence of the more strongly coordinating
chlorine ions prevented the nucleation of a Co,0, phase and
constrained the Co incorporation to a self-limited partial cation
exchange reaction. Figure 3 shows a scheme of the growth
mechanisms to produce either MnyO@CoMn, O, or Mn,O,@
CoMn, Oy —Co 0, NPs.

Mn, 0, 8 CoMn 0,

s

M~ by Co™ cation exchange

*CoMn,0,-Co, 0

—

Mn®* by Co™ cation exchange
+ Co,0, nucleation

Figure 3. Scheme of the formaticn of the MnyO,@CoMn, 0, and
My Oy Coln, 0y —Co, O, nano-heterostructures when using either a
cobalt chloride or a cobalt perchlorate solution. Mn,0 @ Coldn, 0,
NI were obtained by partial cation exchange berween Mn™ and Co™
when using a cobalt chloride precursor. Mn, 0@ CoMn,0,—Co O,
MPs were obtained by the same cation exchange reaction and the
additional and simultaneous nucleation of a Co, 0, phase when using a
cobalt perchlorate, Green arrows in the bottom cartoon point at
Co, 0, nanocrystal nucleation sites.

Figure 4 shows the XRD pattern of as-synthesized Mn, O,
MCI-Cl, and MCI NPs, XRD patterns revealed NPs to have a
body centered tetragonal phase. Due to the peak broadening
associated with the small crystal domains and the very similar
unit cell parameters of Mn, Oy and CoMn,0,, XRD patterns
were consistent with Mn,O, (JCPDS No. 00-018-0803),
Coy0, (JCPDS No, 00-018-1538), and Mn—Co mixed oxides
having spinel structure. On the other hand, CoO peaks (JCPDS
Wo, 01-070-2856) could not be observed for any of the
samples.

To study their electrocatalytic properties toward ORR and
OER, NPs were supported on carbon powder (Vulcan XC-72)
with a weight ratio of 30% through sonication of NPs and
carbon in chloroform and ethanol (Figure 53). NP/C
nanocomposites were then thermally treated under air
atmosphere at 180 °C for 5 h to remove organic ligands.
After this mild thermal treatment, no appreciable structural
change was observed from TEM and XRI} analyses (Figure
56). On the other hand, XPS analysis showed the presence of a
main Co™ component and an additional Co™ contribution
both before and after thermal treatment (Figure 57), which
evidenced a partial oxidation of the cobalt ions at the CoMn, 0,
and Co, 0, surface. This oxidation was accentuated during the
thermal treatment, with an increase of [Co™]/[Co™] from
0.43 to 0.59. This oxidation is consistent with the H, TPR
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Figure 4. XRIY patterns of as-synthesized, Mn,0, and Mn—Co oxide
M=,

profiles also performed after the thermal treatment, since both
Col and Co, 0, phases show a similar reduction peak at 300
*C, " The final NP/C composites had specific surface areas
and average pore sizes of around 140 rnz,'rg and 20 nm,
respectively (Table S1).

The ORR activity of NP/C was measured in O,-saturated 0.1
M KOH agueous solution using a rotating disk electrade (RDE,
Figures 59 and S10). Figure 5a shows linear sweep voltammo-
grams {L5Vs) of the different MC/C, and reference Mn,0,/C,
Co,0,/C, and commercial Pt/C electrocatalysts. Figure Sh
displays two ORR fgures of merit, the current density at half-
wave potential and the required overpotentials to reach =3 mA-
em™, Yet, an extended summary of the electrochemical data is
presented in Tables 51—54. When compared with Mn,O0/C
and Co,0,/C, the current density at half-wave potential and
the required overpotentials to reach -3 mA-cm ™~ clearly
improved with the presence of the CoMn, 0, shell (MC1-CI).
In addition, the overpotentials at —3 mA-cm™* of MC/C
catalysts, including the Co,0, phase, were lower than those of
MCI1-CL In particular, the MC1/C catalyst outperformed the
rest, showing the highest half-wave current densities, =2.77
“, and the lowest overpotential, 0.4 V. Higher Co, 0,
concentrations {MC2/C) maintained the large current density
in the diffusion limited region but with a slightly higher
overpotential.

Electrochemical kinetics was evaluated from Tafel slopes
obtained from the middle ORR current density range, where
the limitation by O, diffusion in the active layer was negligible
{Figure 511). MC1/C exhibited a Tafel value of 52 mV-dec™,
much lower than MC1-Cl/C {95 mV-dec™"), Mn,0,/C (100
mV-dec™), Co,0,/C (124 mV-dec™"), and even benchmark
Pt/C (76 mV-dec™'). The higher sensitivity of the electric
current response to the applied potential for the MC1/C
sample indicates this sample to have much more favorable
kinetics. The lower Tafel slopes also indicate the ORR in this
material to be most probably limited by a different reaction rate
than in Mn,0; or Co,0y, showing Tafel slopes closer to the
120 mV predicted when the formation of O, is the rate-
determining step.”” The values obtained for MC1/C coincide
with some of the best ORR Tafel values found in the literature,

mA-cm™
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also associated with Mn-based oxide electrocatalysts under
alkaline conditions.”

The electron transfer number (n,) was calculated by
Koutecky—Levich (K-L) method from the RDE current—
potential curves at various rotation speeds (Figure $12)."
Figure Sc shows n, as a function of electrode potential from the
slope of the resulting best-fit line, i.e., 0.45—0.7 V. The presence
of CoMn,0, on the Mn;0, surface had a minor influence on
n,, which increased just slightly from bare Mn,0,/C to MCI-
Cl/C. However, the presence of Co,0, at the Mn,0,@
CoMn, 0, surface facilitated a rapid electron transfer, clearly
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shifting the ORR mechanism toward the four-electron pathway
as evidenced by the increase of n, values up to 3.68, 3.98, and
3.86 for MC0.5/C, MC1/C, and MC2/C, respectively.

In terms of stability, a critical requirement for practical
applications, MC1/C and MC2/C catalysts showed current
retention above 95% of the initial current after 20 h (Figure
5d), well above that of Mn,0,/C, Co,0,/C, MC1-Cl/C, and
Pt/C catalyst, losing nearly half of its current density within the
first 20 h (Figure 4d). Further, MC/C samples showed
outstanding current retention 76% of the initial current
compared to benchmark Pt/C catalyst, which lost 70% after

DOL 10,1021/ acsami 602786
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Table 1. Summary of the ORR/OER Catalytic Performance Revealed from Tafel Plots and Koutechky—Levich Plots

ORR

Me-iy ¥V fio mAem™ n,
Ma, 0, 035 —464 32
MO @CoMnL0, (MC1=CT) 034 —5.50 35
M, 0@ CoMinL0,-Co,0, (MCD.5) 048 —5.14 36
Miny @ CoMin,04-Co,0, (MC1) 031 -571 40
Mn,0,@CoMn,0,-Co,0, (MC2) [T} —573 38
Coy0, 041 —540 34
Pr/DSA" 034 —5.25 35

QOFER ORR-0OER
Tafel, mVedec™ Mg, ¥V Eoigmaeny V. Tafel medec™  AE"V
10 043 21a" 151 LAk
95 0.43 175 106 Lin
Bl 0.5% 172" 95 0499
52 0.1 &g &l 0,85
83 0.35 201 53 1.21
124 0.39 171 110 La7
T 0,23 1L&5 104 088"

“Difference between the potential at ORR current density of —3 mA-cm™* and that at OER current density of 10 mA-cm ™2 "Values extrapolated
from Tafel slopes. “ORK values for Pt and OER values for DSA HWalue obtained from Pt ORR and DSA QER perfarmance.

60 h durability test (Figure 513). For MC1/C and MC2/C, n,
values close to 4 revealed a direct O, reduction path and an
advanced decomposition activity against deteriorating peroxide
species, which is beneficial for holding a stable catalytic activity.
On the contrary, in reference catalysts, the four-electron O,
reduction into OH™ competed with the two-electron pathway
3,'iv31|:|i_:1§t HO,™ species which can induce electrode corro-
sion.”™™ Besides, LSV before and after a 20 h test showed no
significant change either in the onset voltage or in current
density of both ORR and OER for MC0.5/C, MC1/C, and
MC2/C electrocatalyts (Figure S14). A slight OER current
density improvement was actually observed after 2 20 h test,
which we associate with the slow penetration of electrolyte into
the film nanopores to meet additional catalytic sites.

Catalytic activities for OER are shown in Figure 6, induding
LSV driven to higher values than water oxidation standard
potential, 1.23 V versus RHE and the corresponding Tafel
plots. Coy0,/C showed state-of-the-art values, with an
excellent catalytic activity, clearly outperforming that of
Mny0,/C. Since the Pt/C catalyst was not stable in OER,
exhibiting an oxdation peak in the LSV, an Ir(),-based
commercial anode {Ti/Ir0,:Ta, 0, DSA) was tested as OER
benchmark catalyst. This material showed exceptionally low
onset voltages (0,23 V) and high current densities. On the
other hand, all MC/C catalysts showed excellent OER
performances close to the Co,0y, and DSA references, with
low overpotentials (e.g., 0.31 V for MC1/C) and sharp current
density increases. MCL1/C exhibited a Tafel value of 81 mV-
dec™, clearly below that predicted for a single-electron rate-
determining step, but slightly larger than lowest slopes obtained
in literature, several of them using Ni-, Fe- or Co-based
n‘.'lrE:nn:trc:u:a.tal}fsts:."l'M MNevertheless, MC1/C showed the lowest
Tafel slope from the materials tested here, with a value well
below that of Mn,O, (151 mV-dec™) and MC1-Cl (106 mV-
dec™), but also of Co;0y (110 mV-dec™") and even DSA (104
mV-dec™'). This demonstrates the higher sensitivity to
aoverpotential of the electrocatalytic activity of this materal.

Owerall, MC/C and MC-CI/C composites clearly out-
performed Mny0,/C and Coy0,/C. We associate this fact
with the presence of Co jons on the surface, which provide
enhanced electron transfer capacity and strong coupling, thus
resulting in more favorable reaction kinetics for OFER. The
better performance of MC/C over MC-Cl catalyst showed the
addition of cobalt as a Co,0, phase to be particularly favorable.
In particular, MC1/C exhibited the faster reaction kinetics, with
a Tafel value of 81 mV-dec™, cearly below that of Mn;O,, but
also of that of Co,0, and even DSA.

A main figure of merit for practical electrochemical and
photoelectrachemical applications is the difference between the

potential at ORR current density of —3 mA-cm ™" and that at
OFER current density of 10 mAcm™ (AFqpe_qops Table 1),
The smaller this difference, the closer a material is to being an
ideal reversible catalyst. This value was 1.53 for Mn,0,/C and
107 for Coy0,. Lower AEqgp_opg values were obtained for all
the MC samples, especially for MC1/C, 0.85 V, which is among
the best values reported {Tables S2—54),

Electrocatalytic performance is boosted by enhancing charge
transfer and increasing the number of available catalytic sites,
ie, proper energy band alignment and affinity for O,/0OH”
absorption. In this direction, cation ion doping and nano-
crystallite surface decorating have provided relatively low onset
potentials for spinel structures through increasing availability of
catalytically active sites and their adsorplion capabilities.”"” In
particular, the electrocatalytic activity of Co—Mn—0O spinels
was correlated with the oxygen binding ability on the catalyst
surface.” Obviously, in such a complex catalyst, composition
should be carefully adjusted to optimize performance in the two
reactions. As an example, J. Li et al. calculated the OH™
adsorption energy of Co—Mn oxide with 1:1 ratio to be larger
than that of pristine CoO and MnO, yet the trend was the
opposite for the corresponding adsorption energy of O,
molecule, suggesting that an optimum ratio must be reached
to bridge these two abilities (ORR + OER),"" Consistently with
previous works, we found Mn,O,@CoMn, Oy to outperform
Mn;Oy and Co,0, catalysts in the ORR, but to be
outperformed by the Co,0, catalyst in the OER. However,
Mn,0,@CoMn,0,—Co,0, catalysts reached OER perform-
ances above those of Co,0, while simultaneously further
enhancing ORR. The higher performance of MnyO @
CoMn,0,—Co, 0, catalysts compared with Mn,Oy@
CoMn, 0, demonstrates Co,0, to play a key role in the
electrocatatlyic performance, Besides, the lower performances
abtained for Mn,0,@CoMn,0,—Co, 0 materials with too
high cobalt concentrations (MC2) demonstrate the availability
of MnCo, 0, surface sites to also play an important role in the
overall performance. Such uniguely heterogencous nano-
composite structure, making strong interface coupling between
Co,0, and spinel, can not only provide intrinsic electronic
structure but also a favorable electronic transport capability. We
hypothesize these improvements to be related with (i) a higher
surface site density on the much rougher NP surface after
Co,0, nucleation; (i) an enhanced charge transfer from the
lower band gap Co,0,; and (iii) a modified adsorption affinity
for @, and OH™ that requires extensive computational work to
be elucidated.
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4. CONCLUSION

In summary, Mn,0,@CoMn,0,—Co0 NPs were synthesized
at low temperature and air atmosphere by the cation exchange
of Mn by Co in preformed Mn, 0, NPs and the simultaneous
growth of CoO crystallites at the Mn,0,@CoMn, O, surface.
Such hetereostructured NPs showed electrocatalytic activities
for both ORR and OER in alkaline media outperforming those
of Mn,0,, Coi0, and benchmark electrocatalysts, In
particular, the optimized MC1 composition showed exception-
ally low overpotentials, high current densities with excellent
overall oxygen electrode activity and an improved durability.
The cation-exchange-based synthesis protocol reported here
with and without nucleation of secondary phases should be
used as an additional tool to further aid precise engineering of
complex heterostructured oxide catalysts directed toward
optimizing their performance,
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1.1 Additional TEM micrographs

Figure S1. Additional TEM micrographs of Mn;04 (a), MCO.5 (b). MC1 (¢), MC2 (d) and MC1-
CI NPs (e).

S-2
178



MC2

MC1
MCO0.5
MC1-CI

16

12

Aousnbai4

20

Size (nm)

Figure 82. Histograms with NP size distribution of Mn;04, MC0.5, MC1, MC2 and MC1-Cl
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1.2. Shape and size evolution of MC1 with different reaction time

Long reaction times, up to 300 min, were necessary to achieve Mn;O4@CoMn;04—CoO NPs.
MC1 NP size gradually increased with the reaction time, initially forming CoMn»04 and later on

the CoO satellytes (rougher surface).

Figure S3. TEM micrographs showing the size and shape evolution of MC1 HNPs at reaction
times of (a) 0 min, (b) 60min, (¢) 180min and (d) 300min.
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1.3. Co LDH and High ratio of Co/Mn

Ultrathin Co layered double hydroxide (LDH) nanoplates were obtained following the same
procedure used to produce Mn-Co oxide NPs but in the absence of Mn;O4. Figure S4 (a) and (b)
show the corresponding TEM image and the XRD pattern respectively. When large Co:Mn
molar ratios (Co:Mn = 4) were used, a mixture of Mn-Co oxide NPs and Co LDH was obtained
(Figure S4 (c) and (d)).

I
o
~

Co LDH

{006)

Intensity (a.u.)

Figure S4. TEM image (a) and XRD pattern (b) of Co LDH obtained when injecting Co
perchlorate in the same conditions than for the synthesis of Mn-Co oxide NPs, but in the absence
of Mn3;04 NPs. ¢), d) TEM images of Mn-Co NPs obtained with a ratio Co:Mn=4. The inset
shows a scheme of a Co LDH plate supporting several Mn-Co NPs. Orange arrows show the Co
LDH layers.
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1.4. TGA analysis of as-prepared MC1/C samples

As-prepared MC1/C was analyzed by TGA in air. The weight of the sample started to drop
above 360 °C, as the carbon support started to oxidize. Above 570 “C all the carbon had been
oxidized. The remaining weight, 28.4%. corresponds to the weight ratio of NPs introduced.

1 5 “C min™
100 - MEVC 20 ml min” air
. 801
=
= 60
= 1
QD
40
g ] MC1
20 4 28.4 %
0

100 200 300 400 500 600 700 800
Temperature (°C)

Figure S5. TGA profile of the as-prepared MC1/C.
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1.5. TEM and XRD of MC1/C catalysts after thermal annealing

Figure S6 shows a representative TEM micrograph of the MC1/C compaosite, revealing that MC1
NPs were uniformly deposited on carbon in the loading-annealing process. Besides, no
appreciable change was observed from XRED patterns, indicating insignificant NP structural

variations.
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Figure S6. TEM micrograph (a) and XRD pattern (b) of MC1 NPs supported on carbon black
(red arrows point at some of the NPs.
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1.6. XPS of MC samples
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Figure 87. Co2p region of the XPS spectra of MCO.5, MC1 and MC2 NPs after annealing at
180°C anf of MC1 before the annealing (initial).
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1.7. Surface Area and texture parameters

BET analysis showed NP/C nanocomposites to have specific surface areas around 140 m” g and
average pore size below 20 nm, but MC1-CI/C.

Table S1. Surface area and texture parameters of the NP/C

Sample S[.“.-_T{m‘]'r g']} Average pore size (nm) Pore volume [c:rn:n g'l}
Mn;04/C 150 18.1 0.543
MC0.5/C 135 17.8 0.485

MC1/C 137 17.4 0.487

MC2/C 162 16.4 0.545
MC1-Cl/'C 101 21.52 0.489

59
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2. Additional Electrochemical Measurements Discussion
2.1 Rotating-disk voltammograms of different samples

The electrocatalysts thin film of as-prepared NP/C composites was immobilized by drop casting
a suspension of the electrocatalysts ink onto an inverted glassy carbon disk electrode followed by
the rotational drying. The centrifugal force during rotational drying causes the ink to spread
evenly from the center to edge of the substrate producing a uniform electrocatalyst thin-film free
of “coffee rings” which has a great effect on electrochemical performance and reproducibility of
RDE measurements.' Later on, catalyst loaded electrodes were left in Ar flushed low vacuum
oven (25 mbar) at 40 °C for 1 hour for complete desorption of surface groups left from the ink on
the NPs. Glassy carbon electrode introduced RDE rotator was set to at various rates, i.e. 400,
900, 1200, 1600, and 2000 rpm and voltage window was tuned to obtain a well-defined, steady
state mass transport regime to investigate the electrocatalytic activity towards ORR. The
electrochemical activity of nanostructured catalyst materials was investigated in 0.1 M KOH
electrolyte pre-saturated with Ar or O; at least 30 min before each tests (pH = 13.3). The linear
sweep voltammograms (LSV) for ORR/OER activity of catalyst thin-films were recorded at a
scan rate of 5 mV s with 1600 rpm rotating rate. The Ag/AgCl reference electrode was
calibrated as detailed in the experimental part in the manuscript and the calibration 1s shown in
Figure 58. In order to highlight the change in activity towards ORR and/or OER, such conditions
were selected to well eliminate the O; bubbles formed during the reaction and to instantly
remove the products (LSV curves of all samples with varying rotation rates are listed in Figure
59).

1.0
| 0.1 M KOH

Current (mA)
o o

&
o
1

-1.0 4

406 104 102 100 098 095 094 -0.92
Potential (V vs Ag/AgCl)

Figure S8. Calibration of the Ag/AgCl reference electrode for the transformation of the
reference electrode potential to the reversible hydrogen electrode (RHE) scale.
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Figure 59. Rotating-disk electrode voltammograms recorded on different catalyst-modified
electrodes in Os-saturated 0.1 M KOH solution at different rotation rates as indicated: (a)
Mn304/C, (b) MCO0.5/C, (¢) MCL/C, (d) MC2/C, (e) Co:04/C, (f) MC1-CI/C. All those values for
ORR and OER were calculated by interpolation and analysis of the wave form at both ends. The
wave analysis was made according to two straight lines, defined using a linear regression fit. The
software (EC Lab, Biologic Instruments) automatically finds the two parts of the curve with the
shallowest slope for the fit. E;; is the half-wave potential obtained by the intersection of the
curve with the median between both linear regressions. I, is defined as the current value for E =
E» on the cathodic linear regression.
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Though previous studies reported that MnO, catalytic activity is mainly towards 2 x 2 electrons
along with the peroxide decomposition reaction.” It is well-known that electrocatalytic ORR
process involves multistep and multiple adsorbed intermediates which highly depend on the
catalyst surface pmperties,:" 1.e. specific adsorption of the reactant. Briefly, two main pathways
govern ORR. Pathway A is the * direct 4¢” ORR to H,O ™ (1) and Pathway B is so called * 2 x
2¢" ORR ™ that involve initially hydrogen peroxide (H:0-) formation by 2¢” (2) followed by
either complete reduction to hydroxide with 2¢” (3) or disproportionation into hydroxide and
oxygen, as shown below.

Pathway A.

0, +2H,0 + 4e™ = 40H™ (Ey= 1.23 Vyye — 59 mV/pH) (1)

Pathway B.
0, +H,0+2e” - HO; + OH™ (2)
HO; + H;0 + 2e~ = 30H™ (3)
2ZHO,; = 20H™ + 0, (4)

5-12
188



2.2 Different scan rates and quadratic curves of HNPs samples

Considering the capacitive effect of the NPs, we conducted LSVs of MC1 nanocatalyst film with
different scan rates of 1, 2.5, 5 and 10 mV s and did not observe any negligible difference
between 1 to 5 mV s”'. However a high capacitive contribution was found for 10 mV s due to
the shift of on-set potential and slight increment in current density so the tests were conducted
under 5 mV s™' scan rate speed. All the LSVs conducted under Ar bubbling did not display any
significant activity in the tested potential window for ORR, suggesting no redox coupled reaction
happens in the Ar saturated media (Figure S10).

—_— e’

0.7 08 0.9 1.0 0.7 0.8 0.4 1.0
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-0.1
a —Ft
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g -0.21 —— Wcns
’E — MCt
E — MG (N
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Figure S10. (a) Linear sweep voltammograms under different scan rates to exploit the capacitive
response. Rotating disk electrode was adjusted to 400 rpm and 0.1M KOH solution was pre-
saturated with O, gas for 30 min before the test. (b) The quadratic differential curves plotted
from the corresponding LSVs. The on-set potential can be determined by the extrapolation of
polynomial fit when its quadratic differential value is null on x-axis. (¢) LSVs of nanocomposites
of HNPs having Mn/Co ratio of 0.5, 1 and 2 with an emphasis on lower overvoltage area to
highlight the on-set potentials. The activity under N> bubbling for the catalyst with the highest
performance was also added (in grey) to show the inert and negligible background contribution.
(d) The quadratic differential curves constructed from the LSVs and their polynomial fitting to
indicate on-set potential of oxygen reduction.
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2.3 ORR Tafel curves of different NPs/C and Pt/C
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Figure S11. Tafel plots derived from ORR polarization curves
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2.4 Koutecky-Levich (K-L) plots of different HNPs samples
The K-L curves are constructed following the K-L equation:”
1 N 1 1 a 1 1
PR gk Bain
B = 0.62n,FCy,Dp! v 116

where f, jx and j are measured current, kinetic current and diffusion-limiting current respectively,
@ is the angular velocity, n; is the overall number of electrons transferred during oxygen
reduction, F is the Faraday constant (96500 {.“rnul']}, 'Cﬂz 15 the concentration of dissolved O
{1.2><1D'f’ mol~cm"t}, Dy, is the diffusion coefficient of O, {1.':}|'>=:1[I'S cml-s'l} and v 1s kinetic
viscosity of the electrolyte (0.01 -::mz-:-‘."]. The constant 0.62 1s applied when the rotation speed is
expressed in radius per second (rad/s).
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Figure §12. K-L plots of Mn;0;4 (a), MC0.5 (b), MC1 (c), MC2 (d), MC1-Cl (e) and Cos0y (f) at
0.5 V vs RHE.
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2.5 Additional durability test and TEM images of MC and Pt samples after stability
test

Figure S13 (a) shows long-term stability test was conducted for 60 hours of the MC0.5 and Pt/C
samples. MC0.5 HNPs catalyst showed outstanding current retention 76% of the initial current
compared to benchmark PUC catalyst, which lost 70% after durability test. The MC0.5 HNPs
kept the same morphology after stability test (Figure S13 ¢ and d).
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Figure S13. (a) Chronoamperometric responses of MCO0.5 and Pt/C at 0.79 V in Os-saturated 0.1
M KOH with 60h durability test. (b) Rotation-speed-dependent current-potential curves of Pt/C
catalyst in O-saturated 0.1 M KOH solution, inset of K-L plots of Pt/C at 0.5V vs. RHE. (c) and
(d) show TEM images of MC0.5/C catalyst and commercial Pt/C after 60h durability test.
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2.6 Comparison of ORR and OER activities of MC2 NPs

41 — Before
——— After 20 hours

04 06 08 10 12 14 16 1.8
E (V vs. RHE)

Figure 814. Comparison of ORR and OER activities of MC2 NPs before and after durability test
in 0.1 M KOH solution. The rotation rate is 1600 rpm during the ORR.
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3. Summary of the ORR/OER Catalytic Performance
Table S2. ORR catalytic performance parameters

E® /W ws RHE E® n E* W wi RHE n E* /¥ ws RHE 1 i i."rnlu-l:m"- i.l'rml-l:m? i.hal¥ i n n Tafel Sopes
-0dmAerm2  1600mm Ambem® -lmiem® -Imaem’ -Imacm’ ot =-500mY &t E ol Ag' 1E00rpm KL K-L
0048 geat max 055V 0.6V low  high
M0, 0es 0.8 0.35 0.7 0.51 0.65 057 41 06T 24 17.4 4.6 13 18 100 162
FC1-C1 0,80 0.8 0.34 .78 045 065 058 52 138 -6 345 5.5 15 9 ¥ Il
MCDLS 041 iLEh L= {LEl 0a2 L] .50 4.5 211 2.4 1.4 =1 EX 1.4 21 14
MLl 093 0.93 0,31 087 036 083 040 55 -4.30 -8 36.7 5.7 4.0 34 52 134
MCE 057 0.8 0.34 .87 0.36 0.80 043 54 -361 2.7 385 57 18 18 B3 173
Coyly 0E2 0.82 0.41 o7l 0.52 0.54 05 -45 -0.51 -2.3 a1 5.4 3.4 18 124 M2
Pt 0o 0.2 0.34 .84 039 0.78 045 49 -7 -24 323 5.3 15 13 T 167

Table S3. OER catalvtic performance parameters

E* /\ vs RHE E2 n E* /W vs RHE n E* /W vs RHE n/v Tafel Slopes
0.1mA.cm-2 ImA.cm-2 ImA.cm-2 10 mA.cm-2  for 10mA.cm-2
Miny Oy 146 1.65 0.43 1.75 0.52 2.19 0.96 151
MC1-Cl 1.08 1.66 0.43 1.63 0.40 1.75 0.52 106
MCO.5 1.39 1.61 0.38 1.67 0.44 1.72 0.49 as
MC1 1.45 1.54 0.31 1.59 0.36 1.68 0.45 81
MC2 1.48 1.58 0.35 1.64 0.41 2.01 0.78 83
Coa0y 1.41 1.62 0.39 1.61 0.38 1.71 0.48 110
D5A 1.15 1.48 0.25 1.55 0.32 1.65 0.42 104
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4. State-of-the-art values for bi-functional ORR/OER of non-precious oxide
catalysts

Table 54, Comparison of bi-functional oxygen electrode activities of MC1 hybrid and non-
precious oxide catalysts.

ORR: E(V) OER: E(V) Oxygen electrode

Catalyst material 3 5 References
atj=-3 mAcm at j=10mAcm™ (OER-ORR) E(V)
MC1 NPs 0.83 1.68 0.85 This work
200wt % Ir/C 0.69 1.61 .92 5
Nanostructured Mn oxide 0.73 1.77 1.04 5
C0304/2.7C0:MnOy 0.68 1.77 1.09 6
a-Mn(O--SF 0.76 1.72 0.96 7
MnO./Coa0y 0.28 1.90 1.62 8
¢-CoMns/C* 0.82 1.78 0.96 9
MnCoFeOy 0.78 1.71 0.93 10
B-MnO?2 film 0.76 1.78 1.02 11
Nig4Co2 504 0.75 1.79 0.96 12
NiCo,04/Graphene (.55 1.69 1.14 13
MnC o040 N-rmGO* .84 1.57 0.73(1M KOH) 14
CoO/N-GO 0.81 1.57 0.76(1 M KOH) 15
Mn,0,/NC 0.81 (ImA ecm™) 1.68 0.87 16
Hollow CoFe.0, 0.65(1mA cm'z] 1.68 1.03 17
Fes04/Graphene 0.86(1mA cm™) 1.78 0.92 18

*The value of potential was directly estimated from Tafel slopes and LSVs of the ORR
current density at -3 mA cm™ and OER current density at 10 mA cm™,
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4.1.3 Fe30,@NiFe,0, Nanoparticles with Enhanced Electrocatalytic Properties for Oxygen Evolution

in Carbonate Electrolyte

This section is based on the recently accepted paper “Fe;0,@NiFe,0, Nanoparticles with Enhanced
Electrocatalytic Properties for Oxygen Evolution in Carbonate Electrolyte” in ACS Applied Materials & Interfaces.
We design an earth-abundant catalyst with cost-effective and high activity for water splitting. Herein, we report
monodisperse Fe-Ni oxide based core-shell NPs containing Fe;0, as core material and a NiFe,O, as shell. This
HNPs were efficient electrocatalyst for water oxidation. The core-shell nanostructures were synthesized by a
simple and scalable protocol involving the diffusion of Ni cations to form NiFe,O, shell on iron oxide template.
Significantly, the as-anodized core-shell catalyst film exhibit high activity towards the OER under near neutral pH
conditions (pH is 9.75 in carbonate electrolyte), reaching a current density of 1 mA/cm? at 410 mV overpotential
and the Tafel slope of 48 mV/dec. Such a simple strategy was applied to incorporate manganese and cobalt ions
into Fe;0, NPs for OER or for other applications. This method yielded efficient low cost catalyst inks that can be
produce in large scale, at low temperature and ambient pressure for water oxidation. The graphical abstract is

shown in Figure 4.6, and the article is found right below these lines.

Fe3+ ° NP
° . oW ..
T T g
[ )
Fe;0, NCs Fe;0,- NiyFe3 0, NCs
0;° ' " 1 spin-coating

lass

NPs

Figure 4.6 Scheme illustration of the synthesis of core-shell NPs and fabrication of electrocatalysts thin film to

apply water oxidation.
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ABSTRACT

The design and engineering of earth-abundant catalysts that are both cost-effective and highly
active for water splitting is a crucial challenge in a number of energy conversion and storage
technologies. In this direction, herein we report the synthesis of Fe:Ou@NiFe,O, core-shell
nano-heterostructures and the characterization of their electrocatalytic performance toward the
oxygen evolution reaction (OER). Such nanoparticles (NPs) were produced by a two-step
synthesis procedure involving the colloidal synthesis of Fe;04 nanocubes with a defective shell
and the posterior diffusion of nickel cations within this defective shell. Fe;Os@NiFe, O, NPs
were subsequently spin-coated over ITO-covered glass and their electrocatalytic activity toward
water oxidation in carbonate electrolyte was characterized. Fe;O4@NiFe,O, catalysts reached
current densities above 1 mA/em” with a 410 mV overpotential and Tafel slopes of 48 mV/dec,

which is among the best electrocatalytic performances reported in carbonate electrolyte.

1. INTRODUCTION

The electrocatalytic OER has a key and limiting role in several energy conversion and storage
technologies such as metal-air batteries, fuel cells, and clcctmlyzers.” A main challenge of
water oxidation is its slow kinetics associated to a multistep proton-coupled electron transfer
process that involves four protons and four electrons (40H™ — 2ZH,0 + O + 4¢’, in basic media).
OER generally requires voltages significantly above the thermodynamic potential for water
sphitting, which has an efficiency cost. To reduce this potential, OER catalysts based on
expensive and scarce noble metals, such as IrD: and Rusz'F' are currently used, which have an
economic cost that limits the penetration of related technologies in huge markets such as

transportation and grid integration of renewable energies. Consequently, an enormous interest
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exists in developing stable OER catalysts that are able to lower the kinetic barriers associated
with the OER and at the same time are based on earth-abundant metals.

Over the years, a plethora of compounds have been explored as OER {:atal}fst:-;."r'lg A good
catalyst must have: 1) small energy steps between the involved chemical and charge transfer
steps, to minimize overall overpotential; ii) a proper strength of the bond between metal cations
and oxygen/hydroxide species; > iii) high surface areas with proper porosity to maximize the
density of accessible reaction sites per electrode unit area; iv) large density of proper reaction
sites, which may call for defective structures with low energy of formation of proper defects and

. 0.
even amorphous materials; 1o

v) high electrical conductivities to maximize current densities,
especially in thick porous lavers providing large number of sites per electrode arca unit; vi)
proper catalyst-electrode energy band alignment preventing Schottky barriers in the common
case of using semiconductor catalysts; and vii) high stability at operation conditions.

A number of transition metal compounds have exhibited particularly attractive activities and
durabilities for water oxidation in alkaline electrolytes. Among them Ni-Fe oxides, hydroxides,
or oxyhydroxides at reaction conditions are the most promising earth-abundant OER catalysts

0,20-33

under alkaline conditions. Within these materials, Ni is generally considered the active

oxygen evolution center.*”' On the other hand, Fe incorporation provides improved electrical

sl 1 . tp P 2
conductivities,”"** partial charge transfer modifying Ni site energ}r,‘ﬂ'”

stabilization of proper
crystal phases and/or proper Ni oxidation states, and also an increased strain, defect density, and
overall lower crystallinity.z' Some authors have also proposed iron cations within the Ni-Fe
oxide structure as the active sites with near optimal adsorption energies for the intermediates

formed during the OER." In this regard the iron chemical state is also modified by the Ni

environment and even Fe'" species, which may be the active species when in corners, edges or
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defect sites, were identified under OER conditions in Ni-Fe catalysts using Mdassbauer
spectroscopy.”

The pH has a particularly strong influence in Ni-Fe oxide/oxyhydroxide catalysts, which was
attributed to a deprotonation of Ni-based catalysts to form active oxygen species that may act as
the OER precursor.” OER metal oxide catalysts are operated at high pH values to maximize
activity. However, the use of pH wvalues closer to neutral has advantages such as an improved

33-3% As an

stability of the cell components and improved safety during processing and use.
example, Cao and coworkers reported a Fe-based film as highly active electrocatalysts in neutral
aqueous solution.”® Besides, Zaharieva et al. demonstrated an excellent performance of
clectrodeposited Mn oxide catalysts for electrochemical water oxidation at neutral pH solution.””
COs-saturated carbonate solutions are increasingly used as relatively low pH electrolyte with the
additional potential of multi-functionality as water splitting can be combined with CO; reduction
to produce carbon-based liquid fuels. Another potential advantage is that carbonate solutions are
also more environmental friendly than for instance the phosphate buffer which may cause critical
eutrophication of water I:rndy.”'m Considerable effort has been devoted to the development of

transition metal oxides as OER catalysts in carbonate electrolyte.*'™

As an example, Sun et al.
reported a Fe-based electrocatalyst in carbonate electrolyte having a 560 mV overpotential at 10
mA/em” and 34 mV/dec of Tafel slc}pe.m Joya and co-workers demonstrated that Ni-based
electrocatalysts in a bicarbonate electrolyte reached a slope of -63 mV/pH, close to the
theoretical value of -39 mV/pH for a PCET mechanism involving one electron and one 1:-r+c:1tn:-r1.‘1‘1
In terms of processing, most electrocatalysts are currently coated as powders onto conductive

substrates with the aid of polymeric binders such as Nafion.*” The use of a binder can decrease

liquid-solid interface and reduce electrical conductivity of the electrode, while at the same time it
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can have associated stability problems due to peel off. Over flat substrates, electrodeposition and
vacuum-based thin film techniques generally yield compact crystalline layers, with low specific
surfaces and thus activities. Instead the use of mesostructured supports, such as stainless steel

. . . ol 4,46
meshes or nickel foams provides much higher areas and activities.”

Alternatively, the printing
or deposition of colloidal NPs with tuned compositions not only potentially provides highly
porous layers, but also an unmatched composition control at the nanometer scale using high-
throughput and high yield chemical routes at ambient pressure and low temperature.”’ " The
huge potential of such solution-based strategies to tune material properties at the nanoscale
resides in the ability to chemically manipulate material growth from the very initial combination
of atoms into a cluster, and to do so in parallel for huge amounts of NPs, all self-evolving at the
same rate and in the same conditions. Thus, very large amounts of material in the form of
colloidal NPs with precisely tuned properties can be produced in a simple, fast, and cost-
effective manner. Colloidal synthesis routes are also extremely versatile, allowing production of
elemental or multinary nanoparticles with a wide range of compositions and also multi-material
nano-heterostructures with organized phase distribution by the parallel or sequential growth of
one material at the surface of the other or by replacing part of the ions of a preformed
nanostructure,”

Herein, we report the colloidal synthesis of a novel Fe-Ni oxide OER catalyst based on core-
shell NPs containing a Fe;Oy4 core and a NiFe,O, shell. Such Fe;O4@NiFe,Oy core-shell NPs
were produced by a simple and scalable protocol involving the diffusion of nickel cations within
the defective shell of Fe;O4 NPs. This simple strategy yielded a catalyst ink that was easily

applicable to any support using low cost solution-processing technologies and without the use of

polymeric binders. We further demonstrate the suitability of the synthesized materials and used
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processes to produce OER catalysts in a carbonate electrolyte that are beyond the state-of-the-art
in terms of activity and stability.
2. EXPERIMENTAL

Chemicals: Cobalt(Il) perchlorate hexahydrate (Co(ClO4):-6H20), nickel(Il} perchlorate
hexahydrate (Ni(ClO4):-6H20), sodium oleate (Na-OA, =82%), octadecene (ODE, 90%)
xylenes (= 98.5%) , oleylamine (OLA, =70%), oleic acid (OA, 90%) were purchased from
Sigma-Aldrich. Toluene, hexane, chloroform, acetone, and ethanol were of analytical grade and
obtained from various sources. Milli-Q) water was supplied by the PURELAB flex from ELGA.
All chemicals were used as received without further purification, except OLA, which was
purified by distillation.

Synthesis Fe;O4 nanocubes: Fe;04 nanocubes were used as a template for the synthesis of
Fe;04@NiFe, O, core-shell NPs. Several routes can be found in the literature to produce such
nanostructures. We followed and detail here a procedure developed from merging two previously

57 First, iron oleate (Fe-0OA) was obtained by dissolving 1.3 g (8 mmol) of

reported protocols.
FeCly and 7.3 g (24 mmol) of sodium oleate (Na-OA) in a mixture of 12 mL H»O, 16 mL
ethanol, and 28 mL hexane. The resulting mixture was stirred overnight at room temperature and
purified in a separatory funnel by washing 5-6 times with preheated (80°C) MQ-water (18.2 MQ,
filtered with filter pore size 0.22 pM, Millipore). The resulting organic layer was dried under
reduced pressure in a rotary evaporator until all remaining H>O was removed. Once purified, 0.4
g of Fe-OA (4.44 mmols), 0.1 g of Na-OA (3.28 mmols), 0.1 mL of OA (0.32 mmols), and 10
mL of ODE were mixed in a 25 mL three-neck flask and degassed under magnetic stirring for

1.5 h at 70°C (0.2-0.3 mbar). The reaction mixture was then heated to 330°C (5.5°C/min) under

an Argon blanket and kept at that temperature for 30 min. The solution was then cooled down to
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room temperature and NPs were collected by adding 20 mL of acetone and centrifuging at 9000
rpm for 10 min. The black/brown precipitate was re-dispersed in 5 mL of chloroform under
sonication and washed at least 2 times more. Finally the NPs were dispersed and stored in 5 mL
of chloroform. Within this synthesis protocol, variation of the OA concentration, heating ramp
and reflux temperature would allow for size tuning.

Synthesis of Fe;O4@NiFe,0, NPs: In a 25 mL three-neck flask, 10 mg of Fe;04 NPs,
weighted after precipitation and drying, were dissolved in 5 mL of xylene along with (.41 mL of
OLA (1.26 mmols) and 0.08 mL (0.26 mmols) of OA and heated to 90°C. Then, 0.5 mL of
Ni(ClO)z-6H:0 aqueous solution (0.2 M) was injected into the reaction solution under vigorous
stirring and kept at 90 °C in air for 5 h. Finally, the solution was cooled down to room
temperature and NPs were collected by adding 15 mL of ethanol. The precipitate was re-
dispersed in 5 mL of toluene and precipitated again with ethanol. Finally NPs were re-suspended
in 5 mL of toluene for further characterization.

Structural, chemical and magnetic characterization: Transmission electron microscopy
(TEM) analyses were carried out using a ZEISS LIBRA 120, operating at 120 kKV. High-
resolution TEM (HRTEM) and Scanning TEM (STEM) studies were conducted using a field
emission gun FEI™ Tecnai F200 microscope at 200 kV with a point-to-point resolution of (.19
nm. High angle annular dark-field (HAADF) STEM was combined with electron energy loss
spectroscopy (EELS) in the Tecnai F20, by using a GATAN QUANTUM filter. Samples were
prepared by drop casting a solution of NPs on a 200 mesh copper grid. Scanning electron
microscopy (SEM) analyses were performed using a ZEISS Auriga microscope with an
energy dispersive X-ray spectroscopy (EDS) detector operating at 20 kV, that allowed for

analysis of the NP composition. For SEM characterization, the materials were dispersed in
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chloroform and drop casted onto silicon substrates. Powder X-ray diffraction (XRD) patterns
were collected directly from the as-synthesized NPs dropped on Si(501) substrate on a Bruker
AXS DB Advance X-ray diffractometer with Ni-filtered (2 pm thickness) Cu K radiation (A
= 1.5406 A) operating at 40 kV and 40 mA. A LynxEye linear position-sensitive detector was
used in reflection geometry. X-ray photoelectron spectroscopy (XPS) was done on a SPECS
system equipped with an Al anode XRS50 source operating at 150 mW and a Phoibos 150 MCD-9
detector. The pressure in the analysis chamber was always 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 (.1 eV. Data processing was performed with the CasaXPS program (Casa
Software Ltd., UK). Binding energy (BE) values were centered using the C 15 peak at 284.8 eV.
The atomic fractions (%) were calculated using peak areas. Magnetic hysteresis loops of the
powder material were recorded at room temperature using an Oxford Instruments 1.2 H/CF/HT
vibrating sample magnetometer (VSM) with a maximum applied field of 1 Tesla. Magnetizations
were corrected for the organic content of the wmaterials (20-30 %) as measured by
thermogravimetry.

Electrolytes and Catalyst Preparation: The carbonate buffer solution was prepared by
mixing equal volume of 0.2 M Na;COs and 0.2 M NaHCO; aqueous solutions."” The pH was
monitored by using a pH meter. To prepare the catalysts films, Fe:04 and Fe:Oy@NiFe, O, NPs
were dispersed in octane with a concentration of about 10 mg/mL. ITO glass substrates were
coated with the NPs by spin-coating. Briefly, 200 pL of the suspension was gradually dropped at
200 rpm. After the substrate was spun for 1 minute, the speed was increased up to 900 rpm and
kept at this speed for 1 additional minute. To make different NPs layers, the iron-based films

were dried on a hot-plate (~110 °C) to completely evaporate the solvent and then the spin-
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coating process was repeated. The obtained films were denoted 1TO-Fe;0y4 for Fe;04 NPs and
ITO-Fe;04-Ni# for Fe;04@NiFe, O, NPs, where # is the number of layers deposited by the spin-
coating process (# = 1-4). Then these films were annealed for 30 min at 300°C in 5% HJ./Ar
atmosphere.

Electrochemical characterization: Electrochemical measurements were carried out on a
computer-controlled workstation bipotentiostat (Versa STAT 3, Princeton Applied Research).
The custom-made three-electrode system that was used included 25 mL of carbonate electrolyte
with a pH of 9.75, a silver-silver chloride reference electrode (Ag/AgCl with saturated KCI
encapsulated, 012167 RE-1B, ALS Co. Ltd-BAS Inc.), a platinum foil for the counter electrode,
and a 1.5 cm’ ITO glass with or without catalysts for the working electrode. A scan rate of 50
mV/s was used for all the current density measurements, All potentials are reported versus the
reversible hydrogen electrode (RHE) using the Nernst equation as follows:

Erue = Eagagor + 0.059 x pH + E”sgiagrr (V) (1)
where pH is the electrolyte pH and E"aga0ci = 0.197 V versus the normal hydrogen electrode
(NHE) at 25°C for the Ag/AgCl/ saturated KCI solution (CH Instruments, Inc.). The OER
overpotential (1) was calculated using the equation below:

N = Eagag— E" (02/H;0) (V) (2)
where E" (02/H,0) is the thermodynamic potential for water oxidation (the OER) relative to
Ag/AgCl at pH = 9.75, which was calculated to be 0.65 V using,

E° (05/H20) = 1.23 - 0.059 x pH - E°yzaect (V) (3)

All the potentials reported here were iR-corrected. Current densities were calculated using

geometric surface areas.
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0, evolution evaluation: We used gas chromatography to analyze the reaction products and
calculate the Faradaic efficiency for O, production. For this measurement, the electrochemical
reaction was carried out within a gas-tight electrochemieal cell containing a silver-silver chloride
reference electrode (Ag/AgCl with saturated KCl encapsulated), a glass fritted isolated platinum
counter-electrode and a 1.5 ¢cm’® ITO-Fe:04-Ni anodized catalysts as the working electrode.
Before measurement, the electrochemical cell was purged by bubbling Ar for 2h. The experiment
was carried out at 1.3 V vs. RHE in 80 ml carbonate buffer solution. The produced oxygen was
extracted using a 18 ml/min Ar flow introduced using a mass flow controller. The gaseous outlet
flow from the cell were analyzed on-line every 10 min using a two channel gas micro-
chromatograph (490 Micro GC) equipped with an M5A 20 m and a PPQ 10 m columns and
TCD detectors. The steam water was condensed before the gas chromatography analyses using a
trap kept at 175 K. The Faradaic efficiency was calculated by measuring the amount of oxygen
in the effluent gas, taking into account the Ar gas flow and comparing these values with the
charge transferred calculated from the current density measured with the potentiostat. Figure 51

shows a photograph of the experimental set-up used for this measurement.

Figure 1 shows a scheme of the synthetic protocol used to prepare the Fe-Ni oxide NPs and the

process used to produce the NP-based clectrocatalyst.
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Figure 1. Scheme of the synthesis of core-shell Fe;Os@NiFe, 0, NPs as a result of the growth of
a shell on top of Fe:Oy4 seeds. Thin films were fabricated by spin coating a solution of NPs on top

of an ITO substrate and their electrocatalytic performance in water oxidation was tested.

3. RESULTS AND DISCUSSION

Figure 2 shows representative TEM images, size distribution histograms, and XRD patterns of
the initial iron oxide NPs and the final iron-nickel oxide NPs produced following the above
detailed procedure. The NP’s morphology did not change with the introduction of nickel ions
and the average size just very slightly increased from 17 £ 2 nm to 18 £ 2 nm (Figure 2¢). XRD
patterns (Figure 2d) revealed the initial iron oxide NPs and the final iron- nickel oxide NPs to

have a cubic inverse spinel structure, as it corresponds to magnetite Fe;0,4 and the maghemite y

-Fe:0s defective structure. Following previous reports, we indexed it as magnetite (JCPDS 01-
086-1350)."""" The peak broadening due to the small crystal domain size and the very similar
unit cell parameters of FeiOy4 and iron-nickel oxides with an inverse spinel structure, such as

NipgFez 404 (JCPDS 01-087-2338), prevented an explicit identification of any effect of Ni on the
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NP’s crystal phase from the XRD pattern. Using Scherrer’s equation, we calculated the size of
Fe304 and iron-nickel oxide NPs to be 17 nm and 20 nm respectively, in good agreement with

TEM results.

= eTFy
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Figure 2. Representative TEM micrograph of FeiOs; NPs (a) and FeiO4-Ni NPs (b). Their
corresponding size distribution histograms (c) and XRD patterns (d), including reference patterns

for Fe;O4 (black bars, JCPDS 00-001-1111) and NiggFe; 404 (blue bars, JCPDS 01-087-2338).

ICP analysis revealed the overall [Ni]/[Fe] ratio of the NP ensemble to be [Ni]/[Fe] = 0.1.
SEM-EDX analyses at different points of the sample confirmed this elemental ratio and
demonstrated excellent compositional homogeneity at the micrometer scale. To determine the

clemental distribution within each NP, low magnification annular dark field (ADF) STEM and
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chemical maps were further acquired (Figure 3a). Elemental compositional maps, obtained by
EELS using O K, Fe Ly ;and Ni L, ; edges, revealed the presence of Fe and O throughout all the
cubic-shaped NPs, but with a 3 % increase in oxygen content and 6 % reduction in Fe atomic
percent at the outer parts of the NP with respect to the centre. On the other hand, Ni was only
detected at the outer parts of the NPs (Figure 3a), reaching almost 5% of the total composition
there.

Figure S2 and Figure 3b show representative HRTEM micrograph of Fe;O, and
Fe;Ou@NiFe, 0, NPs. respectively, and details of their crystal structure. The power spectrum of
the HRTEM of Fe;O4@NiFe,O, (figure 3b) could be fitted with that of magnetite (space group
FD3-MZ) with a = b = ¢ = 8.4082 A. Both the core and the shell showed the same cubic Space
Group: FD3-MZ. The dark contrasts that can be observed in the micrographs might correspond
to Moiré fringes caused by two lattices with a small mismatch. Geometrical Phase Analysis
(GPA) analyses also showed a decrease in the djpo-spacing on the outer parts of the NP (Figure
3b). From these results, we calculated differences of cell spacing between the core and the shell
of around 4%, which cannot be explained by just taking into account the Ni diffusion. Notice that
the difference in lattice parameter between Fe;Oy and NiFe;Oy structures should be about 1%,
and that the amount of Ni in the shell of the NPs here produced was even lower: [Ni]/[Fe]~0.12.
Besides, similar contrasts were also observed on the original iron oxide NPs (Figure 2a).
Checking for the relative composition of the oxygen in Figure 3a it is clearly observed that the
shell is more oxidized than the core. Thus we hypothesize that original NPs already have a core-
shell structure with a magnetite core and a more oxidized, defective maghemite shell. This
hypothesis explains the difference in lattice constant and the contrasts observed in the low

magnification TEM image on Fe;0Os and Fe;Oy@NiFe,O, NPs.

ACS Paragon Plus Environment

211



~

' 1
Ni at. % P A" e RGN
!

-
[

)

Ni** precursor concentration (M)

¢) 1o Y d) 0.00 0.05 010 015 0.20
5 Fe,O0,@Ni Fe, O, T e \
= o
£ 59 Fe.O 55
3 374 '3
c 84
2 0 o
5 E 3
2 .50 R:2 '
[ g
© G 1
= =z
-100 N - 0 v
-1.0 0.5 0.0 0.5 1.0 0 1 2 3 4 5
Field (T) Reaction time (h)

Figure 3. a) Low magnification ADF STEM image, relative atomic composition, and elemental
maps of Ni, Fe and O; b) HRTEM micrographs of Fe;Os@NiFe,O,, detail of the squared region
and their corresponding indexed power spectrum (inset), HRTEM shows Moiré contrasts,
dilatation map applying GPA to the (040) planes of Fe;O4@NiFe,O, core-shell NPs and
structural map obtained with the (040) plane revealing differences in d-spacing between core and
shell;: ¢) Magnetization hysteresis loops of Fe:O4 and Fe;Os@NiFe, O, NPs; d) EDX data
showing the molar fraction of Ni as a function of the molarity of the precursor solution of Ni*"
added during the synthesis (red line, 0.5 mL injected, reaction time = 5h) and as a function of the

reaction time increasing (black line, 0.5 mL injected of a 0.2 M Ni*" precursor solution).
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To support this hypothesis, we measured the magnetic properties of the produced NPs,
magnetization being a property particularly sensitive to crystallinity. As observed in Figure 3c.
Fe;04 NPs were characterized by relatively low magnetization values compared with bulk
magnetite, which clearly points toward the presence of a defective surface structure.
Surprisingly, the addition of Ni significantly increased magnetization, in opposition to what is
expected taking into account the lower saturation magnetization of nickel ferrite when compared
to that of magnetite. We believe that such an increase of the saturation might be associated to the
partial reconstruction of the magnetically frustrated layer on the surface of the Fe;04 seeds due
directly to the Ni incorporation or to the additional annealing of the NPs at temperatures close o
100 *C during the Ni diffusion.

From these results, we further hypothesize that the defective shell helps Ni incorporation to the
lattice and that this Ni incorporation is limited to the defective shell structure. We observe that
the Ni diffusion is self-limited in terms of localization (Figure 3a) and concentration. In this last
direction, the amount of Ni in the final core-shell NPs gradually increased with the reaction time
up to 4 hours and remained stable after this mark (Figure 3d). The concentration of Ni in the
core-shell NPs was kept almost the same even when increasing amounts of nickel precursor were
introduced (Figure 3d). These experimental evidences and the low nickel ratio obtained even at
relatively high nickel precursor concentrations and after long reaction times point toward a self-
limited diffusion of Ni within the Fe;0, structure.

The use of a perchlorate precursor was critical to incorporate nickel within the iron oxide and
to produce NPs with a core-shell compositional distribution. When following the exact same
procedure but using a chloride (NiCl;) instead of a perchlorate precursor, Ni was not detected

within the NPs. Differences may be ascribed to the lower coordination ability of perchlorate
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rather than chloride ions, which make perchlorate precursors slightly more reactive and thus
inclined to the cation incorporation within the Fe;0y structure than chloride precursors.”™ The
reaction of the nickel perchlorate precursor in the absence of Fe;0, seeds resulted in the

formation of Ni(OH ) nanosheets (Figure 53).
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Figure 4. a) SEM micrographs of Fe;O4@NiFe, 0, catalyst film before and after annealing. B)

Fe 2p, Ni 2p and Ols regions of the XPS spectra of the catalyst layers before and after annealing.

To study Fe;O0y4 and Fe;Oq@NiFe, 0, core-shell NPs toward OER, NPs were spin coated onto
ITO-coated glass substrates (Figure 1). The layer thickness could be controlled by the number of
spin coating steps or the concentration of the deposited NP solution. SEM micrographs of the
ITO-Fe;04 and ITO-Fe:0O4-Ni films revealed the catalyst to have a relatively rough surface
(Figure 4a). After deposition, the catalysts were annealed under 5 % Hz/Ar atmosphere at 300 °C
for 30 min. This annealing process did not significantly change the composition or distribution of
the chemical states of the films according to XPS analysis (Figure 4b); the surface atomic
[Mi]/[Fe] ratio changed slightly from 0.62 to 0.55 after annealing and a slight negative shift, ~0.3
eV, of the Ni 2P;; binding energy was obtained with the annealing process in a hydrogen

atmosphere. XPS further demonstrated the presence of at least two types of oxygen at the NP
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surface. The component at lower binding energies (529.9-530.1 eV) corresponds to lattice
oxygen in metal oxide and the component at higher binding energies (531.6-531.8 eV) to
hydroxide groups at the surface. Significantly higher contributions of the hydroxide groups at the
surface of the Ni-containing sample were observed.

The OER catalvtic activity of the as-prepared catalyst films were evaluated by cvclic
voltammetry (CV) using a carbonate buffer solution as electrolyte (pH = 9.75). To optimize the
catalyst thickness, the ITO-Fe;04-Ni performance was initially analyzed as a function of the
number of layers deposited. Catalyst films that were too thin provided a reduced number of sites
for the water oxidation reaction, resulting in relatively low current densities. On the other hand,
catalyst films that were rather thick had associated lower performances due to an increase of the
electrical resistivity. We found the optimum thickness to be around 60 nm, which corresponded
to two spin coating processes (Figure 5a, 5b).

Setting a constant potential above the water oxidation onset, we observed that the current density
increases over time (Figure S4). This beneficial anodization process has been previously used to
clectrochemically activate the catalyst. For example, Nocera and co-workers reported that the
anodization process lead to changes of the oxidation state and the structure of electrodeposited
Ni-based catalyst films, resulting in markedly improved catalytic activity.” Sun et al. also
demonstrated that  after anodization, electrodeposited FeOOH catalysts exhibited lower
overpotential and Tafel slope and higher current density compared with non-anodized films."”
However, 1. Roger and M. D. Symes demonstrated the incorporation of small amounts of
impurities, such as Ni, during anodization processes could result in strong increase of current
densities.” Our catalytic films were not produced by electrodeposition but by the spin coating of

previously formed nanocrystals, which have a relatively high chemical and structural stability.
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Furthermore, we found similar relative anodization effects in catalysts with different surface
compositions, but final current densities for the different anodized catalysts were quite different,
discarding a main electrocatalytic effect of an incorporated impurity. Minor crystallographic
and/or chemical modification of the NCs may take place during anodization (although no
evidences in this direction could be obtained) and these could have an effect on the
electrocatalytic performance. However, we hypothesize the main anodization effect on our
materials could be associated to the removal by oxidation of residual organic species and
possibly carbon from the NCs surface freeing surface sites for electrochemical reaction.
Actually, SEM analvsis shows the electrodes after anodization to present more clearly defined

NCs, denoting a lower contamination (Figure S5).

Figure 5¢ shows CV characterization of ITO-Fe:Oy and 1TO-Fe;0s-Ni, before and after
anodization. The CV profile of ITO is also plotted as a reference although it exhibited almost no
catalytic activity. Generally, the as-anodized catalyst films showed superior OER activities
compared to non-anodized films. In particular, ITO-Fe:04-Ni-ano displaved a much lower
overpotential (# =410 mV at 1 mA-em™) than ITO-Fe;0,-Ni (5§ = 520 mV), ITO-Fe;0, (5 = 750
mV) and ITO-Fe;Oy-ano (5 = 640 mV). The corresponding Tafel slopes are shown in Figure 5d.
ITO-Fe;04-Ni-ano also showed the lowest Tafel slopes, down to 48 mV/dec, as compared to
ITO-Fe;04-Ni (65 mV/dec), ITO-Fe.0y (140 mV/dec), and ITO-Fe;04-ano (171 mV/dec). The
catalyst stability at a current density of 1 mA-cm™ in carbonate electrolyte was also evaluated.
As shown in Figure 5e, the anodized catalysts displayed no decrease of activity with time, but a
slight increase of current density was obtained. Owerall, such ITO-Fe;0Oy-Ni-ano catalyst films
were superior to most transition metal-based OER catalysts at near neutral pH conditions

previously reported (Figure 5f and Table 1).
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Figure 5. a) CV of ITO-Fey04-Ni catalysts with different film thicknesses; b) Photograph (inset)
of ITO glass (left) and ITO-Fe;04-Ni catalyst film after anodization (right) and SEM image of
the ITO-Fe;04-N1 catalysts after the anodization process; ¢) CV of ITO and the different
catalysts; d) Corresponding Tafel plot of the different catalyst; ¢) Stability measurements of ITO-
FeiOgy-ano and ITO-Fe;04-Ni-ano catalyst films; f) Comparison of overpotential at 1 mA/em”
and Tafel slopes between transition metal-based OER catalysts reported at neutral or near neutral
pH condition.'”*"*"* Conditions: 0.2 M pH 9.75 carbonate buffer electrolyte, RE is Ag/AgCl,

CE 15 Pt foil, scan rate 50 mV/s, electrode area 1.5 em’.

We used the ITO-Fe;04-Ni anodized catalysts operated at 1.3V vs. RHE to measure the Faradaic

efficiency for O; production. At this potential, the working electrode provided a current of 4.5 £
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0.1 mA (Figure S8), which corresponds to around 2.8 + 0.6 x 10" e/s and would translate to the
production of 7.0 £ 0.2 x 10'% O4/s. The gaseous reaction products were extracted using a 18 + 1
ml/min Ar flow, which in the stationary state and considering a 100% O; production yield would
translate into an oxygen concentration of a 0.095 4+ 0.06 %. After calibrating our gas
chromatograph to measure oxygen concentrations in this range, we measured an oxygen
concentration on the effluent gas of 0.096 £ 0.008 % (Figure S8). Thus, a Faradaic efficiency of

101 + & % was calculated.

The same strategies were applied to incorporate cobalt and manganese ions into FesOy NPs
using cobalt and manganese perchlorates as cation precursors, and catalysts were fabricated with
the obtained NPs. In Figure 6, the electrocatalytic properties of the obtained compounds are
plotted. The ITO-FeyOy-Co catalyst film exhibited higher OER activity than ITO-Fes;O4 catalyst,
with an overpotential 7=620 mV at | mA-em™, and a corresponding Tafel slope of 158 mV/dec.
However, the ITO-Fe;04-Mn catalyst film showed a lower OER activity compared with all other
catalysts tested, indicating the incorporation of Mn to reduce the Fe;O4 performance toward

water oxidation.
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Figure 6. a) CV of ITO and different catalysts; b) Corresponding Tafel plot of the different

catalyst, Conditions: 0.2 M pH 9.75 carbonate buffer electrolyte, RE is Ag/AgCl, CE is Pt foil,

scan rate 50 mV/s, electrode area 1.5 em?,

Table 1. Comparisons of different earth-abundant transition metal water oxidation catalysts at
pH 9-9.75.

Overpotential
Tafel Slope
Catalyst at ImA ¢cm™ pH Reference
(mV dec™)
(mV)

FeQOOH 500 34 9.75 19

Nickel-broate 540 57 92 59

NiO 540 58 9.2 61

NiO, 510 54 9.2 63

IrOy-nH,O 200(1.5 mA em™) 52 9.0 63

4, CONCLUSION
In summary, Fe;O4@NiFe 0, core-shell NPs were synthesized at low temperature and in air

atmosphere by a two-step method involving Ni cation diffusion within the outer defective shell
of Fei:0y template NPs. Such core-shell NPs were deposited onto ITO glass by a spin-coating
process to form thin catalyst films, which exhibited high electrocatalytic activity for OER in
carbonate electrolyte. In particular, the as-anodized core-shell catalyst film showed low

overpotenital of 410 mV at 1 mA/ecm” and Tafel slope of 48 mV/dec. This core-shell NP
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synthetic protocol can be expanded as a general strategy to grow metal oxide heterostructures for
OER or for other applications. Furthermore, the magnetic properties of the NPs could be
improved during the shell growth process, providing potentially useful materials for

environmental remediation, purification, and biomedical applications, among others.
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Figure S1. Experimental set-up used to measure the Faradaic efficiency of O, production.
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Figure S2. HRTEM micrograph of a Fe;0, NP and its corresponding power spectrum.

S-2
231



Ni(OH), JCDPS 00-003-0177

Intensity (a.u.)

\HA

15 20 25 30 35 40 45 50
20 (degree)

Figure S3. TEM micrograph and XRD pattern of the Ni(OH); nanosheets obtained when reacting the nickel
perchlorate precursor without the presence of Fe;0, seeds.
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Figure S5. SEM images of the ITO-Fe;04-Ni electrode before and after anodization
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Figure 87. Linear sweep voltammograms of ITO-Fe;0,-Ni ad different rotation rates.

CV data of most materials showed a hysteresis. While a small capacitance effect may be present, we
hypothesize the irreversible effect to be attributed to the oxygen bubbles easily adhere to the electrode
surface. When the bubble grows up to a critical value, it will move along the electrode surface and coalesce
with other bubbles. Bubble coalescence easily gives rise to a layer of gas membrane in the vicinity of the
electrode, which can increase ohmic resistance or/and decrease the active site available for EOR, producing an
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“irreversible” effect. Depending on the quantity and size of oxygen bubbles and the capacity of coalescence,
this effect could be increased. For this reason, several catalysts show different “irreversible”
effect. Additionally, oxide structure before and during the EOR can suffer changes in oxidation state (i.e.
between hydroxide and oxyhydroxide forms) and oxide forms associated with chemical “irreversibility” in
electrode composition and roughness. This effect is largely reported in the literature.”
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Figure 58. O, concentration measured at the gas chromatograph (left) and current measured at the ITO-Fe;0,-
Ni working electrode (right)
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Figure 59. XRD patterns of Fe;0, NPs and Fe;0,-Ni NPs including reference patterns for Fe;0,, NiO and Ni{OH);

Reference

51, Hoang, T. T. H.; Cohen, Y.; Gewirth, A. A., In Situ Electrochemical Stress Measurements Examining the
Oxygen Evolution Reaction in Basic Electrolytes. Anal. Chem. 2014, 86 (22), 112590-11257.
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Chapter 5

Conclusions



The main objective of this thesis focuses on compositional design and engineering colloidal NPs and their
application in energy conversion. This principally included the synthesis and characterization of colloidal NPs, and
in-depth exploration of their catalytic properties. Special focus is the synthesis and characterization of copper-
based chalcogenides, bimetallic and multicompent metal oxide NPs. The results were shown in the series of

articles which have been published or are under review in high impact peer-review journals.

These works can be extracted to conclusions as following:

(1) Copper-based chalcogenides NPs: Detailed synthetic routes to produce CZTS and CZTS-based HNPs i.e. CZTS-
Au, CZTS-Pt and CZTS-Ag,S. The composition, size and shape control of CZTS NCs have been achieved by tuning
the precursor concentration, surfactants, gas bubbling and heating ramp. This synthetic strategy method can be
easy to scale up to grams at the same time keeping above 90% vyield per batch by a simple vacuum free heating-
up method. We used CZTS NCs as electrocatalysts with controlled crystal phases for the ORR measurements. First-
principles calculations and experiments both indicated the kesterite CZTS NCs exhibit improving electrocatalytic
activities toward ORR. In additional, monodisperse CZTS-Au and CZTS-Pt HNPs were obtained base on CZTS as
seeds by seed-mediated growth method. Various characterizations confirm the structure of noble-
semiconductors HNPs. Such HNPs were investigated on photocatalytic degradation of dye and hydrogen evolution
reaction in water, exhibited high catalytic active. The research of CZTS-based HNPs is extended to a detailed
synthesis of CZTS-Ag,S HNPs involving cation exchange reaction. The structure and composition of CZTS-Ag,S
could be tuned by control the ration of Ag precursors and CZTS seeds. When employing CZTS-Ag.S as sensitizers
apply photoelectrochemical cell for water splitting, showed improved photocurrent response under visible-light

illumination.

(2) Bimetallic NPs: The synthesized Pd,Sn NPs were successfully used solution-based strategy. A mechanism of
morphology structure was discussed detail based different ratio of OLA, chlorine and TOP precursors. When
evaluating catalytic properties of geometry of Pd,Sn NPs, reduction of nitrophenol, water denitration and EOR
were measured resulting in Pd,Sn NRs had outperformance catalytic active over Pd,Sn spherical NPs, while Pd,Sn
alloy NPs exhibited better catalytic performance compare to Pd NPs. The formation of novel Au-Pd,Sn
heterostructured NRs was described in detail as well. Au-Pd,Sn heterostructured NRs were synthesized via a seed-
mediated growth method, which Au domains were selected to grow on the Pd,Sn seeds. The result establishes a

new strategy for the development of multifunctional nanomaterials.

(3) Multicompent metal oxide NPs: Mn;0,@CoMn,0, core-shell and Mn;0,@CoMn,0,-CoO HNPs were prepared
via partial cation exchange reaction via Mn;0, seeds NPs and different cobalt precursors, which playing a crucial
role whether additional nucleation of a CoO phase depending on the coordination ability of cobalt precursors. The

lower coordination ability of cobalt perchlorate had a higher reactivity to grow CoO phase on Mn3;0,@CoMn,0,
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to form Mn;0,@CoMn,0,4-CoO HNPs. In particular, such HNPs showed a superior catalytic activity and stability
over the core shell catalysts and state-of-the-art electrocatalysts for ORR and OER in alkaline solution. Based on
this colloidal synthetic route, Fe;0,@NiFe;,0, core shell NPs was obtained involving nickel perchlorate
precursors to Fe;0, seeds solution. The fabrication of this core shell NPs and ITO glass to form thin film as water
oxidation catalyst exhibited an improved catalytic activity. This colloidal synthetic route offers an easy scale-up,
low temperature and ambient pressure protocol to design earth-abundant, cost-effective and high activity water

oxidation catalysts.
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