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9. Yu, X.; Wang, D.; Liu, J.; Luo, Z.; Du, R.; Liu, L-M.; Zhang, G.; Zhang, Y.; Cabot, A. Cu2ZnSnS4 Nanocrystals as 

Highly Active and Stable Electrocatalysts for the Oxygen Reduction Reaction. Enviado. 

El objetivo principal de esta tesis se centra en el diseño e ingeniería de nanopartículas (NPs) coloidales y su 

aplicación en la conversión y almacenamiento de energía. Esto incluye principalmente la síntesis y caracterización 

de NP coloidales semiconductoras, metálicas y basadas en óxidos, y la exploración a fondo de sus propiedades 

(electro/foto) catalíticas. Se prestó especial atención es la síntesis y caracterización de NPs de calcogenuros de 

cobre, óxido de metales de transición y NPs multimetálicas. 

El capítulo dos de la tesis trata sobre NPs de calcogenuros de cobre. El trabajo está centrado en el desarrollo de 

rutas sintéticas para producir NPS de Cu2ZnSnS4 (CZTS) y heteroestructuras a partir de CZTS: CZTS-Au, CZTS-Pt y 

CZTS-Ag2S. La composición, el tamaño y la forma de las NPS se controlaron mediante la regulación de la 

concentración 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 degradación de tintes y para la producción de hidrogeno a 

partir del agua y también como electrocatalizadores para la reacción de reducción de oxígeno. En la tesis se 

presentan los cuatro artículos resultantes de estos trabajos después de un breve resumen para cada artículo. 

El tercer capítulo trata sobre NPs multimetálicas. Se desarrollaron métodos de síntesis para producir nanorods 

(NRs) de Pd2Sn y para el crecimiento de dominios cristalográficos de Au encima de estos: Au-Pd2Sn.  Se determinó 

así mismo el mecanismo de control de la morfología de las NPs de estos materiales. Estas NPs se utilizaron con 

éxito en diversas aplicaciones catalíticas. Las NPs de Pd2Sn se utilizaron para la reducción de nitrofenol y la 

desnitrificación del agua. También se usaron para la reacción electrocatalítica de oxidación del etanol. Se 

compararon los resultados obtenidos con los NRs con partículas de igual composición pero con morfología 

esférica y también con NPs de Pd esféricas. Se observó que los NRs resultaban en mejores actividades. Las NPs de 

Au-Pd2Sn fueron investigadas para reacciones de hidrogenación y de acoplamiento. En la tesis se presentan los 

tres artículos resultantes de estos trabajos después de un breve resumen para cada artículo. 

El cuarto capítulo de la tesis trata de NPs de óxidos metálicos. NPs heteroestructuradas de Mn3O4@CoMn2O4-CoO 

se prepararon mediante la reacción de intercambio catiónico parcial a partir de semillas de Mn3O4. Tales 

heteroestructuras mostraron una excepcional actividad electrocatalítica y estabilidad para las reacciones de 

reducción y evolución de oxígeno en solución alcalina.  En base a esta vía de síntesis coloidal, NPs de 

Fe3O4@NixFe3-xO4 fueron obtenidas mediante la reacción de precursores de perclorato de níquel con semillas de 

Fe3O4. Estas NPs se usaron como electrocatalizadores de oxidación de agua, demostrando una excepcional 

actividad catalítica. En la tesis se presentan los tres artículos resultantes de estos trabajos después de un breve 

resumen para cada artículo. 

El último capítulo de la tesis incluye un resumen de la tesis y las conclusiones del trabajo. 
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1.1 The energy challenge  

One of the major challenges of the 21st 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).1 

Therefore, the optimization of current energy sources and the development of cheap, efficient renewable power 

are becoming critical.  

 

 

Figure 1.1 European Union Energy Consumption by type1 ( 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.2-4 

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.5-7 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.8-12 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).13 

 

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.14, 15 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.16 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.17 The classical nucleation theory was developed by 

LaMer in the 1950s.18-20 After the burst of nucleation, NC enters the growth regime. The growth rate of NC will 

                      f           (    ff                       b          b      F  k’    w)               f     

NC via the Gibbs-Thomson equation.21 Figure 1.3 displays the 3 principal phases during NC synthesis: (I) monomer 

formation, (II) nucleation; and (III) growth. Below these lines the phenomena occurring in each phase is briefly 

described. 

I) Monomer concentration increases gradually and reaches a critical supersaturation level (Sc), 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. 

III) 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.  

 

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

NPs. S and Sc are supersaturation and critical supersaturation, respectively.18 
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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 

                      ,                                ,       bb  f            f          (ΔG) is given as: 

   
 

 
                                                                     (1) 

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

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

     
     

  
                                                                                       (2) 

where   is the gas constant,   is the absolute temperature in Kelvin,   is the degree of supersaturation (defined 

as S=[M]/[M]o, where [M] is the monomer concentration and [M]o is the equilibrium monomer concentration of 

the bulk solid) and    is the molar volume of the bulk crystal. In addition, the critical nucleus rc, which determine 

the energy barrier or activation energy     for self-nucleation to occur can be determined by solving equation (1) 

for d  /dr=0 leading to: 

   
  

     
 

    

      
                                                                              (3) 

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    , can be determined by substituting r in equation (1) with rc from equation 

(3) yields the express for    : 

    
     

     
                                                                                         (4) 

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

              
    

   
                                                                    (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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                                                                                             (6) 

where       correspond to van der Waals interaction energy,       to interparticle energy and         

represent the repulsive forces of steric stabilization.         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,       is expressed by the following equation: 

       
      

 
 

     

         
  

     

         
     

          
 

          
                             (7) 

where ρ1 and ρ2 are electron density of two particles, B is constants of attractive van der Waals, r1 and r2 are 

radius of two particles and c is center to center distance between the two particles. In which considering identical 

particles (r1=r2=r) in close proximity (D << r) and D = c − (r1 + r2);       can be expressed as: 

       
  

   
                                                                                           (8) 

where A is the Hamaker constant. 

      can be descrived as: 

             
                                                                            (9) 

Where ε is the permittivity of vacuum (8.854 x 10-12 C J-1 m-1), ε0 is the dielectric constant, ψ is the electrical 

potential,  is 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:20, 22 

       
  

  
                                                                    (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, C is concentration at distance x. In the NC surface vicinity at a distance from 

the NC center of    , the gradient concentration is determined by: 

     
      

 
    –           

    
                    –                                             (11) 
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where Cb is the bulk concentration of monomers at the distance of     and Cs is the concentration of monomers 

at the solid/liquid interface (NC surface). 

Similarly, on a reaction controlled growth with  being the reaction rate constant and Cr the solubility of the 

particles with radius r:  

            –                                                                              (12) 

In this two scenarios the NC growth rate is: 

  

  
  (Cb – Cr)   

    

 
                                                                               (13) 

for a diffusion-controlled model       

                     
  

  
  (Cb – Cr)                                                                                      (14) 

for a reaction-controlled growth                            

  

  
  (Cb – Cr)   

    

     
                                                                             (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 

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

 
). The solubility of the particle of radius r 

(Cr) can express as: 

Cr = Cb  
    
                                                                                      (16) 

   b      F  k’    w     the Gibbs-Thomson effect, a general expression for NC growth is given by:  

   

  
  

    
 
  

      
 
   

                                                                                (17) 

with  

    
  

    
                                                                                     (18) 

and        

K = 
  

    
 
 

 
                                                                                       (19) 
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as the Damköhler 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 10,23 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 

phases control.24-26 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 

of the ions of a preformed nanostructure.27, 28 In the following sub-chapter, the different strategies used to 

prepare engineered NPs will be presented. 

1.3.2.1 Co-Precipitation 

The co-precipitation method is one of the most classical techniques to prepare NPs.29, 30 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. 

 

Figure 1.5 Typical co-precipitation methods for micro and NPs synthesis.26 
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1.3.2.2 Solvothermal and Hydrothermal Synthesis 

Solvothermal/hydrothermal strategies have been used to prepare various NPs.31-34 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).35 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.35 (a) shows noble metal NPs including Ag, Au, Rh and Ir. (b) a shows 

chalcogenides NPs including Ag2S, PbS, ZnSe and CdSe. (c) shows metal oxide NPs including Fe3O4, BaTiO3, CoFe2O4 

and TiO2. (d) shows upconversion NPs including NaYF4, YF3, LaF3 and YbF3. 
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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.36-39 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.40 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. 

 

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.37 (c) TEM-image of as-prepared Fe3O4 NPs. 

a

b c
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Besides the above-mentioned methods, numerous physical or chemical methods can be used to synthesize NPs, 

such as biosynthesis route,41-43 sol-gel reaction,44-46 microwave-assisted method,47-51 electrochemical method52-55 

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 
conditions

Reaction
temp. oC

Reaction
period

Size distribution Shape
control 

Yield

Co-precipitation Simple, ambient 20-150 minutes Broad Not good High/scalable

Solvo- or
hydrothermal

Simple, high
pressure

150-220 Hours-days Narrow Good High/scalable

Thermal
decomposition

Complicated,
insert
atmosphere

100-350 Minutes
Hours-days

Very narrow Very good High/scalable

biosynthesis Complicated, 
ambient

Room
temp.

Hours-days Broad Bad Low

Electrochemical
methods

Complicated, 
ambient

Room
temp.

Hours-days Medium Medium Medium

Microwave-
assisted synthesis

Complicated, 
ambient

20-80 Minutes Medium Good Medium

sol-gel reaction Complicated, 
ambient

25-200 Hours Narrow Good medium
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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: I focused on the development of synthetic routes to produce CZTS NP and HNP 

with CZTS: CZTS-Au, Pt and CZTS-Ag2S. 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: I developed synthetic methods for producing NRs of Pd2Sn and for growing Au 

crystallographic domains above them, i.e. Au-Pd2Sn. The mechanism to control NP morphology NPs of these 

materials was determined. These NPs were successfully used in various catalytic applications. The Pd2Sn 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-Pd2Sn were 

investigated for hydrogenation reactions and coupling. 

(3) Metal oxide NPs: HNPs of Mn3O4@CoMn2O4-CoO were prepared by partial cation exchange from seeds of 

Mn3O4. Such heterostructures showed exceptional electrocatalytic activity and stability for reduction reactions 

and oxygen evolution in an alkaline solution. Based on this synthesis pathway, Fe3O4@NixFe3-xO4 NP were 

obtained by reaction of nickel perchlorate precursors with Fe3O4 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 H2 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-Ag2S p-n HNPs with tuned composition were produced involving the cation exchange 

route, such CZTS-Ag2S 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 

Cu2-xS, 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.56-59 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.60 For example, by 

modifying their composition, copper-based chalcogenides offer a high flexibility for tuning the band gap without 

toxic elements (Table 2.1) 61 Figure 2.1 shows a scheme of general copper-based chalcogenide NPs with different 

size, morphology and compositions, such as binary Cu2X (X= S, Se and Te), ternary CuInX2 (X= S and Se), CuSnS3 

and quaternary CZTS, CIGS NPs, and their application in plasmonic devices, photovoltaic cells and light-emitting 

diodes among others.62-71  In order to better understand the properties of copper-based chalcogenide NPs and to 

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 I2-II-IV-VI4 quaternary semiconducting compound which has received a great deal of interest for 

applications such as photocatalysis, thermoelectric and solar cells.72 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).73 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.74 

They found the formation of CZTS proceeds via three steps: (I) Cu2-xS NP nucleation, (II) Sn4+ diffusion into Cu2-xS to 

form kinetically driven CTS NPs and; (III) Zn2+ 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 

300 K (eV)  

Crystal structure  Lattice parameters  

CuInS2  1.53  Chalcopyrite  a = 5.52 c = 11.12  

CuInSe2  1.05  Chalcopyrite  a = 5.61 c = 11.02  

Cu(In0.5Ga0.5)S2  1.6  Chalcopyrite  a = 5.67 c = 11.32  

Cu(In0.5Ga0.5)Se2  1.3  Chalcopyrite  a = 5.45 c = 10.88  

CuGaS2  1.68  Chalcopyrite  a = 5.61 c = 11.02  

CuFeS2  0.6  Chalcopyrite  a = 5.28 c = 10.41  

Cu2ZnSnS4  1.50  Kesterite  a = 5.45 c = 10.86  

Cu2ZnSnS4  1.02  Kesterite  a = 5.61 c = 11.20  
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Figure 2.1 Scheme of colloidal copper-based chalcogenide NPs and various applications, e.g. plasmonic devices, 

photovoltaic cells and light-emitting diodes.59 
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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.74 

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).75  

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).75 

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 

      ’                 w                 f      a continuous-flow reactor at moderate temperatures (Figure 

2.4).76 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 

precursors.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 

Å and c = 10.40 Å. (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.76 
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2.1.2 Scalable Heating-Up Synthesis of Monodisperse Cu2ZnSnS4 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. 

 

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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2.1.2 Cu2ZnSnS4 Nanocrystals as Highly Active and Stable Electrocatalysts for the Oxygen Reduction 

Reaction 

The article with the title “Cu2ZnSnS4 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 O2 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.  

 

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 O2-saturated 0.1 M KOH solutions at a scan rate of 10 mV s-1. 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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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).78-83  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 

 b                   ’               -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.84 (b) Au-Cu3P 

heterostructured nanodisks.85 (c) Pt-CuInS2 HNPs.86 (d) Pt-CdSe HNPs, the Pt-domain size is 2.8 nm after 24h 

reaction time on CdSe NPs.87 (e) Au-CZTS heterostructured NRs.88 (f) Ag-Fe3O4 HNPs.89 

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 

20 nm

a) b) c)

d) e) f)

Au-Ni-ZnO Pt-CuInS2

Pt-CdSe Ag-Fe3O4Au-CZTS
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irradiation.88, 90-92 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).90 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.91 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 (AuCl3) and preformed Au 

NPs under thermal and photochemical deposition conditions.88 

 

 

Figure 2.8  Illustration and energy diagram of interfacial charge transfer and photocatalytic redox reaction in 

Au@CZTS core-shell NPs.90
 

On the other hand, CZTS-based hybrid NPs, such as CZTS-Pt,92 CZTS-PtM (M = Co, Ni)93 and CZTS-Ag2S
94 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). 

 

Figure 2.9 TEM and HRTEM micrograph of CZTS-PtCo nanoheterostructures and Comparison of photocatalytic H2 

evolution activity of CZTS, CZTS-Pt, CZTS-PtCo metal alloy heterostructrues with different nominal Co/Pt ratios 

(CZTS-Pt2Co, CZTS-PtCo, and CZTS-PtCo2) under full-arc light irradiation.93 
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2.2.1 Cu2ZnSnS4-Pt and Cu2ZnSnS4-Au Heterostructured NPs for Photocatalytic Water Splitting and 

Pollutant Degradation 

The paper entitled “Cu2ZnSnS4-Pt and Cu2ZnSnS4-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 

quaternary materials for both fundamental understanding and technology applications. The article is presented in 

the corresponding subchapter. 

 

 

Figure 2.10 Illustration of the possible mechanism of enhancement of the H2 evolution Rate in CZTS-Au and CZTS-

Pt HNPs in the presence of S2- and SO3
2- hole scavengers. 
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2.2.2 Cu2ZnSnS4-Ag2S Nanoscale p-n Heterostructures as Sensitizers for Photoelectrochemical Water 

Splitting 

“Cu2ZnSnS4-Ag2S 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-Ag2S 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 
o
C. TEM, HRTEM and XRD analysis of 

CZTS-Ag2S p-n NPs with different ratio of CZTS and Ag2S demonstrated that the HNPs had coincident site epitaxial. 

Such CZTS-Ag2S 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. 

 

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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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 Pd2Sn Nanorods and Their Water Denitration Properties”, “  2Sn 

Na                               b            f                             ”     “  2Sn and Au-Pd2Sn Nanorods 

                                                             ”.     f          b          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 Pd2Sn NRs and their catalytic properties for reduction of 

nitrophenol and water denitration. The second is a study of Pd2Sn NRs as electrocatalyst for EOR. In the final part 

of the chapter we detail the preparation of Pd2Sn-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.95-98 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.99, 100 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:101  

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.102  

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 

controlling reductant.103 

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, NO2, C2O4, CO etc. can serve for special facet 

bimetallic NPs.104-106 
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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.107 

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. 

 

Figure 3.1 Four routes towards shape-controlled bimetallic NCs:101 (a) continuous growth, (b) crystallites 

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  Shpere  Continuous growth  Capping agents Pd-Sn108 

 Cube  Continuous growth  Capping agents Pt-Ni109 

 Terahedron  Continuous growth  Capping agents Pt-Co110 

 Icosahedron  Continuous growth  Slow reduction rate; 

capping agents  

Pt-Pd111 

 Rod  Continuous growth  Capping agents  Pd-Sn108 

 Dendritic 

structure  

Crystallites 

coalescence  

Rapid reduction; 

polymer-formed 

templates  

Au-Pd112 

 Wires  Crystallites 

coalescence  

Facet-oriented 

attachment of 

crystallites  

Au-Ag113 

 Hollow structure  Galvanic 

replacement 

reaction  

K  k        ff     Pt-Pd114 

 Concave stucture  Galvanic 

replacement 

reaction 

Underpotential 

deposition followed 

by galvanic 

replacement reaction 

Pt-Cu115 

Core-shell  Shpere  Galvanic 

replacement 

Facet-     fi           

replacement reaction  

Co@Cu102 
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reaction  

 Cube  Seeded growth  Capping agents  Pd@Pt116 

 Core-dendritic 

shell  

Crystallites 

coalescence  

Rapid reduction; 

polymer-formed 

templates 

Pd@Rh117 

 Tetrahexahedron  Seeded growth Large lattice 

mismatch; oxidative 

etching 

Pd@Au117 

 Concave cube  Seeded growth Growth rate control 

     ff      f      

Pt@Rh118 

heterostructure  Binary structure  Seeded growth  Island growth caused 

by large lattice 

mismatch or rapid 

reduction  

Au-Pt119 

 Multi-pod  Galvanic 

replacement 

reaction  

Facet-     fi           

replacement reaction  

Pd-Pt120 

 

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.108, 121-123 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 

one-pot strategy in OLA.124 In this system, didodecyldimethyl-ammonium bromide (DDAB) as one kind of 

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 
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appropriate heat treatment reaction, which enabling selectivity of >95% toward H2O2 synthesis directly from H2 

and O2.
125 In addition, they could synthesize a series of Pd-based bimetallic catalysts. All of these catalysts showed 

activity for H2O2 synthesis and no activity for H2O2 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.126 Among various Pd-Sn/C catalysts, Pd86Sn14/C showed much enhanced current densities in 

cyclic voltammetric and chronoamperometric measurements while compared to commercial Pd/C. Furthermore, 

such Pd86Sn14/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. 

 

Figure 3.2 Proposed mechanism for the formation of hollow Pd/Sn bimetallic nanospheres.124 
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Figure 3.3 Evolution of catalyst through oxidation-reduction-oxidation cycle.125 (A) Proposed mechanism for 

switching off H2O2 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., SnOx) 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 H2O2 product. (B and C) STEM-EELS mapping of a 5 wt % Pd/SnO2 model 

catalyst at the oxidized (B) and O-R-O (C) stages, showing partial encapsulation of the Pd NP (red) by SnOx (green) 

after the O-R-O heat treatment cycle. The Sn intensities in the SnO2 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 Pd2Sn Nanorods and Their Water Denitration Properties 

Th                 “Size and Aspect Ratio Control of Pd2Sn Nanorods and Their Water Denitration Properties” w   

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 Pd2Sn 

NPs with different morphologies, sizes and aspect ratios. Pd-Sn NPs were prepared by co-reducing Pd(acac)2 and 

Sn(acac)2 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 Pd2Sn NRs to have higher catalytic performance than spherical Pd2Sn 

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

 

Figure 3.4 A) TEM micrographs of Pd2Sn NPs with different aspect ratios. B) Schematic illustration of the influence 

of the TOP and chloride ions on the shape and size of the Pd2Sn NRs. c) Sodium borohydride-driven degradation 

of p-nitrophenol over 3.0 nm Pd (black) and 4.3 nm Pd2Sn (red) spheres, and 15  nm x 8 nm  Pd2Sn NRs (blue). d) 

TEM images of Pd2Sn spherical NPs (a) and NRs (b) supported on TiO2. Scale bars correspond to 20 nm. c) Nitrate 

conversion after 24h reaction and N2 selectivity measured from TiO2:Pd2Sn spherical NPs (red) and TiO2:Pd2Sn NRs 

(blue). 
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3.1.3 Pd2Sn nanorods as Highly Active and Stable Catalyst for Ethanol Oxidation Reaction 

This article with title “Pd2Sn [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 Pd2Sn 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 Pd2Sn 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 Pd2Sn NRs with tuned size and aspect ratio exhibited improved 

EOR performance and durability while comparing with Pd2Sn nanospheres and Pd NPs electrocatalysts. Pd2Sn NRs 

provided 3 fold higher peak current densities than spherical Pd2Sn NPs, a 10 fold increase over Pd NPs. We 

presented DFT analysis results in showing (100) and (001) facets of orthorhombic Pd2Sn 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 Pd2Sn NPs, FTIR spectrum of before and after Pd2Sn NRs ligand removed and performance EOR of 

Pd2Sn and Pd NPs. 

 

Figure 3.5 A) TEM micrographs of Pd2Sn NPs with different aspect ratios. B) FTIR spectra of before and after of 

removing ligand of Pd2Sn NRs. C) Performance EOR of Pd2Sn 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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3.1.4 Au-Pd2Sn heterostructures nanoalloy: tuning alloy composition and catalytic property 

This section contains the manuscript   b       f     b         w              “Pd2Sn and Au-Pd2Sn Nanorods in 

Catalytic Hydrogenation and Sonogashira Couping Reactions”.   2Sn 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 Pd2Sn-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-Pd2Sn NPs with tuning composition. 

Au-Pd2Sn heterostructured NRs were synthesized by a seed-mediated growth method involving a galvanic 

replacement reaction. Different size and aspect ratio of Pd2Sn 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 Pd2Sn and Au-Pd2Sn 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 

PhI to yield tolan in good selectivity, especially with Au-Pd2Sn 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.  

 

Figure 3.6 (a) TEM and HRTEM micrographs of Au-Pd2Sn HNPs (b) XRD pattern ofPd2Sn and Au-Pd2Sn HNPs, inset 

showed angle shift before and after Au growth on surface of Pd2Sn NRs (c) UV-vis spectra of ofPd2Sn and Au-

Pd2Sn HNPs.  
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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 

Mn3O4@CoMn2O4 core-shell NPs formed by the partial cation exchange between Mn and Co in preformed Mn3O4 

NPs. Mn3O4@CoMn2O4–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 

      f                 b                  “F 3O4@NiFexOy Nanoparticles with Enhanced Electrocatalytic 

           f                          b                 ”, w     w   j    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 

multicomponent NCs, such as core-shell or dumbbell-like NPs among others.127-134 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..80, 135, 136  

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. 

c) 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 

between cores and shells arise depending on the interactions between the core and shell.78, 137-150 Several 

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 

and i).  

 

Figure 4.1 Sketch of mechanisms leading to the formation of core@shell HNPs 80: (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@CoFe2O4  Fe1-xCoxO4@CoFe2O4
151 

 Mn3O4  Mn3O4@CoMn2O4  

 Fe3O4  Fe3O4@ NixFe3-xO4  

selenides  CdSe  CdSe@PdSe152  

 PbSe  PbSe@CdSe153 

sulfides  PbS  PbS@CdS154-156 

 CdS  CdS@PbS,157 CdS@HgS,158 CdS@Cu2-xS
159 

 CuInS2  CuInS2@ZnS160 

 Cu2S  Cu2S@Au2S,161 Cu2S@ZnS,162 Cu2-xS@CuInS2
163 

 TiS2  TiS2@Cu2S
164 

 CZTS  CZTS@Ag2S
94 

lantanide fluorides  NaYF4: Yb, Tm  NaYF4: Yb, Tm@NaGdF4
165  

tellurides  PbTe  PbTe@CdTe166 

 Cu2-xTe  Cu2-xTe@PbTe,167 Cu2-xTe@SnTe167 

Selenide-sulfide  CuInSexS2-x  CuInSexS2-x@CdSexS2-x
168 

 CdSe@CdS Cu2Se@Cu2S
169-171 

 Cu2Se@Cu2S PbSe@PbS,171 ZnSe@ZnS,169, 172 CdSe@CdS170 
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Hybrid metal  Au@Fe3O4  Au@CoxFe1-xO4
151 

chalchogenide  Au@Ag2S  Au@CdS173 

 Se@Ag2Se  Se@ZnSe, Se@CdSe, Se@PbSe174, 175 

 Au@Ag2X(X = S, Se, Te)  Au@CdS, Au@CdTe, Au@PbS, Au@ZnS176 

 

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 Fe3O4, Au@Fe3O4 

and FeO@CoFe2O4 NCs.151 They demonstrated ferrite-based NCs were subjected to a Fe2+ to Co2+ 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 Cu2-xS@CuInS2 core-shell nanodisks by involving cation exchange reaction, introducing In into Cu2-xS 

nanoplates with controlling shell thickness and composition.163 In addition, they also showed AuS@CuInS2 core-

shell nanodisk obtained from Cu2-xS@CuInS2 by replacing Cu with Au. Similarly, our group has been reported the 

partial ation exchange reaction to produce Mn3O4@CoMn2O4 core-shell NPs at low temperature and ambient 

atmosphere. Furthermore, by using a cobalt perchlorate instead of cobalt chloride, Mn3O4@CoMn2O4–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, IrO2-based and previously reported transition metal oxides as 

bifunctional catalysts. 
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Figure 4.2 Three classes of magnetic NCs are investigated:151 (a, e) homogeneous spherical magnetite (Fe3O4) NCs, 

(b, f) gold-magnetite core-shell NC ,     ( ,  ) W        (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, Fe3+; orange, Fe2+; green, Co2+; 

gold, Au atoms). (e, f) are high-angle annular dark field STEM images of NCs after the Fe2+ to Co2+ 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.139, 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@Co3O4 core-shell NCs were prepared by seeds growth 

method to deposit Co shells on surface of the Au core and their conversion to Co3O4 shells.177 Such Au@Co3O4 

core-shell as a OER catalysts has 7 times higher activity than Au and Co3O4 mixture or Co3O4 alone and 55 times 

higher than Au alone due to synergistic between the Au core and Co3O4 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.178 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 (M1M2@M1Ox) NPs was demonstrated by Nong and co-
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workers.179 They took IrNi@IrOx 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 Co3O4@NiCo2O4 double-shelled nanocages had superior performance when evaluated as electrocatalysts for 

OER and compared with many other related work.180 

 

Figure 4.3 Scheme of the formation of the Mn3O4@CoMn2O4 and Mn3O4@CoMn2O4–CoxOy nanoheterostructures 

when using either a cobalt chloride or a cobalt perchlorate solution. Mn3O4@CoMn2O4 was obtained by partial 

cation exchange between Mn2+ and Co2+ when using a cobalt chloride precursor. Mn3O4@CoMn2O4–CoxOy were 

obtained by the same cation exchange reaction and the additional and simultaneous nucleation of a CoxOy phase 

when using a cobalt perchlorate. Green arrows in the bottom cartoon point at CoxOy NC nucleation sites of the 

Mn3O4@CoMn2O4. 

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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Figure 4.4 Scheme of the synthetic route to Au@Co3O4 core-shell NPs (top), and TEM micrographs of Au, Au@Co 

and to Au@Co3O4 (middle), and corresponding activity of the catalysts at an overpotential of 0.35 V (bottom).177 
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4.1.2 Mn3O4@CoMn2O4-CoxOy Nanoparticles: Partial Cation Exchange Synthesis and Electrocatalytic 

Properties Toward the Oxygen Reduction and Evolution Reactions 

            f               b                           “Mn3O4@CoMn2O4-CoxOy 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 Mn3O4 seeds NPs to produce Mn3O4@CoMn2O4 

NPs. Additionally Mn3O4@CoMn2O4-CoO were obtained by different using a different cobalt precursor that 

promoted a simultaneous nucleation on the Mn3O4@CoMn2O4 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 

Mn3O4@CoMn2O4 and cobalt perchlorate for Mn3O4@CoMn2O4-CoO. 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-2 and a small 

Tafel slope of 52 mV/dec for ORR, and overpotentials of 0.31 V at 10 mA·cm-2 and a Tafel slope of 81 mV/dec for 

OER. These properties outperformed commercial Pt, IrO2-based and previously reported transition metal oxides 

as bifunctional catalysts. In addition, the different potential of ORR current density of -3 mA·cm-2 and that at OER 

current density of 10 mA·cm-2 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 IrOx elelctrocatalysts. 

 

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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4.1.3 Fe3O4@NiFexOy Nanoparticles with Enhanced Electrocatalytic Properties for Oxygen Evolution 

in Carbonate Electrolyte 

                b                                    “Fe3O4@NiFexOy 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 Fe3O4 as core material and a NiFexOy 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 NiFexOy 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/cm2 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 Fe3O4 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. 

 

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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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-Ag2S. 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% yield 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-Ag2S HNPs involving cation exchange reaction. The structure and composition of CZTS-Ag2S 

could be tuned by control the ration of Ag precursors and CZTS seeds. When employing CZTS-Ag2S as sensitizers 

apply photoelectrochemical cell for water splitting, showed improved photocurrent response under visible-light 

illumination. 

(2) Bimetallic NPs: The synthesized Pd2Sn 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 Pd2Sn NPs, reduction of nitrophenol, water denitration and EOR 

were measured resulting in Pd2Sn NRs had outperformance catalytic active over Pd2Sn spherical NPs, while Pd2Sn 

alloy NPs exhibited better catalytic performance compare to Pd NPs. The formation of novel Au-Pd2Sn 

heterostructured NRs was described in detail as well. Au-Pd2Sn heterostructured NRs were synthesized via a seed-

mediated growth method, which Au domains were selected to grow on the Pd2Sn seeds. The result establishes a 

new strategy for the development of multifunctional nanomaterials. 

(3) Multicompent metal oxide NPs: Mn3O4@CoMn2O4 core-shell and Mn3O4@CoMn2O4-CoO HNPs were prepared 

via partial cation exchange reaction via Mn3O4 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 Mn3O4@CoMn2O4 
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to form Mn3O4@CoMn2O4-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, Fe3O4@NixFe3-xO4 core shell NPs was obtained involving nickel perchlorate 

precursors to Fe3O4 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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