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Abstract 

A facile methodology for synthesizing Au–Cu2S hybrid nanoparticles is presented. Au-

Cu2S nanoparticles have application in visible light driven photocatalytic degradation of dyes. 

Detailed microstructural and compositional characterization illustrated that the hybrid 

nanoparticles are composed of cube shaped Au–Cu solid solution and hemispherical shaped 

Cu2S phases. Investigation of nanoparticles extracted at different stages of the synthesis process 

revealed that the mechanism of formation of hybrid nanoparticles involved initial formation of 

isolated cube shaped pure Au nanoparticles and Cu-thiolate complex. In the subsequent stages, 

the Au nanoparticles get adsorbed onto the Cu-thiolate complex which is followed by the 

decomposition of the Cu-thiolate complex to form Au–Cu2S hybrid nanoparticles. This study 

also illustrates that an optimum concentration of dodecanethiol is required both for achieving 

size and morphological uniformity of the participating phases and for their attachment to form a 

hybrid nanoparticle. 
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Keywords: Au-Cu2S hybrid nanoparticles, Electron microscopy, Morphology control, Chemical 

synthesis. 

 Introduction 

Colloidal hybrid nanostructures
1–4

which are composed of two different solid-state phases 

sharing a heterophase interface have gained significance as multifunctional materials with 

applications in areas such as solar energy conversion and production,
5–8

 catalysis,
9–11

 biological 

imaging
12

, sensing
13

, electronics
14

, magnetism
15

, etc. These hybrid nanostructures exhibit 

physical and chemical properties that are distinctly different from the properties of the 

component phases and are derived essentially from the synergistic response of the component 

phases to a stimulus
16,17

. Properties exhibited by hybrid nanoparticles can therefore be tuned by 

tailoring size, shape, composition and mutual orientation of the participating phases
18,19

. 

Synthesis methodology that is popularly adopted to produce hybrid nanostructures is seed 

mediated growth
20–24

. In this two-step process, pre-synthesized nano-solids of one of the phases 

serve as a heterogeneous site over which the other phase nucleates and grows to form the hybrid 

nanostructure. In this two step method, morphology and microstructure of the as-synthesized 

hybrid nanoparticles is mainly decided by the criterion of minimization of total surface energy 

which essentially is composed of the specific surface energies of the two participating phases and 

the heterophase interface between them. For a fixed volume of phases, a configuration that yields 

lowest surface energy value becomes stable. In the wet chemical synthesis technique for 

synthesizing nanoparticles, surface energies can be modified by the attachment of foreign species 

such as surfactants, ligands, etc to the nanoparticle surface
25

. Therefore a precise control over the 
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type and amount of surfactants is required to tune the morphology and microstructure of the 

hybrid nanoparticles. 

Hybrid nanoparticles containing Au and Cu2S phases exhibit exploitable technological 

properties. These nanoparticles contained Au which is a well-known plasmonic metal and Cu2S 

which is a p-type semiconductor known for its application in solar cell materials
26,27 

. It has been 

shown by Kim et al
11

 that in Au-Cu2S nanoparticles, transfer of electrons from Cu2S to Au takes 

place. This transfer of electrons on one hand enhances the visible light driven oxidative 

degradation of dyes such as methylene blue and rhodamine B but on the other hand, suppresses 

the electrocatalytic activity of the Cu2S phase towards the generation of H2O2 intermediaries 

which consequently decreases the degradation efficiency for 1,4-dioaxne. Although there are few 

reports on the synthesis of Au–Cu2S hybrid nanostructures
28–30 

, tunable synthesis strategies that 

can control the size, morphology and orientation of the component phases is still lacking. The 

present study provides a synthesis strategy that produces uniform Au–Cu2S hybrid nanoparticles. 

Here, uniformity implies particle-to-particle morphological and microstructural similarity. The 

study also investigates the formation mechanism of the hybrid nanoparticles by characterizing 

specimen extracted from the reaction mixture at different stages of the synthesis process. 

Experiment 

In the present study, modified polyol method was used for synthesizing Au–Cu2S hybrid 

nanostructures
31,32

. To synthesize Au–Cu2S nanocrystals, 0.0339 g of tetracholoroauric acid 

[HAuCl4], 0.0455 g of copper(II)acetylacetonate [Cu(acac)2], 1.6 g of hexadecanediol (HDD), 

2.0 g of hexadecylamine (HDA), 1.0 mL dodecanethiol (DDT) and 0.270 g 1-

adamentanecarboxylic acid (ACA) were dissolved in 10 mL of diphenyl ether (DPE). This 
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reaction mixture was transferred to a three necks round bottom flask fitted with a reflux 

condenser and a magnetic stirrer. Temperature of the reaction mixture was increased gradually to 

~180°C and was kept at this temperature for 5 hours. An inert atmosphere was maintained inside 

the three neck flask during the experiment. After 5 hours, heating was stopped and the reaction 

mixture was allowed to cool down to the room temperature. At the room temperature, the 

reaction mixture was poured into a beaker containing ethanol. Nanoparticles were isolated 

through high speed centrifugation and dispersed in hexane for further analysis. 

X-Ray diffraction (XRD) technique was used for the identification of phases and average 

sizes of nanoparticles. XRD profiles were obtained from X-Pert PRO, PANalytical X-Ray 

diffractometer operating at 40 kV and 30 mA and using the Cu-Kα radiation source. Specimens 

for the XRD based analysis were prepared by drop drying a dispersion of nanoparticles onto a 

glass slide. A FEI Tecnai F30 transmission electron microscope (TEM) operating at 300 keV 

was used for obtaining structural, compositional and morphological information both under 

normal transmission and scanning modes of operation. Samples for the TEM based analysis were 

prepared by drop drying a highly dilute dispersion of nanoparticles onto an electron transparent 

carbon coated Ni grid. Camera length used for obtaining the interplanar spacing values from the 

SAD patterns was calibrated using a polycrystalline Au standard. For three dimensional 

topographic imaging of nanoparticles in TEM, tilt angle in the range of -65° to +65° with a step 

size of 2° was used. Inspect 3D and Amira softwares were used for post alignment, 

reconstruction and visualization of the raw tomography data. 
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Results and Discussion 

A representative bright field TEM image and STEM-HAADF image of as-synthesized 

Au-Cu2S hybrid nanoparticles is shown in figure 1(a) and 1(b), respectively. These indicate that 

nanoparticles with a hemisphere-over-cube morphology have evolved after completion of the 

synthesis process. To illustrate the three-dimensional hemisphere-over-cube morphology of the 

as-synthesized hybrid nanoparticles, reconstructed images obtained from three-dimensional 

tomographic imaging of a representative hybrid nanoparticle in TEM is provided in figure 1(c). 

Other than these hybrid particles, no separate particles with only sphere, cube or any other 

morphology could be observed. Our results indicate that hemispherical phase has formed only on 

one face of the cubic phase, STEM-HAADF image shows a distinct difference in contrast 

between the cube and the hemispherical regions. As the image contrast in STEM-HAADF 

imaging is proportional to the atomic number, a difference in image contrast in figure 1(b) 

qualitatively indicates that the cube with bright contrast contains relatively more of the high 

atomic number component than the hemispherical region with relatively dull contrast. Average 

size (± standard deviation) of cube and hemispherical regions obtained from the analysis of 

several TEM bright field images are 9.0(±1.5) nm and 18.0(±4.7) nm respectively. 

X-ray diffraction profile obtained from as-synthesized nanoparticles is shown in figure 

1(d). The insert in figure 1(d) which shows the XRD profile in the 2Θ range of 45-70° 

specifically reveals the diffraction peaks corresponding to the Cu2S phase. Following observation 

can be made from the XRD profiles in figure 1(d): (i) X-ray diffraction profiles do not contain 

diffraction signature corresponding to pure Cu or its oxide phases indicating an absence of these 

phases in the as-synthesized nanoparticles (ii) the XRD profile exhibits peaks corresponding to 
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the hexagonal Cu2S phase, (iii) lattice parameter value determined from the interplanar spacing 

corresponding to the high intensity peaks in the XRD profile matched with the lattice parameter 

value of a fcc gold solid solution with composition Au-20 at% Cu estimated using the Vegard’s 

law
33,34

. The XRD profile therefore indicated that the as-synthesized hybrid nanoparticles 

contained only Au-Cu solid solution and Cu2S phases. Presence of Cu2S and Au–Cu solid 

solution phases was also confirmed from the analysis of SAD patterns obtained from the as-

synthesized nanoparticles. A representative SAD pattern obtained from a large group of 

nanoparticles showing the diffraction signature corresponding to the Cu2S and Au–Cu solid 

solution is shown in figure 1(e). Relatively low intensity of the diffraction signals corresponding 

to the Cu2S phase when compared to the diffraction signals corresponding to the Au-rich phase 

can be due to the large difference in the atomic scattering factors of the Au, Cu and S atoms and 

low symmetry of the Cu2S phase when compared to the fcc Au-rich phase
29

. 

Compositional identity of the two phases within the nanoparticles was determined using 

the STEM-EDS analysis. Figure 2(a) shows the STEM-HAADF image of a representative two 

phase nanoparticles from which EDS signal was obtained. Compositional profile obtained from 

the region ‘2’ in figure 2(a) revealed that the dull contrast hemispherical region contains 65 at% 

Cu and 35 at% S. Compositional profile obtained from the region marked ‘1’ revealed that the 

bright contrast cube region contains 26 at% Cu and 74 at% Au. The atomic ratio of Cu-to-S in 

the hemispherical region was 1.86 (Cu/S= 65/35) which indicate a deficiency of Cu and 

formation of non-stoichiometric Cu2-xS compound (x=0.14). STEM-EDS compositional mapping 

experiment was also performed to identify the spatial abundance of Au, Cu and S atoms within 

the hybrid nanoparticles. STEM-HAADF image of a representative nanoparticle, Au containing 

regions, Cu containing regions and S containing regions are shown in figure 2(b). It can be seen 

Page 7 of 28 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



7 

 

from figure 2(b) that Au atoms are only present in the cube portion of the nanoparticle, whereas 

Cu and S atoms are distributed throughout the nanoparticle. The STEM-EDS compositional 

analysis results and the XRD data thus clearly illustrated that the hemispherical portion contains 

hexagonal Cu2S phase and the cube portion contains Au-rich, Au–Cu solid solution phase. 

Crystal structure of phases present in the cube and hemispherical regions was verified by 

the analysis of high resolution TEM (HRTEM) images of hybrid nanoparticles. HRTEM image 

of cube and spherical portions of a representative nanoparticle and the fast Fourier transform 

(FFT) pattern derived from the periodic lattice fringes in the HRTEM images are shown in 

figures 3(a-b). A single orientation of the lattice fringe in figures 3(a-b) indicates single 

crystalline nature of the cube and the hemisphere regions. The FFT pattern in inset of figure 3(a) 

matched perfectly with the diffraction pattern obtained from a standard fcc crystal oriented along 

[001] zone axis. The FFT pattern in figure 3(b) matched perfectly with the diffraction pattern 

obtained from a standard hcp crystal oriented along the [0001] zone axis. FFT patterns derived 

from the HRTEM images of the cube, sphere portion and cube-sphere interface regions of a 

representative hybrid nanoparticle are shown in figure 3(c). Magnified image of the interface in 

figure 3(c) clearly reveal that a diffuse interface boundary between cube and spherical phases 

which possibly is due to the diffusion of copper atoms into the gold across the interface. 

Recently, it has been reported using Cs-corrected STEM technique that diffusion of Cu atoms 

into Au region leads to rearrangement of lattice at the interface and formation of AuCu3 ordered 

alloy phase at the surface
35

.It is speculated that the diffusion of copper atoms into Au rich cube 

phase led to the formation of Au–Cu solid solution and copper deficient Cu2-xS spherical phases. 

Additionally, It can be seen from the FFT patterns that the orientations of the cube and the 
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spherical phases is such that the [001] and [0001] directions and (200) and ( 0011 ) planes in the 

fcc phase and hcp phase respectively are parallel to each other. 

The mechanism of formation of Au1-xCux–Cu2S hybrid nanoparticle 

In order to investigate the mechanism of formation of hybrid nanoparticles, reaction 

mixtures were extracted after 5, 180 and 300 minutes from the reaction solution maintained at 

180°C. Nanoparticles present in the extracted reaction mixture are isolated by centrifugation for 

characterization. 

XRD profiles obtained from samples extracted after 5, 180 and 300 minutes are shown in 

figure 4(a-d). Fig 4(a) contains XRD profiles for the full 2-theta range from 10 to 90; Fig 4(b) 

contains XRD profiles for the 2-theta range of 10 to 35; Fig 4(c) contains XRD profiles for the 2-

theta range of 35 to 50; Fig 4(d) Contains XRD profiles for the 2-theta range of 50 to 90. 

Following observations can be made from the comparison of the XRD profiles in figure 4: (a) the 

highest intensity peak which corresponds to the (111) plane of the Au-rich fcc phase shifts to 

higher 2θ values with increase in the reaction time. This indicates Cu incorporation into the Au 

lattice with the progress of the synthesis process, (b) intensity of the diffraction peaks in the low 

2θ value range (10°-24°2θ values) decreases with increase in the reaction time. These low angle 

(2θ) peaks were from the copper-thiolate complex as identified in the reference 31, (c) diffraction 

peaks corresponding to the hexagonal Cu2S phase appears only in the diffraction profile obtained 

from the sample extracted after 300 min. The synergetic appearance and disappearance 

respectively of the diffraction peaks correspond to the Cu2S and copper-thiolate complex and a 

shift in the fcc (111) peak indicates that during the initial stages of the synthesis process pure Au 

nanoparticles and Cu-thiolate complex form in the reaction mixture. With increase in time the 
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Cu-thiolate complex decomposes to form Cu atoms that are utilized in the formation of Cu2S and 

solid solution of Au and Cu. 

The mechanism proposed above for the formation of hybrid nanoparticle was supported 

by the results obtained through a TEM based analysis. TEM image of the sample extracted after 

5 minutes revealed isolated cube shaped nanoparticles and cube shaped nanoparticles attached to 

a feature with a sheet like appearance as seen in figure 5(a-c). The sheet like feature in figure 

5(c) is hence forth referred as “2D sheet”. Cube shaped nanoparticles were identified to be pure 

Au nanoparticles by STEM-EDS and electron diffraction based analysis. Figure 5(a) shows the 

TEM bright field image and the corresponding SAD pattern (in insert) of isolated cube shaped 

Au nanoparticles. Figure 5(b) shows TEM bright field image of cube shaped Au nanoparticles 

over 2D sheet. STEM-HAADF images (figure 5(c)) revealed brighter contrast for cube 

nanoparticles and relatively dull contrast for the 2D sheet. STEM-EDS compositional mapping 

revealed that the region of relatively dull contrast contained Cu and S atoms which in the light of 

the XRD results strongly indicate that the 2D sheet is Cu-thiolate. Results from the STEM-EDS 

compositional mapping experiment is shown in figure 5(d). Note that the XRD profile for the 

sample extracted after 5 minutes only showed diffraction peaks corresponding to pure Au and 

Cu-thiolate phases.  

According to the XRD and TEM based analysis described above, it is suggested that 

during the initial stages of the synthesis reaction pure Au nanoparticles and 2D sheet Cu-thiolate 

complex are formed. Au nanocubes are adsorbed on the surface of the copper thiolate complex. 

With the progress of the synthesis process thermal decomposition of the thiolate complex occurs 

leading to the growth of copper (I) sulphide on the surface of Au-rich nanocube which is in 
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contact with the copper thiolate complex. A schematic illustrating the Au–Cu2S hybrid 

nanostructure formation mechanism is shown in figure 6. 

Effect of dodecanethiol (DDT) on morphology of hybrid nanoparticles 

Effect of dodecanethiol (DDT) surfactant on the morphology of the hybrid nanoparticles 

was investigated by varying DDT amount from 0.3 mL, 1.0 mL and 3.0 mL in three different 

reaction mixtures containing 0.0339 g of HAuCl4, 0.0455g of Cu(acac)2, 1.6 g of HDD, 2.0 g of 

HDA, 0.270 g of ACA, and 10 mL of diphenyl ether. It has been shown in the literature that 

DDT can react with Cu(acac)2 to produce Cu–dodecanethiol complex in the reaction mixture. 

This complex then undergoes cleavage of a C–S bond to produce a sulfur source that promotes 

the growth of Cu2S nanocrystal
32

. Each reaction mixture was heated to ~180°C and was 

maintained at this temperature for 300 minutes. Following this, the solution was allowed to cool 

down to the room temperatures. At room temperature the reaction mixture was poured into a 

beaker containing ethanol. Nanoparticles isolated from reaction mixtures through high speed 

centrifugation were washed and re-dispersed in hexane for further study. 

X-Ray diffraction profiles obtained from nanoparticles synthesized using various 

amounts of DDT are shown in figure 7(a). Two important observations that can be made from 

the XRD profiles are: (a) narrowing of the (111) peak of Au-rich phase with increase in the DDT 

amount. This is illustrated in the figure 7(b) which plots the variation of the Scherrer size of the 

Au-rich particles, which produces the (111) peak, with amount of DDT used in the reaction 

mixture and (b) appearance and increase in the intensity of the diffraction peaks corresponding to 

the Cu2S phase with increasing in the DDT amount. TEM bright field image of the nanoparticles 

synthesized by using 0.3, 1.0 and 3.0 mL of DDT are shown respectively in figures 7(c-e). The 
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insets in figure 7 (c-e) shows the SAD pattern obtained from the nanoparticles seen in the TEM 

bright field images. Variation in the average size (as obtained from the summation average of 

sizes of several nanoparticles in the TEM bright field images) of the Au rich cube phase with the 

amount of DDT also plotted in figure 7(b) again reveals that size of the Au-rich cube phase 

increases with increase in the DDT amount. It can be seen that nanoparticles dispersion 

synthesized using 0.3 mL of DDT contain mostly cube shaped nanoparticles. The fraction of 

hybrid nanoparticles is extremely low. This result is in accordance with the corresponding XRD 

profile that revealed diffraction signature corresponding only to the fcc Au-rich phase. The 

nanoparticles synthesized using 1.0 mL of DDT contains uniform hybrid nanoparticles (the 

characterization study presented in the earlier parts of the paper investigates nanoparticles 

produced from using 1.0 mL of DDT). Nanoparticles synthesized using 3.0 mL of DDT contains 

spherical Cu2S nanoparticles and larger sized Au-rich nanoparticles of different morphologies. 

These results clearly demonstrated that the concentration of DDT in the reaction mixture can be 

used to tune the microstructure and morphology of the Au–Cu2S nanoparticles. 

Conclusion 

A modified polyol method for synthesizing uniform Au–Cu2S hybrid nanoparticles is 

provided. Interest in Au-Cu2S hybrid nanoparticles is due to the fact that in this system an 

interfacial electron transfer happens from the Cu2S to the Au phase which enhances the oxidative 

degradation of dyes in the presence of these hybrid nanoparticles
11

.  As-synthesized hybrid 

nanoparticles contained cube shaped Au-rich, Au–Cu solid solution phase and hemispherical 

shaped Cu2S phase. Mechanism of formation of hybrid nanoparticles involved initial formation 

of isolated Au nanoparticles with a cube morphology adsorbed over a Cu–thiolate complex with 

Page 12 of 28RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



12 

 

an irregular 3D morphology. With increase in reaction time the Cu–thiolate complex 

decomposed to yield hemispherical Cu2S phase formed over a Au-rich cube shaped phase. An 

optimum concentration of dodecanethiol is required both for achieving size and morphological 

uniformity of the participating phases and for their attachment to form a hybrid nanoparticle. 
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Figure captions 

Figure 1. (a) TEM bright field image, (b) STEM-HAADF image of as synthesized Au–Cu2S 

hybrid nanostructures, (c) reconstructed images obtained from three-dimensional tomographic 

imaging of a representative hybrid nanoparticle in TEM,  (d) X-Ray diffraction, and (e) selected 

area diffraction (SAD) patterns obtained from as synthesized Au–Cu2S hybrid nanostructures. 

The insert in figure 1(d) shows the XRD profile in the 2Θ range of 45-70° containing diffraction 

peaks corresponding to the Cu2S phase. 

Figure 2. (a) STEM-HAADF image of hybrid nanoparticles and composition values obtained at 

point ‘1’ and ‘2’ (b) STEM-EDS composition mapping result showing STEM-HAADF image 

(b1), Au rich region (b2), Cu rich region (b3) and S rich region (b4).  

Figure 3. (a) High-resolution TEM image of Au rich nanocube part of a representative hybrid 

nanoparticle. Inset shows FFT pattern obtained from the ROI denoted by the square, magnified 

image of the ROI and the reconstruction lattice, (b) High-resolution TEM image of 

hemispherical Cu2S phase part of a hybrid nanoparticle. Inset shows FFT pattern obtained from 

the ROI denoted by square, magnified image of ROI and reconstruction lattice, (c) High-

resolution TEM image of a hybrid nanoparticle showing 3 different ROIs denoted by squares. 

The upper left FFT is obtained from ROI 1 and lower right FFT is obtained from ROI 3. The 

upper right FFT is from the cube-hemisphere interface (ROI 2). The right most figure shows the 

magnified view of the interface and the corresponding reconstruction lattice illustrating the 

orientation relationship: [001] Au//[0001] Cu2S and (200) Au//(1100)Cu2S.  Lattice models and 

reconstruction lattice were obtained using Diamond 3.2 software.  

Figure 4. X-Ray diffraction profile of specimens extracted at 180°C temperature after 5, 180, 

and 300 minutes. Fig 4(a) contains XRD profiles for the full 2-theta range from 10 to 90; Fig 
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4(b) contains XRD profiles for the 2-theta range of 10 to 35; Fig 4(c) contains XRD profiles for 

the 2-theta range of 35 to 50; Fig 4(d) Contains XRD profiles for the 2-theta range of 50 to 90. 

Figure 5. (a) TEM bright field image of cube shape Au nanoparticle. Inset shows selected area 

diffraction pattern from cube shaped nanoparticles, (b) Low magnification TEM bright-field 

image showing Cu-thiolate complex along with Au nanoparticles, (c) STEM-HAADF image of 

Cu-thiolate complex along with Au nanoparticles, (d) STEM-EDS composition mapping result 

of intermediate complex attached to Au-cube, showing Au, Cu and S containing regions.  

Figure 6. Schematic illustration of the formation mechanism of Au1-x Cux-Cu2S hybrid 

nanoparticles.  

Figure 7. (a) X-Ray diffraction pattern of nanoparticles prepared from reaction mixture 

containing different amount of dodecanethiol (DDT), (b) variation in the average size of the Au 

rich region with change in the amount of DDT. TEM bright field image of nanoparticles obtained 

from the reaction mixture containing (c) 0.3 mL, (d) 1.0 mL, and (e) 3.0 mL of dodecanethiol 

amount. Inset shows the SAD pattern obtained from nanoparticles.  
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