
S1

Electronic Supplementary Information

Insights of the Efficient Hydrogen Evolution Reaction Performance in 

Bimetallic Au4Cu2 Nanoclusters
Aarti Devia, Harpriya Minhasb, Lipipuspa Sahooa, Rashia, Saniya Gratiousc, Amitabha Dasb, Sukhendu Mandalc, 

Biswarup Pathakb*, Amitava Patraa,d*

aInstitute of Nano Science and Technology, Knowledge City, Sector 81, Mohali 14036, India
bDepartment of Chemistry, Indian Institute of Technology (IIT) Indore, Indore, Madhya Pradesh, 453552, India
 cSchool of Chemistry, Indian Institute of Science Education and Research Thiruvananthapuram, Thiruvananthapuram, Kerala-695551, India
dSchool of Materials Sciences, Indian Association for the Cultivation of Science, Jadavpur,

Kolkata-700032, India

*Author to whom correspondence should be addressed; E-mail: msap@iacs.res.in, biswarup@iiti.ac.in, Phone: 

(91)-33-2473-4971, Fax: (91)-33-2473

Electronic Supplementary Material (ESI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2023

mailto:msap@iacs.res.in


S2

Figure S1: TEM image of (a) Cu6 NCs (b) Au6 NCs (Insets show the corresponding particle size 

distribution). 

Figure S2: (a, b) TEM and HRTEM images of Au4Cu2 NCs (Inset shows the corresponding 

particle size distribution) and (c) corresponding elemental mapping showing the presence of 

d) Au e) Cu and f) S
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Figure S3: Isotopic Distribution (simulated and experimental) of peak * with formula 

[Au6(MPA)4 +H]+

Figure S4: MALDI-MS analysis of (a) Au NCs and (b)AuCu NCs
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Figure S5: FTIR analysis of (a) MPA (b) Cu6 NCs (c) Au6 NCs, and (d) Au4Cu2 NCs

Figure S6: PLE spectra of (a)Cu6 NCs (b) Au6 NCs and (c) Au4Cu2 NCs
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Figure S7: Powder X-ray Diffraction pattern of MoS2

Figure S8: (a) SEM image of MoS2 and corresponding elemental mapping of (b) Mo (c) S (d) 

overlap of Mo and S.

Figure S9: TEM image of MoS2.
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Figure S10: HRTEM-EDX spectrum of Au4Cu2/MoS2 showing the presence of Au, Cu, Mo, and 

S (inset shows the contents of the elements).

Figure S11: (a,b) TEM images of Cu/MoS2 and (c) corresponding elemental mapping showing 

the presence of d) Mo e) S f) Cu

Figure S12: (a,b) TEM images of Au/MoS2 and (c) corresponding elemental mapping showing 

the presence of d) Mo e) S f) Au
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Figure S13: XPS survey spectrum of (a) MoS2 (b) Cu6/MoS2 (c) Au6/MoS2 (d) and Au4Cu2/MoS2

Figure S14: XPS analysis of Cu 2p in Cu6 NCs and Cu6/MoS2 composite.
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Figure S15: Raman spectra of MoS2 and Au4Cu2/MoS2

Figure S16: HER polarization curve of Pt/C.

Figure S17 (a) HER polarization curve with different loadings recorded at a scan rate of 10 

mV/sec of (a) Cu6/MoS2 (b) Au6/MoS2  and (c) Au4Cu2/MoS2 
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Figure S18: Polarization curves of NCs encapsulated over MoS2 towards HER recorded at a 

scan rate of 10 mV/sec

Figure S19: Electrocatalytic performance of Au4Cu2/MoS2 with different loadings towards HER 

(a) Tafel slope derived from an early stage of HER polarization curve (b) Nyquist plots (c) 

Comparative Cdl plot as a function of scan rate.
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Figure S20: Cyclic voltammograms curve of (a) MoS2 (b) 0.5 wt% Au4Cu2/MoS2 (c) 1 wt% 

Au4Cu2/MoS2 (d) 2 wt% Au4Cu2/MoS2 (e) 4 wt% Au4Cu2/MoS2 in the potential window of 0.0 V- 

0.3 V vs. RHE at different scan rates.

Figure S21: Cyclic voltammograms curve of (a) MoS2 (b) Cu6/MoS2 (c) Au6/MoS2 (d) 

Au4Cu2/MoS2   in the potential window of 0.0 V- 0.3 V vs. RHE at different scan rates.

Figure S22: Chronoamperometry measurements of (a) MoS2 (b) Cu6/MoS2 (c) Au6/MoS2 
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Figure S23: (a) HER polarization curve and (b) Nyquist plot curve of MoS2 before and after 

stability test.

Figure S24: Cyclic voltammograms curve Au4Cu2/MoS2 recorded after stability test.

Figure S25: LSV cycling stability of Au4Cu2/MoS2 upto 2000th LSV performance.
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Figure S26: (a) TEM and (b) HRTEM images of Au4Cu2/MoS2 after catalysis.

Figure S27: Possible arrangements of Cu and Au positions in Au4Cu2(MPA)5 cluster named as: 

(a) A12, (b) A13, (c) A14 and (d) A13 .'
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Figure S28: Side view of the possible orientations of Cu6(MPA)5 cluster on MoS2 and their 

relative energies (RE).

Figure S29: Side view of the possible sites of Au6(MPA)5 cluster on MoS2 and their relative 

energies (RE).

Figure S30: Side view of the possible orientations of Au4Cu2(MPA)5 cluster on MoS2 and their 

relative energies (RE).
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Figure S31: Top view of the possible orientations of MoS2 for H-adsorption and their relative 

energies (RE).

Figure S32: Side view of the possible orientations of H-adsorption on Au6(MPA)5/MoS2 and 

their relative energies (RE).
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Figure S33: Side view of the possible orientations of H-adsorption on Cu6(MPA)5/MoS2 and 

their relative energies (RE).

 

Figure S34: Side view of the possible orientations of H-adsorption on Au4Cu2(MPA)5/MoS2 and 

their relative energies (RE).
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Table S1: Summary of HER overpotential, Tafel slope, double-layer capacitance, 

electrochemically active surface area, and charge-transfer resistance of Au4Cu2/MoS2

Sample Overpotential
@ 10 mA/cm-2

(mV vs. RHE)

Tafel 
Slope
(mv/dec)

Double 
layer 
capacitance
Cdl 
(mF/cm2)

Electroche
mically 
active 
surface 
area, 
ECSA 
(cm2)

Charge 
Transfer 
resistanc
e, Rct

(ohm)

MoS2 252  116 2.4 60 210

0.5 wt% Au4Cu2/MoS2 236 97 3.6 90 151

1 wt% Au4Cu2/MoS2 192 84 5.1 127.5 54

2 wt% Au4Cu2/MoS2 155 78 10.2 255 39

4 wt% Au4Cu2/MoS2 238 106 2.6 65 162

Table S2: Comparison of Au4Cu2/MoS2 catalyst with the state-of-the-art catalysts developed 

in the recent past.

Catalyst Name Electrolyte Overpotential 
@10 mAcm-2

(mV)

Reference

S-Au MoS2 hybrid 0.5 M H2SO4 164 1

Ag/VA-MoS2+20 min Pd G.R 0.5 M H2SO4 210 2

Au11 NCs/MoS2 0.5 M H2SO4 292 3

Au25 NCs/MoS2 0.5 M H2SO4 280 4

Au2Pd6 NCs/MoS2 0.5 M H2SO4 225 5

Au24Ag20( t BuPh-CuC)24Cl2 0.5 M H2SO4 260 6

Ag NCs/MoS2 0.5 M H2SO4 230 7

Pd6 cluster/AC-V 0.5 M H2SO4 400 8

Pt NCs@ CIAC-121 0.5 M H2SO4 485 9

Au4Cu2 NCs/MoS2 0.5 M H2SO4 155 This work
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