
Heterogeneous interface induced electrocatalytic efficiency boosting of 

bimetallic Cu/Zn selenides for stable water oxidation and oxygen reduction 

reactions

Muthuraja Velpandiana, Govind Ummethalab, Sairam K Malladib, Praveen Meduri a*

a Department of Chemical Engineering, Indian Institute of Technology Hyderabad, Kandi, 

Sangareddy-502285, Telangana (India)

b Department of Materials Science and Metallurgical Engineering, Indian Institute of 

Technology Hyderabad, Kandi, Sangareddy-502285, Telangana (India)

Table S1 Fitted values of Rs, Rct and Cdl with the circuit shown in Fig. S7.

Sample Rs, Ω Rct, Ω Cdl, μF

CZSe@C-450 29.04 16.3 6.59
CZSe@C-550 29.12 24.6 10.1
CZSe@C-350 29.95 27.3 16.7
CuSe@C 31 28.28 17.2
ZnSe@C 30.02 28.31 19.3
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Determination of electrochemical surface area:

The electrochemical surface area (ECSA) is determined using double layer capacitance. CVs 

are acquired by varying the scan rate (0.1 V s-1 to 0.8 V s-1; Fig. S8) wherein, current is 

measured where both anodic and cathodic scans are parallel to one another (non-faradaic 

potential region) at a particular potential and plotted against the corresponding scan rate which 

follows the following equation:

𝐼𝑐 =  𝜈 𝐶𝑑𝑙

where  is the double layer charging current, ν is the scan rate and  is the double layer 𝐼𝑐 𝐶𝑑𝑙

capacitance associated with it, which is the slope of the linear plot between  vs . 𝐼𝑐 𝜈

ECSA of an electrocatalyst is then calculated using the following equation:

𝐸𝐶𝑆𝐴 =  
𝐶𝑑𝑙 

𝐶𝑆

where the specific capacitance is of the atomically smooth planar surface of the same 𝐶𝑆 

material under similar experimental conditions. The reported value of S is 0.04 mF cm-2  in 𝐶

alkaline conditions and is used to calculate ECSA in this study1.

Table S2 Calculated values of ECSA.

Sample ECSA,cm2

CZSe@C-450 4.70
CZSe@C-550 2.74
CZSe@C-350 2.35
CuSe@C 0.12
ZnSe@C 0.11



Determination of Turnover frequency (TOF):

TOF is calculated using the following equation2:

𝑇𝑂𝐹 =
𝐽  

4 𝐹 𝑁𝑠 

where  and  are current density at a certain overpotential (A cm-2), Faraday constant 𝐽, 𝐹 𝑁𝑠

(96485 C mol-1) and concentration of active sites in the catalyst (mol cm-2), respectively.

 is determined using the following relation2:𝑁𝑠

𝑖𝑝𝑒𝑎𝑘

𝜈
 =  

𝑛2𝐹2𝐴 𝑁𝑠

4 𝑅𝑇

where , n, R, and T are the slope of the plot generated between peak current and scan rate 

𝑖𝑝𝑒𝑎𝑘

𝜈

using CV’s at different scan rates in the potential range of the reaction (Fig. S9), number of 

electrons transferred, ideal gas constant and absolute temperature, respectively. 

Table S3 Calculated values of Ns (concentration of active sites) and TOF (turn over frequency).

Sample Ns, mol cm-2 TOF, s-1 (at current density of 10 mA cm-2)

CZSe@C-450 1.16E-7 0.22
CZSe@C-550 1.34E-7 0.19
CZSe@C-350 3.12E-7 0.08



Determination of Faradaic efficiency using rotating ring-disk electrode (RRDE):

Rotating ring-disk electrode (RRDE) consists of a Pt ring and a GC disc. CZSe@C-450 is drop-

casted on to GC and dried under ambient conditions. LSV (Fig. S11) is generated at a scan rate 

of 2 mV s−1 at 1600 rpm by sweeping the potential from 1.1 to 1.85 V vs. RHE where O2 is 

generated (GC disc) and the generated O2 is reduced at the Pt ring where a constant potential 

of −0.5 V is applied to enable an efficient oxygen reduction reaction (ORR). Faradaic 

efficiency is calculated using the following equation3:

𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
 𝐼𝑅  𝑛𝐷   

 𝐼𝐷 𝑛𝑅 𝑁𝐶𝐿

where  is the ring current due to the reduction of oxygen,  is the disk current due to the  𝐼𝑅 𝐼𝐷

evolution of oxygen,  and  are the numbers of electrons transferred during the evolution 𝑛𝐷  𝑛𝑅

and reduction of O2 (both are 4). The parameter  indicates the collection efficiency of 𝑁𝐶𝐿

RRDE, which can be determined using a ferrocyanide/ferricyanide redox couple.  An average 

 of  0.3684 is used which is in fair agreement with that of a commercially provided RRDE 𝑁𝐶𝐿

comprising of a GC disc and a Pt ring (0.37).



Determination of number of electrons in ORR:

The number of electrons transferred ( ) is obtained by Koutecky-Levich (K-L) equation as 𝑛

follows4:

1
𝑗

=
1

𝐵 𝜔
+

1
𝑗𝑘

𝐵 = 0.62 𝑛 𝐹  𝐷
2
3  𝛾

‒ 1
6  𝐶

where  is the current density,  is the kinetic current density,  is the electrode rotation rate, 𝑗 𝑗𝑘 𝜔

 is the electron transfer number,  is the Faraday constant (F = 96485 C mol−1),  is the 𝑛 𝐹 𝐶

concentration of dissolved O2 in 0.1M KOH (Co = 1.2 × 10−6 mol cm−3), is the diffusion 𝐷 

coefficient of O2 in 0.1M KOH (D = 1.9 × 10−5 cm2 s−1),  is the kinematic viscosity of 0.1M 𝛾

KOH (γ = 0.01 cm2 s−1).

Table S4 Kinetic parameters of CZSe@C-450 for ORR at different potentials.

Potential, V Slope Intercept No. of electrons jk , mA cm-2

0.7 2.75 0.26 3.27 -3.80
0.6 2.75 0.16 3.26 -6.14
0.55 2.85 0.14 3.15 -6.92
0.5 2.96 0.13 3.03 -7.55
0.45 2.98 0.11 3.02 -8.51
0.4 2.89 0.11 3.10 -8.60
0.35 2.71 0.11 3.31 -8.37
0.3 2.52 0.15 3.56 -6.43



RRDE experiment is used to verify the electron transfer number (n) during ORR using the 

equation below:

𝑛 =
4 |𝐼𝐷|

|𝐼 𝐷| +  
𝐼𝑅

𝑁

The hydrogen peroxide production yield is calculated by the equation below:

%𝐻2𝑂2 𝑦𝑖𝑒𝑙𝑑 =
200 ∗  

𝑖𝑅

𝑁

|𝑖𝐷| +
𝑖𝑅

𝑁

where  is the ring current,  is the disk current and  indicates the collection efficiency of  𝐼𝑅 𝐼𝐷 𝑁

RRDE which can be determined using a ferrocyanide/ferricyanide redox couple. An average 

N value of 0.3684 is used which is in fair agreement with that of a commercially provided 

RRDE comprising of a GC disc and a Pt ring (0.37).

Determination of mass activity and specific activity of ORR electrocatalysis: 

The mass activity is calculated using the kinetic current at 0.8 V vs RHE in the ORR 

polarisation curve normalized by the catalyst loading.  The specific activity is calculated using 

the kinetic current at 0.8 V vs RHE normalized by the Brunauer− Emmett−Teller (BET) surface 

area. 



Table S5 Comparison of electrochemical performance of copper and zinc based 
electrocatalysts.

Electrocatalytic Oxygen Evolution Reaction

Electrocatalyst Synthesis

Method

Electrolyte Over potential

(mV vs RHE)

Tafel Slope

(mV/dec)

Referen
ce

CZSe@C-450 Electrospinning & 
selenisation

1 M NaOH 260 62 This 
work

Cu2Se Electrodeposition 1M KOH 270 107.6 5

Cu2Se Hydrothermal 1M KOH 290 136.7 5

Cu2Se CVD 1M KOH 300 90.9 5

Cu2Se Electrodeposition 1M KOH 320 48.1 5

CuSe/NF Solid state 1M KOH 297 89 6

Cu(OH)2 NWS/CF Simple chemical reaction 
and oxidation

0.1 M NaOH 530 86 7

CuO NWS Simple chemical reaction 
and oxidation

0.1 M NaOH 590 84 7

CuOx NWS Simple chemical reaction 
and oxidation

0.1 M NaOH 630 108 7

Annealed CuO Electrodeposition 1 M KOH 430(1 mA cm-2) 61.4 8

H2O2 treated CuO Hydrothermal 0.1 M KOH 520(2.5mA cm-2) - 9

Cu0.3Ir0.7Oδ Hydrothermal 1 M KOH 415 105 10

CuCo2O4−SSM Sacrificial support method 1 M KOH 420 - 11

CuRhO2 Coprecipitation 0.1 M KOH 400 81 12

Cu3P/CF Surface oxidation 1 M KOH 412 (50mA cm-2) 63 13

Cu3P/ CuO core shell 
nanorod arrays

Electrochemical oxidation 1M KOH 315 74.8 14

Cu2S/CF nanosheet 1M KOH 336 (20 mA cm-2) 101 15

CuO/C nano dendritic Electrodeposition 1 M NaOH 290 67.5 16

CuCo2S4 nanosheets Hydrothermal 1M KOH 310 86 17



CuO nanowire Electrodeposition 1M Na2CO3 580 86 18

Cu/Cu(OH)2-CuO 
nanorods

anodisation 0.1 M KOH 417 76 19

Cu2Se core/shell 
nanotube arrays

Simple chemical reaction 
immersion

1 M KOH 200 150 20

Cu2Se-Cu2O film Electrodeposition 0.2M carbonate buffer 465 140 21

Cu2S branch arrays Electrodeposition and 
sulfurization

1M KOH 284 72 22

Ce modified CuOx Electrodeposition 0.1 M KOH 400 74 23

CuO nanowire Wet chemistry annealing 1M Na2CO3 500 41 24

CuCo2Se4 @ Au Hydrothermal 1M KOH 320 66.5 25

Fe-doped MOF 
CuCoSe@HCNFs

Hydrothermal & 
sacrificial agent annealing

1M KOH 260 (20mA cm-2) 57 26

Cu2Se/NiSe2/NF Hydrothermal 1 M KOH 277 (50mA cm-2) 40.17 27

ZnSe with reduced 
titania

Solvothermal 0.1 M KOH 570 45 28

Electrocatalytic Oxygen Reduction Reaction

Electrocatalyst Synthesis

Method

Electrolyte JL

(mA cm-2)

E1/2

(V)

Refere
nce

CZSe@C-450 Electrospinning & 
selenisation

0.1M KOH 3.65 0.88 V vs 
RHE

This 
work

Cu2-x Se Chemical synthesis 0.1M KOH 4 -0.21 V vs 
Ag/Agcl

29

CuSe decorated 
CNT

Hydrothermal 0.1M KOH 2.37 0.5 V vs 
Ag/Agcl

30

CuSe @ graphene

CNT

Hydrothermal 0.1M KOH 4.5 -0.12 V vs 
SCE

31

N doped 
Graphene/ZnSe

Hydrothermal 1M KOH 2.4 -1.85 V vs 
Hg/HgO

32

Co0.62Zn0.38Se@N
CF-800

Electrospinning & 
pyrolysis

0.1M KOH 5.05 0.83 Vs RHE 33



Fig

. S1 Schematic representation of electrode fabrication via electrospinning.



Fig. S2 SEM images: (a) ZnSe@C. (b) CuSe@C. TEM images of: (c) ZnSe@C at low 

resolution with an inset of SAED. (d)  CuSe@C at low resolution with an inset of SAED. 



Fig. S3 SEM images: (a) & (b) CZSe@C nanofibers before annealing.



Fig. S4 XPS N 1s spectra of CZSe@C-450 (before and after stability). 



Fig. S5 LSV curve of CZSe@C-450 and RuO2.

Fig. S6 LSV (OER) of CZSe@C-450 and carbon nanofibers.



Fig. S7 Equivalent circuit fit of EIS data.



Fig. S8 Cyclic voltammetry curves (non-faradaic region) at various scan rates: (a) CZSe@C-

350. (b) CZSe@C-450. (c) CZSe@C-550. (d) CuSe@C. (e) ZnSe@C. 



Fig. S9 Cyclic voltammetry curves at various scan rates: (a) CZSe@C-350. (b) CZSe@C-450. 

(c) CZSe@C-550. 



Fig. S10 Cyclic voltammetry curves of CuSe@C, ZnSe@C, CZSe@C-350, CZSe@C-450, and 

CZSe@C-550.



Fig. S11 Ring current and disc current of RRDE linear sweep voltammetry for CZSe@C-450.



Fig. S12 EDX analysis of CZSe@C-450 before testing.



Fig. S13 SEM analysis of CZSe@C-450 after stability testing for: a) 12 hours. b) 50 

hours.

Fig. S14 Post 50-hour stability analysis of CZSe@C-450 using: a) XRD. b) Raman.



Fig. S15 ORR polarisation curve of CZSe@C-450 and Pd/C at 1500 rpm.

Fig. S16 Rotating ring–disk electrode (RRDE) analysis during ORR of CZSe@C-450

: a) determination of electron transfer number.  b) H2O2 yield with potential. 



Fig. S17 Mass transfer correlated Tafel plot for ORR of CZSe@C-450.

Table S6 Tafel slope and exchange current density values for ORR of CZSe@C-450.

Region Tafel slope, mV dec-1 Exchange current density, mA cm-2

Higher potential 263 0.83

Lower potential 2878 2.63



Fig. S18 CZSe@C-450 ORR polarization using graphite rod as counter electrode: a) LSV at 

different rotating speeds., b) LSV (cycling).  c)  Mass activity. d) Specific activity.
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