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Materials and Experimental Details

Materials: Copper nitrate (Cu(NO3)2. 4H2O) (95%, Loba Chemie Pvt. Ltd.) Vanadyl sulphate 

(VOSO4) (97%, Sisco Research Laboratories Pvt. Ltd), Cobalt nitrate (Co(NO3)2 .6H2O)(95%, 

Loba Chemie Pvt. Ltd.), KOH (85%, Loba Chemie Pvt. Ltd.), Glycerol(C3O3H8) (99%, Sigma-

Aldrich.)

Analytical tools: X-ray diffraction (Rigaku, Cu−Kα radiation 1.514 Å), Scanning electron 

microscopy (SEM, JEOL JSM-7600F FEG-SEM), X-ray photoelectron spectroscopy (Axis Supra 

Model, SHIMADZU group), Transmission electron microscope (Thermo Scientific, Themis 300 G3), 

Electrochemical work station (Autolab), Gas-chromatography (Dhruva CIC), Nuclear magnetic 

resonance (Bruker Avance III 400), ICP-AES (Arcos)

Synthesis of copper vanadate and Co doped copper vanadate

Synthesis of copper vanadate (CuV)

Under inert conditions, copper vanadate was synthesised employing the high-temperature 

solid-state method. In a 5:2 molar ratio, Cu(NO3)2 and VOSO4 were dissolved in milli-Q water 

and stirred for 2 hours to form a homogenous solution. The dried sample was ground in agate 

mortar and pestle to obtain fine powder. The fine powder of solid precursor was then annealed 

for 2 hours in the tube furnace at 550 °C in an argon environment.

Synthesis of cobalt doped copper vanadate (Cox%-CuV) 

In order to synthesize variable ratios of cobalt doped copper vanadate, molar equivalents of 

Co(NO3)2 nitrate in varying ratios of 5, 10, and 20% were dissolved and agitated in milli-Q 

water for 2 hours with Cu(NO3)2 and VOSO4. The subsequent steps followed were same as for 

the synthesis of copper vanadate. 

Electrochemical studies:  All electrochemical experiments were performed on autolab 

electrochemical analyzer. A three-electrode system had been organized using glassy carbon as 

working electrode, Hg/Hg2Cl2 (standard calomel electrode) as reference electrode and Pt as a 

counter electrode. 1. 0 M KOH solution used as electrolyte for all the measurement. 5.0 mg 

/mL of copper vanadate and Co2+ doped copper vanadate was dispersed in the IPA with nafion 

binder and sonicated it for 10 mins. The dispersed catalyst (10 L) was drop casted on the 

glassy carbon electrode and dried under IR lamp for 30 mins. All the potentials reported in this 

work here converted vs RHE in 1.0 M KOH. 
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E vs. RHE = E vs. Ag/AgCl + 0.197 + 0.0591 × pH

The linear sweep voltammetry (LSV) were measured at the scan rate of 5 mVs-1 
.

Product Analysis: 

Formic Acid:  

To identify the by-products of glycerol oxidation, a prolonged electrolysis experiment was 

conducted. After electrolysis, the obtained electrolytes were analysed using a nuclear magnetic 

resonance (NMR) spectrometer. All liquids to be examined included 540 ml of electrolyte and 

60 ml of D2O, and their 1H and 13C NMR were determined. Formic acid (20–50 mM for 1H 

NMR) was dissolved in 1.0 M KOH aqueous solution to form a formic acid standard, and the 
1H NMR spectra of the standard were obtained under the same circumstances as solution 

prepared by electrolyzing biomass with glycerol. Gas chromatography was used to glance at 

the gaseous products that came from the cathode after electrolysis. Giving to the hypothesised 

chemical pathway, the transformation of glycerol to formic acid may be represented by the 

following equation:

C3H8O3 (glycerol) - 8e- + 8OH- - 5H2O = 3CH2O2

Consequently, it is possible to calculate formic acid's faradaic efficiency for glycerol oxidation 

by following equation:

𝐹𝐸(%) =
𝑁 (𝐹𝑜𝑟𝑚𝑖𝑐 𝑎𝑐𝑖𝑑 𝑦𝑒𝑖𝑙𝑑)

𝑄 𝑡𝑜𝑡𝑎𝑙/(𝑍 ×  𝐹)
× 100

Where, Q total is the total charge passed through the electrodes, Z= 8/3 is the number of 

electrons that form a mole of formic acid, and F is the Faraday constant (96485 C mol-1).

H2 production calculation:

The Faraday efficiency (%) of the H2 production can be determined by the following 

Equation:

𝐹𝐸(%) =
𝑁 (𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛)

𝑄 𝑡𝑜𝑡𝑎𝑙/(𝑍 ×  𝐹)
× 100

Here, Q = Total charge passed, z = 2 is the number of electrons that produce a molecule of 

H2, and F is the Faraday constant (96485 C mol-1).



S5

Electrochemical Active Surface Area (ECSA): 

ECSA was calculated by measuring double-layer capacitance (Cdl) from cyclic voltammograms 

(CVs) recorded within the non-Faradaic potential window at different scan rates (10 to 70 mV 

s-1). The Cdl value was calculated as the slope of a straight line based on the plot of current 

density vs scan rate. Using the specific capacitance of 0.04 mF cm-2 for an ideal flat surface, it 

is possible to derive the electrochemical active surface area.

𝐴ECSA =
Cdl (catalyst)

0.04 mF cm ‒ 2

Turnover Frequency: TOF of the reaction was calculated by the following equation

TOF =
𝑗 × 𝐴geo

𝑛 × 𝐹 × 𝑁site

where j is the current density (A/cm2) at @1.6 V vs RHE, Ageo is the geometric area of the 

electrode, n is the number of electrons involved, F is the Faraday constant, and Nsite is the total 

number of metal sites (mole) on the electrode determined by ICP-AES.13
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Figure S1. The comparative XRD spectra of pure Copper vanadate and doped copper vanadate 
obtained at 550 ⸰C under oxygen atmosphere. 
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Figure S2. SEM images of (b) Co0%-CuV, (c) Co5%-CuV, (d) Co10%-CuV and (e) Co20%-CuV 
obtained at 550⸰C under inert atmosphere. 

Figure S3. EDS spectrum of Co10%-CuV obtained at 550⸰C under inert atmosphere.
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Figure S4. The full range XPS survey spectrum of the 10% Co (II)-doped Cu2V2O7 (Co10%-
CuV) sample prepared at 550 C under inert atmosphere. 
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Figure S5. (a) Comparative LSV curves showing HER activity of Co10%-CuV before and after 
1 hr of electrolysis in 1.0 M KOH. Scan rate 5 mV/s (b) Long term chronocoulometric 
experiment performed with Co10%-CuV/GCE modified electrode showing stability of electrode 
in 1.0 M KOH, with an applied potential of -0.2 V vs RHE, at room temperature.
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Figure S6: (a-c) Cyclic voltammograms at various scan rate in the non-Faradaic region of 0 to 
0.1V vs. Ag/AgCl (d) Bar plot showing ECSA value of Co(II) doped and undoped copper 
vanadate  
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Figure S7. The Tauc-plots of various Co-doped copper vanadates showcasing their respective 
optical band gaps.  
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Figure S8. Comparative LSV curves showing glycerol oxidation signatures for Co5%-CuV (red 
trace), Co10%-CuV (green trace), and Co20%-CuV (blue trace) in the presence of 0.2 M glycerol 
in 1.0 M KOH. Scan rate 5 mV/s. Data recorded at 298 K under anaerobic conditions.
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Figure S9. The comparative EIS spectra of Co0%-CuV and Co10%-CuV modified electrode in 
the presence (red trace) and absence of glycerol (blue trace), under an open circuit potential 
with an input frequency from 100 kHz to 0.01 Hz, in 1.0 M KOH solution.   
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Figure: S10 : (a) ECSA Normalized LSV polarization curve of Co0%-CuV and Co10%-CuV 
modified electrode (b) Comparative ECSA normalized current densities measured at 1.6 V for 
Co0%-CuV (Green-striped column), and Co10%-CuV (Red-striped column). Standard error was 
determined by taking measurements three times.
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Figure: S11 Comparative Turn over frequency (TOF) measured at 1.6 V for Co0%-CuV 
(Orange-striped column), and Co10%-CuV (Purple-striped column). Standard error was 
determined by taking measurements three times.



S13

Figure S12. 1H-NMR data recorded at variable concentration of formic acid in D2O solvent 
at 298 K. 

Figure S13. 13C-NMR data recorded after 12 hours of electrolysis of glycerol in D2O solvent 
at 298 K. 
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Figure S14. Long term chronocoulometric experiment performed with Co10%-CuV/GCE 
modified electrode in the presence of 0.2 M glycerol showing stability of electrode in 1.0 M 
KOH, with an applied potential of 1.5 V vs RHE, under inert condition at room temperature. 
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Figure S15. LSV curve of Co10%-CuV/GCE modified electrode obtained after 8 hours of bulk 
electrolysis in the presence of 0.2 M glycerol in 1.0 M KOH at room temperature. 
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Figure S16. Recyclability of Co10%-CuV/GCE modified electrode (n=3) in the presence of 
0.2 M glycerol in 1.0 M KOH solution. 
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Table S1: Comparison table showing HER activity of various catalysts.  

Table S2: Comparison table showing GOR or COR (chemical oxidation reaction) activity of 
various catalysts.
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