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Experimental Section

Synthesis of Bare VS,/NF:

Before synthesis, with the purpose of removing the oxide coating on the surface, two pieces of
(4.5%0.5 cm?) Ni foam (NF) were dipped in diluted hydrochloric acid following sonication for 5
minutes. Afterward, the NFs were washed with ethanol and deionized water respectively several
times. VS, were synthesized by hydrothermal process. For a typical synthesis, 2 mmol of NH;VO;
was dissolved in a 30 mL of DI water. Further, 15 mmol of C,HsNS and 2 ml of NH; were added
to the same solution and stirred for 20 minutes on a magnetic stirrer. The resulting dispersed
solution then transferred to Teflon-lined autoclave. To this dissolved precursor, surface cleaned 2
x 2 nickel foam (NF) was kept inside and sealed properly. The autoclave kept for 14 h at a
temperature of 160 °C in a hot air oven. After the completion of reaction, the in-situ grown VS,
was cleaned several times with DI water and dried at 60 °C. Then the obtained bare VS,/NF was
used for formation of heterostructure with the NiCr-LDH. Also, the suspension was centrifugated,
washed with DI water and ethanol respectively, and dried at 60 °C, and then Bare VS,/NF powder
was obtained which is further used for characterization purposes.

Synthesis of NiCr-LDH/NF:

Before synthesis, with the purpose of removing the oxide coating on the surface, two pieces of
(4.5x0.5 cm?) Ni foam (NF) were dipped in diluted hydrochloric acid following sonication for 5
minutes. Afterward, the NFs were washed with ethanol and deionized water respectively several
times. Typically, for the synthesis of NiCr-LDH/NF 0.05 M Ni(NOs;),.6H,0, 0.05 M
Cr(NO3);.9H,0, 0.35 mM CO(NH,), (Urea), and NH4F were dissolved in a 1:1 mixture of 30 mL
of deionized water with continuous stirring for 10 minutes. Henceforth, the resulting solution was

relocated into a 100 mL Teflon-lined stainless-steel autoclave and the washed pre-prepared NFs



were immersed into the solution. Subsequently, the sealed autoclave was transferred to an electric
oven for hydrothermal treatment at 160 °C for 14 hours and henceforward cooled down to room
temperature.'-? The as-synthesized NiCr-LDH sample coated on NF was collected and rinsed with
deionized water quite a few times and then dried overnight. Also, the suspension was centrifugated,
washed with DI water and ethanol respectively, and dried at 60 °C, and then NiCr LDH powder
was obtained which is further used for characterization purposes.

Synthesis of heterostructured NiCr-LDH/VS,/NF

The heterostructured NiCr-LDH/VS,/NF was synthesized through same hydrothermal treatment
for 14 h. Here instead of bare NF, in-situ grown Bare VS,/NF was immersed in the disperse
solution of 0.05 M Ni(NOs),.6H,0, 0.05 M Cr(NO;);.9H,0, 0.35 mM CO(NH;), (Urea), and
NH,F in a Teflon-lined stainless-steel autoclave and kept at 160 °C for 14 h.

Similarly, for the synthesis of VS,/NiCr-LDH/NF heterostructure, vice-versa procedure is
used, where in-situ grown NiCr-LDH/NF was immersed in the disperse solution of VS, and
hydrothermal method was carried out.

The obtained NiCr-LDH/VS,/NF and VS,/NiCr-LDH/NF was washed several times with
water-ethanol mixture and dried in hot air oven at 60 °C for 12 h. Finally, all the obtained product

was used as electrocatalyst for OER, HER and overall water splitting reaction.

Reagents and Instruments:

Nickel Nitrate [Ni(NOs;),.6H,0], Chromium Nitrate [Cr(NO;);.9H,0], Urea CO(NH,),,
Ammonium Vanadate (NH;VO;), Thioacetamide (C,HsNS), Ammonia [NH;] were purchased
from Sigma-Aldrich and used as received. Ni foam was procured from Sigma-Aldrich and used

after surface cleaning. The electrochemical analyzer AURT-M204 was used for all



electrochemical characterizations. Hg/HgO reference electrode (in 1 M KOH) was purchased from
CH instruments and platinum (Pt) and graphite as counter electrodes from Alfa-Aesar were used
throughout the electrochemical studies along with the Ni foam with materials grown as working
electrodes. DI water was used throughout the entire experiment. The as-prepared catalysts with
different stoichiometric ratios were characterized with HR-TEM, (TecnaiTM G2 TF20) working
at an accelerating voltage of 200 kV and by Talos F-200-S with HAADF elemental mapping. Color
mapping and Energy Dispersive X-ray Spectroscopy (EDS) analysis were carried out with the
FESEM instrument with the images (SUPRA 55VP Carl zeiss) with a separate EDS detector
connected to that instrument. The XRD analysis carried out with a scanning rate of 5° min-1 in the
20 range 10-90° using a Rigaku X-ray powder diffractometer (XRD) with Cu Ka radiation (A =
0.154 nm). X-ray photoelectron spectroscopic (XPS) analysis was performed using a Theta Probe
AR-XPS system (Thermo Fisher Scientific, UK). The Bruker Tensor 27 (Optik GmbH, Germany)
with an RT DLaTGS (Varian) detector was used for FT-IR analysis. LASER Raman spectroscopic
measurements were carried out by green emitting semiconductor as a laser source of 532 nm. For
Raman experiment the excitation light intensity is about approximately 10 mW with a spectral

collection of time of 1 sec. The integration time for our measurement was set to be 10 s.

Electrochemical Characterizations:

The electrochemical workstation AURT-M204 had been used for the entire total water splitting
studies. Electrocatalytic studies were done with the conventional three-electrode system. For OER,
the commercial Hg/HgO, and Pt ring were used as a reference and counter electrodes respectively,
and for HER commercial Hg/HgO, and graphite were used as a reference and counter electrodes

respectively in 1 M KOH solution. For total water splitting, NiCr-LDH/VS,/NF were used as both



cathode and anode. The polarization studies were carried out at a slow scan rate of 5 mV/sec. 50%
iR compensation was done manually from the Rs from EIS. Continuous rapid sweeping through
accelerated degradation (AD) studies at a very high sweep rate of 200 ms™! for 500 Cycles were
Carried out in 1 M KOH for OER and also for HER. For handling the chemicals and glassware for
the synthesis process as well as the application part, safety gloves, lab coats, and safety glass were
mandatory and used accordingly.

All the resulting potential data that were collected by taking Hg/HgO as a reference
electrode were later converted with respect to the reversal hydrogen electrode (Eryg) by
considering the Nernst equation of

Erug= Erert 0.059%x14 +0.098.................. Equation S1
Over potential (1) values of all the catalysts at benchmarking current density of 10 mA/cm?
calculation has been done by following this equation
N=Erue-123V....oo.ooo.l. Equation S2
Tafel slope was calculated by fitting n| vs log(j) using the Tafel equation
N=b10g(/Jo) --eveeerrennrann.. Equation S3
where b represents the Tafel slope, j signifies the current density and j, is the exchange current
density. Electrochemical impedance spectroscopy (EIS) measurements were done on the
frequency ranges from 10°to 1 Hz at 300 mV vs RHE. The value of electrochemical active surface
areas (ECSA) can be measured by determining the electrochemical double layer capacitance (Cy))
as follows:

1= VXCyvnnniiinnn. Equation S4

ECSA= "s......... Equation S5



Where i, indicates the double-layer charging current resulting from scan-rates (v) dependent CVs
at non-faradic potential, C; denotes a specific capacitance value of 0.040 mF/cm? depending on

the typical reported values.

Determination of Surface concentration of various materials from the redox features of CV:
e Calculated area associated with the reduction of Ni** to Ni?* of NiCr-LDH/VS,/NF =

0.034 VA

Hence, the associated charge is = 0.034 VA / 0.005 Vs'!

=6.8 As

=6.8C

Now, the number of electrons transferred is = 6.8 C / 1.602 x10-1°

=4.24 x 10

Since the reduction of Ni** to Ni?* is a single electron transfer reaction, the number of electrons

calculated above is exactly the same as the number of surface-active sites.

Hence, the number of Ni participating in OER is = 4.24 x 101°

In our study, the determination of Turnover Frequency (TOF) from OER Current Density TOF
was calculated assuming that the surface-active Ni atoms that had undergone the redox reaction
just before the onset of OER only participated in OER electrocatalysis. The corresponding

expression is,

TOF=jx Ny/FxnxT



Where, j = current density, Ny = Avogadro number, F = Faraday constant, n = Number of electrons,

I'" = Surface concentration.

Hence, for NiCr-LDH/VS,/NF at 1.71 V, we have the TOF value of

TOF, 71 v = [(551.7 x 10) (6.023 x 1023)] / [(96485) (4) (4.24 x 1019)]

=0.02028 sec!

Similarly, we calculated the TOF value for Bare VS,/NF, NiCr-LDH/VS,/NF and
VS,/NiCr-LDH/NF at 1.71 V and also at different potential value of 1.65 V and 1.76 V,
where in every potential value the TOF value increases from Bare VS,/NF — NiCr-
LDH/NF — VS,/NiCr-LDH/NF — NiCr-LDH/VS,/NF, suggesting optimized NiCr-
LDH/VS,/NF is the best active synthesized catalyst.

In the case of HER reaction TOF was calculated by considering the area of the Cg curve to
calculate surface concentration value and the obtained TOF values at -0.161 V, -0.213V, -
0.261V for NiCr-LDH/NF, Bare VS,/NF, NiCr-LDH/VS,/NF and VS,/NiCr-LDH/NF

are portrayed in Figure 3a.
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Figure S1: (a) XRD pattern of VS»/NiCr-LDH/NF, NiCr-LDH/VS,/NF , Bare VSy/NF, and NiCr-
LDH/NF over Ni foam from top to bottom respectively. (b) Magnified powdered XRD spectrum of the

catalysts for visualization of peak shift of reflection planes.
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Figure S2: (a), (b) Low to high magnified FE-SEM images of NiCr-LDH/NF? (c), (d) Low to high
magnified FE-SEM images of Bare VSy/NF; and (e), (f) ) Low to high magnified FE-SEM images
of VS»/NiCr-LDH/NF. :
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Figure S3: (a), (b), (c), and (d) are EDAX spectrum of of NiCr-LDH/NF, Bare VS,/NF, NiCr-
LDH/VSy/NF, and VS,/NiCr-LDH/NF respectively.
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Figure S4: (a), (b) Low to high magnified HR-TEM images of NiCr-LDH/NF, (c) SAED pattern of
NiCr-LDH/NF inset: Lattice fringes of NiCr-LDH/NF, (d) HAADF area of NiCr-LDH/NF chosen

for color mapping and (e-i) portray the colour mapping of the mix, Ni, Cr, C, and O respectively; (j),

(k) Low to high magnified HR-TEM images of Bare VS:/NF; () SAED pattern of Bare VS,/NF, inset:
Lattice fringes of Bare VS,/NF; (m) HAADF area of Bare VS,/NF chosen for color mapping and (n-
r) portray the colour mapping of the mix, V, S, C, and O respectively.
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Figure SS: (a), (b) Low to high magnified HR-TEM images of VS,/NiCr-LDH/NF'; (c) Lattice fringes
of VS:/NiCr-LDH/NF; (c) SAED pattern of NiCr-LDH/VS,/NF; (e) HAADF area of VS,/NiCr-
LDH/NF chosen for color mapping and (f-1) portray the colour mapping of the mix, Ni, Cr, V, S, C,
and O respectively.
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Figure S6: XPS survey spectrum of (a) NiCr-LDH/NF ; (b) Bare VS,/NF, and (c) NiCr-LDH/VS/NF.
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Figure S7: BET results summary.
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CA: 149.9

Figure S8: Contact Angle measurement of Nickel Foam used as substrate of working

electrodes.
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Figure S9: Bar diagram of OER overpotential values at 50 mA cm™ current density.
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Figure S10: (a),(b), (c),(d) shows the CVs recorded for NiCr-LDH/NF, Bare VS,/NF, NiCr-
LDH/VSy/NF and VS,/NiCr-LDH/NF respectively in a non-faradaic region at various scan rate
for the determination of ECSA from its double layer capacitance in IM KOH solution.
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Figure S11: (a), (b), (c), and (d) are the area of the reduction peaks for NiCr-LDH/NF, Bare
VSy/NF, NiCr-LDH/VS,/NF and VS,/NiCr-LDH/NF respectively.
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Figure S12: (a-d) Bode phase plot, (e-h) Nyquist plot measured at various applied voltages,

(i-1) Correlation of the equivalent resistances (R) and potentials (V) of, NiCr-LDH/VS,/NF,
VS:/NiCr-LDH/NF, NiCr-LDH/NF, and Bare VS,/NF respectively.
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Figure S13: Bar diagram of HER overpotential values at 50 mA cm~ current density.
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Figure S14: (a), and (b) Mott—Schottky plot for NiCr-LDH and Bare VS, with respect to RHE.

21




DOS (States/eV) &

|
(¥

V-d orbital !

Cr-d orbitali

v N

Ni-d orbital

-4 T T -1.0 T T t T T y T t
1s 10 05 o0 05 L0 15 15 10 05 00 05 10 1§ 15 10 05 00 05 L0 1S
b 3 0.3 : 1.0
o |
S, 0.2
L 0.5
S 0.1
=5 1 ..
od 3
=z \ 0.0 P 0.0 P
Y e A, W=\ | |
A i 011 i i
®) i i 051 i
SIS i 0.2 4 ! ' !
V-d orbital ! Cr-d orbital! Ni-d orbital’
2 T T t T 0.3 T T t T T -1.0 T T t T T
1s 10 05 0 05 L0 15 15 10 05 00 05 10 L§ 15 10 45 00 05 10 1S
E-Eg(eV) E -E;(eV) E-E;(eV)
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Figure "Sl6: Partial charge density distribution of the NiCr-LDH/VS, heterostructure in the
Energy interval of -1eV to 0eV,; (a) side view and (b) top view. Dotted black lines denote the
boundary of simulation cell. white, red, green, light blue, grey and yellow colored balls
represent H, O, Cr, Ni, V, and S atoms respectively.
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Figure S17: (a), (b) Low- to high-magnified Post-FE-SEM images of NiCr-LDH/VSy/NF; (c)
EDAX spectrum of post-NiCr-LDH/VSy/NF ; (d) HR-TEM image of post-NiCr-LDH/VS,/NF, (e)
SAED pattern of post-NiCr-LDH/VS,/NF; Inset- Lattice fringes of post-NiCr-LDH/VS,/NF’; (f)
HAADF area of post-NiCr-LDH/VS,/NF chosen for color mapping and (g-m) portray the colour
mapping of the mix, Ni, Cr, V, S, C, and O respectively; (n-p) are deconvoluted XPS curve of Ni
2p, Cr 2p, O Is of post-NiCr-LDH/VS,/NF respectively.
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Figure S18: XPS survey spectrum of post-NiCr-LDH/VS,/NF.
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Table S1: Comparison table for OER activity of NiCr-LDH/VS,/NF with similar type of catalyst.

SI. Catalyst Potential | Electrolyte Current Reference
No || sI. Catalyst Overpoféftial || Current Taf8PRYH% | Reference
No (mYV) density
1 CeCO3;0H/Ce-CoFe LDH || 1.61 (hAYelOH 10 :
1 C\"VH3HH/ HYTWL Fe LPH} N1 L 10 40— 3
2 ! NaV-EDHG@Mns04 1] “ 1604 LOMEKOH 1o 4
2 NWV TR M) 298 50 89 !
3 3 WWMWEQH#M«?M 249 69 LolWPkon 4400 05
4 | NN Grp@NiFe- 209 50 65.4 ‘
4 NiCo-LDH@NiC8a)NiFe- LDH | 1.55 1.0 M KOH 10 6
5 NiCoNisHZIGRESERHBNFDH 330 100 90.9 ’
5 |INBSY/ZrCoFeMISMPREYRELS /7rColFe- | 249 57 Lo N KOH 298 © 7
7 Fe-dopqdi$jeehAd @MoS,- 220 10 47 ?
6 VSN NHH || 166 1L.OMKOH 10 8
8 vNnCraLDb 319 100 22.9 10
7 |_Pe-gloped Co-L DHIR2ME8,-Ni,S, /NH || | 227 54 1.0 M KOH IH o9
10eldoped SO DIEBMSINGLS, NE | 209 50 70 This work
8 Ni,Cr;-LDH || Ni,Cr;-LDH 1.55 1.0 M KOH 10 10
9 Ni-8-/VS, I N-Ni»8./VS-) 1 648 10MKOH 10 1

Table S2: Comparison table for HER activity of NiCr-LDH/VS,/NF with similar type of catalyst.

SI. Catalyst Overpotential | Current Tafel slope Reference
No (mV) density | (mV/decade)
(mA/cm?)

1 CeCO;0H/Ce-CoFe 165 10 89.8 3

2 NiV-LDH@Mn,0; 185 50 98 4

3 NF/Mo-NiFe LDH/NiS, 169 100 424 >

4 | NiCo-LDH@NiCoS@NiFe- 93 10 93.3 6

LDH

5 Ni3S,/ZrCoFe-LDH@NF 159.2 10 96 7

6 VSe,/NiFe-LDH 168 10 98 8

7 | Fe-doped Co-LDH@MoS,- 95 10 44 o

Ni3 Sz /NF
8 Ni,Cr;-LDH 138 100 61.5 10
N-Ni3S,/VS, 151 10 107.5 1
10 NiCr-LDH/VS,/NF 116 50 110 This work
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Table S3: Comparison table for TWS activity of NiCr-LDH/VS,/NF with similar type of

Computational Methodology:

All calculations were performed using spin-polarized density functional theory (DFT) with the
Vienna A4b initio Simulation Package (VASP). > The unit cell was optimized using Perdew—
Burke—Ernzerhof (PBE) functional '3 of the generalized gradient approximation (GGA) with the
addition of on-site Hubbard U term for Ni, Co, and V. Based on previous literature, 14 U value of
6.2, 3.0, and 3.0 eV were chosen for Ni, Co, and V, respectively. On the other hand, J value of
0.75 eV was taken invariably for all three elements. We also used a cut-off energy value of 500
eV and the Brillioun zone was sampled using a 9 x 9x 1 k-points mesh. To analyse the charge
distribution, Bader charge analyses !> were performed to understand the charge density distribution
of the systems and VESTA !¢ software were used for visualize the atomic models as well as charge
density distribution. Vacuum thickness of ~15 A is maintained along the z-axis of the structures

to nullity the interaction between the real and periodic images of the system.
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