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ABSTRACT

Oxygenevolution reaction(OER) is the key step involved both in water splitting deviard
rechargeable metalir batteriesandhencethere is an urgemnteedfor a stableand lowcost
material for efficient OER. In the present investigatiopnCo-FeGaNi-Zn: cobaltiron-
gallium-nickelzinc (CFGNZ) high entropy alloy (HEA)has beerutilized as a low-cost
electrocatalysfor OER. Herein, after cyclic voltammetry activatiorCFGNZ-nanoparticles
(NP9 are covered with oxidized surface and form high entropy (dxydroxides (HEO's)
exhibiting a low overpotential of 370 mV to achieve a current density of 10 mAwith a
small Tafel slope of 71 mV décCFGNZ alloyhasexceptional longerm staility upto 10h
as compared to statd-art RuQ electrocatalystTransmission electron microscopic (TEM)
studies after 10 h of longterm Chronoamperometryshowed no changén the crystal
structure which confirmedhehigh stability of CFGNZ. The density functional theory (DFT)
based calculationshow that the closeness of d (p) bandcentersto the Fermi level (B
plays a major rolein determiningactive sitesThis work highlightsthe tremendougotential
of CFGNZ high entropy alloyor OER, which is the primary reaction involved in water
splitting.

YAuthors have contributed equally in this work.
Keywords: High entropy alloy;Cyclic voltammetryactivation; Oxygen evolutiorreaction;

ElectrocatalystNanocrystalline catalyst



Accepted in Nano Research (Sept 2021)

INTRODUCTION

Electrochemical water splitting is viewed as ondhaf simplest and environmertabenign
approaches because of sisstainable and zero carbon emissattnibutgl1]. Electrocatalytic
oxidation of water to oxygen @ faces challenges due to huge overpotentiabXxggen
evolution reaction (OER)which is the major roadblock for the storage erfiergyfrom
renewable sources the form of molecular fuels like Hor hydrocarbor®]. Watersplitting
efficiency is further limited by sluggish kineticsn anodic OERand the absence of suitable
costeffective catalytic materials. Henca lot of effort has been put forward fothe
development othe energyefficient electrocatalyst

Noble metalbasedstate of the afDER electrocatalysti.e. IrO2 and RuQ areactively used
for commercial application§3]. However, scarcity and high cost of noble mebased
electrocatalystrestrid their use inlarge scale applicationsTherefore the utmost nedis to
develop a nomoble metabased electrocatalysto increase the overall efficiency tie
watersplitting. Recently alot of efforts have been devoted to synthesize the transitionmetal
based alloyss well as theicarbides boride and sulphides as an eftive electrocatalyst for
OER4]. Nanocrystalline high entropy alloysfer a promising wayof tuning theircatalytic
efficiency and durability bytailoring multi-element compositiofs]. Recently,HEAs have
been utilizedfor electrochemicalcatalyst for CO, reduction, OERand HER (hydrogen
evolution reaction) due ttheir unique propertigsé]. Our previous studies hawhownAg-
Au-PtPd-Cu alloys havinchigher stability and efficiency for GOeductiorf7] and electre
oxidation for Formic aci8]. Here, we proposed manocrystalline HEA electoatalyst
utilizing low-cost transition metalfor OER, consisting ofCo-Fe-GaNi-Zn in equiatomic
proportions;and henceforth denoted &-GNZ alloy The nanocrystalline CFNGZ alloy
catalyst is prepared usirthe easily scalableastng-cumcomminution(CCC) method9].
The OER performancalong with its stability and durabilifhave been tested and compared

with stateof-art noble metabased (Ru@) electrocatalystin this work precious metal free
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HEA is reported as excellent OER catalyst which is noble metal free andatayst report

in series of OER electrocatalyst and very active in comparison to standardnbdRuQ
catalystf3] HEA research is very hot topic and report of HEA with current composition is
new and not explored much for catalysi®@ raticnalize the high aotity of the CFGNZ
alloy, the firstprinciplesbased density functional theory (DFd3lculations were carried out,
which demonstrate the important role played by the positiord{fband centresof the

surface atoms.

EXPERIMENTAL SECTION
The pure metals; Co, Fe, Ni, Ga, Zn were purchased from Alfa Aesar with 99.99% purity.
KOH (assay>85 %)was obtained from HMedia laboratories. Nafion (5%) solution is used
as a binder in making the catalyst iflhe nanoparticles of HEA have been prepared by the
cryomilling method, and the advantage of this method to avoid the cold welding of two
metallic particles by deformationt is happening due to the extremely low temperature,
where the cold welding predominantly supressee@tailed preparation can be seen
elsewherfl0]. All metals in equiatomic proportions hav been melted in a vacuum arc
melting furnace and cast as an inggtthis techniqueTheasprepared ingot was melted in
the furnace B times toensurechemical homogeneity. Subsequently, the cast ingot was
vacuum sealed in the quartz tube and homogenized at °2@MG@6r 24 h The ingot has
subsequently been parted into small pieces for mechanical milling at extremely low
temperatures utilizing liquid nmitgen as a coolant to obtain the nanocrystalline CFGNZ for
six hourg11].

The UVi visible spectrometer (Thermo Scientific, UK) was utilized to record the surface
plasmon resonance of nanocrystalline HEA. The Panalytical XPert empyrean system was
used to study the crystallographic phase usiagy$é (CuKa | = 1.54046A). The particle

size, elemental mapping, and their morphologies were investigated using a Transmission
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electron microscope (FEI, Titar?®0 operated at 300 kV).-¥ay photoelectron spectroscopy

(XPS) was used to know about the chemical states of the elements at #ue fyrfusing

Nexsa instrument (Thermo Fisher Scieag.tific)
Electrochemical measurements have been performedtandardhreeelectrode setip with

Metrohm, Autolab electrochemical workstation. The 5mm GCE (gleadyon electrode) is

modified with catalyst ink utilized as a working electrode. Pt wire is used as the counter
electrode, and Ag/AgCl is used as a reference electrode. All experiments have been carried
out with Ag/AgCl as a reference electrode, which éwerted to RHE by using Nernst
equation}O O g MTurwWwO O y , whereO 4 ™ wv is the standard

reduction potential of Ag/AgCl at room temperatuddM KOH (potassium hydroxide)

agueous solution withalkaline pHwas used as electrolyte which was purged with inert N

gas prior to experiment$.he cat al yst i nk was made by mi xi
DMF (di methyl formamide) solvent afdlowe®y ¢l o f
sonicationfor 30 min The 10 ¢l of catalyst i nk was dr
GCE with a catalyst loading of 0.981 mg émespectively. The catalyst loading remained
constant in case of other catalysts as wefior to OER(Oxygen Evolution Reaction)

activity, catalyst surface was activated with the help of CV (cyclic voltammetry). CV
activation scans were conducted in a potential window from 0.48 V to 1.50 V vs RHE at a
scan rate of 50 mV/sec. Linear scan voltammetry (LSV) wexfopmed in the potential

window from 0.90 V to 2.0/ vs RHE with a scan rate offaV/sec. A cyclic durability test

was performed in the potential window from 1.21 V to 1.56 V vs RHE at a scan rate of 50
mV/sec up to 6000 CV cycles. The Tafel plots wemtpt by taking the linear region of
polarization curves, which were fitted in accordance with Bit@mer equatior(/7 = b log

j + a, whergj is current densityh is Tafel slopea is the intercept) to find out the mechanism

of the reaction.
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The Vienna ahnitio simulation (VASP 5.4.4) packae] was utilized forperforming all

the firstprinciplesbased density functional theory (DFT) calculations. For describing the
interactions between electrons and ions, thelalitron projector augmented wave (PAW)
pseudo potentials were utilized. The PerdgwkeErnzerhof (PBE) functional of the
generalized gradient approximation (GGA) was used for approximating electronic exchange
and correlation effecit3]. An energy cubff of 500 eV was used for selecting the plane
waves. All the structures were optimized using a conjugate gradient scheme until the energies
and componentsf forcesreached 18 eV and 0.01 eV A, respectively. A vacuum of 18 A

was included along the-direction to prevent interactions between the periodic images. The
Brillouin zone was sampled by a 2x4x1 Monkhdpsick grid for slab calculations. The
bottom two layers were frozen, and only thpnmst layer was allowed to relax, out of the
total three layers in the CFGNZ slab, to mimic the bulk behmavibhe randomly arranged

sites of the disordered CFGNZ alloy was simulated by generating the speciatamatsn
structur e ( SQSutlity of thenAlloy Wheoreficiatentpted Toolkit (ATAT)
codd14]. Such quasiandom structures have been successful in reproducing catalytic and
other properties of HEA8]'™®71. The 5x3x1 supercell of Ni (111) was taken denerating

the CFGNZ dby structure (Fig.S1 b & c), containing 120 atoms, with the constituent

elementd Co, Fe, Ga, Ni, and Zn, being equportional (20 each) in composition.

RESULTS AND DISCUSSION

A schematic of nanarystalline CFGNZ alloy preparation and OER reaction over the
nanoparticlesurface depicted in the Fifj(a). The crystallographic phaseéentificationof the
nanacrystallineCFGNZ alloyhas beereterminedusing an Xray diffraction pattern, and it
is found to befacecentered cubic (FCCas shown irFig. 1(b). The average particle siné

HEA NPs is8°4 nm estimated usingbout500 particles from brighiield TEM images,
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(Fig. 1(d)). It also possesses thédfraction rings corresponding tthe FCC phase as shown

in Fig. 1(e). High resolution TEM (HRTEM) images of NPs of CFGNZ hawhown in Fig.
1(f) and their latticed-spacingis measured aftefFFT (Fast Fourier Transformation)
processing of the imagshown in Fig.1(g). It is (d11= 0.202 nn) marked over the image
which has also been corroborated witle X-ray diffraction patternFig. 1(h) shows the
elementaimapsof a single CFGNZ alloyP, indicating thathe nanoparticles are chemically
homogenous. The metallic nanoystalline materialsevealthe surface plasmon resonance
(SPR)phenomena orlectromagnetic radiation exposuwehich appeared fa€FGNZ alloy

at 62 nm, (Fig. 1(c)). Therefore, theprepared CFGNZ alloys a homogeneous nano

crystalline materialsuitable for the electrochemical catalyst materials

Intensity (a.u.)

Intensity
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Fig. 1: (a) Schematic of alloy preparatidior nanecrystalline CFGNZand of catalytic reaction (b) X-ray
diffraction pattern of nanccrystalline CFGNZ alloy powder; (c) Surface plasmon resonance peak of
nanoparticlegUV-visible); (d) Bright field (BF) TEM image ofCFGNZ nanoparticles(e) corresponding ring
diffraction pattern;(f) single nanoparticle HRTEM(g) FFT filtered image of nanoparticle corresponding to
imagef; (h) elemental mapping of a single nanoparticle.
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X-ray photoelectron spectroscopy (XP&as performed forassynthesizedCFGNZ alloy
without any treatmentpostCV-activation, and after 10 lof post Chronoamperometry
studies.XPS wide scan spectra tiie aspreparedCFGNZ alloy and post CV activation
displayed inFig. S2 showedthe presence of all five elementdowever after 10 h of
Chronoamperometry studiesnly Ga remainean the surfaceand signal for other elements
remained very weakAll the spectra and peak fittingvere carried outby taking the
adventtious binding energy of C 1s abinding energy 0£84.8 eV as referen@s shown in
Fig. S3in In HEA, Ni 2p spectra confirmethe coexistence dfli®" (Ni 2psi2, 852.2 eV; Ni
2p12, 870.2 eV) and Ni on the surfaceas shown in Fig2(a). The oxidation state of the
nickel at the surface of the region can be determined ditiding energies and chemical

shift in the XPS spectfh6].
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Fig. 2: High resolution deconvoluted spectra(aj Ni 2p j(b) Fe 2p(c) Co 2p;(d) Ga 3d (e) Zn 2p (f) O 1s
for CFGNZ alloy, after CV activatia of 150 cyclesand after 10 lof Chronoamperometry studies in 1 M KOH
electrolyte.((i) CFGNZ alloy(ii) after CV activation (iii) after Chronoamperometry testing)

The peakcorresponding to metallic Niis clearly higher than Ni in the case of HEA
whereas after CV activation peak corresponding t&" i approximately equal tdhe
metallic nickel peak confirmed the oxide formation on the surfagkeanced intensity of Kii
peak at abinding energy of 855.8V after CV activation confirmeaxide formationin NiO
(Ni?*), which contribute t@ER activitiesFor Fe 2p highresolutionspectraFe is present in
metallic as well as in oxide forim the case of HEAas shown in Fig2(b). However after
CV activation only the oxide form of Fe sustainand dter Chronoamperometry of 1Q inon
signal becomevery weak ando traces of irorhavebeenleft at the surfaceconfirmed by
XPS spectra. ICFGNZ alloy, the binding energies obtained thie peak position of 706.7 eV
(2psr2) confirmed the F¥ oxidation state whereasthe absence of this peak after CV
activation confirmed the complete iron oxide formation on the surfecefirmed by
characteristic peaks for K&s17; as Fe 2p2 and Fe 2p. peaks at 723.4 eV and 710.2,eV
respectively Cobalt(Co) in HEA as shown in Fig2(c) found predominantly in the form of
Co as metal confirmed by the peak positions at binding energies of 777.5 g 42d
792.5 eV (2py), respectively. Along with metallic & Co" oxidation statewas also
confirmed by peak gsitions at binding energies 881.0 eV (2p2) and 795.4V (2p.2)[18].
Along with the Co (0, 2+) oxidation statether peak formation at the binding energy
positions of 786.4 e\and 802.4 eV belongs to the satellite peaK®S spectra of Ga in
CFGNZ alloy have shown an interestingfeature as $iown in Fig 2(d). Ga 3d emission
spectra wereleconvoluted into two main peaksie centred at 20.1 eV is expectéddhe Ga
(3+) oxidation state (stoichiometriga03 (Ga II)[19]), and a second one centred at 18.0 eV
corresponds to Ga (0) oxidation staBa was present in the form of metallecwvaell as in the

oxide formsin thecase of asynthesizedHEA and contributed more towards OEBne more
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peak in asynthesizedHEA Ga3d spectra at 23.3 elg associated with the core level of O
2920]. After long term OERstability testing,Ga is the only elemerthat remainedat the
surfaceafter 10 hof stability tes in bothGa(0) as well as Ga (llIpxidation stateln the case
of XPS spctra of Zn, as shown in Fig(e), the peaks at binding energies of 1044.8aed
1021.8 eV are assigned to the Zn,2and Zn 2p;z peaks of ZA", respectivelj21]. After CV
activation, there was no change in the oxidation state oA¥ailability of the oxides of Ga
at the top of the surface became more feasible after CV activateohugge enhancement in
the OER aavities was observed due to the oxide (hydroxidéRe formation of the oxides
at the surface after CV activation can be further confirmih the help of XPS spectra of O
1s inFig. 2 (f). Dual peak in O 1s XP$® indicative of the abundant surface subsurface

oxides and hydroxidess discussed in supporting information.

Electrochemical Oxygen Evolution Reactionperformance (OER)

CFGNZ alloy was activatedby cyclic voltammetryprior to electrochemical testing.he
surface of HEA was actated by performing CV cycles mpotential range of 0.5V to 1.6 V
vs RHE at a scan rate of 20 mV/samtil stable cyclic voltammetry (CV) curves were
obtained. Afer completion of the 150 cycles,gable CV curve wasbtained as showrFig.
S4. Subsequentlythere waghe formation of the morenetal oxides and hydroxides at the
surface confirmed by the XPS spectra of GFis 2(f). After electrochemical activation, the
active sites were exposed due to Qisertion and participated in the catalytic process. The
multi metatbased (oxy) hydroxides formed at the interface of alloy assist the fast electron
transfer, benefit the exposure of catalytic active sites and also help to keep the morphological
stability. The catalytic activity of CFGNZ (oxy) hydroxides (five element based system)
exceed in comparison to ternary (oxy) hydroxides due to the charge redistribution and

optimized absorbing ability t@OH ion which plays a crucial role in OER react[@a]
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As shown in Fig3(a), LSV curves showed the catalytic activities of HEA electrocatddyst
OER which showedverpotentiabf 370 mV ata current density of 10 mA ctand falls in
the category of excellent electrocataljidt.OER testing has alsdeen performed for the
RuQG stateof-the-art catalystwhich isfound to be thdeast active in comparisaio HEA.
RuQ: showeda very high overpotential of 430 mV atcurrent density of 10 mA ¢’ which

is 60 mV high as compattéo HEA. In order to further elucidate the mechanism kimetics
behind the OER reactiprihe Tafel slope has been calculated shown in Fig3(b). A
smaller slopen the plotindicates the more rapid electron transfer at the electrode/electrolyte
interface at the applied potentialsuggesting the better catalytic activity of the
electrocataly$23]. Tafel slopes for HEA, Rug) after 3000 and 6000 CV cycles are 71
mV/dec, 108 mV/dec, 63 mV/sec and 63 mV/dec eetipely. Tafel plot for HEA washe
least as compadldo state of the art catalyRuQC,. Continuous CV cycling between 1.2 V to
1.5V vs RHE in 1 M KOH was used to evalutte durability, shown in FigS5 After 6000
cycles of CV cyclesL.SV curves are shown in Fig(a), showing no difference in the
overpotential compared tihe initial HEA. The Tafel plot was also calculatedter 6000

cycles,as shown in

10
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Fig. 3: (a) LSV curves(b) Tafel plot(c) Nyquist plot for Ru@, HEA, after 3000CV cycles and 600CV (d)

Chronoamperometry studies for Ruéand HEA at operating voltage of 1\bvs RHE in 1 M KOH electrolyte

(e) comparative analysis of overpotential @ 10 mAZdor metals, bimetallic, trimetallic and high entropy

alloys obtained from literaturble (supporting information(f) overpotential at time t=0rht=10 hr and after

3000 CV cycles and 6000 CV cyclesliiM KOH electrolyte.

Fig. 3(b), revealing Tafel valueof 63 mV/dec confirmed no change in the overall OER

performance. These results demonstrated the superior durabitig BEA in the alkaline

medium. In order to evaluate the charggansfer behaviour at the

interface of

catalyst/electrolyte electrochemicalimpedance spectroscop§eIS) was also performed

11
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Nyquist plot at the operating voltagé b5 V vs RHE waslisplayed in Fig3(c) for HEA,
RuQ, after 3000 and 6000 CV cyclesspectively Randle's Equivalent circuit elements
were fitted in NOVA softwareconfirming the[R([CQ]R)] Randles™ equivalent circuiais
shown in the inset oFig. 3(c). CFGNZ forms avery small semicircle of Nyquist plot
suggestingthe lower charge transfer resistan¢®c) in comparison to Ru®and after
durability testingWhereas, semicircle in the Nyquist plot correspondsdadkistance at the
CFGNZz alloyelectrolyte interface so called charge transfer resistangg (#ich was
tabulated in Tabl&2. CFGNZreportedvery less R of 166.9Win comparison to 400.%/for
stateof-the-art RuQ electraatalyst. EIS data is in good agreement with the LSV curves as it
fully supporting the OER performanead in detailed circuit fitting explained in supporting
information The stability of the HEAand RuQ electrocatalyst was evaluated by the
Chronoamperometriestingat a potential of 5 V vs RHE for 10 h as shown irFig. 3(d).
After completing 10 h of stability test HEA has 80 %current retention and very little
material degradation However,in the case of Ru@ only 30 % of material retained after
completion of 10 hr with a maximum loss of the material um initial 4 h. The
Chronoamperometry test showeé@mendous stability of HEAvith retainedOER activity
even after 10 h As shown inFig. S§a), there was almost negligible change in OER
performance of HEA after 10rlof stability test.The Nyquist plotis shownin Fig. S§b)
obtained atnoperating voltage of 1.5 V after stability testimgnfirmed very small change
in the charge transfer resistance of HEAurthermore, TEM was also performed to find out
the changes ocawd in the material after 10 bf long-term of Ghronoamperometry testhe
overpotential of high entropy alloy was compared with the other bimetallic and trimetallic
alloys with the help of as reported literata® shown irFig. 3(e), which confirmed the least
overpotential of CFGNZ alloy Overpotential calculation at curtedensityof 10 mA cnv

after 10 hr ofChronoamperometry testinvgas checkeas shown irig. 3(f), which suggests

12
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the superior activity of catalyst with no appreciable change in @&fRrmanceThe sample

was taken out after 10 lof Chronoamperometry testingnd TEM was also performe@he
nanoparticles were scratched from the electrode to do thegamsion TEM analysis. At this

stage, nanoparticles were not free as they were as prepared also having an oxide layer over
the suface.Subsequentlythe alloy nanoparticles were characterized using JT&\Vshown in

Fig. 4.

-
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Fig. 4: CFGNZ alloyNPsafter 10 h of @ronoamperometry testin@) brightfield TEM image(b) HRTEM
image of NP(c) FFT filtered image of K{d) selected area ring diffraction patte@) high angle annular dark
(HAADF) field image of a nanopatrticldf) elemental mapping of the nanopatrticles.

The highresolutionTEM image inFig. 4 (b & c) confirmed the oxide formation assgpacing
increasescompard to theHRTEM image of theaspreparedCFGNZ alloy In addition, the
diffraction ring pattern of nanoparticleseveals the existence oianocrystalline materials
having layeroxide However, itdoesnot showwell-distinguishedings fordifferent metallic

oxides. The elementatapsof the NPs reveal homogeneity along with tixggencontent, as

13
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shown inFig. 4(f). This was absent beforenBonoamperometriestwith electrolyte. Similar
results weralsoobserved in XPSbutthe CPS measuremssd ondt r eveal t he €

elements in thasprepard alloy, rather oxides
THEORETICAL STUDIES

To gain mechanistic insights into the efficient OER reaction orC#HeNZ alloy, we dso
performed DFT calculationdNi was chosen as the parent structure for generating the FCC
HEA structurewith optimized lattice parameters are (a = b = ¢ = &3g. S1(a), which is

in excellent agreement with the previous red@dpk The (111) facet was selected for DFT
calculations, as it shows the most prominexdlpin the XRD patterkig. 1(b). Theinterlayer
distance in the DFBbtained HEA structure was found to be 2.10 A, in good agreement with
the experimentsNext, quantification of the catalytic activity (or overpotential) of OER on
HEA surface was performed using the computational hydrogesirede (CHE) model
proposed by Ngrskowet a[25]. It is determined by theadsorption energies of three

intermediates (*OH, *O, and *OOH) involved in the reacfi§i:

PBH = E(*OH) 1 [E* + E(H20)1 0.5E(H)] (5)
B = E(O) i [E* + E(H20)i E(H2)] (6)
@ Bon = E(OOH) T [E* + 2E(H.0)i 1.5E(H)] )

where *represents the catalyst surface. These intermediate adsorption energies were then

utilized for calcul ati ad*"ree energies of ad

PGis e@E @ZAEPS + (&G

where @ZPE 1 s t ipanteahérdiemfahe ecactats and productéTabie S3
andFig. S7, T S 1 sence in gibrationdl éneopiekable S3 o6 -eU; e is the

number of electrons transferred) is the free energy corrections due to electrode potentials. The

14
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value of T was taken to be 298 IKowever, in the case of CFGNZ allogue to the
combinatorial explosion of the possibilities of catalytically active sites, the prospective sites

have to be selected rationally, e.g., basedl(pi-band center (fg)sc) valuegd]!’l. Hence,

the Eip)sc for all the sites on the surface of the

(@) g (b)

— 0oV CoFeGaNizZn

— 123V "

— 152V S 04 o
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Reaction coordinate AG-AG,, (eV)
(c)
580" o After CV

Activation

Fig. 5: (a) Free energy diagram of OER on tB€GNZ alloy surface. Optimized structures of *OH, *O, and
*OOH intermediates are also shown in the insets. Grey, green, cyan, orange, blue, red, arsphehite
represent Ni, Ga, Zn, Fe, Co, O, and H atoms, respecti®lyrhe OER volcano plot for various staiéthe-
art catalysts, including theFGNZ alloy shown against their descriptap (- Gr) values. The experimental
values of overpotentialwere obtained from referencdg29-31], and the theoretical values haveebheobtained
from the referend82]. (c) Proposed mechanism of OERthe surface of CFGNZ alloyin alkalinemedium

(1M KOH; Gallium yellow balls, Cobatblue balls, Zineorange balls, Ironred balls, Nickelgreen balls,
Oxygengrey balls)

CFGNZ alloyslab Fig.S6 (b) hasbeen plotted irFig. S7. It is evident that Ga, Fe, and Co

sites have fg)sc closer to the Fermi level fE compared to that of Ni and Zn sites. In

15



Accepted in Nano Research (Sept 2021)

general, the sites with theyfsc closer to the Eare more chemically active than those with

the Eypec away from the Fazsj. Therefore, we selected the Ga site, which hgwsE&closest

to the E. Experimental (Chronoamperometry and CV activation) studies also suggest Ga to
be the possible active sites fOER on the HEA surfacddence, the profile for OER free
energy on the HEA surface at the @a fas been plotted irig. 5(a) using equations (5)8).

The free energies at 0 and 1.23 V (standard oxidation potential for water) depict that the
conversion of *OH to *O intermediate is the potential determining step (PDS). The free
energy correspomgisig2eya UetEbY, and at & pofentiédl gh .52 V,

the free energy profile becomes downhill. Therefore, theoretical ovetpotedi'f) for(OfR
ontheCFGNZ alloyat t he Ga s i hate-1i23) V g 0.29 ¥,iwhidh ys cl¢sep G
the exper i M® af0.a71V ata aurrentedengity (j) of 10 mA cfn To justify the

high catalytic performance &FGNZ alloyas compared with other stadéthe-art catalysts,

we plotted theird®® atj = 10 mA cn¥ as a function of theitp G-gp Gn valuesFig. 5(b)

since it is the wideRemployed descriptor for OER at various catalyst surf@2¢sThe
CFGNZzalloyl i es at the top of otqile vaveaislascoptonunp| ot ,
(neither too strong nor too weak) compared to other catalysts such as rutile oxides (strong
binding) and perovskites (weak binding). Henéalowing the Sabati er 6s princ
CFGNZ alloyacts as a highly dffient electrocatalyst for OEREurther,it is also expected

from Fig. S7 that the alloys GaFe, GaCo, and GaFeCo may have comparable catalytic
activity to that of the CFGNZ HEA for OER. However, the effect of Ni and Zn sadasot

be ignored irspite of their ebandcentresbeing farfrom the Fermi level. It can be attributed

to the lowering of the thandcentresof Ga, Fe, and Co sites due to the complex interplay of
strain and ligand effects from all the elements present in the CFNGZ HEA. Removing the Ni
and Zn atoms may not lead aptimal positioning of the -thand centres hence it is not

guaranteed that the GaFe, GaCo, and GaFeCo alloys will be active for OER.
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Proposed OER mechanism foCFGNZ alloy

In an alkaline mediumthe mechanisnof OER isblurry as five differentmetal atoms are
involved and finthg out the active metal centre ithis scenario is quitehallenging
However, theoretical studies provide a useful todigore out the active centre inelpresent
case. As discussed in tearliersection, both experimental and theoretical studies provide an
insight for GO bond formation in oxygen evolution reaction in alkaline mediBefore
electrochemicakest the HEA surface was activated in order to form oxides as well as
hydroxidesonthe bp of the electrode surfacghown inFig. 5(c) andis foundresponsible for
the catalytt activities As in the case of OER,the formation of oxygenated species
originatingfrom the aqgueous electrolytkiring activationare expected tplay decisiverole
in determining the catalyst performafiz®]. In this study, 1 M KOH was used asaqueous
electrolyte which is rich in OH speciescoordinated to Ga and formtermediatesGaOH¥,
GaO* and GaOOH* and free energy calculasisnggest that conversion of *OH to *O is the
ratedetermining stepconfirmedby thetheoretical studiesThe OH- species makéhe bond
with GaO* and there is the couplirfigr the O-O bond formationwhich releasgin the form
of Oz leaving behind the aoe site of Ga free for next Okhdsorption. In this way, HEA
takes part in @evolution with Ga as active centre at the interface of HEA/electrdDER
mechanismin the CFGNZ alloy surface will definitely helpthe other researchers to
understand the role of the active metal centsegnificantly contributingthe catalytic

activity.

CONCLUSIONS

In summary, we have proposadosteffective, easy scalable nanocrystalline HEA materials
preparation recipér OER study The HEAs OER shows r@duced overpotential of/8 mV
at the current density a0 mA cm?, as well as the Tafel slope of 71 mV/ dexspectivelylt

exhibits outstanding durability of up to 6000 cycles as well as ri§tdbility with no oerall
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change in the OER performandde theoretical DFT study further establishes the efficacy of
CFGNZ alloyfor OER compared to other staiéthe-art catalysts based on optimumG-

o G@H value Besides,this study will strengthen the und&anding of mechanism at the
CFGNZelectrolyte surfaceproviding a new high performance high entropy OER
electrocatalystThiswill further guideto design more efficient OER catalystsnear future
These findings support theew that the multicomponent high entropy allogntainingCo,
Fe,Ga Ni, andZn elements is an excellent OER catalyst with the formation of metallic oxide

as the active component with great significance towards the stabiltly@NZ alloy.
ASSOCIATED CONTENT

Supporting information: XPS spectra of initialCFGNZ alloy along with the oxygen
content, after ¥ activation and after 10 h ofiftonoamperometry and cyclic durabiliby
CFGNZ alloy havebeen discussed using Fig2, S3, S4, and $50ER performance and
Nyquist plot afterlO h of stability test FigS6. OER performance of CFGNZ alloy was also
compared with the metals, bimetallic and trimetallic alloys in T8Al€EIS parameteraere
also mentioned in Table SRor mmputational analysis, the Optimized geometric structure of
CFGNZ alloyslab with differat orientationview in Fig.S1(a, b & c) andd(p)-bandcentre
(Edpac) with each element detaihave been shown fg. S7. Also energeticsor OER on

the CFGNZ alloywas also mentioned ifable S3espectively.
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