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ABSTRACT

The dearth of efficient, robust, and economical electrocatalysts for water oxidation is
dubiously the key obstacle for renewable energy devices, so synthesis of efficient, and cost-
effective metal-based water oxidation catalysts is vital. Herein, Co304, C0sSg catalysts and
their heterostructure Co;04/CoySg were synthesized and evaluated as water oxidation
electrocatalysts. The characterization of C0304, C0sSs, and Co3;04/CosSg electrocatalysts
was performed using Fourier transform infrared spectroscopy, scanning electron micro-
scopy and X-ray diffraction techniques. The heterostructure Co3;04/CosSg (1.46 V) exhibited
water oxidation electrocatalysis at extremely low onset potential compared to Co304
(1.58 V), and CooSg (1.48 V) catalysts. A 281 mV overpotential required to attain a current
density of 50 mA cm™2 in alkaline solution (1 M KOH), outperforming most of Co-based
benchmark electrocatalysts. Further, the Co3;04/C0sSg heterojunction demonstrated cata-
lytic activity with small Tafel slope of 37 mV dec™*. The finding of electrochemical studies
involving controlled potential electrolysis and long-term stability are projected to steer the
future advancement in constructing efficient, economical, stable, and earth-abundant

metal-based water oxidation catalysts.
© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Sustainable solutions to the impending energy crisis are
attaining great attention of the researchers because of rapidly
diminishing reserves of fossil fuels and their adverse effects
on ecosystem [1—4]. Thus, it is vital to discover green and
renewable energy resources to meet the ever-growing energy
demands of the world [5,6]. Hydrogen production is the most
convenient way to store clean energy if it is not obtained by
reforming of methane which accompanying carbon dioxide
pollution. Electrochemical water splitting generates hydrogen
at cathode and oxygen at anode of the electrolyzer which is
current focus of the research in this field [7,8]. The catalysts
for hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) facilitate the production of hydrogen and oxy-
gen through electrochemical water oxidation, which is
thought to be sluggish kinetically [9]. So effective water
oxidation electrocatalysts are needed to boost water splitting
process, to reduce the overpotential and to augment the
conversion efficiency. In designing of active electrocatalysts,
two barriers i.e. the poor stability of the OER catalysts and the
high overpotentials has to overcome for large scale efficient
water oxidation [10].

Electronic and structural modification has done previ-
ously in literature to tune the efficiency of electrocatalysts
for better OER [11—15]. Currently, compounds of Pt and noble
metal oxides such as RuO,, IrO, are best electrocatalysts for
oxygen reduction reaction (ORR) and OER, respectively
[16,17]. The paucity and high price of noble metals and their
compounds limits their broad applications. Thus, it is highly
desirable to develop earth abundant, highly active, stable,
and inexpensive electrocatalysts [10,18—20]. Recently car-
bon based electrocatalysts have been reported as an alter-
native to metal-based catalysts, which showed improved
OER and HER performance [21—24]. Further considering the
highly active, stable, and inexpensive compounds, the

transition metals afford new substitutes to produce new OER
electrocatalysts [25—30]. Among transition metals, cobalt
offers the foundation for the development of suitable elec-
trocatalyst especially because of 3d electronic properties,
the oxides, and the sulfides of cobalt such as CoS,, Co3S, and
Co30, have gained most attractive attentions [31-33].
However, to drive the OER process, high overpotential is the
major obstacle which limits charge transfer due to inherent
poor conductivity in oxides of cobalt [34,35]. Although cobalt
sulfides ensure faster charge transfer, but poor stability in
basic media still prevents their application [36—38]. Based on
the above analyses, it is anticipated that the synergism of
highly conductive, active sites enriched, and highly stable
cobalt-based compounds could be good candidate for novel
catalysts.

Considering the above-mentioned concerns, fabrication,
and production of novel heterostructures is very crucial to
search for electrocatalysts with enhanced electrocatalytic
performance for water splitting. Furthermore, Co-based
sulfides and oxides are the earth abundant electrochemical
water oxidation electrocatalysts under alkaline conditions
and have been proven as economical catalysts. In this study
C03504/CoySg heterostructure and its counterparts Co304/
CoosSg were synthesized and characterized using different
techniques for instance scanning electron microscopy (SEM),
Fourier transform infrared spectroscopy (FTIR), and X-ray
diffraction (XRD). Chronoamperometry and Cyclic voltam-
metry (CV) techniques were utilized to study the electro-
chemical properties and catalytic activity of synthesized
electrocatalysts. A through literature survey indicates that
no reports on Co3;04/CosSg heterostructure as electrocatalyst
for water splitting are found but only few studies, where
CooSg has been assembled onto Co3;0,4 to make hybrid elec-
trocatalyst for OER [39,40]. Further the finding of electro-
chemical studies revealed that the water oxidation ability of
C0304/Co04Sg heterostructure is outperforming most of the
Co-based electrocatalysts reported so far.
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Experimental
Materials

Sodium sulphide penta-hydrate (Na,S.5H,0, 98%) and sodium
hydroxide (NaOH) were obtained from Daejung Chemicals
(Siheung-si, South Korea). Potassium hydroxide (KOH, 99%)
was purchased from Scharlab (Barcelona, Spain) and cobalt
nitrate hexa-hydrate (Co(NO); 6H,0, >99%) was obtained from
BDH Chemical Ltd. Nickel foam (thickness = 0.5 mm,
porosity = 98%) was obtained from Shenzhen Lifeixin Envi-
ronment Material Co. Ltd. whereas Nafion solution (5 wt%)
was purchased from Sigma—Aldrich.

Synthesis of Co304, CosSg and Co304/CosSg catalysts

Hydrothermal method was employed to synthesize all the
catalysts. For the synthesis of Co30, nanorods, 0.5 M solution
of Co(NO); 6H,0 was prepared in 20 mL distilled water and
uninterruptedly agitated for about 30 min. In next step, the
solution pH was maintained at 12 through dropwise addition
of 2 M NaOH solution. Then the resultant mixture was put into
a 50 mL stainless steel Teflon lined autoclave filled up to 70%
of volume and heated at 180 °C in an oven for 16 h. The pre-
pared catalyst was filtered, washed with deionized water
several times, and dried overnight in an oven at 80 °C. the
obtained product was calcinated for 1 h at 500 °C to get the
Co304 nanorods.

To synthesize CogSg catalyst, 12 mL of 0.5 M Na,S solution
was mixed with 12 mL of 0.5 M Co(NO)3 6H,0 solution in a
beaker followed by successively agitation for 1 h at room
temperature. After that the resultant mixture was subjected to
heat in an oven at 180 °C for 16 h using stainless steel Teflon
lined autoclave. The prepared catalyst was filtered and dried
in an oven at 60 °C for 12 h.

For the synthesis of heterostructure Co;04/C0sSg, the Co304
nanorods were dispersed in 10 mL of 0.5 M of Co(NO5)6H,0
solution followed by sonication for 30 min in order to get ho-
mogeneous suspension. Then, the suspension was stirred at
ambient temperature for 1 h while dropwise addition of 10 mL
of 0.5 M Na,S solution. The required catalyst was obtained by
performing reaction at 180 °C for 16 h in an oven using
stainless steel Teflon lined autoclave. Lastly, the hetero-
structure was collected by filtration and dried at 80 °C in an
oven.

Characterization of Co304, CooSg, and Co304/CosSg catalysts

To track out the crystal structure and size, XRD analysis was
performed on a Rigaku SmartLab X-ray diffractometer (Rigaku
Beijing Corporation, Beijing, China) using Cu-Ka radiation
functioning at a 30 mA current and 40 kV voltage. The
morphological information of catalysts was obtained by per-
forming SEM analysis using a Hitachi SU8010 microscope
(Hitachi High-Technologies Corporation, Tokyo, Japan). FTIR
measurements were performed using a Nicolet 1S50 110 V/
InGaAs spectrometer (ThermoFisher Scientific, Waltham,
USA).

Electrochemical measurements of Co304, C0sSg, and Co304/
CoySg catalysts

An electrochemical workstation (Autolab PGSTAT 302,
Utrecht, The Netherland) was used to execute all the electro-
chemical experiments in a conventional 3-electrode electro-
chemical cell. The Ni-foam (2 x 2 cm? modified with the
samples (Co304, Cog0g and Co304/Coy05g electrocatalysts), Ag/
AgCl and Pt wire were applied as working electrode, reference
electrode, and counter electrode, respectively. For all the
electrochemical measurements, 1 M KOH solution as elec-
trolyte was used. For linear sweep voltammetry (LSW) and CV
measurements were made by applying a scanrate of 5mVs—>.
Eq. (1) was used to perform the calibration of all the potentials.

Erue = EAg/AgC] + (01976 +0.059 pH)V (1)

The overpotential values of Co304, CogOg and Co304/Cog0g
electrocatalysts for water oxidation were estimated by sing

Eq. (2).
n= ERHE —-1.23V (2)

where 7 represents the overpotential. The Eq. (3) was applied
to calculate the Tafel slopes.

n=Dblogj+a (3)

where a, b and j represent the constant, Tafel slope and cur-
rent density, respectively.

Controlled potential electrolysis was also performed under
stationary conditions using chronoamperometry. Electro-
chemical impedance spectroscopy (EIS) was executed using
100 kHz—10 mHz frequency range at open circuit potential by
setting amplitude value at 5 mV [41,42]. Solution resistance and
charge transfer resistance values have been calculated by
fitting the impedance data using following simplified Randles
model (Fig. 1). For the fabrication of working electrode (Ni-
foam), 5 mg mL™* solution/suspension of electrocatalyst was
prepared in ethanol by applying sonication for 1 h. Next that
5 wt% solution of Nafion was prepared and 10 pL was mixed in
resultant electrocatalyst dispersion. Next, on both sides of
working electrode (Ni-foam with dimension 2 x 2 cm?), this
synthesized electrocatalyst was drop-casted and stored at
room temperature overnight.

Results and discussion
Characterization of Co30,4, CosSg, and Co304/CosSg catalysts

To confirm structures of nano-electrocatalysts, powder XRD
studies have been performed [43—45]. Fig. 2 shows XRD
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Fig. 1 — Simplified Randles circuit.
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Fig. 2 — X-ray diffractograms of (a) Co304, (b) CosSg, and (c)
C0304/CoySg electrocatalysts.

spectra of cobalt oxide, cobalt sulfide, and cobalt oxide/cobalt
sulfide nanocrystals. XRD spectrum of cobalt oxide (Fig. 2a)
reveals diffraction peaks at 20 values of 31.4° 36.9° 39.8°,
44.7°, 55.9°, 59.3°, 65.6°, and 74.4° and correspond to planes
(220), (311), (222), (400), (422), (511), (440), and (620), respectively
(JCPDS card No. 009-0418). This diffraction pattern indicates
the formation of typical cubic spinel phase of Co30,4 [46,47].
Diffraction peaks of cobalt sulfide (Fig. 2b) at 20 values of 31.5°,
36.94°, 39.42°, 45.32°, 55.83°, 60.15°, 65.24°, and 73.85° shows a
fair degree of crystallinity and these peaks are indexed to
(220), (400), (331), (422), (600), (533), (444), and (731) planes of
cubic phase of CogSg (JCPDS card No. 002-1459) [46]. In XRD
spectrum of Co304/CosSg (Fig. 2c), diffraction peaks of both
Co30,4 as well as CogSg are present and indicate the formation
of Co30,/CoySg heterostructure. An intense peak at 33.2° is
attributed to B-Co(OH), [48]. In a previous report, Tong et al.
vulcanized Co;04 sample with CogSg to produce hybrid Cos.
04@Co4Ss electrocatalyst for water splitting. The Co304 sam-
ple was spinal shaped as per JCPDS card No. 42-1467 in Co
heterostructure [39]. The Co0304/C0sSg heterostructure re-
ported in this study is also comparable except the Co304
sample was cubic phase as per JCPDS card No. 009-0418.
FTIR is useful technique for identification of different
types of surface functional groups from 4000 to 400 cm™*
wavenumber [49]. In Fig. 3, FTIR spectra of Co304, CooSg, and
C0304/CosSg catalysts are shown. FTIR spectra of all catalysts
show the presence of two absorption bands i.e. at 3399 cm?
attributing to stretching and 1636 cm™" to bending vibrations
of adsorbed water on surface of samples [50,51]. Similarly, the
peaks observed at 2350 and 1040 cm ™ are due to the adsorbed
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Fig. 3 — FTIR spectra of (a) Co304, (b) CosSs, and (c) Cos04/
CogSg electrocatalysts.

carbon dioxide from the atmosphere [52]. For CosSg and
C0304/Co,Sg, the peak observed at 1144 cm ! is credited to
bending vibration of sulfonated group of CosSg [53] and is
merged with CO, absorption band. In all FTIR spectra, the
peak appearance at about 1450 cm™2 correspond to NO3,
which possibly is adsorbed in samples and perhaps is not
removed completely by washing [54]. For Co30, (Fig. 3a), two
particular absorption bands observed at 676 and 574 cm ™ * are
due to stretching vibrations for Co (II)-O and Co(IlI)-O,
respectively, in spinel structure of Co304 [S5]. For CosSg and
C0304/CosSg, peak found at 838 cm 2 is ascribed to stretching
vibration of Co-S bond [56]. It is worth mentioning that the
peaks of Co-O bonds are also present in FTIR spectrum of
CoySg due to presence of Co(OH),, which is in accordance to
the XRD results.

Surface morphological features and microstructure of the
prepared catalysts have been studied by SEM. Fig. 4 indicates
the SEM micrographs of Co304, C0gSg, and Co304/CogSg cat-
alysts. It is clear from the SEM image in Fig. 4a that Coz04
possesses hexagonal rods with different sizes, distributed
randomly and the average size of Co30,4 rods is approxi-
mately 80 nm CogSg particles (Fig. 4b) are looks like cabbage
nanosheets. The nanosheet combined to produce porous
material of large surface area, which accelerates the OER. In
the SEM micrograph of Co304/Co4Sg heterostructure (Fig. 4c),
hexagonal rods of Co30, are embedded in the nanosheets of
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Fig. 4 — SEM micrographs of (a) Co304, (b) CosSg, and (c) Co30,/CosSs electrocatalysts.

CooSg. The cavities present in Co304/CosSg heterostructure
serve as reservoirs for electrolyte which boosts the OER.

Electrochemical studies of Co304, CosSg, and Co304/CosSg
catalysts

After detail characterization of nanomaterials, water electro-
catalytic oxidation performance of Co304, CogSs, and Cos04/
CooySg catalysts has been measured. To execute this, the cat-
alysts are tailored on Ni-foam and the electrochemical studies
are measured in 1.0 M KOH by running LSV and CV at 5 mV s~*
scan rate. The iR uncompensated linear sweep voltammo-
grams (LSVs) and cyclic voltammograms (CVs) of working
electrode (Ni-foam) fabricated with Co304, CogSg, and Co304/
CooSg electrocatalysts are shown in Fig. 5. The Fig. SA reveals
that during anodic potential sweep of CV, a small oxidation
peak of Cos0, centered at Ep, of 1.53 V (vs. RHE) is identified
suggesting the peroxidation feature of water. The LSV of C0304
also displays similar behavior of Co30,4 oxidation and showing
anodic peak at around E,, = 1.53 V (vs. RHE). A very small
reduction peak of Co;0, is seen during the reverse scan of CV,
which reveals that the reaction is somewhat reversible. The
CV of CogSg shown in Fig. 5A exhibits a reduction peak at Ep, of

700 C03O A A
0 . COQS8
Co0,0,/Co,S,

Current density (mA cm'z)

| I I I 1
12 14 16 1.8 2.0
Potential (V vs. RHE)

1.24 V (vs. RHE) during cathodic potential sweep of CV and an
oxidation peak is detected at Ep, of 1.41 (vs. RHE) during for-
ward potential sweep of CV. A similar oxidation peak of CosSg
is also observed duringits LSV scan (Fig. 5B). The similar redox
pair is achieved in the CV of Co304/CogSg electrocatalyst.
Anodic peak potential at 1.44 V and cathodic at 1.29 V are
observed for Co304/CoySg catalyst. This pre-oxidative polari-
zation feature of all electrocatalysts may be attributed to
oxidation of Co(Ill) to Co(VI) which indicates an active elec-
trocatalyst structure for OER [57—60]. LSV of C0304/CosSg also
shows an oxidation peak of this catalyst at 1.44 V (vs. RHE).
Further, the values of ip/ipc and Epq — E, are calculated from
CVs of C0304, C0oSg, and Co0304/CoySg electrocatalysts. The
values of ip./ipc are >1 for all the electrocatalysts, which indi-
cate that the reactions may be quasi-reversible and not
exactly reversible. Furthermore, the values of E,; — E,. are
found to be quite greater than 0.059 V, which also confirms
that the reactions are quasi-reversible and not precisely
reversible. In both LSVs and CVs of all three electrocatalysts,
potential values are close to 90 mV calculated at peak width at
half of the maximum height (w,,) from oxidation peak, which
indicate that peroxidation process of water involves one
electron transfer.

Co,0O, B
C0988
Co,0 4/C0988
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Fig. 5 — The iR uncompensated (A) CVs and (B) LSVs observed in 1.0 M solution of KOH for Co30,4, C0oSg, and C030,/C0oSg

electrocatalysts loaded on Ni-foam.
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CV shows the onset potential of OER for Co0304/C0¢Sg
catalyst at 1.50 V vs. RHE. After the onset potential of Co304/
CogSg, the current density grows rapidly and reaches
>250 mA cm? at 1.8 V vs. RHE. Further, increase in the po-
tential sweep to 2 V vs. RHE, the current density increases very
sharply and approaches to >500 mA cm 2 onto C0304/CoeSg
based electrode. The reason of this enhanced performance
could be due to the formation of active Co(IV) centers devel-
oped in situ from the oxidation of Co(III), which makes Co304/
CogSg activation before OER [61]. It is presumed that creation
of Co(IV) centers not only shifts the overpotentials () of OER
toward lower potential but also accelerates the electro-
chemical water oxidation [57]. Similar active centers of metal
ions in higher oxidation state have already been proposed for
different OER catalysts based on metals like Fe, Ni and Ir
[62—64]. Additionally, preconditioning is not required to gain
higher oxidation state of Co, which is required to many others
Co-based electrocatalysts already reported. For Cos0, and
CogSg electrocatalysts, the CVs produce catalytic water
oxidation current at relatively higher potentials of 1.62 and
1.55 V vs. RHE, respectively. The increase in current density is
also not very sharp in case of Co30, and CosSg as compared to
C0304/CogSg electrocatalyst in the higher potential region. A
current density of 150 mA cm 2 and 300 mA cm 2 is obtained
at > 2.0 Vvs. RHE for Co304 and CosSg, respectively. Further an
oxidation peak is seen in 10 mA cm ™2 current density region,
which obstructs the estimation of n for CogSg and C0304/CosSg
electrocatalysts, so n for these catalysts is not reported at this
current density. Therefore, a 50 mA cm~? current density is
selected to report n for all three catalysts. The values of 7 for
Co304, CogSg, and Co304/CogSg electrocatalysts estimated at
50 mA cm~? current density are 490, 400, and 330 mV,
respectively.

It is important to state that the solution resistance is al-
ways present in the voltammograms of iR uncompensated
LSV and CV, so majority of the scientists perform corrections
while reporting their results. However, in our opinion,
reporting overpotentials values form both iR uncompensated
and compensated voltammograms for comparison purpose is
always better choice. So, the values of solution resistance
have been measured by employing EIS and these EIS results
are recorded as Nyquist plots in 1 M KOH electrolyte solution
at open circuit potential. The results are shown in Fig. 6. Using
these plots, the solution resistance values are determined to
be 5.0, 3.0, and 2.0 ohm for Co304, C0gSg, and Co030,/C0sSg
electrocatalysts, respectively. The iR corrected LSVs and CVs
of Co304, CosSg, and Co304/CosSg electrocatalysts are obtained
by multiplying current with solution resistance values.

The 100% iR corrected CVs and LSVs of Co304, CogSg, and
C0304/Co4Sg electrocatalysts loaded on Ni-foam are shown in
Fig. 7. From the Fig. 7, an interesting finding is observed, the
onset potential values of Co304, CogSg, and Co304/CoySg elec-
trocatalysts are low compared to the values determined from
iR uncorrected LSVs and CVs. The onset potential values from
iR compensated CVs are estimated to be 1.58 for Co304, 1.48 for
CogSg, and 1.46 V (vs. RHE) for Co304/CogSg electrocatalysts. As
per our knowledge, the O, evolution onset potential for Co304/
CogySg (1.46 V vs. RHE) is the lowest reported for most of the
cobalt oxide-based water oxidation electrocatalysts [61,65,66].
As the sweeping potential crossed the onset potential, an

40
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Fig. 6 — EIS Nyquist plots recorded in 1.0 M of KOH solution
for Co304, CooSg, and C0304/Co,Sg electrocatalysts loaded
on Ni-foam.

increase in current density is noticed for all the three elec-
trocatalysts and this rise in current density is much sharper
when compared to the current density increase for iR uncor-
rected LSVs and CVs of Co304, CogSg, and Co304/CoySg elec-
trocatalysts. A current density of >100 mA cm ™2 is attained for
C0304/Co4Sg electrocatalyst just at 1.6 V (vs. RHE) and further
increase in the potential to 1.8 V vs. RHE, current density rises
very sharply, thus approaches to >600 mA cm 2. A current
density of >50 mA cm 2 and >300 mA cm 2 is obtained at >
1.8 Vvs. RHE for Co30,4 and CosSg, respectively. The values of
for Co304, CosSg and Co304/CosSg electrocatalysts estimated at
50 mA cm™? current density are 470, 360 and 281 mV,
respectively.

The results obtained from both iR uncompensated and
compensated CVs and LSVs clearly indicate that Ni-foam
modified Co304/CosSg electrode efficiently performs electro-
catalytic activity for OER. The enhanced performance of
Co304/Co4Ss electrocatalyst for OER is associated with several
reasons. It may be because of the large surface area of Co304/
CoySg heterostructure, which induces strong interactions be-
tween Co304 and Coy0g in Co304/Cos0g heterostructure owing
to availability of huge number of sites. Another reason is
generation of Co(VI) active center in peroxidation step of
water serves as promoter of OER. Further possible reason
could be the presence of cavities within its structure, which
may function as a pool for electrolyte. Additionally, Co304/
CoySg heterostructure has lower charge transfer resistance
(determined from EIS plots) compared to its counterparts re-
sults in enhanced electrocatalytic activity for OER [64].

To understand and learn further insight into the kinetics
mechanism of water oxidation, the values of Tafel slopes have
been estimated by plotting 5 vs. Log j (Tafel plots) and through
slope analysis for Co30,; C090g and Co304/CoyOg electro-
catalysts. The Tafel plots are represented in Fig. 8 and the
Tafel slope has been estimated to be 37 mV dec ' for Co304/
Coy0g electrocatalyst whereas the Co304 and CogOg electro-
catalysts exhibit higher Tafel slope values estimated as 95 and
63 mV dec ', respectively. The smallest Tafel slope (37 mV
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electrocatalysts loaded on Ni-foam.

dec’l) of C0304/CosSg electrocatalyst confirms the fast ki-
netics of electrode process to drive the electrons towards
external circuit and indicates that water oxidation is highly
efficient and facile for Co0304/Co0sSg electrocatalyst under
similar set of experimental conditions provided to Cos04 and
Coy0g electrocatalysts. Tong et al. reported synthesis of Cos.
04@Co40g electrocatalyst using Co;04 nanowires as precursor.
The value of over potential for Co;0,@Co40g electrocatalyst
estimated at 10 mA cm 2 current density was 80 mV with a
Tafel slope value of 107.2 mV dec 'during OER process.
However, the catalyst Co304/CosSg reported in current study
shows much better performance towards OER compared to
study of Tong et al. [39]. The value of 5 (281 mV) is estimated at

a current density of 50 mA cm™ in alkaline solution with

much less value of Tafel slope (37 mV dec™).

In addition to outstanding catalytic activity of electro-
catalyst, an excellent stability of electrocatalyst is another
crucial factor and equally important for the performance
evaluation of catalysts in view of their commercial applica-
tions. To evaluate the stability of Co304, C0gSg, and Co304/
CooSg electrocatalysts, Chronoamperometry, (i-t) was
employed and the results of Chronoamperometry (controlled
potential electrolysis) of water oxidation for Co304, CogSg, and
C0304/CoqSg electrocatalysts are presented in Fig. 9a. For this
purpose, a fixed potential value of 1.65 V (vs. RHE) was applied
and sustained during the electrolysis of water and measure-
ment of current density. The electrolysis of water was per-
formed for >12 h using Co0304 Co0sSg, and C0304/Co0gSg
electrocatalysts. The stable current densities of 25, 80 and
175 mA cm~? are observed for Co;04, C0gSg, and Co30./CogSg
electrocatalysts, respectively, for a period of >12 h. In current
density, no decrease has been detected for all the three elec-
trocatalysts during the given time-period of electrolysis of
water. Generally, all the electrocatalysts exhibit excellent
stability for prolonged water oxidation however Co3;04/CosSg
electrocatalyst is far superior in respect of high current den-
sity, low overpotential, small Tafel slope value and low onset
potential. Additionally, the Chronoamperometry experiment
was performed for Coz04/CogSg electrocatalyst where a fixed
potential value of 1.65 V (vs. RHE) was utilized and electrolysis
of water was performed for 50 h (Fig. 9b). A stable current
density is observed, and no decrease has been detected during
the given time-period of electrolysis of water, which further
prove that Co304/CosSg electrocatalyst exhibits excellent sta-
bility for prolonged water oxidation.

Comparison of OER activities of synthesized catalysts with
already published benchmark Cu-based OER catalysts, is
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Table 1 — Comparison of OER activities of C0304/CosSg electrocatalyst with already reported Co-based electrocatalysts.

Electrocatalyst Electrolyte Onset potential Overpotential Tafel slope b (mV dec™?) Reference
E/V (vs. RHE) 7 (mV)
C0304/C0gSg/NF 1.0 M KOH 1.46 281@50 mA cm 2 37 This work
CoFe,0,4/CFP 1.0 M NaOH - 378@10 mA cm 2 73 [68]
C, N- CoPO4/GC 1.0 M KOH - 291@10 mA cm 2 57 [69]
CoFeP/GC 1.0 M KOH 1.45 305@10 mA cm 2 49.6 [70]
Cu—Co(OH)»/GC 1.0 M KOH 1.47 300@10 mA cm 2 47 [65]
Co-Fe oxide/GC 1.0 M KOH ~1.55 378@10 mA cm 2 54 [61]
Co(OH),/CNC 1.0 M KOH ~1.50 300@10 mA cm 2 70.1 [66]
Co0,/GC 1.0 M KOH + Fe3" ~1.51 309@10 mA cm 2 27.6 [67]

NF= Nickel foam, CFP = Carbon fiber paper, GC = Glassy carbon, CNC = Cu-Ni cloth.

given in Table 1. As highlighted in the table, C03;04/CosSg
heterostructure catalysts exhibits the lowest values of OER
performance parameters (onset potential = 1.46 V, over-
potential 281 mV@50 mA cm ™2, and Tafel slope = 37 mV dec™?)
than the other benchmark Co-based catalysts for OER.
Although Co0,/GC catalyst possesses Tafel slope value of only
27.6 mV dec*, however its overpotential and onset potential
is higher than our (Co304/Co4Sg) catalyst [67].

Conclusions

In summary, a heterostructure Co304/CosSg has been syn-
thesized, evaluated as OER electrocatalyst and compared
with its counterparts Co;0, and CogSg for water oxidation
activity. The heterostructure Co304/CosSg has been revealed
to exhibit outstanding OER with 50 mA cm ™2 current density
at an overpotential of 281 mV, which is exceptionally lower
overpotential than that required not only for its counter-
parts Coz04 (470 mV) and CogSg (360 mV) but also for many
reported Co-based electrocatalysts. Further Co304/CogSg has

much less Tafel slope (37 mV dec™?!) compared to many Co-
based electrocatalysts reported in literature. The OER per-
formance of Co304/Co4Ss is credited to several reasons. It
may be owing to a large surface area of Co30,/Co4Sg heter-
ostructure, that forms strong interaction between Co3;04 and
Coy0g in C0304/Coy0g heterostructure due to availability of
huge number of sites. Another reason is generation of Co(VI)
active center in peroxidation step of water serves as pro-
moter of OER. Further possible reason could be the presence
of cavities within its structure, which may function as a
pool for electrolyte. Additionally, Co0304/CosSg hetero-
structure has lower charge transfer resistance (determined
from EIS plots) compared to its counterparts results in
enhanced electrocatalytic activity for OER. These findings
indicate that heterostructure Co304/C0sSg has noteworthy
advantages in terms of lower over potential, lower Tafel
slope, high current density, and stability. These advantages
show that heterostructure Co304/Co4Sg is effective enough
to compete with the state of art Co-based water oxidation
catalysts and there is huge scope for Co-based hetero-
structures for water oxidation.
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