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Abstract

The development of electrocatalysts for electrochemical water splitting has received considerable
attention in response to the growing demand for renewable energy sources and environmental
concerns. In this study, a simple hydrothermal growth approach was developed for the in-situ
growth of non-stoichiometric CrOos7 and Co3Os hybrid materials. It is apparent that the
morphology of the prepared material shows a heterogeneous aggregate of irregularly shaped
nanoparticles. Both CrOo.s7 and C0304 have cubic crystal structures. Its chemical composition was
governed by the presence of Co, Cr, and O as its main constituents. For understanding the role
CrOo.7 plays in the half-cell oxygen evolution reaction (OER) in alkaline conditions, CrOo g7 was
optimized into Co304 nanostructures. The hybrid material with the highest concentration of CrOo g7
was found to be highly efficient at driving OER reactions at 255 mV and 20 mA cm™. The
optimized material demonstrated excellent durability for 45 hours and a Tafel slope of 56 mV dec
! Several factors may explain the outstanding performance of CrOg.s7 and Co3O4 hybrid materials,
including multiple metallic oxidation states, tailored surface properties, fast charge transport, and
surface defects. An alternative method is proposed for the preparation of new generations of

electrocatalysts for the conversion and storage of energy.

Keywords: Nonstoichiometric growth, CrOog7 and Co0304 hybrid material, oxygen evolution

reaction

1. Introduction

Global warming, the loss of natural energy resources, the growth of civilizations, and the
industrialization of the world have all contributed to the energy crisis that has been recognized as
a major problem for the survival of life on earth [1-3]. Fossil fuel production is considered a
perilous issue because of the depletion of fossil resources and the generation of toxic pollutants
harmful to the earth's ecosystem [4, 5]. As a solution to these issues, the world is demanding
renewable energy that has the characteristics of green fuels and produces no pollution of the
environment [6, 7]. Based on this perspective, hydrogen energy represents an attractive energy

source for sustainable energy production and the rapid development of fuel cell technology. In
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comparison to other renewable energy sources, hydrogen energy consists of hydrogen gas fuel
which carries the greatest density of energy per unit mass [8-11]. A method of electrochemical
water splitting followed by two reactions, namely the hydrogen evolution reaction (HER) and the
oxygen evolution reaction (OER). [12-16]. The generation of hydrogen energy from water
splitting is potentially cost-effective, if highly efficient nonprecious electrocatalysts are developed
in the near future, as precious metal electrocatalysts have been used to date. However, the lack of
efficient non-noble electrocatalysts renders hydrogen production impossible [17-19]. The main
challenge for hydrogen energy production from water splitting is the slow kinetics of the OER
reaction as it occurs by the four electron transfer mechanism [20-22]. Thus, noble metal based
electrocatalysts such as iridium oxide (IrO2) and ruthenium oxide (RuO) have been utilized as
catalysts in OER reactions, but their high cost and limited availability have limited their application
to large-scale water splitting [23-25]. In light of these circumstances, researchers are focusing on
the development of nonprecious electrocatalysts based on transition metal compounds in light of
their abundance, low cost of fabrication, and significant effectiveness for the OER reaction [26-
29]. Several transition metal-based catalysts have been investigated, including metal phosphide,
metal selenide, metal sulfide, bimetallic sulfide, metal oxide, bimetallic oxide, and trimetallic
oxide [30-38]. As a result of their enhanced electrocatalytic properties, metal oxides (Co, Ni, Mn,
Mg, and Fe, for example) tend to be preferred among these catalysts [39-43]. The cobalt based
electrocatalyst including Co304 [44], C0304-P [45], Ni-C0304 [46], Mg-C0304 [47], CdO-C0304
[48], Fe304/C0304 [49], and MgO@Co0304 [50] etc. are widely reported owing to their significant
corrosion resistance in alkaline media, high active sites and cost effective fabrication process [51,
52].

This nanostructured catalyst, however, exhibits a large overpotential for OER reactions and
consumes a significant amount of potential during the reaction. Thus, it is highly imperative to
develop a new generation of electrocatalysts based on Coz04 that can fully satisfy the requirements
for electrocatalytic properties for water splitting. In our review of the literature, we find that there
has been no study or effort made to develop a non-stoichiometric hybrid electrocatalyst for
efficient OER half-cell water splitting based on chromium oxide (CrOos7) and Co3O4. Under
alkaline conditions, CrOo.g7 has abundant catalytic sites and chemical states that could support the

creation of surface vacancies, and enhance the performance of CosO4 with respect to active OER.



As part of this study, we utilized a simple and low-cost approach for developing in situ
heterogeneous electrocatalysts based on CrOos7 and Co3Os using a hydrothermal method.
Different analytical techniques were employed to study the morphology, surface chemical
composition, and crystal quality of the hybrid CrOo.g7 and Co3O4 material. XRD and XPS tests
demonstrated that a hybrid material based on CrOo.s7 and Co3O4 had been successfully formed. In
the present study, the hybrid material was used as an efficient OER electrocatalyst that drove the

reaction with a low overpotential and was highly durable at different densities of current.

2. Experimental work

2.1. Materials
Potassium chromate (K,CrO,), cobalt chloride hexahydrate (CoCl..6H20), urea (CH4N,O),

Nafion (5 wt%), 20% RuO2/C, sodium hydroxide (NaOH) and potassium hydroxide (KOH) were
received from Sigma Aldrich, Karachi, Sindh Pakistan. The chemical components were of high
analytical grade and utilized without any further preprocessing. Growth and electrolytic solutions

were prepared in deionized water.

2.2. Synthesis of CrOos7 and CosO4 hybrid material

Hybrid materials are typically synthesized in the following manner:

Hydrothermal treatment of cobalt chloride hexahydrate and urea in 100 mL of deionized water
was used to prepare the cobalt precursors. For the in situ growth of CrOgs7 and Co3z04 hybrid
material, 0.1 g, 0.2 g, and 0.3 g of potassium chromate were mixed with the cobalt precursors and
labeled CCR-0.1, CCR-0.2, and CCR-0.3, respectively. Potassium chromate was mechanically
stirred for 30 minutes in a highly acidic growth solution. Therefore, we adjusted the pH of growth
solutions to 7.5 by adding 0.2 M NaOH. The growth solutions were covered with a thin aluminum
sheet to prevent spoilage. The hydrothermal process was conducted in an electric oven at 95° C
for five hours. In the event that the growth time and cooling to room temperature have been
completed, the prepared samples will be removed from the electric oven. A fine powder of the
grown material was collected through filter paper in a China dish and washed several times with
deionized water. The samples were dried in an electric oven at 65° C for four hours, and we were
able to obtain a hybrid material based on cobalt hydroxide. Additionally, the samples were
thermally burned in an electric furnace at 500°C for 5 hours to convert the hydroxide phase into

the oxide phase. Having completed the calcination process and reached room temperature, samples



were removed from the electric furnace. In this regard, we were able to achieve a number of CrOq g7
and Co304 hybrid materials, which were then used for a variety of characterizations, such as
structural and functional studies. It was also possible to prepare pristine samples of CrOog7 and
Co0304 by the same method in the absence of potassium chromate in order to understand the role

of the desired hypothesis. Schematic 1 illustrates the growth process as a stepwise process.

2.3. Physical Characterization CrOo.s7 and Co3Oa4 hybrid materials
ZEISS Gemini SEM 500 equipped with a field emission gun was used to perform scanning electron
microscopy (SEM). The X-ray diffractograms were recorded through Bruker D8 Advance
diffractometer with source CuKa radiation having a wavelength of 1.54050 A, operated at 45 mA
and 45 kV, for the determination of phase purity and crystal quality of material. FTIR-PerkinElmer
Spectrum Two was used to perform Fourier transform infrared spectroscopy to validate the

interaction between CrQy 37 and Co3O4 in the 400 cm-1 to 4000 cm™! region.

2.4, Half-cell OER measurements on the CrOo.s7and Co304

Measurements of the OER were carried out using the Potentiostat Model VERSASTATA4-500,
which consists of a silver-silver chloride (Ag/AgCl) reference electrode, a platinum (Pt) wire
counter electrode, and a glassy carbon electrode (GCE) as a working electrode. Initially, catalyst
ink solutions of different samples of CrOo.s7 and Co3O4 were prepared by mixing 5 mg of each
sample in 1 mL of deionized water accompanied by the addition of 20 pL of Nafion (5 wt.%).
GCEs were cleaned properly by polishing silicon paper and alumina slurry. The ink was then
modified by drop casting with the prepared catalyst ink. An oxygen evolution reaction (OER) was
analyzed using linear sweep voltammetry (LSV) in 1.0 M KOH electrolyte at a scan rate of 1 mV/s.
An electrochemical active surface area (ECSA) was calculated based on cyclic voltammetry (CV)
of electrocatalysts recorded for non-Faradic regions at different scan rates. In order to determine
the charge transport characteristics of various catalytic materials, electrochemical impedance
spectroscopy (EIS) was applied at onset OER potential, sinusoidal potential of 10mV, and
frequency range of 100 kHz to 0.1 Hz. Using the Nernst equation, the experimental potential
measured against (Ag/AgCl) was converted into the reversible hydrogen electrode potential
(RHE).



3. Results and discussion

3.1. Crystal quality, morphology, and surface chemical composition characterizations
A powder XRD method was used to obtain XRD results for pristine Co304, CCR-0.1, CCR-0.2,
and CCR-0.3. The recorded diffractograms are shown in Fig.1. At scanning angles of 30.99°,
36.51°, 38.20°, 44.40°, 55.13°, 58.79°, 64.60°, 73.37°, the diffraction patterns of pure C0304
correspond to crystal planes (220), (311), (222), (400), (422), (511) and (440), respectively.
According to the XRD patterns, Co304 exhibits a cubic crystalline phase (JCPDS card no. 01-
080-1544). The composite materials CCR-0.1, CCR-0.2, and CCR-0.3 have shown diffraction
peaks at 2 theta angles of 38.56°, 44.83°, and 65.26°, respectively, in the crystallographic planes
(111), (200), and (220) of the nonstoichiometric phase of chromic CrOos7. These patterns confirm
FTC card number 01-078-0722, which indicates cubic crystalline CrOgs7 [53, 54]. From XRD
analysis, it was noticed that the increasing concentration of CrOog7 in composite decreased the
intensity of major peak (311) of CozO4 as shown in Fig. 1. It was evident that CozO4 reflections
were observed in the hybrid material, indicating that Co30s4 and CrOog; materials were
incorporated in situ in a non-stoichiometric manner. According to the XRD analysis, the two theta
angle has shifted significantly towards a lower angle, as shown in the figure to the right; Fig. 1. A
large chromate ion in potassium chromate has produced a stress on crystal growth, resulting in a
shift in the 2 theta angle. It is possible that this shift could lead to defects in the structure of the
hybrid CrOo.s7 and C0304 material that may be exploited for lowering the overpotential of OERs.
XRD measurements of the prepared materials revealed no other impurities. Additionally, we
performed FTIR experiments on the prepared CrOo.s7 and Co304 hybrid materials to support the
XRD results; Fig. S1. FTIR analysis of all the samples revealed similar inorganic peaks due to the
presence of potassium bromide (KBr) used for making the pallets for each sample. [55-57].
However, there was only a significant difference observed between O-Co-O and Co-O metal oxide
peaks at 667 cm™ and 577 cm™, respectively [58, 59]. FTIR studies indicated that higher
concentrations of potassium chromate resulted in a decrease in metal oxide peaks, which indicates

in situ growth of CrOg.g7and Co304.
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Fig. 1 X-ray diffractograms of pristine Co304, CCR-0.1, CCR-0.2 and CCR-0.3 and their relative shift in
the two theta (right hand side).

SEM analysis indicates that pristine CosO4, CCR-0.1, and CCR-0.2 exhibit similar needle-like
structures composed of interconnected beads of approximately tens of nanometers in diameter
(Figs. 2a-2c), whereas CCR-0.3 exhibits fewer ordered and smaller particles arranged in more or
less spherical arrangements, Fig. 2d. In addition, the SEM analysis of CCR-0.3 after durability test



suggested that the morphological characteristics of hybrid CrOq 7 into Co304(CCR-0.3) are stable after

long term performance.

Fig. 2 SEM micrographs of (a) pristine Cos04, (b) CCR-0.1, (c) CCR-0.2 and (d) CCR-0.3.

TEM micrographs of pristine Co304 at different magnifications are shown in Fig. 3(a-c). It is
characteristic of a pure sample that the nanoparticles that comprise the microstructure are
heterogeneous in size. Additionally, the morphology of the nanoparticles has changed from a
spherical shape to a rectangle. The size distribution is quite heterogeneous, with smaller
nanoparticles having a diameter of 30 nm and larger particles having a diameter of >100 nm.

TEM micrographs of CCR-0.3 at various magnifications are shown in Fig. 4(a-c). In the sample,
there appears to be a large number of aggregates with a diameter of several microns. The induction
of CrOo.g7 into C0304 shows a high degree of variation and irregular morphology, probably the

result of many nanoparticles merging. The size distribution can therefore be difficult to evaluate
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precisely for this reason. Further, some aggregates with a needle-like shape are dispersed in an

irregular arrangement of the microaggregates.
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Fig. 3 (a-c) TEM micrographs of pristine CosOs at different magnifications (d) HR-TEM micrograph and
FFT in the inset reporting the crystal pattern.



Fig. 4 (a-c) TEM micrographs of hybrid CrOog7 into Co304 (CCR-0.3) at different magnifications (d) HR-
TEM micrograph and FFT in the inset reporting the crystal pattern.

Based on the HR-TEM image at high magnification, pristine Coz0a4 is confirmed to have a
crystalline structure as shown in Fig. 3(d). The crystal lattice of the particle is similar to that of
Co0304 with a spinel-like structure. Specifically, the crystal lattice does not differ when moving

from a smaller to a larger nanoparticle, proving the same composition in both cases.
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HR-TEM, however, has also validated the crystallinity of the CCR-0.3 material as shown in Fig.
4(d). This crystal structure resembles that of Co3O4, which has a spinel-like structure. In particular,
the sample's surface is quite regular with large crystals. In most cases, the addition of CrOqs7 to
the preparation step does not affect the crystalline phase, but rather the morphology.

Micrographs of Co3O4 were taken using HAADF and STEM techniques at various magnifications
as shown in Fig. S3. According to these images, both the morphology and the distribution of
dimensions are in agreement with what was observed on TEM micrographs. While HAADF —
STEM micrographs of CCR-0.3 confirmed what was observed in the TEM micrographs, making
more visible the more condensed crystalline phase with respect to the pristine Co3O4 as seen in
Fig. S4. Fig. S5 shows the position analysis of the pristine sample by EDS. The atomic percentage
ratio between O and Co in the highlighted area (orange circle) is exactly what was expected with
a value of 1.3. Furthermore, considering other specific points, the ratio does not change, indicating
homogeneity in the composition. EDS mapping of the sample Cr doped is demonstrating that the
Co content of the nanostructure is perfectly comparable with the signals of O and Cr, with their
distributions having a similar morphology to those observed by STEM-HAADF micrographs,
indicating a homogeneous composition; Fig. S6. Despite the increase in the O signal, probably
caused by the presence of Cr in the form of oxide, the atomic percentages of the different chemical
components do not permit confirmation of the crystal phase analysis. The atomic ratio of O to Co
is 2.8 on average (normally, this ratio is 1.33 for Co30O4). Taking into account the different points

on the EDS map, the ratio of Cr/Co is approximately 0.27 on average.

As with other transition metals, it is not straightforward to interpret Co 2p spectra, due to peak
asymmetries, shake-up and loss structures, multiplet splitting, and, in this case, charging effects.
Based on literature reports [60-62], a qualitative approach was adopted in order to minimize the
uncertainty in peak assignment. As shown in Fig. 5A-B, the spectra of cobalt oxide powders were
measured. In the spectrum, there are two prominent peaks, one located at about 780 eV (Co2p3/2),
and the other at about 796 eV (Co2pl/2). In the high binding energy region of the major peak, a
weak satellite structure is observed, which is commonly used to identify Coz04 spinel structures
[63, 64]. Fig. 5c shows that Cr 2ps2 and Cr 2py1/2 deconvolved into CrO: as indicated by the peak
in binding energy at 576.0 (585.7) eV.[65, 66]. The comparison between the two samples, based

11



on the overall lineshape observation, indicates a similar surface chemical composition for the two

samples.

]

40610

aomia® o COzp B
— Coy0,
=) A e C0304-Cr

— Co,0y
Coa0y-Cr

Intensity (a.u.)

Irensity (au)

25 =

L B L e
BO0 796 792 TBE TB4 VBD Ve 772
ergy (ev)

— 56 Co304-Cr Crap

595 590 585 580 575 570
Binding Energy (eV)

Fig. 5. (A) XPS survey scans for pure Cos04 powder (solid line) and Cr-doped sample (dotted line).
Photoemission peaks, reported toward binding energy, are labelled: Co2p and Cr2p structures are visible,
together with C1s and O1s partially due to surface contamination, (B) Comparison of XPS Co2p spectra
reported towards binding energy of pure CosO4 (solid line) and the Cr doped Co3O4 (dotted line), (C)

3.2. Half Cell reaction
Electrochemical analysis was performed using linear sweep voltammetry (LSV) in 1.0 M KOH to
determine the OER activities of CrOo g7 as prepared into CozO4 hybrid materials. Fig. 5a illustrates
the LSV polarization curves of pristine CosO4 and composites CCR-0.1, CCR-0.2, and CCR-0.3.
The plot illustrates the onset potential information, which indicates that the highest onset potential

was determined for the pure Cosz04 electrocatalyst of 1.569 Volts versus RHE, while composite
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electrocatalysts, such as CCR-0.1, CCR-0.2 and CCR-0.3, had onset potentials of 1.49 Volts, 1.47
Volts and 1.45 Volts versus RHE, respectively. Further, Fig. 5(b) displays the overpotential
histogram for different electrocatalysts derived from LSV curves, with a theoretical potential of
1.23 V vs RHE at a current density of 20 mA/cm?. As compared to pristine CozO4 (410 mV), CCR-
0.1 (310 mV) and CCR-0.2 (270 mV), CCR-0.3 had the lowest overpotential of 255 mV.
According to these results, CrOqs7 impurities added to Coz04 nanostructures lead to the formation
of vacancies in the nanostructure. Therefore, a reduction in the overpotential of the electrocatalyst
and significant catalytic activity have been observed. However, it was observed during
experimental results (Fig. S7) that the addition of CrOo.g7 impurities in high concentration such as
CCR-0.4 leads to deterioration of its reaction kinetics and decrease its OER performance. In Table
S1, the CCR-0.3 catalyst outperforms other electrocatalysts reported. In terms of Tafel value and
overpotential, CCR-0.3 demonstrated superior or equal performance to numerous recently reported
electrocatalysts. These improvements in the activity of CCR-0.3 hybrid material could be
explained by surface vacancies, abundant metallic chemical states, surface alteration, and tunable
morphology as described by XRD, SEM, HRTEM, and XPS investigations.

The Tafel plot values were calculated from the linear region of the LSV curves and they provided
information about OER Kkinetics. Pristine Co304, CCR-0.1, CCR-0.2, and CCR-0.3 have been
determined to have Tafel values of 97 mV/dec, 72 mV/dec, 64 mV/dec, and 56 mV/dec,
respectively. Among the lowest Tafel values of CCR-0.3 (56 mV/dec), 56 mV/dec is representative
of OER Kkinetics and serves as a confirmation of the possibility of swift OER reactions on the
surface of the CCR-0.3 hybrid material. , Having a Tafel value that is similar to that of a noble
metal catalyst (RuO2), the newly designed in situ nonstoichiometric CCR-0.3 is likely to achieve
practical and promising performance [67-69]. A generalized four-step process is followed by the

transfer of four electrons in the OER process as described below.

Mechanism Step No.
M+ OH™ - MOH + e~ 01.
MOH + OH™ - MO~ + H,0 02.
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MO~ - MO + e~ 03.

MO - 2M + 0,+2¢~ 04,

The theoretical Tafel values of OER kinetic steps were 120 mV/dec (step.1), 60 mV/dec (step.2),
40 mV/dec (step.3), and 15 mV/dec (step.4). [70]. An electrocatalyst prepared in this case yielded
a Tafel value of 56 mV/dec, indicating that step 2 is the rate-limiting step. From the reaction Kinetic
of OER mechanism, it is suggested that the MOH + OH>MO +H.0 is responsible reaction taking
place due to doping of CrOgg into CosO4 nanostructured matrix that facilitates the oxygen
vacancies to promote the reaction kinetics of OER activity.

In order to determine the double layer capacitance (Cdl) and electrochemical active surface area
(ECSA) of the electrocatalysts, cyclic voltammetry (CV) was used. Fig. S10 shows the CV curves
for various prepared samples analyzed at various scan rates including 30 mV/sec, 50 mV/sec, 70
mV/sec, 90 mV/sec, 110 mV/sec, and 130 mV/sec in the non-faradic region. The Cdl values were
derived from CV data by plotting the linear fit slope of current densities at different scan rates as
depicted in Fig. 5(d). Pristine CosO4 exhibited the lowest capacitance value of 3.7 mF.cm, while
CCR-0.1, CCR-0.2 and CCR-0.3 showed ascending capacitance values of 17.1 mF.cm?, 13.8

mF.cm and 20.6 mF.cm™, respectively.

14



a b
o
1604 — Co,0, Pristine E
- o
£ — CCR-0.1 < 410
o £ 400+
2 120- —CCR-0.2 8
E — CCR-0.3
o 80 E 310
2 3 300 .
5 4 § 2
= o]
3 =
o =
>
: r ' . 3 200-
1.2 1.3 14 1.5 1.6 00304 CCR-0.1 CCR-0.2 CCR-0.3
Potential vs RHE (V) Sample ID
C d
0.4
—Co,0, Pristine Co.0 Pristine »
97 mVidec __ oo EalY L -
.  CORA2 E ¢ CCR-0.1 R g
- —CCR0.3 < » CCR-0.2 27206 pF.CT'z
T 72 mV/dec E 2l * CCR03 _ - =
£ 03 g2 » 7 47138 F.em
0 64 mV/dec @ » = A0 L
g_ a v : »~ e
M w14 [ > 2
g 5 —e -7 T4 yFcm
(o] = e i P = o 2
0.2 56 mV/dec . SapeiSels 3.7 yF.cm
04
05 10 15 20 25 3.0 30 5 70 90 110 130
Log,, J| (mA/cm’) Scane rate (mV.s”)
e f
—_ 0.35
« 160+ —— Before Durability Test
g — After Durability Test —_
2 >
< 1201 =
© i
- b= L , & mA/cm?
=)
£ e g Somaren” [
g o 20 mAt’cm2
T
?.. 404 g 0.254
5 o)
=
S5 0
! ! 0-20 hd L) o L Ad L} . T v Ll
1.2 14 1.6 0 9 18 27 36 45
Potential vs RHE (V) Time (Hours)

Fig.5 Electrochemical analysis (a) LSV curves of various electrocatalyst (b) Overpotential histogram (c)
Tafel values plot (d) Double layer capacitance Cq values plot (e) Stability curve of CCR-0.3 and (f) Chrono-

potentiometric durability of CCR-0.3 at various current densities.

15



Moreover, the electrochemical active surface area of the catalysts prepared was also determined
by determining their Cq values. A summary of the computed ECSA values and the OER
performance of each sample is shown in OER Table.1. As can be observed, the CCR-0.3 sample
exhibits the highest active surface area of approximately 515 cm?, making it an ideal candidate for

advanced electrocatalytical applications.

To eliminate the effect of greater electrochemical surface area (ECSA) on OER performance, the
LSV curves are normalized by ECSA[71]. Fig. S8 results show that CCR-0.3 exhibits significantly
higher OER activity than CCR-0.2, CCR-0.1 and pristine Co304 samples, demonstrating that the
improved OER activity is due to both an increased ECSA and the catalyst's improved intrinsic
activity as a result of its optimized electronic structure. By contrasting the actual performance of
catalysts, per-site turnover frequency (TOF) is used to better explain the intrinsic process for the
improvement of OER activity. While computing the TOF, it is assumed that all metal atoms are
active sites [72, 73]. The TOF value of corresponding catalyst can be seen in Fig. S9, was
determined at 255 mV overpotential. As can be seen, the CCR-0.3 catalyst has exhibited
significantly higher current density and TOF values (0.000909 mA.cm™, 0.37x10 s*) than CCR-
0.2 (0.000620 mA.cm™, 0.25x102 s1) and pristine CozOs (0.000075 mA.cm™, 0.03x102 s?)
suggesting that the CrOog dopants significantly influence the coordination environment and
symmetry of Co sites, thereby significantly improving the intrinsic activity of active Co sites.
Previous research often shown that this heteroatom doping approach greatly boosted TOF values
[74,75].

The stability test was conducted by measuring the LSV before and after the durability test. The
stability of the CCR-0.3 catalyst is illustrated in Fig.5(e), and the polarization curve was almost
the same as it was before, but a slight change was observed at the end of the curve due to small
degradation of the catalyst. Nevertheless, the durability of CCR-0.3 electrocatalyst was tested by
chronopotentiometric technique at different current densities (20 mA/cm?, 40 mA/cm?, 60
mA/cm?) for 45 hours. It is evident from Fig. 5(f) that the potential of the catalyst did not decrease
over a 45-hour period, and the variation in current densities did not affect its performance. It
follows that the proposed electrocatalyst is capable of maintaining its functionality over an

extended period of time.
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Fig.6 Electrochemical impedance spectroscopic analysis of Coz0, pristine, CCR-0.1, CCR-0.2 and CCR-
0.3 (a) Nyquist (b) Bode-1 and (c) Bode-2 plot.

In order to determine the charge transfer resistance (Rct) between electrode and electrolyte,
electrochemical impedance spectroscopy (EIS) was performed. Data were analyzed using Z view
software using equivalent circuits as described in Fig. 6(a) based on the results of the EIS test in
1.0 M KOH solution. According to the Nyquist plot of the prepared electrocatalyst shown in
Fig.6(a), all samples have similar solution resistances (Rs) since the test was conducted at a similar
electrolyte concentration, i.e., 1.0M KOH. Furthermore, pristine Co304 has a higher estimated
value of R¢t of 470 and the most effective catalyst (CCR-0.3) has a lower estimate of Rct of 58.2.
Data from the EIS were used to calculate double layer capacitance values (CPEgq) that are
mentioned in the summarized features Table.1. It can be observed that the CCR-0.3 catalyst has
the highest CPEq value. Based on these data, CrOqg is effective against CosO4 nanostructure that
facilitates the movement of charges at the interface between electrode and electrolyte. Fig. 6 (b
and c) illustrates bode plots 1 and 2. Bode plot-1 gives information about the catalyst's gain at a
frequency level ranging from 10° Hz to 10°* Hz. There are orderly gain features of 46.15°, 38.13°,
31.46° and 21.11° in pristine Co304, CCR-0.1, CCR-0.2 and CCR-0.3. In particular, the CCR-0.3
electrocatalyst outperforms the other three catalysts in terms of gain characteristics. However,
CCR-0.3 (CrOos@Co0304) showed a lower maximum oscillation frequency than other
electrocatalysts in the bode plot-2. Consequently, a longer electron recombination lifetime was

achieved, which may have contributed to a higher adsorption of active species at the catalyst
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interface. Therefore, CrOos@ Co030;4 electrocatalyst is the most promising candidate for practical

OER applications.

Table 1: Summarized OER features of presented catalysts.

Calculated Calculated from EIS Calculated from CV
from LSV
Charge Electrochemically
Double Layer| Double Layer )
Catalyst | Tafel Slope Transfer ) ) active surface
) Capacitance | Capacitance
Resistance area
B Ret CPEu Cul ECSA
mV/dec Q mF mF/cm? cm?
C0304
Pristine 97 470 0.049 3.7 925
CCR-0.1 72 235 0.15 7.1 177.5
CCR-0.2 64 142 0.23 13.8 345
CCR-0.3 56 58.2 0.32 20.6 515

4. Conclusions

The synthesis of (CrOos@C0304) nano-electrocatalyst was carried out by co-precipitation. The
(CCR-0.3) electrocatalyst was found to be an optimized electrocatalyst. XRD results confirmed
the existence of a cubic phase of CrOo.g and Co3O4. Based on electrochemical investigations, CCR-
0.3 exhibits the highest OER activity due to its low overpotential (255mV), near Tafel values (56
mV/dec) to bobel catalyst, and higher double layer capacitance values (20.6 pF.cm™) among all
prepared electrocatalysts. Moreover, the electrocatalyst proposed was stable at a variety of current
densities and durable for more than 45 hours, which makes it suitable for industrial applications.
Additionally, this catalyst has a low charge transport resistance (58.2) and a high electrochemical
active surface area (515 cm?), which makes it easier to facilitate the movement of charge carriers

at the interface. Based on these accumulated data, it can be concluded that the addition of CrOgsg
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to Coz04 enhances its catalytic properties by modifying its morphological attributes, which is

useful for a variety of applications.
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Fig. S1 Fourier Transform Infrared Spectroscopy of CosO4 pristine, CCR-0.1, CCR-0.2 and CCR-0.3

Fig. S2 SEM micrographs of hybrid CrOqg7 into Co304 (CCR-0.3) after durability test.
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Fig. S3 HAADF — STEM micrographs of Co304 pristine at different magnifications.
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Fig. S4 HAADF — STEM micrographs of CCR-0.3 at different magnifications.
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Fig. S5 STEM-EDS analysis of the pristine sample C030Oas.

Fig. S6 STEM-EDS mapping of the CCR-0.3 displaying Cr as doping.
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Fig. S10 Cyclic voltametric curves at various scan rate of different catalyst for computation of Cq values.

32



Table S1. Comparative study of CrOo.s7@C0304 composite as OER catalyst with updated
electrocatalyst.

Electrocatalyst Electrolyte |Current Density Overpotential [Tafel Slope Ref.
CrOo.57@C0304 1MKOH |20 mA cm? 255 Mv 56 mV dec? This work
FexCo3-x04 3M KOH 10 mA cm™ 266 Mv 52 mV dec? [1]
NiCo0,S4/C 1MKOH |20 mA cm? 285 mV 61 mV dec! [2]
Mg-C0304 1MKOH |20 mA cm? 320 Mv 65 mV dec! [3]
C0304@C03S, 0.5 M KOH | 20 mA cm? 376 mV 80 mV dec [4]
TiO2-C0304 1IMKOH |10 mA cm? 270 mV 60 mV dec ! [5]
Ni- C0304 1MKOH |10 mA cm? 300 mV B2 mV dec”! [6]
CdO-Co304 1 M KOH 10 mA cm™ 310 mV 62 mV dec ! [7]
CoPx-CoOy 1 M KOH 10 mA cm™ 322 mV 102 mV dec™! [8]
Fe304/C0304 1M KOH 10 mA cm™ 370 mV 80 mV dec ! [9]
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