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1. Introduction

The role of reducibility vis-a-vis oxygen vacancies
of doped Coz0,4/CeQO, in the oxygen evolution
reactionf

lb,C %a.d

Saraswati Roy,? Preeti Dahiya,” Tapas Kumar Mandal® and Sounak Roy
Electrochemical water splitting, which is a highly promising and environmentally friendly technology for
H, fuel production, faces significant hurdles due to the sluggish kinetics of the oxygen evolution reaction.
Co -based oxides have garnered significant attention as alternative catalysts for the oxygen evolution
reaction owing to the Co?*/Co®* redox couple. Enhancing the challenging Co®* — Co®* oxidation
process can further improve the catalytic oxygen evolution reaction. The aim of our work was to design a
Coz04-based catalyst to enhance reactivity by increasing the number of Co®* active sites, serving as an
excellent platform for facilitating the oxygen evolution reaction. To drive the effectiveness of the catalyst,
in this study, we synthesized Cos0O,4 anchored on CeO, (Coz04/CeO,). The kinetics and efficacy of the
oxygen evolution reaction catalysed by Coz0,4/CeO, was significantly improved by aliovalent doping of Sr
into Ce sites and Cu into Co sites. The reducible nature of Ce stimulates the formation of Co®* ions,
resulting in an increased production of intermediate —OOH species, thus expediting the reaction. The
transformation of Co?* to Co®* consequently leads to an increase in anion vacancies, which, in turn, pro-
motes the adsorption of more intermediate species at the active site. The Sr- and Cu-doped Coz0,4/CeO,
catalyst exhibited a high current density of 200 mA cm™2 at 580 mV and a low overpotential of 297 mV at
10 mA cm™2. The study functions as a key indicator to establish a connection between oxygen vacancies
and metal oxidation states in order to investigate the mechanistic aspects of the oxygen evolution reac-
tion on mixed metal oxides. Moreover, this study is expected to pave the way for the development of
innovative oxygen evolution reaction catalysts with reducible supports, thus offering a new pathway for
their design.

anodic oxygen evolution reaction (OER) characterized by a
four-electron transport process, the breaking of the O-H bond,

The transient nature of the primary feedstock obtained from
the spontaneous combustion of non-renewable fossil fuels has
spurred the advancement of the sustainable H, energy
economy. Water electrolyzers enable the conversion of water
into the energy carrier H, through an electrochemical process.
However, the bottleneck of this technology is the sluggish
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and the subsequent formation of the O-O bond. These
complex processes result in high kinetic energy barriers and,
consequently, significant overpotentials."”> In addition to
water splitting, the OER is also a crucial half-reaction in pro-
cesses such as CO, and N, electroreduction as well as in
metal-air batteries. The practical implementation of common
OER catalysts, such as Pt, Ru, and Ir, in large-scale appli-
cations is constrained by their high cost and limited avail-
ability. Therefore, extensive research is being conducted for
developing affordable, stable, and efficient OER catalysts. In
recent times, significant attention has been devoted to explor-
ing non-noble metals as potential electrocatalysts for the
OER.>™®

Among the transition metals, Co-based materials have gar-
nered significant attention as alternative catalysts for the OER
owing to their crucial redox couple, which promotes OER kine-
tics through surface reconstruction.®® For instance, the bi-
metallic hetero-structured hybrid nanorod NiSe,-CoSe, has
been explored as an excellent OER catalyst.’ Transitional metal

This journal is © The Royal Society of Chemistry 2024
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boride-based materials are well-known catalysts for the water-
splitting reaction.’® Based on the literature, it is widely
believed that during the OER, the first redox feature of the
Co0>*/Co®" couple facilitates the formation of essential Co®>*-
OOH species under basic conditions, while the second redox
feature of the Co®>"/Co®" couple promotes the formation of
Co™0,.""* In our earlier report, we have exclusively shown
that Co®*/Co®" oxidation in Co;0, aids the facile occurrence of
the OER."® However, the oxidation of Co to its highest possible
oxidation state i.e. Co**/Co*" and Co**/Co** must occur along-
side parallel reduction reactions, which require a support
material with facile reducibility.

To create an efficient Co”*/Co®" and Co**/Co*" redox system
in Co;0y, in this work, we have developed cerium-dioxide-sup-
ported cobalt oxide (Co;0,/CeO,) by a solution combustion
method. CeO, can improve the electrical conductivity and
optical activity of Co;0, as the oxidation of cobalt is facilitated
by the reduction of cerium and/or lattice oxygen evolution (0*~
— 10, + 2¢7)." The ability of CeO, to transit between the Ce*"
and Ce*" oxidation states allows it to facilitate reversible
surface oxygen ion exchange. This property serves as an oxygen
buffer for effective oxygen supply and also creates the potential
for robust electron interactions with other materials.'®
Moreover, density functional theory calculations suggest that
CeO, can influence the electronic properties of cobalt
species.'®'” We further substituted Ce with Sr (Coz0,/
Ce;_,S1,0,_5) to enhance the oxidizing power of CeO, as Sr
with a lower oxidation potential is a judicious choice for ameli-
orating the redox behaviour of cerium and cobalt.'®*** To
further enhance the impact of oxygen vacancies, we partially
substituted the cobalt sites with another transition metal,
namely Cu (Co;_4Cu,O4/Ce;_S1,0, 5). The substitution of
cobalt with copper will elevate the oxidation state of cobalt. In
addition, it can also accelerate the formation of oxygen
vacancies to maintain the charge balance.**** The study shows
the crucial roles of the reducible CeO, support and Cu®*
doping in Co;0, in facilitating the oxidation of Co**/Co** and
Co**/Co™ and their impact on the catalytic oxygen evolution
reaction.

2. Experimental methods

The Co;0,/CeO, catalysts were synthesized using a novel solu-
tion combustion method, which is known for its energy
efficiency and low-temperature initiation."* During synthesis,
water-soluble Ce(NOj;);-6H,0 (SRL chemicals, 99%), Co
(NO3),-6H,0 (S.D. Fine Chem Limited, 99%), Sr(NO3), (Sigma
Aldrich, 99%), and Cu(NOs),:6H,O (S.D. Fine Chem Limited,
99%) were utilized as oxidizers, while glycine served as the
fuel. The synthesis of 40% Co3;0,/CeO, was carried out by dis-
solving 0.58 g of Co(NO3),-6H,0, 0.87 g of Ce(NO3);-6H,0, and
0.2 g of glycine in 50 mL of water. The resulting homogeneous
aqueous solution was then placed in a preheated furnace at
450 °C for 15 minutes. Initially, the solution exhibited boiling
and foaming; the exothermic redox reaction generated
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sufficient heat of combustion, compensating for the energy
required for oxide formation and resulting in a burning flame
at the ignition point. Subsequently, the complete dehydration
of the solution yielded the solid powder product of pristine
Co30,/Ce0,, accompanied by the evolution of N,, and CO,.
Henceforth, Co;0,/CeO, is denoted as CoCe in the manu-
script. About 0.58 g of Co(NO3),-6H,O, 0.34 g of
Ce(NO3);3-6H,0, 0.04 g of Sr(NO3), and 0.29 g of glycine were
used for the synthesis of 40% Co030,4/Cey Sro.10,_s (designated
as CoSrCe) and 0.78 g of Co(NO3),, 0.08 g of Cu(NO;),-6H,0,
0.34 g of Ce(NO;);-6H,0, 0.04 g of Sr(NO;), and 0.37 g of
glycine were used to synthesise 40% Co;_,Cu,04/Ceg oSro.105_5
(designated as CoCuSrCe) in a similar manner.

The structure and crystallinity of the prepared mixed metal
oxides were characterized using X-ray diffraction (XRD) data
obtained using a Rigaku Ultima IV instrument with Cu K, radi-
ation. The XRD scans were performed at a scan rate of 0.02°
min~" with a step size of 0.01°. The nanocrystalline size of the
synthesized metal was determined using Debye-Scherrer’s
formula (D = 0.94/Bcos 6), where A is the wavelength of the
radiation, B is the full-width at half-maximum, and 6 is the
corresponding angle. The surface morphology and compo-
sition analyses were conducted using a Field Emission
Scanning Electron Microscope (FE-SEM, FEI-Apreo S) equipped
with an Energy Dispersive X-ray Spectroscopy (EDX) unit. The
instrument was operated at an acceleration voltage of 20 kv.
The Brunauer-Emmett-Teller (BET) method was employed to
determine the surface area and pore size of the synthesized
catalysts. The X-ray photoelectron spectra (XPS) of the syn-
thesized catalysts were recorded using a Thermo Scientific
K-Alpha surface analysis spectrometer with Al K, radiation
(1486.6 eV). The binding energies were reported with respect
to C (1s) at 284.8 eV. The EPR analysis was conducted using a
Bruker ESR 5000. A UniRam Raman spectroscopy system was
used for Raman spectroscopy.

The electrochemical tests of the synthesized materials were
conducted using a conventional three-electrode system. The
working electrode was prepared by coating the synthesized
catalyst onto Ni foam (NF). The reference electrode used was
Hg/HgO saturated with an aqueous KOH solution, and a Pt
wire served as the counter electrode. For the preparation of the
working electrode, 3 mg of the synthesized catalyst and 0.5 mg
of carbon black powder were dispersed in 1 mL of methanol.
Additionally, 10 pL of 5% aqueous Nafion (Sigma-Aldrich) was
added to the solution. The mixture was sonicated for
60 minutes to achieve a homogenized dispersion of the syn-
thesized metal oxides and carbon. The active mass ratio of the
catalyst to carbon black was maintained at 6: 1.5. The NF elec-
trode was cut into pieces of 1 x 0.3 cm?® and soaked in 0.3 M
H,S0, for 15 minutes. It was then ultrasonically washed with
acetone followed by distilled water. An ink prepared with 50 uL
of the catalyst was drop-casted onto the clean NF electrode,
with an active mass loading of 0.1 mg cm™>. The electrode was
left to dry at room temperature. Cyclic voltammetry (CV),
linear sweep voltammetry (LSV), and electrochemical impe-
dance spectroscopy (EIS) measurements were performed in a
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basic electrolyte medium of 1 M KOH using a scan rate of
10 mV s~'. The CV cycles and OER polarization curves from
LSV traces were recorded between 0.9 and 1.9 V (vs. RHE). The
obtained potentials were converted to values corresponding to
the reversible hydrogen electrode (RHE) using the equation:
Egpug = Eng/ugo + 0.059pH + E;Ig/Hgo. Here, Egyg represents
the final converted potential with respect to RHE, Epgugo iS
the experimental potential with respect to the Hg/HgO elec-
trode, and E;;g Jugo 1S the standard reduction potential of the
Hg/HgO electrode. To evaluate material stability, chronoam-
perometric (CA) measurements were performed in a three-elec-
trode system for 12 hours in 1 M KOH. EIS was carried out in
the frequency range of 100 kHz to 10 mHz, by applying the
overpotential versus Hg/HgO. The gaseous product O, was
measured using a portable Gas Chromatograph (GC) from
Mayura Analytical Pvt. Limited, India.

3. Results and discussion
3.1 Structure and surface of the catalysts

The XRD patterns and the refinements of the synthesized com-
posite metal oxides are shown in Fig. 1(a—c). The Rietveld
refinements were carried out by using the Fullprof program
suite. The diffraction patterns of all the synthesized catalysts
exhibited sharp peaks, indicating high crystallinity, and based
on the Debye-Scherrer formula, the crystallite sizes were found
to be ~30 nm for all the materials. From Fig. 1a, it is evident
that crystals of both Co;0, with space group Fd3m (S.G. no.
227, JCPDS #43-1003) and CeO, with space group Fm3m (S.G.
no. 225, JCPDS #34-0394) were clearly present in CoCe.
Similarly, the Rietveld refinement of the diffraction data of
CoSrCe confirmed the coexistence of Co;0, and Sr-doped CeO,
(Fig. 1b). On the other hand, the CoCuSrCe data in Fig. 1c
exhibit the presence of four phases, namely, Sr-doped CeO,
with space group Fm3m (S.G. no. 225, JCPDS #34-0394), Cu-
doped Co;0, with space group Fd3m (S.G. no. 227, JCPDS #43-
1003), tetragonal SrCoO, g with space group I4/mmm (S.G. no.
139, JCPDS #39-1084) and monoclinic CuO with space group
C2/c (S.G. no. 15, JCPDS #05-0661). The Rietveld refinement of
the compound, incorporating mixed phases, has successfully
achieved a well-fitting profile for the data. The reliability
factors along with the refined lattice parameters and con-
straints of all the phases from the three synthesized composite
catalysts are provided in Tables S1-S3.1 Elemental doping was
corroborated by the XRF studies, as shown in Table S4.}

As electrocatalysis is a surface phenomenon, next, we
studied the surface properties of the combustion-synthesized
materials. The FESEM micrographs in the insets of Fig. 1(a—c)
show the surface morphologies of pristine CoCe, doped
CoSrCe and CoCuSrCe. All three materials showed a similar
spherical particle morphology with an average diameter of
~0.17 pm. EDX elemental mapping indicated the surface
enrichment of dopants Cu and Sr in the matrix (Fig. 1(d-f)
and Table S47). This was further verified by the other spot EDX
elemental mappings shown in Fig. S1.t The surface area was

5486 | Dalton Trans., 2024, 53, 5484-5494

View Article Online

Dalton Transactions

also studied, and all the materials exhibited type II N, adsorp-
tion—-desorption isotherms with negligible hysteresis, specify-
ing the nanoporous nature of the surface (Fig. S21). The
average surface areas of the materials estimated using the BET
equation were found to be in the 1-3 m? g™ " range.

The electrochemical active surface area (ECSA) plays an
important role in the electrocatalytic activity of a material. The
ECSA was calculated from the electrochemical double layer
capacitance (Cq;) and specific capacitance (Cs) according to the
equation: ECSA = Cq/Cs.>®*” The Cg values were obtained
from the CV curves obtained in the non-faradaic region (0.72
to 1.32 Vvs. RHE) in 1 M KOH at various scan rates (10-50 mV
s™'), as shown in Fig. S3.} The current is linearly proportional
to the active surface area owing to the charging of the double
layer, and the slope obtained from the plot of half of the
capacitive current (AJ/2 = (Janodic — Jeathodic)/2) against the scan
rate is defined as Cq,.%® The representative Cyq values of the
synthesized materials were obtained from the curves presented
in Fig. 2a. The Cs was calculated using the following equation:
e
T mx Ve x AV
CV curve cycled at the scan rate of 10 mV s™', m (0.1 mg) is the
active mass of the catalyst loaded on the electrode (area =
0.6 cm?), Vg is the scan rate (mV s™') and AV is the potential
window (mvV). Thus, the obtained Cs values with respect to
unit mass loading (mF mg ') were converted to mF cm™2. The
representative ECSAs were found to be 2.36, 5.7 and 6.9 cm?
for CoCe, CoSrCe and CoCuSrCe, respectively (Fig. 2b). An
apparent 3-fold increase in electrochemical surface area was
observed with the concomitant doping of Sr and Cu in CoCe.

XPS was used to probe the surface elemental composition
and oxidation states of the synthesized catalysts. The survey
spectra of all the synthesized catalysts displayed the expected
elements (Fig. S4at). The areas under the peaks of the corres-
ponding elements were derived using the peak fitting software
Avantage, and the values were normalized against the X-ray
energy used. The surface atomic percentages were calculated
by dividing the normalized peak area by the respective photo-
ionization cross-section of the corresponding elements.*®
Table S4t indicates surface enrichment of Sr and Cu than the
bulk. The deconvoluted Ce 3d core level spectra (3ds, is
labelled as v, and 3d;, is labelled as u) of CoCe, CoSrCe, and
CoCuSrCe are presented in Fig. 3a. The spectra exhibited a
total of 5 spin-orbit coupled peaks, of which v-u, v"-u”, and v"
"~u" belong to Ce*’, and v,~u, and v'-u’ belong to Ce*". The
Ce* doublets designated as v-u (882.2-901.0 eV), v"-u”
(889.3-907.3 €V) and v"'-u" (897.0-916.5 eV) are associated
with the Ce 3d°4f*0 2p*, Ce 3d°4f'O 2p° and Ce 3d°4f°0 2p°
final states, respectively. The other two doublets of Ce*" posi-
tioned at v,—u, (879.6-898.5 eV) and v'-u’ (885.3-903.0) corres-
pond with the Ce 3d°4f>0 2p° and Ce 3d°4f'0 2p° final
states.>*"** The relative surface concentrations (C) of Ce** and
Ce*" were estimated from the total area under the deconvo-
luted peak (4) by using the following equations:

Cs , where [vdv (mA mV) is the area under the

1

Acesr = Av, + Au, + AV’ + AU’

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Rietveld refinement profiles of (a) CoCe, (b) CoSrCe and (c) CoCuSrCe. The blue vertical lines represent the Bragg positions of CeO, and Sr-
doped CeO; fluorite phases, and the red lines indicate those of the Coz0,4 and Cu-doped Co3z0, spinel phases. The green vertical lines represent the
Bragg positions of SrCoO, g, and the pink lines represent those of CuO. The corresponding FESEM images are provided as insets. The EDX mappings

and elemental analysis of (d) CoCe, (e) CoSrCe and (f) CoCuSrCe.

Acest = Av+ Au + AV" 4+ Au” + AV + AU
Ccet+ = Acer+ [Acer + Aces+ X 100%

According to the calculations, the percentage of Ce**
present in CoCe, CoSrCe, and CoCuSrCe were 65.6, 68.0 and
74.1%, respectively. Apparently, the occurrence of Ce**
increased with Sr and Cu doping. Fig. 3b exhibits the high-
resolution Co 2p core level spin-orbit doublet peaks of the
three catalysts, which demonstrate the 2p;, and 2p,,, peaks

This journal is © The Royal Society of Chemistry 2024

associated with the Co®>" and Co®' ions. The Co®>" peak
appeared at a higher binding energy (2ps,—2pi». at
782.5-796.2 eV) than the Co®" peak (2ps/,-2p12 at 780.0-795
eV)."**? The percentage of Co®" present in CoCe, CoSrCe, and
CoCuSrCe were 61.02, 67.9, and 71.1%, respectively. It is inter-
esting to observe that with the incorporation of lower valent Sr
and Cu at the Ce and Co sites, respectively, the Ce and Co ions
underwent oxidation for charge neutralization. We also col-
lected the core-level Cu 2p spectrum of CoCuSrCe (Fig. 3c),
which showed the presence of bivalent Cu®>* with the peaks of
Cu 2p;,, and Cu 2p;,, associated with the Cu®" and Cu'* ions

Dalton Trans., 2024, 53, 5484-5494 | 5487
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Fig. 2 (a) Linear regression between current density differences vs. scan rates based on CV in a potential window of 1.16 V, and (b) ECSAs of the
three composite catalysts.
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Fig. 3 (a) The Ce 3d core level spectra, (b) Co 2p core level spectra, (c) Cu 2p core level spectra, and (d) O 1s core level spectra of the synthesized
pristine and doped oxides.
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at 933.5 and 953.3 eV, respectively.*>?*® The Cu®" peak
appeared at a higher binding energy (2ps,—2pi, at
934.9-954.7 eV) than the Cu'" peak (2ps,—2p1,» at 933-952.8
eV).>? The Cu L3M,5My5 Auger spectrum in Fig. S4bf distinc-
tively shows the Cu'* peaks at 916 eV and Cu®* at 917 eV. The
percentage of Cu®" present in CoCuSrCe was found to be
50.29%. We also checked the Cu 2p core level spectrum of
CoCuSrCe after the OER study (Fig. S4ct). The XPS data
revealed that lattice doping with lower-valent elements, such
as Sr*" and Cu?", induced further oxidation of Ce and Co. This
phenomenon suggests the potential creation of oxygen
vacancies as well. Therefore, a detailed XPS study of O 1s was
performed for all three catalysts, and the deconvoluted spectra
are plotted in Fig. 3d. The spectra showed three distinct peaks:
one at 529 eV due to lattice oxygen (Oy), one at 531 eV due to
the adsorbed oxygen species at the surface defect sites i.e.
oxygen vacancies (Oy), and one at 533 eV due to the hydroxyl
species of the surface-adsorbed water molecules (Oy). The per-
centage of surface oxygen vacancies in each catalyst was quan-
tified from the area under the Oy peak with respect to the total
area under the O 1s core level spectrum (01)**** with the help
of the following equation:

o
ov(%) = O—V x 100%,
T

where Or = Oy + O, + Ow.

The percentage of oxygen vacancies was found to be 27% in
pristine CoCe. Interestingly, the Oy content (%) increased to 65
and 74% in CoSrCe and CoCusSrCe, respectively. The Oy, content
(%) in the materials was also calculated in a similar manner, and
the values were found to be 69.3, 36.2 and 21.8% for CoCe,
CoSrCe, and CoCusSrCe, respectively. Apparently, lattice doping of
bivalent Sr** and Cu*" not only made Ce and Co undergo further
oxidation but also created sufficient surface oxygen vacancies.
Surface oxygen vacancies are known to facilitate the formation of
the —OOH species, a key OER intermediate.

A correlation between the occurrence of oxygen vacancies
and doping was also established using the fluorescence
spectra. Fig. S5af illustrates a gradual decrease in fluorescence
intensity with Sr and Cu doping, indicating that the absorbed
light is trapped by oxygen vacancies (Oy). Among the three
oxides, CoCuSrCe exhibited the lowest intensity, suggesting
the formation of oxygen vacancies.”” To further confirm the
presence of Oy, we conducted Raman spectroscopy. Fig. S5bf
shows that the Raman peak intensity at 548 cm™" corres-
ponding to Oy (A;; mode)*! increased in the order of CoCe <
CoSrCe < CoCuSrCe, indicating an increase in the formation of
oxygen vacancies with doping. The yellow-highlighted region
in the range of 440-460 cm™" in the Raman spectra indicates
the presence of Co-O and Ce-O bonds.****

3.2 OER

The catalytic OER activity of the synthesized materials de-
posited on Ni foam electrodes was measured in 1 M KOH
using LSV polarization curves, as shown in Fig. 4a. For clarity,
the activity of the bare Ni foam electrode is also plotted in the
graph. The three catalysts exhibited a prominent peak at ~1.4

This journal is © The Royal Society of Chemistry 2024
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V vs. RHE before the OER onset potential. This peak can be
attributed to the oxidation of Co*" to Co**.*® Interestingly,
from the peak current density, it was observed that the extent
of Co oxidation increased with Sr doping at the Ce sites and
consequently Cu doping at the Co sites. Notably, the highly
oxidized Co®" facilitates the formation of the key OER inter-
mediate species -OOH. Fig. 4a represents that compared to
pristine CoCe, CoSrCe exhibited a lower onset potential, as
well as a lower OER overpotential. Among the three catalysts,
CoCuSrCe displayed the lowest overpotential. The higher
extent of Co®>" — Co®" oxidation, which leads to the formation
of the intermediate -OOH species with the help of oxygen
vacancies (as observed from the XPS studies), is apparently
proportional to the OER catalytic activity of pristine and doped
oxides. For benchmarking, a commercial RuO, sample was
measured under similar conditions, and the oxides clearly out-
performed the commercial RuO, catalyst. The overpotential
required to achieve a current density of 10 mA cm™? is a widely
accepted metric for solar fuel production. Hence, the overpo-
tentials at 10, 50 and 100 mA cm > were plotted for the syn-
thesized materials, as shown in Fig. 4b. Fig. 4b demonstrates
that the best OER activities of CoCuSrCe with the lowest over-
potential were 297, 410 and 470 mV at 10, 50 and 100 mA
cm™?, respectively. We further compared the OER activity data
with other reported Co-based catalysts, and Table 1 demon-
strates that CoCuSrCe exhibits comparable or even superior
performance to the other Co-based catalysts. For a global com-
parison and practical applicability, good mass activity, as well
as intrinsic activity, of a catalyst is highly desirable. The mass
activity of electrochemical OER catalysts is determined by nor-
malizing the current density to the loaded amount of catalyst,
whereas, the intrinsic activity is the current density per unit
electrochemical active surface area. Fig. 4c shows the mass
activity and intrinsic activity of the three catalysts at the OER
onset potential. Evidently, CoCuSrCe exhibited a far superior
OER catalytic activity to the pristine and only Sr-doped oxides.
To corroborate the superiority of CoCuSrCe, we further
measured the oxygen evolved during OER with the help of gas
chromatography, and thereby calculated the faradaic efficiency
using the following equation:

Experimentally produced O,
Theoretically calculated O,
__molof O, xn x F

B ixt

x 100%

FEOZ% =
x 100%

where n is the total number of electrons transferred, F is the
Faraday constant, i is the amount of current produced and ¢
denotes time. The calculated FEp % values are plotted in
Fig. 4d. Apparently, the FEo % of CoCuSrCe (84%) turned out
to be better than those of the other two catalysts.

To understand the kinetics of the OER over the three syn-
thesized catalysts, the scan rate dependency of their OER
activity and the activation energy of the OER were evaluated.
Scan rate dependency studies were carried out by varying the
scan rate from 10 to 50 mV s~ " in the presence of 1 M KOH as
the electrolyte. Fig. 5a unveils that the OER current density lin-
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Table 1 Comparison of OER activity data of pristine and supported CozO,4 catalysts with previous works

OER activity

Catalysts Measurement conditions Overpotential at 10 mA cm™> Tafel slope Ref.
Co30,4 nanoarrays on carbon 0.1 M KOH 0.29V 70 mV dec™* 47
Co;0, nanoparticles 1 M KOH with 5 mV s™* scan rate 0.38V 153 mV dec™! 48
Co;04-ZIF 8 1 M KOH with 10 mv s™* 0.40 V 82 mV dec™* 49
Co(OH), on GC 1 M NaOH with 10 mV s~ scan rate 0.4V 90 mV dec™! 50
Co;0, nanocubes 1 M KOH with 1 mV s™* scan rate 0.5V 59 mV dec™* 51
C030,@C00 0.5 M KOH 0.43V 89 mV dec™" 52
Co0,/CeO, 1 M NaOH with 10 mV s™* scan rate 0.31V 66 mV dec™* 17
C030,/Ce0, nanohybrids (NHs) 1 M NaOH with 10 mV s~ scan rate 0.27V 60 mV dec™! 14
Co30,/CeO, heterojunction 1 M KOH 0.25 V¢ 34.4 mV dec™? 53
CoCuSrCe 1M KOH 0.29V 42 mV dec™! This work

%At 100 mA cm 2.

early increased with the square root of the scan rate, indicating
a diffusion-controlled electrocatalytic reaction over these cata-
lysts.>® The Arrhenius plots of CoCe, CoSrCe, and CoCuSrCe
showing current density (Inj) vs. temperature (7~ ') at the OER
potential were charted to determine the activation energy. The
temperature was varied from 25 to 50 °C with a gap of 5 °C.
The activation energy (E,) was obtained from the slope values
in Fig. 5b. The activation energy of pristine CoCe was 14.8 kJ
mol™, whereas CoSrCe and CoCuSrCe exhibited activation

5490 | Dalton Trans., 2024, 53, 5484-5494

energies of 12.3 and 11.7 k] mol ™", respectively. The lower acti-
vation energy indicates faster OER kinetics over CoCuSrCe.

A good electrocatalyst with considerable charge transfer
ability should have a low Tafel slope. Fig. 6a shows the lowest
Tafel slope of 42 mV dec™' for CoCuSrCe compared with
78 mV dec™" over pristine CoCe. The low Tafel slope indicates
an improved charge transfer between the doped electrode
material and the electrolyte, rationalizing its efficient OER
activity. The Nyquist impedance plots (Fig. 6b) also supported

This journal is © The Royal Society of Chemistry 2024
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the OER efficacy trend of the materials. EIS measurements
were performed under OER conditions (1 M KOH), and the
data were fitted to the equivalent circuit shown in the inset of
Fig. 6b. The equivalent circuit revealed one polarisation resis-
tance (R with a parallel constant-phase resistance. CoCuSrCe
showed a smaller semicircle than those of CoSrCe and CoCe,
suggesting faster shuttling of charges due to higher conduc-
tivity in the double-doped composite catalyst.’*>”°

The electrochemical stability of the best catalyst was evalu-
ated by chronoamperometry studies in a 1 M KOH solution for
22 h at the corresponding OER overpotential. A remarkably
stable OER current density was observed with CoCuSrCe
(Fig. 7). To corroborate this further, we also collected the LSV
traces of CoCuSrCe before and after the 22 h chronoampero-
metry study. The inset in Fig. 7 demonstrates the almost iden-
tical current densities of the fresh and exhausted catalysts, sig-
nifying the outstanding stability of the catalyst even at a con-
siderably strong alkaline condition.

This journal is © The Royal Society of Chemistry 2024

3.3 Mechanism

The superiority of the OER catalytic activity of double-doped
CoCuSrCe intrigued us to probe the mechanism of the reaction
in the presence of this material. In order to understand the
role of the doped oxides, we thoroughly characterized the
exhausted CoCuSrCe catalyst after 12 h of OER chronoampero-
metry. Fig. 8a shows the XRD pattern of the exhausted material
along with the FESEM image in the inset. While the bulk crys-
talline structure remained unchanged, some minor additional
peaks at 260 = 35.4°, 39.06° and 40.9° were observed. These
peaks correspond to the crystalline structures of Co(OH),, Cu
(OH), and Co-OOH formed during the OER.>’° The crystal-
line peaks of M(OH), confirm the active involvement of Co and
Cu in the OER reaction mechanism. The formation of M(OH),
and their apparent oxidation to form M-OOH species evidently
modifies the surface morphology of the exhausted CoCuSrCe,
as observed in the FESEM image.
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The core-level deconvoluted Ce 3d XPS spectra of the
exhausted catalysts are shown in Fig. 8b. The spectra reveal the
same 5 spin-orbit coupled peaks corresponding to the Ce**
and Ce** oxidation states as the fresh catalyst (Fig. 4a).
However, after OER, the concentration of Ce** in the exhausted

a *Co(OH),
+Cu(OH),
«CoOOH

JCPDS 35-0505 =

@y

CoCuSrCe

Intensity (a.u)

View Article Online
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catalysts reduced to 61.3, 58.6 and 51% for CoCe, CoSrCe and
CoCuSrCe, respectively. Notably, 65.6, 68.0 and 74.1% of Ce**
were present in the as-prepared CoCe, CoSrCe and CoCuSrCe
catalysts, respectively. This signifies the highly reducible
nature of Ce" in these catalysts and that the extent of
reduction of Ce** increased from CoCe to CoSrCe and
CoCuSrCe. The reduction of Ce*" — Ce®* during the positive
potential sweep of OER must occur alongside parallel oxi-
dation reactions. These parallel oxidation reactions can be
attributed to the oxidation of Co** — Co®" and/or the evolution
of lattice oxygen (O°~ — 10, + 2e7) to create oxygen vacancies.
Therefore, either the Co®" ions or the adjacent oxygen
vacancies are responsible for the formation of the -OOH
species, which was also observed evidently in the XRD pattern
of the exhausted catalyst. To corroborate this hypothesis, we
collected the core-level Co 2p spectra of the exhausted catalysts
(Fig. 8c). Interestingly, the relative ratios of Co®*/Co** increased
to 66.5, 75.2, and 79.1% in CoCe, CoSrCe and CoCuSrCe,
respectively. We further probed the O 1s spectra, and the
deconvoluted spectrum is plotted in Fig. 8d. The extra peak at
535 eV is attributed to the intermediate -OOH formed during
the OER. The corresponding peak, however, could be attribu-
ted to the generation of Co-OOH and/or Cu-OOH. The surface
O, content (%) was found to be significantly reduced to 7.9%
after the OER reaction. The comprehensive structural and
surface study revealed that the facile reduction of Ce*" — Ce**
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(a) XRD pattern of CoCuSrCe and its FESEM image in the inset; the core level (b) Ce 3d (c) Co 2p spectra of all three exhausted composite

oxides after 12 h of chronoamperometry OER; (d) O 1s of exhausted CoCuSrCe after the 12 h chronoamperometry study.
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during the positive potential of OER helped the parallel occur-
rence of both oxidation of Co** — Co®*" and the evolution of
lattice oxygen to create oxygen vacancies primarily on the surface
of the oxides, and the extent of reduction of Ce** along with the
oxidation of Co®* was found to be the maximum in CoCuSrCe
(Fig. 9). The formation of Co®>" along with oxygen vacancies due
to the electronic interaction of the catalyst with the support
helped the formation of the key intermediate ~-OOH, which in
turn reduced the activation energy barrier and thereby enhanced
the kinetics of oxygen evolution over the CoCuSrCe catalyst.
However, in addition to Co®", the presence of Cu®" on the surface
of CoCuSrCe also accelerated the OER efficacy, as observed from
the XRD pattern and the core level O 1s XPS.

4. Conclusion

The three composite catalysts were synthesized by a single-step
solution combustion route. The Rietveld refinement of the
powder XRD pattern of CoCe revealed the co-existence of
C030,/Ce0,. Similarly, CoSrCe showed the presence of Coz;0,/
Ce.9S1r910,_5 and CoCuSrCe was composed of Co;_,Cu,Oy,
Ce.9Sry.10,_s, STC00, ¢ and CuO. The electrochemical surface
area of doped CoCuSrCe was found to be 3 times higher than
that of CoCe. In the electrocatalytic OER studies, the doped
material CoCuSrCe outperformed the other two composites,
showing the highest current density and highest faradaic
efficiency at the lowest overpotential. CoCuSrCe also exhibited
the lowest Tafel slope of 42 mV dec™ and the lowest OER acti-
vation energy of 11.7 k] mol™". The outstanding stability of the
catalyst CoCuSrCe was observed in the 12 h OER study at a con-
siderably strong alkaline condition. The detailed mechanistic
studies indicate that the favourable reducibility of cerium
introduces a higher concentration of Co®" ions at the catalytic
sites, leading to enhanced formation of the Co-OOH species.
Further, the lower-valence Sr and Cu ions doped at the Ce and
Co sites, respectively, accelerate the formation of the active
Co®" species, as well as oxygen vacancies, aiding the efficient

This journal is © The Royal Society of Chemistry 2024

and facile progression of the oxygen evolution reaction. In
addition to Co’", the presence of Cu®>" on the surface of
CoCuSrCe might also accelerate the OER kinetics, as evidenced
by the XRD pattern and XPS spectrum of the exhausted cata-
lyst. Overall, these findings underscore the significance of the
electronic interactions between the active catalytic sites and
the support, as well as the involvement of oxygen vacancies, in
realizing sustainable advancement of the H, economy in the
future.
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