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Acidic water oxidation using earth-abundant oxides remains challenging because of sluggish kinetics and
poor stability under oxygen evolution reaction (OER) conditions. Herein, density functional theory was
used to systematically screen fourth-row transition-metal dopants in CozO4 and establish joint activity—
stability descriptors. It was found that early-series dopants improve the lattice thermodynamic stability,
while chromium maximizes the electrochemical stability. Enhanced OER activity correlated with
moderate values of the d-band center, metal-oxygen covalency, and integrated crystal orbital
Hamiltonian population, indicating an optimal bonding regime. Chromium has emerged as an optimal
dopant, striking a balance between stability and activity of the catalyst. Guided by these predictions,
experiments demonstrated that 10% Cr-doped CozO4 exhibited excellent OER performance, achieving
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an overpotential of 366 mV at 10 mA cm™

2in 0.5 M H,50, and improving durability 2.7-fold, with only

an 11 mV increase in overpotential after extended testing. This combined computational—experimental
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1 Introduction

Electrochemical water oxidation plays a crucial role in clean
energy technologies, including hydrogen production through
water electrolysis, electricity generation via fuel cells, energy
storage using metal-air batteries, and environmental remedia-
tion." The presence of efficient catalysts greatly facilitates the
water oxidation.*”® Generally, water electrolysis is classified into
three types based on the electrolyte medium: solid-oxide elec-
trolysis, alkaline electrolysis, and proton exchange membrane
water electrolysis (PEMWE).® Among these, PEMWE has
attracted significant attention owing to its advantages,
including rapid response to power fluctuations, higher current
density, high efficiency, high-purity hydrogen, and low gas
crossover.*” In PEMWE, the hydrogen evolution reaction (HER)
occurs at the cathode and the oxygen evolution reaction (OER)
at the anode. However, the OER under acidic conditions poses
a significant bottleneck for PEMWE due to three key challenges:
catalyst dissolution, sluggish water dissociation, and weak
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study outlines a generalizable pathway for identifying effective dopants for oxide catalysts in acidic OER
by concurrently optimizing stability and catalytic activity.

binding of OER intermediates (adsorbates).*® Consequently,
improving the efficiency of PEMWE electrolysis depends criti-
cally on the development of efficient, cost-effective, and durable
OER catalysts that perform well in acidic environments.

In the development of PEMWE anode OER catalysts, Ir- and
Ru-based catalysts have been considered the most suitable for
PEMWE electrolyzers due to their high activity and stability.'>**
However, the high cost and scarcity of these metals limit their
large-scale applications. Developing PEMWE catalysts based on
earth-abundant elements is thus of great significance. Various
noble metal-free catalysts have been reported, including metal
oxides and their hybrids,"”** carbons, and metal-organic
frameworks.” Among the metal oxides and their hybrids, cobalt
oxide (Coz0,) has been recognized as a promising catalyst,'®
with a theoretical catalytic overpotential comparable to that of
Ru0,."” Co;0, has a spinel structure, in which Co®" ions occupy
octahedral sites and Co>" ions occupy tetrahedral sites. This
mixed-valence structure offers opportunities to tune their
intrinsic electronic properties through doping or other struc-
tural engineering with transition-metal (TM) cations.'®

Various TM elements have been used to dope Co0;0,,
enhancing its OER activity in alkaline solutions. Among them,
Fe doping has been shown to improve performance in Co-based
oxides significantly.'®*! For instance, Fe doping reduced the
overpotential (750) at 10 mA em™> by 160 mV,* and Fe-doped
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Co3;0, nanosheets achieved an 7y, of 262 mV." Similarly, Ni
doping at 4 wt% lowered 7o to 240 mV.”> Lin and McCrory
doped Cr into Co;_,Cr,0,4 and optimized the doping level at x =
0.75 (25%), achieving an overpotential of 7, = 350 mV.*
Banerjee et al. compared the effects of Ni, Fe, and Cr doping
into Co30, for OER in an alkaline medium, finding that Cr (146
mV) slightly outperformed Ni (148 mV) and Fe (150 mV).>* More
recently, doping Co3;0, with various TMs revealed that Fe, Ni,
and In doping reduced the overpotentials in alkaline media,
whereas Al and Ga doping increased them.*

TM-based oxide catalysts typically exhibit excellent water
oxidation performance at alkaline and near-neutral pH condi-
tions; however, they often underperform in acidic environments
due to their susceptibility to corrosion. However, Co;04 has
demonstrated notable structural stability and catalytic activity
under acidic conditions.**?® In recent years, extensive efforts
have been made to enhance the intrinsic catalytic activity of
Co;0, through doping,* primarily with TMs. While noble metal
dopants such as Ir,**** Ru,*® and Ag® have shown high
performance in acidic OER, there is growing interest in identi-
fying effective dopants among earth-abundant elements. For
example, Fe doping reduced the 7,0 from 359 to 295 mV in
Co;0,4 nanosheets,*® while Ni doping reduced the 7,, from 381
to 330 mV in Co3;0,4 nanofibers in 0.5 M H,S0,.** Cr-doped
Co3;0,4 nanoparticles grown on carbon paper exhibited a reduc-
tion in the 74, from 385 to 333 mV.** Additionally, Sn doping
decreased the n,, from 524 to 496 mV, whereas Mn and Sb
doping increased the 7, to 602 and 606 mV, respectively.**

The search for efficient acidic OER catalysts is often pursued
via dopant-by-dopant screening; however, OER performance
depends on multiple coupled factors, including catalyst
composition, substrate, and synthesis conditions, making it
challenging to isolate the pure dopant effects. To address this,
we present a general strategy based on density functional theory
(DFT) computations to identify dopants that balance high
catalytic activity with chemical stability under acidic OER
conditions. We emphasize that searches should jointly consider
both the activity and structural stability. Through a systematic
evaluation of first-row (Sc-Zn) TM doping in Co;0,, we identi-
fied chromium (Cr) as the optimal candidate, achieving
a favorable tradeoff between stability and activity. Guided by
these computational insights, we experimentally doped Cr**
into crystalline CozO, nanoparticles and assessed their OER
performance in 0.5 M H,SO,4. Among the various doping levels
tested, the 10% Cr compound exhibited superior OER activity
compared to the pristine material and samples doped with 5%,
20%, and 30% Cr. This study demonstrates a generalizable
approach for discovering effective dopants by jointly optimizing
their stability and OER activity.

2 Computational and experimental
methods
2.1 Computational methods

First-principles calculations were performed using the Vienna
Ab initio Simulation Package (VASP) based on DFT.**** The
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interactions between ions and electrons were treated using the
Projector Augmented Wave (PAW) method,** and the exchange-
correlation energy was approximated using the Perdew-Burke-
Ernzerhof (PBE) functional.** All calculations used a plane-wave
cutoff energy of 520 eV. For the bulk phase, a Monkhorst-Pack 4
x 4 X 4 k-point mesh was employed. For the slab models,
geometry optimizations were performed using a 4 x 4 x 2
mesh, followed by single-point energy calculations using an 8 x
8 x 1 mesh. To account for the van der Waals forces, we applied
the DFT-D3 Becke-Johnson (B]) damping correction. The self-
consistent field convergence threshold was set at 1 x 107> eV,
and the convergence force threshold was set to 0.02 eV A~. To
account for the strong electron correlations in the transition
metals, we employed a simplified LSDA + U approach, where
only the effective Hubbard parameter U.s = U — J was used.*®
The values of U, along with the initial magnetic moments for
spin-polarized calculations, are provided in Table S1.

In our modelling, elements with a valence of 3+ or higher
occupy the Co®" octahedral site, and elements with a valence of
2+ occupy the Co®" tetrahedral site. No additional vacancies or
point defects are created for charge compensation. For aliova-
lent dopants, we likewise use charge-neutral supercells, with
charge compensation occurring electronically via charge
redistribution.

Many OER descriptors have been reported in the literature.*’
In this work, we use the binding energy, d-band center, cova-
lency, and Crystal Orbital Hamilton Population (COHP) as
descriptors and establish volcano-like relationships in the TM-
doped Coz0, system, obtaining consistent trends across these
different descriptors. The COHP calculation was conducted
using the Lobster program,*® and the input file, lobstering, is
shown in Table S2.

2.2 Experimental methods

2.2.1 Materials and synthesis. Chromium(m) nitrate non-
ahydrate and cobalt(u) nitrate hexahydrate were obtained from
Sigma-Aldrich, and ammonia solution (28-30 vol%), citric acid
(CA), and ethylenediaminetetraacetic acid (EDTA)
procured from VWR International. All chemicals were used as
received without further purification. Pristine and Cr-doped
Co30, compounds were synthesized using sol-gel and
combustion methods. Initially, the nitrate salts of cobalt and
chromium were dissolved in 75 mL of distilled water at room
temperature. The stoichiometric ratio of Co to Cr varied
according to the desired compound composition. After the
complete dissolution of the nitrate salts, chelating agents, such
as EDTA and CA, were added. The solution was adjusted to pH
9, and the mixture was stirred for 12 h at room temperature. The
resulting mixture was washed thrice with distilled water and
ethanol, and then dried at 60 °C for 5 h. Finally, the dried
powder was annealed at 400 °C for 3 h in air, with a ramp rate of
5°C min " (Fig. $1).

2.2.2 Characterizations. X-ray photoelectron spectroscopy
(XPS) analyses were performed using two different instruments:
Thermo Scientific ESCALAB 250Xi and Kratos AXIS-ULTRA DLD-
600W. X-ray diffraction (XRD) patterns were recorded using

were
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a Rigaku MiniFlex 600 X-ray diffractometer equipped with a Cu
Ko radiation source. Transmission electron microscopy (TEM)
was performed on an FEI Talos F200X TEM/STEM instrument
operated at 200 kv.

2.2.3 Electrochemical measurements. Carbon cloth was
used as a conductive support for fabricating the working elec-
trodes. Before use, it was cleaned with a 30% ethanol solution in
an ultrasonic bath and subsequently dried in an oven at 80 °C.
The active material was then coated onto a 0.5 cm? area of the
carbon cloth using a 10% polyvinylidene fluoride (PVDF) binder

1 21

Y= ﬂ Edopcd slab — EEdopcd bulk —
1 21

= ﬂ |:Edoped slab — BEdoped bulk —

dissolved in N-methyl-2-pyrrolidone. The approximate loading
of the active material was maintained at 1 mg.

All electrochemical measurements were performed using
a CHI 760E electrochemical workstation. Linear sweep voltam-
metry (LSV) was conducted at a scan rate of 2 mV s~ * following
five cyclic voltammetry (CV) scans at a scan rate of 100 mV s~ .
LSV plots were used to derive Tafel plots, and the electro-
chemical double-layer capacitance (Cq) was determined by
performing CV measurements at varying scan rates (10-125 mV
s~ 1. Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted in the frequency range of 1 kHz to 1 Hz
with an amplitude of 5 mV. Mercury/mercury sulfate (Hg/
Hg,S0,) and carbon cloth were used as the reference and
counter electrodes, respectively. The electrochemical data were
fully IR-compensated and converted to the reversible hydrogen
electrode (RHE) scale by calibrating the Hg/Hg,SO, reference
electrode using the formula

Evs. RHE = E\'s. Hg/Hg,SO04 + EQIg/HgZSO‘, + 0.059 x pH (1)

for OER in 0.5 M H,SO,.

3 Results and discussion
3.1 Computational results and discussion

First, we evaluated the effects of doping on stability from the
perspective of surface energy. Surface energy is the energy
required to create a unit area of surface from the bulk material,
and a lower surface energy indicates greater thermodynamic
stability of the slab under OER conditions.**** The pristine bulk
Co;0,4 material has a stoichiometric composition of C0,,03, in
a unit cell. The energy required to form a slab consisting of
Co0,,03,, corresponding to the surface energy, is expressed as:

1 22 22
Y= ﬂ |:Eprisline slab — ﬁEprisline bulk — (32 - ﬁ X 32) /~L0:|
| (2)

= ﬂ |:Epristine slab —

11 8
EEpris‘ine bulk — g/“LO:|
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Here, u denotes the chemical potential, and 4 is the slab surface
area. The energies E of the pristine slab and bulk were calcu-
lated as their ground-state energies using DFT. The chemical
potential of oxygen wo is set by using 1E,_ as a zero reference,

(3)

uo = 3Eo, + Au

Accordingly, the energy to form M-doped slab Co,;MO;, from
M-doped bulk C0,3MO,, is

21 21
(1 - E)'MM — (327 gx 32);10]

2, 6
23.UM 23#0

Here, uy is obtained from its oxide. For example, u, is obtained
from its oxide Cr,Os3,

_ Ectyo, — 3uo

Moy = 2 (5)

Thus,

1 21 1 61

Y= 5 | Edoped stab — ﬁEdoped bulk — gEcrzo3 — ﬁ,uo

7 (6)

The slab model consists of seven atomic layers, symmetri-
cally arranged about the central layer, with two exposed
surfaces. For simplicity, we dope only one M atom on the top
surface. The resulting doping level is approximately 4.5% (1/22)
for the whole model, or about 9.1% on the active surface side.

The surface energy v, as a function of Ay, is shown in Fig. 1a.
The calculations are performed using slab models with dopants
from trivalent, quadrivalent, and pentavalent elements (Sc-Ni)
substituted at the octahedral site, and bivalent (Cu and Zn) at
the tetrahedral site, as shown in the insets in Fig. 1b. All doping
elements are found to decrease the surface energy. Among
them, Ti doping results in the lowest surface energy. Cr doping
also significantly reduces the surface energy compared to other
elements, such as Fe, Mn, Zn, and Cu (inset in Fig. 1a).

Another indicator of stability is the dopant formation energy
Ey, which quantifies the energetic cost of introducing dopant M
into the slab and is calculated as

(7)

Ef = EM-doped slab — Epure slab — EM + ECo

Here, the energies of Ey; and Ec, are calculated using a pure
element. When Ef < 0, doping by replacing M on the Co site
favors the thermodynamic stability. The calculated formation
energies are presented in Fig. 1b and Table S3. Again, Ti has the
lowest Er. Although the Cr dopant has an E; higher than Se, Ti,
and V, it is lower than those of all other dopants, indicating
a relatively higher thermodynamic stability. The enhanced
stability from doping with early TMs on the octahedral sites may

J. Mater. Chem. A, 2026, 14, 3297-3307 | 3299
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(a) Surface energy as a function of oxygen chemical potential (Au). (b) Formation energy E; (pink, left axis) and dissolution potential Ug;ss

(blue, right axis). Insets: two slab models with dopants on the octahedral and tetrahedral sites.

result from their relatively larger ionic sizes and lower electro-
negativities (Table S1), which reduce lattice distortion during
the surface formation and strengthen the metal M-O bonds.

The electrochemical stability, evaluated by the dissolution
potential Uy;ss, should also be taken into account.’*** The Ugigss
is expressed as

Usiiss = Ugiss - Ef/”e (8)
where Ul is the standard dissolution potential of the bulk
metal, which can be found in the literature,®* and n is the
number of electrons involved in dissolution. When Uy;gs > 0 (vs.
standard hydrogen electrode, SHE), it is considered electro-
chemically stable. The calculated results are presented in
Fig. 1b and Table S3. It is found that only Sc-, Ti-, Cr-, and Cu-
doped materials are electrochemically stable, with Cr showing
the highest stability. Although Cr-doping produces a higher E¢
compared with Sc, Ti, and V, its bulk standard dissolution
potential of Ugjss = —0.91 V is much higher than those of Sc
(—2.08 V), Ti (—1.63 V), and V (—1.18 V), causing the highest
Ugiss value with enhanced electrochemical stability.

Next, we evaluate the OER activities of these dopants. The
well-established adsorbate evolution mechanism (AEM) is
employed to compute the OER free energies in an acidic envi-
ronment as follows:****%

Step 1: * + H,O (1) > *OH + H" + ¢~ 9)
AGl - (E*OH + OSEH2 - E* - EHZO) + (AZPE - TAS)
—e¢p + kgTIn 10 x pH (10)
Step 2: *OH — *O + H" + ¢~ (11)
AG, = (Exg + 0.5Ey, — Exon) + (AZPE — TAS)
—e¢p + kgTIn 10 x pH (12)
Step 3: *O + H,O (I) > *OOH + H" + ¢~ (13)
AGg = (E*OOH + O.SE‘H2 - E*O - EHZO) + (AZPE - TAS)
—e¢p + kgTIn10 x pH (14)
Step 4: *OOH — * + O, (g) + H" + ¢~ (15)

3300 | J Mater. Chem. A, 2026, 14, 3297-3307

AGy =492 — AG| — AG, — AG, (16)
Here, * represents the active site of the catalyst; (1) and (g)
denote the liquid and gas phases, respectively; ¢ is the external
potential; and kg is the Boltzmann constant. The zero-point
energy (ZPE) and entropy correction (TAS) values are listed in
Table S4.7°%%

The effective binding energies of the *O, *OH, and *OOH
intermediates are calculated as follows:*”

AG+o = (Exo * E+ * Eg,0 + En) + (AZPE — TAS) (17)

AGsoon = (E+on — Ex — 2Ey,0 + 1.5Ew,)) + (AZPE — TAS)(19)

The calculation results are presented in Table S5.

A universal scaling relationship is found between AG+oon
and AGxop, as illustrated in Fig. 2a. The regression line (solid)
closely matches the ideal line (dotted), consistent with prior
reports.”® The free energy AG; and binding energies of the four-
step OER process are calculated with different dopants, as
shown in Table S5, and the results for Cr-, Fe-, and Ni-doped
systems and pristine Co;0, are presented in Fig. 2b (¢ = 0 V),
with overpotentials (n) indicated. The overpotentials of pristine
and Cr-doped Co;0, are calculated as 0.49 V and 0.36 V, which
are close to the experimental results of 401 mV and 366 mV,
respectively, as depicted in the following experimental section.
The charge differences for the Cr-doped slabs are shown in the
insets of Fig. 2b, and the details are provided in Fig. S2, where
the Bader charge transfers are indicated.

Plotting the negative overpotential (—7) against the differ-
ence (AG:o — AGxon) yields a volcano-type relationship, as
shown in Fig. 2c. The two straight lines outlining the ideal
volcano shape are calculated according to the scaling relation-
ship as follows

n = maX[(AG*O — AG*OH)a 3.14 — (AG*O — AG*OH)]/E

123 (20)

where 3.14 is the intercept, as shown in Fig. 2a. The left leg
location of the volcano (such as Mn) indicates strong binding to

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta08166a

Open Access Article. Published on 01 December 2025. Downloaded on 6/13/2026 8:53:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry A
55
(a) - 51 (b) o T 2 *OOH B S
504 ... Pristine %‘"‘ 7
— S 4+ Cr OH ’m : ’
> 2 ——Fe 4 . == i “AG;=1.60 eV
?: 45 § 34 —Ni ﬁ;:g_k — 1 (=037V)
o @ - L AG;=152eV
9 4.0 5 — (71e=0.29 V)
2 P 9 iy | AG,=1.58 eV 38 OOH
~ PMn 0 3 (mi=0.35V) P o
R 7 & >
35 QCO  AGuggy = AGagy+3.20 '1’3?—;.‘—./. s AG,=173 eV =
AGugoy = 0.96AG. oy + 3.14 0d ——__ s (7Tprisine = 0.50 V) S
30 d ' v ' T T T T T T T T
0.0 0.5 1.0 1.5 2.0 0 1 5 3 4 5 P 7
AGxgp (eV) Reaction coordinates
0.0
02 021 (d) Fo A -02{ (e) A
- @ Tuy . FeO,{g
-0.4 o/ \Q Ni 0.4 @Cr
-0.4 ’ ’ \ : /:{0 \
_ < vy v OCo " R YV
2-0.6 -0.6 \ S 064 Sch
= = ’ <{Cu < Cu
= s , 0N s S ol
-0.81 -0.8- // \\ 0.8 /l \\
¢ \ ’ \
-1.04 1.0 s4n \ -1.04 U \
' /& \ : $7Zn \
1.2 /7 \ 4 \
. . . . . 24 r r r — 24— . . -
0.5 1.0 1.5 2.0 25 26 24 22 20 -1.8 2.4 26 2.8 3.0 3.2
(f) AGxq — AGsg (eV) (g) M d-band center (eV) Covalency, sy.q— & (€V)
40 ST 3.6 <
- on 0.
3.7 o -0.24
2.0 spin 1 m l -28- . ® ° o 02 (h) NiA ®Fe
I spin 2 391 ° OHbond ° \
0.0 T ————— 3.9 —_ 0.4 Crl. \
o ] <-1.90 - vrCo
z ég [ spin 1 Co-O bon OREF —a—Co-0 bond A / |S-06] V Vg Cu
o Spin 2 Asnd 2 2001 A = ’/sc ﬂ/l
2 0.0 I~ W /A—A_A I ! *Mn
051 . 8 -2.054 A 08 // \\
0.5 \
1.04 ™ Spin1 Cr-0 bond 1.0 o~ ,/ \
0.5] ™ spin2 o -1.0 e \
0.01 2 A, 157 ¢ > ’ \
B 2.0 >—g 4— M-O bond 12 ’ \
-50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0 Sc Ti V CrMn Fe Co Ni CuZn 40 -39 -38 -37 -36 -35
Energy (eV) Element ICOHP, , (eV)
Fig. 2 (a) Scaling relationship between AG+«oon and AGxop for various dopants. (b) Calculated free energy diagram during the OER without an

external potential (¢ = 0 V). (c) Volcano plot of the negative overpotential as a function of AGxc — AGson. The dopants Ni, Fe, and Cr are located
near the top of the plot. (d and e) Volcano plots of the negative overpotential as a function of the transition metal M (Co and dopant) 3d-band
center and covalency, respectively. (f) Calculated pCOHP for the O—H, Co-0, and Cr—O bonds from the Cr-doped slab with *OOH. (g) Average
ICOHP values of the O-H, Co-0O, and Cr-O bonds for various doped systems. (h) Volcano plots of the negative overpotential as a function of

ICOHP of the O—H bond. Dotted lines are drawn to guide the eye.

oxygen intermediates. In contrast, the right leg location indi-
cates weak binding (such as Zn). Among the dopants, only Fe,
Ni, and Cr exhibited high OER activity with low overpotentials.
In contrast, Ti, V, and Sc show no significant impact on the
overpotential compared to pristine Co;0,, whereas Mn, Cu, and
Zn increase the overpotentials. Among Fe, Ni, and Cr, Fe
exhibits the highest activity.

The transition metal d-band center (e4) is often used to
describe adsorbate binding strength.>*®* When the d-band
center & shifts to the Fermi level, a strong binding of the
intermediates is anticipated, whereas when ¢4 shifts away from
the Fermi level, a weaker binding of the intermediates results.*
We computed the metal d-band center ¢q and the O p-band
center &, according to the following definition:

JE x D(E)dE
= (21)

JD(E)dE

This journal is © The Royal Society of Chemistry 2026

where E is the energy, and D(E) is the density of states (DOS),
calculated using DFT. The partial density of states (PDOS)
curves for oxygen and metal M (including both Co and the
dopant) are shown in Fig. S3, while the PDOS for oxygen and Co
only are shown in Fig. S4. The calculated band centers and
covalency values are presented in Table S6. A volcano-shaped
relationship between —n and ¢4 is observed (Fig. 2d), indi-
cating that a moderate &g, at approximately —2.2 eV, corre-
sponds to the best catalytic performance. Here, ¢4 includes
contributions from both Co and the dopant. It is found that Zn
has the lowest ¢q, with the weakest binding. Additionally, we
calculated the covalency as the difference between the M 3d-
band center (ep.q) and O 2p band center (eop). A plot of —7
versus covalency is shown in Fig. 2e, which also displays
avolcano trend with an optimum value of approximately 2.8 eV.
These results suggest that neither high nor low covalency is
ideal; instead, moderate covalency is associated with lower
overpotentials and enhanced OER activity. In contrast, when
considering the Co 3d-band alone, the data deviate significantly
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from the volcano trend (Fig. S5). Therefore, the d-band center of
metal M, comprising Co and the dopant, may serve as a better
descriptor for catalytic performance than the Co d-band alone
in revealing a volcano shape.

Bonding strength can also be evaluated from the integrated
COHP (ICOHP) values.® The ICOHP is obtained by integrating
the projected COHP (pCOHP) from low energy to the Fermi
energy Er as follows:

Ef

ICOHP = J pCOHP(E)dE (22)

—o0

We calculated the ICOHP of various doped systems to study
the O-H bonding (for *OH and *OOH intermediates), the Co-O
bonding between the active Co and intermediates (*O, *OH,
and *OOH), and the M—O bonding of the dopant M (including
Co for the pristine sample) with its neighboring O. The pCOHP
of O-H, Co-0, and Cr-O are shown in Fig. 2f for the Cr-doped
system with *OOH intermediate. The detailed results for *O,
*OH, and *OOH are demonstrated in Fig. S6-S8, respectively.
Note that the pCOHP axis is plotted with a negative sign.
Negative values correspond to bonding (above the 0-axis), and
positive values correspond to antibonding (below the 0-axis).
The averaged ICOHP values for the O-H, Co-O, and M-O bonds
are shown in Fig. 2g and Table S7. The ICOHP of O-H is shown
at the top of Fig. 2g, where Cr, Fe, and Ni have intermediate
ICOHP values, and when plotted with —n, their ICOHP locations
are found to be optimal, exhibiting a volcano-like shape,
centered at —3.73 eV, as shown in Fig. 2h. The area on the left
leg, with a more negative ICOHP value, indicates stronger
bonding. In the Zn-doped slab with *OOH, it is found that after
geometrical optimization, the H atom moves away from the
*00 intermediate and forms a bond with an O atom on the slab
surface (Fig. S2), resulting in a stronger O-H bond than the
others. The ICOHP values of Co-O and M-O are shown in the
middle and bottom rows of Fig. 2g, respectively. The ICOHP of
the M-O bond is overall consistent with the dopant formation
energy after V, as shown in Fig. 1b. The relationships between
the ICOHP of Co-O and M-O with —» are shown in Fig. S9a and
b, respectively. Their volcano shapes are not comparable to
those of O-H bonds. Their bonding lengths are listed in Table
S8 and Fig. S10(a-c). Again, the negative potential vs. O-H bond
length shows a better volcano shape (Fig. S10d) than the Co-O
(Fig. S10e) and M-O bond length (Fig. S10f).

Based on DFT calculations, although Fe and Ni doping can
produce high theoretical activities, their doped systems exhibit
substantially reduced stability in acidic media compared to the
Cr-doped system, particularly a higher propensity for dissolu-
tion at anodic potentials. In contrast, Cr doping offers a more
favorable balance between activity and robustness, and the
calculated stability descriptors indicate suppressed cation
dissolution relative to Fe- or Ni-doped systems. Given the
stringent durability requirements for PEM anodes in acidic
electrolytes, we therefore chose Cr-doped Coz;O, for experi-
mental validation as a compromise that preserves high intrinsic
activity while markedly improving structural stability.

3302 | J Mater. Chem. A, 2026, 14, 3297-3307

View Article Online

Paper

3.2 Experimental results and discussion

We selected Cr for this experimental study and synthesized Cr-
doped Co;0,4 nanoparticles using a modified, scalable Pechini
method at 400 °C. Fig. 3a illustrates the X-ray diffraction (XRD)
patterns of pristine Co;0,4 and Co3;0, doped with chromium at
varying concentrations from 5% to 30%. The XRD patterns of all
the samples exhibit peaks corresponding to the cubic spinel
structure, with the space group Fd3m. As the Cr doping
concentration increases, the peak intensity decreases and
broadens, indicating that the introduction of Cr atoms induces
strain and defects within the Co;O, matrix. Fig. 3b presents the
high-resolution transmission electron microscopy (HR-TEM)
analysis of the 10% Cr-doped sample. It reveals that the nano-
particles are highly crystalline, with an average diameter of
13.8 nm. The inset in Fig. 3b shows an energy-dispersive spec-
troscopy (EDS) analysis, confirming the presence of Co, O, and
Cr elements, along with a Cu peak from the TEM grid. Fig. 3c
illustrates the selected-area electron diffraction (SAED) pattern,
which shows sharp diffraction rings from the polycrystals. The
inset in Fig. 3c depicts the electron diffraction intensity profile
along the radial distribution,* providing a detailed quantitative
analysis comparable to that of the XRD pattern in Fig. 3a. A
high-angle annular dark-field (HAADF) image is presented in
Fig. 3d, and the Co, O, and Cr elemental maps are presented in
Fig. 3e-g, respectively. These elements are uniformly distrib-
uted throughout the sample, indicating the successful incor-
poration of Cr into the Coz;0, lattice. The uniform distribution
of Cr is crucial for maintaining the structural and functional
integrity of catalysts.

X-ray photoelectron spectroscopy (XPS) survey shows peaks
corresponding to Co 2p, Cr 2p, O 1s, and C 1s (Fig. 4a). The
presence of Cr 2p peaks confirms the incorporation of chro-
mium. The binding energy positions suggest that Cr and Co
coexist in a mixed oxidation state. Fig. 4b and ¢ show the high-
resolution XPS spectra of Co 2p in pristine Co;0, and 10% Cr-
Co30,, respectively. In both cases, the Co 2p;/, peak appears at
approximately 780 eV, corresponding to the Co** and Co**
oxidation states. Further deconvolution reveals that the peaks at
~779.8 eV and ~780.6 eV correspond to Co*>*, whereas the peaks
at ~782 eV correspond to Co>". A broad satellite peak (~786-788
eV), characteristic of Co®*, is also observed. A comparison
between Fig. 4b and c shows slight changes in the peak posi-
tions and intensities, indicating electronic interactions between
Cr and Co. Fig. 4d shows the high-resolution XPS of Cr 2p (10%
Cr-Co;0,4). The Cr 2p;, peak is deconvoluted into Cr’*
(~576.3 eV & ~577.2 eV), associated with Cr,0j;-like species, and
Cr®" (~579.2 eV), attributed to CrO; or surface chromate
species. The presence of both Cr** and Cr®" suggests the exis-
tence of mixed oxidation states, possibly due to the surface
oxidation of the chromium species. Fig. 4e and f show the high-
resolution XPS spectra of O 1s in pristine Co;O, and 10% Cr-
Co30,, respectively. Deconvolution of the O 1s spectrum reveals
lattice oxygen (~529.6 eV) from the metal oxides, and surface
oxygen (~531.5-532.5 eV), which may correspond to hydroxyl or
adsorbed oxygen species. The higher intensity of surface oxygen
(Fig. 4f) compared to that in Fig. 4e suggests an enhanced

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 (a) XRD. (b) HRTEM image of 10% Cr-doped CozO4 (inset: EDS analysis). (c) SAED pattern (inset: quantitative electron diffraction intensity
profile). (d—g) HAADF image and elemental maps of Co, O, and Cr.

availability of oxygen species, which is beneficial for catalytic measuring the current density as a function of the applied
applications. potential. The 10% Cr-doped Coz;0O, exhibits the lowest over-

Fig. 5a shows the linear sweep voltammetry (LSV) curves, potential (366 mV @ 10 mA cm?), indicating superior OER
which reveal the catalytic activity of Cr-doped CozO, by activity. The other compositions exhibit higher overpotentials:
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Fig.4 (a) XPS survey spectra of 10% Cr-doped Co3s04 and pristine CosO4. (b and c¢) High-resolution XPS spectra of Co 2ps,, of pristine Coz0O4 (b)
and 10% Cr—Coz0Oy4 (c). (d) High-resolution XPS spectra of Cr 2psz/, of 10% Cr—Co30,. (e and f) High-resolution XPS spectra of O 1s of pristine
Coz04 (e) and 10% Cr—Coz04 (f).
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Fig. 5 LSV curves (a), Tafel slopes (b), EIS analysis (c), and double-layer capacitance (d) of pristine and Cr-doped Cos0O4. (e) Stability test of 10%
Cr-doped Coz04 (top) and pristine CozO4 (bottom). (f) Comparison of LSV curves before and after the stability test.

5% Cr (381 mV), 20% Cr (395 mV), pristine (401 mV), and 30%
Cr (>401 mV). The Tafel slopes of pristine and Cr-doped Co3;0,
are shown in Fig. 5b, and among them, 10% Cr-Co3;0, has the
lowest Tafel slope (85.6 mV dec™'). Pristine CozO, exhibits
a higher Tafel slope (94.8 mV dec™"), and 30% Cr-Co;0, shows
the highest Tafel slope (123 mV dec ). The lower Tafel slope of
10% Cr-Cos0, suggests more efficient electron transfer, leading
to faster OER kinetics, whereas excessive Cr (30%) negatively
impacts conductivity and catalytic activity. The results are
consistent with the computational results, which show that Cr
decreases the overpotential from 490 mV to 360 mV. In the
literature, Cr has been reported to reduce the overpotential
from 420 mV to 350 mV while increasing the Tafel slope from 52
to 60 mV dec ' in 1 M NaOH.? In another report, Cr reduced
the overpotential from 385 mV to 333 mV and the Tafel slope
from 84 to 79 mV dec™! in 0.5 M H,S0,.*

The EIS Nyquist plots are used to measure the charge-
transfer resistance (R.) of the pristine and Cr-doped Co03;0,
catalysts at the electrode-electrolyte interface (Fig. 5¢). The 10%
Cr-Co;0, catalyst shows the smallest semicircle, indicating the
lowest R value. In comparison, 30% Cr-Co;0, has the highest
R value. This suggests that 10% Cr doping optimizes electron
transport, whereas excess Cr increases resistance and decreases
catalytic performance. The higher value for the 30% Cr sample
confirms its higher bulk resistivity, likely due to excessive
doping that creates charge-carrier scattering or forms insulating
phases, consistent with its poorer overall OER performance
shown in Fig. 5a. Further, Fig. 5d shows the double-layer
capacitance (Cq;) of the pristine and Cr-doped catalysts. The
10% Cr-Co;0,4 sample exhibits the highest Cq4 value, indicating
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the presence of the largest electrochemically active surface area
(ECSA) and the greatest number of electrochemically active
sites. The other catalysts have lower Cy, values, suggesting a low
ECSA and blocking of active sites. We further normalized the
current density to the ECSA, and the performance trend
remains unchanged. At 7 = 370 mV (1.6 V vs. RHE in 0.5 M
H,S0,), the 10% Cr sample delivers an ECSA-normalized
current density of Jgcsa = 1.8 MA cmgcsa 2, while the other
samples show lower values. Therefore, the improved activity of
the 10% Cr sample is not solely due to its increased surface area
(Fig. S11), suggesting that the Co sites are more intrinsically
active.

The stability test is shown in Fig. 5e. The Cr-doped Co30,
exhibits stable performance at 0.5 mA current for up to 8.0 h,
while the pristine Co;0, remains stable for only up to 3.0 h. Cr
doping prolongs the stability by a factor of 2.7. LSV was also
conducted using the sample after stability testing. As shown in
Fig. 5f, following the long-term stability test, the overpotential
increases by only 11 mV, indicating the high stability of the
doped material. After a 24 h long-term stability test, the sample
on carbon cloth used as the working electrode was analyzed by
XRD, as shown in Fig. 6. The carbon peak is from the carbon
cloth, and Co30, is still the primary phase, while oxides with
other oxidation states of C0,03;, CoO, and CoO, can also be
identified. The appearance of these oxides results in the dete-
rioration of the OER activities, as shown in Fig. 5f, where the
overpotential increased from 366 to 375 mV at 10 mA cm 2
indicating that Co;0, appears to be the most catalytically active
oxide in this cobalt oxide system.

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 XRD pattern of the electrode sample after long-term durability
test (a), compared with the standards of Coz0O,4 (b), Co,Os3 (c) CoO (d),
and CoO; (e).

4 Conclusions

In summary, we employed DFT to systematically investigate the
effects of doping Co;0, with fourth-row TMs ranging from Sc to
Zn. Computational screening shows that early TMs enhance the
thermodynamic stability of the host oxide, with Ti providing the
best thermodynamic stabilization and Cr affording the highest
electrochemical stability. As a kinetic descriptor, the d-band
center, when considering both Co and the dopant metal, out-
performed the Co-only d-band center, exhibiting a volcano-type
dependence of the OER activity. Optimal performance occurs at
a moderate d-band center (~—2.2 eV) and moderate covalency
(~2.8 eV); values that are either too high or too low in either
metric degrade the activity. Bonding analysis further indicated
that the ICOHP of the O-H bond was a more effective activity
descriptor (centered at —3.73 eV) than the ICOHP of the Co-O or
M-O bonds. These metrics, including the d-band center, cova-
lency, and ICHOP, can guide catalyst searches.

Among the screened elements, Cr emerged as the most
promising dopant, balancing the structural stability and cata-
lytic activity. Guided by these computational insights, we
experimentally evaluated Cr-doped Co;0, under acidic OER
conditions. The 10% Cr-doped catalyst demonstrated
outstanding performance, achieving an overpotential of 366 mV
at 10 mA cm ™2 in 0.5 M H,S0,. Additionally, Cr incorporation
significantly improved durability, extending the catalyst's

This journal is © The Royal Society of Chemistry 2026
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operational lifetime by a factor of 2.7, with only a minimal
increase in overpotential (11 mV) after extended testing. Overall,
this study establishes a generalizable computational-experi-
mental framework for identifying and validating dopants that
enhance the activity and longevity of oxide electrocatalysts for
acidic water oxidation.
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