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ABSTRACT: Acidic water electrolysis enables the production of
hydrogen for use as a chemical and as a fuel. The acidic
environment hinders water electrolysis on non-noble catalysts, a
result of the sluggish kinetics associated with the adsorbate
evolution mechanism, reliant as it is on four concerted proton-
electron transfer steps. Enabling a faster mechanism with non-
noble catalysts will help to further advance acidic water electrolysis.
Here, we report evidence that doping Ba cations into a Co3O4
framework to form Co3−xBaxO4 promotes the oxide path
mechanism and simultaneously improves activity in acidic
electrolytes. Co3−xBaxO4 catalysts reported herein exhibit an
overpotential of 278 mV at 10 mA/cm2 in 0.5 M H2SO4 electrolyte and are stable over 110 h of continuous water oxidation
operation. We find that the incorporation of Ba cations shortens the Co−Co distance and promotes OH adsorption, findings we link
to improved water oxidation in acidic electrolyte.

■ INTRODUCTION
In water electrolysis for renewable hydrogen production, acidic
electrolyzers provide advantages�when compared with
conventional alkaline water electrolyzers�that include a
compact cell size, low ohmic loss, and high current densities
and efficiencies.1−3 However, the corrosive acidic environment
of a water electrolyzer at pH = ∼0 has, to date, required noble
metal catalysts for the oxygen evolution reaction (OER),
raising concerns around the long-term roadmap to scale.4,5

Noble-metal-free OER catalysts that combine high catalytic
activity with the needed resistance to corrosion will contribute
toward the success of acidic water electrolysis.
Strategies to improve catalytic performance and stability6−9

have made great strides; yet, to date, the resultant catalysts
have exhibited poor stability in acidic electrolytes; none has yet
proven competitive with Ir-based catalysts.10,11

The oxide path mechanism (OPM) in the OER,12−14 which
allows direct O−O radical coupling with the absence of oxygen
vacancy defects, is seen in the Co3O4 system in alkaline and
neutral media.15,16 However, when utilized in acidic con-
ditions,17−20 the Co3O4 family relies on an adsorbate evolution
mechanism (AEM),21,22 which involves multiple oxygen
reaction intermediates and exhibits more sluggish catalytic
performance as well as limited stability.
Here, we sought to dope Ba into Co3O4 to modify the Co−

Co distance and intermediate coverage, a concept that we
believed had the potential to activate the OPM pathway,

something that could increase activity in acidic electrolytes.
From density functional theory (DFT) studies, we conclude
that the surface-adsorbed Ba atoms lower the surface free
energy of stable surfaces of CoOOH and enhance its stability
in acidic electrolyte. In situ measurements that probe changes
in the reaction intermediates provide indications of the OPM
pathway. We develop Co3−xBaxO4 catalysts having an over-
potential of 278 mV at 10 mA/cm2 and 110 h of continuous
operation in 0.5 M H2SO4 electrolyte.

■ RESULTS AND DISCUSSION
Synthesis and Activity of Co3O4 Catalysts and the Ba-

Dopant Effect. We began with the synthesis of Co3O4
catalysts via an electrodeposition method and tested OER
performance in 0.5 M H2SO4 electrolyte (pH = 0.3) (see the
Materials and Methods section). Linear sweep voltammetry
(LSV) and chronopotentiometry curves show that the activity
and stability match previously reported performance,23 but we
find that the performance resides below that of noble-metal-
based catalysts (Figures S1 and S2). Since Ba doping has been
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seen to increase activity and stability in acidic systems,24 we
synthesized Co3−xBaxO4 and investigated the effects of the Ba
dopant on the electronic structure, catalytic performance, and
mechanism.
The Co3−xBaxO4 catalysts were electrodeposited on carbon

paper substrates using the same method as for the Co3O4
catalysts. The inductively coupled plasma optical emission
spectroscopy (ICP-OES) result shows that the Ba atomic ratio
is 8%. Then, we characterized its electrocatalytic performance
in acidic electrolyte. LSV (Figure 1a) and cyclic voltammetry
(Figure S3) polarization measurements indicate that the
overpotential at 10 mA/cm2 is 278 ± 3 mV, ∼70 mV lower
than that for the Co3O4 catalysts (Figure S4). The Co3−xBaxO4
OER catalyst also showed high catalytic performance in 1 M
KOH electrolyte (Figure S5). Catalytic activity comparisons
were made using chronoamperometry and polarization plots
(Figure S6). We obtained similar results: Co3−xBaxO4 shows
the best catalytic performance with increased applied potential.
Optimizing the concentration of Ba enables a further
improvement in catalytic performance (Figure S7).
Co3−xBaxO4 outperforms previously reported acidic noble-
metal-free OER electrocatalysts (Table S1).
We then turned to study performance and stability when 1

M HClO4 is used as the electrolyte (Figure S8). This would
allow us to check for the possibility that performance
improvement had arisen due to the formation of BaSO4.
Co3−xBaxO4 outperforms Co3O4 catalysts, indicating that
BaSO4 formation is not the main reason underlying the
performance improvement. The lower Tafel slope compared to
the Co3O4 catalyst shows that the Co3−xBaxO4 catalyst enables
faster reaction kinetics compared to the Co3O4 catalyst (Figure
1b). The electrochemical impedance spectroscopy curve (EIS,

Figure 1c and Table S2) shows that the incorporation of Ba
decreases the charge-transfer resistance (Rct, 384 → 45 Ω).
To evaluate intrinsic catalytic activity, we further took

advantage of the electrochemically active surface area (ECSA)
to normalize the current density (Figures S9 and S10).
Normalized results show that the current density of the
Co3−xBaxO4 catalyst is 3× greater than the value of Co3O4,
4.2× higher than the value of the IrO2 control catalyst at 1.7 V
vs RHE. We also evaluated the iR-corrected LSV curves to
check for any effects from cell geometry and conductivity on
performance (Figure S11). The Co3−xBaxO4 catalyst presents
the highest iR-corrected current density at 1.63 V vs RHE,
nearly 5.7× higher than that of the Co3O4 catalyst and 1.8×
higher than that of the IrO2 catalyst. The turnover frequency
(TOF, Table S3) analysis demonstrated the same trend: the
Co3−xBaxO4 catalyst exhibits the fastest TOF of 0.96 s−1, which
is 2.7× and 1.6× faster than the values of Co3O4 and IrO2
catalysts, respectively.
We tested the operating acidic stability of Co3−xBaxO4 and

control catalysts at 10 mA/cm2 and tested the Co
concentration in the electrolyte at different reaction times.
The ICP results showed that the addition of Ba cations
suppresses the Co leaching rate, enabling leaching rates near to
those seen in Ir-based catalysts (Figures 1d and S12).
Additionally, Co3−xBaxO4 catalysts retained an overpotential
to 280 mV following 110 h of continuous water splitting,
superior to control catalysts (Figure 1e). The Faradaic
efficiency (FE) toward oxygen production remained at 99%
throughout, indicating that the OER dominates the overall
reaction rather than material corrosion. Surface transmission
electron microscopy and scanning electron microscopy images
show that the catalyst maintains its morphological and

Figure 1. Catalytic performance of Co3−xBaxO4 and controls. (a) LSV curves at a 5 mV/s scan rate without iR correction for Co3−xBaxO4 and
control catalysts deposited onto carbon paper substrates in 0.5 M H2SO4 electrolyte. (b) Tafel slope curves. (c) EIS data collected for the
electrodes under 1.5 V vs RHE. The inset provides the equivalent circuit: Rs, series resistance; Rct, charge-transfer resistance; CPE, constant-phase
element related to the double-layer capacitance. (d) ICP concentrations of Co or Ir vs reaction time for Co3−xBaxO4 and control catalysts. We took
out 1 mL from 35 mL testing electrolyte during the stability and diluted it to 10 mL in a separate centrifuge tube to test the concentration. (e)
Chronopotentiometry curves obtained from catalysts at a constant current density of 10 mA/cm2 in single cells, and the corresponding Faradaic
efficiencies of the evolved O2 from gas chromatography measurements for the Co3−xBaxO4 catalyst.
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compositional features after the stability test (Figures S13−
S16). X-ray photoelectron spectroscopy (XPS) measurements
suggest that the catalyst maintains compositional features
throughout the stability test (Figure S17). The similarity in Ba
atomic ratios before (ICP 8%) and after (ICP 10%) the
stability test suggests high corrosion resistance of Co3−xBaxO4

in acidic electrolytes.

Catalyst Structure Characterization. We turned to
investigate the structure of Co3−xBaxO4. XPS and L3-edge X-
ray absorption spectroscopy (XAS) spectra indicate Ba
existence in the Co3−xBaxO4 catalysts (Figures S18 and 19).
Lattice fringe images show that the Ba-doped catalyst shows a
shortened lattice distance value compared to the Co3O4

catalyst, consistent with the Rietveld X-ray diffraction (XRD)

Figure 2. Electronic structure characterization of the Co3−xBaxO4 catalyst and controls. (a) Raman spectrum of the Co3−xBaxO4 catalyst. Its five
characteristic peaks similar to Co3O4. (b) Co K-edge XANES spectra at 1.6 V vs RHE. (c) Co L-edge, it can be split into two separate sets of peaks
named L3 and L2-edges as a result of the 2p spin-orbital coupling interaction. (d) O K-edge XAS curves of catalysts.

Figure 3. Mechanistic investigations of the Co3−xBaxO4 catalysts for acidic electrochemical water oxidation. (a) In situ extended X-ray absorption
fine structure spectra of the Co K-edge from Co3−xBaxO4 at OCP and 1.6 V vs RHE. The peak at 1.0−2.0 Å corresponds to the distance of Co−O
bonds. The peak at 2.0−3.0 Å corresponds to the Co−Co distance. (b) In situ Raman spectra of the Co3−xBaxO4 catalyst on a carbon paper
substrate in 0.5 M H2SO4 electrolyte. (c) Raman peak comparison in 0.5 M H2SO4 + D2O/H2O electrolyte. FTIR spectra recorded in the potential
range of OCP to 1.6 V versus RHE for (d) Co3−xBaxO4 and (e) Co3O4.
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refinement analysis (Figures S20−21 and Table S4). Similar
Raman spectra of Co3−xBaxO4 and Co3O4 argued against Ba
phase segregation (Figure 2a). The Raman spectrum of the
Co3−xBaxO4 catalyst underwent a blue-shift, consistent with the
shortened Co−O and Co−Co distance. The FWHM values
are 20 and 18.3 for Co3O4 and Co3−xBaxO4 catalysts (Figure
S22).
Next, we investigated the effects of Ba doping on the

electronic structure. Using in situ XAS, we found that,
following Ba doping, the K-edge X-ray absorption near-edge
structure (XANES, Figure 2b) curves of Co show a positive
edge-shift, suggesting a higher Co valence state in Co3−xBaxO4
catalysts. Symmetry analysis on the edge feature of XANES
shows that the pre-edge intensity for the Co3−xBaxO4 catalyst is
higher than that for Co3O4, suggesting that the insertion of Ba
ions into the Co3O4 lattice reduces the local geometry of the
cobalt ions (Figure S23). Since the 3d electrons of Co ions
participate in the catalytic process of the OER, the electronic
structure of the 3d orbital dictates the overall catalytic
behavior.25 We conducted Co L-edge XAS (2p-3d) to analyze
the effect of the Ba dopant on the d-orbital structure.25 As
shown in Figure 2c, we detected a similar trend: Ba doping
increases the Co oxidation state. Previous studies have

illustrated that transition metal active sites with high valence
promote OER performance.26−28

To explore further the origins of high-valence active sites, we
characterized the O K-edge XANES spectra for Co3−xBaxO4
and the control catalyst (Figure 2d). Both normalized spectra
have three main features labeled A, B, and C. We examined an
increase in intensity in region A when doping with Ba, a
spectral feature that indicates a higher concentration of Co3+,29

consistent with Co L-edge results. The decrease in peak B and
increase in peak C indicate an increased disorder of the outer
oxygen shell and interaction between the first oxygen shell and
Co:30 we offer that the latter may foster the formation of high-
valence Co.
In Situ Studies for Mechanistic Investigations. We

studied the effects of Ba cations on the local bonding
environment of Co using the extended X-ray absorption fine
structure spectrum (EXAFS). By analyzing the fitting results at
open-circuit potential (OCP) and 1.6 V vs RHE of
Co3−xBaxO4 catalysts (Figure 3a and Table S5), we obtained
a shorter Co−Co distance under OER conditions than OCP
(2.89 → 2.87 Å). We also compared the Co−Co distance of
Co3O4 catalysts and observed similar distance values under
OCP and OER potential (Figure S24). These results indicate

Figure 4. Comparison of surface stability and OER energetics between pristine and Ba-doped surfaces. (a) Surface free energy for different slabs of
pristine Co3O4 and CoOOH as a function of applied potential at pH = 0, including the H-free (0001) surface of Co3O4(0001), (011̅2) surfaces
with stoichiometry (stoich) and with 1 ML Ot, and (101̅4) surfaces with stoichiometry (stoich) and with 1 ML coadsorbed H2O of CoOOH,
respectively. (b) Surface free energy for different slabs of Ba-doped Co3O4 and CoOOH as a function of applied potential at pH = 0, including the
H-free (0001) surface of Co3−xBaxO4, (011̅2) surfaces with stoichiometry and with 1 ML Ot as well as (101̅4) with stoichiometry and with 1 ML
coadsorbed H2O of (Co,Ba)OOH, respectively. (c) OER volcano plot showing the predicted theoretical overpotential (ηtheory, V) versus the free
energy difference between the formation of O* and OH* (ΔGO* − ΔGOH(I)*, eV). ΔGOH(I)* denotes the free energy for the formation of first OH*
in the OPM mechanism, whereas for OH* formation in the AEM. (d) OPM (dual O−O coupling) vs AEM (conventional) OER mechanism for
catalysts in acidic electrolyte.
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that the Co3−xBaxO4 catalyst shows a shorter Co−Co distance
under applied potential.
A series of in situ Raman experiments were conducted to

analyze the OER potential-resolved intermediate variation on
Co3−xBaxO4 and Co3O4 surfaces (Figure 3b and S25−S26). At
the OCP, both Co3O4 and Co3−xBaxO4 samples present four
Raman characteristic peaks.12 Under positive potential
sweeping, a peak at 456 cm−1 emerged on the Co3−xBaxO4
surface at 1.45 V vs RHE, attributing to the OH group
formation on the catalyst surface.31 Further Raman test
showed that a new peak was more clearly detected at 1.6 V
vs RHE and disappeared when the potential backed to the
OCP. To exclude the byproduct interference, we compared
these Raman peaks in D2O and H2O electrolyte at 1.6 V vs
RHE (Figures 3c and S27). We observed a ca. 41 cm−1

negative shift in the Co3−xBaxO4 catalyst in the D2O
electrolyte, indicating the isotope exchange of H atoms by D
atoms. Ba cation doping correlates thus with increased surface-
adsorbed OH under acidic operating OER conditions.
To probe experimentally the OER mechanism, we used in

situ synchrotron FT infrared (FTIR) spectroscopy under water
oxidation conditions. The catalysts were dispersed on an Au/Si
prism and assembled in an FTIR system. As shown in Figure
3d, a distinctive absorption peak at 1122 cm−1 was observed at
1.45 V vs RHE, suggesting the generation of an O−O bond,
consistent with oxygen bridges between adjacent Co metal
sites in the OPM mechanism.32 Further FTIR studies under
higher potentials revealed that this peak was positively shifted
to 1136 cm−1, something we assign to linearly-bonded
superoxo species (M−O−O), which are the intermediate just
prior to the release of O2. When the potential was lowered
again, the O−O and M−O−O bonds disappeared. We also
conducted the in situ FTIR measurements on the Co3O4
catalysts (Figures 3e and S28).
We carried out isotope labeled operando differential

electrochemical mass spectrometry (DEMS) to further prove
the OPM mechanism (Figure S29). We used H2

18O and
H2

16O as the supporting solution (0.5 M H2SO4). We detect
the 32O signal from the surface adsorbed 16O coupling on
neighboring Co sites when we report the OPM mechanism. As
shown in the DEMS curves, we find that Co3−xBaxO4 steadily
produced 32O2, 34O2, and 36O2 at each LSV cycle. The Co3O4
only produced 34O2 and 36O2.
We summarize that Ba addition increases the Co valence

state, shortens the M−M distance, and enriches OH
adsorption. This agrees with prior reports that high-valence
Co increases OH adsorption and produces a favorable local
bonding environment.33,34 We correlate the OPM pathway in
Co3−xBaxO4 with the shorter M−M distance32 and increased
adsorbed OH15, factors linked to O−O radical coupling and
open coordination sites for O−O bond formation.
DFT Calculations.We sought to perform DFT calculations

to gain insights into OER stability and activity on Co3−xBaxO4.
We started by focusing on those surfaces of CoOOH as we
characterized its presence in the FTIR spectra (Figure S30),
which were generated in situ under OER conditions.21,35,36 We
calculated the surface free energies (Figure 4a,b) of these
surfaces with vs without the presence of Ba dopants, on a
variety of surface terminations (H-free (0001) surface of
Co3O4/Co3−xBaxO4; (011̅2) surfaces with stoichiometry and 1
ML Ot of CoOOH/(Co,Ba)OOH; (101̅4) surfaces with
stoichiometry and 1 ML H2O of CoOOH/(Co,Ba)OOH).
The calculated surfaces with surface-adsorbed Ba atoms are

summarized in Figure S31 with optimized geometries in
Figures S32 and S33. This enabled us to contemplate the effect
of Ba doping on the most thermodynamically stable surface
and its relative stability under acidic water oxidation conditions
(pH = 0−2 and URHE > 1.23 to ∼1.7 V). For the CoOOH
model, the (101̅4) surface with 1 ML H2O is the most
thermodynamically stable one when URHE < 2.15 V which
originates from the fact that adsorption of H2O21 becomes
energetically more favorable. The (011̅2) surface with 1 ML Ot
becomes more stable when URHE > 2.15 V (Figure 4a).
Without affecting the relative stability, surfaces with Ba-
dopants result in more negative surface free energies, and their
thermodynamic stabilities are thereby enhanced compared
with those of pristine ones (Figure 4b), which agrees with the
experimental trends. In the case of (Co,Ba)OOH, the (101̅4)
surface with 1 ML H2O retains the highest thermodynamic
stability among the surfaces examined, the result of strong
interactions between Ba and surface oxygens and hydroxides to
form BaOx; these are followed, in stability, by the (011̅2)
surface with 1ML Ot.
After we identified the surface with the most thermodynamic

stability, we performed further DFT calculations to investigate
the origins of low overpotentials achieved using Ba doping.
Predicted theoretical overpotentials (ηtheory) versus the
calculated Gibbs free energy differences between the formation
of O* and OH* (ΔGO* − ΔGOH(I)*) are shown in the volcano
plot of Figure 4c. The conventional AEM on the (101̅4)
surface with 1 ML H2O and (011̅2) surface with 1 ML Ot of
CoOOH exhibit ηtheory of 0.41 and 0.85 eV, respectively,
showing that Co sites on the (101̅4) surface with 1 ML H2O
are the most active sites under acidic OER conditions.37 We
observed a significant reduction in ηtheory after Ba doping,
which we ascribed to the (1) migration of oxygen or hydroxide
from Co sites (Figure S31) and (2) stabilization of μ−Co−
OO−Co in vacant Co sites (Figure S34 and Table S6).36

These electronic and geometric changes support an OPM
mechanism that involves the coupling of two metal-oxo entities
and the direct dissociation of O2 (Figures 4d, S35).37 The
approach circumvents scaling relations among the OER
intermediates in the AEM, enabling a low ηtheory of 0.14 V
on the (101̅4) surface with 1 ML H2O on (Co,Ba)OOH,
contributing to enhanced OER performance on (Co,Ba)OOH
(predicted ηtheory for the AEM are similar on CoOOH and
(Co,Ba)OOH, more details in Table S6). These findings offer
a possible account of the lower overpotential of Co3−xBaxO4
(278 mV at 10 mA/cm2) achieved experimentally compared to
the case of Co3O4.

■ CONCLUSIONS
Ba doping in a Co3O4 framework enables improved stability
and enhanced catalytic performance during the OER.
Experimental and DFT results suggest that the OPM
mechanism on Co3−xBaxO4 exhibits faster water oxidation
kinetics than does the AEM pathway on Co3O4 and that the
lower surface free energy suggests improved stability in acidic
electrolytes. The catalyst achieves an overpotential of 278 mV
at 10 mA/cm2 in acidic conditions for over 110 h of
continuous operation.
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