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Highly durable, low-cost electrocatalysts for acidic oxygen evolution reaction (OER) are very essential for
the commercial success of proton exchange membrane-based water electrolysis. The catalysts currently
available for this reaction are mainly based on noble metals such as iridium (Ir) and ruthenium (Ru),
which are notoriously unstable under acidic OER conditions, besides their high cost. Herein, we
demonstrate that the incorporation of the main group metal bismuth (Bi) in cobalt oxide improves the
latter's overall catalytic activity towards acidic OER without reducing its stability. Among the Bi-doped
cobalt oxide catalysts synthesized with different Co:Bi ratios, the one with a Co:Bi ratio of 9:1,
denoted CogBiO;, exhibits the best performance with an overpotential of 540 mV at the current density

of 10 mA cm™ at pH 1. This catalyst is also reasonably stable for about 45 hours while driving the
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Accepted 24th July 2024 reaction at a current density of 5 mA cm™“. X-ray photoelectron spectroscopic studies and density
functional theory-based calculations indicate that the Bi sites in these materials are catalytically active for

DOI: 10.1039/d4ta028459 acidic OER. In addition, the versatility of Bi in enhancing the catalytic activity of transition metal oxides
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1 Introduction

The rising global temperature due to the large emission of
carbon dioxide and other greenhouse gases into the atmo-
sphere has been leading to weather pattern disruptions and
more frequent and intense snowstorms, rainfalls, flooding, heat
waves, and forest fires around the world. These issues are
further exacerbated by some unexpected events such as the
recent Canadian wildfires and their environmental and societal
impacts.” All of these, thus, call for an urgent transition from
fossil fuels to carbon-neutral, renewable energy sources for our
primary energy needs.

In recent decades, although large investments have been
made in renewable solar and wind-based energy production
methods, the intermittent nature of these energy sources has
limited their full potential use. This can technically be
addressed by coupling these energy sources with electro-
chemical water splitting to produce green hydrogen (H,). This
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towards acidic OER is demonstrated with Bi-doped iron oxides and nickel oxides.

approach has been gaining great interest as the excess off-peak
energy produced by these energy sources can be stored in the
form of this chemical energy (i.e., H,), which can then be
transported and used to generate electricity with fuel cells or via
combustion.?

One of the most promising methods for producing H, is
electrochemical water splitting in an electrolyzer via the
hydrogen evolution reaction (HER) at the cathode and the
oxygen evolution reaction (OER) at the anode. The HER, which
is a two-electron reaction, is relatively simpler to perform
compared with the OER, which involves four electrons and is
thus kinetically sluggish. The latter is also the main factor
limiting the overall efficiency of water electrolyzers. The overall
efficiency of electrochemical water splitting can further be
affected by the medium in which it is carried out. When water
electrolysis in acidic medium is compared with one in alkaline
medium, the former is generally a clear winner. As an example,
proton exchange membrane water electrolyzers (PEMWEs),
which work in acidic medium, have the advantage of having
compact structures, great power density, high efficiency at low
temperature, partial load range, and low gas crossovers.*®
Additionally, the high proton concentrations in acidic media
allow for faster HER while the low ohmic resistance due to the
higher conductivity of hydronium ions (350 S cm® mol ™) over
hydroxide ions (198 S cm® mol ') creates a favorable condition
for the overall process in PEMWEs.”® To date, the state-of-the-
art OER catalysts for acidic media are noble metal oxides,
namely IrO, and RuO,; however, their high cost, instability, and

This journal is © The Royal Society of Chemistry 2024
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scarce availability limit their large-scale application for indus-
trial PEMWESs.>* So, there is an urgent need to develop noble
metal-free OER electrocatalysts that can catalyze the OER in
acidic media while remaining stable.

While various electrocatalysts based on first-row transition
metals that are stable and show catalytic activity for OER in
alkaline media have been developed, most of them are highly
unstable during OER in acidic media at high oxidation poten-
tials.™ Co- and Mn-oxides are among the few exceptions that
have been the target of many studies focusing on the develop-
ment of effective, acid-stable OER catalysts."*** But, spinel
cobalt oxide (Co30,), which can catalyze OER, still suffers from
low stability under harsh acidic conditions at high oxidation
potentials.” One approach that is applied to improve the
stability and activity of this promising acidic OER catalyst
involves doping it with other metals. For example, the overall
conductivity, stability, and electrocatalytic activity of spinel
Co3;0, nanowires for OER in acid media were improved by
doping them with Ag.?° Similarly, when cobalt oxide (CoO,) was
doped with Fe and Pb, producing CoFePbO,, the material
exhibited higher stability during OER in acidic solution than
CoO, while maintaining its catalytic activity for the reaction."
Another approach applied to improve the stability of Co;0, is
using an acid-stable protective layer, such as carbon or TiO,, to
prevent the leaching of Co atoms from the material under such
conditions.*"*?

Other recent research reports have shown that coupling 3d
transition metals (Mn/Fe/Co/Ni) with acid-stable oxides of Sb/
Ti/Sn/Ge/Mo/W could yield effective OER catalysts for acidic
media.>*?® For example, TiO, was coupled with Mn/Co/Fe
oxides to produce acid-stable OER catalysts.””*® Similarly,
Co,TiO, and TiO,-incorporated MnO, catalysts were shown to
exhibit catalytic activity for OER for many hours in highly acidic
solutions.***® Metal oxides, such as SbO,, were also demon-
strated to generate acid-durable OER catalysts. For example, the
incorporation of Sb into FeCoO,, which produces FeCoSbO,,
gives rise to more stable and efficient electrocatalysts for OER in
acidic solutions.** (Mn,Sb)O, possessing rutile structure,
pyrochlore-type Co,Sb,0;, phase-pure CoSb,0¢, and MnSb,0¢
have also been shown to serve as acid-stable OER catalysts with
good activity and stability.***>

After the recent report on the stability of BiO, under acidic
conditions, there has been a growing interest in this p-block
metal oxide for electrocatalysis applications.*® For example,
[Ag + Bi]O, and Co-Bi-SnO, have successfully been demon-
strated to catalyze the OER while remaining stable in acidic
solutions.?**** The stability of these catalysts has been attributed
to the stabilizing role of the acid-stable bismuth oxide matrix.
BiO, provides an added benefit in acidic OER electrocatalysis
because it can sustain the reaction via the Bi**/Bi*>* oxidation
states it forms at its Bi sites, which help with the formation of
the hydroxo/peroxo intermediates needed for facile OER.** A
recent study from our group also showed that Bi's oxophilic
nature and ability to tune the electronic states in metal borates
were helpful for stabilizing the OER intermediates and thereby
enhancing the OER electrocatalysis.*®
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Herein we report petal-shaped Bi-doped cobalt oxides that
are synthesized in situ on fluorine-doped tin oxide (FTO)
substrates and their excellent electrocatalytic activity and
durability during acidic OER. The catalysts are synthesized
using a simple procedure wherein Co(u) and Bi(ui) salts are
mixed in citric acid solution, then drop-casted on FTO, and
finally annealed. The catalytic active sites on the materials are
comprised of thin layers of Bi-doped cobalt oxides that are
deposited on FTO. Some of the catalysts remain stable while
electrocatalyzing the OER in 0.1 M HCIlO, solution for 45 hours
at a current density of 5 mA cm ™2 and for 24 hours at a current
density of 10 mA cm 2. The effects of the amounts of Bi dopants
in cobalt oxides on the activity and stability of the catalysts
towards acidic OER are investigated by varying the Co : Bi ratios
in the materials and then testing their electrocatalytic activities
for hours. Bi is also found to enhance the electrocatalytic
activities of iron oxide and nickel oxide for OER. These findings
may encourage the exploration of other p-block metals as
dopants into various transition metal oxides for acidic OER
electrocatalysis.

2 Results and discussion

Co30,, Bi,03, and Bi-doped Co;0, catalysts with different Co:
Bi ratios were synthesized in situ by depositing solutions of the
respective metal ions in citric acid on FTO glass slides and then
annealing them, as illustrated in the schematic in Fig. 1. The Bi-
doped Co30, catalysts obtained from the synthesis are named
as Co,Bi;0,, such that a: b represents the mole ratios of Co(u):
Bi(m) used for the synthesis of the catalysts, which are 14:1,9:
1, 2:1, and 1: 2. Citric acid is added for the synthesis of these
materials because the citrate ions it forms in the solution help
dissolve the metal salts.’” Besides, the citrate groups are easily
removable via thermal decomposition into CO, to leave behind
pristine metal oxides on the FTO. A small amount of nitric acid
is also included in the solution in order to help dissolve Bi(i)
nitrate and prevent it from precipitating as Bi(OH);.**

The catalysts synthesized on FTO are characterized first by X-
ray diffraction (XRD) (Fig. 2 and S27). The XRD pattern obtained
for pristine cobalt oxide on FTO shows peaks at 26 = 19.04,
31.26, and 37.05°, which can be ascribed to the (111), (220), and
(311) crystalline planes, respectively, of Co;0, with spinel
structure (based on the Joint Committee on Powder Diffraction
Standard or JCPDS no.: 42-1467).** The XRD pattern additionally
shows the diffraction peaks of the FTO substrate itself at 26 =
26.5, 33.63,37.72,51.53, 61.55, and 65.51°. These peaks are also
observed in all the other cases where FTO is used as a substrate.
However, when the XRD patterns of CogBiO,, Co0,BiO,, and
CoBi,0, on FTO are examined, apart from the peaks corre-
sponding to FTO, no peaks associated with spinel Coz;0, or
Bi,O; are seen on them. For example, the XRD pattern of
Co14BiO, on FTO shows only a faint peak at ~31° corresponding
to the (220) plane of spinel Coz0,4. This means that the XRD
pattern of Co,,4BiO, on FTO does not show many of the peaks
associated with crystalline planes of Co;0,, unlike that of
pristine CozO, on FTO. These results indicate that incorpo-
rating Bi into Co;O, results in materials that are largely
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Fig. 1 Schematic of the synthesis of Co,Bi,O, catalysts on FTO. The procedure involves: (i) mixing Co(i) nitrate and Bi(i) nitrate in citric acid
solution, (ii) deposition of the solution onto FTO substrate, and (iii) drying and annealing the FTO-deposited metal salts.
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Fig. 2 XRD patterns of FTO substrate and the different catalysts
synthesized in situ on FTO substrates, namely Coz0,4, Co014BiO,,
Co,BiO,, and CoBi,O,. The XRD pattern of CosO,4 obtained from the
JCPDS database is included for reference.

70

amorphous. Additionally, a broad peak at 26 of ~28° is seen in
the XRD pattern of CoBi,O, due to the amorphous feature Bi,O;
in it, as Bi is the major metal in this material. It is worth noting
here that the XRD pattern of pristine Bi,O; on FTO (Fig. S1t)
exhibits peaks due to o-Bi,O; (JCPDS no.: 41-1449).*° These
mean that the in situ synthesis reported herein yields amor-
phous catalysts in the case of Bi-doped cobalt oxides but crys-
talline ones in the case of the pristine Co;0, and Bi,0s.

The field emission scanning electron microscopy (FESEM)
images of CogBiO,, which is the best performing catalyst (vide

22530 | J. Mater. Chem. A, 2024, 12, 22528-22538

infra), are displayed in Fig. 3a-c. The images exhibit that this
material is composed of thin filament- and petal-shaped parti-
cles, just as those of the CoMnO, OER catalysts reported by
Huynh et al.'* Note that this material on FTO appears black in
color (see its digital image in Fig. S21). The FESEM images of the
other catalysts synthesized on FTO also exhibit similar filament-
and petal-shaped morphologies (Fig. S3-S7a-ct). However,
upon examining the images further, these morphologies are
more pronounced when the amount of Co in the catalysts is
relatively higher. For instance, the petal-like morphology is best
seen in the FESEM images of Co;04, C044BiO,, and CogBiO,,
which have higher Co:Bi ratios (Fig. 3, S3-S4 and Sé6a-ct).
When the catalysts are made with higher amounts of Bi, they
show thicker sheet-like structures (see, for example, the FESEM
images of CoBi,O, and Bi,Oz in Fig. S5 and S7a-ct). The
elemental mapping images obtained with energy dispersive X-
ray spectroscopy (EDS) for CoyBiO, (Fig. 3d) show Co, Bi, and O
that are distributed throughout the sample. Similarly, the EDS
mapping images of all other Bi-doped cobalt oxides (Fig. S3-
S6dt) show uniform distributions of Co, Bi, and O. The ratios of
Co:Bi in the materials are also analyzed from these EDS
mapping images, and they are found to be like the corre-
sponding ratios of Co:Bi (in mol) used in the precursors to
synthesize them (Table S17).

X-ray photoelectron spectroscopy is applied to determine the
surface atomic compositions and chemical states of the cata-
lysts present on FTO. The XPS survey spectra show peaks cor-
responding to Co, Bi, O, and C as well as two other peaks
corresponding to Sn and Si that originate from the FTO

Fig. 3 (a—c) FESEM images and (d) EDS elemental mapping images of
CogBiO, on FTO. The latter show that Co, Bi, and O are uniformly
distributed on the catalyst.

This journal is © The Royal Society of Chemistry 2024
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substrate (Fig. S91). The high-resolution Co 2p XPS spectra of all
the catalysts containing Co have two main broad peaks at
binding energies of 780.0 and 795.0 eV, which correspond to the
Co 2p;, and 2p,,, states, respectively (Fig. 4a). The high-
resolution Co 2p XPS spectra show weak satellite peaks with
higher binding energies around those of 2p;/, and 2p,,,, which
indicate the presence of Co** and Co®>* on the catalysts.*® The
high-resolution Co 2p XPS spectra are deconvoluted to

Co 2p 2py,
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Fig. 4 High resolution XPS spectra showing peaks corresponding to
(a) Co 2p and (b) Bi 4f of Coz04, C014BiO,, CogBiO,, Co,BiO,, CoBi,O,,
and Bi O3 catalysts.
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determine the chemical states of Co on the surfaces of the
catalysts. The deconvoluted Co 2p3/, peaks of all Co-containing
catalysts are seen at binding energies of ~779.5 and ~780.6 eV,
and they are ascribed to Co®" and Co®>" oxidation states,
respectively. In the case of pristine cobalt oxide on FTO, the
ratio of Co®>":Co®>" calculated from its XPS spectrum is 3.67,
although the XRD pattern indicates that this material exists in
spinel structure where the Co>": Co®" ratio should be 0.5. This
difference indicates the presence of a much larger amount of
Co®" species, and by extension, more oxygen vacancies, on the
surfaces of the pristine cobalt oxide.*! This is further corrobo-
rated based on the deconvoluted high resolution O 1s spectra of
the material (see below). The deconvoluted O 1s XPS survey
spectrum of pristine CozO,4 on FTO (Fig. S107) displays peaks at
529.83 eV and 531.1 eV, which correspond to Co-O bond and
oxygen vacancies (Oy,.) or defect sites, respectively.?*** The O 1s
XPS survey spectra of all Bi-doped cobalt oxide catalysts on FTO
(Fig. S107) also indicate the presence of oxygen vacancies, which
must be formed during the decomposition of citrate groups into
CO, in the annealing step of their syntheses. The decomposi-
tion of citrate from the materials into CO, can possibly generate
the oxygen vacancies via a similar process to the one previously
reported for ligand-assisted polyol synthesis of cobalt oxide
using the polymer polyacrylic acid as a ligand.*

Similarly, the deconvoluted Bi 4f XPS spectra of Bi in Bi-
doped cobalt oxides on FTO (Fig. 4b) show two sets of peaks:
the first one at binding energies of 158.9 and 164.2 eV that can
be attributed to Bi 4f,/, and Bi 4fs,, of Bi*", respectively, and the
second one at 159.5 and 165.0 eV that can be ascribed to Bi 4f;,
and Bi 4f;,, of Bi’", respectively.** However, the high resolution
Bi 4f XPS spectrum of pristine Bi,O; on FTO shows only peaks at
ca. 158.67 and ca. 163.97 eV corresponding Bi 4f;, and Bi 4f5,
of Bi** species, respectively. These results indicate that Bi co-
exists in two oxidation states (ie., Bi*" and Bi’") in the Bi-
doped cobalt oxides on FTO, but only as Bi** in Bi,O; on FTO.

Based on the XPS results, the relative amounts of Bi*" and
Bi®" species with respect to the total amount of Bi in Bi-doped
cobalt oxides are also determined (see Table S2t). While the
results indicate that the relative amount of Bi*" is higher than
that of Bi’" in all Bi-doped cobalt oxide catalysts, the highest
relative amount of Bi®" species is obtained for Co,4BiO,, which
contains the lowest amount of Bi. In other words, the relative
amount of Bi*" increases as the amount of Bi in the Bi-doped
cobalt oxides decreases. Additionally, the relative amounts of
Co>" or Co®" in the Bi-doped cobalt oxides with respect to their
Bi content are analyzed. In Co44BiO,, which has the lowest
amount of Bi among the Bi-doped cobalt oxides, the amount of
Co®" species is 3.88 times higher than that of Co** species. On
the other hand, when the amount of Bi in the catalysts is
increased (e.g., CoBi,0,), Co exists increasingly more as Co>*
species rather than as Co™" species. These results show that the
amounts of Bi in Bi-doped cobalt oxide catalysts affect the
oxidation states of both Bi and Co as well as their relative
amounts in the catalysts. Using the XPS results, the Co : Bi mole
ratios on the surfaces of all Bi-doped cobalt oxide catalysts are
also determined and compiled in Table S2.1 The values match
well with those used for the synthesis of the respective catalysts.

J. Mater. Chem. A, 2024, 12, 22528-22538 | 22531
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Raman spectroscopy is used to further confirm the presence
of oxygen vacancies in the Bi-doped cobalt oxides synthesized
on FTO. As shown in Fig. S11,f spinel Co;0, shows five distinct
Raman bands at 195.6, 481.5, 518.9, 615.2, and 683 cm ™}, which
are respectively ascribed to the Fyg, Eg, Fag, Faq, and A;; Raman-
active vibrational modes.*>*®* Among them, the bands at 195.6
and 683 cm ' are ascribed to the Co**-O*" and Co**-0*"
Raman-active vibrations, respectively. In the case of Coz;0,
synthesized on FTO, the A;; mode is slightly blue-shifted (to
685 cm '), which is due to the O, present in Co;0,, as previ-
ously reported in the literature.*>*® This showcases that oxygen
vacancies are produced during the in situ synthesis of the
catalysts on FTO. Similarly, the A, vibration mode is blue-
shifted for the catalyst Co,4BiO, and CooBiO, when compared
with that of spinel Co;0,. However, when the amounts of Bi in
Bi-doped Co03;0, increases, the A;, vibrational mode of the
catalyst is red-shifted to low vibrational frequencies. When very
small amounts of Bi are doped into Co;0,, the A, vibration
mode becomes blue shifted, as a large ion such Bi*" occupy the
octahedral sites in Co;0, by substituting Co®" ions.*” When the
amount of Bi in cobalt oxide is increased, the Co®" ions at the
octahedral sites are replaced with Bi** ions, resulting in
a dramatic red shift of the A;, Raman-active vibration mode of
the catalysts. Additionally, the Raman bands between 450 and
650 cm ™! corresponding to the Eg, Fa,, and F,, modes become
broad. When compared with the Raman spectra of pure Co30y,,
in addition to the normal Raman bands, a new Raman band at
~315 ecm ' is seen for the catalyst CoBi,O,. For a-Bi,O;
synthesized on FTO, the prominent Raman bands are observed
at ~215, 317, and 451 cm ™", and they are all attributed to Bi-O
stretching modes (Fig. S121).** However, none of these bands
are seen in the Raman spectra of the Bi-doped cobalt oxides on
FTO. Even in the case of CoBi,O,, which has a large amount of
Bi, except for the broad Raman band at ~315 cm™ ", no sharp
Raman peak associated with a-Bi,O; is seen in its spectrum.
These results obtained with Raman spectra indirectly confirm
that Bi is incorporated into the cobalt oxide structures.

Next, the electrocatalytic activities of all the materials on FTO
for OER in acidic solution (0.1 M HCIO, solution with pH 1) are
investigated using a three-electrode cell. In the cell, a calomel
electrode is used as the reference electrode and a graphite rod is
used as the counter electrode. To minimize the capacitive
current, the polarization curves are obtained using a slow scan
rate of 5 mV s '. The linear sweep voltammetry (LSV) curves,
which are displayed in Fig. 5a, show that the Bi-doped cobalt
oxides have better electrocatalytic activities for OER in acidic
solution compared with the pristine cobalt oxide. As the
amount of Bi in cobalt oxide increases, its catalytic activity for
OER also increases, with the highest activity being attained by
the catalyst CogBiO, (which has a Co: Bi ratio is 9: 1). However,
further doping of Bi in cobalt oxide beyond this amount results
in lower electrocatalytic activities in the materials. The Bi-doped
cobalt oxide catalyst CooBiO,, which is found to exhibit the best
performance for OER in acidic solution, does so with the lowest
overpotential (540 mV at a current density of 10 mA cm ™ ?).
Meanwhile the highest overpotential (n = 671 mV) at a current
density of 10 mA cm 2 is obtained for the pristine Co;0,. This
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means, all the Bi-doped cobalt oxide catalysts on FTO electro-
catalyze the OER with lower overpotentials at a current density
of 10 mA ¢cm ™2 than the pristine Co;04 on FTO.

To determine the kinetics of OER in acidic media over these
catalysts, their Tafel plots are generated from their respective
LSV curves (Fig. 5b). The lowest Tafel slope (113 mV dec ') is
obtained for the catalyst CogBiO,, indicating that the kinetics of
OER on it is better than those of all the other catalysts studied
here. The lowest overpotential is also obtained for this catalyst,
once again corroborating its high better electrocatalytic activity
in acidic media. It is worth noting here that even the catalyst
CoBi,0, (which has a Co: Bi ratio of 1:2 or more Bi than Co)
exhibits a better catalytic performance for acidic OER with
a lower overpotential (n = 646 mV) at a current density of 10 mA
cm ™~ than the pristine Co;0, (7 = 671 mV). This suggests that
the Bi sites, along with Co atoms, in the former help the acidic
OER catalysis. This is despite pristine Bi,O3 on FTO is inactive
for OER electrocatalysis in acidic solution, as can be seen from
its LSV curve in Fig. 5a. So, although Bi,O; does not electro-
catalyze OER, the Bi incorporated into cobalt oxide substantially
improves the overall electrocatalytic activity of the material for
OER in acidic solution.

Next, the double-layer capacitances (Cq;) of the catalysts are
determined based on the slopes of the linear plots of charging
current density for the reaction over them versus scan rate
(Fig. 5d and S13t). Note that the Cyq; is directly proportional to
the density of active sites on the surface of the catalysts exposed
to the electrolyte. Among them, the value of Cy; of CogBiO, is the
highest. So, this catalyst must have the largest density of cata-
Iytically active sites on its surfaces, which may have been partly
responsible for its best performance. In addition, compared
with Co30,, all the Bi-doped catalysts have higher values of Cyqj,
and thus larger density of electrochemically active sites to
participate in the reaction. This is also in line with their better
catalytic performances for OER than Co3;0,. So, the incorpora-
tion of Bi in cobalt oxide increases the density of catalytically
active sites on the surfaces of Co;0,, and thereby its electro-
catalytic activity for OER.

We used the onset potentials and ECSA to compare our
catalysts with one another, as mostly done for such catalysts.
Although turnover frequencies (TOFs) can accurately reflect the
intrinsic activity of catalysts, it is not easy to determine the TOFs
of many types of electrocatalysts, especially multi-metallic and
amorphous solid-state ones, like the ones reported here. This
issue is widely discussed in a recent reference paper by Anan-
tharaj et al.** The main reason is that the calculation of TOF
requires an accurate number of active sites to normalize the
measured activities with; however, methods to precisely deter-
mine their number for many electrocatalysts, like the ones re-
ported here, are unavailable. The two most accurate methods
used to determine the active sites on electrocatalysts are
underpotential deposition (UPD) and redox peak integration.
While the UPD method is more accurate for noble metals, the
redox peak integration is mostly applicable when the catalysts
are monometallic. Additionally, since our catalysts have two
active sites such as Co and Bi, precise calculation of the TOF
values for each one is difficult using any available methods. To

This journal is © The Royal Society of Chemistry 2024
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(a) The LSV curves obtained for OER as catalyzed by CozO4, Co14BiO,, CogBiO,, Co,BiO,, CoBi,O,, and Bi,Oz in 0.1 M HCLO, solution at
. (b) The Tafel plots of the reactions catalyzed by the materials, which are derived from their respective LSV curves. (c) Plots

of the overpotential required by the catalysts to drive OER at a current density of 10 mA cm™2 versus the percentage of Biin the catalysts. (d) Plots
of charging current density (obtained from the difference between the anodic and cathodic values) versus scan rate in the non-faradaic region of
OER are shown. These plots are used to determine the capacitances of the catalysts. (e) Nyquist plots for CozO4, Co14BiO,, CogBiO,, Co,BiO,,
and CoBi,O, obtained using EIS. (f) Chronopotentiometry profiles obtained for CogBiO, to determine its stability during electrocatalytic OER at

current densities of 5 and 10 mA cm™2.

make the comparison easier, the same synthetic protocol and
the same loading of catalysts on FTO substrates are employed.
Furthermore, the morphologies of the catalysts obtained are
almost the same, as evident from their SEM images. So, the
geometrical surface areas of the catalysts should, at least, be
similar for all of them. Indeed, the results of their double layer
capacitance measurements (Fig. 5d) show that the catalyst
CogBiO, has the highest density of active sites. So, its highest
current density (see in Fig. 5a) must be due to its highest density
of active sites, as its geometrical surface area is the same as
those of the other catalysts. So, unsurprisingly, the catalyst with
higher ECSA is found to have a higher overall electrocatalytic
activity.

In the Nyquist plots obtained with EIS measurements, the
diameters of the semicircles at high frequencies typically
correspond to the interfacial charge transfer resistance (R.) of
the electrocatalysts. As depicted in Fig. 5e, the smallest semi-
circle or R at higher frequencies is obtained for CogBiO,,
indicating its relatively favorable conductivity to enable more
facile OER kinetics in acidic media. Additionally, the Nyquist
plots show that Co;0, has the highest R, among all Bi-doped
cobalt oxide catalysts studied here. Not surprisingly, the over-
potential of the electrocatalysts to drive OER increases from
CogBiO, to Coz0,. Even the electrocatalyst CoBi,O,, which has
more Bi than Co, shows a better OER Kkinetics, or a lower value
R, than Co30,. Additionally, CoBi,O, has more density of

This journal is © The Royal Society of Chemistry 2024

active sites when compared to Co;0,. So, the results obtained
with EIS corroborate that the incorporation of Bi in cobalt oxide
enhances the electrochemical charge transfer processes over
the material during OER. This, and the higher density of cata-
Iytically active sites in CoBi,O,, is possible only if Bi itself also
contributes to them. In other words, although Bi in Bi,O; is
barely active for OER catalysis (Fig. 5a), the Bi sites in C030,
assist with the OER catalysis. Based on the results collectively,
CoyBiO,, which has Co: Bi ratio of 9: 1, is particularly found to
exhibit the most facile OER kinetics, the lowest Tafel slope, the
lowest interfacial charge transfer resistance, the highest density
of active sites exposed on its surfaces, and the lowest over-
potential to electrocatalyze the OER in acidic solution.

As one of the critical problems faced by most OER catalysts is
that they are unstable under harsh acidic conditions, the
stabilities of the Bi-doped cobalt oxide catalysts during the
reaction are also investigated with chronopotentiometry. The
chronopotentiometric curve of the best catalyst, i.e., CogBiO,,
indicates that it remains stable during the reaction at pH 1 for
45 hours at a current density of 5 mA cm 2 and for 24 hours at
a current density of 10 mA cm 2 (Fig. 5f). Its stability during
acidic OER is also more robust compared to many notable non-
noble metal-based, acidic OER catalysts reported in the litera-
ture (see Table S47). Similarly, Co,,BiO, and Co;0, are stable
for 24 h under the same condition (Fig. S141). However, the
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catalysts possessing more Bi, such as Co,BiO, and CoBi,O,, are
not as stable.

Furthermore, the catalyst recovered after 5 h-long stability
test is analyzed by FESEM, EDS, and XPS. Its FESEM images
(Fig. S87) still show thin filament- and petal-shaped morphol-
ogies, indicating its structural stability during electrocatalysis
in acidic solution for, at least, 5 hours. However, EDS and XPS
analyses show that the ratios of Co:Bi on the surfaces of the
catalyst after 5 h of electrocatalytic stability test change from
7.2:1 and 8.3:1 to 22.5:1 and 14.8: 1, respectively (Tables S1
and S2t). This means that, after catalyzing the OER for 5 hours,
this catalyst has a relatively larger amount of Co than Bi on its
surfaces. This indicates that some of the Bi atoms on its
surfaces may have leached into the electrolyte during the OER
under such acidic solution, which is not uncommon for Bi.
Nevertheless, the catalyst still functions reasonably well for at
least 45 hours.

The XPS spectrum of the best catalyst (i.e., CogBiO,) recov-
ered after the 5-h long chronopotentiometric OER test is further
analyzed to probe its active sites. Just like the deconvoluted Co
2p XPS spectra of pristine CogBiO,, those of CooBiO, after OER
show peaks corresponding to Co®" and Co®" species (Fig. S15a
and Table S37). However, the relative ratio of Co>" : Co®" species
on its surfaces increases from 3.14 to 3.44 after the OER, indi-
cating that Co with an oxidation state of +2 is more favored
during the OER (Table S1%). Similarly, the Bi 4f XPS spectra of
CoyBiO, before and after OER show that the relative ratio of
Bi*: Bi®" species changes from 2.39 to 3.42 after the OER
(Fig. S15b and Tables S1 and S37). This indicates that some of
the Bi** sites become Bi®" species during the OER. This change
in the relative ratio of the oxidation state of Bi also indirectly
indicates Bi's participation during the electrocatalytic OER
under such conditions. The deconvoluted O 1s XPS spectra of
CogBiO,, after OER show peaks corresponding to oxygen
vacancies (at a binding energy of 530.69 eV), lattice oxygen (at
a binding energy of 529.95 eV), and hydroxyl species (at
a binding energy of 531.48 eV) (Fig. S15c and Table S37). As the
OER is performed in acidic solution, the latter must have
formed due to the protonation of the surfaces of the catalyst, as
such species form as intermediates during acidic OER.”

Since oxides of cobalt show reasonably good electrocatalytic
activity towards OER, extensive studies have been conducted to
determine the oxidation state of cobalt, i.e., Co*>* or Co®*, that is
more responsible for it.>*** In alkaline conditions, the studies
showed that having more Co®" in the catalyst improves the
catalyst's activity for OER.**** However, in acidic conditions,
Co**-rich Co;0, has been found to do better as an OER catalytic
site.”> A recent report also corroborated that (i) the high activity
of Co™" site towards acidic OER was due to the transformation of
the Co®>*-O sites to reducible Co®>"-O sites in situ during the
reaction and (ii) the latter species would facilitate the deproto-
nation of water and the release of dioxygen.** Note also that
these reducible Co**-O species forming in situ during OER have
better activities for OER than the originally present Co**-O
species on the catalyst. Additionally, studies have shown that
the oxygen vacancies present on such catalysts can help with the
in situ transformation of Co**-O species to Co®"-O species.*>°
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Based on these XPS results, the density of Co>* species on the
catalyst increases after the OER. This means that the catalyst
CooBiO, becomes Co”>"-rich, which can translate to more oxygen
vacancies and more favorable catalytically active sites on its
surfaces for the OER. Furthermore, the oxygen vacancies can
generate new bandgap states in the catalyst, which improve its
overall conductivity and thereby its catalytic performance for
OER.”

Since the densities of Bi*" and Bi* species in the catalyst
CoyBiO, have changed after OER, we believe that Bi in cobalt
oxides also acts as the active site by forming Bi**/Bi** redox
couple, as proposed for related materials in the literature.*
Additional evidence on Bi acting as active site is found from
electrochemical studies of CoBi,O, catalyst. In this catalyst, the
density of Co®" species is less than that of Co®" species, and the
total amount of Bi (present in the form of both Bi*" and Bi*") is
more than the total amount of Co (present in the form of both
Co*> and Co’"). However, CoBi,O, requires a lower over-
potential and has a higher density of active sites than Co;0,,
which has the highest density of Co>" species. So, the improved
catalytic performance exhibited by CoBi,O, toward OER is
possible only if Bi itself in the material catalyzes OER with an
activity that is even better than that of Co. Pristine Bi,O3 is OER
active only at potentials greater than ~2.0 V vs. RHE*® whereas
CoBi, O, is OER active at potentials greater than ~1.6 V vs. RHE.
This indicates that the Bi sites in CoBi,O, are OER active at
potentials below 2.0 V vs. RHE. This enhancement in OER
activity of Bi in CoBi,O, than Bi in Bi,O; can thus be attributed
to the synergistic interaction between the Co and Bi species
present in CoBi,O,. Based on our studies, while all Bi-doped
cobalt oxides show higher electrocatalytic activities for OER in
acidic condition, the optimal composition that does so the best
is Co: Bi ratio of 9:1 (or the material CooBiO,). Bi's ability to
improve the acidic OER activity of first-row transition metal
oxides is apparently not limited to Co oxides, as our preliminary
studies showed that Bi-doped iron oxides and nickel oxides also
do the same. A detailed discussion on these two materials and
their electrocatalytic properties are available in the ESL.T

Since the electrochemical studies point towards the possi-
bility of Bi atoms contributing to the OER catalysis in acidic
solutions, density functional theory (DFT) calculations are
performed for the Bi-doped cobalt oxide catalysts. To do so, two
catalyst slab models, namely Co;0,(100) surface and Bi-doped
C0304(100) surface, are built as displayed in Fig. 6a and b.
Their optimized structures with surface-adsorbed *OH, *O, and
*OOH intermediates are depicted in Fig. 6c and d. Their
calculated free energy changes are shown in diagram presented
in Fig. 7. The results show that the (H" + e~) transfer step in
each case, which involves the largest free energy change and
which is represented with a bold line, is the potential deter-
mination step (PDS). The PDS of OER on Co03;0,(100) surface
involves the conversion from *O to *OOH, with an overpotential
of 0.509 V. In contrast, the PDS of OER on Bi-doped C030,4(100)
surface involves the conversion of *OH to *O, which requires
a calculated overpotential of 0.396 V. The energetic gap between
*OH and *OOH is generally constant (which is 3.2 £+ 0.2 eV) due
to the scaling relationship among different intermediates. This

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Diagrams showing calculated free energy changes of OER on
the surface of Co304(100) and Bi-doped Co304.

applies to both metal oxide and metallic catalysts.>*”*® Based on
the theoretical studies, when Bi in Bi-doped cobalt oxides serves
as the active site for OER, the energy difference between the
binding energies of *OH and *OOH on it is 2.56 eV, which is
much lower than 3.2 eV. This shows that, the presence of Bi in
cobalt oxides enables the scaling relationship between *OH and
*OOH to be broken, making these materials require lower
overpotentials to electrocatalyze the OER. In other words, the
incorporation of Bi in cobalt oxide catalysts is beneficial for

This journal is © The Royal Society of Chemistry 2024
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promoting the electrocatalysis of OER on them in acidic
solutions.

As a final note, Bi is also found to improve the electro-
catalytic activities of iron oxides and nickel oxides for OER in
acidic solution. However, the stabilities of these materials are
much inferior to the Bi-doped cobalt oxides. The results and the
pertinent discussions on these materials are presented in the
ESI and Fig. S16-S19.F

3 Conclusions

In summary, cobalt oxides doped with the p-block metal Bi in
different ratios of Co:Bi were synthesized in situ on FTO
substrates using a simple procedure. The materials had thin
filament- and petal-like morphologies and showed high dura-
bility and electrocatalytic activity for acidic OER. Upon investi-
gating the catalysts synthesized with different Co : Bi ratios, the
one with Co:Bi ratio of 9:1 (CoyBiO,) exhibited the best
performance for the reaction, with an overpotential of 540 mV at
the current density of 10 mA cm™>. This catalyst was also found
to be stable for about 45 h while driving the reaction at a current
density of 5 mA cm 2. XRD patterns showed that the addition of
Bi into cobalt oxide made the materials to have more amor-
phous structures. The SEM images of the Bi-doped cobalt oxides
revealed that their morphologies would change from thin
filament- and petal-like morphologies to sheet-like structures as
the amount of Bi in them was increased. XPS spectra of the
catalysts before and after OER indicated that the relative ratios
of the metallic species, namely, Co** : Co® and Bi** : Bi**, on the
surfaces of the catalysts changed, indirectly suggesting that
both Co and Bi could may have participated as active sites for
the OER. DFT calculations also corroborated that Bi incorpo-
rated into cobalt oxide would help with the catalytic activity of
the material for OER, lowering the overpotential of the reaction.
In addition, Bi was found to enhance the electrocatalytic activ-
ities of iron oxides and nickel oxides for OER in acidic solutions.
These results collectively show that the p-block metal Bi, which
is underexplored for electrocatalysis, holds a great potential for
producing stable and effective acidic OER electrocatalysts. We
believe that our findings will further inspire more research on
main group metals towards the development of acidic OER
catalysts.
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