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ABSTRACT: Perovskite oxides based on earth-abundant transition
metals have been extensively explored as promising oxygen evolution
reaction (OER) catalysts in alkaline media. The (electro)chemically
induced transformation of their initially crystalline surface into an
amorphous state has been reported for a few highly active perovskite
catalysts. However, little knowledge is available to distinguish the
contribution of the amorphized surface from that of the remaining bulk
toward the OER. In this work, we utilize the promoting effects of two
types of Fe modification, i.e., bulk Fe dopant and Fe ions absorbed from
the electrolyte, on the OER activity of SrCoO3−δ model perovskite to
identify the active phase. Transmission electron microscopy and X-ray
photoelectron spectroscopy confirmed the surface amorphization of
SrCoO3−δ as well as SrCo0.8Fe0.2O3−δ after potential cycling in Fe-free
KOH solution. By further cycling in Fe-spiked electrolyte, Fe was
incorporated into the amorphized surface of SrCoO3−δ (SrCoO3−δ + Fe3+), yielding approximately sixfold increase in activity.
Despite the difference in remaining perovskites, SrCoO3−δ + Fe3+ and SrCo0.8Fe0.2O3−δ exhibited remarkably similar activity. These
results reflect that the in situ developed surface species are directly responsible for the measured OER activity, whereas the remaining
bulk phases have little impact.

KEYWORDS: surface reconstruction, oxygen evolution, perovskite, oxides, cobalt, iron

1. INTRODUCTION

Large-scale hydrogen production from water electrolysis has
been proposed as a means to satisfy ever-increasing demands
for sustainable energy and to reduce the emission of
greenhouse gases. To advance this technology to commercial
viability, a breakthrough is needed to accelerate the rate of the
oxygen evolution reaction (OER), the sluggish kinetics of
which restricts the overall efficiency of water splitting.1 For this
reason, the development of efficient and robust electrocatalysts
for OER has been pursued by many researchers over the past
decades.2,3

Oxides based on earth-abundant transition metals (TMs)
such as Fe, Co, and Ni have been demonstrated to be strong
candidates for OER catalysis, owing to their low price and
promising activity.4−11 Among them, perovskite-type oxides
with the general formula of ABO3 (A = alkaline-earth and/or
rare-earth metals; B = TMs) open many avenues for catalyst
design due to the versatility of the structure. By tailoring
chemical composition and/or crystal structure, a few highly
efficient perovskites have been developed, and their superior
intrinsic activities have been attributed to optimizing the
binding strength of intermediates associated with the
elementary steps of the four-electron oxidation reaction.4,12,13

At the same time, the rationale for tailoring the bulk structure
of the perovskite oxides has been challenged by reports that
their surface is not stable under OER conditions.14−20 For
example, May et al. found that the largely crystalline surface of
Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF), a state-of-the-art perovskite-
type OER catalyst, was rapidly converted into an amorphous
form during OER in alkaline solution, accompanied by the
leaching of the A-site cations Ba and Sr.14 We note that
significant surface amorphization has also been reported for
other highly active perovskites, e.g., SrCo0.8Fe0.2O3−δ (SCF02),
while the surface of less active perovskites such as LaCoO3
appears to be more stable.14,15 More recently, with the aid of
operando techniques, Fabbri et al. identified a positive
correlation between the measured OER activity and the extent
of surface self-reconstruction during OER, specifically finding
the growth of TM (oxy)hydroxide layer on the oxide surface.17
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Accordingly, they hypothesized that the reconstruction-derived
surface, instead of the initial perovskite, is the real catalyst.
Experimentally, it has been difficult to isolate the role of in

situ developed TM (oxy)hydroxide from the underlying bulk
perovskite, and hence, it remains unclear whether the
measured OER activity is solely (or even partially) determined
by the reconstructed surface layer or is influenced by the
structure of the underlying bulk phase. Answering this question
is critical to the improvement of catalyst design.
Resolving this issue requires a method to evaluate the

relative contributions of the amorphized surface and the bulk
in situ. In light of previous observations that Fe ions in the
alkaline electrolyte can be incorporated into Co- or Ni-based
(oxy)hydroxides and positively affect the OER catalytic
performance,21−23 it is reasonable to speculate that the TM
(oxy)hydroxide in situ derived from a Co/Ni-based perovskite
catalyst is also sensitive to the presence of Fe in the electrolyte,
whereas the underlying bulk phase is insensitive, which thus
offers the possibility to decouple the electrochemical responses
of the reconstructed surface and the remaining perovskite.
In this work, we employed this method using cubic

SrCoO3−δ (SC) perovskite and Fe-modified SC perovskites
as the model catalyst. This choice is based on the following
three considerations. First, SC with a cubic perovskite structure
has been theoretically and experimentally demonstrated to be
highly active.24,25 Second, although, to our knowledge, the
surface reconstruction of cubic SC has not been considered,
the relatively high solubility of A-site cation (e.g., Sr) has been
suggested to be a key to inducing the surface reconstruction of
perovskites,17,26 and the surface restructuring after OER
measurements has been reported for SC with brownmillerite-
or hexagonal-type perovskite structure.27,28 Third, Fe can be
stabilized in the solid solution of SC perovskite, which
modulates the bulk electronic properties and thus provides a
contrast to the introduction of Fe into the surface of SC from
the electrolyte. As illustrated in Figure 1a, Fe is incorporated
into SC in two different ways. As a bulk dopant, Co and Fe
cations are uniformly distributed within the perovskite lattice
(SCF02). In a surface decorating pathway, Fe3+ ions spiked

into the electrolyte are expected to be incorporated onto the
surface of SC during oxygen evolution (denoted as SC + Fe3+).
Our results show that the surfaces of both SC and SCF02 were
amorphized and Sr-leached after potential cycling in 0.1 M
KOH, while their bulk perovskite structures were well-retained.
Upon further cycling in Fe-spiked KOH, SC exhibited
significantly enhanced catalytic performance, which thus is
comparable to that of SCF02. The structure−activity relation-
ship found between SC, SC + Fe3+, and SCF02 demonstrates
that the in situ reconstructed surface governs the apparent
OER activity, while the remaining bulk phase is only a minor
contributor.

2. RESULTS AND DISCUSSION

2.1. Bulk and Surface Characterization of As-Synthesized
SC and SCF02

SC perovskite was synthesized by a conventional sol−gel
method with a modified thermal treatment process, i.e., high-
temperature calcination followed by quenching and annealing
(see Experimental Section for details). As confirmed by the
Rietveld refined X-ray diffraction (XRD) profile in Figure 1b,
SC prepared in this work crystallizes in a cubic structure with
the space group of Pm3̅m and the lattice parameters of a = b =
c = 3.8451 Å (Table S1). Partial substitution of B-site Co with
Fe cations maintains the cubic phase well (Figure 1c and
Figure S1), which is consistent with previous findings that an
appropriate amount of Fe doping stabilizes the cubic structure
of SC perovskite.29,30 Figure 1d, e presents the high-resolution
transmission electron microscopy (HRTEM) images of as-
synthesized SC and SCF02, respectively, revealing that their
surfaces and bulk are highly crystalline. The interplane
distances of 0.27 nm for SC and 0.22 nm for SCF02
correspond to the [110] and [111] crystal plane of the cubic
perovskite structure, respectively. Moreover, as displayed by
scanning electron microscope (SEM) images (Figure S2),
there is little difference in the morphology and particle size of
undoped and Fe-doped SC, which is in agreement with their
similarity in Brunauer−Emmett−Teller (BET) specific surface
area (Figure S3 and Table S2).

Figure 1. (a) Schematic illustration of the two ways to incorporate Fe into cubic-structured SC perovskite. Sr, Co, and O atoms are shown as green,
blue, and red balls, respectively. Rietveld refined XRD patterns of as-synthesized (b) SC and (c) SCF02. HRTEM images of pristine (d) SC and (e)
SCF02.
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2.2. OER Catalytic Behaviors and Surface Evolution of SC
and SCF02 in Fe-Free KOH

The OER catalytic activities of undoped and Fe-doped SC
were evaluated by cyclic voltammetry (CV) at a scan rate of 10
mVs−1 in 0.1 M Fe-free KOH solution (see Experimental
Section for details).31 As shown in Figure S4, the incorporation
of Fe into the lattice of SC increases OER activity, and the
enhancement effect approaches the maximum when the value
of x in SrCo1−xFexO3−δ equals 0.2. This result is consistent
with previous reports about the iron-substitution effect on
cobalt-based oxides and (oxy)hydroxides.6,22,29 Among the
investigated Fe-doped SC catalysts, SCF02 exhibited the
highest activity and thus was selected for further study. Figure
2a, b presents the CV cycles of SC and SCF02 in 0.1 M KOH
electrolyte, respectively. In the positive-going scan of the first
cycle, both SC and SCF02 exhibited a precatalytic oxidation
process that is different from the redox behaviors in
subsequent scans, indicative of irreversible changes occurring
on the perovskite surfaces. Starting from the second cycle, two
pairs of redox waves prior to the onset of OER, one between
1.0−1.3 V vs RHE and another between 1.35−1.52 V vs RHE,

are discernible, which can be attributed to the Co2+/3+ and the
Co3+/4+ redox couples, respectively.32 Along with the
precatalytic redox peaks being more prominent, the OER
activities of both perovskites gradually increased during
successive cycling (Figure S5). These changes are similar to
those observed in the CV scans of BSCF perovskite,14,15 in
which the near-surface region was found to be amorphized,
and thus imply that SC and SCF02 probably underwent similar
restructuring. After 50 cycles, the OER currents as well as the
capacitive currents of both SC and SCF02 approached stable
values, suggesting that their restructured surfaces reached
relatively steady states.
To probe the potential surface changes during OER, the

surface chemistry of pristine and cycled SC and SCF02 was
analyzed by X-ray photoelectron spectroscopy (XPS) (Figure
2c−f and Figure S6). Related peak-fitting parameters are
summarized in Tables S3 and S4. O 1s XPS spectra of SC and
SCF02 before and after electrochemical cycling are shown in
Figure 2c, d, respectively. For either pristine SC or SCF02, the
O 1s spectrum can be mainly deconvoluted into two oxygen
components, i.e., the low-energy component (529.5−529.8

Figure 2. Cyclic voltammograms of (a) SC and (b) SCF02 at a scan rate of 10 mVs−1 in 0.1 M Fe-free KOH, showing the 1st, 2nd, 50th, and 100th
cycles. Insets show the capacitive region of CV scans, and the shaded areas indicate the redox waves. O 1s XPS spectra of (c) SC and (d) SCF02
before and after OER tests. Sr 3d XPS spectra of (e) SC and (f) SCF02 before and after OER tests. Dashed lines indicate the Sr 3d5/2 peaks. (g)
HRTEM images of cycled SC and SCF02. The boundaries between the crystalline and amorphous regions are divided by white dashed lines. (h)
The concentration of Sr dissolving in the electrolyte per cycle at different stages, i.e., during 1−10, 10−50, and 50−100 cycles.
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eV) that is attributed to the lattice oxygen from the perovskite
oxide and the high-energy component (∼531.7 eV) that is
assigned to the oxygen from surface strontium carbonates and/
or hydroxides.33−35 The minor peak at ∼533.1 eV in the O 1s
spectrum of pristine SC can be assigned to the molecular water
adsorbed on the surface.36,37 After OER measurements, the
peak intensity of the oxygen from the perovskite lattice greatly
reduced, suggesting that the surfaces of SC and SCF02 lost the
initial perovskite structure. The additional peak appearing at
∼535.6 eV in the O 1s spectra of cycled perovskites
corresponds to the oxygen from Nafion (the electrode
binder).38 Sr 3d XPS spectra displayed in Figure 2e, f also
provide evidence for the surface rearrangements of SC and
SCF02. For as-prepared perovskites, each Sr 3d spectrum can
be well-fitted with two sets of Sr 3d doublets (Sr 3d5/2 and
3d3/2 with splitting energy of ∼1.8 eV). The low-energy set (Sr
3d5/2: 131.4−132.0 eV) is related to the Sr from perovskite
lattice and the high-energy set (Sr 3d5/2: 133.1−133.7 eV) is
associated with the Sr from surface carbonates/hydrox-
ides.33−35 Like the changes found in O 1s spectra, the relative
intensities of Sr from the perovskite lattice became significantly
weaker (for SCF02) or even absent (for SC) after electro-
chemical tests.
HRTEM imaging further revealed the reconstruction-

derived structures for cycled SC and SCF02. As shown in
Figure 2g, an amorphous layer with a depth of ∼10 nm was
observed in the near-surface region of SC as well as SCF02
after 100 CV cycles. Under the surface region, the crystalline
bulk phases of both SC and SCF02 were found to be well-
maintained, as evidenced by the interplane distances in line
with the XRD Rietveld refinement results (Table S1).
Additionally, inductively coupled plasma mass spectrometry
(ICP-MS) analysis (Figure 2h and Tables S5 and S6)
demonstrated that the surface amorphization of SC and
SCF02 was accompanied by the loss of A-site metals (i.e., Sr),
as has been detected for other perovskites subjected to

reconstruction under OER conditions (e.g., BSCF).14,17 The
leaching rates of Sr during 1−10, 10−50, and 50−100 cycles
were assessed by normalizing the concentration of Sr
dissolving in the electrolyte at each stage to the times of CV
scan (Figure 2h and Table S5). It can be noted that the Sr
leaching rate in the first 10 CV cycles was approximately an
order of magnitude higher than those in the subsequent cycles,
suggesting that surface changes on SC and SCF02 were most
drastic during initial cycles. This is in good consistency with
the changing trend observed in CV profiles (Figure 2a, b and
Figure S5); that is, the prominent increment of OER activity
and capacitance induced by surface restructuring mainly took
place in the first 10 cycles.

2.3. Oxygen Evolution of SC in Fe-Spiked KOH Electrolyte

After cycling in 0.1 M KOH 100 times, SC attained a relatively
stable state (Figure 2a) and then was immediately tested in 0.1
M KOH electrolyte spiked with Fe3+ (Fe3+spiked). The CV
profiles of SC in Fe-spiked KOH demonstrated a sharp
increase in OER currents, which remained nearly constant
during 10 continuous CV scans (Figure 3a). The concen-
tration of Fe3+spiked is optimized to be 0.1 mM, which results in
the maximum activity enhancement (Figure S7) with only a
negligible influence on pH (see Experimental Section). As
presented in Figure 3b, the capacitive regions of CV scans in
0.1 M KOH and 0.1 M KOH + 0.1 mM Fe3+spiked are almost
overlapped, implying little variation in the surface area
accessible to the electrolyte and the redox behaviors of Co
atoms. As further evidence, double layer capacitance (Cdl), an
indicator of electrochemical active surface area (ECSA),39 was
measured for SC in the two kinds of electrolytes, and the
nearly identical value of Cdl suggests that the performance
improvement cannot be attributed to the change in ECSA
(Figure 3c and Figure S8).
Thus, the positive effect of Fe3+spiked on the activity of SC is

taken into consideration. On one hand, due to the low

Figure 3. (a) The 2nd and 10th CV scans of SC in 0.1 M KOH + 0.1 mM Fe3+spiked in comparison to the 100th CV scan of SC in 0.1 M KOH.
Before cycling in Fe-spiked KOH electrolyte, SC underwent 100 CV scans in Fe-free KOH solution to steady its electrochemical behavior. (b) The
zoomed-in capacitive region of the above CV scans. (c) Linear fitting curves of the capacitive currents versus CV scan rates for SC in 0.1 M KOH
and 0.1 M KOH + 0.1 mM Fe3+spiked. (d) The 1st, 10th, and 50th CV scans of α-FeOOH (containing AB) at a scan rate of 10 mVs−1 in 0.1 M
KOH. (e) Geometric current densities at 1.6 V vs RHE of blank GCE, pure AB carbon, and SC (containing AB) in Fe-free and Fe-spiked 0.1 M
KOH electrolytes.
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equilibrium solubility of Fe3+ as Fe(OH)4
− at pH 13 (ca. 10−6

M),40 most of the Fe3+spiked in 0.1 M KOH should precipitate
as FeOxHy, which is confirmed to be α-FeOOH by Rietveld
refined XRD pattern (Figure S9). Hence, the observed activity
increment could be attributed to α-FeOOH precipitate
adsorbed onto the catalyst electrode. However, as shown in
Figure 3d, α-FeOOH exhibited poor OER activity and quick
deactivation during 50 CV scans, indicating that the precipitate
of α-FeOOH should not be the cause of the boosted OER
activity. On the other hand, Fe3+spiked ions also could be
deposited onto the catalyst electrode and thus gave rise to
OER activity. This is evidenced by the enhanced OER currents
of pure acetylene black (AB) carbon and blank glassy carbon
electrode (GCE) cycling in Fe-spiked KOH electrolyte (Figure
S10). Meanwhile, it is noteworthy that the absence of SC leads
to negligible OER currents and inferior enhancement effect
(Figure S10 and Figure 3e), suggesting that the interaction
between Fe3+spiked ions and SC surface is critical to the
observed high activity.
As previously has been proposed, the surface amorphization

of a perovskite oxide during oxygen evolution in alkaline
solution is resulted from the dissolution of metal cations (both
A-site and B-site cations) and the quick redeposition of almost
insoluble B-site cations on the oxide surface.15−17 Accordingly,
it is speculated that the Fe3+spiked ions accumulated in the
vicinity of SC amorphous surface participate in the
dissolution/redeposition cycle along with Co ions,23 yielding
Co/Fe (oxy)hydroxide akin to the reconstructed surface layer
of SCF02. This speculation is further supported by the almost
unchanged OER activity of SCF02 cycling in Fe-spiked KOH
(Figure S11).
2.4. Activity Comparison between SC, SC + Fe3+, and
SCF02

To estimate the specific activity (is), the OER current is
normalized to the oxide surface area as determined by BET
measurement. As shown in Figure 4a, SC demonstrated a
specific activity superior to that of rutile IrO 2 nanoparticles,

41

in agreement with preceding reports that cubic SC perovskite
is a promising OER catalyst.24,25 Incorporation of Fe either by
bulk doping (SCF02) or surface decorating (SC + Fe3+)
markedly enhanced the OER activity of SC, resulting in

catalytic performance comparable to that of BSCF.12 Besides,
Fe incorporation reduces the Tafel slope of SC from 75 to 60
mVdec−1 for SCF02 and 49 mVdec−1 for SC + Fe3+. The
decrease in Tafel slope can be explained by that the presence of
Fe sites, which have recently been recognized to be catalytically
active for OER,21,22,42,43 varies the rate-determining step of
OER on Co-based catalyst.44,45 As has been found for
Co1−xFexOOH that the Tafel slope is sensitive to the Fe
content,22 the small difference in the Tafel slope between SC +
Fe3+ and SCF02 may be due to that the Fe content present in
the surface of SC + Fe3+ is slightly different from that of SCF02
(Figure S12). Moreover, as reflected in the electrochemical
impedance spectra (EIS) (inset of Figure 4a), the charge
transfer resistance of SC was steeply decreased after Fe
incorporation, indicative of an increase in charge transfer
rate.6,46

As discussed in previous sections, the ordered surface
structures of SC and SCF02 after 100 CV scans in 0.1 M KOH
evolved into disordered (oxy)hydroxides rich in B-site cations,
while their bulk phases remained crystalline. When amorphized
SC undergoes further cycling in Fe-spiked KOH, Fe3+spiked ions
in the electrolyte can be incorporated into the CoOxHy surface
layer via involvement in the dissolution/redeposition process
of hardly soluble TM cations,15−17 leading to (Co/Fe)OxHy
resembling the amorphous surface of cycled SCF02. Therefore,
the structure−activity relationship between SC, SC + Fe3+, and
SCF02 is depicted by the schematic shown in Figure 4b.
Merely with Fe ions decorated on the surface, SC + Fe3+

exhibited specific activity (∼3.4 mA cmoxide
−2 at 1.6 V vs RHE)

superior to that of SC (∼0.5 mA cmoxide
−2 at 1.6 V vs RHE),

indicating that the OER catalysis is highly sensitive to the
surface environment as opposed to the remaining bulk phase.
This conclusion is further supported by the comparison
between SC + Fe3+ and SCF02. Given their similarity in
measured OER activity and surface (oxy)hydroxide layer, their
remaining perovskites (SC and SCF02), which are different
from each other in B-site composition and bulk electronic
structure (Figure S13), have little difference in influencing the
OER activity and thus are expected to play a negligible role.
Based on the above discussion, new insights possibly need to
be brought into the correlation ever found between the OER

Figure 4. (a) Tafel plots for SC (100th cycle), SCF02 (100th cycle), and SC + Fe3+ (2nd cycle in Fe-spiked KOH) normalized to the oxide surface
area. The benchmark catalysts, IrO2

41 and BSCF,12 are included for comparison. Error bars represent the standard deviation from three
independent measurements. The inset shows the EIS of SC, SCF02, and SC + Fe3+ recorded at 1.6 V vs RHE. (b) Schematic illustration of the
structure−activity relationship between SC, SC + Fe3+, and SCF02. The specific activity at 1.6 V vs RHE is used as the metric for activity
comparison. Sr, Co, and Fe atoms are shown as green, blue, and gold balls, respectively. For simplicity, the residual Sr in the surface layers and
oxygen atoms in the surface as well as the bulk are omitted.
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activity and the bulk properties of initial catalysts. For
perovskite oxides undergoing reconstruction, the real active
phase can be different from the as-synthesized one, and it is
more reasonable to explore the links between the bulk
chemistry of the precatalyst, the behaviors of surface evolution,
and the observed catalytic performance.

3. CONCLUSIONS
In summary, both SC and SCF02 perovskites underwent
surface amorphization during electrochemical cycling in 0.1 M
KOH, along with the mass loss of Sr. With the spiking of 0.1
mM Fe3+ into the electrolyte, the apparent OER activity of SC
was boosted due to the incorporation of Fe3+spiked ions into the
amorphized surface of SC. This observation emphasizes the
decisive role of the oxide−electrolyte interface in governing the
catalytic performance. In addition, SC + Fe3+ and SCF02
catalytic systems, with similar surface Co/Fe (oxy)hydroxide
layer and different bulk phase, exhibited comparable activities,
further evidencing the little impact of the remaining perovskite
on the OER activity. Our study highlights the importance of
understanding factors controlling reconstruction behaviors for
future catalyst design, as the in situ derived species account for
the activity. The approach used in this study is also applicable
for investigating the roles of reconstructed surface and
remaining bulk for other oxide families such as spinel.

4. EXPERIMENTAL SECTION

Material Synthesis

SrCo1−xFexO3−δ (x = 0, 0.05, 0.2 and 0.5) perovskites were
synthesized via a sol−gel method. In brief, stoichiometric amounts
of strontium nitrate (Sr(NO3)2), cobalt nitrate (Co(NO3)2·6H2O)
and iron nitrate (Fe(NO3)3·9H2O) were dissolved into a solution
containing ethylenediaminetetraacetic acid (EDTA), ammonium
hydroxide (NH4OH), and citric acid (C6H8O7). After being heated
and continuously stirred at 260 °C for several hours, the solution
became a homogeneous gel, which subsequently was heated at 200 °C
in an oven to form a precursor. Next, the precursors of
SrCo1−xFexO3−δ (x = 0.05, 0.2, and 0.5) were calcined at 1000 °C
for 5 h in air. For the successful synthesis of SrCoO3−δ with cubic
phase, its precursor underwent calcination at 1000 °C for 12 h and
subsequently quenching in air. After that, the SrCoO3−δ sample was
further annealed under an oxygen atmosphere at 300 °C for 96 h.47

Physical Characterization

XRD patterns of samples were collected using a Bruker D8 Advance
XRD with Cu Kα radiation (λ = 1.5418 Å) at a scan rate of 2° min−1.
The Rietveld refinement of XRD patterns was performed with the
open-source software GSAS and EXPGUI interface.48 HRTEM was
performed on a JEOL 2010F transmission electron microscope at 200
kV. SEM images of samples were recorded on a JEOL 6340F at 5 kV
accelerating voltage. The BET specific surface areas of perovskite
oxides were measured with ASAP Tristar II 3020. XPS spectra were
collected on PHI-5400 equipment using Al Kα beam source (250 W)
and position-sensitive detector. ICP-MS analysis was conducted on an
Elan DRC-e ICP-MS.

Density Functional Theory Calculation

Density of states (DOSs) were calculated using the Vienna ab initio
simulation package (VASP)49,50 with the projector-augmented wave
(PAW) approach51 and the Perdew−Burk−Ernzerhof (PBE)
exchange-correlation functional.52 To account for the strongly
localized d-electrons, effective Hubbard U parameters of 3.3 and 4.0
eV were used for Co and Fe, respectively.53 Structural models for
calculation were 2 × 2 × 2 cubic perovskite supercells. The Brillouin
zone was sampled in a 6 × 6 × 6 mesh, and the energy cutoff was set
to be 520 eV.

Electrode Preparation and Electrochemical
Characterization
For the preparation of oxide electrodes, 5 mg of oxide catalysts, 2 mg
of AB carbon, 750 μL of deionized water, 225 μL of isopropanol, and
25 μL of Nafion were mixed and ultrasonicated for 30 min to prepare
the homogeneous ink of catalysts. Next, 10 μL of ink was drop-casted
onto a GCE with the geometric surface area of 0.196 cm2, yielding a
mass loading of 255 μgoxide cm

−2
disk. The preparation of pure carbon

(AB) electrode followed the above procedures except that the oxide
catalyst was excluded from the ink.

Electrochemical measurements were conducted in a three-electrode
plastic cell on a Biologic SP150 potentiostat. A GCE, a platinum wire,
and a saturated calomel reference electrode (SCE) were used as the
working electrode, the counter electrode, and the reference electrode,
respectively. The 0.1 M KOH electrolyte used for electrochemical
measurements was prepared from KOH pellets (Sigma-Aldrich,
99.99%) and Milli-Q water (18.2 MΩ·cm) to avoid the interference
from Fe impurity.31 According to ICP-MS analysis, the trace Fe in the
0.1 M KOH solution was less than 1 ppb. Magnetic stirring was used
to remove bubbles from the working electrode surface and make the
Fe3+spiked homogeneously dispersed in the electrolyte. The OER
currents measured by CV at a scan rate of 10 mV s−1 were
capacitance-corrected by averaging the forward and backward CV
scans. The applied potentials were iR-corrected with the measured
current i and the uncompensated ohmic electrolyte resistance R (∼45
ohm) determined by EIS measurements. All EIS measurements were
recorded at 0.6 V (vs SCE) with frequencies ranging from 105 to 10−1

Hz and an AC voltage amplitude of 10 mV. All potentials were
referenced to the reversible hydrogen electrode (RHE) scale (RHE =
SCE + 0.245 + 0.059 × pH) unless otherwise stated.

Influence of Fe3+ Spiking on the pH of 0.1 M KOH
Electrolyte
0.1 M aqueous Fe(NO3)3 solution was prepared from Fe(NO3)3·
9H2O and Milli-Q water. For the preparation of 0.1 mM Fe3+-spiked
KOH electrolyte, 0.05 mL of 0.1 M Fe(NO3)3 solution was spiked
into 50 mL of 0.1 M KOH solution. The addition of aqueous solution
changed the overall OH− concentration to be

0.1 M 50 mL
50 0.05 mL

0.0999001 M
×

+
=

(1)

Then, supposing that all of the Fe3+spiked ions were precipitated, the
OH− concentration was reduced to be

(0.0999001 M 50.05 mL) (0.1 M 0.05 mL 3)
50.05 mL

0.0996004 M

× − × ×

= (2)

Hence, the pH of 0.1 mM Fe3+-spiked KOH electrolyte was
changed from pH 13 to be

14 log (0.0996004) 12.9982610+ = (3)

Accordingly, the spiking of 0.1 mM (or less) Fe3+ into 0.1 M KOH
solution results in a negligible variation of the pH value.

Even if the concentration of Fe3+ spiked into 0.1 M KOH solution
is as high as 1 mM, the pH will be changed to 12.98245 (the
calculation process follows the above steps). This minor variation in
pH value (0.01755) will make the applied potential (Eapplied vs RHE)
reduced by ∼1 mV, which is small enough to be not corrected for.
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