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ABSTRACT: Perovskite electrocatalysts like strontium cobal-
tite (SrCoOx, denoted as SCO) experience dynamic changes in
both surface and bulk during the oxygen evolution reaction
(OER), rather than remaining static. This dynamic, electro-
chemically driven evolution in composition, structure, and ionic
defects (e.g., oxygen vacancies) can strongly impact the OER
activity and stability. Yet, the current lack of quantitative
information on these processes impedes a precise and
predictive evaluation of the individual and combined effect of
both bulk and surface transformations. Here, using epitaxial
SCO thin films as a model system, we demonstrate that SCO is
a bulk and surface redox-active OER electrocatalyst that
undergoes a bulk phase transition via electrochemically induced
oxygen intercalation, as well as a surface phase transition toward Co (oxy-)hydroxide. Specifically, applying a suite of operando
and ex situ characterization we established a reliable relationship between oxygen nonstoichiometry, optical density, and
conductivity as a function of applied potentials. We further accurately quantify the evolution of oxygen stoichiometry in the
SCO bulk and the thickness of the formed surface secondary phase. Our work provides a reliable and generalizable workflow
and operando characterization toolbox for quantitative assessment of surface and bulk transformations in oxygen-deficient
perovskite electrocatalysts.
KEYWORDS: perovskite oxides, thin film, oxygen evolution reaction, phase transitions, operando characterization

INTRODUCTION
Perovskite-type oxides (ABO3) have emerged as one of the
most promising electrocatalyst candidates for catalyzing the
oxygen evolution reaction (OER) because of the tunable
chemical compositions and electronic structures through
modulating the A-site and B-site cations, as well as precisely
controlled ionic defect concentrations.1−5 Observations in
recent years have shown that these oxide electrocatalysts
undergo dynamic changes during OER. These changes affect
the chemical composition and electronic structure of the both
surface and bulk of electrocatalysts and depend on the applied
current and potential load.6 This revelation contrasts sharply
with the conventional view that assumes a static composition
and structure of the bulk solid electrocatalyst.7−9 Importantly,
the dynamic surface and bulk properties rather than the static
as-prepared case determine the OER performance. However,

the current relevant literature is mostly qualitative, lacking
quantitative insights. This absence of quantitative assessment
hampers the precise evaluation and predictive utilization of
both individual and combined effects of dynamic bulk
compositional changes and surface structural evolution on
catalytic activity.
First, in the bulk, ionic defects (most prominently in the

form of oxygen vacancies) in perovskite oxides and overall
changes in composition directly impact electronic structure
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and active sites. Various studies have demonstrated that oxygen
vacancies in perovskite oxides can be controlled by external
electrochemical driving forces.10−12 Especially the more recent
findings of oxygen vacancy concentration control at room
temperature in aqueous electrochemistry mandate careful
consideration and especially quantification of bulk defect
levels during dynamic changes of perovskite electrocatalysts
under OER conditions. In high-temperature electrochemical
reactions, the role of defect concentration, usually quantita-
tively understood by using so-called Brouwer diagrams,13 is
explicitly considered when modeling reaction kinetics. Defect
concentration is directly related to the oxygen nonstoichiom-
etry, and can be finely manipulated either chemically or
electrochemically.13−15 In contrast, the understanding of
oxygen defects at room temperature under aqueous electro-
chemical conditions is still evolving, making it crucial to
establish a clear quantitative relationship between defect
concentration (i.e., oxygen nonstoichiometry) and applied
potential.
Second, at the catalyst surface, the formation of transition

metal oxyhydroxides is widely observed at the solid/electrolyte
interfaces of the perovskite electrocatalyst family.2,9,16,17 The
formed surface secondary phase has been experimentally
evidenced as surface-active species for catalyzing OER (e.g.,
NiOxHy on LaNiO3−δ,

2 CoO(OH) on La0.6Sr0.4CoO3−δ
9).

Again, these observations were so far mainly limited to
phenomenological discussions without quantification. More-

over, post-mortem characterization was often used in the
literature to reveal the formation of oxy-hydroxide at
surfaces,18,19 but this approach cannot elucidate the dynamic
surface structure evolution during the reaction. Therefore,
there is an urgent need to develop operando techniques to shed
light on and quantify the surface and bulk changes of
perovskite oxide electrocatalysts under reaction conditions.
In this work, we selected epitaxial single-crystalline

SrCoO2.5+δ (SCO, oxygen nonstoichiometry is denoted by δ)
thin films as a well-defined model system to investigate
dynamic transformations. The well-controlled geometry,
composition, and crystal facets of the SCO thin films, and
the previously observed coexistence of pronounced surface and
bulk transformations with applied potential make SCO thin
films an ideal starting point for rationally designed operando
characterization techniques. The dynamic changes of oxygen
nonstoichiometry in SCO were precisely quantified as a
function of applied potentials through coulometric titration.
The evolution of the electronic conductivity of SCO was
tracked by operando conductivity measurement, which revealed
a direct correlation with the bulk oxygen nonstoichiometry
change. Surface-sensitive characterization techniques con-
firmed a surface phase transformation toward a cobalt (oxy-
)hydroxide layer and identified the electrochemically induced
Sr leaching as the driver for the formation of the new surface
phase. Importantly, we successfully quantified the thickness of
the formed cobalt oxyhydroxides surface secondary phase

Figure 1. Phase transition of SCO during electrochemical reaction. (a) Schematic diagram of the three-electrode setup for electrochemical
measurement on epitaxial thin film. (b) Chronopotentiometry (CP) measurement on as-prepared brownmillerite phase SrCoO2.5 (BM-
SCO). The bottom x-axis represents the transferred charge n per formula unit starting material. The inset shows optical images of the sample
before and after the test. (c) High-resolution X-ray diffraction of the BM-SCO (pristine) and P-SCO (post-CP). Inset: 2θ-ω scan of the
(002) diffraction peak of P-SCO. (d) Reciprocal space mapping of BM-SCO and P-SCO.
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under OER conditions by various methods, including operando
conductivity measurement, scanning transmission electron
microscopy, and operando UV−vis spectroelectrochemistry.
The results from multiple techniques were found to be
quantitatively consistent, establishing a reliable relationship
between optical density, conductivity, and oxygen non-
stoichiometry as a function of applied potentials. This marks
a notable advance over previous studies, which were limited to
qualitative observations. While the precise quantification of
bulk oxygen nonstoichiometry and surface secondary phase
was demonstrated using SCO as a proof of principle, we
believe that our proposed operando techniques toolbox is
generalizable to other OER electrocatalyst thin films. It thus
enhances quantitative understanding of both bulk and surface
dynamic evolution and phase transitions, and important
ingredient for the design of OER electrocatalysts.

RESULTS AND DISCUSSION
Oxygen Intercalation in Strontium Cobaltite from

BM-SCO to P-SCO via an Electrochemical Reaction.
Brownmillerite phase SrCoO2.5 (BM-SCO) thin films with a
thickness of ∼25 nm were epitaxially grown on (001)-oriented
LSAT substrates using pulsed laser deposition (PLD) (see
details in Methods). We conducted electrochemical measure-
ments employing the thin film as a working electrode in a
three-electrode setup (Figure 1a). We carried out chronopo-
tentiometry (CP) measurements with a constant current
density of 8 μA cm−2 on as-prepared BM-SCO in 0.1 M KOH.

Figure 1b shows the electrochemical response of SCO during
the oxidation process. Since we applied a constant current, we
can calculate the transferred charge easily, which is then
normalized to the volume of the starting BM-SCO. We
observed the appearance of multiple potential plateaus in the
E−t (voltage−time) curve, indicating the formation of multiple
SCO intermediate phases with different oxygen contents.20,21

Additionally, we found that the sample shows varying optical
colors from brownish to gray before and after the CP test,
respectively (Figure 1b inset), further indicating the presence
of bulk transformation in SCO. To provide direct evidence of
structural changes in SCO, we performed high-resolution X-ray
diffraction (HRXRD) on samples before and after the CP test,
as shown in Figure 1c. The half-order (002) peak, considered
as the fingerprint of the BM phase due to its origin in the
layered oxygen vacancy structure,22 disappeared after electro-
chemical oxidation and new diffraction peaks of perovskite
phase SrCoO2.5+δ (P-SCO) were present, suggesting that the
film was transformed from BM phase to P phase. The clear
Laue fringes in the (002) diffraction peak of P-SCO (∼47.8°)
and the rocking curve measurement (Figure S1) indicate the
high crystalline quality of the film throughout the topotactic
phase transition. Reciprocal space mapping (RSM) further
confirms the formation of the perovskite phase through the
dramatic change of out-of-plane lattice parameter from 3.97 Å
(BM-SCO) to 3.80 Å (P-SCO). The film remained fully
strained to the substrate, as evident from the in-plane lattice
parameter (Figure 1d). Thus, our electrochemical results and

Figure 2. Oxygen nonstoichiometry and conductivity in SCO as a function of applied anodic potentials. (a) Schematic I−t plot under a
constant potential, showing the procedure of integrating passed charges. (b) Section of the chronoamperometry measurement showing
different constant anodic potentials (blue) with the current responses (red). (c) The changes of oxygen nonstoichiometry (δ) and chemical
capacitance (Cchem) at different applied anodic potentials. (d) Schematic of the dual-working-electrode experimental setup for operando
conductivity measurement. An O-ring is used to keep the contact electrode away from the electrolyte. (e) The current response of WE1 and
WE2 under potential step voltammetry during the first test. (f) The measured conductivity of SCO at different applied potentials in two test
cycles. Error bars indicate the deviation of measured currents under a nonsteady state of the sample (marked by the gray shading in Figure
2e).
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structure characterization corroborate that SrCoO2.5+δ is a
bulk-redox OER electrocatalyst, going through the BM → P
phase transition via electrochemically induced oxygen
intercalation.
Dynamic Bulk Transformation in SCO: Oxygen

Nonstoichiometry Quantification and Operando Con-
ductivity Measurement. Since we have confirmed that the
SCO electrocatalyst undergoes a phase transition from BM to
P during the OER test, it is evident that the oxygen content in
SCO changes significantly as the anodic potential increases
during the electrocatalytic reaction. This varying oxygen
content, or different oxygen vacancy concentrations in SCO,
will induce changes in the electronic structure, thereby greatly
influencing the electrocatalytic activity of SCO.23,24 To
quantitatively understand how the oxygen content in SCO
electrocatalysts varies with the applied electrochemical
potential, we performed a coulometric titration method to
quantify the change of oxygen nonstoichiometry (δ) in SCO
from SrCoO2.5 to SrCoO2.5+δ as a function of applied potential
(i.e., the oxygen chemical potential). From a defect chemical
perspective, this is equivalent to deriving a partial Brouwer
diagram. Figure 2a shows the example of calculating trans-
ferred charges (Q) in SCO from an I−t plot under a certain
applied potential. The δ is calculated using the equation below:

= QV
n Ve

u.c.

film (1)

where Q represents the number of transferred charges, n
denotes the charge per intercalated oxygen ion (in this case, n
= 2), e is the elementary charge, and Vu.c. represents the volume
of the unit cell of SCO. To calculate the Vu.c., the out-of-plane
lattice parameter of as-prepared BM-SCO was used from
HRXRD data in Figure S1 and we assume that the in-plane
lattice parameter remains unchanged during the phase
transition process based on the RSM result from Figure 1d.
Vfilm is the volume of the thin film that is exposed to the
electrolyte (Vfilm = π × r2 × tfilm, where r is the inner radius of
O-ring and tfilm represents the film thickness). Figure 2b shows
a section of the I−t plot of the chronoamperometry
measurement. At a potential step, one generally expects a
current peak with exponential decay due to the capacitive
charging of the electrical double layer. The transient current
response under 1.19 V vs reversible hydrogen electrode
(denoted as RHE, all the potentials in this work are referenced
to RHE) did not exponentially decrease with elapsed time,
instead showing a pronounced peak shape, indicating an
oxygen intercalation process. This phenomenon suggests a
phase transition occurring at this potential, similar to the
electrochemical response previously reported on LixFePO4.

25

To rule out the contribution of electrochemical double-layer
capacitance (denoted as CEDL) on the calculated δ, we
compared the values of the chemical capacitance (denoted as
Cchem), a measure of the capability of chemical charge storage
of a material, and estimated oxide CEDL (see details in
Supporting Note 1 and Figure S2). The contribution of CEDL is
negligible and the integrated Q is attributed to Cchem, which
comes from the change in oxygen content. We further
calculated the δ as a function of applied anodic potential on
SCO and plotted it in Figure 2c. As the applied potential
increases from OCV to 1.165 V, the variation of δ is small,
indicating that the oxygen stoichiometry of SCO remains close
to 2.5. However, when the applied potential reaches 1.19 V, δ

significantly increases, suggesting the occurrence of the phase
transition. At this potential, more oxygen is incorporated into
the lattice, occupying the structural oxygen vacancies of the
BM phase. This observation aligns with the observed
appearance of the first plateau in Figure 1c. The assigned δ
is around 0.25, which is consistent with the known reported
intermediate phase of SrCoO2.75,

21,26 further validating the
results of the coulometric titration method for quantifying the
δ as a function of applied potentials. Furthermore, with a
continuous increase in the applied anodic potential, we observe
another prominent increase in δ at 1.365 V. This means that
the oxygen vacancy concentration in SCO still decreases with
increasing potentials and the threshold potential here is also
consistent with the response potential of the second plateau
observed in Figure 1c. We found that the SCO as an OER
electrocatalyst will accommodate a higher δ (i.e., lower oxygen
vacancy concentration) when increasing potentials compared
with the pristine sample.
The changes in oxygen nonstoichiometry can alter the

intrinsic electronic structure of the electrocatalysts, particularly
its conductivity, which is also linked to the activity of
electrocatalysts. To gain more insights into the transformations
induced by electrochemical reactions, we conducted an
operando conductivity measurement to track dynamic changes
in the SCO conductivity with varying applied potentials. As
depicted in Figure 2d, operando conductivity tests were
conducted in 0.1 M KOH by applying step potentials to two
individual working electrodes (denoted as WE1 and WE2)
simultaneously, while maintaining a specific potential offset
between these two electrodes to drive electrical conduction in
SCO (see details in methods). Typically, the extracted
difference in response currents between the two electrodes is
therefore twice the conductance current (2Icond, marked with
an arrow). Figure 2e shows a section of the current response of
WE1 and WE2 under potential step voltammetry during the
first test. We observed a pronounced change in the response
currents at a range from 1.165 to 1.190 V, indicating an
increase in conduction current (decrease in SCO resistance).
That means the BM → P phase transition is accompanied by a
semiconductor-to-metal transition. For a more quantitative
comparison, we further summarized the SCO conductance as a
function of applied potentials, as shown in Figure 2f. A detailed
discussion of the conductance derivation is provided in
Supporting Note 2. We observe a similar trend as for the
SCO oxygen nonstoichiometry with applied potentials.
Furthermore, the measured conductance of P-SCO is 4 orders
of magnitude higher than the BM-SCO, which is in agreement
with previous reports,10,21 further validating this operando
conductivity measurement method.
To identify any changes after applying cyclic OER

potentials, we repeated the potential step voltammetry
measurement from 0.94 to 1.59 V (Figure 2f). In both cycles,
the conductance of SCO shows a four-order magnitude
increase with increasing applied potentials. However, a
decrease in conductance was noted during the second test,
with a ∼24% decrease in conductance under higher anodic
potentials compared to the first test. As conductivity is an
intrinsic property of the material, we expect that a surface
transition toward a poorly conducting surface phase with
increasing thickness can account for the decreased con-
ductance in the second test, which is presumably Co
(oxy)hydroxide,9 a point to which we will return later.
Considering the comparably low conductivity of cobalt
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oxyhydroxide27,28 and the sample thickness data from X-ray
reflectivity measurements post second test (Figure S3 and
Supporting Note 2), we could approximately derive the
thickness of the formed surface phase (denoted as tsurf) using
the operando conductivity measurement, arriving at a tsurf of 5.0
± 0.1 nm while the bulk thickness of SCO (tbulk) is 15.9 ± 0.1
nm. We thus found that operando conductivity measurement
can serve dual purposes. Our method can both identify the
bulk phase transition of SCO electrocatalyst during the
electrochemical reaction by establishing a quantitative σ−E
relationship and further enables the estimation of the thickness
of the cobalt oxyhydroxide layer formed on the surface.
Surface Transformation in SCO: Electrochemically

Induced Strontium Leaching Process in SCO. To
investigate the changes in chemical composition on the surface
of SCO electrocatalysts, we performed surface-sensitive X-ray
photoelectron spectroscopy (XPS) to characterize the sample
surfaces. Two out of three thin film samples grown from the
same batch were tested under two different chronopotentiom-
etry conditions (current density j = 20 μA/cm2 and hold over
1200 s to yield the low passed charge, denoted as “low current
density”; current density j = 0.5 mA/cm2 and hold over 3200 s
to yield the high passed charge, denoted as “high current
density”) and the third served as the pristine state comparison.
Figure 3a shows the Co 2p spectra of SCO samples under
various states, which are collected under vacuum. Compared to
the pristine state, negligible change was observed in the Co
2p3/2 peak position (with the binding energy of ∼780.2 eV)
and shape of the post-test samples, whereas a satellite peak
showed a significant binding energy shift from ∼787 eV
(pristine state) to ∼790 eV (two operated states). This
apparent satellite peak (marked with “*”) toward high binding
energy indicates an oxidation state of Co3+ in the surface phase
after OER, which is consistent with recent reports for cobalt-
based OER electrocatalysts.9,29−31

Figure 3b shows that the Sr 3d spectra were deconvoluted
into two groups of Sr 3d5/2 and 3d3/2 peaks, corresponding to
two chemical environments of Sr: the surface component (high

binding energy, highlighted in blue) and the SCO lattice
component (low binding energy, highlighted in orange). To
compare the Sr/Co ratio of samples, the intensity of the Sr 3d
spectra was normalized to the Co 2p area. The high Sr/Co
ratio of the pristine sample suggests that the segregated Sr
cations formed a secondary phase on the SCO surface (Figure
S4), which is widely observed in Sr-containing perovskite
oxides.32,33 Then, we observed a dramatic decrease in the Sr/
Co ratio after the CP test holding at a low current, indicating a
process of strontium leaching under a given condition. A
similar decrease was noted on the sample operated at a high
current density. Regarding the peak shape, especially the
contribution of the Sr 3d bulk decreases compared to the
pristine state. To further rule out the potential effects of surface
contamination and chemical state changes in ex situ tests, we
conducted an in situ ambient-pressure X-ray photoelectron
spectroscopy (APXPS) experiment to analyze the evolution of
the surface chemical composition of SCO. As shown in Figure
3c, we collected XPS spectra before and after the electro-
chemical test, with the post-test spectra obtained after applying
the OER potential. The intensity of the Sr 3d spectra was
normalized to the Co 3p area. We observed a similar
decreasing trend in Sr, further confirming the existence of a
strontium leaching process on SCO during the electrochemical
test. We suggest that the observed XPS trends are caused by
the formation of oxyhydroxide-like surface phases, which are
similar for both operating conditions.
Structure Observations of Surface and Bulk in Post-

test SCO Electrocatalyst. To gain further insight into the
surface and bulk structures of SCO after the electrochemical
reaction, we performed scanning transmission electron
microscopy (STEM) imaging to analyze the structure and
chemical compositions of the sample after electrochemical
oxidation. Two potential step voltammetry measurements
(OCV to 1.59 V) were conducted on the as-prepared sample,
with an increment of 100 mV and a 10-min hold at each
potential step. Once the last measurement stopped at the final
high potentials (1.59 V), we removed the sample from the

Figure 3. X-ray photoelectron spectroscopy (XPS) analysis for sample surface composition. (a) Co 2p and (b) Sr 3d normalized to the Co 2p
area. (c) In situ ambient-pressure X-ray photoelectron spectroscopy (APXPS) of SCO. Comparison of Sr 3d, Co 3s, and Co 3p spectra before
and after the potential step voltammetry test, normalized to the Co 3p area. The spectra were collected under equilibrium water vapor
conditions at 10 °C (∼12 mbar). The inset shows the used electrochemical in situ APXPS experimental configuration.
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electrochemical cell. Lamella preparation and STEM imaging
were performed on the same day, aiming to avoid potential
post-experiment aging or relaxation. The cross-sectional high-
angle annular dark field (HAADF) image reveals the atomic
structure of the post-test SCO (Figure 4a). We find a highly
crystalline phase in the bulk alongside an amorphous or low
crystallinity phase at the film surface, both of which correspond
well with the XRD and conductivity results discussed above.
The surface layer exhibits periodic atomic structures in a small
portion of the region observed at higher magnification (Figure
4b,c), where we measured the interplanar spacing to be 0.237
nm, corresponding to the {101̅0} planes of CoOOH.34

Interestingly, we did not observe the formation of cracks or
amorphization in the bulk of SCO thin films as reported in a
recent study by Bosse et al.8 One possible reason for the
difference is that our SCO thin films were grown on LSAT
substrates, which has a smaller lattice mismatch with P-SCO
compared with the thin films used in the study by Bosse et al.8

This observation is in line with the suspected formation of a
cobalt oxyhydroxide-like phase on the SCO surface under OER
conditions, deduced from the operando conductivity and the ex

situ XPS measurements. Moreover, Figure 4c shows the well-
defined perovskite structure in the bulk phase, further
confirming the existence of BM → P phase transition in the
SCO electrocatalyst bulk. Next, we conducted the energy-
dispersive X-ray spectroscopy (EDS) on the thin film and
substrate to obtain the distribution of chemical compositions,
as shown in Figure 4d. We found that the concentration of Sr
on the surface is markedly/substantially lower than that of the
bulk, alongside a distinct Co enrichment at the surface. It is
evident that the surface of SCO thin film undergoes the Sr
leaching process and cobalt oxyhydroxide formation during
OER conditions, strongly supporting the aforementioned
expectation regarding the cause of the conductivity decrease
and the XPS results. Accordingly, we suggest that the cobalt
oxyhydroxide formation is the result of Sr leaching and cobalt
reconstruction.35 Further analysis was conducted by plotting
line profiles of EDS composition in the vertical direction, as
shown in Figure 4e. The spatial distribution of the three
cations (Sr, Co, and La) in Figure 4e and measured TEM
cross-section images (Figures S5 and S6) in 10 different
locations enable us to determine the average thickness of the

Figure 4. Structure characterization of the post-OER sample. (a) HAADF-STEM images of SCO after two cycles test. (b,c) Magnified
HAADF-STEM images of surface and bulk area in (a). (d) Energy-dispersive X-ray spectroscopy (EDS) distribution of thin film and LSAT
substrate. The dotted lines are guides to the eye to show the interface. (e) Line profile of elemental distribution from EDS mapping,
extracted from the red marker in (d).
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surface (∼5.4 ± 0.6 nm) and bulk phases (∼16.0 ± 1.2 nm) in
the thin film. We also noticed the inhomogeneous thickness of
the tested sample, which we suggest is linked to the strontium
leaching process. Nevertheless, these values are nearly identical
to what we obtained through the conductivity analysis,
validating our approach of quantifying the thickness of surface
and bulk phases in the electrocatalyst using operando
conductivity measurements.
Probing the Surface and Bulk Phase Transitions of

SCO during OER Using Operando UV−Vis Spectroscopy.
Beyond using electrical properties to quantify the formed
surface phase thickness, we also use optical properties for
gaining further insights, which diversify our methods and offer
cross-validation with the aforementioned conductivity meas-
urements, thus improving the reliability and accuracy of the
results. The results from the operando UV−vis spectroscopy, as
we will show in the following, quantitatively agree and further
corroborate our findings above from operando conductance
measurement and ex situ characterizations. Figure 5a,b shows
the correlation between the optical density change (ΔOD) and
applied potentials across the entire wavelength range for two
consecutive measurements. We observed variations in optical

density across the applied potential range (from OCV to 1.59
V), most notable at λ = 700 nm, indicating that the ΔOD at
this wavelength provides the optical information for the
sample. The correlation of ΔOD at λ = 700 nm with increasing
potentials with the characteristic redox features in cyclic
voltammetry (CV) is shown in Figure 5c. We note a
pronounced increase in ΔOD at 1.19 and 1.39 V, aligning
with the observed redox features in the CV plot (Figure 5c) as
well as in Figures 1 and 2. In the second potential step
voltammetry measurement, we observed a lower ΔOD from
1.19 to 1.59 V compared to the first potential step voltammetry
measurement. This indicates that the species contributing to
optical density vary. We assume that the main contributions
stem from bulk BM-SCO at low potential, bulk P-SCO at high
potential, and a variable contribution of the surface layer, in
which the oxygen and hydrogen composition of CoOxHy as
well as the surface layer thickness may depend on the applied
potential and cycles. Furthermore, we found that the potential
corresponding to the onset of ΔOD change aligns with the
aforementioned CP measurement (Figure 1) and the
conductance measurement (Figure 2), suggesting a consistent
behavior across different measurement techniques. To extract

Figure 5. Operando UV−vis spectra as a function of applied potentials for SCO in 0.1 M KOH. (a) First potential step voltammetry test. (b)
Second potential step voltammetry test. (c) Extracted optical density (OD) changes at λ = 700 nm as a function of the applied potential. The
right y-axis shows the current density from cyclic voltammetry of SCO at 10 mV/s.

Figure 6. (a) Summarizing the relationship between the optical density change (ΔOD), conductivity (σ), and δ in SCO electrocatalyst as a
function of applied potentials. (b) Schematic diagram of investigating surface and bulk phase transitions at the SrCoOx through operando
techniques.
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more information about the surface phase from optical density
data, we performed operando spectroelectrochemical testing on
electrodeposited cobalt hydroxide (CoOxHy) thin films to
obtain the spectral response of CoOxHy electrocatalyst as a
reference (Figure S8). Subsequently, we quantitatively
determined the extinction coefficients for CoOxHy and P-
SCO, respectively (see details in Supporting Notes 3, 4, and
Figure S9). This analysis enabled us to estimate the thicknesses
of the surface (4.3 ± 0.7 nm) and bulk phases (17.2 ± 0.7 nm)
formed after the second potential step voltammetry measure-
ment. The UV−vis results are quantitatively consistent with
those obtained from the conductivity and STEM analyses. Our
findings confirm the applicability of operando UV−vis
spectroelectrochemistry in detecting the formed surface layer
on electrocatalysts under operation conditions.
The established quantitative relationships of physical

properties (such as optical density ΔOD and conductivity σ)
as well as oxygen nonstoichiometry δ as a function of potential
E are illustrated in Figure 6a. The quantitatively consistent
trends observed among these parameters with increasing
applied potentials emphasize our capability to effectively
establish quantitative ΔOD (and σ, δ) ∼ E correlations
through the combination of the methods we discussed. The
three quantities are all dependent on E and exhibit a sharp
increase at the phase transition potential. This one-to-one
correspondence of physical and chemical properties with
oxygen nonstoichiometry will aid in constructing a complete
Brouwer diagram for the room-temperature defect chemistry of
perovskite electrocatalysts. This, in turn, will enhance our
understanding of the role of oxygen vacancies in the context of
room-temperature electrocatalysis. Additionally, during elec-
trochemical cycling tests, we observed both surface and bulk
phase transitions at the SCO (Figure 6b). The δ change with
applied potentials was precisely quantified in SCO bulk (E →
δ). Meanwhile, the SCO surface becomes depleted due to Sr
leaching, and a cobalt (oxy)hydroxide layer forms at the
surface under OER conditions. We successfully quantified the
thickness of the formed surface layer and bulk after
electrochemical tests through E → σ and E → ΔOD obtained
from operando measurements. Given that cobalt (oxy)-
hydroxides have been reported to actively catalyze the
OER,9,16,36 the proposed operando techniques for quantifying
the formation of (oxy)hydroxides on the catalyst surface are
particularly valuable. These techniques lay the foundation for
future studies to differentiate the effects of surface and bulk
changes on the OER activity, thereby deepening our
understanding of the dynamic solid/liquid interface behavior
in perovskite oxide OER catalysts.

CONCLUSIONS
In summary, we utilized epitaxial single-crystal SrCoOx thin
films as a model system to explore dynamic surface and bulk
phase transitions at the SrCoOx. We experimentally found that
SrCoO3−x acts as a bulk-redox OER electrocatalyst, undergoing
the brownmillerite to perovskite phase transition through
electrochemically induced oxygen intercalation. By employing
coulometric titration, we quantitatively assessed the oxygen
nonstoichiometry in the SCO electrocatalyst as a function of
applied potential. A pronounced decrease in oxygen vacancy
concentration within the bulk catalyst under applied anodic
potentials challenges the concept of “frozen” point defect
concentration in oxides at room temperature. Correspondingly,
the intrinsic conductivity of SCO, determined through

operando conductivity measurements, demonstrates a remark-
able increase by 4 orders of magnitude with increasing applied
potentials, underscoring the occurrence and relevance of bulk
phase transitions. By analyzing conductivity changes before
and after two experimental runs, we inferred the thickness of
the Co-rich secondary surface phase that formed during the
surface transformation. Moreover, XPS and STEM analyses
confirmed that the surface of the SCO catalyst underwent
strontium leaching and the formation of amorphous cobalt
(oxy-)hydroxide. Additionally, the thickness of the surface
layer under OER conditions quantified through operando UV−
vis spectroelectrochemistry was corroborated by the con-
ductivity tests and STEM results. This integration not only
facilitated the establishment of a robust quantitative relation-
ship between optical density, conductivity, oxygen non-
stoichiometry, and potential but also provided a reliable
experimental framework for quantitatively investigating surface
and bulk transformations in oxygen-deficient perovskite
electrocatalysts. We envision that the proposed methodology
can be coupled with additional operando characterization
techniques, such as high-resolution thin-film X-ray diffraction,
offering a powerful complementary approach to delineate the
roles of dynamic surface and bulk transformations in the
activity and stability of perovskite electrocatalysts.

METHODS
Thin-Film Preparation. Epitaxial SrCoO2.5 thin films were

deposited on single-crystal l ine (001)-orientated (LaA-
lO3)0.3(SrAl0.5Ta0.5O3)0.7 (LSAT) substrates through pulsed laser
deposition (NanoPLD, PVD products, Inc.). A KrF excimer laser was
operated with a fixed laser fluence (1.0 J cm−2) and the repetition rate
was 5 Hz. The growth temperature was 850 °C with 100 mTorr
oxygen partial pressure. We used double-side polished LSAT
substrates for the operando UV−vis spectroscopy measurement and
a custom-made mask to deposit a 3 × 8 mm2 SrCoO2.5 thin film bar
for operando conductivity measurement.
Thin-Film Characterization. The crystal structures of the thin

films were characterized by high-resolution X-ray diffraction
(HRXRD, Bruker D8 Discover) with monochromatic Cu Kα1
radiation and conducted in a parallel-beam geometry. X-ray
reflectivity (XRR) was conducted to measure the thickness of
samples. The surface chemical composition and valence state of thin
films before and after the electrochemical test were obtained by using
X-ray photoelectron spectroscopy (XPS, Thermo Fisher Nexsa G2)
with a monochromatic Al K-alpha X-ray source. The binding energy
scale of all XPS spectra has been calibrated by shifting the peak of
adventitious carbon C 1s to 284.8 eV. Typically, we remove surface
KOH residue on post-test samples by rinsing with deionized water
multiple times before we transfer them to the analysis chamber. The
cross-sectional TEM lamella was prepared by focused ion beam (FIB)
milling. To avoid beam damage on the thin film surface, a protective
carbon capping layer was sputtered over the surface before the milling.
This procedure was found to result in negligible surface damage.18

The atomic structure of the thin film was characterized by STEM
(Thermo Scientific Spectra 300) with an acceleration voltage of 300
kV. The surface and bulk chemical composition of the sample was
analyzed via a Super-X G2 EDS detector. All post-test samples for
characterizations (HXRD and XPS) were taken within 30 min of the
end of the electrochemical tests. Regarding the TEM measurement,
the sample was promptly removed from the electrochemical cell after
applying a high oxidation potential and rinsed with deionized water. It
was then transferred to the FIB chamber within 10 min for TEM
lamella preparation. Despite this rapid transfer, structural relaxation,
evidenced by partial BM phase structures, was observed during TEM
testing. Notably, more BM phase regions were detected after the
sample remained in the TEM vacuum chamber for 1 day,
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underscoring the importance of exercising caution in the TEM
measurement of SCO (Figure S10).
Electrochemical Characterization. Electrochemical measure-

ments were performed utilizing a bipotentiostat (SP-300, Biologic)
within a three-electrode configuration, where the counter electrode
and reference electrode were a Pt wire and a Hg/HgO electrode,
respectively. Before the electrochemical test, the reference electrode
was calibrated in 0.1 M KOH by the reversible hydrogen electrode
(RHE, HydroFlex) with a typical value of ∼0.890 V. As for the
working electrode, to enhance the electronic contact between the thin
film and tantalum plate, 50 nm thick Pt was sputtered on the thin film
with custom-made masks. The FFKM O-ring was applied to limit the
exposure area of the thin film to the electrolyte. A spectroelec-
trochemical flow cell (Spectro-EFC, redox.me) was used to conduct
regular electrochemical measurements and operando UV−vis spec-
troscopy experiments. A bottom magnetic mount electrochemical cell
(BMM EC, redox.me) was used for operando conductivity measure-
ment. All the measurements were conducted at room temperature.
In Situ APXPS Experiment. APXPS experiments were conducted

at the HIPPIE beamline, the MAX IV Laboratory with a photon
energy of 1600 eV.37 The electrochemical cell was connected with a
manipulator and arranged with a three-electrode setup configuration.
The Pt wire was a counter electrode (denoted as CE) and a leakless
Ag/AgCl served as the reference electrode (RE). The working
electrode (WE) consists of SCO, copper strip, and alkaline-resisting
epoxy, as shown in Figure S11. Specifically, to avoid charging effects
from the beginning, SCO thin film was grown on a conductive
Nb:STO substrate. The sample was first coated with silver paste on its
backside to make contact with a copper strip. Then, epoxy is used to
encapsulate the SCO sample and the copper strip, leaving only the
front side of the SCO thin film exposed. The 0.1 M KOH was
degassed in a separate chamber before being moved into the XPS
chamber. The beaker holder was cooled to 10 °C to lower the
equilibrium vapor pressure in the chamber. All the spectra were
collected under a water vapor pressure of ∼12 mbar.
Operando Conductivity Measurements. The operando con-

ductivity measurements were performed at room temperature,
following the recommended practices by Burke et al.27 The 50-nm-
thick Pt contacts sputtered on the two sides of the rectangle thin film
(3 × 8 mm2) to configure the dual-working electrode (denoted as
WE1 and WE2). The O-ring with 4.5 mm diameter was used to limit
the exposure area (3 × 4.5 mm2) of thin film to the electrolyte. The
experiment was performed in synchronized channels mode by using a
bipotentiostat equipped with an ultralow current module. WE1 was
subjected to potential steps ranging from 0.94 to 1.49 V vs RHE,
while WE2 applied a +10 mV offset based on the applied potentials of
WE1. Then the steady-state current was measured with 10 mV offsets
between WE1 and WE2 to calculate the conductivity current at
different applied potentials. This calculated current difference
represents the 2-fold conductance current, which is used for further
conductance calculation. Given the exponential rise in OER current at
higher potentials, which could potentially influence the measured
conductivity current, we implemented an additional strategy within
the 1.49−1.59 V potential range via alternating 5 mV steps. Initially,
identical potentials were applied to both electrodes for 1 min.
Subsequently, the potential on WE2 was increased by 5 mV and
maintained for an additional minute. The conductance currents were
extracted by calculating the difference in current response during
alternating the potential steps (Figure S12).
Operando UV−Vis Spectroelectrochemistry Experiments.

The spectroelectrochemical flow cell was used for the operando UV−
vis spectroscopy measurement in transmission mode. The SrCoO2.5
thin films were deposited on double-side polished LSAT single-crystal
substrates. The counter electrode, reference electrode, and electrolyte
were maintained consistent with those employed in the operando
conductivity measurements. We developed and incorporated a
synchronized trigger function for spectral acquisition and electro-
chemical testing, ensuring the acquisition of spectra aligned with
electrochemical results.38 Before testing the thin film, we placed the
bare LSAT single-crystal substrate in the cell and collected a reference

spectrum while it was in contact with the electrolyte. The spectra
platform consists of a deuterium-halogen light source (DH-2000-BAL,
Ocean Optics) and a UV−vis spectrometer (QE Pro, Ocean Optics).
The presented spectra were captured when the response current at
each constant potential (Chronoamperometry, OCV to 1.59 V vs
RHE) reached a steady state. The presence of bubbles made it
challenging to obtain accurate spectral data at higher potentials
(>1.59 V). Each spectrum was averaged for at least 1 s of data
acquisition. We assumed a constant optical density of the electrolyte
across the applied potential range. The optical density change (ΔOD)
represents the amount of optical density change relative to the open-
circuit voltage (OCV) condition.
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