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Abstract

Overcoming the slow kinetics of the oxygen evolution reaction at the anode is a

key challenge for the sustainable production of hydrogen via electrolysis. This reac-

tion operates at very positive potentials where the electrocatalyst is exposed to highly

oxidative conditions and prone to potential-dependent surface structural transforma-

tions. While substantial evidence for such surface restructuring exists, its extent and

relevance for the catalysts’ activity is unclear. We address this topic for the case of

Co3O4, one of the best known electrocatalysts exhibiting surface transformations, by

studies of epitaxial (111)-ordered electrodeposited films with combined operando sur-

face X-ray diffraction, electrochemical impedance spectroscopy, and electrochemical

measurements on rotating disk electrodes. Comparison of the as-prepared and the

annealed state of the same samples, which both are stable even under long-term oxy-

gen evolution conditions, provides clear insight into the role of surface defects. Our

results show that defect-free annealed Co3O4(111) surfaces are structurally stable over

a wide potential range and hydroxylate via adsorption at surface oxygen and Co sites.

Potential-induced surface restructuring of the Co3O4 lattice only occurs in the pres-

ence of surface defects, leading to the formation of the well-known nanometer-thick

oxyhydroxide skin layer. The presence of this skin layer promotes oxygen evolution

at low overpotentials, but results in higher Tafel slopes. As a result, highly ordered

Co3O4(111) surfaces are more active at high current densities than defective Co3O4

surfaces that undergo surface transformation. These results highlight that strategies

for catalyst surface defect engineering need to be application-oriented.
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Introduction

The need for efficient technologies for sustainable energy conversion has driven extensive

research on electrochemical and photoelectrochemical water splitting.1 Here, anodes for the

oxygen evolution reaction (OER) have been identified as a key bottleneck, due to the sluggish

kinetics of this electrocatalytic reaction. In alkaline to neutral electrolyte, the arguably most

important OER catalysts are transition-metal oxides, especially of cobalt, iron, and nickel,

which are highly efficient, stable, and abundant.2–6 In particular, cobalt-based materials have

been studied extensively by experimental methods4–21 as well as ab initio theory,21–29 aiming

to understand the microscopic processes of the OER at oxide-electrolyte interfaces and by

this enable a knowledge-based development of improved electrocatalysts.

It is nowadays well known that many electrocatalyst materials are not perfectly stable,

but transform under reaction conditions within a near-surface region.30,31 The restructuring

of the catalyst may be irreversible or highly reversible and be induced by the presence of

the electrolyte, the applied potential, or the reaction itself. OER catalysts are particularly

prone to surface restructuring, owing to the highly oxidative conditions during anodic oxygen

evolution. The relevance of such structural transformations for the catalytic properties

is a topic of strong current debate. It has been proposed that lability with respect to

structural transformations is of essential relevance for the catalyst’s activity.32,33 Cobalt

(hydr-)oxide electrocatalysts are a prime example for such effects. Operando studies have

revealed potential-dependent surface phase transformations on Co(OH)2,18 on (hydrated)

CoOOH,19 and, especially, on Co3O4 where highly reversible restructuring of the spinel

lattice in a near-surface region was observed by potential-dependent X-ray diffraction and

spectroscopic measurements.7,9–13

Studies of epitaxial Co3O4(111) thin film model catalysts, prepared by electrodeposition,

showed this structural transformation to start at potentials several hundred millivolt neg-

ative of the onset of the OER.10 The thickness of the transformed region, termed the skin

layer, changed with potential and ranged from ≤ 0.2 to 4 nm, depending on the prepara-
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tion conditions and morphology of the epitaxial film.11 Correlative surface X-ray diffraction

(SXRD) and X-ray absorption spectroscopy (XAS) studies indicated that the Co oxidation

state in the skin layer is 3+, suggesting a CoOOH phase.12 Co3O4(111) films prepared by

different procedures exhibited a pronounced increase in OER activity with increasing av-

erage thickness of the formed skin layer.11 Based on these results, it was suggested that

the entire skin layer is a three-dimensional reaction zone for the OER. Specifically, it was

found that samples prepared by pulsed vapor deposition (PVD) and annealing under ultra-

high vacuum (UHV) conditions remained almost skin layer free, i.e., showed only negligible

potential-dependent structural transformations. The latter samples were found to exhibit

considerable higher OER overpotentials, which was also confirmed in other studies of PVD-

prepared Co3O4(111) films.16,17 Interestingly, electrodeposited epitaxial CoOOH(0001) films

exhibited a similar OER activity as the most active Co3O4(111) films, although no surface re-

structuring and only minor changes in Co oxidation state were observed.10,12 The latter were

attributed to potential-induced surface hydroxylation. Indication for (irreversible) hydroxy-

lation of epitaxial Co3O4 model catalysts were also found for PVD-prepared films transferred

under oxygen-free atmosphere between UHV and electrochemical environment.14–17 In ad-

dition, these studies also indicated a larger thickness of the hydroxyl layer and higher OER

activity for (100)-oriented as compared to (111)-oriented Co3O4 films.17

All these model catalyst studies provide strong evidence that the preparation conditions

and the resulting sample morphology and surface defect structure have a pronounced in-

fluence on the tendency of Co oxide electrode surfaces towards restructuring and on the

electrochemical properties. These effects can be substantial and even exceed those of surface

orientation and chemical nature of the Co oxide. For example, the OER overpotentials at

1mA/cm2 of differently prepared Co3O4(111) films varied by as much as 120mV,11 despite

identical bulk structure and surface orientation. In contrast, the corresponding overpoten-

tials of PVD-prepared Co3O4(111) and Co3O4(100) films differed by only 30mV17 and those

of electrodeposited Co3O4(111) and CoOOH(0001) films by just 10mV. Understanding of
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these effects is urgently necessary to apply the insights obtained on model catalysts to real

oxide electrocatalysts and employ them for surface and defect engineering of these materials.

In this work, we directly tune the surface defect structure of Co3O4(111) model catalysts

and investigate the effect on the lability towards potential-induced surface transformations

and OER activity. We show that surface defects can be efficiently removed by thermal anneal-

ing, with drastic effects on the behavior observed in correlative structural and electrochemical

studies. In particular, we address these topics with a novel combination of operando SXRD

and electrochemical impedance spectroscopy (EIS) measurements, which allows to link the

catalyst (near-)surface structure with its detailed electrochemical response. By directly com-

paring the behavior before and after annealing, unambiguous clarification of the influence of

defects is possible. According to these experiments, thermal annealing can significantly affect

the structural transformation of the Co3O4 surface and can completely suppress reversible

skin layer formation, allowing to assess the skin layer’s effect on the individual sub-processes

of the OER identified by EIS as well as on the pseudo-capacitive behavior in the pre-OER

potential region. The as-prepared, transformation labile surface structure and the annealed,

structurally stable surface of the Co3O4 electrode are both remarkably long-lasting and OER

active. We discuss the microscopic origin of these effects and their relevance for understand-

ing the OER mechanisms on Co oxide electrocatalysts and their modification by surface

engineering.

Experimental Section

Sample preparation and characterization

The sample preparation procedure was adapted from Ref.34 and is described in detail in

Refs.10,11,35 Thin epitaxial cobalt oxide films were electrodeposited on Au(111) single crystal

substrates in an aqueous, oxygen-free solution of 1mM Co(NO3)2 + 1.2mM L-(+)-tartaric

acid + 1M NaOH, prepared from high-purity Co(II) nitrate hexahydrate (Sigma-Aldrich,

5

https://doi.org/10.26434/chemrxiv-2025-5901g ORCID: https://orcid.org/0009-0001-3921-3658 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2025-5901g
https://orcid.org/0009-0001-3921-3658
https://creativecommons.org/licenses/by-nc-nd/4.0/


EMSURE, ≥99.0%), L-(+)-tartaric acid (Sigma-Aldrich, ACS reagent grade, ≥99.5%),

NaOH (Sigma-Aldrich, EMPLURA, ≥97%, Fe content ≤0.002%), and Milli-Q water. The

electrodeposition was performed at ∼95 ◦C at a constant potential of −0.151V vs. a satu-

rated calomel reference electrode (i.e., 0.916V vs. the reversible hydrogen electrode), where

the Co(II) complex is oxidized and Co(III) precipitates on the electrode surface. A charge

density of 8mC/cm2 was passed to grow Co3O4 films with (111) orientation of ∼30–60 nm

thickness. CoOOH films were prepared in an identical way, by electrodeposition from a 5M

NaOH base electrolyte. The substrate was a hat-shaped Au(111) single crystal (MaTeck)

with a surface diameter of 4mm and an orientation uncertainty of ≤ 0.1◦. Prior to oxide film

preparation, the Au crystal was immersed in a hot 1:2 mixture of 30% H2O2 and 96% H2SO4

(both Carl Roth, ROTIPURAN, p.a., ISO) for 1min to remove any remaining oxide from

previous experiments and then annealed in a butane flame for 5min. After deposition, the

samples were quickly removed from the deposition cell, rinsed with ultrapure water, dried

with Ar, and stored in air until the measurements. The morphology of the samples was

characterized under ambient conditions with atomic force microscopy (Bruker Dimension

3100) using the tapping mode. Aluminium reflex coated silicon AFM tips with a cantilever

oscillating frequency of 150 or 300 kHz (BudgetSensors) were used (both having a tip radius

of 10 nm and a half cone angle of 20–25◦ along the cantilever axis, 25–30◦ from the side and

10◦ at the apex). Different regions of the sample were imaged to ensure that the observed

morphology was representative of the sample morphology.

Electrochemical characterization

Electrochemical characterization of the Co oxide catalysts was performed both in the elec-

trochemical cell used in the operando SXRD studies and employed in our previous work10

as well as in a new dedicated setup, employing a rotating disk electrode (RDE). The RDE

setup consists of a commercial rotator (Pine research instrumentation) and a glass cell con-

taining ∼180mL of electrolyte. The Pt wire serving as counter electrode and the Hg/HgO
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(0.1M KOH) reference electrode were placed directly in the glass cell. The samples are

embedded in a Teflon holder with a flat top surface which exposes only the (111)-oriented

top part of the Au single crystal sample with the epitaxial Co oxide film to be studied.

All electrochemical experiments within this work were performed in 0.1M NaOH electrolyte

(Sigma-Aldrich, EMPLURA) which had been degassed with Ar (5.0) for at least 20min.

During the experiments the cells were continuously purged with Ar to maintain an inert at-

mosphere. Additional electrochemical studies and operando SXRD studies were performed in

the cell used in our previous work, which contains an electrolyte volume of ∼2mL.10 In this

cell, the samples are sealed with a Teflon cone which exposes only the top part of the sample

to the electrolyte. Potential control was established using a Pt wire as counter electrode

and a Ag/AgCl (3.4M KCl) micro reference electrode via a glass capillary. The reference

electrode was equipped with a 10 nF bypass capacitor to reduce high-frequency artifacts.

The electrolyte was continuously exchanged via a remote-controlled pumping system at an

exchange rate of 5 µL/s. For measurements in both cells a Biologic SP-200 or SP-300 poten-

tiostat was used. All potentials within this work are iR-corrected and are given throughout

the text with respect to the reversible hydrogen electrode (RHE) to ease comparison with

the literature. iR-correction in the RDE cell was performed by hardware compensation of

the potentiostat. Data obtained in the SXRD cell were iR-corrected manually after the

measurements. Small potential shifts of the reference electrode in the SXRD cell (below

40mV) were corrected by comparing the capacitive region of the CVs with that of the highly

reproducible CVs recorded in the RDE cell. Current densities were calculated with respect

to the geometric surface area of the crystal (0.125 cm2).

Surface X-ray diffraction

Operando SXRD studies were conducted at PETRA III beamline P23 of DESY at a photon

energy of 22.5 keV, a photon flux of ∼6 × 1010 counts/s, and a beam size of 300 µm (h) ×

70 µm (v), employing the same approach as in our previous studies.10,11,13 All measurements
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were performed on the Eulerian cradle in a six-circle geometry at a fixed grazing incidence

angle of 1◦, resulting in a footprint of the beam on the sample of 300 µm × 4mm. The X-ray

diffraction signal was monitored by a 2D LAMBDA 250 k GaAs detector. The combined

operando SXRD/EIS measurements were performed in the SXRD cell using a Solartron Mod-

uLab XM ECS potentiostat. The electrochemical current as well as the optical reflectivity

(measured with a 630 nm laser diode at normal incidence) were recorded simultaneously to

the X-ray detector images. Structural properties of the Co oxide film were obtained by con-

tinuously monitoring a single Bragg peak position (Co3O4(113) or CoOOH(017)) at a rate

of 1 s−1 during potential cycling at 5mV/s (recording 2 cycles in each experiment). To ease

comparison with the literature, the Bragg peaks of the studied Co3O4 and CoOOH films refer

to the conventional simple cubic and hexagonal unit cells of these materials, respectively. To

extract structural properties (strain and grain size) of the Co oxide film in dependence of

the applied electrode potential, the intensity distribution at the corresponding Bragg peak

of each 2D detector frame was first converted to the reciprocal space. Subsequently, one-

dimensional projections of the peak intensity in horizontal and vertical direction were fitted

with a Pseudo-Voigt function. The peak positions q⊥,‖ and the full widths at half maximum

FWHM⊥,‖ allow the determination of the lattice strain ε⊥,‖ =
q⊥,‖,nom

q⊥,‖
− 1 and the coherence

length d⊥,‖ =
2π

FWHM⊥,‖
, which is associated with the crystallite size (‖ and ⊥ corresponding

to the surface in-plane and out-of-plane direction, respectively).

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy studies were carried out at PETRA III beamline

P23 during the operando SXRD measurements using the electrochemical cell described above.

SXRD data were continuously acquired throughout the following electrochemical protocol:

After an initial CV (0.97 to 1.77V, 5mV/s), impedance spectra were recorded at selected po-

tentials. Here, the potential was ramped linearly to each measurement point and held for 10 s

prior to acquiring an EIS spectrum. A subsequent CV was recorded after the measurement
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series to verify that no irreversible changes were induced during EIS. Impedance spectra were

acquired with a Solartron ModuLab XM ECS potentiostat under potentiostatic bias in the

frequency range from 1MHz to 1Hz using 20 points per decade and a sine wave amplitude of

5mV. Before fitting, an Impedance Hilbert transform (Z-HIT) correction was applied to im-

prove magnitude–phase consistency and mitigate the effect of artifacts arising from transient

interfacial disturbances .36 Impedance spectra were fitted in Python using the equivalent cir-

cuit shown in Figure 7c, employing the lmfit (https://lmfit.github.io/lmfit-py/fitting.html)

library considering the frequency range of 100 kHz to 1Hz to exclude high-frequency arti-

facts. A least-squares algorithm with non-negativity constraint and weighting (frequency0.3)

was employed. For the annealed films below 1.37V, the inductive contribution was negligible

and thus was constrained to 0H to stabilize the fit. In this case, no additional frequency

weighting was applied. The series resistance was fixed at 50Ω for all data sets because the

electrolyte conductivity was assumed to be constant, which was ensured by continuous feed

of fresh electrolyte. Standard errors derived from the fit covariance matrix are shown as

error bars in the respective figures. The robustness of subprocess deconvolution was evalu-

ated via parameter–correlation analysis using the correlation matrix returned by lmfit. The

fitting results and correlation matrices are available in the repository (https://crc247.mdi.

ruhr-uni-bochum.de/rubric/area-a_a09n_publications_2025_co3o4_eis-sxrd).

Results

Influence of annealing on Co oxide film structure

We first describe the influence of thermal annealing on the structural properties of the

electrochemically deposited Co3O4 film. According to initial studies, noticeable changes in

the film morphology only occurred at temperatures ≥300 ◦C (see Supporting Information,

Figure S1). Therefore, annealing for 30min at 400 ◦C in Ar atmosphere was chosen as

standard conditions, which is similar to the annealing steps used for PVD-prepared Co3O4
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epitaxial films.14–17 Annealing was performed both under Ar and synthetic air at atmospheric

pressure, yielding identical results.

As described in our previous work,10–13 the electrodeposition process results in epitaxial

Co3O4(111) films with a defined in-plane orientation, in which the Co3O4[2̄2̄4] direction

is aligned with the [11̄0] direction of the Au(111) substrate. The good alignment of Au

and Co3O4 lattice can be seen in the X-ray intensity distribution of Co3O4 peaks along

the Au(01L) crystal truncation rod (Figure 1). The same lattice structure and orientation

is found after annealing of the samples, confirming that the material is stable in these

conditions.
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Figure 1: X-ray intensity distribution along the (0, 1, L) crystal truncation rod of the Au
substrate, showing the Bragg peaks of Au and of the electrodeposited Co3O4 oxide film.
The expected positions of (unstrained) Co3O4 Bragg peaks are indicated with solid lines and
indexed according to the Co3O4 simple cubic unit cell. The Co3O4 film remains stable after
annealing for 30min at 400 ◦C in Ar atmosphere.

In contrast, clear changes in the nanoscale morphology are observed upon annealing.

Atomic-force microscopy (AFM) images of the as-prepared Co3O4 films, presented in Figure

2a,c, show the characteristic granular morphology found in our previous studies,11–13 consist-

ing of tightly packed triangular islands. The island edges are oriented at 60◦ with respect to

each other, i.e., preferentially oriented along the main in-plane lattice directions. The lateral

island size is ≤100 nm in these samples. The top of the islands are covered by small struc-

tures of ≤1 nm in height and several nm in width (Figure 2a,c, insets). After annealing, the
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islands have partially merged, although the average island size has not changed significantly.

They exhibit a more rounded shape, and in some cases, even very well developed hexagonal

islands are observed (Figure 2d). Moreover, distinct grooves have opened up between the

islands that can be up to 20 nm wide and up to 15 nm deep (measured depths, shown in

the cross sections in Figure 2, are limited by the opening angle of the AFM tip and thus

should be considered as lower limit). The formation of these grooves may be due to the

reorganization of the islands or to their volume contraction induced by the annealing, which

will be discussed further below. Another striking difference is the top of the islands which

appear atomically smooth after annealing. Further support for such morphological changes

comes from detailed in situ XRD studies during annealing (Supporting Information, Figure

S2) that show that the average grain size along the surface normal direction first decreases

with increasing annealing temperature and above 300 ◦C increases again.

In addition, we studied the effect of thermal annealing on the lattice structure and mor-

phology of epitaxial CoOOH films electrodeposited on Au(111) (Supporting Information, Fig-

ure S3). Here, annealing leads to a transformation of the epitaxial (0001)-oriented CoOOH

lattice of the as-prepared film into a Co3O4(111) film with the same epitaxial relationship

as above. A similar phase transformation has been reported previously for micrometer thick

electrodeposits of Co(OH)2 on Au(111), which transformed to epitaxial CoOOH(0001) and

then to Co3O4(111) films upon annealing in air at 95 ◦C and 300 ◦C, respectively.37 Further-

more, this behavior is in agreement with thermochemical studies of Co oxides formed by

precipitation from aqueous alkaline solutions, where a similar phase transition from CoOOH

to Co3O4 and a concomitant release of H2O and O2 were observed at 300 ◦C.38 The mor-

phology of the Co3O4(111) film formed by annealing of CoOOH differed noticeably from

that formed by annealing of the Co3O4 electrodeposit. AFM images show islands with

micrometer-sized lateral dimensions that exhibited a high density of nanoscale pores, often

with triangular features (Figure S3b). The difference to annealed Co3O4 is not surprising,

taking into account that also the as-deposited CoOOH and Co3O4 differ strongly in nano-
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Figure 2: AFM images (1 µm × 1 µm) of two electrodeposited Co3O4 films on Au(111). (a,c)
as-prepared samples and (b,d) after annealing of those samples for 30min at 400 ◦C in (b)
Ar and (d) synthetic air. Smoothening of the nanoscale roughness on top of the islands
upon annealing can be seen in the insets (250 nm × 250 nm) and cross sections (taken at the
positions of the white lines in the images); the latter also illustrate the formation of deep
grooves.

to microscale morphology.10,35 Furthermore, the 40% larger volume density of Co atoms

in Co3O4 as compared to CoOOH (see discussion) can readily explain the observed porous

structure.

Electrochemical behavior

The electrochemical characterization of the Co oxide films was performed in the cell used for

the operando SXRD studies as well as a separate cell, in which the samples were mounted
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on a rotating disk electrode (RDE). The RDE measurements allow to overcome limitations

of the previous studies of Co thin film electrodes by us10–13 and others.14–17 In particular,

they enable first measurements of these model catalysts under well-controlled mass transport

conditions and at higher current densities.

As shown in Figure 3a, thermal annealing leads to pronounced changes in the electro-

chemical response in the potential regime negative of the onset of the OER, which is dom-

inated by capacitive currents. The cyclic voltammogram (CV) of the as-prepared sample

exhibits a large pseudo-capacitive current over the entire studied range, with a transferred

charge of approximately 5mC/cm2 between 0.9 and 1.6V. After annealing, this current is

reduced strongly, by up to an order of magnitude. Both the as-prepared and the annealed

sample feature a redox peak at 1.54V (in the following denoted as A2/C2 in accordance

with the literature), which is well known from previous work and most probably indicates

formation of a surface oxyhydroxide species.12,18 The cathodic peak at 1.15V suggests a

second Co redox wave, but may in addition contain contributions from the reduction of Au

oxide, which is formed at exposed areas of the Au substrate within cracks of the Co3O4 film.

Earlier studies of OER on Co thin film model catalysts were typically restricted to low

current densities (in some cases even < 1mA/cm2). The use of a RDE in the present study

allowed measurements over a large current density range, up to 100mA/cm2, although the

currents above 20mA/cm2 became increasingly noisy due to bubble formation and detach-

ment and were therefore not used for the quantitative analysis. Figure 3b,c shows the OER

current density obtained during anodic potential sweeps, as employed in earlier electrochem-

ical studies of epitaxial Co3O4 films, as well as the true steady-state current density obtained

by potential step experiments. Both are in good agreement for potentials positive of 1.65V;

at more negative potentials the anodic sweeps become dominated by the pseudo-capacitive

currents. Despite the large changes in the capacitive potential range, the OER activity of

the as-prepared and annealed Co3O4(111) films is similar. The Tafel slope of the as-prepared

samples is typically close to 60mV/dec, in agreement with our previous reports.10,11 After
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Figure 3: Electrochemical response of a Co3O4(111) film in 0.1M NaOH before and after
annealing at 400 ◦C in Ar. The measurements were performed on a RDE at 3000 rpm. (a)
Cyclic voltammogram measured at 5mV/s, showing the capacitive potential range. (b,c)
Tafel plots of the OER current density. The data correspond to (b) the steady state current
density, obtained by stepwise increase of the potential every 4min and (c) the current density
during anodic potential sweeps at 5mV/s.

annealing, a decrease in the Tafel slope by about 15% was consistently found. Simulta-

neously, the onset potential of the OER shifted slightly in positive direction. As a result,

annealing of the Co3O4 samples led to higher OER overpotentials at low current densities but

equal or lower overpotentials in the range ≥10mA/cm2 used for technical applications. A

decrease of the Tafel slope upon annealing was also found in potential-sweep measurements

employing the cell used for the operando SXRD studies. However, the Tafel slopes in this

case appeared slightly larger due to mass transport limitations.

The electrochemical measurements indicate that annealing results in a significant change

of the Co3O4 samples’ state. To determine the long-term stability of the as-prepared and the

annealed sample state under OER conditions we studied the electrochemical response for
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both types of samples over time periods of up to 80 h. These experiments were performed at

5mA/cm2 in the SXRD cell under continuous exchange of the electrolyte solution to ensure

that the electrolyte composition remained constant and to remove O2 bubbles. Interestingly,

both types of samples are quite stable over the course of these experiments. As can be seen

in Figure 4, the current in the capacitive potential range between 0.9 and 1.4V remains

rather constant in both cases (see also CVs in the Supporting Information, Figure S4).

Specifically, the large pseudo-capacitive current density, which is characteristic for the as-

prepared state, as well as the much lower current density of the annealed sample are both

maintained. Furthermore, also the characteristic morphology of the as-prepared and the

annealed samples is maintained (Figure S5). This indicates that both of these states are

stable over these time scales, even under OER operation at rather high rates.
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Figure 4: Electrochemical long-term studies of as-prepared and annealed Co3O4(111) films
in 0.1M NaOH. The figure shows the capacitive current density at 1.0V, obtained from
CVs at 5mV/s, as an indicator for the sample state (see Supporting Information, Section
S2 for details). In between the CVs the sample was kept in the OER range at a constant
current density of 5mA/cm2. The time axis indicates the duration which the sample was
exposed to the chronopotentiometric conditions. Both the as-prepared and the annealed
sample maintain a constant high and low capacitive current density, respectively, indicating
that both states are stable over these time scales.

Electrochemical studies of CoOOH films show a very similar behavior of the samples

before and after annealing (Supporting Information, Figure S6a). As found in previous

studies,10,12 the as-prepared samples have a low, rather uniform current density over the
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entire capacitive potential range without any distinct redox peaks. The CV of the annealed

sample is similar to that of the as-prepared sample. The slightly higher current density in the

capacitive range of the annealed CoOOH film is probably caused by the larger electrochemical

surface area resulting from the formation of pores (see Figure S3b). However, the CV

now exhibits a redox peak at 1.54V, albeit much weaker than on the annealed Co3O4(111)

film. Taking into account that both the crystal structure and the morphology of the film is

completely changed, the minor effect of annealing is surprising. It suggests that the surface

structure of annealed Co3O4(111) resembles that of CoOOH(0001), which will be addressed

further in the discussion section.

Operando SXRD studies

Operando studies by surface X-ray diffraction reveal an extremely strong effect of annealing

on the lability of Co3O4(111) with respect to structural surface transformations. This effect

is illustrated exemplarily in Figure 5 where the changes in Co3O4 lattice strain within (ε‖)

and normal to (ε⊥) the surface plane and the in-plane (d‖) and out-of-plane (d⊥) grain size

are shown together with the simultaneously measured electrochemical current and optical

reflectivity. The as-prepared Co3O4(111) film exhibits the pronounced potential-dependent

changes reported in our previous studies.10–13 In particular, the grain size decreases due to

transformation of the Co3O4 near-surface region into the skin layer phase. In parallel, the

formation of the skin layer induces a contraction of the underlying Co3O4 lattice.11 The

skin layer formation commences at about 1.15 V, where in particular d⊥ and ε⊥ start to

change noticeably. In the potential region above 1.5 V, i.e., near the distinct redox peak

A2/C2, the slope of these changes increases and also d‖ starts to decrease, together with an

increased change in ε‖. This two-stage growth behavior of the skin layer was already found

in previous studies of this system.13 Apart from some hysteresis these structural changes

are highly reversible. Combined XRD/XAS studies have shown that all Co2+ species in

the skin layer are converted to Co3+.12 The pseudo-capacitive current can be attributed to
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the charge transfer associated with this oxidation state change. Furthermore, the optical

reflectivity has been shown to mirror the pseudo-capacitive charge transfer in these films.10

Depending on the preparation, the changes in d⊥,‖ and ε⊥,‖ remain similar or increase in

successive potential cycles. In the latter case, the increase occurs primarily in the region of

redox peak A2/C2 and is accompanied by an increase in the intensity of this peak, indicating

an increasing average thickness 〈dskin〉 of the skin layer (see Supporting Information for the

definition of 〈dskin〉, Section S4).
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Figure 5: (a) CV, (b) optical reflectivity and (c-f) operando SXRD data for an as-prepared
Co3O4(111) film (blue) and for the same film after annealing at 400 ◦C in Ar (red), recorded
simultaneously in 0.1M NaOH during potential cycles at 5mV/s. Shown are (from top to
bottom) the electrochemical current density j, the change in optical reflectivity ∆R, the
changes in in-plane and out-of-plane lattice strain ∆ε‖ and ∆ε⊥, and the changes in average
in-plane and out-of-plane grain size ∆d‖ and ∆d⊥ of the Co3O4 film (given with respect to
the values at 0.9V).

After annealing of the sample, no potential dependent changes in grain size and strain are
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observable within the experimental accuracy of the measurements. The thermal treatment

effectively suppresses the formation of the skin layer, i.e., leads to a significant stabilization

of the Co3O4 surface structure against surface transformation. In some SXRD experiments,

some minor changes of the strain, in particular ε‖, and the optical reflectivity (R) were

observed, suggesting that minor skin layer formation may still occur (Supporting Informa-

tion, Figure S7), but the grain sizes remained constant within the experimental accuracy of

±0.1 nm. These residual changes may be caused by insufficient annealing.

The suppression of Co3O4 skin layer formation by annealing is in good agreement with the

strong decrease in the pseudo-capacitive current in the capacitive potential range and the sup-

pression of potential-dependent changes in the optical reflectivity. The absence of substantial

changes in R for the annealed films therefore suggests that, similar as for CoOOH(0001),12

the transferred pseudo-capacitive charge is small and has to be restricted to oxidation state

changes at the oxide surface.

In operando SXRD studies of Co3O4(111) films with different average thickness 〈dskin〉 of

the skin layer, we found that the OER activity increases with increasing 〈dskin〉, consistent

with our previous study.11 This is illustrated in Figure 6b where we show as a function of

〈dskin〉 the overpotential at an OER current density of 1mA/cm2, i.e., as in Ref.11, as well as

at 0.2mA/cm2 and 5mA/cm2. In some experiments, where the thickness of the skin layer

increases over time (blue circles and squares), the decrease in overpotential with increasing

〈dskin〉 can be followed directly on the same sample. On the annealed films 〈dskin〉 is close

to zero for all samples, independent of the skin layer thickness observed prior to annealing.

The OER overpotentials of the annealed samples are identical within ±10mV, which is the

accuracy of the potential measurements in the operando SXRD cell (see Supporting Informa-

tion, Section S2). At low OER current density, annealing increases the OER overpotential

(up to 60mV at 0.2mA/cm2). However, at an overpotential of 5mA/cm2 as-prepared and

annealed samples have a similar OER activity. Only for samples with very large 〈dskin〉

values noticeable lower overpotentials are found. These observations are in full agreement
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with the results of the RDE studies, which indicate an intersection of the OER currents of

as-prepared and annealed samples at large current densities. They demonstrate that the

beneficial effect of the surface structural transformation is limited to low overpotentials.
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Figure 6: Correlation of the skin layer thickness with the OER activity of different
Co3O4(111) films. The average thickness 〈dskin〉 was obtained from the operando SXRD
data, the OER overpotentials at 0.2mA/cm2, 1mA/cm2 and 5mA/cm2 from the anodic
sweeps of the simultaneously recorded CVs.

Similar operando studies were also performed for CoOOH(0001) films (Supporting In-

formation, Figure S6), which are already perfectly stable in the as-prepared state.10 Unsur-

prisingly, the Co3O4(111) films formed by annealing of those samples also do not exhibit

changes in strain, grain size, and optical reflectivity. This is in agreement with the very

similar electrochemical response recorded before and after annealing.

Correlative EIS studies

The operando SXRD studies described above were augmented by detailed EIS character-

ization over a wide potential range. The combination of these techniques enables an un-
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ambiguous correlation between structural evolution and electrochemical behavior, providing

mechanistic insights into how surface transformations affect OER activity.

Figure 7a,b shows impedance spectra recorded at different potentials for a Co3O4(111)

film before (a) and after (b) thermal annealing. In both cases, the spectra exhibit a slightly

tilted line, nearly parallel to the negative imaginary axis, in the capacitive region. At more

anodic potentials, where the OER current increases, this feature evolves into a semi-elliptical

shape composed of overlapping semicircles (see Figure S9 for the complete set of impedance

spectra). The zoomed insets further reveal an inductive loop in the high-frequency region

(detailed in Figure S8), which likely originates from the operando cell setup, as its shape var-

ied under different measurement conditions and was not observed in the RDE cell. Notably,

the inductive contribution diminished after thermal annealing of the Co3O4 film, suggesting

that a relation to interfacial properties of the film cannot be ruled out.

For quantitative analysis of the EIS data, equivalent circuit fitting was performed using a

previously developed model for normal spinel catalysts in alkaline electrolyte (Figure 7c),39,40

supplemented by a parallel RL element to account for the high-frequency inductive loop.

The interfacial sub-processes are represented by a nested three-ladder circuit comprising the

double layer capacitance CDL and two pseudo-capacitive elements CPseudo, 1 and CPseudo, 2,

which are charged through the charge transfer resistors RCT, 1 and RCT, 2, respectively. We

relate the pseudo-capacitive sub-processes to the formation of intermediate states,41 which

refers to coupled oxidation of cobalt sites and the adsorption of oxygen-containing species or

their further reaction once adsorbed. Specifically, RCT, 1 and CPseudo, 1 are assigned to the

Co2+/Co3+ transition, while RCT, 2 and CPseudo, 2 correspond to the Co3+/Co4+ transition.

The charge transfer resistance RCT, O2 is attributed to the subsequent formation and des-

orption of molecular oxygen. The corresponding circuit element can thus be interpreted as

the leakage resistor of the second pseudo-capacitor.

Figure 8 summarizes the deconvoluted resistive and capacitive contributions for the Co3O4

film before and after annealing, along with the progression of the average skin layer thick-
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Figure 7: Electrochemical impedance spectra of (a) the as-prepared Co3O4(111) film shown in
Figure 5 and (b) the same film after thermal annealing, measured at selected DC operating
potentials. The Nyquist plots are shown together with equivalent circuit fits (solid lines)
based on a previously established model for normal spinels in alkaline electrolyte, illustrated
in (c). The three-ladder circuit enables deconvolution of the charge transfer resistances
(RCT, 1, RCT, 2, RCT, O2) and (pseudo-)capacitances (CDL, CPseudo, 1, CPseudo, 2). Additional
circuit elements (resistances Rseries and RL, as well as inductance L) are included to account
for contributions arising from the cell setup rather than interfacial electrochemical processes.

ness. At each operating potential, the partial resistances and capacitances are shown as

stacked bars, allowing the total value to be readily assessed alongside the individual con-
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tributions. The complete set of results is provided in Figure S10, which includes plots for

the individual circuit elements as well as a measurement series on a second film that exhib-

ited less pronounced skin layer formation. Both the total capacitances and resistances in

Figure 8 exhibit the potential-dependent trends anticipated from the cyclic voltammograms

(Figure 5a), while the correlation matrices of the deconvoluted parameters reveal no critical

interdependencies.

a

c

b

d

as-prepared Co3O4 film annealed Co3O4 film

Figure 8: Potential-dependent (a,b) charge-transfer resistances and (c,d) (pseudo-)capaci-
tances of the Co3O4(111) film studied by the operando SXRD measurements shown in Figure
5. The data were obtained (a,c) before and (b,d) after thermal annealing. The secondary
axes of the full-range plots indicate the average skin layer thicknesses, which are included in
the plots as blue and red lines, respectively.

The double layer capacitance is considerably smaller than the pseudo-capacitive contri-

butions. Among these, CPseudo, 1 dominates in the capacitive potential range, where it peaks

in a similar region as the pseudo-capacitive current observed in the voltammogram (Figure

5a). At more anodic potentials, it then decreases. In contrast, CPseudo, 2 increases in the OER

potential range and eventually surpasses CPseudo, 1, consistent with the behavior described

for several hydrous transition metal oxides.42 The potential ranges of the capacitance profiles
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for both pseudo-capacitive elements remain essentially unchanged before and after thermal

annealing, but their magnitudes are strongly affected. After annealing, CPseudo, 1 is smaller

by a factor of 3 and CPseudo, 2 decreases even more prior to the OER range. Although the

roughness of the Co3O4 crystallites decreases as a result of thermal treatment, the associated

change in surface area cannot explain alone the large decrease in the pseudo-capacitance val-

ues. For the as-prepared film, the cumulative sum of CPseudo, 1 roughly follows the skin layer

thickness. After annealing, CPseudo, 1 is significantly reduced across the entire investigated

potential window, reflecting suppression of skin layer formation. CPseudo, 2 is likewise sup-

pressed in the capacitive region but recovers to values comparable to the as-prepared sample

at OER potentials, suggesting that it is only indirectly related to skin layer formation. A

second Co3O4 film which exhibited a lower extent of skin layer formation (Figure S7), also

showed a lower total capacitance in the capacitive potential range. In this range, Cpseudo, 1

was again the dominant contribution and decreased markedly upon thermal annealing (Fig-

ure S10, sample 2).

Before and after annealing (Figure 8a,b), the total interfacial resistance is very high in the

capacitive region and decreases exponentially at more anodic potentials associated with oxy-

gen evolution. Among the individual contributions, RCT, 1, related to mutual OH– adsorption

and Co2+ oxidation, is at least one order of magnitude smaller than the others. By contrast,

RCT, O2 , assigned to oxygen release, dominates across most of the investigated potential

range, and for the as-prepared film even at all measured OER potentials. The resistance

RCT, 2 characterizes the kinetic hindrance of the second pseudo-capacitive charging process,

in which Co3+ sites are oxidized alongside an OER reaction step. Within the examined OER

potential window, RCT, 2 is smaller for the as-prepared film and becomes similar to RCT, O2

at the most positive potentials. However, after thermal annealing RCT, 2 accounts for the

largest portion of the interfacial resistance. As shown in Figure S10b, within the capacitive

potential range, RCT, 2 has a dip where the A2 peak is observed in the CV and then de-

creases exponentially at higher overpotentials. While initially lower for the as-prepared film,
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RCT, 2 for as-prepared and annealed samples overlaps at elevated overpotentials. RCT, O2 is

likewise smaller for the as-prepared sample at low overpotentials but decreases more rapidly

after thermal annealing at large overpotentials, consistent with the higher catalytic current

observed in this potential range for annealed samples. For both preparation conditions,

RCT, O2 decreases more steeply with potential than for RCT, 2, implying that the relative

contribution of RCT, 2 may further increase at even higher potentials.

Discussion

Annealing-induced changes in catalyst structure and reactivity

The as-prepared Co3O4(111) films undergo substantial structural changes upon annealing.

First, the islands change from a more triangular to a rounded shape. The electrodeposition

process results in (depending on the deposition conditions) more or less well developed

triangular islands with two twin-related lattice orientations that are parallel or anti-parallel

with respect to the Au(111) substrate.35 The edges of these triangular islands may be either

(111) or (100) facets. The observation that the Co3O4 film is electrodeposited on all surfaces,

including Au(100) substrates,11 as a (111)-oriented film, indicates that Co3O4(111) is the

surface with the slowest growth rate and defines the growth front. Consequently, it seems

likely that the island edges correspond to (111) facets. Annealing should result in a structure

that is closer to the Co3O4 equilibrium shape, in which under oxidizing conditions oxygen-

terminated (111) and (100) facets coexist according to DFT calculations.43 This is in full

agreement with the observed hexagonal island shape.

The AFM images indicate that the top of the electrodeposited Co3O4 islands is highly

defective and exhibits a roughness in the range of 1 nm. This roughness may be related to

the low temperature as compared to UHV-prepared films. It is therefore likely that also the

(111)-oriented island edges exhibit a comparable roughness. Thermal annealing increases

the surface mobility and allows healing of these defects as observed in the AFM images. As
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comparable annealing is also used as the last step in the preparation of Co3O4(111) films

by PVD, we expect to obtain a similar, atomically smooth structure as found under UHV

conditions.14–17

While the effects described above can account for the changes in the Co3O4 island mor-

phology, they cannot explain the formation of deep grooves between the islands after thermal

annealing. The latter may be due to changes in the island volume, which we assign to chem-

ical transformations. Specifically, we assume that the Co3O4 film in the as-prepared state

contains a fraction of hydroxide species. This is supported by detailed XAS studies which

show that as-prepared Co3O4(111) films have an oxidation state 3% lower in air than once in

contact with electrolyte.12 This suggests that around 10% of Co atoms in the film have an

oxidation state +2. This can be due to the presence of O vacancies or a layer of Co(OH)2. In

the case of a hydroxide layer, conversion to Co3O4 upon annealing will result in a 46% reduc-

tion in volume, which could account for the decrease in the volume of the three-dimensional

islands. At the temperature of 300 ◦C, we indeed observe a vertical compression of the

grains and major changes in the island morphology (Figure S1 and S2). This suggests that

the hydroxide layer hypothesis is more likely. The hydroxide layer is also modified under

electrochemical conditions and becomes more Co3O4-like.12 This transformation contributes

most probably to an increased defect density on the surface.

The surface structure differences between the as-prepared electrodeposited and the an-

nealed Co3O4 film can explain the very different lability towards skin layer formation. Ac-

cording to our SXRD studies, annealed Co3O4(111) is stable against this surface structural

transformation. Consequently, water and OH− ions only adsorb on this surface, but do not

initiate the skin layer formation. Previous UHV spectroscopic studies17,44 and ab initio the-

ory26,27 provided strong evidence for the hydroxylation of Co3O4(111), even at very low water

vapor pressure. According to the DFT study by Yan and Sautet,26 this surface is over a wide

range of H2O and O2 partial pressures of 1 to 10−6 bar in a state, where a significant fraction of

the surface oxygen is hydroxylated and surface Co in tretrahedral sites become octahedrally
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coordinated by chemisorbed water. A similar behavior was found in molecular dynamics

studies of Co3O4(100) surfaces, specifically a strong hydroxylation of surface oxygen groups

and a higher local OH coverage around the tretrahedral Co2+.27 These results are consistent

with a recent in situ X-ray photoelectron spectroscopy study of epitaxial Co3O4(111) films

in 0.5 mbar H2O vapor.45 Similar to the CoOOH(0001) surface, a well-ordered hydroxylated

Co3O4(111) surface thus will expose only octahedrally-coordinated Co. In electrochemical

environment, the degree of hydroxylation will depend on the potential. With increasing po-

tential the surface termination will gradually shift from an OH to an O terminated surface,

as has been shown by DFT22 and in situ XAS studies of CoOOH(0001) films.12 This dehy-

droxylation/hydroxylation accounts for the residual low capacitive current. Considering the

similar nature and surface density of oxygen groups on the (defect-free) CoOOH(0001) and

hydroxylated Co3O4(111) surfaces, it is not surprising that both exhibit comparable current

densities in the capacitive potential range, which are both much lower than those on the skin

layer covered surface.

As the ideally terminated Co3O4(111) surface is structurally stable in the pre-OER and

OER potential range, the observed skin layer formation on the as-prepared Co3O4 film has

to be assigned to a phase transformation which starts at defects and proceeds over distances

of few nm into the lattice. In particular, we believe this process to occur at step edges, based

on our previous studies that reveal a larger average skin layer thickness for films consisting

of small three-dimensional islands than for films with larger flat-top islands.11 The proposed

process should result in a Co3O4(111) surface that is partially covered by the disordered

oxyhydroxide phase. Subsequent decrease of the potential will revert this process, resulting

in local recrystallization of the oxyhydroxide to Co3O4. Since the temperature is even lower

than during the actual electrodeposition process, a similar rough surface morphology will

result. This explains why the skin layer formation is highly reversible in successive potential

cycles. In the potential region of the redox peak A2/C2, enhanced skin layer formation is

observed in the operando SXRD data (Figure 5 and S7), especially in lateral direction. The
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latter suggests that in particular skin layer growth at the edges of the Co3O4 islands occurs

in this region.

The observed long-term stability of the voltammogram of the annealed Co3O4(111) film

indicates that exposure to the electrochemical environment does not lead to significant for-

mation of surface defects, even at potentials deep in the OER range (see Figure S4). Vice

versa the defective as-prepared Co3O4 films remain defective, i.e., no healing of surface de-

fects occurs. Instead, potential cycling into the OER region may lead to a more defective

surface, as suggested by the observed increase in 〈dskin〉 (see Figure 6) and the redox peak

charge (see Supporting Information, Figure S4). Consequently, both types of surfaces cor-

respond to qualitatively different states of the catalyst that are maintained under operating

conditions.

Finally, we note that calcination by thermal treatment is a standard process in the

preparation of many (electro-)catalysts, typically employed for conversion of bulk structural

phases and the decomposition or removal of reactants. According to our study, this process

can also can help to remove surface defects and to stabilize specific facets. Although this

is not unexpected, a detailed understanding of these different roles of catalyst treatment

is largely missing. Operando model catalyst studies as performed here may allow clear-cut

studies on the influence of surface treatment methods and parameters on the surface defect

structure. In addition to pure thermal annealing, which stabilizes well-ordered crystalline

facets, other surface preparation methods, such as electron or ion irradiation or plasma

treatments, may create defects that would allow skin layer formation. Systematic studies

using thin film model catalysts may allow evaluation of such surface engineering methods.

Oxygen evolution reaction

Our electrochemical studies indicate clear differences between the as-prepared and the an-

nealed Co3O4(111) film, which can be linked to the structural differences discussed in the

previous section. The annealed samples, which are smooth and structurally stable, exhibit
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very well-defined uniform Tafel behavior that represents the activity of the ideal Co3O4(111)

surface. In contrast, the OER activity of the as-prepared films increases with average thick-

ness of the formed skin layer, which is in accordance with our previous work.11 Based on this

correlation, it was suggested that the entire skin layer is an OER active reaction zone. Our

new results indicate that this beneficial role of the skin layer is limited to low overpotentials.

At higher overpotentials, the lower Tafel slope of the annealed Co3O4 samples leads to a

crossover into a regime, where the defect-free Co3O4(111) surface becomes more active than

the skin layer phase.

Insight into the origin of the different catalytic activity at low and high overpotentials

is provided by correlative EIS measurements determining contributions of interfacial sub-

processes. The pseudocapacitive properties of normal cobalt spinel catalysts in alkaline

solution typically give rise to distinguishable time constants, enabling to analyze charge

transfer resistances related to 1) simultaneous association of oxygen-containing electrolyte

species and oxidation of Co2+ sites (RCT, 1), 2) further oxidation of the formed intermediate

states consisting of cobalt sites and adsorbed O-intermediates (RCT, 2), and 3) the oxidative

formation of oxygen and its release (RCT, O2). It should be noted that we do not attempt

to distinguish between the many specific OER pathways29 but rather provide information

on how general stages of the OER are coupled to cobalt site oxidation and contribute to the

overall rate limitation. According to our studies, RCT, 2 and RCT, O2 are the main contri-

butions to the kinetic hindrance of the OER on Co3O4(111) films. Within the investigated

OER potential range, the interfacial resistance is dominated by RCT, O2 for as-prepared films,

whereas for thermally annealed films, it is governed by RCT, 2 with RCT, O2 decreasing more

rapidly with increasing potential. Consequently, the reduced catalytic activity of the an-

nealed film at low overpotentials can be attributed to sluggish oxidation of the intermediate

state comprising Co3+ sites. On the defect-free surface, the Co3+/Co4+ transition is likely

inhibited due to the lower number of electrochemically active sites and the lack of struc-

tural lability required to promote redox transformations. Nevertheless, in the logarithmic
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representation, the negative slope of RCT, O2 with increasing potential is steeper for the

annealed film than for the as-prepared state, while RCT, 2 becomes comparable at higher

overpotentials. As a result, the annealed film exhibits higher OER activity in this regime.

This may indicate a different mechanism or a different balance of competing pathways for

the final steps of the OER on annealed films, consistent with the lower Tafel slope observed

in Figure 3b,c. The inhibition of further oxide transformations may favor further reaction

and desorption of oxygen-containing intermediates adsorbed only on outer surface cobalt

sites, since their incorporation into or stabilitzation within, e.g., highly hydroxylated phases

is suppressed. For the as-prepared Co3O4(111) film, the higher OER activity at low overpo-

tentials compared to the annealed state is linked to the more facile oxidation of Co3+ sites on

the disordered, defective skin layer, reflected by the small contribution of RCT, 2. This facil-

itated Co3+ oxidation may appear connected to the extent of skin layer formation and, thus,

to the pseudo-capacitance CPseudo, 1, for two reasons. First, a higher number of electrochem-

ically active cobalt sites in a three-dimensional interfacial reaction zone may undergo the

additional pseudo-capacitive charging process. Second, structural disorder and defects may

promote the formation of intermediate states involving Co4+. However, if Co4+ and Co3+

sites are stabilized too strongly at more anodic potentials, this could hinder the final steps

of the OER, which we assume are coupled to self-discharge of active cobalt sites. This may

also explain the less pronounced decrease of RCT, O2 with potential for the as-prepared film.

In the framework of transformation lability32 these findings highlight the importance not

only of facilitating the formation of oxidized active sites but also of enabling their internal

reduction, thereby regenerating the initial active centers to sustain the catalytic cycle.

The possibility to prepare defect-free Co3O4(111) electrodes that remain structurally

stable for a long time and over a wide potential range is also of relevance for obtaining

fundamental understanding of the OER reaction on oxide catalysts. In particular, it enables

direct comparison of experiments on structurally well-defined model catalysts with results

from ab initio modeling. As the latter typically requires in-plane order, the availability of
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ordered, crystalline oxide surfaces that are active and do not restructure is an important

prerequisite for testing predictions of OER mechanisms by ab initio theory.

Conclusion

The detailed correlative structural and electrochemical results obtained in our study provide

important insights into the origin of the potential-induced surface restructuring of Co oxide

electrocatalysts and the influence of this restructuring on the electrochemical response and

OER activity. We have shown that, first, not all Co3O4 electrodes are prone to surface

restructuring and, second, that a lability towards structural transformation is not necessarily

a prerequisite for high activity of the electrocatalyst. Instead, a more differentiated view

is necessary. Depending on the required current range and, thus, the application, different

types of Co oxide electrocatalysts are preferred. Applications requiring low overpotentials /

low current densities, such as photoelectrochemical water splitting, will benefit from surface

restructuring into a disordered, structurally flexible oxyhydroxide phase, which provides

superior activity near the onset of the OER. For operation at higher overpotentials / current

densities, as commonly employed in alkaline electrolysis, catalysts that exhibit crystalline,

structurally stable Co3O4(111) or CoOOH(0001) facets may be better suited, due to their

smaller Tafel slopes.

Our studies further indicate that the lability towards surface restructuring depends on the

Co3O4 surface defect structure. Consequently, different applications may require different

catalyst preparation procedures that result in optimized surface morphologies, exhibiting

either nearly defect-free low index facets or high densities of defects that enable the structural

transformation. Whether such surface engineering of (electro-)catalysts is feasible has been

recently challenged, based on the idea that the active catalysts’ state is purely determined

by the reaction conditions and every ,pre-catalyst’ will thus converge to the same state.33

In our case, both the defect-free stable state as well as the defective, restructuring state
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of our model catalyst surfaces are stable over at least several days under OER conditions

at technologically significant current densities. Whether this holds true also over the much

longer time scales required for applications is an open question which remains to be clarified.

Nevertheless, our work paves the way towards such long-term studies of structurally well-

defined model catalysts under more realistic conditions.

The insights obtained here for Co3O4, one of the best studied systems exhibiting surface

restructuring, are most likely also relevant for other oxide OER electrocatalysts, for which

the occurrence of surface structural transformations and its influence on the catalyst’s activ-

ity is still often unclear. Further correlative studies of structurally defined electrodes with

correlative operando structural probes and in-depth electrochemical studies over a wide range

of reaction rates are required for a comprehensive understanding of these complex interface

phenomena.
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