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Astract 

In the search for precious-metal free electrode materials for electrochemical water splitting,  

transition metal oxides have been receiving much recent interest as active and stable 

electrocatalysts for the anodic oxygen evolution reaction (OER). We present operando 

surface X-ray diffraction studies of two structurally well-defined epitaxial cobalt oxide thin 

films – Co3O4(111) and CoOOH(001) electrodeposited on Au(111). The potential-dependent 

structural changes during cyclic voltammograms were monitored with high time resolution up 

to OER current densities as high as 150 mA cm-2. The CoOOH(001) film is found to be 

smooth and perfectly stable over a wide potential range. In the case of Co3O4(111), fast and 

fully reversible structural changes are observed. Specifically, the surface region of 

Co3O4(111) starts restructuring at potentials 300 mV negative of the onset of the OER, 

indicating that the process is related to the thermodynamically predicted Co3O4 / 

CoOOH(001) transition rather than to the catalytic reaction. The formed skin layer is of 

defined thickness, which changes linearly with applied potential, and is the OER active phase. 

Surprisingly, the catalytic activity of the skin layer covered Co3O4 film and that of the smooth 

CoOOH(001) are almost identical, if the true microscopic surface area is taken into account. 
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This indicates that the number of OER active sites on the two oxides is similar, despite the 

very different defect density, and is at variance with previous suggestions that di-µ-oxo 

bridged Co cations are exclusively responsible for the OER activity of Co oxides. For the 

smooth CoOOH(001) a turnover frequency of 4.2 s-1 per surface atom is determined at an 

overpotential of 400 mV. Furthermore, our studies demonstrate that the pseudo-capacitive 

charging current in the pre-OER potential range must be assigned to a bulk process that is 

accompanied by potential-dependent changes of the unit cell volume in the Co3O4 bulk. 

 

 

Keywords: 

oxygen evolution reaction, electrocatalysts, Co3O4, CoOOH, operando studies, surface X-ray 

diffraction 
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1. Introduction 

The need for environmental friendly and sustainable energy conversion, which allows 

scalable storage of wind and solar electricity into fuels, has triggered renewed interest into the 

electrochemical and photoelectrochemical splitting of water.1 A key challenge in this field is 

the development of economically viable electrocatalyst materials for the oxygen evolution 

reaction (OER). Transition metal oxides catalysts, in particular the different cobalt 

(hydr)oxide phases, have received large attention because they meet these requirements. 2 3 4 

These materials are earth abundant, easy to prepare, and present good catalytic properties and 

stability in alkaline and neutral electrolytes.2,5,6,7 Cobalt oxides may be prepared with an 

amorphous or a crystalline structure, using a variety of methods, including thermal salt 

decomposition,8 autoclave synthesis,9 photochemical reactions,10 sol-gel synthesis,11 Co 

electrodeposition and subsequent oxidation,12,13,14 and direct oxide electrodeposition.2,15,16  

For understanding and further developing Co oxide catalysts it is necessary to clearly 

separate intrinsic structure-property relationships, which describe the dependence of the OER 

activity on the atomic-scale surface structure, from effects caused by the nano- and microscale 

material morphology. It was suggested that in comparing different catalysts, benchmarking 

protocols should be followed to determine at a defined overpotential the OER turn over 

frequency (TOF)– the average number of O2 molecules formed per unit of time and per 

catalytic site.17,18 For this, the electrochemical surface area (ECSA) has to be measured, which 

is not trivial for these materials.5,18 As a further complication, often pre-conditioning of the 

catalyst is reported to be necessary for a stable OER current-potential characteristic. In 

general, an improved characteristic is obtained,19 which suggests a significant restructuring of 

the catalyst surface under reaction conditions. Such transformations were, for instance, 

evidenced in the case of nanocrystalline Co3O4, for which OER was reported to induce 

conversion of a nanometer thick surface region into another phase with a higher Co oxidation 
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state and modified local arrangement.11,19,20,21 Ideally, the density and atomic configuration of 

the active sites should therefore be determined operando during oxygen evolution. 

 The mechanisms of the OER on cobalt oxides has been investigated in great detail. 

18,22 On the molecular scale, it is a complex four-step reaction which generally is proposed to 

start with bulk water nucleophilic attack, i.e., the formation of an O-O bond after a water 

molecule has reacted with a terminal or bridging oxygen. This process implies a nominal 

increase of the oxidation state of surface atoms to Co3+/4+. Indication for the latter was found 

by operando X-ray adsorption spectroscopy (XAS) 11,14,19,23,24 and near-ambient-pressure X-

ray photoelectron spectroscopy (XPS).21,25 The O2 formation involves the participation of 

oxygen from the oxide lattice, as inferred from differential electrochemical mass spectroscopy 

(DEMS) measurements, conducted with samples prepared in H2
18O labelled water26,27 and 

with samples immersed in electrolytes prepared with labelled water.27 Formation of 

superoxide/oxo intermediates at dicobalt sites, which were identified with step edge sites, was 

also observed by time resolved IR spectroscopy.28,29  

On the atomic scale, Dau et al.30 concluded on the basis of X-ray absorption spectroscopy 

(XAS) studies of electrodeposited amorphous Co oxide films (frequently referred to as 

CoCat) that the film consists of small clusters of Co-oxo cubanes, in which the oxygen atoms 

are coordinated to two neighbouring Co ions (µ2-O), and that this configuration corresponds 

to the catalytically active sites. This conclusion was supported by density functional theory 

(DFT) calculations, which predicted that CoOOH is the active phase during OER and 

discussed the stability of the surface orientation.31,32 Further support came from experiments 

with molecular Co compounds that are mimicking these sites.26,33 Because the amorphous 

CoCat films exhibit excellent OER catalytic activity,2 34 it is now widely accepted that this 

motif is the most catalytically active sites on any cobalt oxide sample.26,18,19,29,35 Nevertheless, 
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direct evidence that the OER activity of µ2-O is superior to other Co sites has not been 

reported so far. 

A key problem in the unambiguous identification of the active sites is the complex 

(typically polycrystalline or amorphous) structure and morphology of the studied Co oxide 

samples. A number of studies have attempted to address this by employing catalyst materials 

with preferred surface orientations, such as shaped Co3O4 nanoparticles 12, 20, 36and exfoliated 

CoOOH nanosheets.37,38 While these studies indicated an effect of the surface structure, 

measuring the ECSA remained a problem with these samples. For obtaining clear structure-

reactivity correlations, structurally well-defined model OER catalysts are necessary. Such 

model catalysts may be single crystals or epitaxial layers of defined morphology, for which 

the atomic structure and density of surface sites can be precisely determined. While this is a 

well-established approach in heterogeneous catalysis and in electrocatalysis on metal 

electrode surfaces, OER studies with cobalt oxide model catalysts remain the exception. An 

exemplary study employing this strategy was recently published by Libuda and co-workers.39 

Here, ultrathin Co3O4 (111) epitaxial layer were grown by physical vapor deposition on 

Ir(001), characterized ex situ under ultrahigh vacuum (UHV) conditions, and transferred 

without exposure to air into an electrochemical cell for cyclic voltammetry (CV) and 

differential electrochemical mass spectroscopy studies.  

In this work, we apply a similar approach, but combine the use of epitaxial Co oxide films 

with an operando structural characterization of cobalt oxide model catalysts by surface X-ray 

diffraction (SXRD) during the electrochemical measurements. The Co oxide samples were 

prepared by electrodeposition of nanometer thick films on Au(111) single crystal electrodes, 

using a method adapted from that published by Switzer and co-workers.12,16 SXRD and 

complementary atomic force microscopy (AFM) measurements show that well-defined 

epitaxial Co3O4(111) and CoOOH(001) oxide films are obtained. The operando SXRD 
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studies reveal remarkable differences in the potential-dependent surface structure of the two 

oxide surfaces, whereas their catalytic properties appear very similar. We discuss the 

implications of these results on the origin of the structural transformation of the near-surface 

layer of Co3O4, the nature of the OER-active sites, and the pseudo-capacitive charging / 

discharging of cobalt oxide in the pre-OER region. 

 

2. Experimental 

Thin films of cobalt oxides were electrodeposited on Au(111) substrates using a procedure 

adapted from that developed by Switzer and co-workers. 16 The method consists in 

electrooxidizing at 1 VRHE at reflux temperature (~103°C) a diluted oxygen-free solution of 1 

mM Co(NO3)2 + 1.2 mM sodium tartrate (tart) in 2 or 5 M NaOH, prepared from high purity 

Co nitrate (Merck, > 99.0%), Na tartrate (Sigma Aldrich, ACS reagent > 99.5%), NaOH 

(Merck, ACS reagent, Fe content < 0.00005%), and Milli-Q water. A charge of 8 mC was 

passed to grow films with 15-25 nm thickness. The substrate was a hat-shaped Au(111) single 

crystal (MaTeck) with an orientation uncertainty of < 0.1°. Prior to oxide film preparation, the 

Au crystals were immersed in a hot 1:2 mixture of 30% H2O2 and 96% H2SO4 (both Carlo 

Erba, RSE) for 1 minute to remove any remaining oxide from previous experiments and then 

annealed in a butane flame for 5 minutes. After deposition, the samples were quickly removed 

from the reflux cell, rinsed with ultrapure water, dried with Ar, and inserted into the SXRD 

cell. 

Operando SXRD studies were conducted at ESRF Beam line ID 03, at a photon energy of 

22.5 keV with a flux of 4 × 1011 counts/s and a beam of 250 µm in width and 30 µm in height. 

Measurements were performed in six-circle geometry, using a fixed incident angle of 0.34° 

(see Figure S1). The footprint of the beam on the sample was 250 µm × 5 mm. It is 

convenient in SXRD on (111) surfaces of fcc metal substrates 40 to employ a hexagonal 
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reciprocal space geometry, where qz is along the surface normal and qx, qy are oriented 

perpendicular to the main in-plane lattice directions (see Figure 1c). Here, the reciprocal space 

positions (H, K, L) are given in units of the lattice vectors 𝑎∗ =
4𝜋

√3𝑎𝑛𝑛
= 2.51 Å-1 and 𝑐∗ =

2𝜋

√6𝑎𝑛𝑛
= 0.89 Å-1 with ann = 2.885 Å being the Au nearest neighbour spacing. However, the 

indices of the Bragg peaks of the studied Co3O4 and CoOOH films refers to the conventional 

simple cubic and hexagonal unit cells of these materials, respectively, to ease comparison 

with the literature.  

During the measurements, the cylindrical sample was kept in a specifically designed 

electrochemical cell for SXRD studies, made from PEEK, and embedded in a teflon seal. This 

way, only the polished Au(111) top part of the sample (geometric area 0.125 cm2), on which 

the epitaxial film had been deposited, was exposed to the electrolyte. Potential control was 

established using a glassy carbon rod as counter electrode and a Ag/AgCl reference electrode. 

All potentials are referred to the reversible hydrogen electrode (RHE) to ease comparison with 

literature and are IR corrected. The electrolyte consists of 0.1 M NaOH, made from suprapure 

NaOH (Aldrich) and Milli-Q water, and was continuously exchanged via computer controlled 

syringes at a rate of 5-20 µL/s to avoid accumulation of species (radicals) generated by the X-

ray beam as well as minimize O2 bubble formation and transport limitations.  

 

3. Results 

3.1 Structure of as prepared epitaxial Co oxide films 

The SXRD studies show that structurally well-defined Co oxide films can be prepared by 

the employed electrodeposition procedure. Their structure is determined from the measured 

diffraction intensities in reciprocal space. Examples of such measurements, obtained on the 

as-prepared films in the SXRD cell under argon atmosphere, are shown for films deposited in 

2 M (Figure 1a) and 5 M (Figure 1b) NaOH solution. Scans along the (0, 1, L) crystal 
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truncation rods of the Au substrate reveal additional Bragg peaks, which can be assigned to 

crystalline (hydr)oxide phases (Figure 1a,b), specifically Co3O4 and CoOOH. The first oxide 

is a spinel with a face centred cubic unit cell,41 the second has a hexagonal structure (called 

Heterogenite-3R 42 or -CoOOH 4,14,31, JCPDS card 07-0169). 

As illustrated by the schematic reciprocal space geometry in Figure 1c , the peak positions 

along these and other (not shown) truncation rods coincide with those expected for a (111)-

oriented Co3O4 film (red lines, Figure 1a) and a (001)-oriented film of CoOOH (blue lines, 

Figure 1b). The measured lattice parameters of the former agree well with the literature value 

(red lines in Figure 1a), the CoOOH lattice is expanded by ≈1%, adopting the Au substrate 

lattice spacing within the surface plane. Complementary in-plane characterizations confirm 

that the lattices of the deposits exhibit a sixfold symmetry with respect to the surface normal, 

where the main in-plane directions (e.g. Co3O4[044] and CoOOH[100]) are aligned to the 

main in-plane axes of the Au surface (i.e., H or K). The in-plane angular spread of the 

crystallites is ≈1° for Co3O4 and below the detection limit for CoOOH. For the shown samples, 

no other Co oxide phases or orientations are found, i.e. the deposits are pure phases and in 

excellent epitaxy with the Au(111) substrate. Proof of the latter is also that Bragg peaks, 

which are located along other CTRs (e.g., the Co3O4(333) or the Co3O4(422) peak), are not 

observed in the (0, 1, L) scans in Figure 1a,b. Different samples of identical type exhibited 

very similar electrochemical and structural properties in the operando SXRD measurements, 

demonstrating that the observations are highly reproducible. In some preparations mixed 

deposits of Co3O4(111) and CoOOH(001) were obtained, in which each of the two oxide 

phases exhibited its characteristic behavior, but these are not further discussed in the 

following. More details on the film preparation will be given in a future publication. 

Additional detailed reciprocal space mapping of the Co oxide Bragg peaks, as illustrated 

for the cases of the Co3O4(404) and CoOOH(017) peaks (Figure 1d,e), allows refinement of 
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the film texture and morphology. This analysis indicates that both oxide films are composed 

of a thin flat film with thicker islands on top, suggesting a Stranski-Krastanov growth mode. 

The oxide grains exhibit a tilt distribution around the surface normal with a FWHM of <0.5° 

in both cases. For the discussed examples, the vertical / lateral coherence lengths of the oxide 

lattices (𝑑⊥ / 𝑑∥) derived from the Bragg peak shape analysis are 20 nm / 31 nm for the Co3O4 

and 18 nm / 35 nm for the CoOOH film. We identify these coherence lengths with the out-of-

plane and in-plane dimensions of the single crystalline grains of the oxide, respectively. 

AFM studies of these samples, reveal clear differences in the surface morphology of the 

two oxide phases (Figure 2). The presented images were obtained after the operando SXRD 

studies presented in the following, however, very similar images were also obtained on 

analogously prepared as-deposited films. The CoOOH deposit (Figure 2a) appears continuous 

and smooth (RMS ~2.4 nm). Close inspection reveals well-defined terraces, separated by 0.45 

± 0.05 nm high steps. The latter is consistent with the spacing of the O-Co-OH trilayers along 

the c-axis (0.438 nm), which is the main structural motive of this layered compound. The 

typical step separation is ≈10 nm, but the terraces can extend by more than 100 nm in the 

perpendicular direction, implying that they may consist of several crystal grains of identical 

height. This suggests that the film consists of tightly packed grains with narrow grain 

boundaries, in which the lattices of the neighbouring grain nearly merge and mass transport of 

electrolyte species (e.g. OH ions and O2) should be significantly impeded. In contrast, the 

Co3O4 deposit exhibits a clear granular morphology with clearly separated 3D islands (Figure 

2b). The surface of islands appears rough and no steps are discernible. The average distance 

between neighbouring islands estimated from the AFM images is close to 𝑑∥, indicating that 

each 3D island consists of a single oxide grain. 

From these detailed structural data, the true electrochemical surface area (ECSA) of the 

samples can be obtained, eliminating the need to refer to other electrochemical data such as 
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the measured “double layer” current. Analysis of AFM images gives a roughness factor of 

1.02 for CoOOH. Taking into account that the grain boundaries are apparently compact, the 

ECSA here must be close to the geometric surface area. For the Co3O4 film, the roughness 

determined from the AFM images is underestimated, because the tip finite size and the small 

island separation do not allow precise imaging of the grain boundaries. However, it may be 

estimated from the film morphology derived from SXRD and AFM, resulting in an ECSA 

that is ≈3 times larger than the geometric surface (supporting information, section S5). This 

value depends only weakly on assumptions about the islands shape and coverage (less than 

20% within the spread of the experimental parameters). We consequently employ these 

ECSAs for the analysis of the electrochemical data. 

 

3.2 Operando studies of the potential-dependent structure 

Operando SXRD studies were conducted after injection of the 0.1 M NaOH electrolyte at a 

potential of 1.37 V, which is close to the measured open circuit potential. Similar 

characterization as in the argon atmosphere indicates that at this potential the oxide film 

structure remains unchanged. Subsequently, SXRD measurements during potential cycles in 

the range 0.77 to 1.57 V were performed, always using 1.37 V as rest potential. Two sweeps 

of potentials were recorded, of which only the second one is displayed for the sake of clarity, 

since the electrochemical current and structural data of both sweeps overlay very well.  

As illustrated in Figure 3 for the Co3O4 sample, potential-induced changes in the film 

structure result in modifications in the reciprocal space position and intensity distribution of 

the Bragg peaks, which can be directly monitored with the 2D detector. For a quantitative 

determination of these changes, the peak in each detector frame was fitted in 𝑞∥ and 𝑞⊥ 

direction with pseudovoigt functions. The peak positions along 𝑞∥ and 𝑞⊥ directly yield the in-

plane and out-of-plane strains 𝜀∥ and 𝜀⊥ in the oxide film, respectively; from the full width at 
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half maximum (fwhm) in these directions, the corresponding coherence lengths which are 

associated with the grain size 𝑑∥ and 𝑑⊥ are obtained. The Co3O4(404) and CoOOH(017) 

Bragg peaks were selected for these measurements, because they are intense and the out-of-

plane structural modifications are best visible at high L-values. The high time resolution of 

this method (one detector image is recorded in 0.2 to 1 s), makes it possible to record these 

structural data during potential sweeps at rates of 10 to 50 mV/s with good potential 

resolution. This also allows measuring deep in the OER (up to 150 mA/cm2) without 

accumulating too many O2 bubbles at the surface. 

The combined electrochemical and structural data for the two types of oxides, obtained 

simultaneously during a potential cycle at 10 mV/s, is shown in Figure 4. The cyclic 

voltammogram (CV) of the Co3O4(111) layer (red line, Figure 4a) exhibits two pairs of redox 

waves A1/C1 and A2/C2, superimposed on a large pseudo-capacitive current. It reproduces 

all features of CVs obtained with Co3O4 samples of various crystallinity and prepared by 

different methods,11,39,43,44 with the potentials of the redox waves approximately 

corresponding to the calculated equilibrium potentials for conversion of Co3O4 to CoOOH 

(A1/C1) and CoOOH to CoO2 (A2/C2). In contrast, the CV of the CoOOH(001) film (blue 

line) appears almost featureless with one ill-defined oxidation/reduction wave discernible 

around 1.2 V / 1.1 V. Table 1 gives the charge Q0 measured in the pre-OER region (0.77 to 

1.57 V) and the equivalent capacitance CEL (determined in range 0.77 to 1.07 V). Note that Q0 

and CEL are in the range of a few mC/cm2 and mF/cm2, respectively, in agreement with 

measurements on thin and compact cobalt oxide films.16,21,39  

In the operando SXRD studies, the structural changes in vertical and lateral grain size and 

strain during the CV were monitored. The results are displayed in Figs. 4b,c and Figs. 4d,e, 

respectively, taking the potential 0.77 V as reference state. These data evidence that the 

structure of the CoOOH layer (blue symbols) stays completely unaltered with Δ𝑑⊥,∥ < 0.05 
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nm in the entire investigated potential range and strain changes Δ𝜀⊥,∥ remaining below the 

detection limit. In contrast, the Co3O4 layer (red symbols) exhibits a very different behaviour, 

with pronounced changes during the potential cycle. Δ𝑑⊥ and Δ𝑑∥ pass through a shallow 

maximum at ≈1.15 V before decreasing up to the onset of OER by 1 and 4 nm, respectively 

(Figs. 4b,4c). The decreases in vertical grain size indicate that an ≈1 nm thick layer at the 

surface of the Co3O4 grains is converted into another phase, in good agreement with the 

results by Bergmann et al.11 The larger decrease in lateral size Δ𝑑∥ indicates the formation of 

a slightly thicker layer (≈2 nm) along the sides of the grains. Scanning the potential back to 

0.77 V restores Δ𝑑⊥,∥ = 0, i.e., completely reverts the skin layer back to epitaxial crystalline 

Co3O4 without any loss of material. Forward and reverse potential scan exhibit some 

hysteresis, with the maximum grain size in the latter being slightly lower and shifted 

negatively. In parallel, one observes reversible changes of both Δ𝜀⊥ and Δ𝜀∥ (Figure 4d,e) 

during the cycle. Both decrease towards positive potentials, indicating a volume change of the 

unit cell by ca. –1.2% between 0.77 and 1.6 V. The change is anisotropic (Δ𝜀⊥ > Δ𝜀∥) which 

is not too surprising, since the oxide islands are in strong epitaxy with the substrate and 

therefore laterally clamped to its surface lattice. As Δ𝑑⊥,∥, also Δ𝜀⊥,∥ exhibit small hysteresis 

between positive and negative going scans.  

The differences between the CoOOH and the Co3O4 samples also are visible in 

simultaneous optical reflectivity measurements (Figure S8), where the former exhibits only 

small changes (≈2%) whereas the latter decreases by 17% over the same potential range, 

which is much larger than expected for a mere surface change. In agreement with previous 

reports,24 these reflectance changes are proportional to the pseudocapacitive charge 

accumulated during the potential scan (Figure S9). 

In complementary measurements on this as well as other Co oxide deposits, all these 

structural modifications were reproducibly measured with the same amplitude upon 
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successive potential sweeps, even at higher sweep rates  (see Figure S4). Potential step 

experiments further show that these modifications are fast and completed within several 

seconds. In addition to these potentiodynamic studies, we also measured at selected potentials 

the steady state structure by recording full L-rods, of the type presented in Figure 1a,b. The 

resulting structural data (indicated by diamonds in Figure 4b-e) agree well with those of the 

potentiodynamic curves. All these results demonstrate clearly that the structural changes 

observed for the Co3O4 film are a genuine potential effect, i.e., largely reflect the equilibrium 

structure that is characteristic for the given potential.  

Extending the potential to more positive values, deep in the OER range (up to a current 

density of 150 mA/cm2, see right side panels in Figure 4b-e) does not lead to noticeable 

structural changes in the case of CoOOH(001), indicating that this surface is extremely stable 

even at large current densities of oxygen evolution. For Co3O4, we find a further slight 

decrease in Δ𝑑⊥,∥ and Δ𝜀⊥,∥ with increasing OER current density. The structural parameters 

are very similar in the positive and the negative potential sweep, suggesting that the presence 

of the evolved O2 has little influence on the oxide film structure. Plotting the thickness of the 

forming skin layer versus the iR-corrected voltage, reveals that the skin continues to increase 

approximately linearly with potential and with a similar rate 𝜕𝑑⊥/𝜕𝐸 ≈ 2.5 nm/V in OER 

(Figure 5a) and in the pre-OER region above 1.4 V (Figure 4b, dashed line). In the in-plane 

direction 𝜕𝑑∥/𝜕𝐸 ≈ 12 nm/V in the OER as well as in the pre-OER regime (≥ 1.4 V), which 

corresponds to an increase by ≈6 nm/V of the skin layer on the sides of the grains and thus is 

in agreement with the twofold larger thickness of this side wall skin layer found at 1.63 V. 

Also the strain variations take place in the entire potential range, including the OER regime.  

 The corresponding iR-corrected OER Tafel plots, measured in the operando cell in parallel 

to the SXRD studies and normalized to the ECSA obtained from the structural data, are 

shown in Figure 5b. They exhibit well-defined Tafel slopes b (given in Table 1), indicating no 
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major transport limitations, as expected due to the high OH- concentration at pH 13. 

Obviously, both materials have rather similar current densities at moderate overpotentials, if 

the microscopic surface area is taken into account. Above ≈1 mAcm-2 the current density of 

CoOOH(001) becomes higher than that of the Co3O4(111) film, reflecting its smaller Tafel 

slope. A more detailed analysis of the catalytic properties, focusing on the turnover frequency 

is provided in Table 2 of the discussion, section 4.3.  

 For both types of deposits, irreversible structural and morphological changes are only     

observed, if the cathodic potential limit becomes sufficiently negative, albeit with clear 

differences between the two materials. For Co3O4(111) the grains start to significantly shrink 

at potentials < 0.8 V (see Figure S5), whereas for CoOOH(001) such changes only occur 

below 0.4 V, indicating a wider stability range of the latter film.  We interpret these changes 

as being due to the electrochemical reduction of Co3O4 and CoOOH into Co(OH)2 
39,43. Upon 

scanning the potential back to positive values, the formed Co(OH)2 is not fully converted back 

into the epitaxial Co3O4(111) and CoOOH(001) films, respectively, resulting into an apparent 

loss of material. As this work focuses on the structure and properties near the OER regime, 

this point is not discussed in more detail here. 

 

Table 1: Electrochemical data for the two oxide films. Given are the charge Q0 derived from 

CVs in the pre-OER region (0.77 – 1.57 V), the pseudocapacity CEL, derived from the CV in 

the range 0.77 – 1.07 V, the Tafel slope b of the OER, and the current density j with respect to 

the ECSA at an overpotential of 400 mV.  

 Q0  

(mC/cm2) 

CEL 

(mF/cm2) 

b  

(mV/dec) 

j
ECSA

 (1.63 V) 

(mA cm-2) 

Co3O4(111) 4.15 3.75 65 2.2 

CoOOH(001) 1.4 1.2 52 3.9 
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4. Discussion 

Our studies rely on the preparation of pure phase epitaxial Co3O4(111) and CoOOH(001) thin 

epitaxial layers on Au(111). While the electrodeposition of epitaxial Co3O4(111) was already 

demonstrated in Ref. 16, obtaining a well-defined epitaxial CoOOH layer is new. 

Before starting the discussion, it is briefly recalled that, according to thermodynamics, the 

potential regions, where the different cobalt oxides are stable, are defined by redox reactions 

(1-3):43,45 

3 Co(OH)2 + 2 OH− ↔  Co3O4 + 4 H2O + 2 e−          (0.81 VRHE) (1) 

Co3O4 + OH− + H2O ↔ 3 CoOOH + e−                         (1.22 VRHE )  (2) 

CoOOH + OH− ↔  CoO2 + H2O + e−                                        (1.56 VRHE) (3) 

 The discussion below is organized in different sections dealing with the stability of the 

CoOOH(001) layer, the restructuration of the Co3O4(111) spinel oxide near surface region and 

the catalytic properties of both layers. The last section discusses the pseudo capacitive current 

in pre-OER region. 

  

4.1 Origin of the CoOOH(001) layer stability 

In view of Eqs. (1-3), the wide stability range of the CoOOH(001) layer is remarkable. The 

CoOOH film does not exhibit structural changes down to 0.4 V (see Figure S5) and is 

perfectly stable in the OER region. Negative of 0.4 V, the CoOOH layer is converted most 

probably into Co(OH)2 without previous formation of the Co3O4 phase in an intermediate 

potential range. These results are in qualitative agreement with more recent thermodynamic 

considerations, but even here the Co(OH)2 / CoOOH transition was found at more positive 

potentials (≤1.0 V vs. RHE).32 Consequently, we assign the wide stability range of the 

CoOOH(001) film to its smooth surface, which is composed of close-packed (001)-terminated 
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terraces. The electrochemical reduction into Co(OH)2 or Co3O4 requires nucleation of these 

phases, which is expected to start at steps and point defects in the (001)-planes (see Figure 6). 

That this process is kinetically hindered is in accordance with the relatively small fraction of 

Co step edge atoms (≈3%), estimated from the terrace width, and suggests that also the 

surface density of point defects is low.  

In the OER range, the structural changes, characterized by Δ𝑑⊥,∥ and Δ𝜀⊥,∥, are also totally 

absent, indicating that the CoOOH lattice remains unchanged in this range and the natural 

(001) cleavage plane is thus stable and is the active phase present during OER. In particular, 

formation of bulk crystalline CoO2 can be excluded. Concretely, no CoO2 formation was 

found in the detailed structure determination at a constant potential (Figure 4, diamonds) of 

1.57 V, i.e., just above the potential where CoO2 formation should become 

thermodynamically favourable, even though the potential was kept at this potential for 40 

minutes. Furthermore, even short term potential excursions to ≈200 mV higher potentials, 

where the driving force for CoO2 formation should be much higher, did not result in any 

structural changes. According to DFT calculations, the CoOOH(001) surface termination 

gradually changes from OH to O in this potential regime, reaching a fully O-terminated 

surface at 1.5 V vs. RHE.32 Similar changes in the surface protonation state of the CoOOH 

grains may also occur in the grain boundaries, since these defects should allow some proton 

diffusion, even if the grains are tightly packed. SXRD measurements are not sensitive to such 

changes in the state of the surface oxygen species, because of the very small scattering cross 

section of hydrogen. 

 

4.2 Potential-dependent restructuring of Co3O4 film surface: formation of the skin layer 

The Co3O4(111) film is stable in a much more restricted potential range than the smooth 

CoOOH(001) layer. At potentials more negative than 0.8 V (Figure S5), transformation into 

the more thermodynamically stable phase Co(OH)2 commences and above this potential, 
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small reversible structural changes take place at the surface and also in the bulk. In this 

section, we specifically focus on surface modifications in the potential range 0.77 – 1.7 V, 

i.e., the variations of Δ𝑑⊥,∥. The volume modifications (Δ𝜀⊥,∥) will be discussed in the final 

section of this paper. 

The good agreement between the values of 𝑑⊥,∥ and the dimension of the 3D islands 

imaged by AFM indicates that the latter consist of single grains and are directly probed by the 

operando SXRD measurements. The small changes in Δ𝑑⊥,∥ between 0.77 and 1.0 V can be 

assigned to a gradual onset of the Co(OH)2/Co3O4 transition in the first atomic planes. 

Between 1.2 V and 1.67 V, the changes in Δ𝑑⊥,∥ indicate the fully reversible formation of a 

≈1 nm thick skin layer on the top and side walls of the grains.  

This observation is in excellent agreement with the previous results by Bergmann et al. for 

polycrystalline Co3O4.
11 However, the time and potential resolved data obtained in our study 

provide important additional insights into the formation mechanism and nature of this skin 

layer.  

Our first main observation is that the skin layer emerges ≈300 mV negative of the onset of 

OER and thus is not directly related to the catalytic reaction as previously assumed. In these 

earlier studies, identification of the skin layer with an amorphous or highly defective 

CoOx(OH)y phase was proposed on the basis of X-ray spectroscopy and photoemission 

data.11,20,21 Furthermore, the skin layer was only observed at one potential (1.62 V) in the 

OER regime and thus thought to be caused by this reaction. The results presented here 

indicate that this near surface restructuring rather reflects the thermodynamics of the 

Co3O4/CoOOH phase transition, because its formation starts at a potential close to the 

equilibrium potential of reaction (2). In explaining this structural transition, we have to 

consider that it is not only fast but also fully reversible, which excludes simple kinetic effects, 

such as slow skin layer growth. We have also to take into account that the skin layer is not 
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accompanied by cobalt dissolution into the electrolyte, as evidenced by the absence of any 

irreversible loss of Co3O4 for potentials ≥1 V. This is seen in the operando studies during CVs 

(as e.g. in Figure 4) as well as in auxiliary experiments where the sample was found to be 

completely stable for many hours at 1.4 V, i.e., a potential in the range of the skin layer.  

In an atomistic picture, the formation of a skin layer in pre-OER region plausibly relies on 

displacements of the Co2+ cations from tetrahedral to octahedral symmetry because the Co 

oxidation state increases from Co2+/Co3+ to Co3+ for potentials above 1.2 V. This restructuring 

requires significant transport of oxygen and Co ions through the oxide lattice. However, 

because the skin layer is only of nm-thickness, this transport still can be rapid, which explains 

why the skin layer forms rapidly and is reversibly converted back into epitaxial Co3O4 upon 

reverting the potential to more negative values. In the OER region, the cobalt redox state 

increases further from Co3+ to Co3+/Co4+ 11,20,21 but this does not imply further modification of 

the Co local O-coordination shell, explaining why the skin thickness is only weakly affected 

by the catalytic reaction. It is noted in this context that even in our epitaxial systems the skin 

layer does not form on a perfectly smooth Co3O4(111) surface, but on nanoscale 3D islands 

that expose other facets to the electrolyte (most probably Co3O4(100)).46,47 This might 

facilitate the layer formation, e.g. by providing channels for cation (vacancy) migration within 

the oxygen framework. Indeed, the ≈4 times larger potential-dependence in the in-plane as 

compared to the out of plane direction may be rationalized by more facile ion migration 

parallel to the (111)-planes (see below).  

Our second main observation regarding the skin layer is that its thickness is a linear 

function of applied potential. Namely, it gradually increases with identical slopes 𝜕𝑑⊥,∥/𝜕𝐸 in 

the pre-OER and in the OER range, confirming that the oxygen evolution reaction does not 

substantially affect the skin layer growth. In other words, the thickness is determined by 

applied electrode potential alone. The linear change of the skin layer thickness with potential 
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strongly resembles the behaviour of passive films and implies the presence of a constant 

electric field within the skin layer, which is independent of the potential. Thus, also for the 

oxide system studied here, models developed for describing passive film formation on iron 

group metals may be applicable, in particular since for those passive films often a duplex 

structure was reported, consisting of two stacked layers of different oxide phases.48,49 These 

models should be well suited to describe skin layer formation on oxides, as found in the 

Co3O4 system, since they likewise describe the formation of a kinetically limited surface 

layer, consisting of cation species in a higher oxidation state and (additional) oxygen anions, 

due to a thermodynamic driving force. Whether this is an oxide layer on a metal or a 

(hydr)oxide layer on an oxide substrate should per se not matter fundamentally. 

Unfortunately, many models of passive film growth yield a linear variation of the layer 

thickness, for example, the high field model, the point defect model, and variations of those 

(see Refs. 50,51 and references therein). Unambiguous identification of the skin layer formation 

mechanism thus will require much more detailed data, e.g., on its dependence on pH and the 

growth kinetics, that will allow to distinguish between the different scenarios.  

 

 

4.3 Catalytic properties and structure of active sites 

On the basis of the structural results, we will now discuss the catalytic properties of our 

epitaxial samples. The b-value of Co3O4(111) and CoOOH(001) films given in Table 1 are in 

good agreement with that reported by Switzer and co-workers for µm thick electrodeposited 

epitaxial Co3O4 layers 16 and exfoliated CoOOH nanosheets.37,38 Table 2 gives the turnover 

frequency of our samples and the overpotential that is necessary to flow a current density of 

10 mAcm-2. The latter parameter compares very well with literature, even for the smooth 

CoOOH(001) films, if one accounts for the true microscopic surface area. The reported TOF 
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is defined here as the number of O2 molecules generated per second and per surface site. As 

surface site, we consider any Co-O surface bond. Details for the calculation of the TOF are 

given in the supplementary information (section S5). For CoOOH(001) layers we find a TOF 

of ≈4.2 s-1 which is in between that of thick CoOOH(001) oriented films of known ECSA13 

and that of exfoliated CoOOH nanosheets.37,38 We consider these examples because the 

surface structure of these samples is a priori the closest to that of our sample. In the case of 

the Co3O4(111) layer, it is not possible to calculate a TOF with the above definition, since the 

real density of sites in the 3D skin layer is unknown. Assuming conservatively only sites on 

the surface are active, we estimate a TOF ≈3.2 s-1, as explained in section S5, for the purpose 

of comparison with CoOOH and literature. We have to bear in mind that this value of ≈3.2 s-1 

only represents the order of magnitude of the TOF. It is yet much larger than most of those 

reported in the literature for Co3O4 and CoCat (see Table 2) and compares well with only a 

few references. This point will be addressed in more detail later on. 
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Table 2: Estimated TOF for  = 0.4 V and overpotential  for a current density of j = 10 

mA/cm2 with respect to the ECSA. TOF values reported in the literature are given for 

comparison. 

Oxide Structure/morphology TOF (s-1) 

( = 0.4 V) 

 (V)  

(j = 10 

mA/cm2) 

Ref. 

CoOOH(001) Epitaxial (001) 

Oriented (001) 

Exfoliated nanosheets 

Exfoliated nanosheets 

4.2  

0.4 a) 

15 b) 

0.023 b) 

0.42 

0.43 

0.3 

0.39 

This work 
13 
38 
37 

Co3O4(111) Epitaxial (111)/Au 

Epitaxial (111)/Au  

3.2 

0.4 a) 

0.42 

0.43 

This work 
13 

Poly-Co3O4 Nanocystalline 

Nanocystalline/Au (80ML) 

Nanocystalline/Au (0.4ML) 

1.36 10-3 c)  

5·10-2 c) 

1.5  c) 

0.44 

na 

na 

11 
52 
52

 

CoCat amorphous 8 10-4 b)  53 

a) Estimated using ECSA derived from capacitance measurements in acetonitrile 

b) Estimated assuming all Co centres within the material are active 

c) Estimated using ECSA derived from capacitance measurements in aqueous alkaline electrolyte 

 

 At this stage, our main finding is that a smooth epitaxial CoOOH(001) layer with a well-

defined structure is nearly as good catalyst as a Co3O4(111) layer or any Co3O4 catalyst of the 

literature, if one accounts for the true microscopic surface area. This is in contrast with 

general assumptions in literature and not easy to reconcile with the current conceptions on the 

nature of the OER-active site on Co oxide catalysts. Moreover, reaching these catalytic 

performances does not require “pre-conditioning” of the CoOOH film, because it is 

structurally stable. This last point appears again to be in contrast with the general behavior 

reported in the literature (see for instance 19,37) and reinforces the interest of studying well-

defined epitaxial films. 

 It was proposed in previous studies of amorphous CoCat catalyst films30 that the OER 

active sites are di-µ-oxo-bridged (µ2-O) ion clusters, in which Co atoms are in a near-

octahedral coordination by 6 oxygen ligands with a Co-Co distance is 2.81 Å and oxygen 
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atoms bound to two Co atoms only, a configuration which is similar to that in Co-oxo 

cubanes.54 On the (001) plane of CoOOH, only µ3-O/OH sites exist, where the oxygen is 

threefold coordinated to Co3+, and µ2-O configurations only exist at steps of CoOOH(100) 

surface or near Co3+ surface vacancies (Figure 6). According to our structural data, the 

coverage of µ2-O/OH sites on our CoOOH is only a few percent. Assuming that the latter are 

the predominant active sites of the OER, the reaction would occur at a small fraction of the 

surface sites only and the true TOF would be of the order of 100 s-1.  

 In the case of the Co3O4(111) film, we have seen previously that a skin layer is covering 

the islands (see scheme in Figure 4, top right corner) before the OER, which is only 

marginally thickening further in OER. This skin layer is probably a highly defective, 3D 

reaction zone for the OER, in analogy with the behaviour of CoCat.34  It should therefore be 

more active than a smooth CoOOH(001) film since defects are thought to improve the 

catalytic activity.55 In previous studies, it was concluded on the basis of XAS measurements 

that the skin layer consists of a Cox(OH)y phase with an increased amount of octahedrally 

coordinated di-µ-O/OH-bridged Co3+/4+ ions and these sites were considered as indispensable 

for the OER activity of Co3O4.
11 The very similar activity of Co3O4 and CoOOH in our study 

is therefore difficult to rationalize in this scenario and can only be explained in two different 

ways: Either, the number of µ2-O/OH sites in the skin layer is only a few percent of the 

ECSA, which seems unlikely because a strong local structural disorder is expected within the 

skin, or the high catalytic activity of the CoOOH(001) surface is not caused by µ2-O/OH sites 

alone and other sites of this surface, specifically µ3-O/OH sites, significantly contribute to the 

OER. The latter seems not unlikely, taking into account that in µ2-O/OH and µ3-O/OH sites 

the Co-O bond length and the spacing of the oxygen atom to neighbouring O is very similar. 

At least in terms of the local geometry, the OER reaction mechanisms proposed in previous 

studies 11,28 therefore should be possible for both sites.  
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4.4 Pseudo capacitive charge in per OER region 

We now discuss the electrochemical charge Q0 measured in the pre-OER region (Table 1). 

As explained in section S6, for CoOOH(001) the charge Q0 ≈1.4 mC cm-2 may be attributed 

simply to adsorption/desorption on the oxide surface, specifically protonation / deprotonation 

of the outermost oxygen atoms on the top surface plane and within the grain boundaries. 

According to a previous DFT study, the deprotonation of the CoOOH(001) surface indeed 

extends over a wide potential regime, with the stability ranges of the fully H-terminated and 

the fully O-terminated surface at ≤0.3 V and ≥1.5 V vs. RHE, respectively.32 We note, as an 

additional proof that the changes in the optical reflectivity of this sample are consistent with a 

surface effect (supporting information, section S7, Fig. S8). A pure surface charging is further 

in agreement with the absence of structural modifications in the pre-OER region.  

In the case of Co3O4, the charge Q0 ≈4.15 mC/cm2 for the sample in Figure 4 corresponds 

to a charge q0 = 0.86 e0 per formula unit of oxide within the deposited film (see supporting 

information, section S6) which reduces to q0 = 0.58 e0 after subtraction of the charge 

necessary to form the 1 nm thick skin. A logical conclusion is that the pseudo-capacitive 

charge transfer involves the bulk of the Co3O4 epitaxial film. This is also supported by the 

optical reflectivity measurements, which mirror the corresponding charge transfer (see section 

S7, Figure S9a) and is in accordance with previous observations for CoCat.24 The changes in 

the bulk charge state are probably linked to the reversible changes in unit cell volume, which 

occur in the same potential region. This is also in agreement with XAS results that likewise 

found a decrease in bond distances upon oxidation of Co2+ to Co3+.11 Furthermore, these fast 

and reversible bulk structural changes  explain the excellent performances and cyclability of 

Co3O4 in supercapacitor applications.56  
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A pending question is the identification of the charges associated with the substantial 

pseudo-capacitive charge / discharge in Co3O4. The discussion must also take into account the 

rate of this process, which is fast (≤ 1 s for anodic charging) for a bulk phenomenon. If this 

process would be related to a bulk Co redox reaction, the predominant fraction of the Co2+ 

ions in the 20 nm thick Co3O4 film would have to be converted into Co3+. This seems very 

unlikely, given that the spinel lattice is largely maintained and that the means oxidation state 

of the material remains close to that of the spinel phase. In previous studies, intercalation of 

solution species, such as cations or hydroxyls, was proposed to explain the large pseudo-

capacitive current,13,57 which is sustained by the fact that no such bulk charging is observed in 

organic electrolyte, such as acetonitrile (interfacial capacitance is of the order of a few 

10µF/cm2 in this solvent).13,16 More work is necessary to check this hypothesis and identify 

the nature of the bulk charge transfer.  

An important practical consequence of these findings is that, contrary to general practice in 

electrocatalytic studies of Co oxide materials, the current in the pre-OER range cannot be 

easily employed to estimate the electrochemical surface area or redox-active surface sites. 

Concretely, dividing the pseudo-capacitance of the oxide by a standard double layer 

capacitance of 60 µF/cm2, as usually done in literature,5,12 leads to an erroneous 

electrochemical surface area (ECSA) that is several order of magnitude larger than derived 

from independent structural characterization. This has already been noted in previous studies 

16,27,58 where the ECSA was estimated by other methods (e.g. impedance measurements in an 

organic solvent), but has been largely ignored in the community. Our results for structurally 

well-characterized samples reinforce the need for independent ECSA determination as good 

practice in electrocatalytic studies of Co oxides. 
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5. Conclusions 

In summary, we studied the OER on Co oxides by combining structurally well-defined model 

catalysts – thin epitaxial Co3O4(111) and CoOOH(001) films – and advanced operando X-ray 

surface diffraction techniques. This approach enables direct correlation of the potential-

dependent microscopic surface structure and the electrochemical current, which are measured 

simultaneously. It specifically allows independent determination of the electrochemical 

surface area and thus straightforward comparison of the catalytic activity.  

According to our results, Co3O4(111) and CoOOH(001) behave quite differently from a 

structural viewpoint, whereas their catalytic performances appear very similar, suggesting that 

the two materials have a similar surface density of OER active sites. The surface structure of 

CoOOH(001) is very stable, even at high OER current densities. It is primarily terminated by 

oxygen atoms that are threefold Co-coordinated (µ3-O) and only exhibits a small number of 

the di-µ-oxo bridged Co sites (µ2-O) at surface defects (steps and terrace cation vacancies), 

that are typically associated with the good OER activity of cobalt oxides.  

On Co3O4(111), the OER occurs on a skin layer, whose formation is highly reversible, fast, 

and commences in the pre-OER range, near the CoOOH / Co3O4 equilibrium potential, 

indicating that it is not induced by the catalytic reaction, but reflects the oxide 

electrochemistry. The skin layer thickness is increasing almost linearly with potential, even in 

the OER regime. We suggest that this behaviour may be explained by models derived for 

passive film formation. Following the current assumption in the literature that the skin layer 

corresponds to a defective 3D reaction zone with a high number of µ2-O sites, the very similar 

catalytic properties of Co3O4 and CoOOH(001) suggests that the µ3-O sites may also 

contribute to the OER on the latter surface.  

In addition, we find over a wide potential range reversible changes of the bulk lattice 

constant (i.e. a change in the density of the Co3O4 film) which may be attributed to the 
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reversible creation / annihilation of a high density of volume stoichiometric defects. Together 

with the charge caused by skin layer formation/removal, these seem to be associated with the 

large pseudo-capacitive current of this material in the pre-OER range, a phenomenon that also 

explains why this oxide is a good material for supercapacitor applications.  
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Figures: 

 

 

Figure 1: Scans along the (0, 1, L) crystal truncation rods of oxide films electrodeposited in 

(a) 2 M and (b) 5 M NaOH, demonstrating the epitaxial growth of (a) pure Co3O4(111) and 

(b) pure CoOOH(001). The expected positions of the Bragg peaks for (unstrained) bulk Co3O4 

and CoOOH are indicated by red and blue lines, respectively. (c) Corresponding schematic 

reciprocal space geometry, showing the Bragg peaks and crystal truncation rods of the 

Au(111) substrate (yellow), Co3O4(111) (red) and CoOOH(001) (blue). The axes H, K and L 

indicate the hexagonal unit cell of the Au(111) substrate. (d,e) Reciprocal space maps of (d) 

the Co3O4(404) and (e) the CoOOH(017) Bragg peaks (marked by * in a-c). 
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Figure 2: AFM images (500 nm x 500 nm) of (a) CoOOH(001) and (b) Co3O4(111) layers 

electrodeposited on Au(111). Films are 18 and 20 nm thick, respectively, and were recorded 

after the operando SXRD studies on the samples shown in Figure 1a,b. 
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Figure 3: X-ray detector images, illustrating the reversible potential-dependent structural 

changes of the Co3O4 deposit. The displayed images were selected from a continuous series, 

recorded at the (404) Bragg peak during a CV in 0.1 M NaOH  at 10 mV/s. They are shown 

after conversion to in-plane (𝑞∥) and out-of-plane (𝑞⊥) positions in reciprocal space, with the 

small black crosses marking the current and the large white crosses the initial peak position. 

By quantitative fits of peak position and width in both directions, 𝜀⊥,∥  and 𝑑⊥,∥ were 

determined.  
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Figure 4: (a) CV and (b-e) operando SXRD structural data for Co3O4/Au(111) (red) and 

CoOOH/Au(111) (blue), recorded simultaneously in 0.1 M NaOH at 10 mV/s. Presented are 

the potential-dependent changes in out-of-plane and in-plane (b,c) grain size Δ𝑑⊥,∥ and (d,e) 

strain Δ𝑑𝜀⊥,∥ relative to the values at the lower potential limit. The right hand panel in (b-e) 

show the variations of these structural parameters as a function of OER current, obtained in a 

similar experiment. In all panels, filled and open symbols refer to the positive and negative 

going potential sweep, respectively. In addition, results of the structure under steady-state 

conditions are included for comparison (diamonds) and a schematic illustration of the film 

morphologies is included (upper right corner). All current densities j are given with respect to 

the geometric surface area of the Au(111) single crystal.  
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Figure 5: (a) Potential-dependent changes of the out-of-plane and in-plane grain size  

Δ𝑑⊥,∥ of Co3O4/Au(111) in the OER regime. (b) iR-corrected Tafel plots of CoOOH(001) 

(blue) and Co3O4(111) (red) films, recorded on the structurally characterized samples in the 

SXRD cell. The current density is given with respect to ECSA, accounting for the roughness 

factor ~1 and ~3, respectively for CoOOH(001) and Co3O4(111) layers. 
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Figure 6: Atomic model (top view) of the topmost plane of the CoOOH(001) surface. 

Oxygen atoms are red and cobalt blue. O atoms on the ideal surface are threefold coordinated 

(µ3-O sites), whereas at steps and next to Co vacancies µ2-O sites (dark red) are found.  
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