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The development of stable and earth-abundant inorganic 
catalysts that split water molecules efficiently is pivotal for 
developing energy systems based on sustainable and envi-

ronmentally friendly fuel production and energy storage from 
renewable power sources1,2. Nature utilizes water as the hydrogen 
source in photosynthesis to convert sunlight into molecular oxy-
gen, electrons and protons. The actual catalytic reaction proceeds 
in the Mn4Ca oxo cluster of photosystem II. Its structure and the 
reaction mechanism were investigated for decades using advanced 
X-ray-based methods3–5. Tremendous efforts have been made to 
prepare manganese-based inorganic analogues of the active centre 
of photosystem II6–9. However, nickel- and cobalt-based materi-
als exhibit the most promising catalytic activities of the 3d metals, 
with cobalt excelling because of its applicability in neutral and  
alkaline electrolytes10–15.

However, extended knowledge of the fundamental activity- and 
stability-determining properties, and identification of their spec-
troscopic fingerprints, are essential to tailor improved inorganic 
water-splitting catalysts. Thus, a deeper understanding of the reac-
tion mechanism, active sites and structural adaption of the cata-
lysts to reaction conditions during the oxygen evolution reaction  
(OER) is pivotal16.

Most OER reaction mechanisms are based on O–O bond forma-
tion via bulk water nucleophilic attack (BWNA) (Fig. 1c), which 
proceeds on the terminal oxygen or bridging oxygen (µ​-O)12,17–19. 
BWNA has been proposed for photocatalytic OER on Co3O4

17. In 
contrast, intramolecular oxygen coupling (Fig. 1a, b) is the proposed 
mechanism for electrocatalytic OER on CoOx electrocatalysts20–22, 

as supported by density functional theory (DFT) calculations for 
CoOx dimers23, and geminal oxygen coupling (GOC) (Fig. 1a) is the 
proposed mechanism for cubane-like CoOx clusters24. However, the 
formation of oxygen ligand holes24 or, alternatively, a Co(V)–O oxo 
radical23, which are prerequisites for GOC, might demand elevated 
overpotential19. Time-resolved Fourier-transform infrared spec-
troscopy on Co3O4 during photocatalytic OER has shown the pres-
ence of slow and fast OER sites assigned to electronically isolated 
and electronically coupled cobalt ions, respectively19. Furthermore, 
the reaction mechanism might depend on the overpotential, as 
the most active and stable CoOx surface termination changes  
with overpotential18,19.

The participation of µ​-O at elevated overpotentials is expected 
to induce concomitant structural changes of the catalyst. In a pre-
vious study, we identified a reversible structural transformation 
of the near-surface of Co3O4 crystallites during moderate oxygen 
evolution10. This transformation was similarly identified in an alka-
line electrolyte25. The OER can also irreversibly alter the structure 
of crystalline transition metal phosphates26 and perovskites27–29. In 
the case of a cobalt phosphate OER electrocatalyst (CoCat)30, the 
Co–O bonding environment is contracted during the OER and the 
di-µ​-oxo bridges between cobalt ions show increased disorder com-
pared with the resting state31. This finding indicates a change in the 
protonation pattern of µ​-O during the OER. The contraction of the 
M–O bond can be induced by the oxidation of metal ions25,31–33 or 
the generation of electron holes in the oxygen ligand, as was found 
for IrOx

34–36. Furthermore, the metal–oxygen covalency in transi-
tion metal perovskites decreases under high-temperature oxygen 
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evolution, showing the redox activity of surface oxygen atoms37. 
The importance of oxygen coordination and redox chemistry was 
previously pointed out for transition metal perovskites and oxides, 
as well as for lithium-ion battery electrodes38–41.

In this work, we prepared four distinct, well-defined Co(oxyhydr)
oxide OER model electrocatalysts—a crystalline spinel Co3O4, a rock-
salt-like CoO (rs-CoO) with purely octahedral Co2+ coordination, 
a wurtzite-like CoO (w-CoO) with tetrahedral Co2+ coordination 
and a layered, heterogenite-like Co2+/3+Ox(OH)y with low crystal-
linity denoted as CoOOH (Fig. 2). We investigated their structural 
and morphological integrity after catalytic operation in a neutral 
electrolyte using a wide range of bulk and surface-sensitive analyti-
cal methods supported by advanced DFT calculations including a 
Hubbard-like term U (DFT +​ U) and solution of the Bethe–Salpeter 
equation (BSE). Our comparative approach enabled us to show that 
a prevalent structural motif of di-µ​-oxo-bridged Co3+ ions invariably 
emerged independent of the initial cobalt coordination and oxida-
tion state, forming an OER-active CoOx(OH)y of low(er) crystallinity. 
We uncovered a contracted bonding environment of oxidized Co–O 
redox sites during the OER by operando X-ray absorption near-edge 
structure (XANES) and extended X-ray absorption fine structure 
(EXAFS) spectroscopy. The emerging unified active site struc-
ture concept derived from correlations between the electrochemi-
cal Co3+–O reducibility, oxygen coordination and catalytic activity 
advance our understanding of the OER on Co(oxyhydr)oxides. Our 
findings could provide generalized structure principles of heteroge-
neous water splitting beyond cobalt-based electrocatalysts.

Results
Bulk structure of the OER-conditioned CoOx(OH)y. Identifying 
structure–activity correlations and investigating the local atomic 
structure of the catalytically active state demands a kinetically stable 
state of the electrocatalysts obtained after electrochemical pre-treat-
ment. Therefore, we first investigated the integrity of morphology, 
crystal and local atomic structure, and cobalt oxidation state of the 
electrocatalysts after OER conditioning in a neutral, phosphate-
containing electrolyte. This OER-conditioned state represents the 
state of the CoOx(OH)y in which the electrochemical and electro-
catalytic testing was performed. A detailed description of the as-
prepared state is given in Supplementary Section 2. We previously 
reported that Co3O4 did not change its structure irreversibly after 
OER conditioning10. Rietveld refinement of the high-energy X-ray 
diffraction (HE-XRD) pattern confirmed the strong structural 
integrity of Co3O4 after OER conditioning (Fig. 3, Supplementary 
Figs. 6–11 and Supplementary Tables 1 and 5).

Similar to Co3O4, rs-CoO largely retained its morphology, 
main structural motifs and crystallinity after OER conditioning 
(Supplementary Figs. 2–5). However, ellipsoidal crystallites exhibit-
ing surface defects were formed from the spherically shaped ones 
of the as-prepared state (Fig. 3). The HE-XRD pattern and Rietveld 
refinement revealed the formation of a spinel-like phase exhibiting a 
significantly lower coherence length (4.5 ±​ 0.4 nm) than the as-pre-
pared and residual rs-CoO phase (>​9 nm) (Fig. 3, Supplementary 

Figs. 6 and 7 and Supplementary Table 2). The electrochemically 
formed spinel phase showed an expanded crystal lattice (with unit 
cell parameter a =​ 8.213 ±​ 0.002 Å) compared with the hydrother-
mally formed Co3O4. We explain this by a higher fraction of Co2+ 
ions on Oh sites in the electrochemically formed spinel, leading to a 
lower than expected mean oxidation state. Our explanation is sup-
ported by a mean cobalt oxidation state that increased slightly after 
OER conditioning, as determined by the shift of the cobalt K edge 
(+​0.3 eV), which was recorded under operando conditions at +​1.2 V 
(Fig. 4 and Supplementary Table 6). We fitted the k3-weighted ope-
rando EXAFS spectra in a joint-fit approach to avoid over-param-
eterization and increase the significance of the fit results (further 
details are provided in the captions of Supplementary Tables 5–8 
and Supplementary Figs. 27–29). Our fits revealed that the Co–O 
and Co–Co distances resembled the Co2+ Oh coordination of the 
as-prepared state (Fig. 5, Supplementary Fig. 10 and Supplementary 
Table 6). However, a small fraction of shorter Co–O/Co distances 
appeared (1.905 ±​ 0.003 and 2.847 ±​ 0.003 Å), which we assign 
to di-µ​-oxo-bridged Co3+ Oh ions within the electrochemically 
formed spinel phase. Thus, rs-CoO largely resisted strong structural 
transformation during OER conditioning, but changed partially 
and irreversibly towards a three-dimensional (3D) cross-linked 
Co2+/3+Ox(OH)y of lower crystallinity.

w-CoO exhibited the strongest irreversible structural and mor-
phological change after OER conditioning. The pyramidal shape 
with hexagonal base of the as-prepared crystallites was retained 
but the crystal facets were roughened and consisted of signifi-
cantly smaller domains (Fig. 3 and Supplementary Figs. 2–5). 
The HE-XRD pattern shows that these smaller domains probably  
consisted of a spinel-like crystalline phase exhibiting a significantly 
lower coherence length (3.56 ±​ 0.11 nm) compared with the as-pre-
pared w-CoO phase (11.8 ±​ 0.3 nm) (Fig. 3, Supplementary Figs. 6 
and 7 and Supplementary Table 3).

The spinel-like lattice was slightly expanded (a =​ 8.1173 ±​  
0.0013 Å) compared with the hydrothermally formed Co3O4, whereas 
the w-CoO lattice was contracted compared with the as-prepared lat-
tice (Supplementary Tables 3 and 7). The structural transformation 
was induced by oxidation of the Co2+ Td ions to Co3+ Oh as the cobalt 
K edge shifted to a higher energy (+​0.9 eV) and the mean Co–O 
length decreased to 1.922 ±​ 0.005 Å (Figs. 4 and 5, Supplementary 

a cb

Fig. 1 | Possible mechanisms of O–O bond formation. a, Geminal oxygen 
coupling (GOC) between a terminal oxygen and a µ​-O species.  
b, Intramolecular coupling of two terminal oxygen atoms (IMOC).  
c, Bulk water nucleophilic attack (BWNA).

a b

c d

Fig. 2 | Structures of the selected cobalt oxides and cobalt oxyhydroxides. 
a, Co3O4. b, rs-CoO. c, CoOOH. d, w-CoO. The CoO6 coordination 
octahedra and CoO4 coordination tetrahedra are shown. Co3+ octahedra, 
Co2+ octahedra and Co2+ tetrahedra are shown in blue, red and green, 
respectively. Hydrogen atoms are shown in white.
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Fig. 10 and Supplementary Table 7). The Co3+ ions were octahedrally 
coordinated and predominantly di-µ​-oxo bridged (2.841 ±​ 0.009 Å), 
whereas the Co2+ Td ions were primarily mono-µ​-oxo bridged to 
Co2+ Td ions in the residual wurtzite phase (but contracted from 
3.217 ±​ 0.008 to 3.16 ±​ 0.02 Å; Supplementary Table 7) and Co3+ Oh 
(3.345 ±​ 0.016 Å) in the spinel-like phase. Thus, w-CoO experienced 
a significant structural transformation during the OER, leading to 
3D cross-linked Co2+/3+Ox(OH)y domains of lower crystallinity.

CoOOH consisted of a layered heterogenite-like phase with 
a structural coherence length smaller than 2 nm before and after 
OER conditioning, as revealed by HE-XRD (Fig. 3, Supplementary  
Figs. 6 and 7 and Supplementary Table 4). A strong irreversible 
oxidation of the initially present Co2+ ions to Co3+ ions within 
the CoOx(OH)y is reflected in the shift of the cobalt K edge (+​
1.7 to 7,720.7 eV) (Fig. 4 and Supplementary Table 8) and the 
Co–O distance, which changed from two distances (1.898 ±​ 0.013 
and 2.08 ±​ 0.04 Å for Co3+ and Co2+–O, respectively) to a single 
Co3+–O distance (1.905 ±​ 0.003 Å). The exclusive Co–Co distance 
(2.847 ±​ 0.009 Å) shows that the CoOOH consisted primarily of 
di-µ​-oxo-bridged Co3+ Oh ions (Fig. 5, Supplementary Fig. 10 and 
Supplementary Table 8). Additionally, OER conditioning led to 

more order in the local atomic structure as the Co–O/Co coordi-
nation numbers increased by +​1.9 and +​3.1, respectively. We note 
that the Co–O coordination number was less than six, indicat-
ing the presence of four- or fivefold coordinated cobalt ions and, 
thus, empty terminal surface sites. Simultaneously, a more struc-
tured surface of the CoOx(OH)y film appeared and their domains 
were distinguishable only after OER conditioning (Fig. 3 and 
Supplementary Figs. 2–5). Thus, we consider the layered CoOOH 
after OER conditioning as a phosphate-free analogue of CoCat42.

We conclude that both rs-CoO and w-CoO transformed dur-
ing OER conditioning irreversibly and independent of the initial 
cobalt coordination towards a 3D cross-linked Co2+/3+Ox(OH)y 
with primarily di-µ​-oxo-bridged Co3+ Oh ions of significantly lower 
crystallinity during the OER. w-CoO transformed stronger than 
rs-CoO, and CoOOH retained its layered oxyhydroxide structure. 
Furthermore, the morphological changes (especially the roughen-
ing of the w-CoO crystallites) indicate that the structure changed 
predominantly on the near-surface, calling for detailed near- 
surface analysis.

Near-surface structure of the OER-conditioned CoOx(OH)y. 
We then investigated the near-surface (electronic) structure of the 
as-prepared CoOx(OH)y and after OER conditioning by total elec-
tron yield XANES spectroscopy at the cobalt L3- and O K edges, 
which probes less than 5 nm deep43,44. To assign the resonances 
of the XANES spectra, we performed DFT +​ U, BSE and ab initio 
crystal field multiplet calculations on the as-prepared structures 
and on layered CoOx(OH)y structural models exhibiting selected 
defect motifs (Supplementary Fig. 1). We found very good agree-
ment between experimental and calculated cobalt L3 and O K edge 
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Fig. 3 | Morphological and structural integrity of CoOx(OH)y 
electrocatalysts. a–h, Transmission electron microscopy images of Co3O4 
(a and e), rs-CoO (b and f), CoOOH (c and g) and w-CoO (d and h) 
before (top) and after OER conditioning (bottom). Scale bars: 5 nm. i, j, 
Corresponding HE-XRD patterns of CoOx(OH)y before (i) and after OER 
conditioning (j) were recorded using an incident angle of 1° and 77 keV. 
Experimental data and fitted profiles from Rietveld refinement are shown 
by thick and thin lines, respectively. CoOx(OH)y was refined based on 
powder diffraction file (PDF) number 00-042-1467 (space group: Fd-3m) 
for Co3O4, PDF number 01-078-0431 (space group: Fm-3m) for rs-CoO, 
PDF number 01-089-2803 (space group: P63mc) for w-CoO and PDF 
number 01-073-0497 (space group: R-3m) for CoOOH. The diffraction 
patterns were background-corrected for clarity. The raw data are shown 
in Supplementary Fig. 6. The scanning electron micrographs and selected-
area electron diffraction patterns are given, respectively, in Supplementary 
Figs. 2 and 5 for the as-prepared state and Supplementary Figs. 3 and 4 for 
the OER-conditioned state. Further details on HE-XRD data analysis are 
given in Supplementary Figs. 6–11 and Supplementary Tables 1–4.
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Fig. 4 | Ex situ and operando cobalt oxidation states at selected catalyst 
states. a–d, Operando XANES spectra collected at the cobalt K edge of 
Co3O4 (a), rs-CoO (b), CoOOH (c) and w-CoO (d) electrocatalysts in the 
dry state, after OER conditioning at +​1.2 V and during the OER in 0.1 M KPi 
at pH 7. The electrode potential of the catalytically active catalyst state 
was identified by a current density of 0.5 mA cm−2 in an anodic potential 
scan with a sweep rate of 6 mV s−1. The electrode potential varied between 
+​1.62 and +​1.75 V. Co3O4 data were reproduced from previous work and 
obtained by the freeze-quenched method under potential control10. The bar 
at the half-edge rise denotes the full range of edge positions determined for 
CoOx(OH)y and the dashed line represents the white line position of Co3O4 
at 7,729 eV. The difference XANES spectra between the OER-conditioned 
and catalytically active state are shown in Supplementary Fig. 24.
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spectra for the as-prepared state (Fig. 6 and Supplementary Fig. 11) 
and, thus, we confirmed the presence of the cobalt coordination and 
oxidation state also for the near-surface of the Co(oxyhydr)oxides. 
The irreversible oxidation of Co2+ to Co3+ within CoOx(OH)y 
during the OER conditioning determined for the bulk was sig-
nificantly stronger at the near-surface. The main cobalt L3 XANES 
feature of rs-CoO and w-CoO shifted by ~1.7 eV towards CoOOH, 
which largely resembled the as-prepared state, as was found for 
Co3O4 (Supplementary Fig. 11). Linear combination fitting of the 
cobalt L3 XANES spectra revealed only 30% of remnant Co2+ ions 
(Supplementary Fig. 12).

The Co–O bonding at the near-surface of the Co(oxyhydr)
oxides after OER conditioning unifies as the cobalt oxidation state. 
This leads to a similar hybridization between oxygen 2p and cobalt 
3d orbitals, which is probed in the pre-edge of the O K XANES 
spectra below 534 eV (Fig. 6). The strong variation in the Co–O 
bonding distance in the as-prepared state is reflected in the pre-edge 
resonances. By comparison with calculated O K XANES spectra, we 
were able to assign the energy resonance at ~530.5 eV to low-spin 
Co3+–O hybridized states in which the oxygen ions are three- or 
fourfold metal coordinated (Oµ3/4) in Co3O4 and ideal Co3+OOH. 
The resonance at 533 eV can be assigned to threefold metal-coordi-
nated oxygen or OH bridging pairs of high-spin Co2+ and Co3+ for 

CoOOH, as well as sixfold metal-coordinated oxygen ions bridging 
pairs of high-spin Co2+ for rs-CoO.

After OER conditioning, the pre-edge of the Co(oxyhydr)oxides 
did not exhibit a prominent Co2+–O resonance (533 eV), but a reso-
nance at ~531.5 eV appeared in addition to the low-spin Co3+–O 
resonance. The intensity ratio between these two features dif-
fers significantly between Co3O4 (strong 530.5 eV resonance) and 
CoOOH (almost equal-intensity contribution). rs-CoO and w-CoO 
exhibited an intermediate intensity ratio after OER conditioning. To 
assign the resonance at 531.5 eV, we also performed DFT +​ U +​ BSE 
calculations on defective, layered CoOx(OH)y structural mod-
els simulating surface-typical bridging oxygen configurations 
(Supplementary Figs. 1 and 30). We found the best agreement for 
hybridized states of protonated, twofold metal-coordinated oxygen 
atoms (µ​2-OH) bridging pairs of fivefold oxygen-coordinated high-
spin Co3+ and Co2+ ions. These µ​2-OH bridges are predominantly 
present at edges, corners and metal vacancies in the CoOx(OH)y 
domains, as well as at specific single-crystal terminations; for exam-
ple, Co3O4(110)45,46. Thus, we conclude that the area ratio between 
the two resonances represents the ratio of Oµ3 and Oµ2-OH sites in 
CoOx(OH)y. Additionally, the near-surface composition (as deter-
mined by X-ray photoelectron spectroscopy (XPS)) before and after 
OER conditioning showed that the structural transformation of rs-
CoO and w-CoO is accompanied by phosphate incorporation at the 
near-surface of CoOx(OH)y (P/Co ~ 0.4) (Supplementary Figs. 13–17  
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Fig. 5 | Ex situ and operando structural characterization at selected 
catalyst states. a–d, Fourier transforms (FTs) of operando EXAFS spectra 
collected at the cobalt K edge of Co3O4 (a), rs-CoO (b), CoOOH (c) and 
w-CoO (d) electrocatalysts before (top curves) and after OER conditioning 
at +​1.2 V (middle curves), and during the OER (bottom curves) in 0.1 M KPi 
at pH 7. The electrode potential of the catalytically active state was identified 
by a current density of 0.5 mA cm−2 in an anodic potential scan with a sweep 
rate of 6 mV s−1. The electrode potential (not iR-corrected) varied between 
+​1.62 and +​1.75 V. Experimental data and fitted profiles are shown by thick 
and thin lines, respectively. Co3O4 data were reproduced from previous 
work and obtained by the freeze-quenched method under potential control 
using liquid N2 after 15 min at 1.62 V in 0.1 M KPi10. The dashed vertical lines 
represent the reduced distance of Co3+–O, di-µ​-oxo bridges between pairs 
of Co3+, and mono-µ​-oxo bridges between Co2+ Td and Co3+ Oh, at 1.53, 2.51 
and 3.08 Å, respectively. Further details on data analysis are provided in 
the captions of Supplementary Tables 5–8. See also Supplementary Fig. 10 
for the k3-weighted EXAFS spectra, and Supplementary Figs. 25 and 26 for 
smaller excerpts of the Fourier-transformed EXAFS in the OER-conditioned 
and catalytically active state. Error plots and confidence intervals of the fits 
are shown in Supplementary Figs. 27–29.
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Fig. 6 | Near-surface oxygen chemistry in CoOx(OH)y before and after OER 
conditioning. a,c, Experimental O K XANES spectra of CoOx(OH)y as recorded 
in total electron yield mode before (a) and after OER conditioning (c).  
The contribution of hybridized states between Oµ3/4 and low-spin Co3+ at 
~530.5 eV, and between protonated Oµ2 and high-spin Co2+/3+ at ~531.5 eV 
are shown as shaded areas in magenta and purple, respectively.  
b, Theoretical O K XANES spectra of the ideal, as-prepared cobalt oxides. 
d, Selected oxygen configuration in layered CoOOH. The selected defect 
motifs are shown in Supplementary Fig. 1. The spectrum of CoOOH in the 
OER-conditioned state is generated by the calculated spectra of µ​3-O and 
µ​3-OH bound to low-spin Co3+, corresponding to the spectrum of the ideal 
CoOOH structure (magenta) and of µ​2-OH bound to high-spin Co3+ and 
high-spin Co2+ (purple), as seen by spectral deconvolution of the spectrum 
of CoOOH after OER conditioning at the bottom of d). The calculated mean 
spectra of the µ​3-O/OH bridges in a partially reduced CoOOH structure 
(that is, bound to high-spin Co3+ and Co2+ (brown)) mainly contribute 
to the as-prepared state of CoOOH, as seen in the deconvolution of 
the CoOOH spectrum at the bottom of b. These µ​-O bridging motifs 
were selected to simulate common surface oxygen bridging motifs of 
Co(oxyhydr)oxides and are shown in Supplementary Fig. 1. Further details 
of the DFT calculations are given in the Supplementary Methods.
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and Supplementary Table 9). See the Supplementary Methods for 
details of the theoretical calculations and XPS measurements.

Thus, the electronic structure in the near-surface of the 
Co(oxyhydr)oxides unified after OER conditioning. However, the 
differences in the present Co–OHx units depend on the initial (local 
atomic) structure and degree of structural transformation during 
the OER. We consider these differences to be highly important for 
the electrochemical and electrocatalytic properties.

Local atomic structure of the catalytically active state. We con-
ducted operando cobalt K edge X-ray absorption spectroscopy on 
the OER-conditioned CoOx(OH)y under OER conditions, which is 
a powerful technique to determine the local atomic structure and 
metal oxidation state in the catalytically active state on inter alia 
(3d) transition metal oxides31,47,48 (Figs. 4 and 5). We revealed that 
the mean cobalt oxidation state of all four CoOx(OH)y is higher 
than in the catalytically silent state at 1.2 V. Thus, the electrochemi-
cally active cobalt ions are oxidized to +​3, +​4 or higher during the 
OER. The fraction of oxidized cobalt ions in CoOx(OH)y during the 
OER increased in the order rs-CoO ~ w-CoO <​ Co3O4 <​ CoOOH 
(as determined by the edge shift of 0.1–0.6 eV). CoOOH formally 
exhibited 22% Co4+ ions assuming an edge shift of 2.3 eV per oxida-
tion state and an energy of 7,720.9 eV for Co3+ ions31. The oxidation 
of the cobalt ions during the transition to the catalytically active 
state was accompanied by a larger fraction of Co–O distances that 
were contracted by ~0.01–0.02 Å in the case of CoO and CoOOH 
(Fig. 5, Supplementary Fig. 10 and Supplementary Tables 5–8). This 
contraction can be induced by the formation of electron holes in the 
oxygen ligand34–37 or by the oxidation of metal ions25,31–33. The cobalt 
ions in CoOOH are solely sixfold oxygen coordinated during the 
OER, which is in contrast with the lower Co–O coordination num-
ber determined at 1.2 V. The number of di-µ​-oxo bridges between 
Co3+/4+ is higher during the OER and, in the case of w-CoO, we 
identified a lower fraction of mono-µ​-oxo bridges between Co2+ Td 
and Co3+ Oh ions similar to Co3O4

10. The length and order of the 
di-µ​-oxo bridges between pairs of Co3+/4+ ions in CoO and CoOOH 
during the OER decreased only slightly beyond the error of the fit, 
indicating a slight decrease in the protonation of µ​-oxo bridges. 
Thus, we conclude that the preferred structural motifs under OER 
conditions are independent of the initial cobalt coordination and 
oxidation state, and consist of di-µ​-oxo-bridged Co3+/4+ Oh ions with 
a contracted CoO6 bonding environment.

Electrochemical characterization. We investigated redox electro-
chemistry and electrocatalytic properties of the four Co(oxyhydr)
oxides after OER conditioning to establish structure–activity cor-
relations of the OER electrocatalysts. We found two redox transi-
tions cathodic to the OER catalytic wave at ~1.4 V (oxidation wave 
A1, reduction wave C1 in Fig. 7) and at ~1.55 V (A2 and C2) that 
are commonly attributed to the Co2+/Co3+ and Co3+/Co4+ redox 
couples, respectively31 (Fig. 7a–d). Thus, the local atomic structure 
at 1.2 V (Figs. 4 and 5) represents the reduced state, which showed 
a mean oxidation state of around +​3 for CoOOH. Therefore, we 
conclude that the redox couples represent the redox electrochem-
istry of the surface Co–O sites of CoOx(OH)y domains rather than 
bulk oxidation state changes. Of note, the Co3+/Co4+ redox poten-
tial of layered CoOOH was ~50 mV higher than that of 3D cross- 
linked CoOx(OH)y.

The surface redox electrochemistry of CoOx(OH)y strongly 
depends on its initial structure as the intensity ratio between the 
two redox transitions varies. Both redox transitions were equally 
strong for CoOOH, whereas the Co3+/Co4+ transition dominated 
for Co3O4, and rs-CoO and w-CoO exhibited intermediate behav-
iour. Thus, we conclude that not all Co–O redox sites that undergo 
the Co4+/Co3+ transition have to follow the Co3+/Co2+ transition. 
Therefore, the two redox transitions appear convoluted by (at least) 

two structurally different Co–O redox sites. Following the given 
assignment, we interpret the capacitance-corrected current ratio of 
the two reduction waves (C1 and C2 as denoted in Fig. 7a–d) as the 
mean reducibility of the Co3+–O sites. This reducibility increased in 
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Fig. 7 | Redox electrochemistry and OER catalytic activity of CoOx(OH)y 
in a neutral electrolyte. a–d, Cyclic voltammograms of Co3O4 (a), rs-CoO 
(b), CoOOH (c) and w-CoO (d). e, Tafel plots of CoOx(OH)y recorded 
in de-aerated 0.1 M KPi at pH 7 after OER conditioning. f, Tafel slope 
versus Co3+–O reducibility of CoOx(OH)y as determined from the cyclic 
voltammograms and Tafel analysis. All potentials denoted with Ewe,corr are 
corrected for Ohmic losses using electrochemical impedance spectroscopy. 
a–d were recorded with 50 mV s−1 and show two redox features at ~1.4 V 
(A1/C1) and ~1.54–1.60 V (A2/C2), respectively. e was extracted from 
anodic potential step rotating disc electrode experiments after equilibration 
for 4 min at each potential. Each line represents the fit used to extract 
the Tafel slopes, which are 86, 74, 76 and 68 mV dec−1 for Co3O4, rs-CoO, 
w-CoO and CoOOH, respectively. The error bars in f denote the standard 
error of the fit results. The Co3+–O reducibility was estimated from the 
capacitance-corrected current ratio C1/C2 normalized to 1 for the ratio 
of CoOOH. The selected electrode potentials (local minimum for C2 and 
1.35 V for C1 to reduce overlap with C2) and base lines used for capacitance 
correction are denoted in the cyclic voltammograms as horizontal lines. The 
fit in f was performed using γ= × ∕ × − × − × ∕*b F K2.302 RT ( (1 (1 C1 C2))) ,  
yielding γ =​ 0.361 ±​ 0.013 and a factor K =​ 0.60 ±​ 0.04. Therein, b* 
denotes the calculated Tafel slope, R the universal gas constant, T the 
temperature and F the Faraday constant. γ and K represent the interaction 
and deprotonation factor as defined in Supplementary Section 3. A specific 
activity at +​1.69 V of 0.69, 0.76, 1.13 and 0.63 µ​A cm−2

ECSA for Co3O4, rs-
CoO, w-CoO and CoOOH was determined. The electrochemically active 
surface area (ECSA) was determined using impedance spectroscopy 
(Supplementary Fig. 21). A comparison with state-of-the-art electrocatalysts 
in near-neutral and alkaline electrolytes is shown in Supplementary Tables 11 
and 12. R2 denotes the coefficient of determination of the fit.
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the order of Co3O4 <​ w-CoO <​ rs-CoO <​ CoOOH and will become 
a key descriptor of activity. As for the redox electrochemistry, the 
electrocatalytic properties of the four Co(oxyhydr)oxides exhibited 
a gradual transition from Co3O4 to CoOOH (Fig. 7e). At the onset 
of OER (~+​1.57 V), the current density (at identical cobalt load-
ing) was similar, but the Tafel slope and, thus, maximal current den-
sity differed strongly. The Tafel slope varied between 68 mV dec−1 
for CoOOH and 86 mV dec−1 for Co3O4, while rs-CoO and w-CoO 
exhibited intermediate behaviour. A Tafel slope of 59 mV dec−1 is 
typical for the CoCat22,49 and seems to be the lowest limit in neutral 
phosphate buffer. We explain the larger apparent Tafel slopes with a 
modulation of the overpotential dependence of the OER rate-deter-
mining step present during anodic polarization that depends on the 
near-surface structure of CoOx(OH)y.

Discussion
We have shown that, during OER conditioning, Co2+ oxides trans-
form irreversibly into Co3+ Oh-containing CoOx(OH)y with lower 
crystallinity, whereas crystalline Co3O4 does not change its struc-
ture. The structural transformation occurred largely in the near-
surface region, which we probed using electron yield spectroscopy, 
and invariably evolved into a precursor-independent unified local 
atomic and electronic structure. We consider the residual Co2+ 
oxides as irrelevant for OER electrocatalysis as the kinetics of their 
structural transformation was significantly slower. However, no 
final conclusion regarding the long-term resistance against bulk 
oxidation26 can be made based on the present results.

Using operando methods, we identified a structurally unified 
catalytically active state of CoOx(OH)y catalysts exhibiting a higher 
mean cobalt oxidation state, which qualitatively follows the popu-
lation of redox active Co–O sites. Additionally, a contracted CoO6 
bonding environment with similar Co–Co cross-linking compared 
with the resting state at 1.2 V was determined. This contraction 
was not determined for the near-surface restructuring of Co3O4 
due to the low fraction of active cobalt ions, but is in accordance 
with findings in CoCat and CoOx nanoparticles31,32. The contrac-
tion of the CoO6 bonding environment is caused by the oxidation 
of Co–O redox sites anodic of the Co3+/Co4+ redox potential. The 
change in the cobalt K XANES spectra suggests oxidation of the 
metal ion to Co4+ (ref. 31). However, the lower charge transfer energy 
in Co3+/4+Ox(OH)y also allows the formation of hole density on the 
oxygen ligand, as identified for IrOx(OH)y

34–37. Recently, the forma-
tion of a similar species during the OER above the Co3+/Co4+ transi-
tion was identified for a CoOx(OH)y electrocatalyst50. Previously, we 
have identified a reversible, structural transformation of the near-
surface of Co3O4 crystallites during the OER10. In this work, we also 
observed this kind of restructuring for the catalytically active state 
of w-CoO because the ratio between mono- and di-µ​-oxo bridges 
declined during the OER.

Following recent DFT calculations on the redox chemistry of 
Co3O4 surfaces45, we explain this change in site occupancy of the 
Co2+ Td ions to empty Oh sites with the µ​-O vacancy formation in 
the reaction zone during the OER, as calculated for the Co3O4(100) 
surface. These oxygen vacancies also probably migrate into the sub-
surface; thus, we consider this process to induce the restructuring 
of the near-surface at elevated O2 evolution rates. Oxygen vacancy 
formation on the Co3O4(110) surface has less impact on the local 
atomic structure51.

Despite the similarities of the bulk structural motifs after and 
during the OER, we have observed substantial differences in the 
surface redox electrochemistry and Tafel behaviours of the four 
Co(oxyhydr)oxides in neutral phosphate buffer, which correlate 
strikingly with their near-surface electronic structures. The Tafel 
slopes decreased as the mean electrochemical reducibility of the 
Co3+–O sites increased, providing evidence that this reducibility is 
closely correlated to favourable electrocatalytic properties (Fig. 7f).  

We note that better electrocatalytic properties with a more pro-
nounced Co2+/Co3+ redox transition were also identified in phos-
phate-free, alkaline reaction conditions (Supplementary Figs. 22 
and 23). In addition, we state that the redox charge of Co2+/Co3+ 
is a better descriptor of the OER active site density than the overall 
number of redox sites (Supplementary Figs. 20 and 21).

Above all, the electrochemical and electrocatalytic proper-
ties are correlated with the near-surface electronic structure and 
degree of defects in CoOx(OH)y (Fig. 8, Supplementary Section 3 
and Supplementary Figs. 8 and 9). A higher fraction of the Oµ3/4 
bridging low-spin Co3+ ions and lower degree of microstrain in the 
CoOx(OH)y lattice is invariably coupled to a higher fraction of elec-
trochemically irreducible Co3+–O sites and a higher Tafel slope. Vice 
versa, the highest reducibility and lowest Tafel slope was obtained 
for the strongest contribution of µ​2-OH sites to the O K XANES 
spectra and the strongest microstrain (Fig. 6d and Supplementary 
Figs. 8 and 9). Thus, we attribute the reducible Co3+–O sites to  
µ​2-OH bridges between two electronically coupled high-spin cobalt 
ions that are, thus, highly conducive for fast OER electrocatalysis. 
This important finding establishes a direct link between the cata-
lytic charge transfer rate and local structure.

We propose that the apparent Tafel slope variations are caused by 
the chemical environment of the catalytically active site that controls 
O–O bond formation. While in virtually all proposed mechanisms, 
terminal oxygen sites are involved in the generation of O–O bonds, 
leading eventually to molecular oxygen, we hypothesize here that 
their neighbouring µ​2-O ligands are decisive for the catalytic activ-
ity as they enable deprotonation of water molecules during BWNA. 
In highly defective CoOx(OH)y, the majority of terminal oxygen 
sites are located adjacent to the µ​2-OH sites52 and the electrochemi-
cal reducibility is maximal because both µ​2-O and terminal oxygen 
sites can get protonated in the formal Co4+/Co3+ and Co3+/Co2+ 
redox transitions, respectively. Deprotonating µ​2-OH increases the 
disorder of the Co–Co distance, which we and others31 determined, 
and the oxidation can lead to differences in the electronic struc-
ture50. In contrast, (single crystal) oxide surfaces with low defect 
density, such as the most stable Co3O4(100) surface, exhibit primar-
ily terminal oxygen sites adjacent to unprotonated, irreducible µ​3-O 
sites52. Thus, these terminal oxygen sites probably cause the single  
Co3+/Co4+ redox transition.

Consequently, we claim that the onset of the catalytic OER is 
intimately coupled to the formal Co3+/Co4+ redox transition leading 
to protonatable µ​2-O sites as well as oxidized Co+3+δ ions bound to 
terminal O-(2-δ) ligands. The electron hole density δ is possibly shared 
and itinerant due to the small-to-negative charge transfer energy 
in Co3+/4+Ox(OH)y

34–37. Subsequently, the water molecules can be 
oxidized during BWNA, forming peroxo species with the terminal 
oxygen for which the µ​2-O sites accept the protons and the electrons 
reduce the neighbouring, electronically coupled Co+3+δ–O-(2-δ). In 
this framework, the absence or limited availability of proton-accept-
ing µ​2-O sites can significantly hamper (or even inhibit) deproton-
ation of water molecules and, thus, OER. Specifically, a low density 
of µ​2-O sites can increase an interaction against rearranging the 
protons and electrons, leading to a Frumkin-like isotherm of water 
oxidation. A detailed microkinetic analysis shows that the variation 
in the Tafel slope, b, with electrochemical reducibility in a neutral 
electrolyte, can be described by γ∕ = ∕ − × − × ∕( )b b K b1 1 1min

C1
C2 min.  

Therein, the interaction term γ increases with interaction energy, 
whereas the (deprotonation) term K increases with the equilibrium 
constants of Co3+–O oxidation and µ​2-OH deprotonation. A simi-
lar formalism can be derived for the case of O–O bond formation 
between the terminal oxygen and µ​2-O. We did not identify a cor-
relation between phosphate adsorption and electrocatalysis, which 
is in line with previous findings that only phosphate depletion 
hampers oxygen evolution22. However, low solubility of Co2+ in a 
neutral phosphate buffer can prevent significant loss of Co2+ ions 
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during the OER due to phosphate complexation (precipitation) and 
its re-oxidation on the catalyst surface. In alkaline electrolyte, the 
presence of OH− enhances O–O bond formation via nucleophilic 
attack, and the deprotonation of the reaction intermediates leads 
to significantly smaller variation of the Tafel slope. The forma-
tion of proton-deficient surface oxygen sites is thought to play an 
important role for NiOOH electrocatalysts in alkaline electrolytes53  
(see Supplementary Discussion for further details).

Interestingly, the largest Tafel slope was determined for the crys-
talline Co3O4 and is accompanied by an overpotential-dependent 
restructuring (for example, Co2+ Td to Co3+/4+ Oh)20,21. The restructur-
ing under elevated OER conditions forms a dynamic reaction zone of 
kinetically limited thickness54, which exhibits strong structural simi-
larities to delithiated cubic LiCoO2

55. The electronic structure of this 
Li1–xCoO2 is characterized by delocalized t2g holes, which we think 
decreases the interaction term γ, and the restructuring probably 
forms additional µ​2-O (deprotonation) sites. Consequently, the rate-
determining step, dominant OER catalytic processes and cathodic 
Tafel slope converge in a neutral electrolyte (Supplementary Figs. 18 
and 19). Thus, besides the difficulty in ambiguously specifying the 
sequence of reactions steps during the OER based on electrokinetic 
analysis, we conclude from our findings that the reducible Co3+–O 
sites that are present in layered and 3D cross-linked CoOx(OH)y are 
ultimately decisive for high OER activity.

Furthermore, we note that our results are in very good concep-
tual agreement with recent findings for CoOx photocatalysis where 
two Co–O sites exhibit distinct differences in OER kinetics and 
Co–O bonding environment17. Previously, correlations between 
the cobalt oxide redox transitions, OER activity and domain size 
were formulated in the case of alkaline electrolytes14,32,39. We also 
note the conceptual similarity to iridium-based electrocatalysts that 
exhibit distinct redox behaviour, specific activity and Tafel slopes 
depending on the domain size and presence of hydroxylated oxygen 
species56–58. Similar to CoOx(OH)y, a near-surface (electronic) struc-
ture containing O− sites in a defective IrOx(OH)y is accompanied by 
higher catalytic activity, and the fraction of these sites increases with 
current density36,59,60.

In summary, we have identified a fundamental and highly 
important structure–activity correlation for OER electrocatalysts, 
as exemplified by Co(oxyhydr)oxides. We have shown that cobalt-
based electrocatalysts transform—independent of their initial cobalt 
coordination and oxidation state—into universal structural motifs 
under electrocatalytic conditions. In contrast with Co3O4, the crystal 
structure of Co2+ oxides exhibited limited integrity at the near-sur-
face, as they transformed towards 3D cross-linked CoOx(OH)y with 
predominantly octahedrally coordinated, di-µ​-oxo-bridged Co3+ 
ions. Above all, we have identified the spectroscopic fingerprints  
(in the X-ray absorption spectra and cyclic voltammograms) of 
highly important, electrochemically reducible Co3+–O sites that act 
as fast OER sites, along with their chemical structure with µ​2-O(H) 
coordination using DFT +​ U +​ BSE calculations. All the results are in 
very good agreement with earlier experimental findings on OER elec-
trocatalysts and we expect them to evolve into a quite unified mecha-
nistic and active site concept of OER electrocatalysis. We expect our 
active site concept to aid future research in the development of further 
advanced water electrolysis electrocatalysts for sustainable hydrogen 
production and electrochemical energy storage devices.

Methods
Syntheses. All catalysts were prepared on cleaned glassy carbon (HTW) plates with 
a cobalt loading of 322 nmol cm−1. Films of Co3O4 and rs-CoO were prepared using 
spin-coating, as described previously10. A single layer was deposited at 2,000 r.p.m. 
Co3O4 films were formed at 400 °C in air for 15 min, whereas rs-CoO was formed 
in a two-step process. The precursor film was first decomposed at 300 °C in air; 
afterwards, the CoO was formed at 400 °C for 15 min in 4 vol% H2/Ar. w-CoO was 
prepared using colloidal, microwave-assisted synthesis based on a published route 
and subsequent drop-coating61. After drop-coating of 322 nmol cobalt cm−2, the 
samples were heat treated at 60 °C in air and 225 °C in argon for 15 min to remove 
oleylamine residues. Thin films of CoOOH were prepared using electrodeposition 
based on a published routine33. After deposition, the electrodes were extensively 
washed using Milli-Q water and dried under nitrogen flow. Further details are 
given in the Supplementary Information.

Physicochemical characterization. Transmission electron microscope images 
were recorded at 200 kV using an FEI Tecnai G2 20 S-TWIN instrument. Samples 
were scratched off the substrate using a scalpel and transferred onto a lacy carbon-
coated copper grid. HE-XRD patterns were recorded at beamline ID 31 at the 
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European Synchrotron Radiation Facility (ESRF) in Grenoble, operating at 77 keV 
using a large-area Pilatus 2M CdTe detector. The working distance was calibrated 
using a CeO2 standard (National Institute of Standards and Technology Standard 
Reference Material 674b). Rietveld refinement was performed using the Topas 
software package. XPS and absorption spectra at the cobalt L- and O K edges were 
collected at the Innovative Station for In Situ Spectroscopy beamline of BESSY II  
(Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung m.  
b. H.) in Berlin62. The XANES spectra were recorded under ultra-high vacuum 
conditions in the total electron yield mode detected with a Faraday cup. The 
total electron yield (TEY) signals recorded at the cobalt L- and O K edges were 
normalized using incident and post-edge intensity.

Operando X-ray absorption spectroscopy at the cobalt K edge. Operando X-ray 
absorption spectroscopy experiments were carried out at the I811 beamline of 
Max-Lab, Lund. An electrochemical cell for X-ray studies based on the thin-layer 
concept was used10. The electrolyte was constantly degassed with 0.1 M phosphate 
buffer at pH 7. Ag/AgCl (World Precision Instruments) and a platinum wire acted 
as reference and counter electrodes, respectively. The working electrode was 
immersed in the electrolyte at +​1.62 V after ex situ characterization and OER-
conditioned for 15 min. The OER potential was determined by a current density 
of 0.5 mA cm−2 during the anodic potential scan with 6 mV s−1 and maintained for 
10 min to ensure stationary conditions. All spectra were recorded in fluorescence 
mode at an incident X-ray angle of ~2° using a 50 mm2 Vortex silicon-drift detector. 
The fluorescence signal was normalized using incident and post-edge intensity. 
The X-ray energy was calibrated by aligning the first inflection point of the cobalt 
K edge absorption spectra to 7,709 eV63. The freeze-quench measurements of Co3O4 
at the cobalt K edge for quasi-in situ experiments were conducted at the KMC-1 
bending-magnet beamline of BESSY II at 20 K in a cryostat (Oxford Danfysik) with 
a liquid-helium flow system. The samples were freeze-quenched under potential 
control after 15 min at the desired electrode potential using liquid N2 and stored 
therein until the XAS measurements were performed10. k-space fitting of the 
k3-weighted EXAFS spectra between 3.0 and 12 or 13 Å−1 was performed using 
an amplitude-reduction factor S0

2 of 0.75. The coordination numbers (N) were 
fitted independently, but the distances (R) and Debye–Waller factors (σ) were in 
parts jointly fitted. Fitting was performed using the software package SimX after 
calculation of the phase functions using the FEFF programme64,65. The error of 
distance determination represents the relative precision within this study; the 
absolute distance accuracy of EXAFS is not better than ±​0.02 Å. Further details are 
given in the captions of Supplementary Tables 5–8.

DFT calculations. DFT calculations were performed with the Quantum 
ESPRESSO66 package using norm-conserving pseudopotentials. The Perdew, Burke 
and Ernzerhof exchange and correlation potential was employed along with a 
Hubbard U on cobalt to account for the on-site Coulomb interaction adopted from 
Selloni51,67. Cobalt oxidation states were assigned using the on-site d occupation 
matrix68. O K edge spectra were computed by a resolvent-based BSE approach using 
the OCEAN package69,70. Further details are given in the Supplementary Methods.

Electrochemical measurements. Electrochemical rotating disk electrode 
measurements were conducted using a home-made glass cell in a three-
electrode configuration with a Pine rotator and a Bio-Logic SP-200 potentiostat. 
The reference electrodes were a Hg/HgSO4 electrode (Princeton) in a neutral 
electrolyte and a saturated calomel electrode (Princeton) in an alkaline electrolyte; 
these were freshly calibrated using a Pt/H2 electrode. The reference electrode was 
connected to the working electrode compartment via a Haber–Luggin capillary. 
The counter electrode in both electrolytes was a platinum gauze. Electrochemical 
experiments were conducted in N2-degassed 0.1 M phosphate buffer (KPi, pH 7) 
prepared from 0.1 M K2HPO4 and KH2PO4 (>​99.99%; Suprapur; Merck) and 
freshly prepared N2-degassed 0.1 M KOH (99.99%; Sigma–Aldrich). The rotation 
rate was 400 r.p.m. Cyclic voltammograms were recorded without rotation. For 
Tafel slope analysis, current density was recorded for potential steps of 20 mV 
under quasi-stationary conditions, after 4 min of equilibration at each step. All 
electrode potentials were referred to the reversible hydrogen electrode (RHE) and 
where denoted were corrected for Ohmic losses determined by electrochemical 
impedance spectroscopy.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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