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Decoupling the catalytic and degradation 
mechanisms of cobalt active sites during 
acidic water oxidation
 

Darcy Simondson1, Marc F. Tesch    2  , Ioannis Spanos    2, Travis E. Jones3, 
Jining Guo    1, Brittany V. Kerr4, Manjunath Chatti1, Shannon A. Bonke5, 
Ronny Golnak    6, Bernt Johannessen7,8, Jie Xiao    6, Douglas R. MacFarlane    1, 
Rosalie K. Hocking    4,9   & Alexandr N. Simonov    1 

Advancement of iridium-free catalysts for the low-pH oxygen evolution 
reaction (OER) is required to enable multi-gigawatt-scale proton-exchange 
water electrolysis. Cobalt-based materials might address this requirement, 
but little is known about the mechanism of operation of these OER 
catalysts at low pH. Here we investigate the nature and evolution of the 
active cobalt sites along with charge- and mass-transfer processes that 
support their catalytic function within a cobalt–iron–lead oxide material 
using in situ spectroscopic, gravimetric and electrochemical techniques. 
We demonstrate that corrosion of the cobalt sites and their reformation 
through electrooxidation of dissolved Co2+ do not affect the catalytic 
mechanism and are decoupled from the OER. The OER-coupled charge 
transfer is supported by Co(3+δ)+-oxo-species, which are structurally different 
from those reported for alkaline/near-neutral conditions and are formed 
on a relatively slow timescale of minutes. These mechanistic insights might 
assist in developing genuinely practical catalysts for this vital technology.

Proton-exchange water electrolysers use anodes containing iridium 
catalysts1,2, which sustain the oxygen evolution reaction (OER) while 
remaining stable under oxidative potentials, low pH and elevated tem-
peratures. However, the amount of iridium directly available to human-
ity is insufficient for scaling up the technology to the multi-gigawatt 
level1. Cobalt-based catalysts present one viable alternative to the 
iridium-based anodes but are insufficiently stable3.

To stabilize low-pH OER catalysts with cobalt active sites, several 
methodologies were explored: incorporation of stabilizing elements 
within catalytically active Co3O4 (refs. 4–6), functionalization of cobalt 

oxides with nanometre-scale stabilizing layers7,8 and doping of CoOx 
active sites within acid-stable oxide matrices9–13. Notwithstanding 
stability improvements achieved, loss of the catalytically active cobalt 
component was consistently observed, both in studies with aqueous 
electrolyte solutions and within electrolyser devices using polymer 
electrolytes.

It is important to recognize that all cobalt and other metal oxide 
catalysts, including iridium-based ones14, undergo corrosion during the 
low-pH OER. Thus, the reported quasi-stable operation is commonly 
sustained by an equilibrium between the dissolved metal and solid 
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the [Co-Fe-Pb]Ox films examined herein, at least 15–25% were redox 
active (Supplementary Note 4 and Supplementary Fig. 17).

In what follows, we explored changes in the cobalt oxo-species 
during the OER in acidic electrolyte (0.1 M H2SO4). The first part of 
our study aims to determine the quasi-stabilized states of the catalyst 
under different conditions, whereas the second explores dynamic 
changes in the structure and accompanying mass/charge-transfer 
processes. To decouple the catalytic and corrosion processes, exper-
iments were undertaken under two sets of conditions: first, in the 
metal-precursor-free solutions to enable detectable corrosion, and 
second, in solutions with added Co2+ to suppress corrosion and enable 
stable catalytic operation. The latter conditions still provide essentially 
100% faradaic efficiency for the OER16 and were used for the purposes 
of the mechanistic understanding only, whereas PEMWE equipped 
with the [Co-Fe-Pb]Ox catalyst operates using pure water feed with no 
intentionally added Co2+ (Supplementary Fig. 13).

Electronic state of cobalt under steady-state 
conditions
First, XAS measurements were undertaken in situ under steady-state 
potentiostatic conditions (Fig. 1). When using a non-functionalized 
CFP electrode and 0.1 M H2SO4 containing 5 mM Co2+, a clear Co K-edge 
response from the dissolved species was detected, but no response to 
the potential was observed until reaching 2.0 V vs reversible hydrogen 
electrode (RHE; Fig. 1a,d). This is more positive than the Co2+ oxida-
tion processes detected by FTacv (Supplementary Fig. 3c) but agrees 
with the onset of the OER (Supplementary Fig. 3a) and formation of 
minor, yet detectable by eQCM, deposit (Supplementary Fig. 9c). Even 
at 2.2 V vs RHE, the formal Co oxidation state detected with the initially 
unmodified CFP electrode remained below 3+, indicating a notable 
contribution from dissolved Co2+ to the X-ray absorption near edge 
structure (XANES) data.

When analysing [Co-Fe-Pb]Ox in the presence of 5 mM Co2+, a 
close-to-linear dependence of the XANES rising edge energy vs the 
applied potential was observed (Fig. 1b,d). The Co K-edge position con-
tinuously shifts closer towards the CoIIIOOH reference and is always 
higher than those recorded for the bare CFP electrodes under the same 
conditions. In the absence of the intentionally added Co2+, the in situ  
Co K-edge spectra of [Co-Fe-Pb]Ox exhibit the highest energy positions of 
the rising edges, which increase most upon switching from open circuit 
to 1.8 V vs RHE (Fig. 1c,d). Application of potentials more positive than 
1.9 V vs RHE does not change the spectra suggesting that the catalyti-
cally relevant quasi-steady state has been achieved. These observations 
indicate that the spectra obtained for [Co-Fe-Pb]Ox + 5 mM Co2+ present 
a combination of the responses of the solid catalyst and dissolved Co2+, 
which is supported by fitting the derivatives of the XANES data col-
lected at 1.9 V vs RHE for three different conditions (Supplementary 
Fig. 18). Thus, the catalytically active state of cobalt within [Co-Fe-Pb]Ox 
is independent of the presence of dissolved precursor and is therefore 
not directly affected by corrosion/redeposition of the catalytic sites.

The trends observed in the Co K-edge XANES were mirrored in the 
EXAFS data showing the combination of dissolved Co2+ and [Co-Fe-Pb]Ox  
when analysis was undertaken in the presence of intentionally added 
Co2+ (Supplementary Fig. 19). The FT EXAFS also demonstrates that 
the signal at about 1.5 Å, corresponding to the first Co–O coordination 
sphere, remains the major structural feature of the material with no 
systematically observable long-range order produced in situ (Fig. 1f). 
This contrasts the data reported for cobalt-based OER catalysts oper-
ating in neutral-buffered electrolytes, where clear Co–Co interac-
tions are apparent in FT EXAFS at >2 Å (refs. 21,22,32,33). Specifically, 
the peak at about 2.8 Å was frequently reported and attributed to 
the cobalt-μ-(hydr)oxo-bridged species. The lack of such signal for 
[Co-Fe-Pb]Ox at low pH indicates a strongly suppressed capability for 
cobalt (hydr)oxo-bridged species to form and/or remain stable within 
acidic electrolytes and highlights the structurally different nature of 

oxides on the electrode. This is corroborated by studies where catalyst 
precursors were intentionally added to the electrolyte solutions to 
facilitate reformation of active sites by electrooxidative deposition15–18. 
The stabilizing effects of dissolved Co2+ were demonstrated for a mono-
metallic cobalt oxide15 and for a more stable cobalt–iron–lead oxide 
system, [Co-Fe-Pb]Ox (refs. 16,19). Substantial improvements in sta-
bility are possible with micromolar concentrations of Co2+ (ref. 19), 
which is comparable to concentrations resulting from the corrosion 
of non-noble-metal catalysts during acidic OER both in aqueous elec-
trolyte solutions and PEMWE4,5,13.

Thus, the OER catalysis and dissolution of the cobalt-based 
catalytic materials occur in parallel even for the best-performing 
systems4,5,13,20. Given that the developments of such catalysts have 
only recently achieved notable progress, little is known on the mecha-
nisms of their catalytic function and reconstruction during the reac-
tion. This contrasts more established fields of the near-neutral and 
alkaline OER21–25, and iridium-catalysed acidic OER26–29, where in situ 
spectroscopic and computational techniques were used to explain 
the activity and stability trends. This knowledge is instrumental in the 
development of water electrolysis technologies but is currently missing 
for the emerging field of the noble-metal-free low-pH OER catalysts.

Aiming to address this, here we investigate the mechanism of 
the cobalt-catalysed acidic OER, using the [Co-Fe-Pb]Ox system as an 
archetypal example that exhibits both sufficient stability and capability 
to reform by oxidative electrodeposition during operation. Interplay 
of corrosion and catalytically relevant redox transformations was 
probed by steady-state and potentiodynamic in situ X-ray absorption 
spectroscopy (XAS) at the cobalt K- and L2,3-edges, Fourier-transformed 
(FT) alternating current (a.c.) voltammetry (FTacv)30 and electrochemi-
cal quartz crystal microbalance (eQCM).

Catalyst formation, performance and structure
The [Co-Fe-Pb]Ox catalyst is generated by electrooxidation of acidic 
solutions containing the metal precursors at potentials sufficiently 
positive to initiate the OER16. This reproducible procedure is applicable 
to various electrodes, including fluorine-doped tin(IV) oxide (FTO), 
Au-coated quartz crystals, carbon fibre paper (CFP) and Au-coated Si3N4 
required for different techniques employed herein (Supplementary 
Figs. 1 and 2 and Supplementary Table 1).

FTacv and eQCM studies of the processes involved in the [Co-Fe-Pb]Ox  
formation demonstrate that electrodeposition of the catalytically 
active material is preceded by generation of highly-oxidized cobalt 
species, most likely cobalt(IV) based (Supplementary Note 1 and Sup-
plementary Figs. 3–12). Such species would be formed on any OER 
anode operating in the presence of dissolved cobalt species, which 
are ubiquitously produced during operation of Co-based water oxida-
tion catalysts. Indeed, corrosion of [Co-Fe-Pb]Ox in PEMWE fed with 
pure water was detected herein, however, the performance stabilized 
after 100 h of testing at 1 A cm−2 and 80 °C (Supplementary Note 2 and 
Supplementary Fig. 13). The corresponding stability (S)-number14 
representing the ratio of the amount of oxygen evolved to the amount 
of metal dissolved was ~108, that is, only one order of magnitude lower 
than for IrOx (ref. 31).

Previous ex situ X-ray diffraction and XAS studies concluded that 
[Co-Fe-Pb]Ox adopts a crystal structure of β-PbO2 doped with cobalt 
and iron16,19. This interpretation is consistent with the lack of long-range 
order beyond ~2 Å in the FT of the ex situ Co K-edge extended X-ray 
absorption fine structure (EXAFS) spectrum reported here (Supple-
mentary Note 3 and Supplementary Fig. 14b). In situ Pb L3-edge, Fe K-  
and Fe L2,3-edge XAS data showed no response to potential indicating 
that these metal sites are not directly involved in the OER catalysis (Sup-
plementary Note 4 and Supplementary Figs. 15 and 16). As suggested 
before16,19, the role of iron and lead is limited to facilitating the initial 
electrodeposition and stabilization of cobalt oxo-species—the key 
catalytically active sites. Among all cobalt oxo-species present within 
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the catalytically active sites to those established for the near-neutral/
alkaline conditions.

In contrast to the hard XAS, dissolved cobalt species were not 
detectable at the Co L2,3-edges (Supplementary Fig. 20), due to differ-
ences in the X-ray attenuation lengths and therefore the depth of the 
analysis, in other words millimetres vs (sub)-micrometres for hard vs 
soft X-rays, respectively. Even when applying potentials of up to 2.1 V vs 
RHE, no Co L2,3-edge signals were detected with a bare electrode in con-
tact with Co2+ solutions. Thus, any electrodeposited cobalt(IV)-based 
or other CoOx species were formed in low amounts (Supplementary 
Fig. 20b), consistent with the eQCM (Supplementary Fig. 9) and FTacv 
(Supplementary Fig. 6) data.

Well-defined Co L3-edge spectra detected in situ for the [Co-Fe-Pb]Ox- 
modified electrodes at open circuit almost perfectly coincide with that 

of the CoIIIOOH reference (Fig. 2b), although it is noted that quantita-
tive comparisons between total fluorescence yield (TFY; in situ data) 
and total electron yield (TEY; references) spectra should be made with 
caution. Application of increasingly positive potentials to [Co-Fe-Pb]Ox  
enhanced the intensity and shifted the Co L3-edge main feature 
towards higher energies (Fig. 2a,c) until saturating between 1.9–2.0 V 
vs RHE (Fig. 2d,e), consistent with in situ hard XAS (Fig. 1d). These 
potential-induced changes were highly reproducible and reversible 
(Supplementary Fig. 21).

The Co L3-edge intensity enhancement can originate from three 
processes: an increase in the amount of Co in the catalyst, enhanced 
probability of the 2p → 3d excitations due to increased density of unoc-
cupied 3d states as cobalt is oxidized, and a decrease in covalency34,35. 
However, only a change in the electronic structure would explain a shift 
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Fig. 1 | In situ Co K-edge XAS analysis of [Co-Fe-Pb]Ox. a–c, XANES data  
collected for unmodified CFP (a) and [Co–Fe–Pb]Ox-functionalized CFP (b,c) in 
flowed (1 ml min−1) 0.1 M H2SO4 + 5 mM Co2+ (a,b) and nominally pure  
0.1 M H2SO4 (c); black curves show data collected in situ at an open circuit (a) 
or ex situ for as-deposited catalysts (b,c), whereas coloured curves show in situ 
spectra at 1.8 (blue), 1.9 (green), 2.0 (orange) and 2.2 V vs RHE (wine). 
 d–f, Rising edge position (d) (at 0.5 normalized intensity; norm. int.)22  
vs potential (E) (horizontal ‘OCP’ and ‘as-deposited’ dashed lines correspond 

to data recorded at open circuit within electrolyte solution and nominally dry 
samples before analysis, respectively), first derivative (deriv.) of the in situ 
XANES data collected at 1.9 V vs RHE (e) and FT EXAFS data (f) for [Co-Fe-Pb]Ox in 
nominally metal-free solution (sky blue), [Co-Fe-Pb]Ox with 5 mM Co2+ (wine) and 
bare CFP with 5 mM Co2+ (orange) at 1.9 V vs RHE. [Co-Fe-Pb]Ox was deposited by 
1 h galvanostatic (10 mA cm−2

geom.) oxidation of quiescent 0.1 M H2SO4 containing 
5 mM Co2+, 1 mM Fe3+ and 0.5 mM Pb2+ at 23 ± 1 °C. Data for Co(OH)2 (dashed grey) 
and CoOOH (dotted grey) references are shown for comparison.
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in the peak position34. Specifically, the shift to higher energy is consist-
ent with stronger bonding, such as that caused by oxidation. Indeed, 
ligand field XAS simulations demonstrate that the experimentally 
detected evolution of the Co L3-edge is consistent with partial conver-
sion of Co3+ to Co4+, that is, formation of Co(3+δ)+ (Supplementary Note 4  
and Supplementary Fig. 22). Another potential-induced change to the 
Co L3-edge spectra was an increase in the width of the main feature, 
majorly due to a shift of the higher-energy falling edge, at potentials 
above about 1.9 V vs RHE (Supplementary Fig. 23). This is again consist-
ent with an increase in the Co4+ character, as demonstrated previously 
for delithiated Li1−xCoO2 (ref. 36). Additionally, the Co L3-edge broad-
ening might be associated with the contributions of surface species 
involved in the OER catalysis and therefore developing at progressively 
positive potentials. First principles simulations suggest a change in 
the catalytic surface state inducing a notable positive energy shift of 
simulated XAS at about 1.9 V vs computational hydrogen electrode 
(Supplementary Note 5 and Supplementary Figs. 24–28). Because 
our in situ Co L3-edge data might have a significant contribution from 
the bulk cobalt states, the contribution of this surface change is prob-
ably not substantial and only causing slight broadening rather than 
pronounced spectral changes.

Thus, both Co K- and L3-edge spectroelectrochemical data, sup-
ported by theoretical analysis, collectively indicate formation of the 
Co(3+δ)+ active sites during the OER at low pH, which are structurally 
different from the active sites of the cobalt-based catalysts operating 
in near-neutral and alkaline electrolytes.

Potentiodynamic evolution of the catalyst
Further, we focused on the evolution of the catalyst under dynamic 
conditions using electrochemical, gravimetric and spectroscopic 

techniques to probe the dynamics of key processes within the cobalt 
active sites during the OER. FTacv was used to correlate the catalytic cur-
rent and key charge-transfer process(es) that underpin it37–40, whereas 
the corresponding gravimetric and redox changes were investigated by 
eQCM29,41 and fixed energy X-ray absorption voltammetry (FEXRAV)42–44.

To explore the potential-dependent trends of the charge-transfer 
process directly coupled to the OER catalysed by cobalt sites (Supple-
mentary Note 1 provides extended explanation), a series of electrodes 
with varied [Co-Fe-Pb]Ox loading was analysed both in the presence and 
absence of 5 mM Co2+ (Fig. 3, Supplementary Note 6 and Supplementary 
Figs. 29 and 30). a.c. harmonic components exhibited well-defined 
signals of the OER-coupled charge transfer (Fig. 3b,d), the position of 
which on the potential scale correlated with the catalytic direct current 
(d.c.) (Fig. 3e). This mimics, in a qualitative way, the behaviour for the 
OER in borate buffer catalysed by CoOx (and MnOx and NiOx)30,37 and 
indicates that the mechanism of the reaction might be described by 
conceptually similar electrokinetic models, though clearly with distinct 
parameters and facilitated by different active sites, at different pH.

The only distinction between the voltammetric data obtained with 
and without intentionally added Co2+ was in the OER activity, which 
was lower in the latter case due to suppressed redeposition of cobalt 
oxide species and therefore lower number of active sites (Fig. 3a,c). 
This was mirrored in shifts of the OER-coupled charge transfer towards 
more positive potentials (Fig. 3b,d). Most importantly, the depend-
ences of the OER direct current on the position of the a.c. harmonic 
OER-coupled signal with and without 5 mM Co2+ closely overlapped 
(Fig. 3e). This demonstrates that the electrokinetic parameters of the 
OER do not depend on the presence of the intentionally added Co2+, that 
is, the mechanism of the process does not change upon intensification 
of the active site corrosion or regeneration.
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Fig. 2 | In situ Co L3-edge XAS analysis of [Co-Fe-Pb]Ox. a, TFY spectra collected 
for the [Co–Fe–Pb]Ox-functionalized Au-Si3N4 membrane in flowed (10 μl min−1) 
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situ TEY spectrum of the CoOOH reference (purple). c, First-order derivative of 
the data shown in a (inset shows a magnified plot of the region around derivative 
= 0). Arrows in a and c show changes induced by the application of progressively 
positive potentials; vertical dashed line in panels a–c shows position of the TFY 
peak maximum at 1.75 V vs RHE. d,e, Effect of potential on the Co L3-edge main 

peak intensity (black) and the integral intensity across the Co L3-edge (blue) 
(d) and Co L3-edge main peak position (e); data collected for the as-deposited 
catalyst ex situ, in situ at OCP, and for the reference materials are shown as 
horizontal dash-dotted lines in e (see labels in the figure). Symbols in d and e 
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Methods), whereas dashed lines show linear fits. y-axis break in e is introduced 
to facilitate comparisons of the data. [Co-Fe-Pb]Ox was deposited by 15 min 
galvanostatic (1 mA cm−2

geom.) oxidation of quiescent 0.1 M H2SO4 solutions 
containing 5 mM Co2+, 1 mM Fe3+ and 0.5 mM Pb2+ at 23 ± 1 °C.
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Another important effect of added Co2+ was a low intensity (hence 
with slow charge-transfer kinetics) yet identifiable process at about 
1.70–1.75 V vs RHE (Supplementary Fig. 29g), which was much weaker 
for nominally pure 0.1 M H2SO4 (Supplementary Fig. 30g). FTacv analy-
sis suggests that this process is associated with the oxidation of Co2+, 
possibly producing passivating Co4+-based species (Supplementary 
Note 1). The fact that it was also detected, yet at much lower inten-
sity, without intentionally added Co2+ is due to partial dissolution 
of cobalt into the solution, as occurs in the case of all Co-based OER 
catalysts operating at low pH. Importantly, the putative Co2+/4+ process 
is clearly not coupled to the OER as its position does not change with 
the activity37.

The FTacv analysis suggests qualitative similarity in the overarch-
ing kinetic principles of the cobalt-catalysed OER at different pH and 
indicates that the major role of the intentionally added Co2+ precursor is 
to preserve the active sites rather than alter the kinetics of the process. 
Apart from reformation of the original active sites by electrodeposi-
tion, this preservation might be facilitated by the formation of pas-
sivating, corrosion-resistant Co4+-based species, through oxidation 
of dissolved Co2+. Because no explicit indications of additional phases 
were found by XAS (vide supra), these species might only be present in 
very small amounts on the catalyst surface only, which however, would 
be sufficient to stabilize the active sites7,8,10,12.

FEXRAV data are obtained by measuring X-ray absorption at a fixed 
energy while the electrode is subjected to voltammetric cycling. The 
data from such experiments can be presented as plots of the TFY vs 
potential along with corresponding voltammograms to enable direct 
correlations between the electrochemical data and changes in the 

states of the element probed (Fig. 4 and Supplementary Figs. 31–34)44. 
Here, Co K-edge FEXRAV data were recorded at five different energies 
to probe potential-dependent responses from the background fluo-
rescent signal before the edge (7,700 eV), cobalt 1s → 3d transitions 
(7,710 eV), apparent cobalt oxidation state (7,720 and 7,725 eV) and 
the raw fluorescence signal after the edge (8,000 eV) (Supplemen-
tary Figs. 31 and 32). Because X-ray absorbance at all energies probed 
are affected by the cobalt/sample concentration and background 
response, these effects need to be taken into consideration during 
interpretations. Major soft FEXRAV measurements were undertaken at 
the excitation energy of 780.75 eV, which corresponds to the maximum 
of the Co L3-edge at 1.75 V vs RHE—the negative switching potential 
used in these experiments. Response at the second Co L3-edge feature 
(782.9 eV) followed the same trends but was weaker in intensity (Sup-
plementary Fig. 33a–c).

Co K-edge FEXRAV of the catalyst-free electrode in the presence 
of 5 mM Co2+ revealed only a weak response at 7,720 and 7,725 eV with 
no correlations against the potential (Supplementary Figs. 31d–f and 
32f–j). Given the observation of clear potential-dependent changes in 
the steady-state Co K-edge XAS under the same conditions (Fig. 1a and 
Supplementary Fig. 19b,e), we conclude that the electrooxidation of 
dissolved Co2+ on a catalyst-free surface is a slow process, consistent 
with FTacv (Supplementary Note 1 and discussions above) and cannot 
be resolved by FEXRAV at a potential sweep rate of 0.005 V s−1. At the 
same time, well-defined potentiodynamic Co K-edge responses were 
detected for [Co-Fe-Pb]Ox (Fig. 4d,e and Supplementary Figs. 31a–c,g–i 
and 32a–e,k–o). In the presence of 5 mM Co2+, the FEXRAV intensity 
at 8,000 eV increased/decreased at more/less positive potentials 
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Fig. 3 | Potential dependence of the OER-coupled charge transfer in  
[Co-Fe-Pb]Ox. a–d, FTac voltammetric (f = 9.02 Hz, ΔE = 0.080 V; first scans; 
23 ± 1 °C) data collected for the catalyst at different loadings on an FTO electrode 
in quiescent 0.1 M H2SO4 in the presence (a,b) and in the absence (c,d) of 
intentionally added 5 mM Co2+, shown as aperiodic d.c. (a,c) and fourth a.c. 
harmonic components (b,d) (complete datasets are provided in Supplementary 
Figs. 29 and 30); arrows in b and d show shifts of the OER-coupled signal, 
highlighted with blue background, induced by increase in the catalyst loading. 
e, Dependence of the OER direct current density at 1.85 V vs RHE (η ≈ 0.62 V) in 

the reverse (filled squares) and positive sweeps (empty squares) on the position 
of the OER-coupled charge-transfer process in fourth a.c. harmonics derived 
from a–d and Supplementary Figs. 29 and 30 for the data with (wine) and without 
(sky blue) added 5 mM Co2+; dashed line is guide to the eye. The catalyst loading 
was varied by changing the electrodeposition time (0.1, 0.2, 0.4, 1, 2, 6, 12 and 
24 min) and is colour-coded as shown in a. Depositions were undertaken in 
quiescent 0.1 M H2SO4 electrolytes containing 5 mM Co, 1 mM Fe and 0.5 mM Pb2+ 
at 23 ± 1 °C.
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(Fig. 4e,i), which is consistent with the eQCM data (Fig. 4g) and dem-
onstrates the dynamic corrosion/reformation of the cobalt active sites. 
The absorbance at 7,710, 7,720 and 7,725 eV followed an inverse trend, 
indicating that the response at the (pre)edge is dominated by the elec-
trochemically induced electronic changes rather than the amount 
of detectable cobalt, both in the presence and absence of intention-
ally added Co2+ (Fig. 4d,e,h,i and Supplementary Figs. 31a–c,g–i and  
32a–e, k–o).

The amplitude of the Co K-edge FEXRAV data collected for 
[Co-Fe-Pb]Ox without intentionally added Co2+ was lower as compared 
to experiments with 5 mM Co2+ (Fig. 4d,h and Supplementary Figs. 31g–i 
and 32k–o). The overall lower intensity at 7,720 and 7,725 eV reflects the 
higher oxidation state of cobalt, although one cannot exclude a small 
but measurable effect of the decrease in the amount of Co active sites, 
which is seen from both electrocatalytic (Fig. 4a) and FEXRAV data at 
8,000 eV (Fig. 4d,e,h,i). However, this effect cannot explain the lack of 
pronounced changes at the Co K pre-edge at 7,710 eV, which are clearly 
detected for the [Co-Fe-Pb]Ox + 5 mM Co2+ combination only. Whereas 
one might ascribe this signal to the processes involving incorporation 
of cobalt into the solid catalyst matrix through electrooxidation of dis-
solved Co2+ (given that no response is detected for the catalyst-free elec-
trode; Supplementary Fig. 31f), we acknowledge that an unambiguous 
explanation of this phenomenon is yet to be established. Overall, the 

observations summarized above indicate that the Co K-edge FEXRAV 
data represent contributions from the cobalt species both within the 
solution and [Co-Fe-Pb]Ox.

The FEXRAV response at 780.75 eV (L3-edge) was also highly revers-
ible (Fig. 4f), but the shape of the signals was different to that detected 
at 7,720 eV (K-edge). In the latter case, the change of the intensity 
was continuous and reverted with minimal delay upon switching the 
direction of the potential sweep (Fig. 4h,i). In contrast, the L3-edge 
intensity was rapidly rising until about 1.95 V vs RHE, followed by a 
slower increase, which did not cease even upon switching the direc-
tion of the potential sweep to a negative direction (Fig. 4j). Only after 
reaching about 2 V vs RHE in the negative sweep, the 780.75 eV TFY 
signal decreased in intensity following a close-to-linear dependence 
on the potential. The difference in the FEXRAV between the two edges 
might arise from the lack of interference from the dissolved Co species 
at the Co L3-edge (Supplementary Fig. 20), that is, response in this 
case is pertinent to the [Co-Fe-Pb]Ox active sites only. The Co L3-edge 
FEXRAV data reveal that two processes with different charge-transfer 
kinetics contribute to changes in the electronic state of cobalt during 
the OER at low pH. First is most likely the oxidation of cobalt produc-
ing Co(3+δ)+ active sites (Supplementary Fig. 22), whereas the second 
might be associated with the evolution of the catalytic surface states 
(Supplementary Fig. 28).
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Fig. 4 | Potentiodynamic in situ XAS and eQCM analysis of [Co-Fe-Pb]Ox.  
a, Cyclic voltammograms (v = 0.005 V s−1) recorded during the hard XAS  
(solid red and dashed red), soft XAS (sky blue) and eQCM (orange) experiments 
 in flowed (1 ml min−1 for Co K-edge and eQCM, 10 μl min−1 for Co L3-edge)  
0.1 M H2SO4 (dashed) and 0.1 M H2SO4 + 5 mM Co2+ (solid). b,c, Positions of energies 
used for FEXRAV on typical Co K- (b) and L3-edge spectra (c). d–k, Corresponding 
potentiodynamic (v = 0.005 V s−1) evolution of the TFY signals at 7,720 (red) and 
8,000 eV (grey; multiplied by a factor of 10) (d,e,h,i) in 0.1 M H2SO4 (d,h) and  

0.1 M H2SO4 + 5 mM Co2+ (e,i), TFY signal at 780.75 eV (f,j), and mass change (g); 
arrows show the sweep direction. k, Effect of the scan rate (values in the figure) on 
the potentiodynamic evolution of the TFY signal at 7,720 eV in 0.1 M H2SO4 +  
5 mM Co2+. h–k show time-resolved data on a potential scale with vertical dashed 
lines showing the potential switching points. [Co-Fe-Pb]Ox was deposited onto CFP  
(Co K-edge), Au-Si3N4 membrane (Co L3-edge) and Au-coated quartz crystal 
(eQCM) by galvanostatic oxidation at 10, 1 and 5 mA cm−2, respectively, of quiescent 
0.1 M H2SO4 + 5 Mm Co2+, 1 mM Fe3+ and 0.5 mM Pb2+ at 23 ± 1 °C.
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FEXRAV experiments at the O K-edge revealed a clear correlation 
between the OER catalytic current and absorption at 531.2 eV (Sup-
plementary Figs. 33d–f and 34f). The latter signal is ascribed to the O 
1s→2p O(π*) transition of O2 gas (Supplementary Fig. 35), indicating 
the direct observation of the reaction product. Further, comparisons 
of potentiostatic O K-edge spectra taken at 2.05 and 1.75 V vs RHE 
suggest the emergence of minor features at about 527.5 and 529.0 eV 
(Supplementary Fig. 36), which provides an additional indication for 
the formation of the Co(3+δ)+ species45.

Finalizing the FEXRAV analysis, the effect of the scan rate on the 
Co K-edge XAS response was investigated for [Co-Fe-Pb]Ox (Fig. 4k 
and Supplementary Fig. 37). Relative changes in the TFY signal at 
7,720 eV during the Co K-edge FEXRAV analysis at 0.005 V s−1 and 
during steady-state in situ XAS were similar, indicating that the poten-
tiodynamic mode at a slow scan rate provided close-to-complete 
change in the cobalt oxidation states when dissolved Co2+ was present 
(Supplementary Fig. 38a). However, increasing the scan rate even to 
0.010 V s−1 under these conditions produced a pronounced dampen-
ing effect on the intensity of the FEXRAV signal at 7,720 eV, where 
redox changes dominate the Co K-edge spectral features (Fig. 4k). 
Moreover, comparing relative changes in TFY at 7,720 eV measured 
by FEXRAV at 0.005 V s−1, and steady-state analysis in the absence 
of intentionally added Co2+ indicated a lower degree of oxidation 
achieved at this low potential scan rate (Supplementary Fig. 38b). 
These observations indicate that the effective timescale of the trans-
formation of dissolved Co2+ is comparable to the timescale of the 
voltammetric experiment at 0.005 V s−1, whereas the dynamics of the 
cobalt-based charge transfer within [Co-Fe-Pb]Ox is even slower. Over-
all, our data demonstrate that stabilization of the active state of the 
catalyst during the OER at low pH, which includes the interplay of cor-
rosion and oxidation of cobalt species, occurs on a timescale of min-
utes (Fig. 4k). This relatively slow dynamics needs to be considered 

in both fundamental studies as well as practical applications of the 
cobalt-based low-pH OER catalysts.

Discussion
The multi-technique study presented here uncovers the potential- 
dependant events that dictate both the mass and redox changes 
occurring within cobalt active sites during the OER at low pH. The key 
insights were derived from correlations of the data provided by all 
methods employed, highlighting the effectiveness of using a com-
prehensive suite of electrochemical, gravimetric and spectroscopic 
techniques when investigating complicated electrocatalytic processes, 
such as acidic OER catalysed by non-noble catalysts that are prone to  
corrosion.

Our data suggest a previously unknown contribution of low- 
activity Co4+-based oxide species into stabilization of the cobalt-based 
low-pH catalysts, in addition to the electrooxidation of dissolved Co2+ 
into high-activity cobalt oxo-sites. While these processes support fast 
kinetics of the OER-coupled charge transfer through stabilization of 
the active sites, they do not affect their intrinsic catalytic activity. In 
other words, corrosion and redeposition processes are not directly 
coupled to the catalytic process but occur in parallel (Fig. 5).

The time-resolved measurements indicate that the evolution of 
the catalyst to achieve the active stabilized state is not a fast process, 
occurring on a timescale of minutes. The catalytically active cobalt sites 
during the acidic OER adopt an oxidation state higher than 3+ and lack 
long-range order, that is, are structurally different from the cobalt-μ-
(hydr)oxo states reported for the near-neutral and alkaline conditions. 
This understanding can guide the development of strategies for the 
design of practical and affordable cobalt-based anode catalysts for 
proton-exchange water electrolysers as needed to enable the use of 
these highly-effective devices for the sustainable hydrogen production 
on a multi-gigawatt scale.

Methods
Materials
Metal-precursor solutions were prepared using reagent grade chemi-
cals: Co(NO3)2·6H2O (>98%, Sigma), Fe(NO3)3·9H2O (>98%, Sigma), 
Pb(NO3)2·6H2O (>99.5%, Merck), H2SO4 (95–97%, Sigma). Other reagents 
used were H2O2 (30%, Merck), HNO3 (70%, Ajax FineChem), HCl (36%, 
Ajax FineChem), H2PtCl6 (99.9%, Sigma) and iso-propanol (>99, CSA 
Scientific). Deionized water (Sartorius Arium Comfort I Ultrapure 
water system H2O-I-1-UV-T; resistivity 18.2 MΩ cm at 23 °C) was used 
in all experiments other than the soft XAS and eQCM studies where 
ROTISOLV HPLC Gradient Grade deionized water (18.2 MΩ cm at 23 °C) 
was used.

The proton-exchange membrane water electrolysis (PEMWE) cell 
utilized Grade 1 Titanium flat current collectors (Specialty Metals). 
Porous transport layers were constructed following a gradient mesh 
approach46 using three Ti mesh layers (Unique Wire Weaving Co.) 
stacked in the order of descending size and porosity arrangement from 
the Ti current collectors in both anode and cathode compartments 
(layer in contact with the anode/cathode—0.23-mm wire diameter; 
21.2% open area; middle layer—0.61-mm wire diameter; 35% open area; 
layer contacting current collector—0.77-mm wire diameter; 51% open 
area). A 200-µm thick PtTi-felt with a 30-nm Pt coating (Tanaka) was 
used as an anode substrate. A 190-µm thick hydrophobic carbon fibre 
paper (Toray Carbon Paper TGP-H-060) was used as a cathode sub-
strate. 20 wt% Pt on Vulcan XC-72 (57080081, Fuel Cell Store) was used 
as a cathode catalyst. 5 wt% PFSA ionomer dispersion (28020001, Fuel 
Cell Store) was used for the cathode catalyst ink preparation.

Working electrode substrates
Fluorine-doped tin(IV) oxide coated glass (FTO) slides (TEC8; 
10 cm × 10 cm, sheet resistance 8 Ω sq−1) were purchased from Dyesol 
Ltd. and used to prepare electrodes following published procedures16,39. 
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Fig. 5 | Interfering vs independent OER and cobalt corrosion. Initial hypothesis 
is based on a common observation of corrosion of the OER catalysts in operation 
due to electrooxidation. Note that the schemes are purely illustrative and do not 
aim to represent the exact structures of the cobalt-based species within an OER 
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The slides were cleaned by ultrasonication (Elmasonic S300H bath, 
1,500 W) in 2 wt% Helmanex(aq.), water and ethanol for 20 min in each 
media, dried under N2 flow and plasma treated at 1,000 mTorr for 5 min 
(Harrick plasma cleaner). An active area of 2 mm × 2 mm (0.04 cm2) 
was defined by laser engraving (Universal Laser Systems, VLS350) and 
polyimide Kapton tape. Before applying the tape, FTO electrodes were 
treated with fresh Caro’s acid for 10 s and washed with water. Spectra-
Carb carbon fibre paper electrodes (Fuel Cell Store) were pre-treated 
with HNO3(conc.) for 12–16 h, rinsed with water, dried under N2 flow and 
laminated into PET, leaving a circular area (Ø8 mm, 0.50 cm2) defined 
by laser engraving exposed39. Gold-coated silicon nitride (Au-Si3N4) 
X-ray permeable membranes (1.0 mm × 0.5 mm × 75 nm) etched into 
a Si support frame (10.0 mm × 10.0 mm × 381 µm) and covered with 
20 nm Au on a 5 nm Ti adhesion layer (Silson Ltd.) producing an elec-
trochemically active area of 0.04 cm2 (ref. 47), were used as electrodes 
for soft XAS48. 5 MHz eQCM discs coated with 5-nm Ti and 100-nm Au 
layers (Quarztechnik GmbH) with a surface area of 1 cm2 were used 
for eQCM. The discs were sonicated in an ethanol: 2-propanol (1:1 vol) 
mixture for 10 min and rinsed with deionized water and 0.1 M H2SO4 
before measurements.

Electrochemical equipment
FTacv, eQCM and in situ XAS experiments, and preparation of the 
samples for SEM/EDS and XPS analysis, were undertaken at ambient 
temperature (23 ± 1 °C). FTacv was performed using a custom-made 
instrument30. In situ Co K-edge and soft XAS experiments were under-
taken using a Bio-Logic VSP electrochemical workstation, whereas 
eQCM studies were performed using an Interface 1010E potentiostat. 
The PEMWE experiments used a Bio-Logic SP-50e and a BSTR-10A high 
current booster channel. The FTacv measurements were undertaken 
in a two-compartment cell with the working and auxiliary electrode 
chambers separated by a low-porosity P4 glass frit. The same type of cell 
was used for the [Co-Fe-Pb]Ox electrodeposition for the FTacv, in situ 
XAS or eQCM analysis. eQCM measurements were undertaken using a 
Gamry Instruments eQCM 10 M cell. In situ XAS studies used special-
ized cells described below. Potentials were measured against either 
Ag|AgCl|KCl(sat.) (CHI) (FTacv, eQCM) or a ‘leak-free’ Ag|AgCl|KCl(3.4 M) 
LF-1-100 reference electrode purchased from Innovative Instruments 
(XAS). Potentials of Ag|AgCl|KCl(sat.) was calibrated against a reversible 
hydrogen electrode (RHE) following the reported procedures39, before 
and after experiments to ensure the stability of the reference electrodes. 
The ‘leak-free’ Ag|AgCl|KCl(3.4 M) LF-1-100-type reference electrodes 
were monitored for any potential shifts against a Ag|AgCl|KCl(sat.) master 
reference electrode that was calibrated against the RHE. The reference 
electrode was confined within a fritted (P4) glass tube positioned at a 
fixed short distance from the centre of the working electrode. High sur-
face area platinum mesh, platinum wire or platinized titanium grid (Fuel 
Cell Store) were used as the auxiliary electrodes. Before measurements, 
Pt was cleaned using a flame torch, while platinized titanium was cleaned 
by soaking in H2SO4 (conc.): H2O2 (30 wt%) (1:1 vol.) for several minutes.

Before measurements, all glassware used for electrodepositions 
were cleaned by soaking in a freshly prepared HNO3 (conc.): HCl (1:3 vol.)  
mixture for at least 12 h and then rinsed with copious amounts of water 
to exclude any cross-contamination.

Electrochemical measurements
Before galvanostatic [Co-Fe-Pb]Ox electrodeposition, five cyclic vol-
tammograms (v = 0.020 V s−1) within the potential range of 0.2–1.4 V vs 
Ag|AgCl|KCl(sat.) in 0.1 M H2SO4 were recorded to ensure the electrode 
surface was clean and measurements were consistent. Further, the 
electrode was put in contact with the [Co-Fe-Pb]Ox precursor solution 
and cyclic voltammograms (v = 0.020 V s−1) between 1.0 and 2.0 V vs 
Ag|AgCl|KCl(sat.) were recorded before galvanostatic deposition at a 
required current density (10 mA cm−2 for Co K-edge XAS and FTacv, 
1 mA cm−2 for soft XAS, 5 mA cm−2 for eQCM).

FTacv measurements used an amplitude of ΔE = 0.080 V, fre-
quency of 9.02 Hz and scan rates defined by the potential range. Data 
were collected as two consecutive voltammetric cycles; second cycles 
were used for analysis.

Catalyst functionalization onto electrode substrates
Precursor solutions were prepared via two highly order-sensitive pro-
cedures. For hard XAS, XPS and FTacv, 2 ml of 50 mM Co(NO3)2 and 
then 2 ml of 10 mM Fe(NO3)3 in 1 M H2SO4 were mixed with 15 ml of 
H2O; then 1 ml of 10 mM Pb(NO3)2 was carefully pipetted drop-wise. 
For the Co L3-edge and eQCM, 2 ml of 50 mM Co(NO3)2 and then 1 ml 
of 10 mM Pb(NO3)2 were mixed with 15 ml of H2O; then 2 ml of Fe(NO3)3 
in 1 M H2SO4 was carefully pipetted drop-wise. The last steps in both 
procedures must be undertaken slowly and with high care to avoid 
excessive agitation, which induces precipitation of PbSO4. The latter 
was meticulously avoided to ensure reproducibility of the results. 
Precursor solutions were prepared immediately before electrodeposi-
tion of [Co-Fe-Pb]Ox.

For the PEMWE test, a [Co-Fe-Pb]Ox/PtTi anode was fabricated by 
a 120-min galvanostatic electrodeposition (50 mA cm−2

geom.) using a 
0.5 M HNO3 solution containing 100 mM Co(NO3)2, 20 mM Fe(NO3)3 
and 20 mM Pb(NO3)2 at 23 ± 1 °C. To fabricate the cathode, the Aquivion  
E98-09S membrane was coated with the 20 wt% Pt/C catalyst to 
achieve a loading of about 0.8 mgPt cmgeom.

−2 by ultrasonic spray coat-
ing (FocusMist Ultrasonic Atomizer Nozzle, Siansonic) of a 5 mg ml−1 
dispersion of the catalyst in iso-propanol:water mixture (2.8:1 vol) 
containing 0.25 wt% PFSA ionomer dispersion at 110 ± 1 °C. Before 
use, the catalyst dispersion was ultrasonicated for 1 h (Ultrasonic 
power generator K 8, Meinhardt Ultrasonics). The functionalized 
membrane and anode were hot pressed at 18 kg cm−2 and 135 ± 1 °C 
for 2 min.

Physical characterization
Scanning electron micrographs were collected with an FEI Quanta 3D 
FIBSEM microscope at 15 kV voltage. Electrodes were adhered to the 
SEM stubs using a sticky carbon tape. No additional conductive coat-
ings were applied.

Energy-dispersive X-ray spectra were collected using a Jeol IT800 
SHL instrument equipped with an Oxford Instruments Ultim Max 170 
silicon drift X-ray detector. Instrumental settings were as follows: 15-kV 
landing voltage, 0.80-nA probe current and 10-mm working distance. 
Electrodes were adhered to the SEM stubs using a sticky carbon tape. 
No additional conductive coatings were applied to the samples.

Inductively coupled plasma mass spectrometric analysis was 
conducted using a Perkin Elmer NexION 2000 instrument. The 5 ml 
aliquots of the PEMWE water feed were diluted twofold with 2 wt% HNO3 
for analysis. Electrodes used for the measurements of the fraction of 
redox active cobalt were digested in 50 ml of 0.5 M HNO3 until complete 
dissolution of [Co-Fe-Pb]Ox (~16 h); 2 ml of the resulting solution was 
diluted fivefold with 2 wt% HNO3. Sc, Ge and Rh ions were introduced 
into the sample inlet as internal standards for Co and Fe and Pb iso-
topes, respectively. Background counts measured for the 2 wt% HNO3 
carrier solution were subtracted from the measurements. Calibration 
curves were constructed using standard samples obtained by dilutions 
of commercial stock solutions. The Co and Fe analyses were conducted 
with He gas, whereas the Pb was conducted with Ar gas.

X-ray photoelectron spectroscopy (XPS) data were recorded using 
a Nexsa Surface Analysis System (Thermo Fisher Scientific) equipped 
with a monochromated Al Kα source (15 kV × 12 mA) and a hemispheri-
cal analyser operating in a fixed analyser transmission mode. The 
total pressure in the main vacuum chamber during the analysis var-
ied between 10−9 and 10−8 mbar. Survey spectra were recorded at a 
pass energy of 200 eV and a step size of 1 eV, whereas high-resolution 
spectra used 50 eV pass energy with 0.1 eV step size. The latter settings 
produced an FWHM of 0.8–0.9 eV for the Ag 3d5/2 reference spectrum. 
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All samples were rinsed with water to remove any dissolved precursor 
and dried under vacuum at 100 ± 1 °C for 24 h. The dried samples were 
mounted on the sample stage using carbon tape. All samples were 
analysed in a floating mode. Binding energies were calibrated against 
the aliphatic C–C C 1s peak, with position set to 284.8 eV.

Co K-edge X-ray absorption spectra were collected at the Australian  
Synchrotron using the multipole wiggler XAS beamline (12-ID) operated  
with an electron beam energy of 3.0 GeV and a beam current of 200 mA 
(top-up mode). The Co K-edge, Fe K-edge and Pb L3-edge data were 
recorded using Si(111) monochromators and focusing optics49 in fluo-
rescence mode using a 100-element Ge detector. Analysis of the CoO, 
Co(OH)2, Co3O4 and CoOOH references was done using pressed pow-
der pellets containing ~1 wt% of the compound of interest diluted in 
boron nitride (Sigma). The spectra were referenced against the data 
for Co (7,709 eV), Pb (13,025 eV) and Fe foils (7,112 eV). Ex situ analysis 
of [Co-Fe-Pb]Ox was done using samples electrodeposited on CFP.

In situ Co K-edge XAS measurements were undertaken using a 
spectroelectrochemical cell equipped with a Teflon fabric reinforced 
Nafion N324 membrane between the working and auxiliary electrode 
compartments22. A peristaltic pump (Longer BT100-2J) was used to 
fill/empty the cell with the electrolyte solution and to maintain the 
electrolyte solution flow of about 1 ml min−1 during analysis.

Steady-state spectra were acquired about 10 min following appli-
cation of the potential to ensure the equilibration of the system. For 
every potentiostatic Co K-edge measurement, about 15-min long rep-
licate scans were recorded at each sample spot for all datasets. Typi-
cally, two scans were taken on one spot and two scans were taken on a 
second spot to ensure no detectable contribution of beam effects for 
the resultant averaged spectra. This experimental protocol yielded a 
typical analysis time of about 90 min per potential. Raw data obtained 
from the beamline were converted using Sakura50 and processed using 
a combination of Athena51, PySpline52 and MSExcel.

Soft X-ray absorption spectroscopic studies were undertaken at 
the U49-2 PGM-1 beamline utilizing the LiXEdrom endstation53 at the 
BESSY II synchrotron facility in Berlin, Germany. CoO, Co3O4, LiCoO2 
and CoOOH powders dispersed on conductive Cu-tape were analysed 
in TEY mode. Measurements were conducted using the third harmonic 
and the following beamline parameters: cff 5, diffraction order 2, undu-
lator offset 0.0 and beamline slit 100 µm. The aperture was set to a 
symmetric opening of 2.0 mm × 2.0 mm for measurements across the 
Co L2,3-edges and O K-edge. The TFY signal was collected by an XUV-100 
silicon photodiode. Spectra were collected by scanning the incident 
X-ray energy across an energy range of 770 to 810 eV covering the full 
L2,3-edge spectrum of Co and from 775 to 795 eV to cover the Co L3-edge 
only. O K-edge spectra were measured across an energy range of 525 
to 550 eV. Measurements were conducted in continuous scan mode, 
yielding data points in about 0.05 eV steps with an energy resolution 
of the incident beam ΔE ≈ 0.1 eV. Spectra were normalized to the drain 
current of the refocusing mirror (ITFY/Imir) to account for X-ray flux 
variations in top-up mode and to obtain spectra that are comparable 
in relative intensity. To account for contaminations on the beamline 
optics, the spectra were additionally normalized to the beam intensity 
in the experimental chamber measured with a diode in the beam path 
at identical beamline settings (Idiode/Imir), yielding a total normaliza-
tion of the TFY signal to the incident photon intensity (ITFY/Idiode). The 
top-up mode operation of the BESSY II storage ring, in very few cases, 
caused glitches in the mirror current; in situations where these glitches 
disturbed spectral features, single clear outliers in the mirror current 
data were removed from the dataset.

In situ Co L3- and O K-edge studies were performed using a vac-
uum compatible flow cell in the TFY mode47. Nafion 117 membrane 
(183 µm, Sigma-Aldrich) was used to separate the working and auxiliary 
electrode compartments. The Nafion membrane was cut into circles 
(Ø15 mm) and soaked in 1 M H2SO4. The cell containing the [Co-Fe-Pb]Ox  
catalyst was then filled with either pure 0.1 M H2SO4 or containing  

5 mM Co2+. Electrolyte was flown during the experiments using a KD 
Scientific Gemini 88 syringe pump at 10 µl min−1. This flow rate was 
maintained for the entirety of the analysis.

For every potentiostatic Co L3- and O K-edge measurement, about 
2 and 5 min long replicate scans were recorded, respectively, at each 
sample spot for all datasets. For Co L3-edge, the number of spectra 
recorded were n1.75V = 6, n1.80V = 8, n1.85V = 7, n1.90V = 5, n2.00V = 13, n2.05V = 8 
and n2.10V = 7. Additional spectra were taken on different sample spots 
to ensure no detectable contribution of beam effects. The spectra were 
fully reproducible when repeating the applied potential sequence.

Fixed energy X-ray absorption voltammetry (FEXRAV) data at 
the Co K-edge were acquired using the same spectroelectrochemical 
set-up as for the steady-state measurements described above. The 
photon energy was fixed at 7,700; 7,710; 7,720; 7,725 and 8,000 eV and 
the resultant TFY was collected using the potential scan rates of 0.005, 
0.010, 0.020, 0.040 and 0.060 V s−1. The TFY signal was collected at a 
rate of one data point per second for all energies and potential scan 
rates measured yielding one TFY data point per 0.005, 0.01, 0.02, 
0.04 and 0.06 V. The Co L3- and O K-edge FEXRAV data were acquired 
similarly, in the same measurement geometry as used for the Co L3- and  
O K-edge steady-state experiments. The photon energy was fixed at 
775.0, 780.75 and 782.9 eV for the Co L3-edge FEXRAV measurements 
and at 527.0, 530.0 and 531.2 eV for the O K-edge FEXRAV measure-
ments. The TFY signal was collected at a rate of one data point per sec-
ond while cycling the potential with a scan rate of 0.005 V s−1, yielding 
one TFY data point per 0.005 V. For both hard and soft XAS, the spectro-
scopic data collection and electrochemical data collection were aligned 
within an accuracy of about ± 0.5 s. At least three cycles were recorded 
for every photon energy, which were fully reproducible. Whenever 
required, FEXRAV data were corrected for changes in baseline intensity 
(TFYcorr) following a documented procedure42, where the TFYraw values 
are divided by the linearisation of the TFYraw baseline (MTFY) and then 
multiplied by the final TFYraw value recorded (equation (1)).

TFYcorr =
TFYraw
MTFY

× TFYfinal (1)

First principles simulations
The Co L-edge spectra of Co ions in the bulk were computed at the 
ligand field theory level using the Quanty package54 and parameters 
provided in the caption of Supplementary Fig. 22. The Pb(Co)O2 surface 
species were computed using a combined density functional theory 
and Bethe–Salpeter equation approach. All simulations were done on 
four-layer slabs of (110) terminated of β-PbO2 with half of the coordina-
tively unsaturated Pb sites on the surface substituted with Co. Surface 
phase diagrams were computed using the computational hydrogen 
electrode55 by considering H2O, OH, O, OOH and OO adsorbed on the 
substitutional cobalt atoms and H on the surface oxygen sites. Geom-
etries were found by relaxing the top two layers of the slabs using the 
Quantum ESPRESSO package56,57, with the PBE exchange and correla-
tion potential58 together with a 3 eV on-site Hubbard U term acting on 
the Co 3d manifold. All simulations were spin polarized. PAW datasets 
from the PS library59 were employed using a kinetic energy (charge 
density) cut-off of 60 Ry (600 Ry). A (4 × 4) k-point mesh was used for 
the (1 × 2) surface with cold smearing60 using a smearing parameter of 
0.01 Ry. Periodic images were separated by about 15 Å of vacuum. XA 
spectra were computed for the relaxed surfaces by solving the Bethe–
Salpeter equation for the core level absorption61–63, with the OCEAN 
package64,65, coupled to Quantum EPSRESSO using norm-conserving 
pseudopotentials with a kinetic energy cut-off of 120 Ry. Empty states 
were included up to about 100 eV above the threshold. All other param-
eters matched those used for geometry relaxation. Relative XAS align-
ment was accomplished using the ΔSCF procedure66. Powder spectra 
are reported, which were computed as the trace of the atomic absorp-
tion tensors, with a lifetime broadening of 0.5 eV (ref. 67).
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