
Articles
https://doi.org/10.1038/s41929-019-0277-8

1School of Chemistry, Monash University, Clayton, Victoria, Australia. 2ARC Centre of Excellence for Electromaterials Science, Monash University, Clayton, 
Victoria, Australia. 3Australian Synchrotron, Clayton, Victoria, Australia. 4Monash Centre for Electron Microscopy, Monash University, Clayton, Victoria, 
Australia. 5Commonwealth Scientific and Industrial Research Organisation Manufacturing, Clayton, Victoria, Australia. 6Department of Chemistry and 
Biotechnology, Swinburne University of Technology, Hawthorn, Victoria, Australia. *e-mail: alexandr.simonov@monash.edu

The development of reliable energy storage technologies is a key 
step on our pathway to the global implementation of intermit-
tent renewables as a major source of energy1–4. One feasible 

solution to the problem is the electrosynthesis of fuels powered by 
excess electricity2–4. Such synthesis requires a supply of electrons 
and protons derived from an oxidative half-reaction5, the most sus-
tainable of which is oxidation of water to O2, that is the oxygen evo-
lution reaction (OER).

Over the past decade, research on the OER in neutral and  
alkaline solutions for the production of H2 via water electrolysis 
has seen a resurgence with the introduction of numerous efficient 
catalysts, mostly based on nickel and cobalt6–11. The more recent 
development of electrolysis under acidic conditions offers several 
advantages over the mature alkaline technology. These include 
a faster start-up time12, less crossover, which provides higher  
purity products12,13, the suppression of passivating side reactions14,15, 
lower resistance losses16 and a more compact system design5,12,13. 
However, these advantages are outweighed by the reliance on 
expensive noble metal electrocatalysts17. Although many noble-
metal-free hydrogen evolution catalytic systems for low pH applica-
tions have been developed since the seminal work of Nørskov and 
co-workers18, similarly efficient, affordable catalysts for the OER 
in acidic media are not yet available19. The introduction of stable, 
active and earth-abundant materials for water electrolysis at a low 
pH is necessary to reduce both the capital and the ongoing costs for 
this technology.

Towards this aim, Schaak and co-workers developed crystalline 
Co3O4 and Ni2Ta that exhibit a good OER activity at pH 0.3, but degrade 
even at room temperature20,21. To improve stability, an otherwise  
unstable catalytic component can be confined within an acid-stable  

conductive material. For example, Nocera and co-workers com-
bined a CoFeOx electrocatalyst with a PbOx matrix and demon-
strated water oxidation at pH 2 and 23 °C for 50 hours13. Lewis and 
co-workers followed a similar strategy with the nickel manganese 
antimonate system, which sustained the OER at pH 0 and ambi-
ent temperature for 168 hours5. In fact, this concept has long been 
known and used for industrial electrowinning22, in which water-
oxidizing anodes based on lead(iv) oxide operate stably in 1.8 M 
H2SO4 at 35–40 °C. Modification of PbO2 with cobalt, manganese, 
iron or silver significantly improves the performance23–30, but the 
catalysts also degrade, mainly due to the corrosion of the more cata-
lytically active component, for example, cobalt29.

A possible solution to the instability issues is the formation 
and regeneration of the electrocatalyst from the solution—a con-
cept introduced by Nocera and co-workers for the OER in neutral 
solutions10,31. In a simplified form, the mechanism of operation of 
such self-healing systems can be summarized as two processes: (1) 
continuous deposition–dissolution of a solid oxide on the electrode 
(equation (1)) and (2) water electrooxidation catalysed by the in situ 
generated oxides (equation (2)):
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A catalyst that forms in  situ from dissolved cobalt cations in 
the presence of phosphate at pH 1.6 was presented by Cronin and 
co-workers32. In a study of weakly acidic water contaminated with 
metal cations, the formation of iron oxide catalysts stabilized by lead 
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oxide was reported33. PbO2-based anodes for electrowinning have 
also been synthesized via electrodeposition with the OER occur-
ring in parallel26, but these studies were aimed at a higher faradaic 
efficiency of the metal oxide formation rather than at high water 
oxidation rates.

Given the lack of materials that are both thermodynamically 
stable and catalytically active for the OER under the conditions of 
an operating anode in an acidic electrolyser (E > 1.5 V versus the 
reversible hydrogen electrode (RHE), T > 60 °C), an in situ gener-
ated system is a potential solution to the problem. In this context, 
we hypothesize that a self-healing concept would be most efficient 
when applied to a multicomponent catalyst that contains spe-
cies with a high activity for the OER integrated into a matrix that 
is conductive and thermodynamically stable. Here this strategy is 
implemented to demonstrate an intrinsically stable catalytic system 
that sustains acidic water oxidation at ambient and elevated tem-
peratures. The effects of the operating conditions on the activity and 
stability of the catalysts are reported, as are the structural features of 
the best-performing cobalt–lead–iron system.

Results
Electrochemical behaviour. Our initial aim was the identification 
of metals that could produce (meta)stable oxides with a reasonable 
catalytic activity for the OER on electrooxidation in acidic solutions, 
that is, operate as self-healing catalysts according to equations (1) 
and (2). To this end, we focused on cobalt, nickel, manganese, iron 
and lead, as oxides of these non-precious metals exhibit reasonable 
catalytic activity for water oxidation19,34 and/or are thermodynami-
cally stable at positive potentials and low pH (refs. 35,36).

In all the key electrochemical experiments described below, the 
water oxidation and catalyst formation processes occurred simulta-
neously due to the presence of metal precursors at (sub)millimolar 
concentrations in the electrolyte solutions. The initial assessment of 
the electrocatalytic capacity of the materials was undertaken using 
fluorine-doped tin(iv) oxide (FTO)-coated glass electrodes. Under 
mild conditions (pH 1, 23 °C), none of the examined unary metal 
systems exhibited a high activity (Supplementary Fig. 1). However, 
a gradual enhancement of the oxidative current densities was found 
for cobalt, nickel and lead, which presumably reflects the electrode-
position of an oxide film on the electrode. This effect is well estab-
lished for lead22, consistent with the Pourbaix diagram for nickel35, 
but rather unexpected for cobalt32. Combining lead with the first 
row transition metals considered here notably improved the oxi-
dation capacity of the resulting electrodes (Supplementary Figs. 1 
and 2). Current densities measured with bimetallic systems were 
higher than the sum of the current densities observed when the cor-
responding metals were tested separately, which indicates a syner-
gistic effect due to either facilitated deposition or improved activity, 
or both. Cobalt–lead combinations outperformed others by at least 
an order of magnitude, consistent with previous research22,26,27. In 
contrast to these previous studies, the aim here was to maintain the 
concentrations of metal precursors at a minimal level to provide a 
close to 100% faradaic efficiency for the OER. To this end, optimi-
zation was undertaken and identified Co2+ and Pb2+ concentrations 
of 5 and 0.5 mM, respectively, as sufficient to sustain reasonable 
oxidation rates at pH 1 (Supplementary Fig. 3). The introduction 
of small concentrations of iron(iii) (optimized concentration of 
1 mM) to these cobalt–lead solutions, which was expected to facili-
tate deposition22,37, notably improved the electrooxidation rates 
under voltammetric conditions, but did not significantly enhance 
the quasi-steady-state performance (Supplementary Fig. 4). On the 
basis of these preliminary studies, the CoFePb combination was 
selected for further detailed investigation.

Cyclic voltammograms recorded with FTO electrodes in the  
presence of cobalt(ii) + iron(iii) + lead(ii) precursors reveal an 
interplay of the electrodeposition (equation (1)) and electrocatalytic 

water-oxidation processes (equation (2)) (Fig. 1a and Supplementary 
Figs. 2 and 4a)22,34,38–40. During the positive sweep, no significant oxi-
dation was detected until concurrent mixed oxide deposition and 
water oxidation were initiated at positive potentials, which gave rise 
to a sharp increase in current. The activity growth persisted even 
after switching the potential scan to the negative direction, until 
the electrogenerated material was reduced and stripped from the 
electrode surface during a well-defined reductive process (Fig. 1a, 
inset). Importantly, reduction does not remove the electrodepos-
ited material completely. Indeed, multiple cycling (Supplementary 
Fig.  2) and the use of slow potential scan rates (Supplementary 
Fig. 5) both enhanced the intensity of all the voltammetric processes, 
which indicates the deposition of increased amounts of active metal 
oxides. Thus, the dissolution of the produced materials was outrun 
by their deposition during the initial cycles, but eventually the two 
processes achieved a quasi-steady state (Supplementary Fig. 2).

Both processes (1) and (2) are strongly and differently influenced 
by pH and temperature. Although the effect of pH on the OER 
kinetics is not well studied in the range examined here, the voltam-
metric data in Fig. 1a expectedly demonstrate that the more acidic 
environments hamper the deposition of the catalyst film, which 
leads to a lower activity. Increasing the temperature is favourable 
for the OER, whereas the equilibrium and kinetics of reaction (1) 
might be affected in different and hard to predict ways, especially 
for a multimetallic system. Nevertheless, the positive effects appear 
to overcompensate for any negative ones under the voltammetric 
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Fig. 1 | Cyclic voltammetric (scan rate 0.020 V s−1) oxidation of aqueous 
H2SO4 that contains Co2+ (5 mM), Fe3+ (1 mM) and Pb2+ (0.5 mM).  
a–c, Data were obtained using FTO (a and b) or Pt/Ti (c) electrodes 
under different conditions. a, T = 23 °C, pH 2.00 (teal), 1.00 (blue), 0.30 
(red) and 0.00 (black). b,c, pH 1.00, T = 23 (blue), 40 (red), 60 (orange) 
and 80 °C (green). The grey curve in c shows data obtained in pure 0.1 M 
H2SO4 at 23 °C. Quasi-stabilized (typically the 20th) voltammetric cycles 
are shown. Currents are normalized to the geometric surface area of the 
electrodes. Potentials are not corrected for ohmic losses.
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conditions, as evidenced by a significant increase in the oxidative 
current densities at higher temperatures (Fig. 1b).

The dynamic nature of the investigated system in which the 
electrocatalyst is continuously deposited on and dissolved from the 
electrode surface renders voltammetric measurements unsuitable 
for a reliable quantification of the performance. Hence, detailed 
chronoamperometric studies were undertaken. The negative 
sweeps of the cyclic voltammograms suggest that the lead–cobalt–
iron-based catalyst film should be stable at potentials more posi-
tive than, for example, ~1.73 V versus RHE at pH 1 and ambient 
temperature, which was confirmed by potentiostatic experiments 
(Fig. 2a). To facilitate the deposition of the catalysts, most experi-
ments were undertaken in the following sequence: the potential 
was fixed at 2.03 V versus RHE (not corrected for ohmic losses) 
for 12 hours, and then ramped stepwise to less positive values with 
each potential kept for two hours. During the initial step, the oxi-
dative current density gradually increased and eventually achieved 
a quasi-steady state, which suggests that the electrode surface was 
completely covered with the catalyst (Fig.  2a and Supplementary 
Fig. 6a,b). The formation of dark coatings could be observed with 
a naked eye (Supplementary Fig.  7 and Supplementary Video 1). 
Importantly, the current densities were not enhanced by stirring 
the solution (Supplementary Fig. 8a) and were orders of magnitude 
higher than those expected for the diffusion-controlled oxidation 
of dissolved metal cations (Supplementary Fig.  8b). Furthermore, 

a faradaic efficiency of 99 ± 2% for the OER was confirmed by the 
online quantification of evolved O2 (Supplementary Fig. 9).

The general trend in the catalytic activity of the materials gener-
ated under potentiostatic conditions depending on pH and temper-
ature was in accordance with the voltammetric data, but the absolute 
values of the current densities were significantly higher (Fig. 1a and 
Fig. 2a), in confirmation of the differences in the properties of the 
materials produced by voltammetry and chronoamperometry. This 
clearly reflects a continuous enhancement in the performance of 
the electrodes during operation, that is, the in situ generation of the 
OER catalysts in acidic medium.

To quantify the electrocatalytic activity of the investigated sys-
tem reliably, experimental potential values were corrected for 
ohmic losses and used to construct quasi-steady-state polariza-
tion plots on the basis of the chronoamperometric (Fig.  2b and 
Supplementary Fig. 6c,d) and galvanostatic (Supplementary Fig. 10) 
data. Uncompensated resistance (Ru) was mainly due to the FTO 
substrate and was derived from electrochemical impedance spec-
troscopy (Supplementary Fig. 11). All the measurements were very 
reproducible, as exemplified in Supplementary Fig. 10.

The data in Fig.  2b and Supplementary Fig.  6c demonstrate 
reduced rates of water oxidation with decreasing pH. The dif-
ference in potential needed to achieve 10 mA cm−2 between pH 
1 (1.85 ± 0.01 V versus RHE) and pH 0 (1.93 ± 0.01 V versus 
RHE) was approximately 0.08 V. This can be attributed to a lower  
catalyst stability with increased acid strength, although the effects  
of attenuated OER kinetics due to the shortage of proton accep-
tors in the solution41,42 should not be excluded. The importance  
of the proton withdrawal for the water oxidation process is  
confirmed by the significantly better catalytic activity of CoFePbOx 
in pure 1 M KOH, in which abundant hydroxyl anions rapidly  
scavenge H+ from the catalyst surface (Supplementary Fig.  12). 
Previous theoretical work suggests that the bridging lattice oxy-
gen sites of metal oxides can potentially act as proton acceptors  
during the OER when no other pathway for the efficient H+ removal 
is available16,43,44. Presumably, the same mechanism applies to the 
in  situ generated CoFePbOx catalyst that operates at a low pH,  
at which a bridging oxygen of lead oxide is a plausible proton-
accepting site43.

Importantly, the performance of CoFePbOx did not degrade irre-
spective of the pH (Fig. 2a and Supplementary Fig. 10), and the cat-
alyst could operate under these conditions essentially indefinitely 
(the results for a 1 week test are given in Supplementary Fig. 13). 
Increasing the temperature to 40 °C improved the performance 
(Fig. 2b and Supplementary Fig. 6d), presumably due to the facili-
tated kinetics of the OER and catalyst electrodeposition. Indeed, 
a faster coating of the electrode surface was visually observed at 
40–60 °C. However, heating the solution to 60 °C did not produce 
significant improvements, and even degradation was found at 80 °C 
and high current densities (Supplementary Fig. 6b). As is demon-
strated below, this reflects the instability of the FTO support rather 
than that of the catalyst.

Physical characterization. Examination of the materials produced 
on the FTO surface during electrooxidation of the cobalt–iron–lead-
containing 0.1 M H2SO4 solutions by scanning electron microscopy 
(SEM) revealed their comparatively flat morphology (Fig.  3a–d). 
The catalyst was deposited as a layer of densely packed near-spher-
ical aggregates of variable size that uniformly covers the electrode 
surface at both ambient (Fig. 3a) and higher temperatures (Fig. 3b). 
The bright-field transmission electron microscopic (TEM) imaging 
further confirmed a strong agglomeration of the particles (Fig. 3e). 
A high-angle annular dark-field scanning transmission electron 
microscopy analysis (Fig. 3f) of the same agglomerate provided no 
contrast reversals and thus indicates the highly amorphous nature 
of the catalyst. Interestingly, a different morphology was observed 
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Fig. 2 | Potentiostatic oxidation of aqueous H2SO4 that contains Co2+ 
(5 mM), Fe3+ (1 mM) and Pb2+ (0.5 mM) under different conditions.  
a, Chronoamperograms measured with FTO at T = 23 °C, pH 1 (blue) or 
0 (black), and T = 60 °C, pH 1 (orange) (potentials are not corrected for 
ohmic losses). b,c, Quasi-steady-state current densities versus  
IRu-corrected potential for FTO (derived from potentiostatic and 
galvanostatic data) (b) and Pt/Ti electrodes (derived from galvanostatic 
data) (c). Currents are normalized to the geometric surface area of the 
electrodes. Data points with error bars show the average values and s.d. 
obtained with at least three independent samples of each type.
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at pH 0 (23 °C) (Supplementary Fig. 14), in which a porous network 
of aggregates was formed.

All three metals initially present in the electrolyte solution were 
homogeneously intermixed within the produced catalyst films, as 
revealed by both lower (Supplementary Fig. 15) and higher resolu-
tion elemental mapping (Fig. 3g–j) using energy-dispersive X-ray 
(EDX) analysis under SEM and STEM conditions, respectively. The 
composition of the films calculated from the integrated EDX/SEM 
elemental maps was in a good agreement with the Co:Fe:Pb ratios 
derived from the inductively coupled plasma optical emission spec-
trometry (ICP-OES) (Supplementary Table 1).

Variation in pH (0 versus 1), temperature (ambient versus 
60–80 °C) and operation time (few hours to days) did not affect the 
bulk composition of the film substantially; lead was the dominating 
metal component (80–90 at%) and the amount of cobalt was higher 
than that of iron (Supplementary Tables 1 and 2). These observa-
tions suggest that the composition of the catalyst attains an equilib-
rium comparatively quickly. At 23 °C, the film thickness increased 
steadily with the operation time during the initial 24 hours and sta-
bilized afterwards (Supplementary Table 2). Increasing the temper-
ature to 60 °C further promoted the growth of the material (Fig. 3d). 
These results suggest that the deposition outruns dissolution during 
the initial stages, and an even lower Pb2+ concentration in the elec-
trolysed solutions might suffice for an efficient long-term operation.

Further insights into the structure of CoFePbOx were derived from 
the compositional profiling experiments using X-ray photoelectron  

spectroscopy (XPS). The intensity of the Fe 2p signal in the XPS of 
all the films examined was at a noise level that precluded the analysis 
of iron, whereas both Co 2p and Pb 4f could be reliably probed. The 
dominating oxidation states were Co3+ and Pb4+ (Supplementary 
Fig. 16), and the Co:Pb ratio in the bulk was slightly higher than that 
on the surface (Fig.  4a and Supplementary Table  1). Presumably, 
this reflects the limited stability of cobalt under the operating con-
ditions. A disagreement between the XPS and ICP-OES quantita-
tive data on the film composition was noted and attributed to the 
experimental uncertainties (Supplementary Table 1).

The structure of the CoFePbOx catalyst (pH 1, 23 °C) was fur-
ther examined by X-ray diffraction (XRD) and X-ray absorption 
spectroscopy (XAS). The XRD patterns exhibited reflections associ-
ated with the FTO support and β-PbO2 phase with no indications of 
cobalt- or iron-based phases (Fig. 4b). Although the peak at 26.5° 
is not included in the reference data, it was previously attributed 
to disordered electrodeposited β-PbO2 (ref. 37). The favoured gen-
eration of the highly electrically conductive β-PbO2 rather than the 
poorly conducting α-PbO2 phase is important for the efficient oper-
ation of the catalyst at high current densities22,34,45. The peak posi-
tions of the major β-PbO2 phase were shifted towards higher angles 
as compared to the tabulated values, which indicates a slight lattice 
contraction (calculated a = 4.95 Å and c = 3.37 Å against tabulated 
a = 4.95640 Å and c = 3.38770 Å).

Extended X-ray absorption fine structure (EXAFS) and X-ray 
absorption near-edge structure (XANES) spectroscopic analyses at 
the Pb L3-edge are consistent with the assignment of a highly dis-
ordered β-PbO2 phase as the dominant material formed under the 
employed conditions (Supplementary Fig.  17 and Supplementary 
Table 3). The intensity of Pb L3-edge XAS was significantly damp-
ened as compared to reference data46. Most importantly, no well-
defined long-range order peaks, that is, interactions at >3 Å, were 
found in Fourier transformed (FT) EXAFS (Fig. 4e).

The Co K-edge XANES spectra of the catalyst are consistent 
with a material in which the dominant oxidation state is cobalt(iii), 
in agreement with XPS, although notable differences as compared 
to the CoiiiOOH reference both in XANES (Fig.  4c) and EXAFS 
(Fig.  4d) were identified. This might be due to the presence of a 
small amount of Coii or to changes to the local structure of the cobalt 
site that affect the low K-range EXAFS. Similar to the Pb L3-edge 
data, FT EXAFS at the Co K-edge of CoFePbOx did not exhibit any 
defined peaks beyond the interatomic distance of 2.0 Å (Fig. 4d and 
Supplementary Fig. 18), in striking contrast to other cobalt-based 
OER catalysts examined previously47–49. Importantly, the Pb L3-edge 
and Co K-edge FT EXAFS were very similar, which indicates that 
the most likely location of the cobalt atoms is within the disordered 
β-PbO2 matrix (Fig. 4e), which is supported by EDX/STEM analy-
sis (Fig. 3g–j). FT EXAFS data simulated using a model based on a 
β-PbO2 structure with cobalt atoms substituted into the lead sites 
agreed well with the experimental spectra (Supplementary Fig. 18 
and Supplementary Table 4). Doping cobalt into β-PbO2 caused a 
slight contraction of the metal–oxygen bond distance from 2.16 to 
1.92 Å, and the Co–Pb distances were shorter (2.86 Å) compared to 
the parent Pb–Pb ones (3.39 Å), as expected based on the covalent 
radii of Co3+ and Pb4+.

The Fe K-edge XANES spectrum of CoFePbOx showed two fea-
tures that are distinct from those of the reference materials. First, 
the XANES of the catalyst shifted to lower energies compared to 
that of the octahedral Feiii (Fig. 4c). Second, there was an enhanced 
intensity of the pre-edge as compared to both the Feii and Feiii com-
pounds (Fig. 4c, inset). These observations are indicative of a drop 
in the coordination number around the iron sites to 4 or 5 (ref. 50). 
Nevertheless, the first coordination sphere of iron can be confi-
dently fit with 4–6 Fe–O distances of around 1.92 Å, shorter than 
typically seen in iron octahedral compounds and consistent with a 
decreased coordination number. This observation and the lack of 
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(not corrected for ohmic losses) for 12 hours.
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long-range order peaks in FT EXAFS (Fig. 4e) suggest that iron also 
substitutes lead in the disordered β-PbO2 lattice, but the Fe sites are 
less symmetrical and of lower coordination number as compared 
to cobalt.

Overall, the ex situ characterization of the catalysts generated dur-
ing electrooxidation of acidic solutions that contain cobalt, iron and 
lead cations indicates that the resting state of these materials is highly 
disordered beta lead(iv) oxide homogeneously doped with <15 at% 
cobalt and <5 at% iron. Establishing the true states of cobalt and iron 
in an operating catalyst will require further comprehensive in  situ 
spectroelectrochemical studies. However, the stability of β-PbO2 
under the low pH OER conditions has been demonstrated in a sub-
stantial body of previous research22. On this basis, we suggest that 
beta lead(iv) oxide provides a thermodynamically stable and highly 
conductive matrix for significantly more catalytically active cobalt 
atoms24,26,29 in the dynamic water oxidation system investigated here.

Stress activity and stability tests. The kinetics of formation, struc-
ture, catalytic properties and stability of electrodeposited materials  

are intimately linked to the characteristics of the support22,51. 
For example, an unexpected decline in the OER performance 
of CoFePbOx at 60–80 °C with FTO electrodes was identified 
(Supplementary Fig.  6b), which suggests that the electrode sub-
strate might be itself unstable. This motivated us to explore alterna-
tive supports. Among other options, we chose a platinized titania 
grid (Pt/Ti) (Supplementary Fig. 19a), which was expected to pro-
vide high stability and well-reproducible properties of the surface. 
The real electroactive surface area of platinum was determined 
as 6.0 cm2 cm−2

geom using the underpotential hydrogen deposi-
tion charge (Supplementary Fig.  20). However, current densities 
reported below for this electrode are normalized to the meticu-
lously calculated geometric surface area accounting for each face of  
the grid.

Cyclic voltammograms for water oxidation in acidic solutions 
that contained cobalt–iron–lead precursors recorded with Pt/Ti 
(Fig. 1c) and FTO (Fig. 1a) were qualitatively similar, although con-
tinuous deposition of the catalyst was less obvious in the former 
case due to the notably higher OER catalytic activity of the support.  
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Fig. 4 | Characterization of CoFePbOx. a, Distribution of cobalt (blue) and lead (dark blue) within the catalyst film derived from the depth-profiling XPS 
experiment (tin was detected after 30 minutes). b, XRD pattern (vertical lines show the tabulated positions and relative intensities for β-PbO2 (JCPDS 
Powder Diffraction File 00-041-1492). c–e, XAS data for Co and Fe K-edge XANES of the catalyst (blue) and reference samples for Co (left) and Fe (right) 
(insets show pre-edge features) (c), Co K-edge FT EXAFS for the catalyst (blue) and CoOOH (d) and FT EXAFS at the Pb L3-edge and Co and Fe K-edges 
for the catalyst (e). The catalyst was electrodeposited onto FTO in aqueous 0.1 M H2SO4 that contained 5 mM Co2+, 1 mM Fe3+ and 0.5 mM Pb2+ at 2.03 V 
versus RHE (not corrected for the IRu drop) and 23 °C for 12 hours.
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Clear-cut confirmation of the deposition of catalytically active 
CoFePbOx onto Pt/Ti was provided by chronoamperometric exper-
iments (Supplementary Fig.  21), in which the oxidative current 
densities demonstrated the same continuously improving behav-
iour as with FTO (Fig.  2a). Control experiments also confirmed 
that platinum could not sustain such high OER current densities 
(Supplementary Fig. 21). At ambient temperature and low current 
densities with solutions of pH 1, the performances of CoFePbOx on 
FTO and on Pt/Ti are very similar (10 mA cm−2 at 1.85–1.88 V ver-
sus RHE on both substrates), which confirms that the in situ gener-
ated material is the true OER catalyst and its intrinsic activity does 
not depend on the substrate. SEM/EDX analysis also supported 
this conclusion (Supplementary Fig.  19b–e). At 60 and 80 °C and 
with Pt/Ti, the CoFePbOx-catalysed OER current density at 2.03 V 
exceeded 100 mA cm−2

geom and did not cease to increase even after 
12 hours of tests (Supplementary Fig.  21). Further, experiments 
were undertaken under galvanostatic conditions at current densi-
ties as high as 500 mA cm−2 with, again, no degradation identified 
(Supplementary Fig. 22). These observations suggest that the poor 
performance found with FTO at high temperatures was associated 
with the support, not the catalyst.

In contrast to the experiments with FTO at pH 1 (Fig. 2a), the 
continued enhancement of the OER performance was observed 
beyond the initial catalyst formation stage of about two hours dur-
ing the long-term, higher temperature experiments with the grid 
support in 0.1 M H2SO4 (Supplementary Figs.  21 and 22). This 
can be at least partially associated with the increasing H3O+ con-
centration (equation  (2)) in the working electrode compartment 
(Supplementary Fig. 22). The pH decrease will cause a positive shift 
in the reversible potential of the OER on the Ag|AgCl|KClsat (sat, 
saturated) scale used in the experiments, and thereby decrease the 
actual overpotential being applied and decelerate the electrooxida-
tion rate. However, an opposite effect was observed, which was due 
to a notable decrease in the uncompensated resistance provided by 
the increased concentration of highly conductive H3O+ (Ru data in 
Supplementary Fig. 22). For example, the change of Ru from 7.6 down 
to 5.2 Ω during the measurements at 500 mA cm−2 with a 0.20 cm2 
electrode would result in a decrease of the IRu drop by 0.24 V, which 
is significantly higher than the shift in the reversible potential due 
to the corresponding pH change from 1.0 to 0.84 (Supplementary 
Fig. 22a). Decreasing the electrode surface area down to 0.05 cm2 
expectedly alleviated the problem to some extent, but changes in pH 
and Ru were still observed (Supplementary Fig. 22b).

To avoid any ambiguities associated with this phenomenon, 
further experiments were conducted in galvanostatic mode at pH 
0 with Ru measured before and after each step. This higher H3O+ 
concentration was less sensitive to localized changes due to the 
OER and provided very low uncompensated resistance (and there-
fore the IRu drop correction) that remained unchanged during  
the long-term measurements. Robust operation of the catalyst  
was observed again (Supplementary Fig. 23), and the quasi-steady-
state data demonstrated an improved performance at higher tem-
peratures (Fig.  2c). Even with a flat support, the catalytic system 
could withstand a stress stability test at an industrially relevant  
current density of 500 mA cm−2 and temperature of 60 °C. This  
high rate of the reaction was sustained at potentials less positive  
than 1.9 V versus RHE (corrected for ohmic losses), which cor-
responds to an approximately 0.7 V OER overpotential. A stable 
operation in an interrupted mode that highlights the self-healing 
capacity of the CoFePbOx catalytic system was also demonstrated 
(Supplementary Fig. 24).

Elemental analysis of the catalysts generated in  situ at differ-
ent current densities under these harsh conditions revealed no 
major changes as compared to tests with lower reaction rates 
(Supplementary Table  5), but the surface roughness was altered 
(Supplementary Fig.  25). To better understand the trends in the 

morphology, the specific capacitance of the materials (C) produced 
at different temperatures and current densities at pH 0 was quan-
tified by cyclic voltammetry in alkaline solutions (Supplementary 
Fig. 26a). These experiments suggest that C, which can be assumed 
proportional to the electrochemically active surface area, enhances 
with operating temperature and decreases with the OER current 
density (Supplementary Fig. 26b). Thus, a higher surface area con-
tributes to the outstanding performance of the catalyst at increased 
temperatures to some extent, although the effect is not substantial 
(Supplementary Fig. 27).

Discussion
Finally, the activity of the CoFePbOx system should be compared 
with that of other catalysts (Supplementary Fig. 28). Iridium-based 
materials, like IrOx/SrIrO3 (ref. 52), outperform others substantially, 
but can hardly be considered suitable for broad industrial applica-
tions due to their scarcity coupled to unsolved instability problems53. 
Among noble-metal-free catalysts, competitive activity was reported 
for Co3O4 and nickel–tantalum systems, which unfortunately are 
unstable20,21. Other reported systems show either low activity and 
stability, or use inherently unstable supports13,54–56. Of all the recent 
earth-abundant catalysts, the one to display appreciable stability is 
the NixMn1-xSb1.6Oy system, although a slow and unavoidable dete-
rioration was still observed at ambient temperature5. The in  situ 
generated CoFePbOx described above exhibits a similar activity, 
but significantly better stability (Fig. 2 and Supplementary Figs. 10, 
13 and 21–23). The only reported catalyst that forms in  situ and 
therefore can theoretically be as stable as CoFePbOx is the cobalt 
phosphate system32, which, however, is not on a par in terms of the 
activity with the system reported here (Supplementary Fig. 28).

In electrowinning, lead-based anodes have long been known 
for impressive and comparatively stable OER performances at low 
pH (refs. 22,25,27,29,57) (Supplementary Fig.  28b), but unfortunately 
these have often not received sufficient attention within the water-
splitting community. One of the best reported catalysts of this 
type, namely, electrodeposited PbO2 functionalized with Co3O4, 
maintained a very high activity (30 mA cm−2 at 1.73 V versus RHE 
in 1.83 M H2SO4) over a week at 40 °C (ref. 29), which was attrib-
uted to the high surface area of the electrode. Another high-per-
forming anode was derived from powder pressed Pb–MnO2 and 
was reported to sustain 50 mA cm−2 at 1.81 V versus RHE at 23 °C 
(ref. 58). Although this performance is outstanding, both Pb–MnO2 
(ref. 58) and Co3O4–PbO2 (ref. 29) electrodes were thick and highly 
porous, which makes direct comparisons to our almost flat materi-
als problematic.

To develop a basis of comparison with the literature catalysts, we 
used the charge of the voltammetric peak for the PbO2 reduction 
recorded immediately after testing at the required temperature and 
current density. For the in situ generated CoFePbOx tested at 40 °C 
and 30 mA cm−2, this charge was 5 ± 1 mC cm−2, which is almost two 
orders of magnitude lower than the 450–500 mC cm−2 derived from 
the voltammetric data for Co3O4–PbO2 (ref. 29) (note that the lat-
ter value is subject to some uncertainty associated with digitization 
of the literature data). Similar comparisons with Pb–MnO2 (ref. 58) 
could not be made due to the absence of any voltammetric data in 
that work. Thus, the true catalytically active surface area of the elec-
trodes investigated here is about 100-fold lower than that of Co3O4-
PbO2 (ref. 29), which explains the better areal catalytic activity of the 
latter. Moreover, a gradual reduction in performance due to the loss 
of the catalytic materials (Co3O4 or MnO2) was reported for both 
Co3O4–PbO2 (ref. 29) and Pb–MnO2 (ref. 58), something that the self-
healing CoFePbOx catalyst does not experience (Supplementary 
Figs. 13 and 24). Moreover, even if some electrowinning catalysts 
might provide higher initial activities, they will unavoidably dis-
solve under the operating conditions. If the dissolved cations are 
not removed, lead–manganese electrodes will eventually degrade 
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to a much less efficient self-healing catalyst (Supplementary Fig. 1), 
whereas a lead-cobalt anode will tend to evolve into the in situ gen-
erated catalytic system examined here.

An important requirement for the outstanding stability of all 
self-healing catalysts, which includes the CoFePbOx system, is the 
presence of precursor cations in electrolysed solutions10,31. Although 
the millimolar level concentrations typically employed are rather 
low, this may still present limitations when the system is scaled up. 
However, our results on the evolution of the thickness of the cata-
lyst (Supplementary Table 2) indicate that the concentrations can 
be further optimized for the application in a water-splitting device. 
Moreover, the precursors will not be consumed during the opera-
tion because an equilibrium between the catalyst forming and disso-
lution processes will be achieved. The kinetic data presented above 
indicate that this steady state should be established rapidly without 
any significant delay in the electrolyser start-up (Supplementary 
Fig.  24). Additional optimizations will be required to supress the 
interaction between the catalyst precursors and the cation-exchange 
membrane. Given the outstanding OER performance of the devel-
oped in  situ generated catalytic system, the outlined challenges 
appear to be well worth pursuing.

In summary, the results reported here represent a step forward 
for the development of earth-abundant and stable electrocata-
lysts for the OER in acidic conditions. Previous efforts have fallen 
short in achieving both stability and reasonable activity. This is in 
contrast to the demonstrated performance of the in  situ forming 
CoFePbOx catalyst, which advantageous properties stem from the 
acid stable and highly conductive matrix homogeneously doped 
with the catalytically active component. The stability of the self-
healing CoFePbOx at industrially relevant temperatures in strongly 
acidic conditions is an important achievement. The next quest for 
the water oxidation system described here is the improvement of the 
overall activity to approach the level of performance of noble metal 
oxides. The ability of the developed catalyst to form readily on a 
range of substrates offers one option to enhance the areal activity 
via immobilization onto high-surface-area macroporous electrode 
structures. Engineering of more efficient proton acceptors inte-
grated into the catalyst structure to enable higher water oxidation 
rates at lower overpotentials is another promising approach.

Methods
Materials. All the chemical reagents and solvents were of analytical grade and were 
used as received from Sigma or Merck commercial suppliers without any further 
purification. FTO-coated glass slides were purchased from Dyesol Ltd (TEC8 glass 
plates with a sheet resistance of 8 Ω sq−1). The platinized titanium screen grid  
(Pt/Ti) was sourced from Fuel Cell Store (product code 592786). All the solutions 
were prepared using ultrapure deionized water (measured resistivity 18.2 MΩ cm−1 
at 23 °C (Milli‐Q)).

Substrate preparation. FTO glass slides (10 cm × 10 cm) were cleaned by 
ultrasonication (Elmasonic S300H bath with an operating power of 1,500 W) in a 
2% Helmanex surfactant aqueous solution, deionized water and ethanol for 20 min 
in each solvent, dried under a N2 flow and further plasma treated at 1,000 mTorr for 
5 min (Harrick Plasma cleaner). An effective electroactive area of 5 mm × 5 mm on 
the FTO glass working electrode was defined by laser engraving (Universal Laser 
Systems, Inc., Versa Laser VLS350) and polyimide tape (Kapton) as in previous 
work41. Before applying a Kapton tape, the FTO electrodes were dipped in freshly 
prepared aqua regia for 10 s and washed with ultrapure deionized water. The  
Pt/Ti grid electrodes were pretreated with a H2SO4(conc.) + H2O2(conc.) (3:1 vol.) 
mixture and washed with water. The geometric area of all the grid faces exposed 
to the electrolyte solutions was 0.20 cm2 in all the experiments except that shown 
in Supplementary Fig. 22b, in which a smaller electrode with the surface area of 
0.05 cm2 was employed.

Electrochemical experiments. All the electrochemical experiments were 
performed with a Bio-Logic VSP electrochemical workstation in a three-electrode 
configuration using a two-compartment cell in which the working and auxiliary 
electrode chambers were separated with a fine porosity P4 glass frit (10–16 µm pore 
size). The volume of the electrolyte solution in the working and auxiliary electrode 
compartments was always 20 ml. Electrochemical measurements at elevated 
temperatures were conducted with the cell immersed in a thermostated water 

bath (Thermoline Scientific). The solution temperature in the working electrode 
chamber was monitored using a conventional glass thermometer.

A high surface area clean platinum wire/mesh (A&E Metals) was used 
as an auxiliary electrode to facilitate the measurements at high currents. A 
Ag|AgCl|KClsat (CHI) reference electrode was confined in a glass tube with a fine 
porosity P4 glass frit, the tip of which was placed within a fixed distance several 
millimetres from the working electrode surface. The potential of this reference 
under different temperatures at pH = 1 and 0 was precisely calibrated versus a 
homemade RHE (platinized platinum electrode in a H2-saturated solution of 
interest). For measurements at pH = 0.3 and 2, the potential was recalculated using 
a Nernst equation and the standard potential value for Ag|AgCl|KClsat measured at 
pH = 0 (0.202 V versus normal hydrogen electrode). Potentials, E, are the measured 
values versus these reference electrodes. Where specifically stated, these potentials 
were post-corrected for the IRu product, using the uncompensated resistance values 
derived from the electrochemical impedance spectra. Typical Ru values for FTO 
electrodes at 23 °C were 71 ± 4 Ω at pH 0, 73 ± 8 Ω at pH 0.3, 91 ± 5 Ω at pH 1 and 
145 ± 1 Ω at pH 2. For the Pt/Ti grid at pH 1, Ru was 13 ± 1 Ω at 23 °C, 9 ± 1 Ω at 
60 °C and 8 ± 1 Ω at 80 °C; significantly lower values of <3.0 Ω were always found 
at pH 0.

In several control experiments, homemade RHE was used as a reference 
electrode instead of Ag|AgCl|KClsat to test for any potential effects of possible Ag+ 
contamination that could be deposited onto the electrode in an uncontrollable 
manner and enhance the activity. As exemplified in Supplementary Fig. 29, no 
effects of the reference electrode on the electrocatalytic performance was found, 
which attests to the sufficiently high blocking ability of the low porosity frits 
employed to avoid any contamination to the working electrode environment from 
other cell components. Also note that the ICP-OES analysis of the electrodes 
showed no silver presence beyond the detection limit (<100 ppb).

Online detection of evolved O2. The quantitative detection of oxygen gas that 
evolved during the water oxidation experiments was performed in a custom-
built two-compartment gas-tight electrochemical cell (PEEK/quartz body)59. In a 
continuous flow set-up, the electrochemical cell was connected to an oxygen sensor 
(Unisense OX-500) and a mass-flow controller (Bronkhorst EL Flow select). The 
working and auxiliary electrode chambers were separated with a Teflon-fabric 
reinforced Nafion membrane (N324). Ag|AgCl|KClsat confined behind a P4 glass 
frit was used as a reference electrode. For experiments with acidic and alkaline 
solutions, a high surface area platinum mesh and a nickel foam, respectively, 
were used as the auxiliary electrodes. High-purity nitrogen, passing through the 
electrolyte solution and then through the oxygen sensor, was used as the carrier 
gas with a flow rate of 2.00 ml min−1. Calibration of the set-up was carried out 
under galvanostatic conditions using a low surface area nickel wire (99.9%, Sigma-
Aldrich) in 0.1 M KOH solutions, as done previously59,60.

Physical characterization. X-ray diffraction measurements were carried out 
on a Bruker D8 Advance diffractometer (Bragg-Brentano geometry) equipped 
with a Cu Kα X-ray source operated at 40 kV and 40 mA using a step size of 0.02° 
and a time per step of 2 s. CoFePbOx-modified FTO electrodes were analysed 
immediately after the electrochemical experiments. β-PbO2 lattice parameters were 
estimated by profile fitting using MATCH and FullProf suite software.

XPS analysis was performed using an AXIS Nova spectrometer (Kratos 
Analytical Inc.) with a monochromated Al Kα source at a power of 180 W 
(15 kV × 12 mA) and a hemispherical analyser operated in the fixed analyser 
transmission mode. The total pressure in the main vacuum chamber during 
analysis was approximately 10−8 mbar. Survey spectra were acquired at a pass 
energy of 160 eV. To obtain more detailed information about the chemical structure 
and oxidation states, high-resolution spectra were recorded from individual 
peaks at a 40 eV pass energy (which yielded a typical peak width for polymers of 
less than 1.0 eV). As the actual emission angle is ill-defined in the case of rough 
surfaces (ranging from 0 to 90°), the sampling depth may range from 0 to 10 nm. 
Depth profile experiments were conducted using an Ar Gas Cluster Ion Source 
(Minibeam 6 (Kratos Analytical Inc.)) operated at a cluster size of Ar1000+ with 
an impact energy of 10 keV, which equates to a partition energy of 10 eV per 
atom. For the ion beam, a raster size of 1.4 mm × 1.4 mm was employed. A stable 
beam current was confirmed prior to performing the depth profile experiment by 
measuring the sample current on the earthed sample platen.

SEM and EDX analyses were undertaken on a FEI Magellan-FEG instrument 
equipped with a Bruker Quantax silicon drift X-ray detector. For top-view imaging, 
as-prepared CoFePbOx-modified FTO electrodes were affixed to SEM stubs with 
glue and an electrical connection was provided with copper tape. For cross-sectional 
analysis, the FTO-supported samples were carefully cracked approximately in the 
middle of the electrodeposited material and one of the pieces was immobilized in 
a side-view holder. Pt/Ti-grid electrodes were adhered to SEM stubs with carbon 
tape. No additional conductive coatings were applied to the samples.

TEM measurements were done using a FEI Tecnai G2 F20 S-TWIN FEG TEM 
operated at 200 kV in the STEM mode. Samples were prepared by ultrasonic 
dispersion in ethanol and then a droplet of the dispersion allowed to dry on a 
holey-carbon coated copper grid. Bright-field and high-angle annular dark field 
images were recorded. A Bruker XFLASH windowless energy-dispersive silicon 
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drift X-ray detector with Quantax microanalysis software was used to collect 
STEM X-ray maps of suitable thin areas.

For X-ray absorption spectroscopy, Co and Fe K-edge and Pb L3-edge XAS 
were collected on the multipole wiggler XAS beamline (12-ID) operated with an 
electron beam energy of 3.0 GeV and a beam current of 200 mA (maintained in 
top-up mode) at the Australian Synchrotron. The Co and Fe K-edge and the Pb 
L3-edge data were collected with Si(111) monochromators and focusing optics61. 
For each element the data were referenced against the data taken on a metal foil 
either simultaneously or directly after the analysis of the catalyst. For lead, the data 
were referenced against the first inflection point of the Pb foil 13,025 eV, for cobalt 
against cobalt foil, 7,709 eV, and for iron against iron foil, 7,112 eV. The Pb L3-
edge of the CoFePbOx catalyst was analysed in transmission mode of the material 
scraped from the electrode and diluted with boron nitride by standard methods62. 
The Co and Fe K-edge data were taken in fluorescence mode using a 100-element 
fluorescence detector. Data were analysed using a combination of Athena, Artemis 
and Pyspline63.

ICP-OES analyses were performed using an Avio 200 ICP optical emission 
spectrometer from Perkin Elmer. Samples for calibration were prepared by diluting 
a multi-element commercial standard solution (Sigma-Aldrich) that contained 
cobalt, iron and lead. Samples for the characterization were obtained by soaking 
the electrodes in 5 ml of 2 wt% HNO3(aq.) until complete dissolution of the 
CoFePbOx film from the electrode surface (typically 16 hours). An aqueous 2 wt% 
HNO3 with 25 ppb rhodium as an internal standard was used as the carrier solution 
and also to dilute the analysed samples.

Data availability
The data that support all findings of this study are available from the corresponding 
author upon request.
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