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Abstract: The instability and expense of anodes for water 

electrolyzers with acidic electrolytes can be overcome through the 

implementation of the cobalt-iron-lead oxide electrocatalyst, [Co-Fe-

Pb]Ox, that is self-healing in the presence of dissolved metal 

precursors. However, the latter requirement is pernicious for the 

membrane and especially the cathode half-reaction since Pb2+ and 

Fe3+ precursors poison the state-of-the-art platinum H2 evolving 

catalyst. To address this, we demonstrate the invariably stable 

operation of [Co-Fe-Pb]Ox in acidic solutions through a cobalt-

selective self-healing mechanism without the addition of Pb2+ and Fe3+ 

and investigate the kinetics of the process. Soft X-ray absorption 

spectroscopy reveals that low concentrations of Co2+ in the solution 

stabilize the catalytically active Co(Fe) sites. The highly promising 

performance of this system is showcased by steady water 

electrooxidation at 80 °C and 10 mA cm−2, using a flat electrode, at an 

overpotential of 0.56 ± 0.01 V on a one-week timescale. 

Dominance of renewably generated electricity and the alleviation 

of fossil fuel reliance within global energy markets will require 

efficacious storage solutions that address the sporadic nature of 

abundant solar and wind energy.[1] Renewably generated H2 is 

capable of becoming a primary energy vector and storage solution 

for energy infrastructures, as well as an intermediate to other 

sustainable synthetic fuels and chemicals.[2] Of the viable 

methods for H2 production, water electrolysis paired with 

renewable energy technologies is highly promising in terms of the 

abundance of water supplies and the zero-carbon circularity of the 

overall process.[3] 

Acidic water electrolysis with a polymer electrolyte membrane 

(PEM) presents a range of technological advantages as 

compared to other modes of H2O splitting; this makes low pH PEM 

water electrolyzers capable of sustainable hydrogen production at 

the TW scale.[4] However, the most stable and active catalysts for 

the anodic water electrooxidation, viz. the oxygen evolution 

reaction (OER), under acidic conditions are oxides based on the 

prohibitively scarce and costly iridium and ruthenium. Moreover, 

even these catalysts do not avoid issues of eventual degradation 

under ambient conditions,[5] processes that become even worse 

at the elevated temperatures of an operating PEM electrolyser.[6] 

Thus, even the most stable water oxidation electrocatalysts 

undergo some degree of corrosion under low pH conditions and 

likely attain a quasi-equilibrium with the resulting dissolved 

species during the OER,[7] which sustains their operation on a 

reasonable timescale. Building upon this hypothesis, a 

dynamically stable catalytic system where dissolved precursors 

are intentionally added to the electrolyzed solutions can be 

designed. This was recently demonstrated under acidic 

conditions through the introduction of self-healing Pd-based 

catalysts,[8] and in particular the cobalt-iron-lead oxide system 

(reactions 1-2), which catalytic activity is majorly defined by cobalt, 

high stability is provided by the PbO2 matrix, and the iron 

precursor facilitates in situ electrodeposition.[9] This [Co-Fe-Pb]Ox 

catalyst operates with no losses in activity with an OER faradaic 

efficiency of 99 ± 2% on a week-long timescale at pH below 1 and 

temperatures up to 80 °C.[9] Theoretically, this performance can 

last indefinitely. 
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A limitation of the presence of the dissolved metal cations in the 

anode solution, either formed due to the catalyst corrosion or 

added intentionally, is their potential interference with the proton 

exchange electrolyte and especially with the hydrogen evolving 

cathode.[10] If the potential of the latter is negative enough, the 

catalytically active surface will be rapidly poisoned by 

electrodeposition of unwanted metals from the cations migrating 

through the electrolyte. Partial cathode poisoning can occur even 

with ruthenium and iridium, which are substantially less active 

towards the hydrogen evolution reaction (HER) than platinum.[11] 

Significant deactivation of a Pt catalyst can occur if cations of non-

noble metals from the edges of the hydrogen volcano plot reach 

the cathode. This is exemplified in Figure S1 and discussion 

therewith for the Fe3+ and Pb2+ precursors of the [Co-Fe-Pb]Ox 

catalyst, which undergo underpotential deposition[12] on platinum 

and thereby poison it. Contrasting this behavior, no detrimental 

effects of the presence of Co2+ on the voltammetric profile and the 

HER activity of Pt at −0.100 V vs. RHE was found (Figure S1). 

Thus, among precursors that sustain stable operation of the self-

healing [Co-Fe-Pb]Ox catalytic system, only Co2+ is benign with 

respect to the cathode. Exclusion of Fe3+ from the electrooxidised 

solution should be possible as it would only affect the initial rate 

of catalyst electrodeposition, but not its steady-state activity.[9] In 

principle, replacement of platinum with a non-noble metal H2 

evolving catalyst like MoS2
[13] can also be considered, as this 

would likely mitigate the problem of underpotential deposition. On 

the downside, this would also shift the cathode potential to more 

negative values and thereby induce overpotential deposition of 

the HER-inactive lead. Therefore, the concentration of dissolved 

Pb2+ cations should be kept as low as possible. However, this 

requires the [Co-Fe-Pb]Ox system to demonstrate similarly high 

stability without the addition of dissolved Pb2+, which is a 

precursor to the acid-stable PbO2 matrix that accommodates and 

stabilizes the catalytically active Co(Fe) sites.[9] The present study 

aims to establish such a mode of operation for the [Co-Fe-Pb]Ox 

catalyst during the electrooxidation of water at low pH and 

elevated temperatures in the absence of Pb2+ and Fe3+ precursors. 

Performance of the [Co-Fe-Pb]Ox catalyst provided by the 

previously optimized precursor composition, viz. 5 mM Co2+ + 

1 mM Fe3+ + 0.5 mM Pb2+,[9] was considered as the benchmark. 

This mixture was also used herein for the electrodeposition of 

catalyst films onto either glass slides coated with F-doped SnO2 

(FTO), platinized titanium screen grid (Pt-Ti), or Sb:SnO2-coated 

titanium substrates for subsequent testing (see Experimental for 

extended details). The deposition time for the key stability 

experiments was limited to 1 h to produce comparatively thin films 

(Figure S2), which minimizes the amount of metals that could 

dissolve into the electrolyte solutions and facilitate self-healing of 

the catalysts via reaction 1. 

Operating the [Co-Fe-Pb]Ox catalyst in the nominally pure 

0.1 M H2SO4 solution resulted in a rapid deterioration of the 

performance, in particular during galvanostatic tests at 

10 mA cm−2 (all current densities are reported normalized to the 

geometric surface area of the electrodes) (Figure 1a). However, 

exclusion of Fe3+ and Pb2+ while retaining the 5 mM Co2+ 

precursor in the electrooxidised solutions restored stable 

operation of [Co-Fe-Pb]Ox. Under these conditions, the OER 

overpotential required to maintain the reaction rate of 10 mA cm-2 

(η10) was only 0.014 ± 0.004 V higher than that established after 

1 h of deposition in the presence of all three metal precursors 

(Figure 1b). This behavior was also found to be essentially 

independent of the initial amount and properties of [Co-Fe-Pb]Ox 

(Figures S2 and S3 and discussion therewith), confirming that the 

increased loadings and initial morphology are not critical for the 

stable operation. Under more challenging reaction conditions, viz. 

at temperature elevated to 60 °C and pH decreased to 0, the 

cobalt-selective self-healing mechanism was still sufficient to 

sustain robust operation of the [Co-Fe-Pb]Ox catalytic system 

(Figure 1c). 

 

 
Figure 1. Effects of the presence of metal precursors on the IRu-corrected OER 

overpotential at 10 mA cm−2 (η10) sustained by the [Co-Fe-Pb]Ox/FTO catalyst: 

(a) chronopotentiograms in 0.1 M H2SO4 at 23 ± 2 °C collected with 5 mM Co2+ 

precursor only (blue) compared to the data obtained with no precursors added 

(red) and in the presence of 5 mM Co2+ + 1 mM Fe3+ + 0.5 mM Pb2+ (black); 

(b) change in the quasi-stabilized potential at 20 h in the presence of different 

concentrations of Co2+ only with respect to that established after 1 h deposition 

from 5 mM Co2+ + 1 mM Fe3+ + 0.5 mM Pb2+ in 0.1 M H2SO4 at 23 ± 2 °C (data 

are shown as mean ± standard deviation derived from testing three independent 

electrodes under each set of conditions); (c) chronopotentiograms recorded in 

the presence of 5 mM Co2+ only in 0.1 (blue) and 1 M H2SO4 (teal) at 60 °C. 

The effect of the modified electrolysis solution on the electronic 

structure of the [Co-Fe-Pb]Ox catalysts films was explored by 

soft X-ray absorption spectroscopy (XAS). Spectra of the Co and 

Fe L2,3-edges (2p to 3d transitions) for the catalyst as deposited 

from the original three-metal solution indicate that both cobalt and 

iron are primarily in the cobaltic/ferric oxidation state, with 

comparable structural motifs to reference materials LiCoO2 and 

CoOOH, and LiFeO2 and FeOOH, respectively (Figure 2a-b). 

Meanwhile, the O K-edge spectra show a shape change from that 

of pure PbO2 (Figure 2c), reflecting additional contributions from 

O bound to Co and Fe, as it would be expected for the Co/Fe 

doping into the lead(IV) oxide lattice.[9] 
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Figure 2. X-ray absorption spectra collected at the (a) Co L2,3, (b) Fe L2,3 and (c) O K-edges for the [Co-Fe-Pb]Ox catalyst films after 2 h deposition from 

5 mM Co2+ + 1 mM Fe3+ + 0.5 mM Pb2+ (black), and similarly deposited films after operation for 20 h with no metal precursors present (red) and with only 5 mM Co2+ 

added to the electrolyzed solution (blue). Dashed teal curves show data for the (a) LiCoO2, (b) LiFeO2 and (c) PbO2 reference materials. Electrochemical tests used 

0.1 M H2SO4 as a supporting electrolyte and were undertaken at 10 mA cm-2 and 23 ± 2 °C. 

Operation of the [Co-Fe-Pb]Ox catalyst in the absence of added 

precursors strongly suppressed the intensity of the Co signals 

(Figure 2a), resulted in an essentially featureless Fe spectrum 

(Figure 2b), and produced an O K-edge spectrum closely 

resembling that of pure PbO2 (Figure 2c). These observations 

indicate the significant loss of the catalytically more active Co(Fe) 

species, in agreement with the electrochemical data (Figure 1a). 

In stark contrast, operation in the solution containing only Co2+ 

resulted in a strong signal at the Co L2,3-edges, comparable to that 

from testing in the presence of all metal precursors. The spectrum 

exhibits a slightly more intense low-energy shoulder at the Co L3-

edge but is of almost equal intensity to the original one (Figure S4), 

suggesting no significant additional deposition of cobalt oxides on 

the catalyst surface. XAS of the fresh catalyst deposited from the 

Co2+ + Fe3+ + Pb2+ mixture indicates approximately six-fold lower 

intensity at the Fe L-edge compared to the Co L-edge (Figure S4), 

which is in close agreement with the initial precursor ratio of 5 : 1. 

When operating the catalyst in the presence of Co2+ only, an 

Fe L-edge signal was again detected, with a decreased intensity 

but essentially the same spectral shape as in the as-deposited 

[Co-Fe-Pb]Ox (Figure 2). The O K-edge spectra of the two 

samples were largely consistent. Finally, comparison of the X-ray 

photoelectron spectra of the catalyst before and after the OER 

test in the presence of the cobalt precursor only corroborates that 

such operating conditions induce no significant changes to the 

electronic states of the metals and the surface composition 

(Figure S5). Taken together, XAS and XPS indicate that the 

dominant structural motifs in the catalyst are essentially 

unchanged by operation in the presence of the Co2+ precursor 

only compared to those of the original material formed in solutions 

that contain all three precursors. Consequently, it appears that the 

mode of the catalytic operation of [Co-Fe-Pb]Ox is unaffected by 

the intentional additions of Pb2+ and Fe3+. 

The capability of the cobalt-iron-lead oxide catalyst to operate 

without the addition of either Pb2+ or Fe3+ to the electrolyzed 

solution prompted further investigation into the effects of the Co2+ 

concentration on the performance. Decreasing the amount of the 

of cobalt(II) precursor induced a slow positive shift of the potential 

during galvanostatic tests, however this always eventuated in 

quasi-stabilization over less than 4 h, even when only 0.005 mM 

Co2+ was added (Figure S6). The η10 measured in the presence 

of progressively decreasing Co2+ concentrations slightly 

increased with respect to that measured after 20 h in the presence 

of all precursors, but this loss in performance was still not very 

significant and less than 0.025 V for 0.05 mM (Figure 1b). Hence, 

it was concluded that 0.05 mM of Co2+ provides a reasonable 

compromise between the intention to minimize the precursor 

concentration and the associated losses in performance. 

Analysis of the [Co-Fe-Pb]Ox composition was undertaken before 

and after water oxidation tests in the presence of 0.05 mM Co2+ 

to examine the equilibrium between dissolution and deposition 

(Table 1). Following 24 h operation at ambient temperature, a 

detectable corrosion of all metals into the electrooxidised solution 

was expectedly observed and the resulting composition can be 

considered as the actual active state of the catalyst. Partial loss 

of cobalt is explained by the 100-fold lower concentration of the 

Co2+ precursor during the catalytic tests as compared to those 

used for electrodeposition (5 mM Co2+). The amount of lead 

released into the solution during the OER reflects the 

concentration of dissolved Pb2+ required to maintain the system 

in equilibrium. This concentration was measured herein to be not 

higher than the very low value of approximately 2 µM. 
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Table 1. Concentrations (µmol cm−2)[a] of Co, Fe and Pb in the [Co-Fe-Pb]Ox 

catalyst films before[b] and after[c] OER tests. 

Time / h 23 ± 2 °C  80 °C 

Co Fe Pb  Co Fe Pb 

0 9.9 0.7 50  12 8.3 49 

24 4.3 0.3 38  10 4.1 39 

160 Not analyzed  4.5 3.1 37 

[a] Measured by inductively coupled plasma optical emission spectroscopic 

(ICP-OES) analysis of the solutions derived from digesting the catalyst layers. 

[b] Materials were synthesized on Pt-Ti electrodes by galvanostatic oxidation 

(10 mA cm−2) of 0.1 M H2SO4 containing 0.5 mM Pb2+, 5 mM Co2+ and 1 mM 

Fe3+ at corresponding temperature for 1 h. [c] Galvanostatic oxidation 

(10 mA cm−2) of 0.1 M H2SO4 containing 0.05 mM Co2+ at corresponding 

temperature. 

Overall, the results presented above suggest a key catalytic role 

of cobalt within the multicomponent [Co-Fe-Pb]Ox catalyst, 

although the stabilizing effect of the Co2+ precursor on iron within 

the material is also notable (Figure 2b). Most importantly, the 

presented data attest to the capability of the system to operate 

through a selective self-healing of the key “Co(Fe)Oy” motif 

(reaction 3) at relatively low concentrations of Co2+. 

  

  (3) 

It is additionally noted that water oxidation in the presence of Co2+ 

only, using unmodified FTO electrodes, requires significantly 

more positive potentials than with [Co-Fe-Pb]Ox (Figure S7). This 

indicates that the lead(IV) oxide matrix favorably shifts the 

equilibrium of the electrodeposition/dissolution of the catalytic 

cobalt oxide species, which enables more stable deposition at 

less positive potentials. The PbO2 component itself was found to 

require only a very low, µM-level concentration of lead in the 

solution to maintain the integrity of the catalyst, indicating that the 

equilibrium of reaction 1 is highly favorably shifted towards fully 

oxidized, solid-state [Co-Fe-Pb]Ox. 

Thus, reactions 2 and 3 define the kinetics of water oxidation 

catalyzed by the [Co-Fe-Pb]Ox system, which we aimed to 

investigate further as a function of temperature using more stable 

platinized titanium grid (Pt-Ti) substrates (note that this change 

did not affect the intrinsic performance of the catalyst; see 

Figure S7 and attached comments). Following the deposition for 

1 hour at various temperatures (see Figure S8 and attached 

comments), the activity of [Co-Fe-Pb]Ox in the presence of 

0.05 mM Co2+ was tested in both galvanostatic (Figure 3a) and 

potentiostatic (Figure S9) modes to construct the OER 

polarization plots at four temperatures (Figure 3b). These 

semilogarithmic plots demonstrated close to linear dependence, 

with corresponding η vs. log j (Tafel) slopes increasing with 

temperature, as expected from the Butler-Volmer theory. These 

slopes are often used in the literature to interpret the nature of the 

rate-determining step, though this approach should be applied 

with caution when considering the complex OER mechanism.[14] 

Therefore, it is conservatively noted herein that the η vs. log j 

slopes measured for [Co-Fe-Pb]Ox operating in the presence of 

0.05 mM Co2+ (0.07-0.09 V dec−1) are closely comparable to 

those reported for the conventional noble (0.04-0.07 V dec−1)[15] 

and non-noble-metal (0.05-0.09 V dec−1)[16] based OER catalysts. 

The activation energy of 62 ± 6 kJ mol−1 determined herein at the 

overpotential of 0.55 V also falls within the range typically 

reported for the OER at low pH catalyzed by iridium-based 

(e.g. 37-52 kJ mol−1),[17] PbO2 (e.g. 50-100 kJ mol−1)[18] and other 

oxides. These findings can be interpreted as an indication of 

similar modes of the catalytic operation by [Co-Fe-Pb]Ox and 

other oxide materials, thus implying that the effects of self-healing 

(reaction 3) on the OER kinetics are not significant and/or are very 

similar for these catalysts. 

 

 
Figure 3. Effects of temperature (23 ± 2 °C – blue, 40 °C – green, 60 °C – 

orange, 80 °C – purple) on the OER catalytic activity of [Co-Fe-Pb]Ox in 

0.05 mM Co2+ + 0.1 M H2SO4. (a) IRu-free chronopotentiograms recorded 

consecutively at 10, 7.5, 5 and 2.5 mA cm−2 (curves show average and shadings 

show one standard deviation for 3 independent tests). (b) Quasi-steady state 

OER polarization plots derived from galvano- and potentiostatic measurements 

and presented as mean ± standard deviation (3 independent experiments under 

each set of conditions) on an IRu-free overpotential scale; dashed lines show 

linear fits from which Tafel slopes and standard error were derived using a 95% 

confidence interval, while solid teal line shows η = 0.55 V used to calculate the 

activation energy (R2 corresponds to a linear fit to the Arrhenius plot). Catalysts 

were deposited from 5 mM Co2+ + 1 mM Fe3+ + 0.5 mM Pb2+ solutions in 0.1 M 

H2SO4 for 1 h at 10 mA cm-2 at corresponding temperature. 

A highly notable attribute of the [Co-Fe-Pb]Ox catalyst operating 

with all dissolved metal precursors added to the solution is in its 

ability to sustain the OER for at least one week at 80 °C,[9] which 

is also demonstrated herein when only including 0.05 mM Co2+ 

(Figure 4a). Critically, following an initial period of equilibration, 

the system exhibited an OER overpotential of ca 0.56-0.57 V at 

the rate of 10 mA cm−2 that remained stable over one week. 

Furthermore, the stabilized concentrations of cobalt and lead on 

the electrode surface in this experiment were very similar to those 

after the short-term tests under ambient conditions (Table 1). 

Collectively, this establishes that the [Co-Fe-Pb]Ox catalyst is 

capable of long-term operation for the electrooxidation of water at 

low pH and elevated temperatures through a cobalt-selective self-

healing mechanism that provides intrinsic stability. 
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Figure 4. (a) Long-term galvanostatic oxidation (10 mA cm−2) of quiescent 

0.1 M H2SO4 containing 0.05 mM Co2+ catalyzed by [Co-Fe-Pb]Ox supported on 

a Pt-Ti substrate at 80 °C; inset displays a scanning electron micrograph of the 

resultant catalyst morphology post 168 h test. (b) Long-term galvanostatic 

oxidation of quiescent 0.5 M H2SO4 containing 5 mM Co2+ at 23 ± 2 °C catalyzed 

by [Co-Fe-Pb]Ox supported on a Pt-Ti substrate at 100 mA cm−2 (navy) and on 

a [SbSn]Ox/Ti substrate at 80 mA cm−2 (purple). Catalysts were deposited from 

5 mM Co2+ + 1 mM Fe3+ + 0.5 mM Pb2+ solutions in 0.1 M H2SO4 for 1 h at 

10 mA cm-2 at corresponding temperature. 

Another feature of the self-healing [Co-Fe-Pb]Ox system are the 

relatively high current densities achievable with this catalyst even 

when fabricated as flat electrodes,[9] which is also demonstrated 

herein for operation at 80-100 mA cm−2 in the presence of the 

Co2+ precursor only (Figure 4b). Albeit with slightly longer 

equilibration times, the cobalt-selective mode enables stable 

operation under these conditions, even with nominally flat catalyst 

films. Moreover, some of these experiments were undertaken 

using titanium electrodes functionalized with Sb-doped SnO2 

(ATO), rather than platinum, to further highlight the favorable 

characteristics of the [Co-Fe-Pb]Ox system. ATO is a well-

established stable electrocatalyst support that can be prepared in 

a variety of morphologies including as high surface area 

materials,[19] as required for the fabrication of water electrolyser 

anodes, for which integration of [Co-Fe-Pb]Ox remains a 

promising landmark towards industrial application. 

In summary, the present work highlights a significant step forward 

in the applicability of the self-healing OER [Co-Fe-Pb]Ox 

electrocatalyst for acidic water electrolysis, viz. exclusion of the 

pernicious lead(II) and iron(III) precursors and 100-fold decrease 

in the amount of cobalt(II) precursor in the electrolyzed solution 

with minimal losses in performance. While the catalytic activity 

demonstrated herein is among the highest for the noble-metal free 

materials, it is still lower than that of the Ru- and Ir-based 

systems.[16a, 20] Given the low cost of the components, increased 

loadings of [Co-Fe-Pb]Ox at the anodes can partially address this 

limitation, although further improvements in the activity are still 

desirable. Most importantly, contrasting many other low-pH OER 

catalysts which ubiquitously suffer irreversible degradation at 

ambient temperature, the [Co-Fe-Pb]Ox system operating in the 

presence of small amounts of the intentionally added cobalt 

precursor demonstrates outstanding stability even at 80 °C. Thus, 

it is a key step in the endeavor towards integration of this catalytic 

system into low pH electrolyzer designs. 

Experimental Section 

Experimental Details are provided in Supporting Information 
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