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Abstract 
Iron plays a central and critical role in the water oxidation mechanism and activity of transition-

metal oxides and (oxy)hydroxides. Tracking Fe dynamics (deposition/dissolution/electrolyte-

transport) and unravelling the chemistries of various Fe active-sites under oxygen-evolution-

reaction (OER) conditions are important for catalyst design, particularly for applications in 

alkaline electrolysis. Here we use CoOxHy thin films as a platform to investigate Fe transport and 

reactivity at the catalyst-electrolyte interface and its impact on OER activity. We find that the 

deposition/dissolution of the surface-absorbed Fe species are governed by soluble Fe species 

transport and applied potential. Soluble Fe species in the electrolyte adsorb on CoOxHy under 

stirred electrolyte conditions. Accelerated Fe desorption is observed with more-positive OER 

potential. The surface-localized Fe sites generated by absorption from soluble Fe species have a 

higher OER turnover frequency (TOFFe) compared to Fe in co-deposited CoFeOxHy films. Operando 

X-ray absorption spectroscopy shows structural similarity between reference Fe oxyhydroxides 

and surface Fe sites on CoOxHy, contrasting with Fe sites within the CoOxHy structure made by co-

deposition where Fe shows a different apparent x-ray absorption edge energy. The OER activity 

of the surface-absorbed Fe decreased by Fe desorption but was recoverable by re-depositing Fe 

species under non-OER conditions.  

 

Keywords: oxygen evolution reaction, CoFeOxHy., Fe-spike experimental, Fe adsorption and 

desorption 
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1 Introduction 

Water electrolysis from renewable electricity generates green H2, a fossil-fuel-free energy carrier 

well-suited for long-duration energy storage and heavy industry.1-5 The efficiency of water 

electrolysis faces challenges, particularly from the oxygen evolution reaction (OER), where large 

overpotentials are required to drive the slow four-electron-transfer reaction.6-9 Previous research 

has focused on earth-abundant Ni and Co based catalysts. Under alkaline conditions, the 

structural reconstruction of precursor materials results in the formation of surface 

(oxy)hydroxides, which have been recognized as the active phase towards OER.10-15 Notably, the 

leading catalytic activity of Co and Ni (oxy)hydroxide is observed only upon the incorporation of 

Fe, resulting in an increase in activity by up to 30 and 1000-fold, respectively.16, 17 

Despite a substantial body of research dedicated to the role of Fe in Fe-doped Ni and Co-

based systems, the mechanism through which Fe enhances activity is not fully elucidated. Friebel 

et al. combined operando X-ray absorption spectroscopy (XAS) with DFT calculations, which 

identified Fe-centered motifs as the active site in Ni1-xFexOOH. It was proposed that the shorter 

Fe-O bond length compared with γ-FeOOH led to optimized adsorption of intermediates during 

OER and lowered overpotential.18 For the Co(Fe)OxHy system, in-situ XAS showed partial Fe 

oxidation and the shortening of Fe-O bond distance during OER-relevant potentials, while the Co 

oxidation state was unchanged.19 As charge transfer is required for OER, this result suggested 

that the active site changed from Co- to Fe-centered upon Fe incorporation. Chen et al. observed 

Fe4+ species during steady-state OER by using operando Mössbauer spectroscopy, but that these 

Fe4+ species were purportedly not kinetically competent.20 In contrast, other work showed that 

the OER activity of mixed Co-Fe oxides mirrored the population of Fe4+ detected, suggesting a 

prominent role of Fe in promoting the OER.21 

 An important aspect of the overall microscopic picture of OER catalysis by Fe-based sites 

is how they maintain high OER activity over extended periods via an apparent dissolution-

redeposition mechanism. This mechanism appears driven by the thermodynamic instability of 

FeOOH under oxidative and alkaline conditions.22, 23 Chung et al. showed that a Fe dissolution 

and redeposition steady-state was established when a small amount of soluble Fe species was in 

the electrolyte.24  A recent work visualized the Fe incorporation process from the electrolyte into 
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the NiO host material.25 Initial voltammetry cycles revealed the presence of a superficial NiFe 

LDH layer, contributing to a reduction in OER overpotential. However, activity loss was observed 

in a subsequent constant-potential electrolysis step associated with the formation of aggregated 

FeOx. 

We have previously argued that the way Fe interacts with the host materials is related to 

the electrochemical history and the intrinsic structural properties of the host metal 

(oxy)hydroxides.17, 26 When CoOxHy was tested in Fe-spiked KOH, the incorporated Fe species, 

whether via constant-potential electrolysis or voltametric cycling, did not substantially change 

the redox-peak profiles of nominal Co(OH)2/CoOOH couple, which suggests that the Fe is only 

adsorbed on the surface region of CoOxHy.27 Differently, upon cycling in Fe-spiked KOH, the Fe 

cations apparently mix with the Ni species, as evidenced by the positive shift of the 

Ni(OH)2/NiOOH redox peaks, while under constant-potential electrolysis the Fe was confined to 

the surface of NiOxHy. Thus, compared to the more-dynamic Ni(Fe)OxHy system, Co(Fe)OxHy 

provides a useful platform where mixing between surface-adsorbed and internal (less-active) Fe-

based sites is suppressed.26 This enables investigating how operational parameters, such as 

electrochemical methods and Fe-species electrolyte transport to the solid-liquid interface affect 

the adsorption-desorption of reactive Fe sites and subsequent OER performance.   

Here, we report on the dynamics of Fe at the CoOxHy-electrolyte interface. Our findings 

show that the steady-state Fe concentration at the catalyst surface results from the combined 

influence of electrolyte transport and applied potential. Through experiments with and without 

mechanical stirring, we identified that Fe adsorption is in part governed by its transport in the 

electrolyte. Furthermore, we observed an acceleration in Fe dissolution with elevated positive 

potential, particularly in regions relevant to the OER. Next, we quantitatively compared the OER 

activity of two putative Fe sites: surface Fe sites prepared through voltammetry cycling in Fe3+ 

spiked KOH and predominantly bulk Fe sites in co-electrodeposited CoFe (oxy)hydroxides. The 

structural disparities contributing to the differing OER activities of surface and bulk Fe sites were 

then analyzed with operando XAS. Finally, the catalytic stability of Co(Fe)OxHy was studied. A 

decrease in OER activity due to Fe leaching could be reversed by implementing short 

chronoamperometry (CA) interruptions over a potential range where OER does not occur. This 
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approach provides a viable strategy to mitigate activity degradation during long-term water 

electrolysis or variable-load alkaline water electrolysis driven by renewable electricity. 

2  Experimental  

2.1 Reagents and Materials 

Cobalt nitrate hexahydrates (Co(NO3)2·6H2O, 99.999% trace metal basis, Sigma Aldrich), iron 

nitrate hexahydrates (Fe(NO3)3·6H2O, 99.99% metal basis, Sigma Aldrich) and ferrous chloride 

(FeCl2·6H2O, 98%, Sigma Aldrich) were used as received. Potassium hydroxide (semiconductor 

grade, 99.99%, Sigma Aldrich) was used as received or was purified (Section 2.3). All solutions 

were prepared with deionized (DI) 18.2 MΩ·cm water.  All solutions were transferred into an 

acid-cleaned polypropylene bottle for storage before use. 

2.2 Solution and metal hydroxide film preparation 

For electrochemical characterization, catalyst films were deposited on Pt (50 nm)/Ti (50 nm) 

metal layers deposited on glass-slide substrates. The procedure for preparing the Pt electrodes 

is described in previous work.28 CoOxHy films were electrodeposited from an aqueous solution of 

0.1 M Co(NO3)2·6H2O. To prepare the co-deposited CoFeOxHy films, FeCl2·6H2O was introduced 

into the deposition solution in varying ratios of Co and Fe, while maintaining a total metal ion 

concentration of 0.1 M. Before adding FeCl2·6H2O, the electrodeposition solution was sparged 

with N2 for at least 20 min to minimize the oxidation of Fe2+ to Fe3+. Cathodic electrodeposition 

was carried out using a two-electrode setup system at a current density of −2 mA/cm2 for a 

duration of 8 s, unless specified otherwise (driving nitrate reduction and causing a local pH 

increase, and thus precipitating the solid (oxy)hydroxide at the electrode surface). After 

electrodeposition, the working electrode was promptly removed from the solution and rinsed 

with water to prevent the dissolution of the freshly deposited hydroxides in the acidic deposition 

solution.  

For the XAS measurements, carbon paper was used as a substrate for depositing 

Co(Fe)OxHy. Prior to electrodeposition, the carbon paper was refluxed in concentrated aq. HNO3 

(70%) for 6 h to remove impurities and enhance the hydrophilicity. Following reflux, the carbon 
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paper was rinsed with deionized (DI) water and absolute ethanol multiple times, then dried at 60 

oC. CoOxHy was electrodeposited onto the carbon paper using a 0.1 M Co(NO3)2·6H2O aqueous 

solution. Co0.8Fe0.2OxHy was deposited by using a mixture of 0.1 M Co(NO3)2·6H2O and FeCl2·6H2O 

solution, with a Co/Fe molar ratio of 4:1. The deposition process involved applying a constant 

current density of -2 mA/cm2 for 8 s. This deposition cycle was repeated four times, with an 

interval time of 8 s between each cycle.   

2.3 Fe, Co-free Electrolyte preparation 

Freshly prepared Co(OH)2 precipitates were used as the absorbent to remove Fe impurities in 

semiconductor grade KOH solution. The detailed procedures can be found in previous work.16, 17 

Residual Co species in Fe-free electrolyte were purified by 0.1 µm filter (hydrophilic Acrodisc 

polyethersulfone) and the purified KOH solution was stored in an acid-cleaned polypropylene 

bottle.29 

2.4 Fe-spiking procedures 

For all Fe-spiking experiments, unless stated otherwise, the Fe concentration in the KOH 

electrolyte was maintained at 0.1 ppm. To achieve this, a stock solution was prepared by 

dissolving Fe(NO3)3·9H2O in DI water, resulting in a Fe3+ concentration of 0.1 mM. To prevent Fe3+ 

hydrolysis and precipitation, the pH value of the stock solution was adjusted to ~1.0 by adding 

concentrated HNO3 solution (68-70%). The successful inhibition of Fe3+ hydrolysis was indicated 

by the nearly colorless appearance of the stock solution (as opposed to a yellow coloration). 

Typically, after the preparation of the CoOxHy film, it was initially subjected to 2-4 voltammetry 

cycles or chronoamperometry tests to achieve a stable electrochemical response. Subsequently, 

a specific volume of the 0.1 mM Fe3+ stock solution was added to the KOH electrolyte, resulting 

in a Fe concentration of 0.1 ppm. The amount of Fe3+ stock solution added depended on the 

volume of KOH electrolyte used for the electrochemical tests. 

2.5 Electrochemical measurements 

All electrochemical measurements were conducted with a BioLogic SP300 or SP200 potentiostat 

with a three-electrode setup. A Pt coil cleaned with aqua regia was used as the counter electrode. 

The reference electrode was Hg/HgO (CH Instruments, CHI 152) filled with 1 M KOH, which was 
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regularly calibrated against a reversible hydrogen electrode to ensure accuracy. To prevent 

contamination, separate Hg/HgO reference electrodes were used for "Fe-free" and Fe-containing 

electrochemical measurements, respectively. The electrochemical cells were made with 

polypropylene (Nalgene) and were thoroughly cleaned with 1 M H2SO4 and DI water before each 

use. The glass section of the working electrode was covered with hot glue.  

During cyclic voltammetry and chronoamperometry measurements, real-time iRu 

compensation was not applied. Instead, manual iRu compensation was used if needed after the 

electrochemical tests. The value of Ru was determined by equating it to the minimum impedance 

within the frequency range of 10 kHz to 1 MHz, where the phase angle approached zero. In 1 M 

KOH electrolyte, the recorded potential versus Hg/HgO was converted to the reversible hydrogen 

electrode (RHE) scale using the equation ERHE = EHg/HgO + 0.924 V. The overpotential (η) was 

calculated based on the equation η = ERHE – 1.23 V. 

2.6 Materials characterization 

X-ray photoelectron spectroscopy (XPS, ESCALAB 250, Thermo Scientific) data were collected and 

used to study the surface composition of the metal hydroxide films and the ratio determined in 

the Co/Fe. An Al Kα non-monochromated flood source was used to collect cobalt spectra and an 

Mg Kα non-monochromated flood source for Fe. Scanning electron micrograph (SEM, Zeiss Ultra 

55 SEM) images were analyzed to understand morphology changes. The operando X-ray 

absorption fine structure (XAS) data were collected at the XAFCA beamline of the Singapore 

Synchrotron Light Source (SSLS) under fluorescence mode. The storage ring of SSLS was running 

at 0.7 GeV with an electron current of 200 mA. Energy calibrations were carried out using 

standard Co and Fe foils. The operando XAS data was collected under ambient conditions in the 

electrochemical cell as shown in Figure S6, while a constant potential was applied to the working 

electrode. Hg/HgO served as reference electrode and Pt coil as the counter electrode. Athena 

software was used for energy calibration and background removal.  

2.7 In situ mass changes 

An electrochemical quartz-crystal microbalance (EQCM, Stanford Research Systems QCM200) 

electrode was used to monitor the in-situ mass changes of films during electrochemical 

measurements. Films were deposited on 5 MHz AT-cut Pt/Ti quartz crystals. The film 
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electrodeposition on the EQCM electrode was identical to that on Pt/Ti substrates. The collected 

EQCM frequency change was converted to mass change based on the Sauerbrey equation: 

                                                                               𝛥𝑓 = -𝐶𝑓 ⋅𝛥𝑚 

Where 𝛥𝑓 is the experimental frequency change, 𝐶𝑓 (56.6 Hz cm2 g−1) is the sensitivity factor and 

𝛥𝑚 is the mass change per geometric area of the QCM electrode (1.38 cm2).16 EQCM electrodes 

were cleaned in 1 M H2SO4 by cycling from -2.0 V to 2.0 V for 2 cycles and then cycled in 1 M Fe-

free KOH to ensure the substrate is free of Ni or Co contamination whose presence is indicated 

by the appearance of redox features in the pre-OER potential range. 

2.8 Turnover Frequency (TOF) calculation 

TOF values were calculated from the cyclic voltammetry measurements. To compare the intrinsic 

activity of different types of Fe species, TOFFe based on the mass of Fe in the catalyst film was 

calculated from: 

   TOFFe = 
i / 4F

(mol of Fe sites)
 

Where i refers to the average OER current of the forward and reverse sweep at an overpotential 

of 325 mV (iRu compensated), F is the Faraday constant (96485 C/mol). The Fe mass was 

determined by ICP-MS (the details are in Section 2.9).  

2.9 Elemental analysis  

To quantify the mass of Fe and Co in the catalyst film, the working electrodes were immersed in 

a 5% vol. HNO3 solution (trace-metal grade, Fischer Scientific) of 4 mL for at least 24 h. After 

removing the electrodes from the HNO3 solution, they were rinsed with DI water. Subsequently, 

cyclic voltammetry tests were conducted in 1 M KOH. The absence of Co redox peaks and a similar 

electrochemical response to the bare Pt/Ti substrate indicated complete dissolution of the 

catalyst films. The 5% vol. HNO3 solution containing the dissolved metal ions was used for analysis 

by inductively coupled plasma mass spectrometry (ICP-MS, iCAP-RQ Qnova from Thermo Fisher 

Scientific). During data acquisition, counts for each element were analyzed three times, and the 

average value was reported. Each type of catalyst was prepared and analyzed by ICP-MS analysis 

at least three times. The error bars were plotted based on the results of the parallel analyses. 

Concentrations are reported as an average ± one standard deviation. All calibration curves were 
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generated using third-party-certified reference solutions of the respective analytes of interest, 

such as Cobalt and Iron ICP-MS standards (10 ± 1 ppm, Ricca), Yttrium standard solution (1001 ± 

4 ppm, Aristar), and Scandium standard (994 ± 6 ppm, Sigma Aldrich).  

3 Results and discussion 

3.1 Electrochemical properties of CoOxHy in Fe-free condition  

CoOxHy films were prepared by cathodic electrodeposition using Pt/Ti/glass as the substrate, as 

Pt has negligible OER activity even in Fe-containing electrolyte. The mass loading of CoOxHy is 16 

± 1 μg cm-2, as determined ICP-MS analysis (see experimental section). The CoOxHy films exhibit 

a typical porous nanosheet structure as revealed by the SEM image (inset of Figure S1a).30 The 

porous structure is beneficial for the exposure of catalyst to the electrolyte and provides an 

useful platform for the study of Fe ion adsorption-desorption at the catalyst-electrolyte interface.  

The voltametric analysis of CoOxHy revealed a pair of redox waves at 0.15-0.2 V vs. Hg/HgO. 

These redox peaks correspond to the electrochemical conversion between nominal Co2+ and Co3+ 

species.30 The amount of charge transferred during this redox process can be calculated by 

integrating the areas under the cathodic and anodic peaks. In the first voltammetry cycle of 

CoOxHy, the integrated charge of the anodic peak in the forward scan was larger than that of the 

cathodic peak in the backward scan. Subsequent second and third cycles showed no significant 

change in peak area. This irreversible oxidation behavior is pronounced in Co systems and can be 

(in part) attributed to differences in conductivity between CoOOH and Co(OH)2.31, 32 When the 

more-conductive CoOOH is reduced, an insulating Co(OH)2 layer forms near the metal-

substrate/current-collector region. This insulating layer probably impedes electron transfer and 

prevents further reduction of the outer portion of CoOOH.16, 33  

To address this limitation, we prepared thinner CoOxHy films by passing less charge during 

the electrodeposition process (−0.2 mA/cm2 for 25 s, resulting in 5 mC passed), hypothesizing 

that this approach would mitigate or eliminate the asymmetry observed in the first cycle. As 

shown in Figure S1b, the anodic peak in the first cycle exhibited a similar integrated area to that 

of the corresponding cathodic peak and the subsequent redox peaks. This suggests that the outer 

CoOOH layer is no longer “trapped” in the thinner film, which can be attributed to the reduced 

distance electrons must transport to drive the complete redox of the catalyst film. 
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3.2 Fe adsorption-desorption dynamics at the catalyst-electrolyte interface 

Our previous studies demonstrated that soluble Fe species in the KOH electrolyte can be 

adsorbed onto accessible sites of Ni and Co (oxy)hydroxides, thereby enhancing their oxygen 

evolution reaction (OER) activity.16, 34 Investigating the dynamics of Fe adsorption-desorption at 

the catalyst-electrolyte interface and how these anchored Fe sites catalyze the OER is useful for 

developing a comprehensive understanding of the reaction mechanism(s) and designing higher 

performance practical catalyst systems across alkaline-electrolysis technologies. We note that 

we refer to Fe sites in this study because the presence of Fe is a requirement for higher OER 

activity, but recognize that the assignment of the precise structure of the active site is not 

possible and the active site chemistry almost certainly involves contributions from both Fe and 

Co cations.16, 26, 28 

To address this knowledge gap, we propose a simple chemical equilibrium to describe the 

Fe adsorption-desorption process: Fe3+(aq) + * → Fe(ads), where * presents the accessible site 

on CoOxHy for Fe adsorption. Assuming that CoOxHy is exposed to the same external conditions, 

such as temperature and applied potential, the number or density of accessible sites and the 

equilibrium constant is assumed constant. Consequently, the quantity of Fe(ads) is directly 

influenced by the concentration of Fe3+(aq) near the CoOxHy surface. As the solubility of Fe3+(aq) 

in 1 M KOH is low, transport of Fe3+(aq) to the surface is also likely important.  

To assess this simple picture, we varied the Fe-ion transport by controlling stirring of the 

electrolyte while the Fe adsorption was monitored via changes in the OER activity. Figure 1a-e 

shows the OER activity of CoOxHy as a function of voltametric cycle number in Fe-free and Fe-

spiked KOH under various stirring conditions. CoOxHy in rigorously Fe-free electrolyte exhibits low 

OER activity (Figure S2a). In Fe-containing measurements, Fe3+ (0.1 ppm) was first added into the 

electrolyte and stirred to ensure its even distribution. During the first 1-4 voltammetry cycles 

without mechanical stirring, the OER current at 0.7 V vs. Hg/HgO was stable (Figure 1a) and close 

to that in Fe-free condition. ICP-MS analysis revealed a Fe/Co atomic ratio of ~0.15%, confirming 

minimal Fe adsorption on CoOxHy under conditions of limited mass transport via convection. At 

the beginning of the 5th cycle, mechanical stirring (500 rpm) was initiated and a large increase in 

OER current was observed in cycles 5-8 (Figure 1b). Subsequent cycles showed a decrease in 
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current when the stirring was turned off, and the OER activity was restored upon reinitiating the 

stirring again (Figure 1c,d). The full voltammetry curves of CoOxHy under various operation 

conditions are shown in Figure S2b,c.  

The above results demonstrate the role of transport in Fe adsorption and subsequent OER 

activity. This phenomenon bears resemblance to other electrocatalytic reactions such oxygen 

reduction reaction (ORR) and CO2 reduction reaction (CO2RR), in which the reaction kinetics can 

be limited by the transport of reactants. Here, it is the delivery of the key catalytically active 

species that directly influences the reaction kinetics. In the case of the Co-Fe system, mechanical 

stirring facilitates the Fe transport by shortening the diffusion-layer thickness. Consequently, the 

higher density of soluble Fe species increases the probability of collision between Fe species and 

CoOxHy, thereby enabling more adsorption events.35  

The effect of Fe incorporation was studied by chronoamperometry (CA) and cyclic 

voltammetry (CV). As shown in Figure S3, a Fe/Co ratio of ~4% was determined using ICP-MS after 

cycling 35 times from 0 to 0.7 V vs Hg/HgO with a scan rate 10 mV/s in Fe-spiked (0.1 ppm) KOH. 

This percentage is higher than that observed in the CA-spiked technique (~2.0% Fe relative to Co), 

hinting at some Fe integration in the subsurface of CoOxHy in CV mode. Notably, however, there 

was no evident peak shift in both CV and CA incorporated CoFeOxHy. This is evidence that Fe did 

not to substantial degree incorporate into the bulk Co(OH)2 under either CV or CA mode because 

the Co redox wave is shifted positive in the mixed-metal compound, given findings from our 

previous research.26, 36 

Apart from soluble-species transport, the applied potential also influences the Fe 

adsorption-desorption dynamics. The dissolution rate of FeOOH is dependent on the applied 

potential.27, 37, 38 Considering the structural similarity between FeOOH and adsorbed Fe-[O(H)]x 

on CoOxHy, it is likely that the desorption of Fe-[O(H)]x is potential-controlled. The potential 

dependence may also be, in part, because the soluble Fe species in the electrolyte exist as 

charged ions such as  [Fe(OH)4]− and their movement and distribution within the double layer are 

affected by the applied potential.38, 39 Isotope labelling could be further used to track the dynamic 

absorption and desorption processes of Fe.23 
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The effect of applied potential on Fe incorporation was studied by chronoamperometry 

(CA) measurements combined with ICP-MS analysis (Figure S4). Mechanical stirring (500 rpm) 

was used for all measurements. The quantity of Fe incorporated at potentials of 0.4 V and 0.65 V 

vs Hg/HgO was found to be similar, with a Fe/Co atomic ratio of ~1.8% (Figure S4a and b). At 

these potentials, Co can exist in different oxidation states, as indicated by the minor oxidation 

peak observed at ~0.65 V vs Hg/HgO (Figure S2a). A recent study showed that the electrochemical 

reaction occurring at the main oxidation peak (such as the peak at ~0.15 V vs Hg/HgO in this study) 

oxidized Co(OH)2 into CoO2H1.5·0.5H2O with a nominal oxidation state of ~2.5.40 Just prior to the 

onset of OER, CoO2H1.5·0.5H2O was further oxidized into CoOOH with a nominal oxidation state 

of ~3.3. The similar amount of Fe incorporation at these two potentials thus indicates that the 

number of Fe-accessible sites on CoOxHy is not significantly affected by the apparent structural 

transformation. However, when OER-relevant potentials were applied, the amount of 

incorporated Fe decreased with increasing positive potential (Figure 1f). In the CA-spiked 

CoFeOxHy system, we analyzed the atomic ratio of Fe/Co by ICP-MS at different potentials during 

a constant electrolysis duration of 30 min. The Fe/Co atomic ratio decreased by ~0.008 h-1 at 0.7 

V and 0.016 h-1 at 0.8 V vs Hg/HgO, consistent with higher Fe loss rate with increased applied 

potential associated with the Fe species being more soluble in higher-valent ferrate-like chemical 

states. This suggests that the incorporated Fe sites tend to desorb or dissolve during the OER 

process even in Fe-containing electrolyte. The loss of Fe in the OER region could be due to the 

further oxidation of Fe3+ species into high-valent FeO4
2-, which is soluble in the electrolyte (but 

eventually decomposes spontaneously back to Fe3+ species). 
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   Figure 1. The effect of Fe-species transport and applied potential on the Fe adsorption on CoOxHy. (a-

d) The OER current densities of CoOxHy film are affected by mechanical stirring of 1.0 M KOH electrolyte 

containing 0.1 ppm Fe3+. Mechanical stirring was off at cycle 1-4 (a) and 8-11 (c). Mechanical stirring was 

on at cycle 5-7 (b) and 12-15 (d). (e) Summary of OER current densities of CoOxHy film collected at 0.7 V 

vs Hg/HgO (without iR correction) in Fe-free and Fe-containing (0.1 ppm) 1.0 M KOH with periodic stirring 

on and off. Hexagon symbols represent the activity tested in Fe-free electrolyte, while spheres are for 

samples in Fe-spiked KOH. (f) Effect of applied potential on the incorporated amount of Fe on CoOxHy. All 

samples were tested by holding corresponding potentials for 30 min to reach the maximum current 

density. 

 

3.3 Effect of different Fe sites on OER catalysis  

We next studied how the adsorbed Fe sites catalyze the OER and worked to obtain structural 

information about these sites during catalysis. Figure 2a shows the correlation between the OER 

current at an overpotential of 325 mV and the quantity of Fe within the catalyst film. Two types 

of CoFeOxHy catalysts were prepared for comparison. The first type is CV-spiked CoFeOxHy where 
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Fe sites predominantly reside on the surface of CoOxHy. The second type is a co-deposited film 

where the Fe atoms occupy all accessible sites including both bulk and surface sites. For the co-

deposited film, a roughly linear relationship was observed (open blue squares in Figure 2a), with 

a slope of 0.23 ± 0.02 mA/nmol. A strong deviation from this linear relationship was observed for 

CV-spiked CoFeOxHy (inset in Figure 2a). The surface-anchored Fe sites obtained by CV-spiking 

method appear to induce a positive “cooperative” effect on the OER catalysis kinetics. 

To understand the intrinsic activity of different Fe sites, we calculated the turnover 

frequency (TOF) based on the total amount of Fe. Figure 2b shows the TOFFe at an overpotential 

of 325 mV as a function of Fe/Co atomic ratio. The CV curves corresponding to each data point 

are presented in Figure S5. Notably, the TOFFe of surface Fe sites (closed orange symbols) linearly 

increased with the Fe content, reaching a maximum TOFFe of 2.1 ± 0.3 s−1 at a Fe/Co atomic ratio 

of 4.0 ± 0.5%. This ascending trend of TOFFe suggests the existence of a cooperative effect among 

the surface Fe sites to promote the OER, which is consistent with the relationship between Fe 

content and OER current observed for CV-spiked CoFeOxHy, and our previous findings for the 

NiFeOxHy system.26 Adding more surface Fe species results in each Fe species having a higher 

apparent activity. 
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Figure 2. Intrinsic activity and structural information of Fe under various local environments on CoOxHy. 

(a) The OER current densities at an overpotential of 325 mV as a function of Fe quantity in CV-spiked 

CoFeOxHy (closed orange symbols) and co-deposited CoFeOxHy (open blue symbols). (b) Comparison of 

TOFFe of CV-spiked CoFeOxHy and co-deposited CoFeOxHy as a function of Fe/Co atomic ratio. The TOFFe 

data is based on taking Fe as the active sites and using the average of the forward and reverse sweep from 

CV curves at η = 325 mV. Metal contents and ratios were determined by ICP-MS. Error bars are based on 

samples measured in triplicate. (c,d) In-situ Fe K-edge (c) and  Co K-edge (d) X-ray absorption near edge 

spectra (XANES) at a potential of 0.7 V vs. Hg/HgO for co-deposited Co0.8Fe0.2OxHy, CA-spiked CoFeOxHy 

CV-spiked CoFeOxHy, and CoOxHy films. The ex-situ Fe K-edge spectra of γ-FeOOH and co-deposited 

Co0.8Fe0.2OxHy at open circuit potential are presented for comparison.  1.0 M KOH containing 0.1 ppm Fe3+ 

was used as the electrolyte. 
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For comparison, the TOF(Fe) of co-deposited CoFeOxHy was calculated. We accounted for 

all the Fe species in the co-deposited film, including both surface and bulk Fe species. As the co-

deposited CoFeOxHy is more active than the CoOxHy both before and after Fe absorption (on a 

total metal basis and ignoring the differences in Fe content between them), the Fe substituted 

into internal/non-surface Co sites may have non-negligible OER activity, although these internal 

Fe remain much less active than surface sites. Moreover, no cooperativity emerged with 

increasing Fe content for the co-deposited CoFeOxHy series, as indicated by the much narrower 

distribution of TOFFe within a range of 0.4-0.7 s−1 (open blue symbols).  

This lack of cooperative effect can be attributed to the uniform doping of Fe into the 

CoOxHy matrix where hypothesized cooperative Fe-Fe interactions are limited by intervening Co 

atoms. The higher TOFFe of surface Fe sites compared to that of the co-deposited film, which 

represents the average activity of surface and bulk Fe sites, thus supports the hypothesis that 

surface Fe sites are the highly active OER sites, especially when these surface absorbed Fe species 

are in high concentrations. We also note that the TOFFe of CV-spiked CoFeOxHy at small Fe/Co 

ratio is lower than that of co-deposited CoFeOxHy. This could be attributed to the tendency of 

forming isolated Fe monomers when only trace Fe is incorporated, without cooperative effects 

of multiple Fe species interacting on the surface.26 

To obtain insights into the local environment of CoFeOxHy catalysts, operando X-ray 

absorption spectroscopy (XAS) was applied. The catalyst films were deposited on hydrophilic 

carbon papers with higher mass loading than on Pt/Ti substrate (see the Experimental Section) 

to enhance the XAS signal quality during data collection. Representative cyclic voltammetry of 

CoOxHy and Co0.8Fe0.2OxHy films deposited on carbon-paper substrates for XAS data collection are 

shown in Figure S6.  Freshly prepared CoOxHy films were first subjected to CV scans and CA 

electrolysis at 0.7 V vs Hg/HgO in Fe-spiked 1 M KOH electrolyte, enabling the incorporation of Fe 

species. Subsequently, XAS data was collected during constant potential steps. Co-deposited 

Co0.8Fe0.2OxHy was prepared and measured for comparison to surface Fe-incorporated CoOxHy. 

The procedure for the XAS data collection is outlined in Figure S7.  

Figure 2c shows the in-situ Fe K-edge X-ray absorption near-edge spectra (XANES) of 

different catalysts under OER conditions. The ex-situ spectrum of the γ-FeOOH standard along 
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with measurements at open circuit potential (OCP) were collected for comparison (Figure S8 and 

S9). Notably, the Fe K-edge energy positions of CV-spiked CoFeOxHy and CA-spiked CoFeOxHy are 

located ~1.0 eV negative than that of Co0.8Fe0.2OxHy and more-resembled that of the γ-FeOOH 

standard. This proximity suggests a predominately +3 oxidation state for Fe in the CV and CA 

spiked CoFeOxHy catalysts during OER catalysis, although certainly does not preclude minority 

higher-valence species from being active in the OER catalysis cycle. This is consistent with the 

preparation approach and electrochemical history affecting the local Fe coordination and 

apparent edge position to a greater degree, on average, than the application of electrochemical 

potential.19, 27 

These XAS analyses illustrate a distinction between Fe species uniformly dispersed within 

the Co0.8Fe0.2OxHy matrix and those incorporated from the Fe-containing electrolyte. The lower 

apparent degree of Fe oxidation (i.e. less-positive XAS edge) found in the CV- and CA-spiked 

CoFeOxHy, and its similarity to the γ-FeOOH standard, suggests that these added surface Fe-

species are not intimately mixed with CoOxHy, as they are in the co-deposited material. 

When a freshly prepared CoOxHy catalyst was immersed in KOH electrolyte without 

applied bias, the Co K-edge energy was consistent with the typical Co oxidation state of +2 (Figure 

2d). Upon applying a potential of 0.7 V vs Hg/HgO, an oxidation to Co3+ was observed, as indicated 

by the positive shift in XAS edge. This suggests the transformation of initial hydroxides into 

oxyhydroxides under OER conditions, as expected. Similarly, the Co species in Co0.8Fe0.2OxHy, CA-

spiked CoFeOxHy, and CV-spiked CoFeOxHy exist as predominantly Co3+ under OER conditions 

(again not precluding minority nominal higher valence states). Although a difference in 

absorption energy was observed among these catalysts, it is not as significant as found in the Fe 

K-edge spectra. This is consistent with CoOxHy (or CoOOH during OER) acting in part as a support 

to accommodate different types of Fe species, while the latter plays a crucial role in catalyzing 

the OER.16 

3.4 OER activity degradation and recovery 

Stability is a significant factor affecting the applications of electrocatalysts. Chronoamperometry 

(CA) was used to investigate the stability of CV-spiking-prepared CoFeOxHy, which has the highest 

TOFFe when Fe is saturated on the catalyst surface. During the initial 4 h of CA test at an applied 
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potential of 0.75 V vs Hg/HgO, the OER current density decreased by about 50% even in Fe-

containing electrolyte (Figure 3a). When an identical catalyst film was deposited on an 

electrochemical quartz crystal microbalance (EQCM) electrode, no loss in film mass was observed. 

Instead, the film mass increased slightly with the elongation of electrolysis duration. We also 

detected similar mass increase on a blank QCM upon immersion in the electrolyte (Figure S11), 

which may be due to changes in surface tension or wetting properties with exposure time.38,39 

We used ICP-MS to determine the cobalt content before and after electrolysis. No discernible 

mass loss was observed, indicating the stability of the catalyst film during OER. This is further 

evidenced by the SEM images (inset in Figure 3b), as the original nanosheet morphology was 

maintained after 4 h CA test. Moreover, the redox peaks corresponding to nominal Co2+/Co3+ 

conversion display no noticeable change in terms of peak area and position after 4 h electrolysis, 

indicating that the number of redox active Co sites did not decrease (Figure 3b).  

Considering the structural stability and electrochemical reversibility of the CoOxHy host, 

the origin of the activity degradation is likely due to the loss of Fe active sites. Indeed, ICP-MS 

analysis reveals that the Fe/Co atomic ratio decreased from 4.0 ± 0.5% to 2.0 ± 0.5% after 4 h 

electrolysis. This observation aligns with findings obtained through XPS analysis (Figure S12). The 

gradual depletion of surface Fe sites during the stability test further confirms the OER-triggered 

Fe desorption or oxidative dissolution. 

Strategies to restore the surface Fe sites are thus expected to recover the OER activity. To 

this end, cyclic voltammetry was used at the end of the 4 h CA test. During this process, the OER 

activity recovered, approaching that observed before the CA test. Accompanying the activity 

increase is the rise of the Fe/Co ratio to 3.6 ± 0.5%. When the catalyst film underwent another 

round of CA test (stage 2 in Figure 3a), the newly recovered current again decreased.  
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Figure 3. OER activity degradation and recovery of CoFeOxHy. (a) Mass change and alternate cyclic 

voltammetry and chronoamperometry test of CV-spiking-prepared CoFeOxHy in 1.0 M KOH with 0.1 ppm 

Fe3+ added. 35 CV cycles were run before each CA test. A potential of 0.7 V vs. Hg/HgO was applied for the 

CA tests. (b)  CV curves and SEM images (inset) of CoFeOxHy before and after stage 1 CA test. (c) Alternative 

chronoamperometry test of CoFeOxHy at applied potential of 0.7 V vs. Hg/HgO without iR correction in 0.1 

ppm Fe-spiked KOH. Recovery potentials are 0.05 V, 0.16 V, 0.2 V, 0.4 V, 0.6 V vs. Hg/HgO with the duration 

of 10 min. 

 

To gain a deeper understanding of whether the activity recovery is method or potential-

dependent, 10 min of potential-controlled CA interruptions in a non-OER potential region were 

introduced between each 2 h CA electrolysis (held at 0.7 V vs Hg/HgO), as shown in Figure 3c. 

Potentials corresponding to Co2+ oxidation state (0.05 V), Co2+/Co3+ transition region (0.16 V), 

Co3+ oxidation state (0.2 and 0.4 V), and the state just prior to OER onset (0.6 V) were selected 
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for investigation (Figure S13). Interestingly, regardless of the applied potential and the 

corresponding cobalt catalyst state, periodic activity recovery was consistently observed after 

applying the short-term CA interruptions. This suggests that the specific electrochemical history 

does not dominate the activity recovery. Instead, the critical factor appears to be the existence 

of a resting duration in the non-OER region. With sufficient time provided in the non-OER region, 

re-adsorption of Fe sites that had been previously desorbed from the catalyst surface during the 

continued electrolysis process appears to be occurring.  

In contrast, the activity recovery of CoOxHy in Fe-free conditions was potential-dependent 

(Figure S14). Short-term CA interruptions holding CoOxHy in an oxidized state at 0.4 and 0.6 V 

failed to recover the OER current, while the lower applied potentials restored activity. This 

suggests that the activity loss is caused by structural change of CoOxHy during the OER process, 

such as further oxidation into a less-active phase, and activity can only be restored when the 

catalyst was reduced back to a lower oxidation state. Further supporting this hypothesis is the 

observation that the activity degradation of CoOxHy worsened with increasing OER overpotential 

(Figure S15a). When Fe was incorporated into the electrolyte, the extent of activity degradation 

became less pronounced (Figure S15b). 

The ability of Fe to re-absorb under non-OER potentials upon depolarization of the anode 

below the OER potential regime could be used re-generate the OER activity when electrolysis is 

suspended because of fluctuation in demand or intermittency of renewable power supply, or as 

part of a programmed recovery period. The technoeconomic viability of this recovery approach 

depends on many factors and is beyond the scope of the current study. We also note that while 

our results are consistent with those of Chung et. al, who used isotopic labelled Fe to follow 

dissolution and re-deposition of Fe species,24 the present work also addresses how mass 

transport affects the dissolution-redeposition process, how surface Fe sites exhibit cooperativity 

on CoOxHy like they do on NiOxHy, and how the operating potential affects the recovery of surface 

Fe-sites once lost which is useful in the design of advanced electrolyzers. 
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4 Conclusion 

We studied the Fe adsorption-desorption dynamics at the interface between CoOxHy films 

and the electrolyte. The rate of Fe transport affected the Fe adsorption and thus the OER activity. 

Upon applying an OER-relevant potential, Fe desorption was found with increased potential. We 

delineated between two types of Fe active sites: “surface-localized” and “bulk/interior” Fe. The 

catalyst with surface Fe sites showed OER activity increasing super-linearly with the amount of 

adsorbed Fe (i.e. due to roughly linear TOFFe with the amount of Fe added) which suggests a 

cooperative effect among the surface Fe species on OER catalysis. In contrast, the co-deposited 

CoFeOxHy demonstrated lower, yet consistent, activity per Fe site, as indicated by nearly constant 

TOFFe with amount of Fe species added. X-ray absorption spectroscopy (XAS) revealed the 

structural similarity between surface-adsorbed Fe sites and γ-FeOOH, providing structural 

insights into the OER-catalyzing Fe species. Finally, application of constant potential led to activity 

loss, which was caused by Fe desorption during continued electrolysis. The activity recovery 

depended on the application of a non-OER potential that promoted the soluble Fe re-adsorption. 

The Fe leaching also is consistent with the hypothesis that surface Fe are not strongly 

electronically interacting with most of the Co sites, as suggesting in previous work.26  
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