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Tracking high-valent surface iron species in the oxygen evolution 
reaction on cobalt iron (oxy)hydroxides  

Seunghwa Lee,a Aliki Moysiadou, a You-Chiuan Chu, b Hao Ming Chen, b and Xile Hu *a 

The oxygen evolution reaction (OER) is the bottleneck reaction of water splitting, which can be used to generate green 

hydrogen from renewable electricity. Cobalt iron oxyhydroxides (CoFeOxHy) are among the most active OER catalysts in 

alkaline medium. However, the active sites of these catalysts remain unclear. Here we use operando ultraviolet-visible (UV-

Vis), X-ray absorption, and Raman spectroscopy to reveal oxidations of both Fe and Co ions in CoFeOxHy during OER. By 

analyzing samples with different Fe contents and thickness, we find that the concentration of Fe4+ species at the surface, 

but not the concentration of Co4+ in the bulk, scales with the catalytic activity. These results indicate an Fe4+-containing active 

site in CoFeOxHy.

Introduction 

Hydrogen is a promising energy carrier for future sustainable 

energy systems.1, 2 Water electrolyzers can produce green 

hydrogen using renewable electricity, but a substantial 

overpotential is required for the oxygen evolution reaction 

(OER) at the anodes of these devices, leading to energy loss. A 

tremendous amount of effects have been devoted to the 

development of OER catalysts composed of Earth-abundant 

elements.3-6 Among them are cobalt (Co)-based materials 

including Co phosphate composites, (oxy)hydroxides, a variety 

of oxides and chalcogenides.7-12 It has been shown that iron 

(Fe)-incorporated Co (oxy)hydroxides are among the best OER 

catalysts.6, 8, 9  

Despite considerable efforts to investigate the roles of Co and 

Fe ions in CoFe oxides and (oxy)hydroxides,3, 4, 8, 9, 12-21 

conflicting experimental observations and explanations remain. 

Some studies reported Co3+ species16, 17, 20 while others reported 

Co4+ species15, 22 as the resting species at OER potentials; some 

studies showed evidence for Fe3+ to Fe4+ oxidation17, 18 while 

others indicated no oxidation of Fe3+ in OER.16, 20 These 

discrepancies make it difficult to understand the mechanism of 

Co- and Fe-containing OER catalysts. Most of these studies 

employed X-ray absorption spectroscopy (XAS) to probe the 

oxidation states of Co and Fe ions. Because XAS is a bulk 

technique and gives averaged information over the entire 

sample, it might not reveal minority species at the surface of a 

material which are responsible for the catalytic activity. 

Therefore, it is necessary to study the catalysts using techniques 

complementary to XAS. Moreover, measurements should be 

made to catalysts of different size to probe both surface and 

bulk species.  

Herein, we combine operando ultraviolet-visible (UV-Vis), X-ray 

absorption and Raman spectroscopy to probe the nature of 

catalytic active sites in CoFe (oxy)hydroxides (CoFeOxHy). We 

obtained spectral features corresponding to both Fe and Co 

oxidations, and unraveled their different relevance to catalysis. 

By analyzing samples with different Fe contents and thickness, 

we identified oxidized Fe species at the surface that are 

essential to the activity of the catalyst. The correlation of 

surface Fe species with catalytic activity enhances the 

understanding of this promising OER catalyst. 

Results and discussion 
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and Engineering, ISIC-LSCI, École Polytechnique Fédérale de Lausanne (EPFL) 
1015 Lausanne, Switzerland. 

b. Department of Chemistry, National Taiwan University, Taipei 10617, Taiwan. 
† Footnotes relating to the title and/or authors should appear here.  
Electronic Supplementary Information (ESI) available: [details of any supplementary 
information available should be included here]. See DOI: 10.1039/x0xx00000x 

Figure 1. (a) A schematic presentation of Co100-xFexOyHz on a FTO glass. (b) A 

representative SEM image of CoFeOxHy film (30% Fe). (c) Linear-sweep voltammograms 

of the samples with various Fe contents recorded at a scan rate of 1 mV s-1 in Fe-free 

0.1 M KOH 
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CoFeOxHy films with different Fe contents were prepared on 

fluorine doped tin oxide (FTO) glass by anodic 

electrodeposition.23 The Fe contents varied from 0% to 42% 

(See Table S1), confirmed by inductively coupled plasma optical 

emission spectrometry (ICP-OES). By controlling the deposition 

time the total amount of metal ions was set to be similar for all 

samples (Table S1). Scanning electron microscope (SEM) images 

(Figures 1b and S1) indicate that the thicknesses of CoOxHy and 

CoFeOxHy (Fe 30%) films deposited for 3 min were around 23.8 

nm and 12.6 nm, respectively. The thicknesses of the different 

Fe-containing samples (deposited for 40-70 sec at the same 

anodic current density of 55.6 µA cm-2, Table S1 and Figure S2) 

subjected to subsequent electrochemical tests (Figures 1c and 

S3) were estimated to be 4-5 nm. 

The OER activity of the samples containing 0% to 42% Fe was 

measured by linear sweep voltammetry (LSV) at a scan rate of 1 

mV sec-1 in Fe-free 0.1 M KOH (Figure 1c). As the Fe content 

increased up to 30%, the OER activity increased, consistent with 

earlier studies.8, 16, 18, 24 The addition of Fe had also a significant 

effect on the Tafel slopes (Figure S3). The slope of Fe-free 

CoOxHy was about 52 mV dec-1. The slope rapidly decreased to 

about 36 mV dec-1 at an Fe content of 7.2%, and only slightly 

changed at higher Fe content. The dramatic change in Tafel 

slope upon addition of Fe suggests a change of mechanism in 

OER. 

Operando UV-Vis spectroscopy (Figure S4) was employed to 

track changes in the oxidation states of Co and Fe sites. The 

spectra were obtained from open circuit potential (OCP) to 1.75 

V with an interval of 0.05 V (Figure S5). Control experiments 

identified spectral features of a bare FTO substrate and an Fe 

oxyhydroxide film (FeOOH) in the OER potential region (Figure 

S6). The potential-dependent spectra of two representative 

samples, CoOxHy and CoFeOxHy (Fe 30%) are depicted in Figures 

2a and b. When the potential increased from OCP up to 1.20 V, 

a peak appeared at around 420 nm for both samples, which is 

attributed to the oxidation of Co2+ to Co3+.25 At 1.30 V and 

above, a broad spectral feature at around 525 nm was visible. A 

similar peak was reported in an earlier study, which assigned it 

to the oxidation of Co3+ to Co4+.25 If this is the case, CoOxHy is 

transformed to CoO2.22, 23, 26 Into the OER relevant potential 

region (>1.4 V), distinctive peaks were observed at 450 nm for 

CoOxHy and 425 nm for CoFeOxHy (Fe 30%), respectively. We 

attribute the peaks to the accumulation of high-valent Co (450 

nm) and Fe (425 nm) species (see below). 

Comparison of the spectra for the samples at different Fe 

(Figure 2c) content under OER helps further clarify the spectral 

features. The peak at 525 nm (Co3+ to Co4+) was visible in all 

Figure 2. Operando UV-Vis spectra for (a) CoOxHy and (b) CoFeOxHy (Fe 30%) obtained from OCP to 1.70 V with an interval of 0.1 V. (c) Operando UV-Vis spectra for the samples 

containing 0%, 3.3%, 7.2%, 15%, 23%, 30% and 42% Fe obtained at 1.75 V (vs. RHE). The reference spectrum of FeOOH is shown for comparison. (d) Operando Fe K-edge XANES 

spectra of CoFeOxHy (Fe 30%) at various potentials compared to reference samples such as Fe foil, FeO, Fe3O4 and Fe2O3. (e) Correlation of edge energy with Fe oxidation state. 
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samples, suggesting the formation of Co4+ in both Fe-free and 

Fe-containing catalysts. Appropriate doping of Fe3+ ions was 

previously reported to promote the oxidation of Co3+ to Co4+,19 

while addition of a large amount of Fe3+ ions led to formation of 

phase-separated FeOOH.8, 19, 27 Consistent with these reports 

and assuming the peak intensity on a per Co basis reflects the 

degree of oxidation to Co4+, the UV-Vis data (Figure S7a) 

indicate a higher oxidation state of Co under oxidative 

conditions at a higher Fe content, up to 30% Fe. At an even 

higher Fe content, the peak intensity decreased due to the 

formation of inactive FeOOH species. The Fe-dependent 

formation of Co4+ is further supported by operando Raman 

spectra (Figure S8) and cyclic voltammograms (Figure S9) of 

CoOxHy and CoFeOxHy (15% and 30% Fe). The formation of the 

Co(Fe)O2 phase occurred at earlier potentials upon Fe doping. 

The peak at 425 nm in the UV-Vis spectra (Figure 2c) was 

observed to grow with a higher Fe content, while the peak at 

450 nm disappeared upon addition of Fe. Thus, the peak at 450 

nm is due to the oxidation of Co species. This result is consistent 

with our previous study which showed that during OER on 

CoOOH the Co4+-OH-Co4+ species was further oxidized to Co4+-

O∙-Co4+ in a pre-equilibrium step.23 Meanwhile, the UV-Vis 

spectrum of FeOOH at 1.75 V indicates that the 425 nm peak is 

due to the oxidation of Fe at higher potentials (>1.4 V). The 

intensity ratio of the peaks at 425 nm and 525 nm, denoted as 

A425nm/A525nm (Figure S7b), should correlate to the portion of 

oxidized Fe species relative to Co4+ in CoFeOxHy during OER. This 

ratio increased with an increasing Fe content (Figures 2c and 

S7b). An abrupt increase of the ratio at 42% Fe is due to the 

formation of FeOOH. The correlation of A425nm/A525nm with 

activity up to 30% Fe suggests the oxidized Fe species is involved 

in OER. 

Operando XAS was also performed to track the oxidation states 

of Co and Fe sites in the CoFeOxHy (Fe 30%) during OER. Figure 

2d displays the X-ray near edge absorption fine structure 

(XANES) for the Fe K-edge. A similar absorption energy to 

Fe2(III)O3 indicates the initial oxidation state of Fe ion as 

approximately +3. Upon immersion in the electrolyte, the Fe 

absorption edge was shifted to a higher energy, indicating that 

the Fe sites were slightly oxidized by the OH- electrolyte. As the 

applied potential increased, the Fe absorption energy increases. 

This increase was quite distinctive at 1.45 V and above where 

OER begins to take place (see the inset in Figure 2d). To semi-

quantitatively evaluate the Fe oxidation state during OER, the 

photon energies measured at half height at given potentials 

were extracted for linear fit with reference points (Figure 2e).23, 

28, 29 With higher applied potentials, the oxidation state of Fe 

ions gradually increased.17 Their values were higher than +3.25 

at 1.45 V and above, implying the presence of Fe4+ species under 

OER. This result agrees with the analysis of operando UV-Vis 

data. XAS also confirmed enhanced oxidation of Co3+ ions in 

CoFeOxHy (Fe 30%) compared with that in CoOxHy XAS (Figure 

S10). The absorption edge of CoFeOxHy kept shifting to a higher 

energy with increasing the applied potential, suggesting that 

the oxidation state of Co sites increased continuously. At 1.35 

V, the corresponding oxidation state of Co in CoFeOxHy was 

about +3.7, and it increased to about +3.9 at 1.55 V. For 

comparison, the oxidation state of Co ions in CoOxHy was about 

+3.4 at 1.55 V according to our previous work.23 

Recently, it has been proposed that for certain OER catalysts the 

activation free energy decreases linearly with the amount of 

oxidative charge stored, which leads to a linear dependence of 

log(current density) on the surface coverage of active species.30 

We plotted log(current density) versus normalized absorbance 

of the UV-Vis peaks at 450 nm for CoOxHy and 425 nm for 

CoFeOxHy (Fe 30%) (Figure 3). These peaks are assumed to 

represent the accumulation of high-valent Co and Fe species, 

respectively. We also plotted log(current density) versus 

normalized absorbance of the 525 nm, which represent Co4+ 

species. There are linear correlations between the log(current 

density) and the normalized absorbance of the UV-Vis peaks at 

450 nm (for CoOxHy) and 425 nm (for CoFeOxHy), but not for the 

peak at 525 nm (for both CoOxHy and CoFeOxHy). The results 

might be explained by the following considerations: The Co4+ 

species in CoOxHy is further oxidized in OER and the 

concentration of the resulting species scales with activity. This 

result agrees with our previous study which showed that Co4+-

O∙-Co4+, formed by oxidation of Co4+-O-Co4+, was the resting 

species in the OER catalyzed by CoOOH.23 Some bulk Co4+ are 

not oxidized30-34 so that their concentration does not scale with 

activity. Upon Fe incorporation (>3.3%), a more active site 

Figure 3. Tafel plots of (a) CoOxHy and (b) CoFeOxHy (Fe 30%), overlaid with normalized 

absorbance at 450 and 525 nm for CoOxHy and 425 and 525 nm for CoFeOxHy. The 

features corresponding to the accumulation of high-valent Co (450 nm) and Fe (425 

nm) follow the OER activity. 
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containing Fe (and likely also Co) is formed. The Fe3+ ions are 

oxidized and the concentration of the Fe4+ species scales with 

activity. 

We hypothesize that the Fe-containing active sites in CoFeOxHy 

are only located at the surface of the catalyst whereas Co4+ 

species are formed in the entire bulk (see Appendix 1). To verify 

the hypothesis, we studied CoFeOxHy (30% Fe) with different 

thickness. The samples were prepared by varying the deposition 

time from 1 min to 6 min (Figure S11). Similar elemental 

compositions were confirmed by ICP-OES (Table S2). To 

estimate the electrochemical surface areas of the samples, their 

double-layer capacitance (Cdl) was acquired by cyclic 

voltammetry (CV) scans (Figures S12 and S13). The capacitance 

gradually deviated from a linear correlation with the amount of 

materials (deposition time), indicating that as the film grows 

thicker, an increasing portion of the bulk is not 

electrochemically active. 

The above CoFeOxHy (Fe 30%) films were subjected to operando 

UV-Vis spectroscopy (Figures 4, S14 and S15) at applied 

potentials of 1.15 V to 1.75 V with an interval of 0.05 V in 0.1 M 

Fe-free KOH solutions. When the thickness of the film increased, 

the peaks corresponding to the Fe4+ and Co4+ species were 

shifted to longer wavelengths, from 417 nm to 467 nm and from 

525 nm to 562 nm, respectively. These changes were attributed 

to thickness-related optical properties.35-37 More importantly, 

the ratio of the absorption intensities for the Fe4+ and Co4+ (e.g., 

A417nm/A525nm for the 1 min-deposited sample) at 1.75 V 

gradually decrease from 1.14 to 0.91 upon increasing thickness 

(Figure S16). This result supports the hypothesis that only Fe 

Figure 4. (a) Operando UV-Vis spectra of CoFeOxHy (Fe 30%) films prepared at various deposition durations (1, 3 and 6 min) at 1.75 V (vs. RHE). (b) Difference in differential absorbance 

at 417, 440, 467 nm (for Fe4+) and 525, 548, 562 nm (for Co4+) for samples deposited at 1, 3 and 6 min as function of potential. (c) Comparison of Tafel slope and mass activity (at an 

overpotential of 340 mV) as function of deposition time and estimated film thickness. 
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species at the surface are oxidized to +4  and the Co4+ species 

are distributed throughout a large part (if not all) of the bulk, as 

the proportion of the surface sites decreases when the film 

thickness increases. We studied CoOxHy films in different 

thicknesses, which again confirms the peak at higher 

wavelength (e.g., 525 nm for the 1 min-deposited sample) 

corresponds to the Co4+ species in the entire bulk (Figure S17).  

To further compare the potential-dependent concentration of 

Fe4+ and Co4+ species, we plotted the differences in differential 

absorbance at the wavelength where these species absorb as 

function of potential according to a previously reported 

procedure (see Experimental methods) (Figures 4b and S18).32 

An upward spike was observed between 1.4 to 1.5 V for all 

samples, which coincided with the potential region where OER 

started to occur. This result is consistent with that catalytically 

relevant Fe4+ species are generated during OER but Co4+ species 

exist already before OER occurs. The thicker the film was, the 

higher the potential where the difference (dAbs./dV for Fe4+- 

dAbs./dV for Co4+) is at the maximum (see rectangular boxes in 

Figures 4b and S18). This result agrees with that Fe4+ species are 

at the surface and Co4+ species are at the bulk. 

We analyzed the thickness dependence of electrocatalytic 

activity (Figure 4c). The Tafel slope was about 31 mV dec-1 for 

films of 4.2 nm and 8.4 nm, which increased to about 34 mV dec-

1 for a film of 12.6 nm and increased further for thicker films. 

Meanwhile, total metal mass-based activity followed an 

opposite trend: best activity for films of 4.2 nm and 8.4 nm 

followed by continuous decrease at larger thickness. These 

results again support that the active sites are at the surface. 

A previous study showed the optimal mass activity for OER on 

NiFe nanoparticles was obtained with samples of 5.4 nm.33 

Another work reported that the active species in sputtered films 

of NiOx was accumulated only at the near surface (≤5 nm).31 

Even though these previous experimental results are from Ni-

based materials it would be worth considering an optimal 

thickness of approximately 5-6 nm. To probe whether the active 

surface depth of CoFeOxHy was also 5-6 nm, we prepared a 

CoFeOxHy (Fe 30%) sample with a thickness of about 6.3 nm 

(Figures S19 and S20). This sample exhibited similar Tafel slope 

and spectroelectrochemical behavior but higher mass activity 

than samples of 4.2 and 8.4 nm. This result suggests the optimal 

thickness for electrodeposited metal oxyhydroxides is indeed 

about 5-6 nm.  

Co oxides are reported for OER: spinel Co oxides13, 38-42 and 

layered Co (oxy)hydroxides.16-18, 22, 23 The Co ions in these two 

types of compounds have different geometries and 

coordination environments, so the mechanisms of OER are 

expected to be different as well. Previous studies of spinel Co 

oxides indicate that the resting state of Co is Co3+, and doped Fe 

ions are not oxidized during OER.16, 38-41 The role of Fe might be 

the promotion of Co active sites.16, 19, 41 The electrochemical 

activity (e.g., Tafel slopes) and spectral features of spinel Co 

oxides are distinct from those of the Co (oxy)hydroxides 

reported here. These differences are understandable given 

their different structures.16, 17, 19, 22, 23, 38-42 Note that spinel Co 

oxides might be unstable and transformed into Co 

(oxy)hydroxides during OER.40, 43 

We compare our results to those of previous studies of 

electrochemically deposited CoFe OER catalysts. The active 

forms of these catalysts are likely CoFe (oxy)hydroxides, 

although exceptions might exist. The group of Yeo found only 

Co but not Fe oxidation in Fe-doped CoOx by operando XAS.20 

Because the same spectral features but different activity are 

found for Co in CoOx, CoOx + Fe3+, and Fe48Co52Ox, they 

suggested that Co was not the active site for Fe-containing 

catalysts. Based on the lowering of coordination number from 

6 to 5.3, they proposed that the unsaturated Fe species are the 

active sites. Because the Fe ions were adsorbed on CoOx by CV 

measurements of the latter in Fe-containing solutions, multiple 

Fe species might form. This possibility, coupled with the 

thickness of CoOx being about 10 nm, might explain why no Fe 

oxidation was observed in their study. 

On the contrary, the group of Boettcher observed XAS spectral 

features corresponding to Fe oxidation and Fe-O bond 

shortening but not those corresponding to Co oxidation during 

OER on electrochemically deposited thin-film CoFe 

(oxy)hydroxides.17 Their observation of Fe oxidation agrees with 

our finding, but the lack of Co oxidation in their study contrasts 

with our data. On the other hand, many other studies of 

CoOOH-type catalysts reported the oxidation of Co3+ to Co4+ 

similar to our work.22, 23, 25, 26 The group of Nocera detected Fe4+ 

species in CoFeOx films employing ex-situ zero-field 57Fe 

Mössbauer spectroscopy and XAS.18 It is not clear whether the 

active form of the catalyst has a spinel or layered structure, and 

whether Co3+ or Co4+ was the main Co species. The detection of 

Fe4+ species ex-situ (meaning at ocp) indicates such species are 

spectators instead of active sites in OER. The authors suggest 

these Fe4+ serve as a redox-cooperative center to promote a 

nearby Co active site. We suspect their materials to be quite 

different from ours because a significant change of Tafel slopes 

occurred only at high Fe content (>20%) in their samples, 

whereas in our samples an Fe content of about 7% already led 

to a dramatic decrease of Tafel slope. We note that the catalysts 

employed in the above studies were made by cathodic 

electrodeposition of Co nitrates, where reduction of nitrate 

gave OH- ions that reacted with Co ions to form Co(OH)2 species. 

These films might be quite heterogeneous in composition. On 

the other hand, our catalyst is deposited by anodic deposition, 

which is known to give ultrathin films.44 

Dionigi et al. applied operando XAS and X-ray scattering 

spectroscopy as well as density functional theory calculations to 

study the mechanism of NiFe and CoFe layered double 

hydroxides (LDHs), which are crystalline reference for the 

amorphous mixed metal oxyhydroxides made by 

electrodeposition.15 They provided the first experimental 

evidence of the OER-active γ-phase of the materials, 

transformed from the as prepared a-phase of LDHs. According 

to the calculations, the Ni and Co ions should be in the mixed +3 

and +4 formal oxidation state, and the Fe ions should be in the 

+4 oxidation state or higher. This result agrees with our data. 

However, due to electrochemically inaccessible nano domains 

in catalyst films, phase transitions are typically incomplete 

under OER potentials. This incompleteness results in various 

weighted averages of +2, +3, and +4 for the oxidation states of 
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metal ions, which are reflected in the different results discussed 

above. By using ultrathin catalyst films and multiple operando 

spectroscopy, in this study we are able to differentiate the roles 

of various surface and bulk species. 

Concerning the actual active site for CoFeOxHy, two possibilities 

are consistent with the spectral data: (i) Fe is the active site 

which is mostly likely connected to a Co site by a bridging O or 

OH ligand.45, 46 According to the DFT calculations of Dionigi et 

al.,15 the active site of CoFe LDH is Fe4+-OH-Co4+, and the OER 

occurs by deprotonation of the bridged OH with concomitant Fe 

oxidation. This mechanism is consistent with our data, so are 

catalytic cycles involving an Fe4+=O. (ii) The active site is still Fe-

OH-Co, but Co serves as the oxygen evolving center while Fe 

serves as the redox support. In this scenario, Fe replaces the 

role of a redox-active O ligand as proposed previously for the 

OER on Fe-free CoOOH.23 It is difficult to experimentally 

differentiate the two possibilities, but DFT calculations can be 

used to compare their energetics. Most DFT computations seem 

to favor an Fe-based oxygen evolving site.14, 15, 17, 24, 47, 48  

Conclusion 

In summary, we applied operando UV-Vis, XAS, and Raman 

spectroscopy to investigate the oxidation of metal ions during 

OER on Co and CoFe (oxy)hydroxides (CoOxHy and CoFeOxHy). 

For both catalysts the oxidation of Co3+ to Co4+ occurs before the 

onset of OER. For CoOxHy, a Co-based oxidation was observed at 

the onset of OER. This oxidation is absent in OER on CoFeOxHy; 

instead, an Fe3+ to Fe4+ oxidation concomitant to OER was 

identified for the latter. The Fe4+ species are only formed at the 

surface layer of CoFeOxHy while the Co4+ species are present in 

a large part of the bulk material. The concentration of Fe4+ but 

not Co4+ correlates with the OER activity. Thus, the role of Fe is 

not only to promote the oxidation of Co3+ to Co4+, but more 

importantly, to form a new active site at the surface that has 

higher activity. The work suggests ultra-thin nanoscale metal 

oxyhydroxides of about 5 nm thickness will have optimal mass-

based activity because all metal ions are accessible for the OER. 

 

Experimental 

Materials 

Cobalt nitrate (Co(NO3)2·6H2O, ≥98%, Sigma-Aldrich), iron 

nitrate (Fe(NO3)3·9H2O, ≥ 98%, Sigma-Aldrich) and sodium 

acetate (NaCH3CO2, anhydrous, ≥99%, Sigma-Aldrich) were 

used for electrode preparation. Deionized water (18 MΩ) from 

Milli-Q® Ultrapure Water System (Millipore, Bedford, USA) was 

used in this work. Potassium hydroxide solutions (1 N KOH 

standard solution, Merck KGaA) were diluted for experiments. 

Fluorine-doped tin oxide (FTO) coated glass (2.3 mm thick and 

surface resistivity ~13 Ω/sq., Sigma-Aldrich) served as a 

conductive substrate. 

Electrode preparation 

CoOxHy and CoFeOxHy films were prepared on FTO glass by 

anodic electrodeposition at a constant current density of 55.6 

µA cm-2.23 Prior to deposition, the FTO glass was washed in a 

mixture of ethanol and acetone (1:1) using a sonicator. The 

deposition bath for cobalt (oxy)hydroxide contained 0.01 M 

Co(NO3)2·6H2O  and 0.1 M NaCH3CO2. For the deposition of 

cobalt-iron (oxy)hydroxide films, a solution containing 0.1 M 

NaCH3CO2, Co(NO3)2·6H2O and Fe(NO3)3·9H2O with different 

compositions (total 0.01 M) was used. 

Characterization 

Electrode compositions were determined by inductively 

coupled plasma optical emission spectrometry (ICP-OES, Nexlon 

350, PerkinElmer). The catalyst-deposited FTO glass was 

immersed in 2% nitric acid (HNO3) diluted from 65% HNO3 

(Merck) such that the catalyst film could be dissolved. The 

resulting HNO3 solution was analyzed to reveal the amounts of 

Co and Fe ions. Film thickness was probed with a Gemini field-

emission scanning electron microscope operating at 1−3 kV 

accelerating voltage. Secondary electrons were collected with 

an in-lens detector. Side-view images were taken to measure 

the thickness by viewing a cross-section of the catalyst layer on 

FTO glass. 

Electrochemical tests 

All electrochemical experiments were carried out in KOH 

solutions purified by a previously reported method to remove 

Fe impurity.8, 23 First, 0.5−1.0 g of Co(NO3)2·6H2O were dissolved 

in 5 mL of ultrapure water and then 20 mL of 0.1 M KOH was 

added to this solution. Co(OH)2 precipitate formed, which was 

subsequently washed with ultrapure water three times via 

centrifugation and decanting. The resulting Co(OH)2 precipitate 

was suspended in 50 mL of 1.0 M KOH. Afterward, the 

suspension was mechanically agitated overnight to absorb Fe 

impurities from the 1 M KOH solution. Electrochemical 

measurements were performed with a multichannel 

potentiostat / galvanostat (VSP, Bio-Logic) in a three-electrode 

system consisting of a Pt wire counter electrode and a 

homemade double junction Ag/AgCl electrode (saturated KCl, 

E(Ag/AgCl) = 0.197 V vs. NHE, normal hydrogen electrode) as 

reference electrode. IR drop was compensated at a rate 90% by 

default through a Bio-Logic EC-Lab software. The 

measurements were carried out in a polypropylene beaker or a 

Teflon cell to avoid influences of the trace Fe impurity from 

surface of glass beaker. Unless otherwise stated, the acquired 

electrochemical data were referred to reversible hydrogen 

electrode (RHE) scale by following equation: 

 

E (V vs. RHE) = E (V vs. Ag/AgCl) + 0.197 V + 0.0592 × pH   

                Eq. 1 

 

Operando ultraviolet–visible (UV-Vis) spectroscopy 

The operando UV-Vis measurements were conducted with a 

Cary 60 UV-Vis spectrophotometer (Agilent Technologies) using 

a three-electrode system in a custom-made electrochemical 
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Teflon cell. Prior to use, the Teflon cell was washed with an acid 

solution to remove Fe impurities and other dirt. The catalyst-

deposited FTO glass was assembled to the electrochemical cell 

and then placed in the sample compartment of the UV-Vis 

spectrometer such that the sample can be irradiated properly. 

At the OCP, a spectrum as a blank was recorded for automatic 

baseline correction. With that, subsequent operando 

spectroscopic measurements were performed at each constant 

potential. All the spectra were collected in the transmittance 

mode.   

Following a previous study,32 differential changes in absorbance 

(𝑑𝐴𝑏𝑠./𝑑𝑉) were obtained at the wavelengths assigned to Fe4+ 

and Co4+ (e.g., 417 nm for Fe4+ and 525 nm for Co4+ in the sample 

deposited during 1 min as shown in Figure 4a) for the CoFeOxHy 

(Fe 30%) samples prepared at various deposition times. The 

dAbs. represents the difference in the absorbance at two 

consecutive potentials separated by 0.05 V. Hence, dV is 0.05 V. 

In the potential-dependent plots (𝑑𝐴𝑏𝑠.  𝑓𝑜𝑟 𝐹𝑒4+/𝑑𝑉 −

𝑑𝐴𝑏𝑠.  𝑓𝑜𝑟 𝐶𝑜4+/𝑑𝑉) , the positive peaks at OER relevant 

potentials (1.5-1.65 V) indicate the increases of Fe4+ versus Co4+.  

Operando X-ray absorption spectroscopy (XAS) 

For operando XAS measurements, all of the experiments were 

carried out at BL 01C, NSRRC, Taiwan. Each spectrum was 

measured after the calibration of either Co or Fe foil to prevent 

the deviation of incident energy. The operando XAS 

measurements were conducted in the customized 

electrochemical cell composed of Kapton window, a working 

electrode, a Pt counter electrode, and an Ag/AgCl reference 

electrode as reported in our previous work.23 In order to analyze 

the XANES results, the obtained spectra were processed in 

Athena software to perform standard normalization to exclude 

the influence of thickness, concentration and amplifier settings. 

Operando surface enhanced Raman spectroscopy (SERS) 

The experiments were carried out in a customized 

electrochemical Teflon cell using a Raman microscope (in Via 

Raman microscope, Renishaw).49 Prior to experiments, the 

Teflon cell was rigorously washed with an acid solution to 

remove impurities and then washed with a mixture of acetone 

and ethanol. Consistent with the set-up for operando UV-Vis 

spectroscopy, a three electrode system was used, in which a Pt 

wire and a homemade double junction Ag/AgCl electrode 

served as counter and reference electrode respectively. A 63× 

water-immersed objective (Leica-Microsystems) was applied to 

operando spectroscopic measurements. For a strong surface-

enhanced effect, the 785 nm laser was used with the laser 

power of ~1% at the grating of 1200 l mm-1. Spectrum was 

calibrated prior to use based on the wavenumber of silicon, 

520±0.5 cm-1. During experiments, each spectrum was collected 

through 15 consecutive scans with 1 s exposure time per scan. 

We used an electrochemically roughened gold (Au) as a 

substrate to obtain the surface-enhanced effect.23 First, the Au 

was mechanically polished with alumina powder (1 μm) and 

then sonicated several times in 1:1 mixture of ethanol and 

acetone and then in ultrapure water. The clean Au was 

subjected to 20 oxidation-reduction cycling between -0.28 and 

1.22 V vs. Ag/AgCl in 0.1 M KCl solution, in which the potential 

was held for 10 sec at the negative limit and 5 sec at the positive 

limit. After the potential cycling, the Au surface was reduced for 

5 min at a constant potential of -0.3 V. Finally, the resulting 

brownish Au surface was thoroughly rinsed with ultrapure 

water. CoOxHy and CoFeOxHy films were deposited on the 

roughened Au as described above for operando Raman 

spectroscopy experiments. 
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