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ABSTRACT  

Transition metal oxides are promising materials for the development of cost-effective catalysts for 

the oxygen evolution reaction (OER) in alkaline media. Understanding the catalysts’ 
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transformations occurring during the harsh oxidative conditions of the OER remains a bottleneck 

for the development of stable and active catalysts.  Here, we studied redox transformations of core-

shell Fe3O4@CoFe2O4 oxide nanoparticles over a wide range of potentials by using operando near-

edge X-ray absorption fine structure (NEXAFS) spectroscopy in total electron yield (TEY) 

detection mode. The analysis of the NEXAFS spectra reveals that the Fe3O4 core strongly affects 

the surface chemistry of the CoFe2O4 shell under the OER conditions. The spinel structure of the 

particles with Co (II) in the shell is preserved at potentials as high as 1.8 V vs. RHE, at which Co 

(II) is expected to be oxidized into Co (III); whereas Fe (II) in the core is reversibly oxidized to Fe 

(III).  

  

TOC GRAPHICS 

 

 

KEYWORDS: electrochemistry, electrocatalysis, operando NEXAFS, Oxygen Evolution 

Reaction (OER), core-shell nanoparticles, cobalt ferrite 

Anion exchange membrane water electrolysis (AEMWE) is an attractive alternative to the 

proton exchange membrane counterpart as it allows the replacement of iridium or ruthenium at the 
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anode with more abundant 3d (Ni, Co, Fe, Mn) transition metal oxides (TMO)1,2. TMOs with 

spinel structure constitute a promising class of oxygen evolution reaction (OER) catalysts due to 

their relatively low synthesis temperature (allowing preparation of high surface area catalysts 

without coalescence), and their composition-dependent and widely tunable properties thus 

allowing to attain high OER activity. However, the evolution of the surface structure and the 

composition under the OER conditions and hence the nature of the active sites are not fully 

understood yet. These knowledge gaps hamper building correlations between the chemical 

structure of materials on the one hand and their OER activity/durability on the other hand, 

ultimately impeding the development of active and stable catalysts for the anode of the AEMWE.  

Bergmann et al.3 studied nanocrystalline Co3O4 films during the OER using in situ X-ray 

diffraction and ‘quasi-in situ’ absorption spectroscopy (samples were freeze-quenched under 

potential control). They found that in the potential interval of the OER, Co (II) ions were oxidized 

to octahedrally (Oh) coordinated, di-µ-O(H)-bridged Co (III/IV) species resulting in a reversible 

formation of a sub-nanometer thick amorphous CoOx(OH)y shell. In contrast, Ortiz-Pena et al.4 

studied Co3O4 nanoparticles (NPs) in situ by transmission electron microscopy (TEM) under 

potential control (EC-TEM) and found that this amorphization is irreversible. Also, Reikowski et 

al.5 applied operando surface X-ray diffraction to study structurally well-defined epitaxial cobalt 

oxide Co3O4 (111) thin films electrodeposited on Au (111). They observed fast and fully reversible 

Co3O4 (111)/CoOOH (001) transformation at potentials 300 mV negative of the ‘onset’ of the 

OER, and thus concluded that the observed structural transformation was potential rather than 

OER-driven. By comparing the OER activity of Co3O4 (111) and CoOOH (001) epitaxial 

crystalline films, the authors argued against di-μ-oxo bridged Co cations being responsible for the 

OER activity of Co oxides. For Co(OH)2 particles, Mefford et al.6, by using operando scanning 
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probe and X-ray microscopy techniques, documented Co(II) into Co(III) oxidation leading to the 

formation of β-CoOOH under OER conditions and concluded that Co(III) at the particle surface 

were the OER active catalytic sites. Recently, Haase et al.7 studied transformations of CoOx(OH)y 

NPs with the average size ranging from 1.6 to 9.3 nm during the OER with operando hard X-ray 

absorption spectroscopy and density functional theory (DFT). While confirming an increase of the 

average cobalt oxidation state from II to III+, the authors arrived at the conclusion that during the 

OER, an electron ‘hole’ resides on oxygen (the so-called ‘anion-redox’ OER mechanism) ions 

rather than Co cations (hence Co (IV) species do not form), leading to the formation of electron-

deficient ‘oxyl’ species (similar to what has been previously proposed for IrOx-catalyzed OER8,9). 

From the aforementioned works, it appears that (i) the oxidation degree of the Co during the OER, 

namely the occurrence of the Co (II) to Co (III) and Co (III) to Co (IV) transitions, and (ii) the 

formation of the CoOOH phase and its reversibility, are rather controversial in the literature. This 

complexifies even further when addressing the Co-Fe based catalysts for the OER.   

Indeed, several studies have revealed the crucial role of iron in enhancing the OER activity 

of Co- and Ni-based TMO10 catalysts with further controversies regarding the reasons for this 

enhancement. Since iron oxide has a low activity towards the OER, it was suggested that a 

synergetic effect between iron and other TMs such as nickel or cobalt11 lies at the origin of the 

observed enhancement. Using Hubbard model DFT+U calculations, Wang et al.12 demonstrated 

that, for Fe-doped Ni hydroxide, a local arrangement of Fe (III) with two Ni (IV) ions plays an 

important role in the OER activity, and that charge transfer during the OER occurs from Fe (III) 

to the OER intermediates. Xiao et al.13 also suggested a synergy between Fe and Ni where Fe (IV) 

catalyzes formation of an O radical intermediate and Ni (IV) catalyzes the O-O coupling. It was 

also argued that the presence of iron modifies the eg orbital filling14, generating more active 
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materials towards the OER. DFT+U calculations were also applied to elucidate the influence of 

iron on the OER activity of Co3O4
15,16. They revealed influence of Fe on the oxidation state of Co 

and will be discussed in what follows. Although many studies have investigated transformations 

of cobalt-based catalysts during the OER, few have studied Co/Fe catalysts. Calvillo et al.17 studied 

the Fe K-edge and the Co K-edge to scrutinize the chemical and structure changes of a Co-Fe 

spinel powder during the OER and demonstrated that the samples suffered irreversible oxidation 

under the OER conditions leading to the formation of a layer consisting of Co3O4, CoOOH, and 

Fe2O3. They also stated that these were Co (II) cations in tetrahedral (Td) sites that were 

experiencing changes during the OER. Saddeler et al.18 recently studied cobalt iron spinel catalysts 

of different compositions and due to observed changes of the Co and Fe K-edge concluded that 

during the OER cobalt is oxidized to Co (III) while iron maintains its Fe (III) oxidation state. 

In this work, we report on the cooperative redox behavior of core-shell, cobalt iron oxide 

nanoparticles (Fe3O4@CoFe2O4), possessing a conductive Fe3O4 core and an OER active CoFe2O4 

shell. The use of core-shell nanoparticles where Co is present only in the shell has the advantage 

to drastically reduce the Co loading in the electrocatalyst. Furthermore, an improved OER 

performance may be expected if the particle core has beneficial impact on the shell properties19,20.  

The core-shell structure with the catalytically active component localized in the shell is also very 

advantageous for operando investigations, since it significantly increases the surface sensitivity.  

Well-defined NPs with a narrow size distribution and controlled shape and composition both for 

the core and the core-shell were synthesized.  The synthesis consisted in a seed-mediated growth 

based on the thermal decomposition of metal complexes as recently reported21. The obtained spinel 

Fe3O4@CoFe2O4 NPs (Figure 1 A) are homogeneous in size, shape, and composition and possess 

an average diameter of ~14 nm with a shell thickness of ~1.5 nm. Their diffractogram presents 
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peaks characteristic of an inverse spinel structure (Figure S1) in which Fe (II) occupies half of the 

Oh sites while Fe (III) occupies the other Oh sites and the Td sites in the Fe3O4 core. In the CoFe2O4 

shell with inverse spinel structure, Co (II) occupies roughly half of the Oh sites while Fe (III) is in 

the rest of the Oh sites and the Td sites. Hence, Co is only present in the shell while Fe (II) is only 

present in the Fe3O4 core. For the operando NEXAFS study, 10 μL (4.2 μg) of NPs dispersed in 

chloroform were drop-cast either on the surface of a Fumatech anion exchange membrane 

(Fumasep® FAS-50) or on the surface of an Aemion anion exchange membrane (Ionomr 

Innovations Inc.) and then covered by a graphene bilayer22, the latter establishing electric contact 

between the particles and the current collector. The shape of current-potential curves obtained with 

the two types of anion exchange membranes was similar (Figures 2A and S7). The membrane 

electrode assembly was used in the operando liquid spectro-electrochemical cell of the Innovative 

Station for In Situ Spectroscopy (ISISS) Beamline at Bessy synchrotron (Figure S5). A detailed 

description of the spectroelectrochemical cell can be found in ref23. Complementary 

electrochemical measurements were performed in a conventional three-electrode electrochemical 

cell in 0.1 M NaOH electrolyte by depositing NPs on a glassy carbon (GC) disc (Figure S6). The 

core-shell nanoparticles exhibited OER activity of ~ 350 A/goxide at 1.65V vs. RHE (Figure S6) 

and this activity was multiplied by a factor of 10 if the current was normalized to the active 

component (cobalt mass). Their redox behavior was studied by operando NEXAFS in a wide 

potential interval (cf. cyclic voltammogram, CV, of Fe3O4@CoFe2O4 NPs acquired in the 

operando cell and presented in Figure 1 B) by monitoring the evolution of the near edge X-ray 

absorption fine structure (NEXAFS) spectra recorded for cobalt and iron L2,3-edges and oxygen 

K-edge as a function of the applied potential. The Fe, Co L-edge, and O K-edge NEXAFS spectra 

were collected in total electron yield mode (TEY). The sampling depth of TEY measurements is 
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typically a few nanometers making this technique sensitive to the catalyst surface modifications 

during the OER. 

We start our discussion with the analyses of redox transformations occurring at low 

electrode potentials. When the potential is decreased, a pair of anodic (PA) and cathodic (PC) redox 

peaks is observed in the CV at ca. 0.2 and at -0.2 V vs. the reversible hydrogen electrode (RHE), 

respectively (Figure 1C). The corresponding NEXAFS Fe L2,3-edges spectra measured in the 

interval from 1.0 down to -0.5 V vs. RHE are presented in Figure 1 C. For comparison, the cyclic 

voltammetry curve obtained for the core material (Fe3O4) is presented in Figure S8.  The Fe L3 and 

L2-edge peaks are observed in the intervals 709-712 eV and 720-725 eV respectively (Figure 1 C), 

and are sensitive to the valence and redox state of the atoms. At 1.0 V vs. RHE, the fine structure 

of the Fe L3-edge shows a second contribution at 709 eV, which is attributed to Fe (II), while the 

main peak at 711 eV is attributed to Fe (III)24. The intensity ratio between the Fe (III) and Fe (II) 

peaks at 1.0 V vs RHE for core-shell NPs is 0.59, slightly lower than the Fe (III)/Fe (II) intensity 

ratio of 0.61 observed for the Fe3O4 core NPs (Figure S9), pointing to smaller Fe (III) fraction on 

the surface of core-shell NPs compared to Fe3O4 NPs. The redox peaks of Figure 1B can be 

assigned with the help of the NEXAFS spectra. In the Fe L3-edge spectra measured at -0.2 vs. RHE 

(Figure 2 C), a significant increase of the Fe (II) peak and a pronounced decrease of the Fe (III) 

peak are clearly observed. Moreover, another shoulder at 706 eV, characteristic of the formation 

of FeO25, emerges at low potentials. These changes are accentuated at -0.5 V vs. RHE. Similar 

changes are also seen on the L2 peaks at 720 eV, 722 eV, and 724 eV. Thus, a significant amount 

of the Fe (III) cations in the CoFe2O4 shell and also in the Fe3O4 core is reduced to FeO at potentials 

negative of the cathodic peak PC. The Co L3-edge spectrum at 1V vs. RHE (Figure S10) displays 

3 contributions between 777 and 784 eV and confirms the presence of Co (II) in the shell as 
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expected for CoFe2O4. It should be mentioned that the Co L2,3-edge spectra are not modified even 

for potentials as low as -0.5 V vs. RHE, suggesting that Co (II) is not reduced at these potentials 

(Figure S11 A) while the O K-edge spectra evidenced some changes related to the transformation 

of the spinel structure into the wüstite structure (Figure S11 B). Furthermore, no signature 

corresponding to the reduction to metallic iron was observed in the NEXAFS spectra contrary to 

what has been reported in some previous publications26).1 When the potential is returned to its 

initial value (1.0 V vs. RHE), the Fe (II)/Fe (III) ratio returns to its initial value. Consequently, the 

chemical transformation of Fe (III) into Fe (II) and back appears reversible. Lastly, scanning TEM 

high angle annular dark-field (STEM-HAADF) micrographs and electron energy loss 

spectroscopy (EELS) STEM mappings before (Figure 1 D, 1E and 1F) and after (Figure 1 G, 1H 

and 1I) the application of -0.5 V vs. RHE for 30 min were studied. The results provide evidence 

for Co redistribution inside the core-shell NPs: before the application of a potential, the NPs 

present a high-density contrast between the core and the shell while after reduction they present a 

more homogeneous distribution of Co in the entire volume of the NPs.  These differences likely 

result from the atomic diffusion inside the core and indicate that while being chemically reversible, 

the redox cycling results in some structural irreversibility of the core-shell NPs. Additional TEM 

micrographs of the NPs before and after reduction can be found in Figures S2 and S3. The 

important changes observed in the Fe L2,3-edge spectra underline that the NPs probed by the soft 

X-ray beam are electrically connected to the graphene bilayer, confirming that this spectro-

 
1 Note that if the potential was scanned further negative, the CV became irreversible (not shown), 

which we tentatively attribute to the reduction of Fe3O4 to metallic Fe.   
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electrochemical cell design can be successfully utilized to assess changes occurring during the 

OER using operando NEXAFS. 

 

 Figure 1: A) TEM image of the Fe3O4@CoFe2O4 core-shell NPs and their size distribution, average 

diameter 14 nm. B) Cyclic voltammetry curves of core-shell NPs acquired in a spectroelectrochemical cell 

with 0.1 M NaOH electrolyte at 20 mV s-1 scan rate. C) Area-normalized NEXAFS Fe-L2,3 edge spectra for 

core-shell NPs at different applied potentials. All potentials are with respect to the RHE scale and are not 

iR-corrected. STEM-HAADF images of the NPs before (D and E) electrochemical measurements and after 

the application of -0.5 V vs. RHE for 30 min (G and H). F and I) Spatially-resolved EELS STEM analyses 
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of the core-shell NP from G) (before electrochemical measurements) and from H) (after application of -0.5 

V vs. RHE for 30 min), correspondingly. Cobalt is colored blue; iron - green; and oxygen - red. 

With this knowledge, we turn to the analyses of NEXAFS spectra acquired above 1.0 V vs. 

RHE. The cyclic voltammogram shown in Figure 2A shows a pair of low intensity peaks (PA,1 and 

PC,1) around 1.05 V vs. RHE, which are usually attributed to the Co (II/III) transition in Co3O4 or 

Co(OH)2 materials5,6. Additionally, a cathodic peak usually attributed to the Co (III/IV) 

transition5,6 is observed at higher positive potentials, around 1.3 V vs. RHE (PC,2). The oxidation 

peak is hidden by the OER and is consequently barely distinguishable. Since the intensity of these 

CV peaks is low (compared to the peaks observed at low potentials), the changes in the NEXAFS 

spectra are expected to correspond to a minor oxidation change of the cations (Figure 2 B, C and 

D). The cyclic voltammetry curve obtained for Fe3O4 NPs does not exhibit these peaks around 1.1 

and 1.4V. 

 

Figure 2: A) Cyclic voltammogram of Fe3O4@CoFe2O4 core-shell NPs acquired in a spectroelectrochemical 

cell in 0.1 M NaOH electrolyte at 20 mV.s-1 scan rate. Area-normalized Co-L3 edge (B) and Fe-L3 edge (C) 

NEXAFS spectra for core-shell NPs at different applied potentials. D) Fe-L3 edge NEXAFS spectra to 
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which the spectrum at 1.0 V vs. RHE has been subtracted. STEM-HAADF images (E and F) and spatially-

resolved EELS analyses (G) of core-shell NPs after the application of 1.75 V for 30 minutes. Cobalt is 

colored blue; iron - green; and oxygen - red. All potentials are with respect to the RHE scale and are not 

iR-corrected. 

 

At 1.0 V vs. RHE, the Co L3-edge NEXAFS spectrum exhibits a shape characteristic of Co 

(II). By comparing this spectrum with the simulated L2,3-edges spectra of Co in Oh and Td sites27, 

it is estimated that roughly 75% of cobalt resides in the Oh and 25% in the Td sites as expected 

for a mainly inverse spinel structure (Figure S10A). Surprisingly, when the potential is increased, 

in 0.2 V increments, up to 1.8 V vs. RHE (Figure 2B), the Co (II) signal is still largely present in 

NEXAFS spectra revealing that the spinel structure is preserved even under the OER conditions. 

However, it is worth noticing that the L3 peak slightly shifts to higher energies when the applied 

potential increases, suggesting that a small fraction of Co (II) is transformed into Co (III) (see 

figure S10B for comparison with the published Co (II) and  Co (III) L-edge spectra). Potential-

induced changes observed at the Fe-L3 edge (Figure 2C) are more significant with (i) the 

characteristic Fe (II)/Fe(III) peak ratio decreasing to 0.46 at 1.8 V vs. RHE and (ii) the 

disappearance of the 707 eV shoulder, both evidencing oxidation of a fraction of Fe (II) present in 

the NPs core into Fe(III)28.  As iron in the Fe (II) oxidation state is only present in the Fe3O4 core 

(in the shell it is Fe (III)), we conclude that the Fe3O4 core is strongly influencing the chemical 

properties of the CoFe2O4 shell, as this oxidation likely results from an electron transfer from the 

Fe (II) in the core to compensate for the Co oxidation and reduce the Co (III) species in the shell, 

essentially maintaining its Co (II) state. Additionally, STEM-HAADF micrographs and EELS 

mappings of the NPs after the oxidation (Figure 2 E, F and G) demonstrate that the crystallinity 

and the presence of the Co-containing shell have been preserved even after the application of 1.75 
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V vs. RHE for 30 minutes. Supplementary high-resolution TEM (HRTEM) micrographs of the 

NPs after oxidation can be found in Figure S4. However, the NPs appear to be rougher and the 

edges are not as sharp as before applying the anodic potential (Figure 2E). Such roughening may 

be tentatively attributed to the NP restructuring driven by the migration of excess Fe (III) cations 

from the core to the shell of the NPs. This hypothesis is supported by the reported evidence of the 

inverse spinel structure Fe3O4 (magnetite) that can easily transform into -Fe2O3 (maghemite) 

which is a deficient spinel, with vacancies in the octahedral sublattice29. For example, oxidation 

of Fe (II) of magnetite NPs into Fe (III) by molecular oxygen involves electron hopping along with 

migration of Fe (III) cations through the lattice framework, generating vacancies in the octahedral 

sublattice (and their migration) in order to preserve the charge balance29.  

It is interesting to note that no changes were observed in the low excitation energy region 

of the O K-edge spectra when the potential was increased from 1.0 to 1.8 V vs. RHE (Figure S12). 

Thus, an anion redox mechanism involving the formation of an electrophilic oxygen species OI- as 

an OER intermediate can be discarded. On the other hand, a small peak around 714 eV emerges in 

the Fe L-edge spectra at E > 1.6 V vs. RHE (Figure 2 C and D) and may be tentatively attributed 

to the formation of Fe (IV), since broadening of the L3 peak has been shown in the literature to 

correspond to Fe (IV)30,31.  Subtracting the spectrum obtained at 1 V vs. RHE from the spectra at 

higher potentials (Figure 2D) better highlights this peak. The presence of this peak agrees with a 

cation redox OER mechanism involving possible participation of Fe (IV) in the OER active site as 

it was suggested by Enman et al. upon operando hard-X-ray investigation of Co(Fe)OxHy 

oxyhydroxide32. Note that on the core alone (Fe3O4, Figure S9), which is much less OER-active 

and which has been proven to be stable during oxidation33, almost no changes are seen on the Fe 

L-edge under the OER conditions. This hindered Fe3O4 core compared to Fe3O4@CoFe2O4 core-
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shell NP oxidation may be attributed to the presence of a thin layer of -Fe2O3 on the surface of 

the Fe3O4 NPs acting as a passivating layer30 and highlights the synergy between the Fe from the 

core and Co from the shell during the OER.   

Considering this observation, we can conclude that in the core-shell NPs a small fraction 

of Fe (II) from the core, likely localized in the close proximity to the shell, is oxidized to Fe (III) 

to maintain the Co (II) state above 1.1 V vs. RHE. To preserve electroneutrality in the core, this 

Fe (III) cation probably migrates from the core towards the surface of the NPs, leaving behind a 

vacancy in the core and leading to a roughening of the NP surface. It is interesting to note that 

stabilization of the Co(II) state at high applied potential by the nearby Fe was already invoked in 

Refs. 15,16 dealing with DFT+U calculations of Co3O4(001) and CoFe2O4 (001) surfaces with and 

without an additional half or full monolayer of Fe. It was concluded that the OER active site is 

octahedral Co, both in the presence and in the absence of a Fe monolayer. However, while for the 

Fe-free surface Co is oxidized to reach a Co(IV) state15, the presence of a Fe monolayer (for 

example, on the CoFe2O4 (001) surface) stabilizes the Co(II) state16, while itself relaxing to 

octahedral sites and accepting the Fe(III) oxidation state under the OER potential. In this case, the 

OER catalytic cycle would involve the oxidation of a surface active site composed of Co(II) 

interacting with a nearby Fe(III), into Co(III).  The formation of short-lived Co (IV) as it has been 

suggested in the literature on similar compounds12,34 cannot be fully discarded. However, 

considering that only a small fraction of Co (II) is transformed into Co (III) during the OER, such 

a scenario is quite unlikely for the core-shell NPs. Finally, these results suggest that the anion 

redox mechanism previously proposed for IrOx8,9 and Co3O4
18 anodes involving electron-deficient 

oxygen as an active intermediate is rather unlikely.  
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In addition, it is worth noticing that the spinel structure is preserved in the core as both Fe 

(II) and Fe (III) are present in the NPs at all potentials (cf. Figure 2C) as well as in the CoFe2O4 

shell, where the Co is mainly resting in the Co(II) state (cf. Figure 2B), even at high potentials  

where the formation of cobalt oxyhydroxyde phase has been previously found for Co3O4.
3-5  

 

 

 

Figure 3: Proposed redox transformations on core-shell NPs depending on the applied potential. Step 1: At 

E=1.0 V vs. RHE, Fe (II) and Fe (III) are coexisting in the core, and the shell is composed of Co (II) and 

Fe (III). Step 2: At 1.0>E >1.2 V vs RHE, an electron is transferred from Co (II) in the particle shell to the 

current collector. However, Co (III) is not observed by NEXAFS since it is reduced back to Co (II) due to 

an electron transfer from Fe (II) (residing in the NP core in the close proximity to the shell) resulting in the 

Fe (III) formation. This Fe (III) cation then likely migrates to the surface, leaving behind a cationic vacancy 

in the particle core. Step 3: Above 1.2 V vs RHE, Co (II) in the shell is partly oxidized to Co (III). Step 4: 

OER occurs on an active center comprised of Co (III) and Fe (III). However, one cannot exclude formation 

of active Fe (IV) species above 1.4 V vs RHE. Oxygen atoms are in red, cobalt in blue and iron in green.  

To conclude, we performed an operando study using soft X-ray absorption spectroscopy 

over a wide potential range spanning from -0.5 V vs. RHE up to the OER interval on membrane 
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electrode assemblies containing cobalt iron oxide spinel core-shell nanoparticles 

(Fe3O4@CoFe2O4) covered by a graphene bilayer. This approach turns out to be well-suited for 

studying redox transformations of these NPs. The work sheds light onto the interactions between 

the core and the shell, providing insights into the synergies that might exist between the Fe in the 

core and the Co in the shell. We document a strong influence of the Fe3O4 core on the redox 

behavior of the CoFe2O4 shell under OER conditions. Compared to previously investigated Co3O4 

or Co(OH)2 NPs3–6, core-shell Fe3O4@CoFe2O4 NPs behave differently: most of the cobalt atoms 

in the shell remain in a Co (II) oxidation state in the potential region where significant OER occurs. 

In addition, the presence of Co in the shell favors the oxidation of some fraction of Fe (II) into Fe 

(III) in the NPs core (in close proximity to the shell). Hence, these results suggest the occurrence 

of a cation-redox OER mechanism involving cooperative redox behavior between Co and Fe 

atoms. It is remarkable that the core-shell spinel structure is essentially preserved under the OER 

conditions but cannot withstand cathodic polarization to – 0.5 V vs. RHE.  
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