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ABSTRACT  

The addition of iron (Fe) can in certain cases have a strong positive effect on the activity of cobalt 

and nickel oxide nanoparticles in the electrocatalytic oxygen evolution reaction (OER). The 

reported optimal Fe dopant concentrations are, however, inconsistent and the origin of the 

increased activity due to Fe dopants in mixed oxides has not been identified so far. Here we 

combine density functional theory calculations, scanning tunneling microscopy and OER activity 

measurements on atomically defined Fe-doped Co oxyhydroxide nanoparticles supported on a gold 

surface to establish the link between the activity and the Fe distribution and concentration within 

the oxyhydroxide phase. We find that addition of Fe results in distinct effects depending on its 

location on edge or basal plane sites of the oxyhydroxide nanoparticles, resulting in a non-linear 
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OER activity as a function of Fe content. Fe atom substitution itself does not lead to intrinsically 

more active OER sites than the best Co sites. Instead, the sensitivity to Fe promoter content is 

explained by the strong preference for Fe to locate on the most active edge sites of oxyhydroxide 

nanoparticles, which for low Fe concentrations stabilizes the particles, but in higher concentrations 

leads to a shell structure with less active Fe on all edge positions. The optimal Fe content thereby 

becomes dependent on nanoparticle size. Our findings demonstrate that synthesis strategies that 

adjust not only the Fe concentration in mixed oxides but also its distribution within a catalyst 

nanoparticle can lead to enhanced OER performance. 

Keywords: cobalt-iron oxide, oxygen evolution reaction, doping effect, scanning tunneling 

microscopy (STM), X-ray photoemission spectroscopy (XPS), density functional theory (DFT), 

cyclic voltammetry (CV) 

 

Doping of a material is an effective strategy to modulate its properties including, for example, its 

conductivity, photo-absorption as well as its chemistry. In catalysis, numerous metal, metal-oxide 

and metal-sulfide systems have shown how catalytic materials exhibit modified activity and 

selectivity with the addition of certain dopants.1–7 While the dopant concentration of a given 

catalysts has been proven to be a key extrinsic synthesis parameter for the catalytic performance, 

there is only limited insight on the importance of the exact location of dopants within these 

materials. Importantly, it is known for some structure sensitive materials that nanoparticles 

exposing different surface facets can exhibit widely different chemistries.8–11 Hence, doping the 

different parts of a nanoparticle has the potential to result in a spectrum of chemistries, which may 



 3 

be beneficially tuned for facet controlled catalytic performance of the material including 

improvements in activity and/or stability. 

A set of materials with very prominent catalytic dopant effects are represented by mixed transition 

metal oxide systems consisting of Fe added to Co or Ni oxides.12–14 These materials are considered 

among the best earth-abundant catalyst candidates to replace the high cost and scarce noble metal-

based oxygen evolution reaction (OER) catalysts like Ir and Ru for alkaline conditions.15–17 The 

active form of the mixed oxides is associated with an oxyhydroxide phase (denoted as 

Co(Fe)OOHx and Ni(Fe)OOHx)), shown to be present as hexagonal platelet nanoparticles under 

OER conditions.17,18 According to literature, the observed OER activity is highly sensitive to the 

Fe concentration. However, the role of Fe dopants remains debated and an optimal Fe-doping 

synthesis procedure remains to be developed, exemplified by the wide range of OER activities 

observed for a given Fe concentration.15,19–23 Moreover, a wide range of Fe concentrations from 

3% to 70% have been reported as an optimal doping level for OER activity.16,24–32 Extensive 

characterization efforts have utilized microscopy and spectroscopy techniques and computational 

modeling for Co(Fe)OOHx and Ni(Fe)OOHx to investigate the promoting effect of Fe.33–39 Several 

active sites in Fe-containing oxides/(oxy)hydroxides have been suggested, including the 

possibility of under-coordinated edge sites involving alternating Fe and Co sites being the best 

sites for OER.25,40–46 Atom-resolved scanning tunneling microscopy (STM) imaging and density 

functional theory (DFT) calculations have for example directly shown that hexagonal cobalt oxide 

nanoparticles on Au(111) exhibit different electrocatalytic activity at the under-coordinated edges 

of the nanoparticles as compared to the basal planes, in line with edge reactivity reported for 

exfoliated CoOOHx.18,47 For catalyst systems where Fe has been found to have a promotional 

effect, it has been proposed that the Fe dopants embedded in the Co oxyhydroxide result in an Fe-
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O bond shortening and a high oxidation state of Fe, which then has lead authors to conclude that 

Fe is the active site for OER.34,35 Operando x-ray photoemission and absorption spectroscopies 

have shed light on the chemical state of Fe dopants,48–50 but no studies have yet been able to 

correlate the catalytic performance of the Fe dopants with its location within the active 

oxyhydroxide phase. It is only in very recent OER performance studies of pure/mixed oxides that 

attention has been directed towards the importance of the stability and morphology evolution of 

the oxide catalyst material.24,39,51–53 

Herein, we study Fe-doped CoOOHx nanoparticles supported on a Au(111) substrate to investigate 

the effects of Fe dopant concentration and location on the OER performance, building on our 

previous studies of pure cobalt oxyhydroxide nanoparticles.47,54,55 We combine computational 

modeling of the structure, stability and reactivity of Fe in CoOOHx with an experimental approach 

where hexagonal CoOOHx nanoparticles with varying Fe content and morphology are transferred 

back and forth between an ultra-high vacuum (UHV) STM and an electrochemical (EC) setup 

operated in alkaline OER conditions. We show that the OER activity does not always improve 

with the presence of Fe. Instead OER activity scales in a non-linear fashion with the Fe 

concentration within the CoOOHx nanoparticle, achieving the highest OER activity ~3 at.% Fe. 

Our analysis of the Fe atom location with the resulting activity unambiguously point to OER 

activity at the edge sites of the oxyhydroxide nanoparticles. Rather than the formation of new, 

intrinsically more active Fe doped edge or basal plane sites, we show that the role of Fe in 

increasing the OER performance is surprisingly associated with a stabilization effect of 

Co(Fe)OOHx nanoparticles presenting the most active Co edge sites during OER. Our results thus 

demonstrate that the optimum OER performance is reached for an Fe doping concentration high 

enough to stabilize the nanoparticles, whereas higher Fe concentrations lead to gradually less 
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active edges. This location-dependent activity of Fe offers an explanation the strongly varying 

optimal Fe doping levels reported for OER catalysts in the literature, since the optimal Fe doping 

level depends on the nanoparticle size. 

Figure 1. STM characterization of Co, Co(Fe), Fe oxide nanoparticles/particles on Au(111) before and after OER. 

The first row of STM images show the morphology of a) CoO, b) FeO and c-e) Co(Fe)Ox nanoparticles with different 

Fe contents, 2.8 at.%, 5.1 at.% and 9.9 at.%, respectively. The triangular features indicated by white arrows in c-e) 

and shown in the atom-resolved inset of e) reflect the STM contrast of lattice O sites near Fe atoms, with each feature 

corresponding to one isolated Fe dopant. The scale bar of the e) inset is 0.5 nm. Overviews of the morphology of the 

f) bi-layer Co(Fe)O and g) CoOOHx (tri-layer) and h) Co(Fe)OOHx (tri-layer) made by subsequent oxidation, 

respectively. i) Co 2p XPS spectra of bi-layer CoO, UHV-made and CV-made tri-layer CoOOHx. SS indicates shakeup 

satellites. The spectra show the doublet structure consisting of Co2p3/2 and Co2p1/2. j) The Co(Fe)OOHx surface 

morphology after the CV measurement. STM parameters a) Vt = -1.20 V, It = -0.2 nA, b) Vt = -0.44 V, It = -0.24 nA 

c) Vt = -0.19 V, It = -0.39 nA, d) Vt = -0.59 V ,It = -0.38 nA, e) Vt = -0.29 V, It = 0.86 nA, f) Vt = 1.16 V, It = 0.45 

nA, g) Vt = -1.44 V, It = -0.17 nA, h) Vt = 1.41 V, It = 0.49 nA, j) Vt = 1.86 V, It = 0.50 nA. 

RESULTS AND DISCUSSION 

The Fe location in CoOOHx. We start by analyzing the preferential location of atomically 

dispersed Fe atoms within cobalt oxide using atom-resolved STM images and corresponding 

structures modelled with DFT. The experiments are based on a planar electrocatalysts model 

system, which we used previously to evaluate the structure and corresponding OER activity for 

undoped Co-oxide nanoparticles on Au(111).53,54 The corresponding Co(Fe)OOHx planar model 
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catalysts investigated are synthesized by adding controlled amounts of Fe to a bi-layer CoO 

precursor structure, as reported in previous work56,57, followed by oxidation into Co(Fe)OOHx 

nanoparticles with a tri-layer (O-Co(Fe)-O) structure55 (see more details in Methods). The STM 

images in Figure 1a-e compare the spatial distribution of Fe dopants within the initially synthesized 

CoO nanoparticles of different Fe concentrations ranging from undoped CoO nanoparticles, Fe 

contents of 2.8 at.% , 5.1 at.% and 9.9 at.%, and pure FeO nanoparticles, respectively, all at a total 

nanoparticle coverage of 0.37±0.04 ML (monolayer) on the support. In the atom-resolved STM 

images, each Fe site is identified as a dark triangular feature embedded within the atomic host CoO 

lattice56 and the precise atomic concentrations (stated as an Fe atomic percent relative to all metal 

sites) are obtained by counting these triangular features (see white arrows in Figures 1c-e and inset 

in 1e). The nanoparticles furthermore adopt a hexagonal shape (Figure 1f) reflecting a morphology 

with two types of low-index edges that terminate the Co(Fe)O sheet56,58, termed the metal (M-

edge) and oxygen (O-edge), respectively (see supplementary information, SI Figure S1). 

The DFT results presented in Figure 2 show the η associated with substitutionally incorporating 

the Fe atoms in the basal plane and the characteristic M-edge and O-edge locations in a Co-O bi-

layer stripe supported on Au(111), which is the experimental starting structure, as well as a tri-

layer stripe supported on Au(111) (See Methods). 

For the bi-layers (Figure 2a), the calculated incorporation energies for single isolated Fe dopants 

(black) or multiple Fe atoms in a chain (green) show a variation with the Fe location indicated in 

ball model below, with a slight preference for Fe at the O-edge. Hence, a distribution of Fe dopants 

among these positions within the bi-layer is in good agreement with the experimentally observed 

location of Fe dopants at both basal plane, but in particular also at edge positions in Figure 1c-e 

(see also SI Figure S2). We therefore conclude that Fe is initially present both at basal plane sites 
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and on both edge positions within the bi-layer Co(Fe)O nanoparticles, with an increased amount 

of Fe located in the edge region for the high Fe content. Interestingly, the energetic preference for 

Fe dopants to be present at edge sites is strongly increased in the oxidized tri-layer (i.e. the 

CoOOHx) phase. The DFT calculations for the tri-layers (see Figure 2b) show that Fe is slightly 

more stable on the M-edge compared with the O-edges, while in all cases, the Fe position on the 

basal plane is less favorable by as much as 0.4 eV compared to the edges, which is different from 

the preferences found for the bi-layers. The addition of single Fe atoms (black bars) or multiple 

neighboring Fe atoms (green bars) in the l tri-layers stripe models, does not qualitatively change 

the strong preference for Fe on edge sites. To investigate how hydroxylation may affect Fe 

incorporation patterns and energetics throughout the nanoparticle shown in Figure 2b, we 

performed calculations of hydroxylated tri-layer stripe models. The results reveal that the Fe 

doping patterns remain the same (see Table S1). We note that direct STM imaging of the Fe 

location within the tri-layer Co(Fe)OOHx phase was restricted by the extensive surface 

hydroxylation, which occurs even for oxidation in vacuum conditions (Figures 1g and h, see also 

Figure S3), thus limiting a reliable assignment of the STM contrast of Fe in the post-EC trilayer 

structures here. Additional imaging experiments with electrochemical STM53 or the atomic force 

microscopy59 or scanning transmission X-ray microscopy methods used on undoped CoOOH39 

might be used to clarify this aspect. 
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Figure 2. Stability of Fe in CoOOHx. The calculated incorporation energies (in eV) of Fe substitutionally placed on 

metal atom sites in the a) bi-layer stripes (CoO) and b) tri-layer stripes (O-Co-O) on Au(111). The sequence of the bar 

plot reflects the six positions shown in the side view ball model below when crossing from the O-edge over basal 

plane sites to the M-edge. For comparison, energies are reported for single Fe substitution (black bars) and for multiple 

neighboring Fe atoms (full chains) (green bars). 

Starting from the Co(Fe)O precursor structures in Figure 1a-e, the Fe-doped tri-layer phase 

(Co(Fe)OOHx) is formed in situ in the experiment by exposure to an oxidizing environment as 

shown in Figures 1g and 1h, respectively.55 Our previous work using STM and ambient pressure 

XPS have shown that Co tri-layer structures are immediately formed on Au(111) by exposure to 

ambient pressure of oxygen, H2O vapor or liquid water, differing only in the amount of hydrogen 

forming terminal hydroxyl groups, i.e. corresponding to CoOOHx nano-particles. Figures 1g and 

1h represent nano-particles of undoped CoOOHx and Co(Fe)OOHx with 2.8 at.% Fe, respectively, 

prepared by oxidation in O2 at 400 K with a high local pressure at the sample surface (>1×10−4 

mbar). The change due to oxidation is also seen in the Co2p XPS spectra (Figure 1i) converting 

from a Co2+ oxidation state in the Co(Fe)O structure to the Co3+ oxidation state in the tri-layer 
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structure determined by the narrower peak shape and shift of the shake-up satellite (SS) to higher 

binding energy (dashed oval in Figure 1i). A comparison to the STM image of the pristine Co(Fe)O 

(Figure 1f) shows that the hexagonal shape and overall nanoparticle size from the bi-layer samples 

is approximately maintained during formation of tri-layer Co(Fe)OOHx. Like the bi-layers, these 

nano-particles are thus bounded by the metal (M-edge) and oxygen (O-edge) modelled in Figure 

2b, respectively. 

Figure 1j shows a post-OER STM image of the 2.8 at.% Fe sample obtained after ten CV cycles 

(0 to 0.8 V vs. Ag/AgCl, 10 mV/s). The CV data, which will be discussed further below, were 

recorded ex situ on a sample removed from the UHV chamber, followed by a rinsing procedure 

and re-insertion into the UHV-STM and XPS station. The comparison with the pristine Fe-doped 

CoOOHx tri-layers (Figure 1h) shows that the particle morphology is only preserved to some extent 

after the CV measurement (see also SI Figure S4a). The ~2.7 Å height of the nanoparticle above 

the Au substrate obtained from STM line scan (SI Figure S4b and S4c) and the average area 

matches well the of the pristine Co(Fe)OOHx (Figure 1h) in agreement with XPS analysis of the 

Co (Figure 1i).However, the edges have clearly become more jagged and rough compared to the 

pristine system. This indicates a certain level of particle reshaping and material redistribution, in 

particular around the Co(Fe)OOHx nanoparticles edges. Modification of the nanoparticle edges as 

a response to the electrolyte was expected based on previous in-situ STM imaging in H2O vapour47 

and recent EC STM analysis of the undoped CoOOHx nanoparticles53. In particular, post-OER 

STM images of undoped CoOOHx/Au(111)54 evidenced a strong degree of agglomeration reflected 

by a >300 % gain in CoOOHx particle average area after contact with the electrolyte. Evidently 

this tendency for agglomeration of the pure Co oxide phase during contact with the electrolyte54 

appears to be strongly suppressed for the Fe-doped nanoparticles where the average size is 
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approximately kept for the same experiment (48±8 nm2 in Figure 1h to 57±7nm2 in Figure 1j). 

Unlike in the bi-layer structures (Figures 1c-e), the STM images of the tri-layer structures do not 

reveal a clear signature of the position of Fe for the post-OER sample (Figure 1j), likely due to 

electrolyte deposits. Considering the strong thermodynamic preference predicted by DFT for Fe 

to be present on the edges, it is however very likely that Fe and Co mobility during re-shaping of 

the nanoparticle will lead to Fe enrichment of the edges of the Fe-doped CoOOHx phase, during 

operation at OER conditions. 

OER activity of Co(Fe)OOH. To see the implications of adding Fe to the CoOOHx structure, we 

next analyze the relation between structure and the electrocatalytic OER performance by first 

calculating the theoretical overpotentials for Fe-doped tri-layer nano-particles and comparing these 

to CV data on the STM-characterized planar model catalyst with varying Fe contents. In light of 

the driving force for Fe enrichment of the edges, we consider theoretical models where a gradually 

increasing fraction of the Fe is placed at the edges. We use stripe models to study the Fe 

substitutional doping (see Figure 2b) where both an O-edge and M-edge are present within the 

same stripe, which is a similar approach used in a previously established framework for calculating 

the overpotentials at specific sites in cobalt oxides for OER in alkaline conditions60 (see Methods 

and SI for details).  
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Figure 3. Site-dependent OER activity of hexagonal Co(Fe)OOHx nano-particles at different Fe doping levels. Top 

and middle panel shows the perspective and top view ball models of the atomic structure of CoOOHx nano-particles 

on Au(111) with different Fe-dopant (black) concentrations (no Fe doping 0 at.%, low Fe doping 5 at.%, filled edges 

with a distribution of Fe locations based on the thermodynamic Fe-dopant incorporation energies. The last model 

shows a hypothetical (ideal) situation with Co edge sites on an FeOOHx nano-nano-particle. Bottom panel shows the 

same nano-particles colored according to a scale to show the theoretical OER overpotential at the different sites, 

calculated from stripe models. 

For the undoped Co tri-layer (see Figure 3 No Fe Doping), we find that the Co sites at the M-edge 

exhibit the lowest overpotential (0.30 V) (See Table S4-6), making them the globally most active 

site for OER (in agreement with Ref. 54). The sites at the O-edge and the basal plane both require 

higher overpotentials for the reaction to proceed ( 𝜂𝜂𝐷𝐷𝐷𝐷𝐷𝐷
𝑂𝑂−𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 0.55 V and 𝜂𝜂𝐷𝐷𝐷𝐷𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 1.37 V, 

respectively). Surprisingly, we find that the substitution of Co with an Fe dopant increases the 

overpotential on both edges to 𝜂𝜂𝐷𝐷𝐷𝐷𝐷𝐷
𝑀𝑀−𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝐷𝐷𝑒𝑒)= 0.69 V and 𝜂𝜂𝐷𝐷𝐷𝐷𝐷𝐷

 𝑂𝑂−𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝐷𝐷𝑒𝑒)= 0.85 V, respectively, on 

the metal edge and oxygen edge. On the other hand, the presence of an Fe dopant on the basal 
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plane of the nano-nanoparticle decreases the overpotential from 1.37 V to 𝜂𝜂𝐷𝐷𝐷𝐷𝐷𝐷
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝐷𝐷𝑒𝑒)= 0.99 V, 

which is, however, still much higher than at any edge site. We have checked that the overpotentials 

calculated for these systems did not change significantly for hydroxylated tri-layers (see SI Figure 

S5 and Table S7). 

To visualize the overall implications of the Fe site-dependence on the OER overpotentials, we 

illustrate the OER performance of well-defined hexagonal CoOOHx nanoparticles exposing all the 

investigated sites. The bottom panel of Figure 3 shows a distribution of site-specific overpotentials 

with a new color of the metal representing their OER activity. Here, an undoped CoOOHx 

nanoparticle exposes sites with the globally lowest overpotential of 0.30 V originating from the 

Co sites on the metal edge (blue) and less active basal plane sites. A nanoparticle with a low Fe-

doping (here 5 at.%) with the expected Fe distribution based on the computational findings still 

has a considerable amount of Co edge sites with the lowest overpotential of 0.30 V and higher 

overpotentials on the Fe sites of the metal edge (see Figure 3 Low Fe Doping and Filled Fe Edges), 

in addition to having some new sites on the basal planes that show lower overpotentials compared 

to the undoped basal plane sites. In the limit where the Fe-doping concentration is high enough to 

form an Fe-terminated core-shell hexagonal nanoparticle (filled Fe-doped edges), the nanoparticle 

only has sites exhibiting overpotentials larger than 0.71 V. The calculated overpotentials thus show 

the distinctly different roles of Fe depending on the location of the Fe dopant within the cobalt 

oxide nanoparticle. Importantly, the prediction from the model shows that direct substitution of Fe 

into the CoOOHx phase only has a minor promotional effect on the OER activity due to doped 

basal plane sites, while it has a considerable unfavorable effect at higher Fe concentration when 

Fe is replacing Co at its most thermodynamically favored location at the metal edge.   
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Figure 4a displays anodic scans of CV curves for OER as a function of Fe content for the planar 

model samples with undoped Co-oxide, low (2.8 at.%), intermediate (5.1 at.%) and high (9.9 at.%) 

Fe content, respectively, together with the pure Fe-oxide reference representing a poor OER 

catalyst61, corresponding to the five samples in Figure 1a-e. The OER activity of these samples 

was measured using CV in alkaline condition (1 M KOH solution) by transferring the sample out 

of the vacuum into an ambient three-electrode electrochemical setup (see details in Methods). The 

contact with air during transfer to the EC cell oxidizes the initial bi-layer nanoparticles (Co2+ 

oxidation state) into hexagonal tri-layer nano-particles (Co3+ oxidation state) as verified by STM 

and NAP-XPS55, meaning that CV curves are recorded for the oxidized Co(Fe)OOHx phase. The 

maximum OER current density is seen to be very sensitive to the initial Fe content (Figure 4a). 

The sample with low Fe content at ~2.8 at.% exhibits a significant increase in the current density 

(from 1.9 mAcm-2 to 6.5 mAcm-2 at 700 mV) and a slight decrease in the onset potential compared 

to the undoped sample (from 0.69 V vs. 0.63 V at 1 mAcm-2 vs. Ag/AgCl). Interestingly, however, 

the intermediate (5.1 at.% Fe, green) and high Fe content (9.9 at.% Fe, blue) show successively 

lower activity, approaching the low activity of pure Fe oxide. The drop in activity is expressed in 

both lower current densities and significantly higher onset potentials (>0.80 V vs. Ag/AgCl). 

Overall, this evidences a non-linear structure-activity trend, where a low Fe amount (here ~2.8 

at.%) enhances the activity whereas a progressively higher Fe content first reduces and eventually 

reverses the doping effect. 
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Figure 4. OER activity measurements on Co(Fe)OOHx nano-particles on Au(111). a) Anodic scans in the OER region 

for samples with different Fe contents in 1 M KOH solution. The second scan out of a series of 10 CV curves was 

chosen. The current density is normalized to the geometric surface area of the Au substrate. Scan rate 10 mV/s. b) 

Corresponding Tafel plots of samples measured in a). 

The experimentally derived OER overpotentials calculated from the onset values (see Methods) 

corresponding to the optimum Fe content are ηexp(2.8 at.% Fe) = 0.43 V, and slightly higher for 

the pure CoO at ηexp(CoO) = 0.49 V. A comparison with the trends in the calculated overpotentials 

used in Figure 3 (see also Tables S3-5) shows that undoped edge sites (𝜂𝜂𝐷𝐷𝐷𝐷𝐷𝐷
𝑀𝑀−𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 0.30 V and 

𝜂𝜂𝐷𝐷𝐷𝐷𝐷𝐷
𝑂𝑂−𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒= 0.55 V) are responsible for the OER activity, even for the Fe doped catalysts, since all 

Fe-doped and basal plane sites have significantly higher overpotentials. In Figure 4b, the Tafel 

slopes62,63 of the pure CoO sample and the low Fe sample (2.8 at.% Fe) stand out with a similar 

low slope at 43 and 73 mV/dec, respectively, in line with a case where the active sites are similar. 

For the intermediate case (5.1 at.% Fe) the slope increases slightly to 86mV/dec, while for the high 

Fe sample (9.9 at.% Fe) slope is significantly higher at 154 mV/dec, comparable to or even slightly 

worse than the pure FeO reference (121 mV/dec).  

Taken together, the CV experiments can be explained by the scenario in Figure 3 for a gradually 

increased Fe content. Addition of low amounts Fe may have a slight beneficial effect on basal 
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plane sites, but the dominating effect is that Fe addition to the edge sites inhibits OER activity. 

Once enough Fe is added to dominate or completely saturate the metal edges (Figure 3, filled Fe 

edges), a core-shell structure with Fe on the outer perimeter forms and the activity drops off to 

become comparable to pure FeO. This situation is apparently reached partially for the intermediate 

Fe content of 5.1 at.% in the experiment, and completely for the high (9.9 at.% Fe) Co-oxide 

sample in the experiment where the activity and Tafel slope becomes similar to pure FeO. Indeed, 

the overpotential trends observed for a high Fe content (9.9 at.% Fe) at >0.63 V (extrapolated from 

Figure 4a) compare well with the calculated overpotential of fully Fe-decorated nanoparticles 

(𝜂𝜂𝐷𝐷𝐷𝐷𝐷𝐷
𝑀𝑀−𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒= 0.69 V and 𝜂𝜂𝐷𝐷𝐷𝐷𝐷𝐷

𝑂𝑂−𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 0.85 V ). A simple geometrical model of the Fe content needed 

to fully cover the edges of a hexagonal nanoparticle with an edge length of 6 nm (average edge 

length from Figure 1b-d) gives a value of ~9 at.% of the atoms at the nanoparticle edges (see SI 

Figure S6 and corresponding discussion in SI). The value is in excellent agreement with the amount 

of Fe added in experiment for samples where Fe doping has a full negative effect on the OER 

activity. 

Varying the edge to basal plane ratio. For an Fe-doped CoOOHx platelet nanoparticle where 

edge sites control the OER activity rather than basal plane sites, not only the Fe content but also 

the detailed particle shape and size will influence the overall OER activity of the sample. The 

fraction of exposed edge sites, and thus the amount of Fe needed to cover the edges completely, 

become a function of the nanoparticle size. The observed strong variation in the post-OER 

nanoparticle size for undoped54 and Fe-doped (Figure 1j) catalysts is therefore a likely origin of 

the initial enhancement of the OER activity in Figure 4a for a low Fe content, i.e. Fe has a 

stabilizing effect on the edge sites to the basal plane ratio. To support this, Figure 5 shows the OER 
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activity for three different nanoisland coverages synthesized with a fixed Fe content at 2.8 at.% 

using the same preparation conditions, but with a variation in the coverage.  

 

Figure 5. Correlation between edge site and basal plane site exposure in Co(Fe)OOHx/Au(111). A comparison of the 

OER a) current density measured at 0.7 V vs. Ag/AgCl and normalized to the oxide coverage b) onset potential at 1 

mAcm-2 for 2.8 at.% doped Co(Fe)OOHx samples as a function of edge to basal plane ratio (measured in STM images). 

The corresponding STM images in c)-e) shown the as-synthesized Fe-doped bi-layer particle morphology (before 

OER). The low coverage situation reflects isolated nanoparticles with a high aspect ratio. For higher coverages, the 

main effect is an increased particle size, whereas the highest coverage 0.83 ML results in coalesced islands with edges 

exposed inside hexagonal pits with almost the same edge dispersion as the 0.50 ML sample. STM parameters: c) Vt = 

-1.25 V, It = -0.32 nA, d) Vt = -1.00 V, It = -0.19 nA e) Vt = -1.25 V, It = -0.15 nA. 

To compare the samples with different coverages, the measured current density is normalized to 

the area of the oxide island and plotted as a function of edge/basal plane ratio. Note that the 

edge/basal plane ratio decreases as expected for isolated hexagonal islands (0.37ML and 0.50ML), 

but for the higher coverage (0.83ML) an ‘inverted’ morphology develops where edges terminate 

hexagonal holes in an oxide with an edge/basal plane ratio similar to that of 0.50 ML islands.  
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The initial edge length to the basal plane area ratios (in units of nm-1) are estimated directly from 

the bi-layer structure in STM images at 0.78, 0.18 and 0.11 nm-1 for the 0.37 ML, 0.50 ML and 

0.83 ML samples, respectively. The quantitative importance of the edge sites is clearly illustrated 

by the correlation between the normalized OER activity and the edge/basal ratio, with an almost 

linear correlation between the measured activity and the relative number of edge sites. The 

variation in the onset potential measured at 1mAcm-2 in Figure 5b is less than 50 mV, showing 

that the same type of sites are active for all coverages, and that the activity increase is due to the 

increased number of edge sites.  

 
Figure 6. Stabilization of edge free energies by Fe substitution. a) The calculated edge free energies of hexagonal bi-

layer Co(Fe)O and tri-layer Co(Fe)OOHx particles on Au(111), calculated from using a 6×2 stripe model. Schematic 

models showing qualitatively how the size of the nanoparticle may develop from b) bi-layer (experimentally 

synthesized precursor before the OER measurement) and c) Co(Fe)OOHx tri-layer nanoparticle (structure during OER 

operating conditions) systems without and with Fe present in edge sites in various concentrations. 

 

The fact that Fe has a stabilizing effect on the resulting particle size is furthermore reflected in the 

calculated edge free energies (γ) for the bi-layer and tri-layer structures of nanoparticle edges with 
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no Fe, low Fe-doping (single Fe dopant on each edge), and high Fe doping (core-shell structure) 

(see Figure 6a). Overall, we find that the edge free energies for the bi-layers are significantly lower 

than the one for the tri-layers, which directly explains the observed agglomeration trend upon 

conversion into the tri-layer phase. The presence of Fe dopants has the same role in both bi-layer 

and tri-layer structures, namely it decreases the edge free energy, indicating that smaller particles 

(with a higher edge/basal plane ratio) are stabilized by Fe when oxyhydroxide phase is formed. 

Importantly, we find that Fe has a stronger stabilizing effect on edge sites in the Co(Fe)OOH, since 

the effect of high Fe doping on the edge free energies of the tri-layers is much larger (-0.42 eV) as 

compared to the one in the bi-layers (-0.15 eV). Hence, the edge stabilization implies a smaller 

degree of agglomeration for the Fe-doped tri-layer nano-particles, resulting in the average particle 

sizes schematically depicted for different Fe doping concentration (see Figures 6b and c). 

Furthermore, the consistent observation of a 2-10  times lower activity of similarly sized pure CoO 

relative to the 2.8% Fe-doped sample, even for the first scan of a full sequence of 10 anodic scans 

(Figure S7), is consistent with stronger agglomeration for the pure Co oxide. This is supported by 

the previous observations in Ref. 54  that the first contact to the electrolyte alone (without potential 

control) will initiate significant agglomeration of pure Co oxide (see also Ref. 53). 

We propose two effects of Fe incorporation in Co oxyhydroxides to explain the dependency of the 

OER activity on the Fe dopant concentration observed here, and the variation in optimal Fe 

contents reported in literature. Fe substitution itself does not generally lead to an increased OER 

activity of a CoOOHx nanoparticles, since basal plane sites in all cases are less active than edges 

and the OER overpotential increases at Fe substituted edge sites. Instead, the beneficial role of Fe 

can be linked with stabilization of the Co(Fe)OOHx particle size, driven by a strong 

thermodynamic preference for Fe to be within the edges of the nanoparticles. In low 
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concentrations, Fe incorporation stabilizes a particle morphology with a higher edge/basal plane 

ratio than a pure oxide and thus a quantitatively higher number of Co edge sites compared with 

larger unpromoted particles. At a gradually higher Fe content more edge sites can become occupied 

by Fe leading to a decline in activity, and dependent on the nanoparticle size, even resulting in the 

formation of an Fe decorated CoOOHx core-shell structure with a reduced OER activity similar, 

or even worse, to that of FeOOHx. In the experimental series here, we find that ~3% Fe is the ideal 

dopant concentration for the nanoparticle size in Figure 1, but we emphasize that the actual 

optimum value will be dependent on nanoparticle size through the relative number of edge atoms 

(see also SI Figure S5). 

A measured OER performance is a reflection of both the quantitative number of exposed sites, 

determined by the particle edge exposure, and their type (Fe doped or not). Our site-specific 

approach can be used to rationalize the scattered and inconsistent observations in previous studies 

where different Fe concentrations, in highly different and sometimes unknown structures have 

been associated with very different OER performance. Fe concentration is not a sufficient 

parameter for catalyst optimization, since the Fe content should be closely adjusted to the 

morphology and size of the Co oxide host samples in order to achieve an enhancement effect in 

OER performance. Previously published literature on Fe-doped cobalt oxyhydroxide OER 

catalysts shows that a plethora of synthesis methods, doping techniques, and resulting structural 

morphologies can lead to vastly different suggested “optimal” Fe doping concentrations ranging 

between 3-70%15,16,19–33,64Some of these studies have discussed the importance of structural 

features, such as edges and vacancies, on the OER activity21,25, while others have importantly 

investigated different synthesis modes to incorporate Fe22 and shown vast performance changes. 

A main conclusion of our work is that consideration of the anisotropy of dopant locations provided 
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in our study is necessary to explain the observed dependency on Fe concentrations, and a direct 

comparison of activities, requires reanalyzing OER performance data with the actual particle size 

of active phase, dopant location and distribution in mind.  

Most OER catalyst materials are synthesized from an oxide precursor phase such as Fe-doped 

Co3O4 (spinel) nanoparticles, Fe-doped porous or mesoporous Co3O4 phases29, which are then 

converted to the Co oxyhydroxide phase at the OER potential in basic solution. This implies a 

phase change coupled with substantial material transport and reorganization, corresponding to the 

case observed in our experiment, and inevitable Fe segregation to the most favorable edge sites is 

taking place under such conditions. Other reports on the Fe promotion of OER catalyst have 

concluded that the liquid electrolyte and glassware was a significant source of Fe.24 In such a case, 

the OER catalyst may be even more sensitive to the effect of Fe location since Fe is then taken up 

at outer surface of the Co oxide, implying that continued exposure to Fe in the electrolyte would 

lead to deactivation.  

Our work demonstrates the general importance of understanding location and site-specific effects 

of dopants in catalysis, specifically going beyond doping concentration. To leverage the OER 

performance of a mixed oxide material one needs to be able to tune the dopant location. An ideal 

design  proposed from our theoretical analysis would be the opposite core-shell structure with all 

Co atoms decorating an FeOOHx particle core, as shown in Figure 3 (Ideal Set Up). Realization of 

such a structure provides an opportunity for materials synthesis as well as a challenge as it would 

need synthesis conditions for meta-stable oxide nanostructures, which kinetically counteract the 

strong energetic preference for Fe to be placed at edges. We hypothesize that stabilization of Fe 

could potentially be stabilized by introduction of other metals, for example, tungsten which has 
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been proposed to have such an effect in dispersed multi-metal CoFeW oxygen-evolving 

oxyhydroxide catalysts14. 

CONCLUSIONS 

In conclusion, the role of Fe dopant location in CoOOHx nanoparticles supported on Au(111) in 

OER under alkaline has been investigated. We use detailed structural information at the atomic-

level from atom-resolved STM and DFT and linked it to the DFT predicted catalytic OER activity 

and the measured electrocatalytic performance. We observe that the role of Fe dopants is highly 

dependent not only on the dopant concentration but also on the dopant location within the 

CoOOHx phase. Importantly, the Fe dopant can take on different roles, i.e. Fe either enhances 

activity, through stabilization edges, or suppresses it at higher concentrations by decoration of the 

most active edge sites. Our study thus sheds light on the underlying origin of synergistic effects in 

mixed oxides materials for OER. The results provide a promising methodology to understand how 

to rationally engineer the OER catalytic activity of mixed Co-Fe oxides by adjusting Fe content to 

nanoparticle size. 

 

METHODS 

Sample preparation and characterization. Before Co(Fe) oxide sample preparation, a Au(111) 

single crystal (5 mm in diameter, MaTeck GmbH) was cleaned by repeated cycles of 1.5 kV Ar+ 

ion sputtering and annealing to temperatures of 760 K. Synthesis of Co and Co-Fe oxides bi-layer 

nanoparticles was carried out using a recipe reported previously56,57  consisting of e-beam 

evaporation of Co and Fe in 1 × 10−6 mbar O2 followed by post annealing at 523 K in O2 and UHV. 

The coverage was assessed by STM. The Fe content is controlled by varying the time of 

evaporation at a pre-determined flux, and matched to the resulting number of Fe sites in CoO. The 



 22 

UHV-made tri-layer was obtained by converting the corresponding bi-layer nanoparticles at 400K 

with a high local O2 pressure (1 × 10−4 mbar or above) at the sample surface by using a moveable 

doser tube placed within 1 mm from the sample surface. Before any characterization, all the 

samples are cooled to room temperature (~300K).  An Aarhus-type SPECS STM operated in 

constant current mode was used to scan the sample. A lab-source Al K-alpha (1486.6 eV) or Mg 

K-alpha (1253.6 eV) X-ray source and a SPECS Phoibos 100 analyzer were used for XPS 

measurements. The Mg K-alpha source is used to avoid the mutual cross talk of the LMM auger 

and main 2p peaks between Co and Fe species. All XPS spectra were calibrated against the Au 

4f7/2 peak at 84 eV.  

Cyclic voltammetry. Electrochemical characterization was done ex situ in ambient and carried 

out in a miniature three-electrode setup as shown in supplementary information (SI) Figure S8, 

previously used also in Ref. 65. A Pt wire and Ag/AgCl electrode (Unisense REF-100, Unisense 

A/S) were used as counter and reference electrodes (CE and RE), respectively. The electrolyte was 

1 M KOH aqueous solution (Reagent grade, Sigma-Aldrich and MilliQ water, 18.2 MΩ, 

Millipore). Cyclic voltammetry (CV) was performed using a CHI 660E workstation or a Gamry 

Reference 600+ potentiostat and scan rate at 10 mV/s. All 10 anodic scans can be find in the SI 

Figure S7. In XPS, we detected no additional Fe on the surfaces from the electrolyte (SI Figure 

S9) or from deposition of Pt from the counter electrode.  The measured potential vs. Ag/AgCl 

reference electrode (EAg/AgCl) is converted to the potential vs. the reversible hydrogen electrode 

(ERHE) according to the equation below,  

ERHE  =  EAg/AgCl  +  0.0591 pH +  Eo
Ag/AgCl 
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where pH=14 for 1 M KOH electrolyte and Eo
Ag/AgCl = 0.1976 V at 25°C. The onset potential 

(Eonset vs. RHE) is defined as the measured potential at 1 mAcm-2. The experimental overpotential is 

then defined as  

ηexp  =  Eonset 𝑣𝑣𝑏𝑏.RHE  −  1.23V. 

Considering the low currents measured here, we did not correct the CV data for ohmic drop and 

we present our CV data without this calibration. Compared to our previous work on the pure Co 

oxide/Au(111)54, the setup used here shows similar performances as can be seen from the measured 

onset potentials at 1 mAcm-2 here for the pure Co oxide resembles the reported values. 

 

DFT Calculations. DFT calculations with the Hubbard-U correction (DFT+U) were performed 

using the Vienna ab initio simulation package (VASP) using the projector-augmented wave 

(PAW) method. A Ueff of 1 and 4 are applied to Co and Fe, respectively. Rationale for these U 

values is provided in previous work57,66. A cutoff energy of 400 eV was used for all calculations 

and geometries were relaxed until a maximum force threshold of 0.02 eV/Å. As was used in our 

previous study, we used 2×6 strip models of CoO and CoO2. The bottom 2 layers (out of 3) of the 

gold constrained while the top layer of gold and oxide layer are allowed to relax. The k-point grid 

was set to 4×1×1 for the edge models and 20 Å of vacuum was used to separate the layers. 

Magnetism of CoO2 tri-layers was taken to be ferromagnetic (FM), meaning all spins the same 

sign, after investigation into possible magnetism patterns showed this consistently was the lowest. 

Favorable magnetism invoked by Fe dopants was found to be that a single Fe takes the opposite 

sign of FM Co atoms while 2 Fe atoms have opposite spins from each other, while the surrounding 

Co atoms are still FM. A more complete discussion on magnetism and example results can be 

found in the SI. 
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To calculate the favorable Fe dopant location, a cobalt atom (or two for chain models) has been 

substituted for an Fe atom. We use the resulting energy difference to calculate the incorporation 

energy: 

Inc. per Fe =
Edoped system − ECoOx system

# of Fe atoms  

which allows to find the thermodynamically preferred location of Fe in the corresponding CoOx 

model. To calculate the overpotential at specific sites of CoO2 we used single-site OH-/e- exchange 

mechanism as had been done for similar studies on the CoOx nanoparticles47. This uses the same 

mechanism for OER under acidic conditions as described in Bajdich, et al. which outlines 

theoretical methodology to investigate cobalt oxides for OER60. Adsorption energies were done 

for the three intermediates (OH*, O*, OOH*) at multiple sites of the models, with and without Fe 

(SI Table S3-5) and Gibbs free formation energies and entropic contributions were the same as 

what has been previously used for these systems.47,67 

To estimate the gain in stability from adding Fe, the free energy of the edge (γ)68 of an Fe 

substituted CoO of O-Co-O particle is calculated as follows: 

γ =
1

# of edge atoms �Estripe
(CoOx) − NCoECoOx + NFeEFeOx� 

where ECoOx and EFeOx are the energy of each type of oxide in corresponding basal plane models 

per formula unit. The basal plane models used to calculate the ECoOx and EFeCoOx are supported 6×6 

basal planes models on Au(111) with FCC stacking for the bi-layer CoO and top stacking (only 

stacking that exists for tri-layers) for tri-layer CoO2. This is done to match the stacking of the stripe 

models used to generate Figure 6 to their appropriate basal plane references. Note, that this 

particular framework does not isolate the specific free energies of the oxygen edge vs. metal edge 

(i.e. the nanoparticle shape), but it rather provides a good starting point to understand how Fe-

dopants may affect the edge stability.   
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