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Abstract: A rational design on oxygen evolution reaction (OER) 

catalysts is pivotal to the overall efficiency of water electrolysis. 

Numerous works have been devoted to understanding the cation 

leaching and surface reconstruction of some very active 

electrocatalysts, while few have been on intentionally promoting the 

surface in a controlled fashion. In this work, we report controllable 

anodic leaching of Cr in CoCr2O4 by activating the pristine material 

at high potential, which enables the transformation of inactive spinel 

CoCr2O4 into a highly active catalyst. The depletion of Cr and 

consumption of lattice oxygen facilitate surface defects and oxygen 

vacancies, exposing Co species to reconstruct into active Co 

oxyhydroxides differ from CoOOH. A novel mechanism with the 

evolution of tetrahedrally coordinated surface cation into octahedral 

configuration via non-concerted proton-electron transfer is proposed. 

This work shows the importance of controlled anodic potential in 

modifying the surface chemistry of electrocatalysts. 

Introduction 

The ever-increasing consumption of fossil fuels has raised 

environmental concerns to an alarming point, while not fulfilling 

the global demand for energy which is continuously growing. 

This calls for the use of clean energy carriers, among which 

hydrogen is foreseen as a fuel of great interest for numerous 

industrial and chemical applications. While so-far largely 

produced (> 95%) by fossil-fuel reforming, hydrogen can be 

sustainably produced from water electrolysis, the efficiency of 

which is limited by the kinetics of the oxygen evolution reaction 

(OER) at the anode.1,2 To improve the sluggish reaction kinetics 

of OER, hence the overall efficiency for hydrogen production, 

recent research focuses on the development of earth-abundant 

transition metal oxides/(oxy)hydroxides as electrocatalysts 

showing promising performances in alkaline conditions.2–9  

A rational design of catalysts can be guided by understanding 

their structural/elemental properties which determine the 

reaction mechanism and activity. Following pioneering work 

performed on the dimensionally stable anode (DSA) in the 70s10 

and 80s11,12, from 2011 onwards, several novel activity 

descriptors have been developed,2,13–20 such as electron 

occupancy, covalency, structure and exchange interaction for 

transition metal oxides which can be related to M−O binding 

energy. While several research works have reported the surface 

reconstruction for some very active materials,21–28 it remains yet 

almost impossible to predict the activity of these materials based 

on their M−O binding energy as a consequence of the constantly 

evolving surface during OER.29–31 For instance, the surface of 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF)22,32,33 rapidly evolves into an 

amorphous oxyhydroxide after few cycles under OER conditions, 

this process is accompanied by the leaching of soluble Ba2+ and 

Sr2+ ions, and the dissolution and redeposition of Co3+ and Fe3+ 

transition metal cations22. Furthermore, the Sr2+ substitution in 

La1-xSrxCoO3-δ (LSC)23 triggers the formation of electrophilic 

oxygen species “On-” by decreasing the Fermi level energy into 

oxygen bands and induces a lattice oxygen participation 

mechanism. Several works34–36 have shown that such lattice 

oxygen involvement leads to surface instabilities for LSC at large 

Sr2+ substitution level. In other catalyst systems with soluble 

cations, such as CoFexAl2−xO4
24 in alkaline solutions and 

SrCo0.9Ir0.1O3-δ
28, Sr2FeIrO6

27 and Sr2Fe0.5Ir0.5O4
27 in acidic 

solutions, the leaching of cations leads to further reconstruction 

of surface species, which results in outstanding OER activity.  

However, efforts aiming at the design of catalysts with 

controllable cation leaching and surface reconstruction towards 

a highly active surface for OER remain limited38. Here, we report 

controllable leaching of Cr from CoCr2O4 spinel oxide to promote 

surface reconstruction for boosting its OER activity. By activating 

CoCr2O4 at high potential, Cr leaching occurs and leads to the 

reconstruction of Co species into oxyhydroxide. The leaching 

increases with the applied anodic potential and is facilitated by 

the activation of lattice oxygen redox which gives rise to 

favourable surface condition for vigorous reorganization and 

activity enhancement. CoCr2O4 activated at 1.7 V for 1.5 hours 

(Act-CoCr2O4) exhibits one magnitude higher performance than 

pristine CoCr2O4 (Pri-CoCr2O4), which outperforms CoOOH thin 

film. The surface electronic structure and surface-active sites for 

Act-CoCr2O4 have been probed in comparison to CoOOH and 

NiFeOOH-Cr. This facilitates the understandings of the role Cr 

leaching plays in Act-CoCr2O4. Our work demonstrates a 

promising way to achieve controllable electrochemical 

reconstruction for transition metal spinel oxides. It broadens our 

understandings of surface evolution of spinel oxides during OER 

and enlightens that tunable design of highly active OER 

catalysts is achievable. Furthermore, it enlightens the surface 

regulation and activity promotion of other catalysts with soluble 

cations in the structure. 

 

Results and Discussion 

Crystal structure characterization. The CoCr2O4 oxide was 

synthesized via a sol–gel method. The crystal structures of 

CoCr2O4 were characterized by powder X-ray diffraction (XRD). 

As displayed in Figure 1a, the diffraction peaks of the as-

prepared CoCr2O4 match with that of the standard cubic spinel 

(Fd-3m) oxides. The XRD pattern of CoCr2O4 exhibits a shift to 

lower angles when compared to Co3O4. This shift is ascribed to 

an increase in the lattice parameter with Cr substitution. As 

determined by X-ray absorption near edge structure (XANES) 

spectroscopies, Co and Cr in CoCr2O4 possess an oxidation 

state of Co2+ and Cr3+, respectively (left panel in Figure 1b and 

Figure 1c). A sharp Co K pre-edge (inset of the left panel in  

Figure 1b) represents a transition from 1s to 3d with a strong 3d 

- 4p orbitals mixing at non-centrosymmetric sites40, indicating the 

tetrahedral occupation14 of Co2+. This site occupation has been 

further confirmed with extended X-ray absorption fine structure 

(EXAFS). The second Fourier transform peaks reveal the 

distances between the absorbing metal atoms and their 

neighbouring atoms in either the octahedral site or tetrahedral 

site. The distances between Co atoms and their neighbouring 

metal cations which occupy octahedral sites are around 3.0 Å, 

indicating the Co atoms accommodating the centre of 

tetrahedrons41 (right panel in Figure 1b). Cr atoms have 2.5 Å 

distance away from their neighbouring metal atoms, suggesting 

that Cr prefers to stay in octahedral sites of CoCr2O4
41 (right 

panel in Figure 1c).  
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Figure 1. Crystal structure of CoCr2O4 and OER activity of Pri-CoCr2O4 and 

Act-CoCr2O4. (a) Powder XRD patterns of the as-synthesized CoCr2O4 and 

Co3O4. The crystal structure of CoCr2O4 in spinel structure (AB2O4) is shown in 

the inset. CoTd and CrOh are tetrahedrally and octahedrally coordinated 

transition metal cations, respectively. (b) Left panel, normalized Co K-edge 

XANES spectra for CoCr2O4. Co3O4 is used as a reference. Inset is the pre-

edge features of Co K-edge XANES. Right panel, Fourier transform of the 

EXAFS (FT-EXAFS) for Co K-edge. The second and third peak ≈2.5 Å (TMOh–

TMOh) and at ≈3.0 Å (i.e. TMTd–TMTd or TMTd–TMOh) are interatomic metal–

metal distances from the absorbing metal atom Co to the second nearest 

neighbor metal atoms at the octahedral or tetrahedral site. (c) Normalized Cr 

K-edge XANES spectra (left panel) and FT-EXAFS for Cr K-edge (right panel).  

(d) Electrochemical characterization of OER performance of CoCr2O4. CV 

curves of CoCr2O4 at the 2nd cycle and after Chronoamperometry (CA) at a 

potential of 1.7V for 1.5 hours. Inset shows the Tafel plot for surface-area-

normalized CoCr2O4 after CA at a potential of 1.7 V for 1.5 hours compared 

with IrO2
42. All data points and error bars were obtained by averaging the 

results of at least three independent measurements. (e) CV cycling of CoCr2O4 

at the low potential range prior to OER from 0.9 V to 1.52 V. (f) CV cycling of 

CoCr2O4 in 1M KOH at 10 mV s-1 from 0.9 V to 1.66 V. Inset shows the 

evolutive redox peaks for CoCr2O4 2nd to 500th cycle CV in between 0.904 and 

1.624 V. 

 

Electrochemical study. Electrochemical measurements were 

then performed using the CoCr2O4 catalyst. Activities normalized 

by the BET surface area for the pristine material (Pri-CoCr2O4) 

(Table S1, Supporting Information), are presented in Figure 1d. 

There, the Pri-CoCr2O4 catalyst shows limited activity in 1 M 

KOH. Chronoamperometry (CA) measurements were conducted 

on CoCr2O4 by holding the electrode at different potentials, 

varying from 1.5, 1.6, 1.64 to 1.7 V (all potentials are quoted in 

the reversible hydrogen electrode (RHE) scale), for 7 hours total. 

Faster stabilization for the current density at higher value is 

observed when applying greater potentials (Supporting 

Information Figure S1). Longer time for the activation by CA at 

lower potential does not increase the stabilized current density 

further (Supporting Information Figure S2 and Figure S3). 

Besides, continuous CV cycles after CA at lower potential does 

not give rise to the same activity as activated at high potential. 

(Supporting Information Figure S4). This potential dependent 

activity is presented in the Tafel plots in Supporting Information 

Figure S5. It is confirmed by the decreased charge transfer 

resistance at higher potential as observed by Electrochemical 

Impedance Spectroscopy (EIS) as shown in Supporting 

Information Figure S6. After activation at a potential of 1.7 V for 

1.5 hours in 1 M KOH (Act-CoCr2O4), the current becomes 

stable (Supporting Information Figure S1). The current density 

for Act-CoCr2O4 increases more than one magnitude and 

becomes superior to that of IrO2
42 (inset of Figure 1d). By 

normalising the activity by electrochemical active surface area 

(ECSA), (Supporting Information Figure S7, S8, S9) the intrinsic 

activity for Act-CoCr2O4 exceeds that of CoOOH43 (Supporting 

Information Figure S10). This increase in activity by activation is 

not attributed to the chemical reaction. Indeed, after soaking the 

CoCr2O4 electrode in KOH for 5 hours (Supporting Information 

Figure S11), the activity is not promoted at all. Besides, the 

possibility of the activity enhancement from the Fe 

contamination is excluded by using further purified KOH for the 

OER measurements. Details are shown in the experimental 

sections. As shown in the Supporting Information Figure S12, 
the Tafel slopes remain ~60 mV dec-1 by activating the electrode 

after soaking in the KOH solution for 5 hours. This confirms no 

Fe effect on the CoCr2O4 electrode. Instead, the effect from 

activation manifests in the increased electrochemical activity of 

cobalt surface species which as seen by the redox peaks at 1.1 

V and 1.45 V characteristics of the Co2+/Co3+ and Co3+/Co4+ 

redox couples, respectively (Supporting Information Figure 

S13).33,44–46 This increase in electrochemical active sites of 

cobalt is not observed when activating CoCr2O4 at lower 

potentials, i.e. below 1.5 V (Supporting Information Figure S13). 

Hence, cycling the pristine catalyst within a voltage range of 0.9 

to 1.55 V vs. RHE, prior to OER potential, does not result in the 

formation of these Co redox peaks (Figure 1e). The surface 

redox reaction is instead dominated by Cr species, with 

characteristic redox peaks from Cr4+/Cr3+ redox couple observed 

at 1.3 V (Figure 1e and Supporting Information Figure S14). 

When the catalyst is subjected to a series of voltammetry cycles 

from 0.9 to 1.65V, the surface redox activity is initially dominated 

by the redox reaction of Cr as well (Figure 1f and Supporting 

Information Figure S14). Along with cycles, two new redox 

peaks indicative of the activity of the Co2+/Co3+ and Co3+/Co4+ 

couples, as seen at ar. 1.1 V and 1.45 V vs. RHE, appear and 

gradually increase. Thus, the exposure of Co-rich 

electrochemical active sites to the alkaline electrolyte only 

occurs for CoCr2O4 after activation at a higher anodic potential. 

A series of CA at different potentials followed by one cycle of CV 

were then conducted for Pri-CoCr2O4. At a potential of around 

1.56 V, there is the formation of Co redox peaks (Figure 2a and 

Supporting Information Figure S14). This is supported by the 

Tafel plot extracted from the CV conducted after CA (Supporting 

Information Figure S5). The obviously decreased Tafel slope 

(after CA is held at potentials higher than 1.6 V) indicates the 

change in the reaction path. Besides, as the potential for CA 

measurement increases to 1.56 V, the current density measured 

at each potential starts to increase rapidly with time (Supporting 

Information Figure S15). This observation differs from the one 

measured for Co3O4 which experiences a steady current density 

at every potential step (Supporting Information Figure S17). 

Hence, while reaching a certain anodic potential (1.56 V), Co 

species in CoCr2O4 starts to contribute to the OER. Besides, the 

higher the applied anodic potential reached, the better the OER 

activity manifested. The largely increased electrochemical active 

surface area (ECSA) for Act-CoCr2O4 compared to Pri-CoCr2O4 

indicates the increase in number of active sites after activation 
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(Supporting Information Figure S7 and Figure S8). The current 

density normalized by ECSA for Act-CoCr2O4 is still higher than 

that for Pri-CoCr2O4, indicates that not only the number of active 

sites but also the intrinsic activity per site increases after 

activation (Supporting Information Figure S9). 

  

Surface Composition Characterization. As observed by 

electrochemical studies, the surface redox activity for Cr cations 

is dominant at low potentials, while their contribution to the OER 

activity is minimal. Thus, Co cations dominate the surface 

reaction at higher potentials and contribute to the enhanced 

OER activity. To investigate this potentially regulated surface 

composition, a series of characterizations have been adopted. 

Inductively coupled plasma mass spectrometry (ICP-MS) was 

used to test the electrolytes after consecutive series of CA with 

an interval of 20 minutes at each potential step for CoCr2O4. In 

doing so, almost no leaching of Co cations was observed in the 

electrolyte at the different activation potentials. However, the 

case is different for Cr. The cumulative mass of Cr leached is 

initially higher than that of Co and is accelerated after 

potentiostatic holding at 1.56 V vs. RHE (Figure 2b). The higher 

the potential at which the CoCr2O4 is activated, the more Cr is 

leached out into the solution. Combined with the analysis of 

current densities under CA in Figure 2a, the occurrence and 

acceleration of Cr leaching synchronize with the OER activity. 

Hence, high-resolution transmission electron microscopy 

(HRTEM) reveals that the surface of Act-CoCr2O4 is forming an 

amorphous oxyhydroxide layer with a thickness of more than 

5nm (Figure 2c and Figure 2f). To reveal the elemental 

composition for the surface layer of CoCr2O4 after activation, 

scanning transmission electron microscopy energy-dispersive X-

ray spectroscopy (STEM-EDS) and line scan were conducted. 

The Co and Cr species are initially present in the stoichiometric 

proportion (1:2) on the surface of Pri-CoCr2O4, as shown in 

Figure 2d and Supporting Information Figure S18. When 

subjected to a higher OER potential, the surface profile of Act-

CoCr2O4 shows a significant depletion of Cr and the abundance 

of Co cations (Figure 2g, Supporting Information Figure S19 and 

Figure S20). Such observation depicts well the process of Cr 

leaching and the gradual exposure of Co on the surface of the 

catalyst under increased applied potential (Figure 2e and 2h). 

This conclusion is supported by the observation via EXAFS that 

the local atomic structure changes for CoCr2O4 before and after 

the CA step. After CA at the potentials of 1.6 V and 1.64 V vs. 

RHE, the higher the potential at which CoCr2O4 is activated, the 

lower the intensity for Cr-MOh is found (Supporting Information 

Figure S21), indicating more Cr leaching. Linking the 

observations on the change in surface elements with the 

electrochemical behaviours, the potential at which CoCr2O4 is 

activated controls the surface composition and hence the OER 

activity. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Analysis of surface Cr leaching and reconstruction for Act-CoCr2O4. 

(a) A consecutive series of CA at a different potential from 1.43 to 1.66 V for 

CoCr2O4. (b) The cumulative mass of element leached after consecutive 

series of CA conducted at 20mins interval for CoCr2O4. (c) HRTEM image of 

Pri-CoCr2O4. (d) STEM-EDS image and analysis for Pri-CoCr2O4. (e) 

Schematic of bulk and surface for Pri-CoCr2O4. (f) HRTEM image of Act-

CoCr2O4. (g) STEM-EDS image and analysis for Act-CoCr2O4. (h) Schematic 

of Cr leaching along with the formation of oxyhydroxide on the surface for Act-

CoCr2O4.  

 

Surface Active Species Characterization. XANES 

measurements with transmission mode were then conducted 

before and after CA to reveal the effect of activation potential on 

the oxidation states and atomic structure of CoCr2O4. After CA at 

1.5 V for 7 hours, the average oxidation state of Co almost does 

not change. The position of the Co K-edge in CoCr2O4 is found 

to shift towards greater energies after activation at 1.6 V or 1.64 

V for 7 hours, indicating an increase in the average oxidation 

state of Co in CoCr2O4 (Figure 3a and Supporting Information 

Figure S22). The higher the potential, the higher the oxidation 

state of Co is presented. The coordination environment of Co in 

CoCr2O4 was further investigated by extracting the Co K-edge 

EXAFS spectra. After CA at potentials higher than 1.6 V, the 

intensity for the peaks ascribed to Co-O and Co-MOh (metal 

cation occupied octahedral site) at around 1.5 Å and 2.5 Å 

increases along with potential (Figure 3b). This effect may 

correspond to the increase in the number of Co-O bonds47,48 and 

edge shared CoO6 octahedra. This is accompanied by a 

decrease in the peak intensity ascribed to Co-MTd (metal cation 

occupied tetrahedral site) observed at around 3 Å.49 The 

plausible reason for this decrease can be the formation of Co 

oxyhydroxide species during OER. The distance between Co 

atoms and their neighbouring metal atoms are still much larger 

than 2.5 Å, suggesting that the surface Co is in octahedral 

position but the Co in the bulk remains in the tetrahedron. 

Indeed, as observed by HRTEM, this newly formed surface is 

likely amorphous without long-range order.47,50 Altogether, these 

results suggest that higher applied potential is aiding the 

leaching of Cr, thus creating cation vacancies which result in 
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enhanced evolution of surface Co into Co oxyhydroxide species. 

As analysed by the X-ray photoelectron spectra (XPS), the Co 

spectra for CoCr2O4 activated at 1.6 and 1.64 V exhibit an 

additional peak at 781.3 eV and a satellite signal at 786.3 eV, 

indicative of the appearance of Co3+~4+ surface species on the 

surface after activation (Figure 3c and Supporting Information 

Figure S24).51–53 Besides, the CoCr2O4 catalyst subjected to 

1.64 V vs. RHE possesses more fraction of Co3+~4+ on the 

surface compared to that activated at 1.6 V vs. RHE, which is a 

result of more Cr leaching and more surface Co participating in 

surface reconstruction. The surface Co species are also 

observed for Act-CoCr2O4 by a surface sensitive soft XAS 

technique. Co L3 and L2 peak positions in Act-CoCr2O4 

spectrum shift to the position as CoOOH, which is at higher 

energy region compared to Pri-CoCr2O4 (Figure 3d). This 

suggests a higher oxidation state for Co species on the newly 

formed surface after activation (Figure 3e). To understand how 

high oxidation state for Co ions is promoted along with Cr 

leaching under increasing activation potential, further 

characterizations on surface lattice oxygen were carried out. 

 

Figure 3. Evaluation of surface-active species for Act-CoCr2O4. (a) 

Normalized Co K-edge XANES spectra for Pri-CoCr2O4 and activated CoCr2O4 

after CA at a potential of 1.5/1.6/1.64 V for 7 hours. (b) FT-EXAFS spectra for 

Co K-edge for Pri-CoCr2O4 and activated CoCr2O4 after CA at a potential of 

1.5/1.6/1.64 V for 7 hours. (c) XPS of Co 2p regions for the surface of Pri-

CoCr2O4 (left panel) and CoCr2O4 activated at 1.64V (right panel). Fittings of 

experimental spectra obtained for CoCr2O4 are shown in coloured lines. (d) Co 

L-edge soft XAS spectra for Pri-CoCr2O4 and Act-CoCr2O4 with CoOOH as 

reference. (e) Scheme of CoCr2O4 surface before OER testing (left panel) and 

after OER activation in alkaline solution (right panel). 

 

Leaching of lattice oxygen. The O 1s XPS spectra of CoCr2O4 

samples can be deconvoluted into different contributions, with 

the signals at 530 eV and 531.5 eV reflecting the presence of 

lattice oxygen and hydroxide ions, respectively51,54,55,56 (Figure 

4a and Supporting Information Figure S26). Around 50% of the 

surface oxygen species for the Pri-CoCr2O4 and CoCr2O4 

activated at 1.5 V are composed of lattice oxygen. However, the 

proportion of lattice oxygen decreases to 29.5% by holding 

potential at 1.6 V vs RHE and even less for that at 1.64 V vs 

RHE (Figure 4b and Supporting Information Figure S27). This 

shows that lattice oxygen is consumed at a high potential where 

Cr leaching occurs at the expense of hydroxide species 

deposited upon surface reconstruction (Supporting Information 

Figure S27), agreeing with our TEM-EDS line scan and XAS 

analysis.  

To understand whether the promoted surface species formation 

originates from the participation of lattice oxygen to the OER, as 

previously observed for numerous catalysts4,23,58,59, a gas 

chromatography–mass spectrometry (GC-MS) has been 

conducted after OER for 18O labelled Pri-CoCr2O4 and Act-

CoCr2O4 (Supporting Information Figure S28 and Figure S29). 

Doing so, it is found that both 18O labelled Pri-CoCr2O4 and Act-

CoCr2O4 after OER in K16OH do not release 18O2 or 16O18O 

during OER (Supporting Information Figure S30 and Figure 4c). 

This observation shows that the oxygen evolved is not from the 

lattice oxygen in CoCr2O4 either with activation or without 

activation. By detecting the evaporated liquid solution after OER 

in K16OH for 18O labeled Act-CoCr2O4, 18OH and H2
18O are 

observed besides 16OH and H2
16O (Figure 4d). This implies that 

lattice oxygen in Act-CoCr2O4 dissolves into the KOH solution 

after OER. This loss of lattice oxygen may originate from the 

leaching of soluble Cr6+ species.60,61 Hence, by using ion 

chromatography (IC), a representative peak for Cr6+ ion62 has 

been observed in the KOH solution after OER of Act-CoCr2O4 

(Supporting Information Figure S31). This indicates that 

chromate (CrO4)2- are released during oxidation of Cr4+ species 

at OER potentials, that phenomenon becoming greater at higher 

potentials. Indeed, at 1.5 V vs RHE, the content of lattice oxygen 

is almost the same as that in Pri-CoCr2O4 (Supporting 

Information Figure S26), while at 1.6 V vs RHE above the OER 

onset potential, lattice oxygen starts to be detected in the 

alkaline electrolyte as the result of the formation of chromate 

(CrO4)2- soluble species. The continuous dissolution of Cr ions 

thus leaves a large amount of cation vacancies and oxygen 

vacancies (Ovac), exposing the tetrahedral Co from the surface 

towards the bulk. This is supported by the loss of lattice oxygen 

on the surface outweighing the gain in OH- ions, as shown in 

Figure 4b and Supporting Information Figure S27. This 

difference is a result of the Ovac formed on the surface. As 

observed by O K-edge soft XAS spectra in Figure 4e, the 

change in O K prepeak intensity indicates the change in metal-

oxygen bonding covalency or the formation of defects in the 

structure. A large number of Ovac on the surface of Act-CoCr2O4 

creates favorable conditions for the formation of amorphous Co 

oxyhydroxide layer22 without long-range order by absorbing the 

OH- ions from the electrolyte. This gives rise to a much 

enhanced OER activity (Supporting Information Figure S10), as 

manifested by three orders of magnitude increase in turnover 

frequency (TOF) for Act-CoCr2O4 (Experimental methods and 

Supporting Information S30) when compared to CoOOH 

(Supporting Information S31). For CoOOH, there are more 

electrochemically accessible sites, however, not all sites 

electrochemically accessible are OER active. While for Act-

CoCr2O4, Cr leaching and surface modulation not only increases 

the number of active sites but also the intrinsic activity per active 

site for Co (Supporting Information Figure S10). That behavior is 

also different from NiFeOOH-Cr as reported by Xu et.al. 64 When 
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Cr leaches, only the number of active sites increases but not the 

intrinsic activity per site. 

Figure 4.  Probing lattice oxygen leaching for Act-CoCr2O4. (a) 

XPS of O 1s regions for Pri-CoCr2O4 surface (left panel) and 

CoCr2O4 activated at 1.64V (right panel). Fittings of experimental 

spectra obtained for CoCr2O4 are shown in coloured lines and 

can be divided into three regions, which are O in C-OX, O in OH- 

and O2- in oxides.55,56,57 The regions corresponding to O2- in 

oxides are filled with light red colour. (b) Percentage of oxygen 

contained in C-OX, OH- and oxides for Pri-CoCr2O4 and CoCr2O4 

activated at 1.64V. (c) The percentage of 16O2 and 18O2 & 16O18O 

detected by GC-MS after OER of 18O labelled Act-CoCr2O4 in 

K16OH. (d) The percentage of H2
16O & 16OH and H2

18O & 18OH 

detected by GC-MS after evaporating the liquid after OER of 18O 

labelled Act-CoCr2O4 in K16OH. (e) O L-edge soft XAS spectra 

for Pri-CoCr2O4 and Act-CoCr2O4 with CoOOH as reference. 

 

Leaching and Surface Reconstruction Mechanism. To further 

probe the effect of activation potential on the possible reaction 

paths for Pri-CoCr2O4 and Act-CoCr2O4, pH-dependent 

experiments were conducted in 0.1M / 0.3M / 1M KOH. The 

OER activity measured of Pri-CoCr2O4 and CoCr2O4 activated at 

1.54 V vs RHE shows no pH dependence (Supporting 

Information Figure S35 and S36). This suggests that, when the 

activation of CoCr2O4 is not triggered, a conventional adsorbate 

evolving mechanism (AEM) with four concerted proton-electron 

transfer on the surface metal-ion center63 dominates (Figure 5a) 

and a very stable surface is formed under OER. Nevertheless, 

the activity for CoCr2O4 activated at 1.54 V vs RHE, though 

negligible, is a bit higher than that for Pri-CoCr2O4. From the 

surface redox peaks position and TEM-EDS results, the surface 

is found to be covered with Cr atoms. Hence, while its thickness 

is certainly very limited, a Cr oxyhydroxide surface layer may 

form after activation at a rather low potential. However, a pH-

dependent OER activity is observed for CoCr2O4 activated at 

1.64 V vs RHE (Supporting Information Figure S37), a 

dependence which is even greater after activation at 1.7 V vs 

RHE (Supporting Information Figure S38). This agrees with the 

change in Tafel slope when a potential higher than 1.6 V is 

applied. The pH dependence for the anodic current is often 

associated with lattice oxygen oxidation activity23. As mentioned 

by May et al., surface reconstruction is likely to occur via lattice 

oxygen participating mechanism when the O 2p center (relative 

to Fermi level) is higher than -2.2 eV32. The O 2p band center of 

CoCr2O4 is computed to be at -1.803 eV by DFT calculations, 

indicating the redox activity of lattice oxygen upon anodic 

polarization. However, the surface reconstruction here is very 

different from the one observed after the participation of lattice 

oxygen to the OER.32 Here, lattice oxygen in Act-CoCr2O4 

leaches concomitantly with Cr when applying a high anodic 

potential (>1.56 V), leaving cation and anion vacancies on the 

surface. Doing so, the tetrahedrally coordinated Co cations on 

the surface of Pri-CoCr2O4 are isolated from each other. Since 

there are no adjacent metal centers bridged by oxo groups, the 

oxygen release following the direct coupling of dual-metal sites, 

as previously observed for amorphous oxyhydroxides, does not 

happen with cations in tetrahedral sites. Hence, Co2+
Td has 

always been considered to be an OER inactive site.19,20 The 

dissolution of Cr3+
Oh cation stimulated at the high anodic 

potential in Act-CoCr2O4, fortunately, facilitates the Co2+
Td 

cations to form an octahedrally coordinated oxyhydroxide layer 

which does not have long-range order. This can be either Co2+
Td 

cations first lose their coordination and dissolve at the interface, 

then quickly re-deposit under OER conditions back onto the 

surface, or Co2+
Td cations directly form into Co oxyhydroxide 

(Figure 5b). The highly lacunar surface favors the absorption of 

hydroxides and surface Co species when compared to CoOOH 

film42. Since the surface is full of defects and oxygen vacancies 

are created by Cr leaching, a non-concerted proton-electron 

transfer63 is demonstrated in Figure 5c and which presumably 

arises from the chemical exchange of hydroxyls species into the 

surface oxygen vacancies. The success in promoting surface 

reconstruction by controllable leaching of Cr in CoCr2O4 in this 

work makes a good example of intentional surface regulation. 

When the activation potential is high enough, Cr leaching is 

initiated. The release of lattice oxygens tremendously increases 

when Cr is leaching out at increasing potentials, leading to the 

formation of vacancies and defects and the reorganization of Co 

cations into oxyhydroxide. The Cr leaching not only facilitates 

the exposure of more surface-active sites but also increases the 

intrinsic activity per site, which gives rise to the promoted OER 

activity (Figure 5b). This intentionally controlled leaching for Act-

CoCr2O4 thus enables Co in tetrahedral sites to contribute to 

OER by forming favorable edge-shared octahedra without long-

range ordering. The only short range amorphization on the 

surface enables the bulk structure to be stable under more than 

24 hours of stability test (Supporting Information Figure S39). 
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Figure 5.  Activation conditions on the surface evolution mechanisms for 

CoCr2O4. (a) Proton electron concerted transfer for Pri-CoCr2O4. (b) Scheme 

of CoCr2O4 surface change before OER testing after being applied increased 

potentials. (c) Proton electron non-concerted transfer for Act-CoCr2O4. 

Conclusion 

In summary, we have demonstrated the promotion of surface 

reconstruction for CoCr2O4 via controllable leaching of Cr. This 

surface reconstruction by Cr leaching has been investigated by 

CA studies and characterization techniques such as ICP, TEM-

EDS, XAS, XPS, and GC-MS. By activating CoCr2O4 at a 

potential higher than 1.56 V vs RHE, the Cr leaching can be 

facilitated by anodic oxidation from Cr4+ into Cr6+, triggering the 

leaching of lattice oxygen anions. The Cr leaching creates 

vacancies and defects which allows the reconstruction of Co 

species on the surface to form Co oxyhydroxide which 

possesses different electronic structures than that of CoOOH 

film. Higher anodic potential triggers better performance of the 

catalyst by promoting the Cr leaching and lattice oxygen 

consumption. This newly formed surface at high activation 

potential exhibits more Co active sites with higher intrinsic 

activity per sites. The OER activity for CoCr2O4 after activation at 

1.7 V vs RHE performs better than CoOOH. The catalyst is 

stable under 100 mA cm-2
disk for more than 24 hours. This work 

brings forward the design of catalyst with transition metal cations, 

which have different solubility as a function of oxidation state, to 

act as a leaching agent allowing a controlled surface activation. 

Controlling the activation condition is a new strategy to induce 

controllable metal leaching and surface reconstruction, which 

can enlighten the more rational design of electrocatalysts with 

the controllable reconstruction ability.  
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CoCr2O4 activated at 1.7 V for 1.5 hours (Act-CoCr2O4) exhibits better OER activity compared to IrO2 in alkaline solutions. Pristine 

CoCr2O4 is originally inactive. An activation potential larger than 1.56 V promotes the Cr leaching and lattice oxygen losses in 

CoCr2O4, leaving the highly defective surface for Co species to reconstruct into octahedrally coordinated Co3+~4+ oxyhydroxide, which 

gives rise to its high performance. 
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Experimental Procedures 

Material synthesis: CoCr2O4 was synthesized via a sol-gel technique. The precursor was made by dissolving 15mmol Co 

(NO3)2•6H2O (Cobalt(II) Nitrate hexahydrate, reagent grade, 98%, Sigma-Aldrich) and Cr (NO3)3•9H2O (Chromium(III) nitrate 

nonahydrate, Sigma-Aldrich) stoichiometrically in an aqueous solution of 3mL NH4OH (Ammonium hydroxide, 28-30%, J.T.Baker) in 

250mL beaker. 1.5g EDTA (Ethylenediaminetetraacetic acid, Alfa Aesar) and 1.5g C6H8O7 (Citric acid, Sigma-Aldrich) were added to 

the mixture. The mixture was then stirred with a magnetic stirrer to obtain a homogeneous solution. It was then heated at 230 ºС 

overnight until a gel is formed. Then it was transferred to an oven for further heating at 250 ºС for 5 hours. Finally, the intermediate 

product was calcinated in a furnace at 1200 ºС for 6 hours to obtain the greenish-blue CoCr2O4 product. The method was the same 

for the synthesis of ZnCr2O4, with Zn (CH3COO)2•2H2O (Zinc acetate dihydrate, Sigma-Aldrich) replacing Co (NO3)2•6H2O for the 

precursor preparation. For the synthesis of Co3O4, Cr (NO3)3•9H2O was excluded for the precursor preparation and a final calcination 

temperature at 400ºС was adopted.  

 

“Fe-free” alkaline solution preparation: The electrolytes used for the electrochemical studies are prepared from KOH pellets 

(Potassium hydroxide, semiconductor grade, pellets, 99.99% trace metals basis (Purity excludes sodium content.), Sigma-Aldrich). 

To avoid Fe contaminations, all measurements were conducted in plastic cells. Besides, the prepared KOH solutions at different 

concentrations were purified by Co (OH)2 to remove the Fe impurities.1  

 

Film deposition of Co(OH)2: Prior to the film deposition, the glassy carbon insert for the rotating disk electrodes were cleaned by 

cycling 10 times in an alkaline solution with a potential range of 1.1-1.7 V. Prior to the electrochemical deposition, the electrodes were 

polished and ultrasonically washed by ethanol and 18.2 MΩ·cm water. Films of Co(OH)2 were cathodically deposited in argon 

saturated 10mM Co(NO3)2 solution at a current density of 50 μA cm−2 for 600 s. After deposition, films were rinsed by dipping in 

deionized water (18.2 MΩ·cm). Prior to the OER measurements, the as-deposited electrodes were first cycled in “Fe-free” alkaline 

solution at 100 mV s−1 with a potential range of 1.1-1.7 V for 20 cycles for conditioning.1 

 

Material Characterizations: The crystal structure was obtained by Bruker D8 Advance with Cu-Kα radiation (λ = 1.5418 Å). The 

(Brunauer-Emitter-Teller) BET specific surface areas of the materials were obtained using an ASAP Tristar II 3020. XANES and 

extended EXAFS characterizations were carried out at the XAFCA beamline of the Singapore Synchrotron Light Source (SSLS) with 

a transmission mode to obtain structural information2. Data reduction and data analysis were performed with the Athena software3. 

Soft XAS with total electron yield (TEY) mode is a surface sensitive technique for the characterization of surface oxidation state of 

catalysts. It was conducted at SINS beamline of SSLS4 for the analysis of surface oxidation state change of CoCr2O4 before and after 

CA experiments. High-resolution transmission electron microscopy (HRTEM) was conducted in the Facility for Analysis 

Characterisation Testing and Simulation in NTU (FACTS) by a JEOL 2100F transition electron microscope with 200kV accelerating 

voltage. The morphology and composition of CoCr2O4 after CA experiments were compared with that of the as-synthesized CoCr2O4. 

TEM-EDS line scan was employed to study the change in the elemental profile from the surface to core of the material before and 

after electrochemical experiments.5 The raw material was prepared by rolling carbon film-coated Cu TEM grids in the CoCr2O4 

powders directly. The material after electrochemical activation were prepared by suspending it in ethanol by ultrasonication. The 

suspensions were then dropped onto Cu grids and dried at room temperature. Right after that, a TEM test is conducted. Besides, for 

the CA experiments, the CoCr2O4 was coated on the electrode without adding carbon black and Nafion.  XPS measurements were 

performed using a PHI-5400 with Al Kα beam source (250 W) and a position-sensitive detector (PSD). The binding energy resolution 

is 0.8 eV, angle resolution is 45° and the detection limit is 80 K CPS. The base pressure of the measurement chamber is 3.0 × 10-7 

Pa. The Ar ion (voltage 12 kV, current 4.2 mA) sputtering speed is 0.28 nm/s over an area of 300 × 300 um2. Data from the 

measurements were calibrated using the adventitious carbon peak of the C 1s spectra (EB = 284.8 eV).6 By using the Lorentz-

Gaussian fitting method, the XPS spectra of O 1s, Co 2p3/2, and Cr 2p3/2 have been deconvoluted into smaller contributions as shown 

in Figure 3a, Supporting Information Figure S26, Figure S24, and Figure S34. GC-MS was conducted by using Agilent 5973N GCMS. 

The molecular mass of the gas obtained after sweeping the 18O labelled Pri-CoCr2O4 and Act-CoCr2O4 in K16OH was analyzed. The 

oven temperature was set at 110°C. The air flew at a constant rate of 3 mL/min. The measurements were conducted at 100°C for 5 
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minutes. To analyze the composition of the liquid solution after OER of 18O labelled Pri-CoCr2O4 and Act-CoCr2O4 in K16OH, the liquid 

solutions were injected into the GCMS. The analytical Temperature was held at 150°C for 5 minutes for the water in the solution to 

evaporate and the molecular mass of the gas component was measured. IC has been conducted for the detection of anions in the 

solution after OER. The preconfigured Dionex ICS-1000 integrated system performed isocratic IC separations using conductivity 

detection. The column Temperature was set at 35°C and the flow rate was controlled at 1.2 mL/min. 

 

Electrochemical Tests: The Oxygen evolution reactions were carried out using a three-electrode method with catalyst drop cast on 

glassy carbon electrode (0.196cm2) as a working electrode, and mercury-mercury oxide electrode (Hg/HgO) and Pt plate (1×2 cm2) 

serving as reference and counter electrodes, respectively.  The catalysts ink used for dropping casting on the glassy carbon 

electrode were prepared as the following. 10 mg of catalyst was mixed with 2 mg of acetylene black (AB), 400 μl of isopropanol, 

1.55ml of deionized water, and 50 μl of Nafion perfluorinated resin solution (5 wt% in H2O). The mixture was ultrasonicated for at 

least 15 minutes to achieve homogenized dispersion of catalysts and carbon. 10 μl of ink was drop cast on the glassy carbon 

electrode and left until dry. The glassy carbon electrode was polished with alumina slurry and ultrasonicated in ethanol and water 

repeatedly before drop-casting. The electrochemical measurements were done by using Biologic SP 150 potentiostat. The potentials 

manifested in the results were converted to RHE scale by the following equation: 

E (vs. RHE) / V = E (vs. Hg/HgO) / V + EHg/HgO (vs. SHE) / V + 0.059 × pH / V  

(EHg/HgO (vs. SHE) / V = 0.098 / V vs. SHE at 25°C) 

To obtain the real potential applied to the catalysts, the potential calculated above should be corrected by the Ohmic drop. The 

Ohmic drop comes from the resistance of the electrolyte between the working and reference electrodes.  

Ereal / V = E (vs. RHE) / V − iR  

where Ereal is the real potential applied on the catalysts after iR correction, ERHE is the measured potential in RHE scale, i is the 

measured current, and R is the uncompensated resistance as determined by electrochemical impedance spectroscopy (EIS). The 

EIS method for resistance determination is conducted by collecting the AC impedance spectra from 100 kHz to 100 mHz with a 

voltage perturbation of 0.6V versus reference. 

The durability test of Act-CoCr2O4 was done in a 100 mL plastic baker at 100 mA/cm2. Prior to that, 1mg sample CoCr2O4 was loaded 

on 2.55 m2 carbon paper and activated at 1.7 V for 1.5 hours. 

 

Tafel analysis: The OER activity presented in the form of a Tafel plot gives intuitive activity comparison among different catalysts.7 It 

is plotted with iR-corrected potential against the logarithm of current density. A background correction was done for the current 

density by averaging the positive and negative scans.  

The Tafel relation is shown as follows: 

η = a + b log (j),  

where η is the overpotential, which is the difference between the electrode and standard potentials (η= E real−E0), j represents the 

current density, and b denotes is the Tafel slope.  

The fundamental relationships in electrochemical kinetics as described by the Butler-Volmer equation are the follows: 

j = j0{exp(−αƒƞ) – exp [(1 − α) ƒη]}, 

ƒ=  

where α is the transfer coefficient, F is the Faraday’s constant, R is the universal gas constant, 

T is the absolute temperature, and j0 is the exchange current density.  

From the above equations, the following equation can be derived: 

η =   ln (j0) −    ln (j).  

The first term corresponds to “a” in the Tafel relation. The term -RT/αF corresponds to “b”, which is the Tafel slope. The slope 

obtained from the plot of η vs. log j can be converted into the Tafel slope which provides insight into the reaction mechanism of the 

catalysts. 

The CoCr2O4 was cycled by cyclic voltammetry (CV) between 0.9V to 1.65V at a scan rate of 10 mV s-1 for the observation of OER 

activity and pseudocapacitance. Chronoamperometry (CA) is another electrochemical technique that measures the current response 

under fixed potential as a function of time. The CoCr2O4 was activated at a series of potentials using CA. The OER activities of the 
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sample with activation and without activation were then evaluated by CV between 0.9V to 1.65V at a scan rate of 10 mV s-1. The 

samples prepared for TEM, XAS, ICP, XPS measurements, and pH-dependent experiments were activated by CA at the different 

potential of 1.5V, 1.6V, and 1.64V for 7 hours. The pH-dependent experiments were conducted by CV measurements in 0.1M KOH 

(pH=13.12), 0.3162M (pH=13.54) and 1M (pH=13.98) with a scan rate of 10 mVs-1 using three working electrodes from 0.9V to 1.65V. 

OER experiments were conducted to the same RHE scale to ensure that the OER overpotential with respect to the equilibr ium 

O2/H2O redox potential remained identical across different values of pH8. Prior to the study of the contribution from lattice oxygen in 

Pri-CoCr2O4 and Act-CoCr2O4 on OER by GC-MS, oxygen isotopic labeling was conducted. CoCr2O4 was coated on an Au disk 

electrode (0.166 cm2). An Au wire was employed as a counter electrode. The lattice oxygen in Pri-CoCr2O4 and Act-CoCr2O4 was 

labelled by potentiostatic holding at 1.6 V versus RHE in 18O-labelled 1 M KOH solution for 10 min. After that, the electrodes were 

rinsed with K16OH prior to the OER conducted in K16OH with a scan rate of 2 mVs-1.9  

 

TOF Calculation: The TOF values are defined as the moles of O2 evolved per mole of Co in Act-CoCr2O4 and CoOOH per second.10  

The TOFs are calculated at an overpotential of 0.37 V  by the current of the CV sweeps (taken at a scan rate of 10 mV s−1) dividing 

by the moles of Co determined by the area of the redox peak of Co2+ to Co3+. The details are shown in Supporting Information Figure 

S32 and S33. 
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Results and Discussion 

Table 1: BET surface area of CoCr2O4 and Co3O4 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample SBET (m2/g) 

CoCr2O4 6.3 

Co3O4 21.4 
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Figure S1. Chronoamperometry (CA) of CoCr2O4 at a potential of 1.5/1.6/1.64/1.7 V for seven hours. The larger the potential applied 

for the CA, the shorter the time for the currents to reach steady state. 
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Figure S2. (a) CA of CoCr2O4 at a potential of 1.64 V for twelve hours. (b) CV after the CA of CoCr2O4 at a potential of 1.64 V for 

twelve hours in comparison with that after the CA of CoCr2O4 at a potential of 1.64 V for seven hours. 
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Figure S3. Tafel plot after the CA of CoCr2O4 at a potential of 1.64 V for twelve hours. Longer time for the activation by CA at lower 

potential does not increase the stabilized current density further and does not give raise to better activity. The Tafel plot after CA of 

CoCr2O4 at a potential of 1.64 V for twelve hours does not shift towards the curve for Act-CoCr2O4 activated at 1.7V for 1.5 hours. If 

the lower overpotentials (e.g., 1.5/1.6) were held for longer times (e.g., 14 hrs., 21 hrs.), the Tafel plots will not shift towards the curve 

for Act-CoCr2O4 as well. The Tafel plots at different activation potentials will not collapse onto one master curve even after very long 

time. This is because the lower potential is not enough to induce enough leaching quantities. Potential is the key factor for the Cr 

leaching and surface reconstruction, which is the main parameter influencing the activity. 
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Figure S4. (a) CA of CoCr2O4 at a potential of 1.64 V for half an hour. (b) CV after CA of CoCr2O4 at a potential of 1.64 V for half an 

hour. 
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Figure S5. Tafel plots of at the 2nd cycle and after Chronoamperometry (CA) at a potential of 1.5/1.6/1.64V/1.7V for seven hours.  
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Figure S6. EIS curve of Pri-CoCr2O4, CoCr2O4 after activation at 1.64V for seven hours and Act-CoCr2O4 after activation at 1.7V for 

one and half hours. 
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Figure S7. a) Electrochemical double layer of Pri-CoCr2O4 under different scan rates. b) Current versus scan rate for Pri-CoCr2O4. 

Calculation on electrochemical surface area of Pri-CoCr2O4: 

ECSA = CDL/CS 

CDL= iDL/v= 0.000454F 

CS = 60 μF cm-2 

ECSA= CDL / CS = 0.000454 / (60*10-6) = 7.57 cm2 

m= 50 μg 

7.57 cm2/ 50 μg = 15.14 m2/g 
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Figure S8. a) Electrochemical double layer of Act-CoCr2O4 under different scan rates. b) Current versus scan rate for Act-CoCr2O4. 

Calculation on electrochemical surface area of Act-CoCr2O4: 

ECSA = CDL/CS 

CDL= iDL/v= 0.00346F 

CS = 60 μF cm-2 

ECSA= CDL / CS = 0.00346 / (60*10-6) = 57.67 cm2 

m= 50 μg 

57.67 cm2/ 50 μg = 115.3 m2/g 

The ECSA of CoCr2O4 increases from 15 to 115 m2/g after activation, which indicates that there is increase in number of active sites 

after activation. 
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Figure S9. ECSA normalised OER activity of Pri-CoCr2O4 and Act-CoCr2O4. The current normalized by ECSA for Act-CoCr2O4 is 

higher than Pri-CoCr2O4, indicates that the intrinsic activity per site increases after activation. For NiFeOx11, the substitution of Cr 

increases the number of active site but not the intrinsic activity per site. 
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Figure S10. Comparison the specific activity between Act-CoCr2O4 and CoOOH12. 

To compare the specific activity between Act-CoCr2O4 and CoOOH12, we have normalized the OER activity by ECSA. As shown in 

Figure S10, the specific activity of Act-CoCr2O4 is better than CoOOH. 
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Figure S11. CV curves of CoCr2O4 at the second cycle and after soaking in 1M KOH for 5 hours. 
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Figure S12. (a) CV curves of CoCr2O4 after CA at 1.7V for 1.5 hours with and without previously soaking in 1M KOH for 5 hours. (b) 

Tafel plots of CoCr2O4 after CA at 1.7V for 1.5 hours with and without previously soaking in 1M KOH for 5 hours. 
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Figure S13. Electrochemical characterization on OER performance of CoCr2O4. CV curves of CoCr2O4 at the 2nd cycle and after 

Chronoamperometry (CA) at a potential of 1.5/1.6/1.64V for seven hours. 
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Figure S14. CV curve of CoCr2O4 and ZnCr2O4. 
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Figure S15. (a) A consecutive series of chronoamperometry (CA) at different potential from 1.43 V to 1.66 V and (b) cyclic 

voltammetry after CA from 1.5 V to 1.66 V for CoCr2O4. 
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Figure S16. A consecutive series of CP at a different current density from 2 to 50 mA cm-2
disk.  
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Figure S17. (a) A consecutive series of chronoamperometry (CA) at different potential from 1.18 V to 1.66 V and (b) cyclic 

voltammetry after CA from 1.18 V to 1.66 V for Co3O4. 
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Figure S18. EDS quantification results of Pri-CoCr2O4 produced across the area from surface to bulk. Co and Cr has a stoichiometric 

proportion of 1:2. 
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Figure S19. EDS quantification results of Act-CoCr2O4 produced across the area from surface to bulk. Co and Cr has a stoichiometric 

proportion more than 1:2. After activation, the ratio of Co and Cr changes. Cr is not double of Co anymore. This indicates the 

depletion of surface Cr. 
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Figure S20. Quantification line scans reflecting at% varies across the surface to bulk of the elements in Act-CoCr2O4. The STEM-

EDS image in Figure 2g is the intensity line scan of Act-CoCr2O4 not reflecting the at% change. Pay attention that the colors of the 

curves shown in Figure S19 are machine automatically generated colors (Co at% is in red, O at% is in blue and Cr at% is in green), 

which do not correspond to the colors of elements shown in the main text Figure 2g (Co at% is in blue, O at% is in red and Cr at% is 

in green). Please read the data based on the legand. The quantifiction line scans here shows a significant depletion of Cr and the 

abundance of Co cations on the surface of Act-CoCr2O4 activted at 1.7 V for 1.5 hours.  
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Figure S21. (a) Normalized Cr K-edge XANES spectra for pristine CoCr2O4 and activated CoCr2O4 after CA at a potential of 1.6/1.64 

V (vs. RHE) for seven hours. (b) FT-EXAFS spectra for Cr K-edge for pristine CoCr2O4 and activated CoCr2O4 after CA at a potential 

of 1.6/1.64 V (vs. RHE) for seven hours. 
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Figure S22. Merged XANES data from three different measurements of pristine CoCr2O4, activated after CA at a potential of 

1.5/1.6/1.64 V (vs. RHE) for 7 hours. By using half height methods14, the oxidation state of Co in pristine CoCr2O4, activated after CA 

at a potential of 1.5/1.6/1.64 V (vs. RHE) for 7 hours have been determined as 2, 2.02, 2.07, 2.09. These XANES data were obtained 

under transmission mode. Hence, the oxidation state is the average of the bulk and surface Co. By using XPS and SXAS, the surface 

Co oxidation state can be better analysed. The surface Co is more than 3+. This suggests that the Co reconstruction is only on the 

surface. The bulk structure is not affected much. This gives rise to the stable structure of the catalyst under long run.  
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Figure S23. XPS of C 1s regions for CoCr2O4 surface before OER testing and after CA at a potential of 1.5/1.6/1.64 V (vs. RHE) for 

seven hours.15-18 The individual edge was calibrated with a C 1s standard (284.8 eV) before analysis. 
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Figure S24. XPS of Co 2p regions for CoCr2O4 surface before OER testing and after CA at a potential of 1.5/1.6/1.64 V (vs. RHE) for 

seven hours. Fittings of experimental spectra obtained for CoCr2O4 are shown in coloured. All samples show deconvoluted BE 

signals at around 780.4 eV and 782.4 eV. However, both CoCr2O4 activated at 1.6 V and 1.64 V have an additional peak at around 

781.3 eV. Pristine CoCr2O4 and CoCr2O4 activated at 1.5 V contain Co2+ species only. There is presence of Co3~4+ species besides 

Co2+ in CoCr2O4 activated at 1.6 V and 1.64 V19. 
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Figure S25. Based on the species per spectrum area constant derived and the deconvoluted area Co and Cr peaks excluding the 

satellite region, the ratio of Co and Cr was calculated for pristine CoCr2O4 (a) and CoCr2O4 after CA at a potential of 1.5 (b) /1.6 (c) 

/1.64 V (d) (vs. RHE). The surface ratios of Co and Cr are calculated for all samples. The pristine CoCr2O4 initially contains nearly 

70% of Cr on the surface which is close to the ratio 1:2 of Co to Cr in CoCr2O4. The CoCr2O4 activated at 1.6 V and 1.64 V for 7 hours 

experience significant Cr leaching and more than 50% of surface Co species exposure. This phenomenon agrees well with the 

observations by ICP, TEM-EDS and XAS. The Cr leaching is facilitated by the potential at which the sample is activated.  
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Figure S26. XPS of O 1s regions for CoCr2O4 surface before OER testing and after CA at a potential of 1.5/1.6/1.64 V (vs. RHE) for 

seven hours. Fittings of experimental spectra obtained for CoCr2O4 are shown in coloured lines and can be divided into three regions, 

which are O in C-OX, O in OH- and O2- in oxides. The regions corresponding to O2- in oxides are filled with light red colour. The O 1s 

spectra of CoCr2O4 samples can be deconvoluted into three different contributions. The signals at around 530 eV and 531.5 eV reflect 

the presence of lattice oxygen and hydroxide ions respectively.1,19 The peak at 532.9 eV is ascribed to the presence of carbon 

contamination20 which may come from the Nafion® perfluorinated solution (-CF2–O–CF2-) that was added to the catalyst ink during 

drop casting.21 
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Figure S27. Distribution of different oxygen species on surface of pristine CoCr2O4 (a) and CoCr2O4 after CA at a potential of 1.5 (b) 

/1.6 (c) /1.64 V (d) (vs. RHE). 
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Figure S28. (a) 18O labelling Pri-CoCr2O4 by potentiostatic at 1.6V vs RHE for 10 min in 18O labelled 1M KOH. (b) CV of 18O labelled 

Pri-CoCr2O4 in 1M K16OH with a scan rate of 2 mVs-1. 
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Figure S29. (a) 18O labelling Act-CoCr2O4 by potentiostatic at 1.6V vs RHE for 10 min in 18O labelled 1M KOH. (b) CV of 18O labelled 

Act-CoCr2O4 in 1M K16OH with a scan rate of 2 mVs-1. 
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Figure S30. GC-MS for oxygen detection in 18O labelled Pri-CoCr2O4 after OER. 
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Figure S31. IC of the KOH solution after OER of Act-CoCr2O4. After OER of CoCr2O4 activated at 1.7 V (vs RHE) in 1M KOH solution, 

the solution contains representative peak for Cr(VI) ion which falls in t~6-7.22 At pH < 1, the predominant species is H2CrO4, while as 

the pH is raised from pH 2 to 6, the HCrO4
- and Cr2O7

2- anions prevail. At a pH > 8 only the yellow ion CrO4
2- exists.23 The Cr(VI) ion 

in the solution should be CrO4
2-. 
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Figure S32. Determining the redox area of Act-CoCr2O4. 

The TOF value for Act-CoCr2O4 is calculated as the following: 

At 1.6V vs RHE: 

The area of the redox for Co is:  0.047 - 0.36 * (1.11-1.04) = 0.0218 mA*V*cm-2 

0.0218 mA*V*cm-2 * 0.196 cm2 = 0.00427 mA*V 

The scan rate is at 10 mVs-1 

The current at 1.6 V (vs.RHE) is 19.59 mA 

TOF=Current at 1.6V/ (area of redox peak/scan rate) = 45.8 s-1 
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Figure S33. Determining the redox area of CoOOH. 

The TOF value for CoOOH is calculated as the following: 

At 1.6V vs RHE: 

The redox area for Co is: 13.49-10.15*(1.26-0.92) = 10.04 mA*V*cm-2 

10.04 mA*V*cm-2 * 0.196 cm2 =1.97 mA*V 

The scan rate is at 10 mVs-1 

The current at 1.6 V (vs. RHE) is 3.42 mA 

TOF=Current at 1.6V / (area of redox peak/scan rate) = 0.0174 s-1 

The area of the redox area for Co indicates the electrochemically accessible sites. The Co redox area for Act-CoCr2O4 is 0.0218 

mA*V*cm-2 and 10.04 mA*V*cm-2 for CoOOH. It means that there are more electrochemically accessible sites for CoOOH. However, 

the activity is much lower, hence, not all these electrochemically accessible sites eventually contribute to the OER activity for CoOOH. 

Hence, the TOF is much less than that for Act-CoCr2O4. 

 

 

 

 

 

 

 



    

39 

 

 

Figure S34. XPS of Cr 2p regions for CoCr2O4 surface before OER testing and after CA at a potential of 1.5/1.6/1.64 V (vs. RHE) for 

seven hours. Fittings of experimental spectra obtained for CoCr2O4 are shown in coloured. The Cr 2p3/2 XPS spectrum for all the 

CoCr2O4 samples peaked at 576.4eV indicate the presence of Cr3+ in octahedral sites of the spinel.20,24 The peak can be further 

resolved into four smaller peaks due to multiplet splitting for unpaired electrons in Cr3+.25,26 However, there might be some Cr3+ that 

exist in all samples as CrOOH peak at 577.3 eV may be overlapped by the peaks of Cr3+ belonging to CoCr2O4 lattice. The absence 

of a peak at around 578.2 eV suggests that there is no Cr6+ species present on the surface.20,24 
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Figure S35. pH dependent OER activity for pristine CoCr2O4.  
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Figure S36. pH dependent OER activity for CoCr2O4 after CA at 1.54V for 7 hours.  
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Figure S37. pH dependent OER activity for CoCr2O4 after CA at 1.64V for 7 hours.  
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Figure S38. pH dependent OER activity for Act-CoCr2O4 after CA at 1.7V for 1.5 hours. 
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Figure S39. (a) CA test for CoCr2O4 loaded on carbon paper at 1.7V for 1.5 hours. (b) CP test for CoCr2O4 loaded on carbon paper 

for 24 hours under 100 mA cm-2
disk. The catalyst is robust during the test. The good stability comes from the stable bulk structure of 

the catalyst. As indicated by XAS, XPS and TEM, only the surface Co reconstructs after the surface Cr leaches, while the bulk 

remains its spinel structure. 
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