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Engineering High-Spin State Cobalt Cations in Spinel Zinc Cobalt Oxide for 
Spin Channel Propagation and Active Site Enhancement in Water Oxidation  

Yuanmiao Sun+, Xiao Ren+, Shengnan Sun*, Zheng Liu, Shibo Xi, and Zhichuan J. Xu*

Abstract: Promoting the initially deficient but cost-effective catalysts to high-

performing competitors is of significance in developing better catalysts. Spinel 

zinc cobalt oxide (ZnCo2O4) is not considered as a superior catalyst for the 

electrochemical oxygen evolution reaction (OER), which is the bottleneck 

reaction in water-electrolysis. Herein, taking advantage of density functional 

theory (DFT) calculations, we find that the existence of low-spin (LS) state cobalt 

cations hinders the OER activity of spinel zinc cobalt oxide, as the t2g
6eg

0 

configuration gives rise to purely localized electronic structure and exhibits poor 

binding affinity to the key reaction intermediate. Increasing the spin state of cobalt 

cations in spinel ZnCo2O4 is found to propagate a spin channel to promote spin-

selected charge transport during OER and generate better active sites for 

intermediates adsorption. The experiments find increasing the calcination 

temperature a facile approach to engineer high-spin (HS) state cobalt cations in 

ZnCo2O4, while not working for Co3O4. The activity of the best spin-state-

engineered ZnCo2O4 outperforms other typical Co-based oxides. Our work 

pinpoints the critical influence of the spinel composition on the splitting energy of 

the metals and further on the feasibility of spin state engineering.     

The rapid development of industrialization has raised growing concerns 

toward worldwide energy crisis and environmental problems, such as the shortage 

of fossil fuels and climate change, which call for a necessary switch of energy 

resources from traditional fossil fuels to clean and sustainable alternatives. 

Electrochemical water splitting, which takes advantage of the electric power that 

can be generated from renewable resources to harvest hydrogen from water, offers 

an ideal approach to achieve energetic sustainability because of the high energy 

density and cleanness of hydrogen. However, the slow kinetics and large 

overpotential required to sustain the counter electrode reaction, the oxygen 

evolution reaction (OER), greatly hinders the overall efficiency of water 

electrolysis.[1] Therefore, developing highly active, stable, and low-cost OER 

electrocatalysts is the decisive objective for realising a clean and sustainable 

energy infrastructure. To this end, tremendous efforts have been spent on 

understanding the intrinsic structure-activity relationship of OER on transition 

metal oxides (TMOs), based on which highly active TMOs composed of earth-

abundant elements can be designed with theoretical support. For example, Shao-

Horn’s group identified that the eg occupancy of octahedral cations dominates the 

adsorbate-catalyst interaction and therefore the volcanic activity trend of OER on 

perovskite oxides.[2a] Based on this theory, perovskite Ba0.5Sr0.5Co0.8Fe0.2O3−δ 

(BSCF) with optimal eg occupancy has been designed and confirmed to be a 

remarkable OER catalyst. Similarly, the covalency competition in spinel oxides is 

found crucial in determining the OER activity as it regulates the exposure of active 

sites.[2b] Based on this, spinel [Mn]T[Al0.5Mn1.5]OO4 with a balanced covalency 

competition was thereafter predicted and identified as an ideal OER catalyst. 

Years’ efforts and accumulations have set up valuable understandings of OER on 

TMOs, in which the angles from the intermediate-catalyst interaction and the 

intrinsic structural features of the electrocatalysts have been intensively adapted. 

However, the perspective from some inconspicuous parts of OER has been long 

ignored, i.e. the spin configuration of the oxygen product and its coupling with the 

electrocatalyst, whose role has been recently recognised and emphasized.[3] 

A uniqueness of oxygen molecule is that the ground state oxygen favours a 

triplet spin configuration, i.e. oxygen molecule is paramagnetic. Although this 

feature has been long identified, its role in determining the efficiency of OER 

catalysts has been unintentionally neglected. Some pioneer works by J. Gracia et 

al. have theoretically estimated that TMOs in ferromagnetic (FM) spin ordering 

generally show more optimal quantum spin exchange interactions (QSEI) and 

therefore better charge transport ability than those in anti-ferromagnetic (AFM) 

spin ordering.[3a,4a] In this regard, higher reaction kinetics for triplet oxygen 

generation can be expected on TMOs with FM spin ordering. This brings out an 

interesting viewpoint that manipulating the long-range spin ordering in TMOs is 

an effective way in achieving advanced activity. A following experimental work 

by Gálan-Mascarós et al. prepared a series of TMOs and observed significant OER 

enhancement under a moderate magnetic field.[4b] It indicates the generation of 

triplet oxygen is, to some extent, dependent on the local and long-range spin 

structures of TMOs. More recently, R. Chen et al. prepared an inversed spinel 

LiCoVO4 with layered AFM spin structure, within which the high spin state Co2+ 

cations (t2g
5eg

2) can selectively remove spin-oriented electrons from the reactants 

and facilitate the generation of triplet oxygen, boosting the overall OER 

kinetics.[4c] Rising evidences have demonstrated that engineering the spin 

structures is a feasible approach towards enhanced OER activity.[5] However, the 

potential of this approach is still unclear and, to make full use of it, more 

mechanistic insights are necessitated to understand the fundamental theoretical 

basis for the activity enhancement, with which method it can be operatively 

employed, and to what extent it can enhance the activity of the TMOs that are 

initially inactive. 

 In this work, using the OER-deficient ZnCo2O4 spinel as model catalyst, we 

report that a spin channel is propagated when engineering high spin state Co3+ in 

ZnCo2O4 and it is responsible for the greatly enhanced OER activity. The spin 

engineering can be simply realised by controlling the calcination temperature 

during synthesis. Spinel ZnCo2O4 is employed because zinc cations preferentially 

occupy the tetrahedral sites and fix the cobalt cations in the octahedral sites, which 

allows an exclusive investigation into the catalytically critical octahedra.[6a] 

Previous studies have demonstrated the relatively low OER activity of spinel 

ZnCo2O4, as Co3+ cations in octahedral sites exhibit purely low-spin configuration 

(t2g
6eg

0) and therefore no unpaired electrons are available to capture and interact 

with the reactants/intermediates, resulting in poor adsorption.[6] By performing 

density functional theory (DFT) calculations, we first observed that the octahedra 
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units underwent gradual lattice distortion when increasing the spin state of Co 

cations. This phenomenon was accompanied by the emergence of a spin channel 

within the ZnCo2O4 lattice and increased magnetic moment in the adsorbed *OOH 

species. Therefore, we deduce that raising the spin state will not only promote 

spin-selected charge transport, but also optimise the orbital interactions between 

key reaction intermediates and the cation sites, lowering the high free energy gap 

of the rate-determining step (RDS). Driven by this, a series of spinel ZnCo2O4 

with different fractions of low spin and high spin state Co3+ were prepared by 

controlling the synthesis temperature. Characterizations by X-ray absorption fine 

structure (XAFS) spectra and Superconducting Quantum Design (SQUID) ruled 

out the difference in cation valence and pinpointed the gradual increase of high 

spin state Co3+ with the increase of synthesis temperature. Further electrochemical 

analysis revealed the enhanced OER activity on spin-engineered ZnCo2O4. The 

intrinsic activity of the best spin-state-engineered ZnCo2O4 outperforms other 

typical Co-based oxides, suggesting the effectiveness of spin engineering. This 

work highlights the influential factor of spin channel in boosting the OER activity 

on TMOs, demonstrates the spin structure of Co-based spinels can be 

straightforwardly engineered, and reflects the strategy of spin engineering is 

effective even for TMOs with native semiconductor feature.  

Spinel ZnCo2O4 is a normal spinel with Zn2+ and Co3+ residing in the four-

coordinated tetrahedral and six-coordinated octahedral sites, respectively (Figure 

1a). The d10 electronic configuration of Zn2+ makes it catalytically inactive for 

OER as there are no unpaired electrons available to couple with the reactants or 

intermediates. Therefore, it has been widely recognised that the Co3+ in octahedral 

units are responsible for the catalytic behaviour of OER on ZnCo2O4.
[6a] Because 

of the high crystal field splitting energy, Co3+ generally favours a low-spin (LS) 

state (t2g
6eg

0) in octahedral environment[7], where the t2g orbitals are fully occupied 

and eg orbitals fully empty (Figure 1b). This gives rise to a purely localized 

electronic structure and therefore an intrinsic semiconductor feature.[6a,8] As a 

result, spinel ZnCo2O4 is not considered as a highly active catalyst for OER.[6b,9] 

Nevertheless, the empty eg orbitals offers an opportunity to engineer the LS state 

Co3+ into high spin state, which, from an electronic point of view, will 

significantly change the catalytic nature of ZnCo2O4. As illustrated in Figure 1b, 

the empty eg orbitals can allow up to two unpaired electrons to reside in, forming 

the intermediate-spin (IS) state (t2g
5eg

1) and high-spin (HS) state (t2g
4eg

2), 

respectively. The gradual occupation of eg orbitals induces the emergence of a 

spin density around Co3+ cations, which further brings about a spin hole in oxygen 

through exchange interactions.[3a,4a,10] Consequently, electrons become 

delocalized and a spin channel connecting the cobalt cations and oxygen anions 

will generate, creating an unblocked spin pathway to facilitate charge transport 

during electrocatalysis.   

Figure 1. a) Crystal structure of spinel ZnCo2O4 with Zn and Co staying in the tetrahedral and octahedral sites, respectively. b) Illustration of the evolution of Co3+ spin 

state and Co–O–Co spin channel during the process of raising the cobalt spin state. c) The octahedra distortion (ε) during spin state increase. d) The calculated bulk 

oxygen magnetization (μB) of ZnCo2O4 during spin state increase. The inserted patterns show the density of states (DOS) of ZnCo2O4 during spin state increase. The 

dashed lines in DOS show the Fermi level. e) The average magnetization (μB) on oxygen atoms of the adsorbed *OOH species. Here the *OOH was adsorbed on the 

(110) surface of spinel ZnCo2O4. The methods of increasing the spin state of cobalt cations are summarized in supplementary information. f) d-electron configurations 

of cobalt cation in different spin state at the surface. g) The orbital interactions between cobalt cations in different spin state and the *OOH intermediate. The bond order 

(BO) is also shown in the figure. The BO is defined as half the difference between the number of bonding electrons and the number of antibonding electrons (bond order 

= (number of bonding electrons – number of antibonding electrons) / 2). 
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To verify this, density functional theory (DFT) calculations were first 

performed to study the electronic structure of spinel ZnCo2O4 with controlled spin 

state of cobalt cations (more details are summarized in Supplementary 

Information). As shown in Figure 1c, when manually increasing the unpaired spins 

in ZnCo2O4, an apparent phenomenon is that the octahedral units undergo a lattice 

distortion, where the more the unpaired spins are, the more severe the lattice 

distortion is. This is because the increase of cobalt spin state forces the two 

originally empty eg orbitals to be steadily occupied, which gives rise to a 

degenerate electronic ground state. This electronic state is unstable and induces 

Jahn-Teller effect to lower the energy as well as symmetry of the system.[11] As a 

result, the degeneracy is broken and the octahedral units exhibit elongated 

distortion. Another pivotal change in the electronic structure is the emergence of 

spin hole in lattice oxygen. The spin hole of lattice oxygen reflects the magnitude 

of spin density on oxygen, thereby can be used as a quantitative index of the spin 

channel between cobalt cations and oxygen anions. As displayed in Figure 1d, the 

magnetization of lattice oxygen in ZnCo2O4 is 0 μB, suggesting non-existence of 

spin hole and therefore no spin channel lies in between cobalt cations and oxygen 

anions. When manually increasing the spin state of cobalt cations, the 

magnetization of lattice oxygen steadily and powerfully rises, implying the 

emergence and intensification of the spin channel. The inserted density of states 

(DOS) patterns in Figure 1d provide a more visual illustration of the spin channel 

evolution during the process of cobalt spin state increase. For ZnCo2O4 with no 

spin manipulation, the spin-up and spin-down densities are completely symmetric 

and no channel lies across the Fermi level. When the spin state of Co3+ is manually 

raised, the symmetry of DOS is gradually destroyed. Meanwhile, the electronic 

density starts to become continuous as a result of the delocalized electrons and 

eventually, a channel connecting the states below and across the Fermi level 

appears and propagates. Note that the channel is strictly propagated in the spin-up 

domain, suggesting spin-selected charge transport is induced and promoted.[3b] 

Besides the aspect of charge transport, we also evaluated the thermodynamic 

characteristics of ZnCo2O4 with HS state Co3+. According to previous study[12], 

the RDS of OER on LS state ZnCo2O4 is the coupling between OH– and *O to 

form *OOH (*O + OH– →*OOH + e–, * denotes the active site). This step forms 

the O–O bond, the spin magnitude on which is crucial in determining the overall 

efficiency of the triplet oxygen generation. Since LS state Co3+ does not possess 

unpaired spin, the coupling between adsorbed oxygen atom and OH– produces 

little magnetization on the formed *OOH (0.029 μB per oxygen atom, Figure 1e). 

By steadily increasing the spin state, the magnetization on *OOH increases 

because of two reasons. On one hand, the increased spin on Co3+ makes the 

originally empty eg orbitals partially occupied, which forms stronger ligand bond 

with oxygen-related species compared to the case of purely empty orbitals.[2a] This 

helps stabilize Co–O–O bond and generate spin pathway in between Co–O–O. On 

the other hand, the delocalized electrons originated from high spin state Co3+ have 

higher chances to hop into oxygen orbitals, thereby increasing the spin density on 

oxygen. The bond strength between cobalt cations and the *OOH intermediate can 

be analysed through plotting the spin-orbital interaction diagrams. Figure 1f 

displays the spin configurations of Co3+ at the surface, where reaction takes place. 

Due to symmetry conservation, the interactions between the dx2-y2 and dxy orbitals 

of Co3+ cation and the orbitals of OER intermediates are negligible.[3b,13] Therefore, 

only the orbitals of dz2, dyz, and dxz are shown in the diagrams (Figure 1g). Because 

of the empty eg orbitals, LS state Co3+ shows weak interaction with *OOH 

intermediate, where the bond order (BO) is only 0.5. With the increase of Co3+ 

spin state, more unpaired spins are available to couple with the p orbitals of *OOH. 

As a result, more bonding electrons are formed and the bond order of Co-*OOH 

continues to increase. Since a higher value of BO indicates a stronger binding 

configuration, it can be expected that the *OOH intermediate can be practically 

stabilized on HS state Co3+. Subsequent DFT calculations of the reaction pathway 

reveal the strengthened adsorption of *OOH intermediate and a consecutive free 

energy decrease of RDS (Figure S1), suggesting an enhanced thermodynamic 

feature of ZnCo2O4 with HS state Co3+. Therefore, the DFT calculations have 

evidenced that engineering HS state Co3+ in ZnCo2O4 will not only create 

unblocked spin channel to boost spin-selected electron transport, but also facilitate 

the overall thermodynamic property for OER.  

 

Figure 2. a) XRD patterns of the as-prepared spinel ZnCo2O4 samples and the 

standard pattern PDF#23-1390. b) XANES spectra of Co-K edge. The inserted 

pattern magnifies the spectra in between the range from 2231 eV to 7723 eV. c) 

FT-IR spectra of the as-prepared spinel ZnCo2O4 samples. d) The Co 2p XPS 

spectra of the as-prepared spinel ZnCo2O4 samples. 

 

Motivated by the DFT predictions, a series of ZnCo2O4 with different spin 

state of Co3+ were prepared. The samples were synthesized by a nitrate 

decomposition method followed by different heat treatment temperatures (see 

details in Supplementary Information). Specifically, four samples respectively 

calcinated at 300, 400, 500, and 600 °C were prepared (denoted as ZCO-300, 

ZCO-400, ZCO-500, and ZCO-600, respectively). The crystal structures of the as-

synthesized ZnCo2O4 samples were confirmed by X-ray diffraction (XRD) 

analysis. As displayed in Figure 2a, the diffraction peaks of the four samples fit 

well with that of the standard ZnCo2O4 (PDF#23-1390), suggesting a typical cubic 

spinel structure with Fd3m space group. The X-ray fluorescence (XRF, Figure S2) 

and inductively coupled plasma optical emission spectrometry (ICP-OES, Table 

S1) results indicate all the as-prepared samples remain stoichiometric ZnCo2O4. 

The occupancy and valence state of the cobalt cations were probed by X-ray 

absorption fine structure (XAFS) technique. Figure 2b shows the X-ray absorption 

near-edge spectroscopy (XANES) spectra of cobalt K-edge, in which no peak 

arises in the pre-peak region, demonstrating no tetrahedral cobalt exists and 

thereby all the cobalt cations should reside in octahedral sites. Similarly, the zinc 

K-edge spectra (Figure S3) indicates all the zinc cations are tetrahedrally 

coordinated. Therefore, it can be deduced that the as-prepared ZnCo2O4 samples 

all exhibit normal spinel structure, where Zn and Co occupy the tetrahedral and 

octahedral sites, respectively. Besides, the peak positions and shapes of the cobalt 

K-edge spectra of the four samples are close to each other, suggesting the valence 

states of cobalt cations are similar. The inserted pattern in Figure 2b magnifies the 

spectra in between the energy range from 7721 eV to 7723 eV, which gives a more 

evident illustration of the nearly unchanged valence state of cobalt cations. Further 

spectral fitting of the extended X-ray absorption fine structure (EXAFS) (Figure 

S4) confirms the changed M–O bond lengths, indicative of the emergence of 

lattice distortion. The Fourier Transform Infrared (FTIR) spectroscopy technique 

was then employed to probe the local chemical bond change of the samples 

(Figure 2c). The bands at around 570 cm-1 and 665 cm-1 correspond to vibrations 

of the Co-O and Zn-O stretching, respectively.[14a] With the increase of calcination 

temperature, two obvious phenomena begin to occur. First, the peak shape 

becomes broader, which suggests a steady decrease of homogeneousness of M-O 

bond.[14b] Secondly, the vibration peaks are observed to shift to higher 

wavenumber direction, indicative of higher M-O vibration energy resulted from 
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changed Co-O bond length.[14c] Both observations signify the change in chemical 

bond and therefore the emergence of lattice distortion. Further analysis of the 

metal oxidation states and adsorbed species were performed utilizing X-ray 

photoelectron spectroscopy (XPS) technique (Figure 2d and Figure S5). The XPS 

general spectrum in Figure S5a gives a further indication of the presence of zinc, 

cobalt, and oxygen. The peaks centred at around 530 eV and 531.8 eV in O 1s 

spectrum (Figure S5b) correspond to O2– (lattice oxygen) and surface adsorbed 

OH–, respectively.[15a] It is observed that the O2– peaks of the four samples slightly 

shift to higher binding energy level with the increase of calcination temperature. 

This may be caused by the increased powder size which reduces the specific 

surface area at higher temperature.[15b] The decreased specific surface area is 

evidenced by Brunauer–Emmett–Teller (BET) analysis, which is shown in Figure 

S6. The Co 2p spectrum (Figure 2d) presents prominent peaks at around 781.2 eV 

and 796.3 eV (detailed peak values of the four spectra are summarized in Table 

S2), which can be ascribed to Co 2p3/2 and Co 2p1/2 of Co3+, respectively. The 

spin-orbital splitting of the two peaks is ~15 eV, consistent with the data reported 

in previous studies.[15a,c] The oxidation state of cobalt cations can also be estimated 

using the information of the satellite peaks. As demonstrated by previous 

studies[15d,e], another possible and effective principle for evaluating the cobalt 

valence state is the energy gap between the Co main peak and the satellite peak, 

in which an energy gap of ~ 6 eV indicates a +2 valence state while a value around 

9~10 eV is associated with a +3 valence state. As shown in Figure 2d, the satellite 

peaks are detected at ~790.5 eV and ~805.7 eV, giving rise to a gap of ~9.3 eV 

and ~9.4 eV from the Co 2p3/2 and Co 2p1/2 peak, respectively. This additionally 

evidences the cobalt oxidation state in all the samples are +3. As demonstrated in 

previous study[6a], the charge on octahedral cobalt is an influential factor that can 

alter the OER activity on Co-containing spinel oxides; in this work, the 

consistency of cobalt oxidation state guarantees an exclusive investigation into the 

spin-dependent OER activity on spinel ZnCo2O4. 

 

Figure 3. a) Hysteresis loops of the as-prepared spinel ZnCo2O4 samples recorded 

at room temperature (300 K). b) Temperature-dependent magnetization 

characterizations of the as-prepared samples at H=1000 Oe. The characterizations 

were performed under field-cooling procedures in between a temperature range 

from 5 to 300 K. c) The temperature-dependent magnetization curve of ZCO-600. 

The inserted pattern shows the fitted susceptibility versus. temperature based on 

Curie-Weiss law. d) The calculated volume fraction of HS and LS state Co3+ in 

the four samples. 

 

The magnetic properties and their related spin information were thereafter 

characterised by Superconducting Quantum Design (SQUID) technique. Taking 

advantage of superconducting loops containing Josephson junctions, this 

approach allows the detection of extremely subtle magnetic field. Figure 3a shows 

the recorded magnetization curves in magnetic field from -50 to 50 kOe. The 

magnetization curves of all the samples show similar profile and no hysteresis 

feature shows up, suggesting paramagnetic behaviors under ambient conditions.[16] 

The changed magnetic susceptibility of the four samples confirms the changed 

spin structures. Further temperature-dependent magnetization characterizations 

were carried out under field-cooling procedures at H=1000 Oe in between a range 

from 5 to 300 K (Figure 3b). In high temperature domain (above 150 K), the 

susceptibilities derived from the magnetizations (χ = M/H) obey a paramagnetic 

Curie-Weiss law: χ = C/(T – Θ), where C and Θ stand for the Curie constant and 

Curie-Weiss temperature, respectively.[17] The fitting result (susceptibility versus. 

T) for ZCO-600 is shown in the inserted pattern of Figure 3c, while those of the 

other samples are summarized in Figure S7. Based on the fitting results, the 

effective magnetic moment μeff can be acquired through μeff = √8C μB (more details 

are provided in Table S3). For octahedrally coordinated Co3+, controversies exist 

in decades to conclude whether the higher spin state of Co3+ in room temperature 

is an intermediate-spin state (t2g
5eg

1) or a mixture of LS state (t2g
6eg

0) and HS state 

(t2g
4eg

2).[18] However, most of the recent experimental and theoretical studies 

highlight that the mixture of LS and HS states is more reasonable.[14c,17,19] 

Therefore, we treated the spin state of Co3+ as a mixture of HS state (4.9 μB) and 

LS state (0 μB) in this work. Using these values, the volume fractions of Co3+ in 

HS and LS states can be obtained by the following equation: 

𝜇𝑒𝑓𝑓 = g𝜇𝐵√𝑆𝐿𝑆(𝑆𝐿𝑆 + 1)𝑉𝐿𝑆 + 𝑆𝐻𝑆(𝑆𝐻𝑆 + 1)𝑉𝐻𝑆 

where SLS (= 0) and SHS (= 2) are the number of unpaired spins in eg orbitals for 

LS and HS state Co3+, respectively; VLS and VHS (= 1 – VLS) are the volume 

fractions for Co3+ in LS and HS states, respectively; g is the Landé g-factor and 

equals to 2 for electrons. The calculated volume fractions of Co3+ in LS and HS 

states are exhibited in Figure 3d and more details of the calculation procedures are 

listed in Table S3. As shown in Figure 3d, with the increase of calcination 

temperature, the fraction of HS Co3+ steadily increases, suggesting more LS Co3+ 

have been engineered into HS state. Besides, the Co 3s XPS spectra can also be 

used as an indicator of the cation spin state in TMOs. The exchange interactions 

between unpaired 3d electrons and 3s hole electrons can split the 3s core into two 

peaks.[20] The magnitude of the splitting is proportional to (2S + 1), where S is the 

local 3d spin. As displayed in Figure S8 and Table S4, the increased Co 3s core 

splitting further confirms the increased cobalt spin state with the increase of 

calcination temperature. Therefore, it is persuasively demonstrated that 

controlling the calcination temperature is an effective strategy to engineer HS state 

Co3+ in spinel ZnCo2O4. 

After pinpointing the increase of HS state Co3+ in ZnCo2O4, electrochemical 

OER analysis of the four samples were performed. The OER performances of the 

as-prepared samples were recorded in O2-saturated 1 M KOH. To probe into the 

intrinsic OER activity of the samples, current densities were normalized by the 

catalysts’ surface area rather than the electrode geometric area.[21] The surface area 

of the ZnCo2O4 spinels were quantified by BET technique (Figure S6), which has 

been proved to be suitable for measuring the surface area of metal oxides in 

powder form.[21] Figure 4a presents the CV curves in between the range from 1.52 

V to 1.62 V (vs. RHE). As obviously presented, ZCO-600 exhibits the best OER 

activity among the four samples while ZCO-300 the worst, demonstrating the 

effectiveness of engineering HS Co3+ for improved OER activity. The 

electrochemical impedance spectra (EIS) of the samples (Figure 4b) confirms the 

enhanced ion transport at the electrode-electrolyte interface on spin-engineered 

ZnCo2O4 samples. The TEM patterns of ZCO-600 before and after OER (Figure 

S9) indicate no surface reconstruction occurred and the structure remained a spinel 

frame. The OER activity vs. HS Co3+ fraction in the four ZnCo2O4 samples (Figure 

4c) highlights the strong correlation between the HS Co3+ and the enhanced 

reaction activity. In ZCO-300 where HS Co3+ fraction is relatively small (43.7%), 

a high potential of ~1.62 V is required to achieve a current density of 25 μA cm-2. 

The potential decreases to ~1.58 V in ZCO-600 where HS Co3+ fraction is 

increased to 46.2%. This signifies the huge potential of utilizing the approach of 

spin engineering in achieving remarkable OER activity on transition metal oxides 

as slight spin state change is sufficient to induce a remarkable activity 

enhancement. The comparison between the intrinsic activity of spin-engineered 

ZnCo2O4 and that of the other typical Co-based oxides was then performed. As 

shown in Figure 4d, steadily engineering HS state Co3+ observably raises the 
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turnover frequency (TOF) of the originally OER-inactive ZnCo2O4. Moreover, the 

intrinsic activity of ZCO-600 is even higher than that of CoOxHy
[22] and Co3O4

[6a] 

(Figure 4e), suggesting the decent activity of spin-engineered ZnCo2O4. However, 

it is worth noting that we did not observe the similar remarkable activity difference 

among the Co3O4 annealed in the same temperature range (from 300 °C to 600 °C), 

which brings about an interesting discussion about the applicability of this strategy 

in engineering the spin state of cations in TMOs (Figure 4g). Generally, for the 

catalytically active octahedral units, the transition from LS state to IS and HS state 

involves the migration of electrons from the low-lying t2g orbitals to the high-lying 

eg orbitals, during which an energy gap (the splitting energy between t2g and eg 

orbitals) needs to be surmounted (Figure 4f). Because octahedrally coordinated 

Co3+ commonly exhibits higher crystal splitting energy than spin pairing energy[23], 

in most cases, the d6 Co3+ cation favours a LS state configuration. However, the 

exact splitting energy of Co3+ in a coordination complex varies by the influence 

of the surrounding ligands. Therefore, for a given temperature, the possibility of 

HS state Co3+ formation largely depends on the splitting energy between t2g and 

eg orbitals. In spinel frame where a MT–O–MO (MT and MO represent the metal 

cations in tetrahedral and octahedral sites, respectively) backbone spreads along 

the lattice, the type of tetrahedral cation plays nonnegligible role in shaping the 

electronic structure of the oxygen ligand and, consequently, the octahedral 

cation.[6a] As shown in Figure 4h, the calculated splitting energy of the 

octahedrally coordinated LS Co3+ for spinel ZnCo2O4 and Co3O4 is 1.13 eV and 

1.35 eV, respectively. The lower splitting energy of ZnCo2O4 enables a higher 

possibility of spin state transition towards HS Co3+. Besides, compared to Co3O4, 

the lower splitting energy of ZnCo2O4 might be possible for more sensitive spin-

crossover-related applications, where a transition in spin state is necessary and 

crucial. Thus, to take the advantage of this simple strategy for engineering the spin 

state of cations in spinel TMOs, tuning the composition and the cation occupation 

towards a low splitting energy might be the prerequisite. It should be noted that 

the cobalt with oxygen ligands in oxides usually gives the multiplicity of spin state. 

Thus, for cobalt-based spinel oxides, a possible way to enable the spin state change 

by the simple approach reported here is tuning the type of tetrahedral cation. It 

shapes the electronic structure of the oxygen ligand and octahedral cation through 

the MT–O–MO backbone and therefore may influence the splitting energy of the 

octahedrally coordinated cobalt cations. However, for other commonly employed 

3d transition metals, such as Mn, Fe, and Ni, the situations are slightly different 

and need to be case-by-case analysed. For manganese cations, the spin state is 

usually in HS state because of the smaller crystal field splitting energy than spin-

pairing energy in octahedral environment.[24] Therefore, tuning its spin state may 

not be feasible in manganese-based spinel oxides. For iron cations, the d5 spin 

configuration generally favours a HS state due to the Hund’s rules, which means 

spin engineering might be inconspicuous. However, it’s worth to note that in some 

inverse spinels, i.e. Fe3O4, the octahedral sites can be occupied by both Fe2+ and 

Fe3+ cations. In this case, tuning the spin state of Fe2+ is possible. For nickel 

cations, both LS (t2g
6eg

1) and HS (t2g
5eg

2) state could possibly exist within the d7 

spin configuration, indicating the possibility of the spin state tuning. The stability 

test of ZCO-600 was carried out by repeating CV scan for 500 cycles and the 

chronoamperometry method at 1.63 V (vs. RHE) for more than 8 hrs. As displayed 

in Figure 4i, the electrochemical performance of ZCO-600 remains almost 

unchanged within 200th test period and only trivial amounts of current density 

have dropped during the 300th to 500th cycle, demonstrating its excellent stability. 

A more straightforward illustration in Figure 4j further reveals the limited drop in 

30000 s. 

Figure 4. a) The CV curves of the as-prepared ZnCo2O4 samples. b) The electrochemical impedance spectra (EIS) of the samples. c) The HS Co3+ fraction vs. the 

potential at 25 μA cmox
-2 of the as-prepared ZnCo2O4 samples. d) The calculated turnover frequency (TOF) of the four as-prepared samples. e) The TOF of CoOxHy and 

Co3O4 from reference papers. f) Illustration of the crystal splitting energy (ΔO) of octahedrally coordinated cobalt cations in LS state and HS state. g) Tafel plots of 

ZnCo2O4 and Co3O4. The data of Co3O4 are taken from ref. 20a. h) The calculated crystal splitting energy of octahedrally coordinated LS state cobalt in spinel ZnCo2O4 

and Co3O4. i) The stability test of ZCO-600 with 500 CV cycles. The inserted pattern shows the fraction of the current density (at 1.5 V vs. RHE) in reference to the 2nd 

cycle. j) The chronoamperometry stability test (@ 1.63 V vs. RHE) of ZCO-600 for 30000 s.
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The pivotal feature behind the phenomenon is that LS state Co3+ has purely 

empty eg orbitals and all spins are paired up in t2g orbitals (Figure 5). This creates 

strictly localized electronic structure, resulting in completely symmetric electron 

density. Consequently, no spin channel lies across the Fermi level and spin-

selected charge transport cannot be promoted. Besides, the t2g
6eg

0 spin 

configuration makes the orbital coupling between surface Co–O and OH– difficult. 

As a result, the key *OOH intermediate adsorbs weakly at the Co site, requiring a 

high potential to neutralize the RDS of the hydro-oxidization of *O. Therefore, 

neither the spin-selected charge transport nor the proper intermediate adsorption 

can be expected on LS Co3+. The transformation from LS state to HS state enables 

spin occupancy in eg orbitals, which gives rise to a distorted CoO6 octahedra and 

delocalized electronic structure. Two subsequent features are then induced. On 

one hand, the delocalized electron density propagates a spin channel across the 

Fermi level (Figure 5), promoting the spin-selected charge transport during OER. 

On the other hand, the (partially) occupied eg orbitals form stronger chemical bond 

with the key *OOH intermediate, which significantly lowers the potential to 

counterbalance the RDS. Thus, engineering HS state Co3+ in spinel zinc cobalt 

oxide not only propagates a spin channel for promoted spin-selected charge 

transport, but also improves catalytic sites for enhanced orbital interactions. 

Figure 5. A schematic illustration of OER catalysed by LS Co3+ and HS Co3+ in 

spinel ZnCo2O4. 

In summary, employing spinel ZnCo2O4 as model catalyst, we have 

elaborately demonstrated the effectiveness of spin engineering for enhanced OER 

electrocatalysis. The DFT calculations identify the emergence and propagation of 

a spin channel from the initially insulating ZnCo2O4 during spin engineering. The 

spin-engineered ZnCo2O4 is predicted to possess both spin-selected charge 

transport and stabilized *OOH intermediate. Subsequent experiments establish a 

simple and straightforward approach to engineer high spin state Co3+ in ZnCo2O4 

by controlling the calcination temperature. The best-performing ZCO-600 oxide 

with large amounts of high spin state Co3+ exhibits decent OER activity that 

outperforms other Co-based oxides and can durably last under operating 

conditions. Our work emphasizes the rationality and benefits of engineering the 

spintronic structure of metal oxides for advanced electrocatalysis. Further 

explorations on wider varieties of transition-metal oxides may bring about more 

mechanistic understandings of spin-catalysed reactions and promote oxygen 

electrocatalysis to a new level where the magnetic properties of catalyst can be 

precisely manipulated to achieve optimal reaction performance.  
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Engineering high-spin state cobalt cations 

in spinel ZnCo2O4 propagates a spin 

channel for spin-selected charge transport 

and enhances active sites for intermediate 

adsorption. High-spin cobalt cations can be 

directly engineered by varying the 

calcination temperature.    
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