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1. Introduction

In the past two decades, hydrogen 
energy obtained by electrocatalytic water 
splitting has been developed rapidly.[1] 
Nevertheless, the unfavorable thermo-
dynamics of oxygen evolution reaction 
(OER) becomes the bottleneck for water 
splitting.[2] Recently, spinel transition 
compounds, such as metal sulfides, sele-
nides, and phosphides have attracted 
increasing attention owing to their diver-
sity, abundance, relatively low cost, and 
high intrinsic electrochemical activity for 
the electrocatalytic OER.[3–5] Furthermore, 
the research shows that both the specific 
defect site and ultrathin nanosheet feature 
play an important role in regulating the 
electronic structures and interface coor-
dination of such spinel transition com-
pounds, facilitating OH−  adsorption.[4,6] 
Accordingly, by means of defect engi-
neering, the sulfur vacancy (VS) and more 
low-valence Co (i.e., lower Co3+/Co2+  ratio 
in Co3S4) have been introduced or formed 

in metal sulfides.[7–9] As reported, Co with higher oxidation 
states can promote OER in spinel sulfurs compounds, yet it is 
relatively inactive for Co sites with the lower oxidation states.[9] 
Thus, determining the effects of atom vacancies, surface elec-
tronic spin states, and coordination changes in the electro-
chemical properties remains elusive.

With this point in mind, to effectively promote the multistep 
OER process, the design of hybrid catalysts with different types 
of spinel structures (octahedral and tetrahedral sites) has been 
contributed.[10–12] Especially, the spinel Co3S4 with predomi-
nantly exposed trivalent Co ions and rich sulfur groups in sur-
faces are very promising in boosting the OER electrocatalytic 
performance.[11,13] More importantly, the introduction of ion 
vacancy pairs into atomically nanosheet lattices may provide 
positive effects on OER electrocatalysis.[14–16] Following this con-
cept, by means of defect engineering, the sulfur vacancy (VS) 
and more low-valence Co (i.e., lower Co3+/Co2+  ratio in Co3S4) 
have been introduced or formed in metal sulfides. Meanwhile, 
cation doping was shown to be an effective way to enhance the 
performance of OER by reducing the binding energy of water 
molecules or the binding energy of intermediates to the active 

The density functional theory calculation results reveal that the adjacent 
defect concentration and electronic spin state can effectively activate the 
CoIII sites in the atomically thin nanosheets, facilitating the thermodynamic 
transformation of *O to *OOH, thus offering ultrahigh charge transfer 
properties and efficiently stabilizing the phase. This undoubtedly evidences 
that, for metal sulfides, the atom-scale cation/anion vacancy pair and surface 
electronic spin state can play a great role in enhancing the oxygen evolution 
reaction. Inspired by the theoretical prediction, interconnected selenium (Se) 
wired ultrathin Co3S4 (Sex-Co3S4) nanosheets with Co/S (Se) dual-vacancies 
(Se1.0-Co3S4-VS/Se-VCo) pairs are constructed by a simple approach. As an effi-
cient sulfur host material, in an ultralow-concentration KOH solution (0.1 m),  
Se1.0-Co3S4-VS/Se-VCo presents outstanding durability up to 165 h and a low 
overpotential of 289.5 mV at 10 mA cm–2, which outperform the commercial 
Co3S4 nanosheets (NSs) and RuO2. Moreover, the turnover frequency of 
Se1.0-Co3S4-VS/Se-VCo is 0.00965 s–1 at an overpotential of 0.39 V, which is  
5.7 times that of Co3S4 NSs, and 5.8 times that of commercial RuO2. The 
finding offers a rational design strategy to create the multi-defect structure in 
catalysts toward high-efficiency water electrolysis.
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site.[17] However, Co with higher oxidation states can promote 
the OER in spinel sulfur compounds, yet it is relatively inactive 
for Co sites with the lower oxidation states. Thus, how to easily 
control the synergistic manipulation of exposed atom defect 
sites and the electronic configuration of spinel compounds in 
atomic-level nanosheets is still very challenging.

To fulfill the formulation, by density functional theory (DFT) 
calculations, we first predict the spin state of Co sites in Co3S4 
by interlacing selenium (Se) threaded ultrathin (Sex-Co3S4) 
nanosheets (NSs) at an atomic level.  The site-specific catalytic 
activity for OER is evaluated based on  the critical role of the 
Se doping, anion (S/Se) vacancies, and cation (Co) vacancies in  
Sex-Co3S4 NSs, which effectively activate the spin-state of CoIII 
and then enhance the conductibility of catalysts. This demon-
strates that the appropriate combination of multi-atomic defect 
structures is conducive to release the catalytic capacity of the  
catalyst for electrochemical reactions. Inspired by the calculation  
results, Se1.0-Co3S4-VS/Se-VCo NSs are designed and constructed. 
During the mixed-phase reaction, structurally disordered 
active sites can be created and the synergistic effect between 
the different elements is enhanced because of Co3+ and abun-
dant S exposure, which has a positive impact on the genera-
tion of ion vacancies.[16,17] As expected, Se1.0-Co3S4-VS/Se-VCo  
NSs show an extremely low overpotential and high stability in 
ultralow KOH solutions, rivaling the performances of most 
reported non-noble-metal catalysts in ultralow-concentration 
media.

2. Results and Discussion

DFT calculations were applied to uncover the synergistic effect 
of Se doping, S (Se) and Co vacancies, and optimal electronic 
spin state of the surface Co3+.[18,19] Four types of structural 
models were constructed in the theoretical calculation: pris-
tine Co3S4 (100), Sex-Co3S4 (100), Sex-Co3S4 (100) with S (Se) 
vacancies (Sex-Co3S4-VS/Se), and Sex-Co3S4 (100) with Co vacan-
cies (Sex-Co3S4-VCo) (Figure S1, Supporting Information). The 
density of states (DOS) near the Fermi level, mainly originated 
from the 3d state, was investigated to probe the interaction 
between doped Se and Co3S4 NSs.[19] As shown in Figure 1a,b,  
the d-band center of Co 3d shifts to the higher energy from 
−2.166  eV of Co3S4 to −1.749  eV of Sex-Co3S4-VS/Se, and the 
orbital hybridization of Co 3d causes an obvious electron delo-
calization in Sex-Co3S4. These would increase the overall elec-
trical conductivity of catalysts, and offer better electrochemical 
performance.[20] Meanwhile, Se-doping induces the change in 
the Co spin states from High spin (t2g

4eg
2) to Low spin (t2g

6eg
0) 

(Figure 1c,d), and the consequent Low spin Co3+ would distort 
due to an atom defect effect, and form a slightly distorted prism, 
leading to Lower eg occupancy of Co3+ with stronger Co-O 
bonds.[21] This hinders the deprotonation of Co-OOH, resulting 
in a significant enhancement of the OER performance.[22,23] As 
can be seen from Figure  1e, the catalytic activity of Co3S4 and 
Sex-Co3S4-VCo on Co sites is restricted by the formation of OH*. 
In comparison, the potential-limiting step of Sex-Co3S4 and 
Sex-Co3S4-VS/Se on Co sites is assigned to the formation of O2. 
In addition, the needed energy potential-limiting step for Co3S4 
is larger than that of Sex-Co3S4-VS/Se and Sex-Co3S4-VCo, which 

implies that Sex-Co3S4  with S/Se and Co vacancies pairs can 
operate at a lower overpotential for OER.

Furthermore, scaling relations exist between the corre-
sponding Gibbs free energies (ΔGOOH*, ΔGOH*, ΔGO*) and d-band  
centers over the above considered Co sites. Obviously, the for-
mation of Se dopants and atom vacancies pairs leads to the d 
states nearer to the Fermi level, facilitating the OER activity 
(Figure 1f).[19] Meanwhile, an obvious volcano relationship can be 
obtained by plotting ηOER as a function of d-band center. By com-
paring the Co3S4 (100), Sex-Co3S4 (100), Sex-Co3S4 (100) with S (Se) 
vacancies (Sex-Co3S4-VS/Se), and Sex-Co3S4 (100) with Co vacancies 
(Sex-Co3S4-VCo), we can see that Se doping, S (Se) vacancies, and 
Co vacancies individually decrease the overpotential (Figure  1f). 
Overall, doping Se atoms indeed lower the spin energy of all com-
pounds and expands the active catalytic sites (Figure 1g).

Under the illuminating instructions of the DFT calculation 
results, by a simply approach, we prepared interconnected Se 
doped wired ultrathin Co3S4 (Sex-Co3S4) NSs. Figure 2a shows 
the synthetic strategy of Sex-Co3S4 NSs via a wet-impregnation 
method involving chemical adsorption and anion exchange. 
Thus, the atomically dispersed Co and S (Se) dual-vacan-
cies pairs Sex-Co3S4 (Sex-Co3S4-VS/Se-VCo) electrocatalyst was 
established by incorporating Se atoms into the framework 
of ultrathin Co3S4 NSs to realize a metal-to-ligand interac-
tion, providing robust redox active sites and fast carrier trans-
port.[24,25] In detail, both high-magnification transmission elec-
tron microscopy (TEM) (Figure  2b and Figure S2, Supporting 
Information) and high-angle annular dark-field scanning TEM 
(HAADF-STEM) (Figure  2c and Figure S3, Supporting Infor-
mation) images show that Se1.0-Co3S4-VS/Se-VCo has an ultrathin 
nanosheet configuration. The high-resolution TEM (HRTEM) 
observation (Figure 2d and Figure S3, Supporting Information) 
further identifies the lattice fringes with interplanar spacing of 
0.28 and 0.33 nm, which can be assigned to the (311) and (220) 
planes of Co3S4 (JCFDS# 42-1448), respectively.[26] The selected 
area electron diffraction (SAED) pattern also reveals the exist-
ence of the cubic Co3S4 phase (Figure 2d). In addition, the 
average thickness of Se1.0-Co3S4-VS/Se-VCo measured by atomic 
force microscopy (AFM) (Figure 2e) is ≈ 2.5 nm, which corre-
sponds to the ultrathin Co3S4 NSs,[27,28] providing more active 
sites for OER. Meanwhile, from HAADF-STEM images, it can 
be seen that Se1.0-Co3S4-VS/Se-VCo consists of parallel zigzag 
lines, in which the bright dots correspond to Se or S atoms 
and the dark dots are the signals of Co.[29] More importantly, 
obvious S (Se) and Co atom vacancies pairs can be found in 
the surface of Sex-Co3S4 NSs, as indicated by the yellow dotted 
lines in  Figure  2f–h. In addition, the intensity profiles along 
the selected rectangular regions also suggest the missing of S 
(Se) and Co atoms, and the uniform dispersion of Se dopants in 
the surface of Se1.0-Co3S4-VS/Se-VCo. ≈18.03 wt% Se loading can 
be ascertained for Se1.0-Co3S4-VS/Se-VCo by inductively coupled 
plasma optical emission spectrometry (ICP-OES) test (Table S1, 
Supporting Information).

As shown in Figure 3a, from the X-ray diffraction (XRD) 
patterns, the obtained Sex-Co3S4 NSs are well indexed to 
cubic Co3S4 phase (JCPDS 42-1448), consistent with the 
analysis results of TEM and HRTEM (Figures S4–S6, Sup-
porting Information).[26] In addition, the typical characteristic 
peaks of Sex-Co3S4-VS/Se-VCo NSs do not shift, indicating the 
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unchanged interlayer stacking of Co3S4 NSs after intercalating 
Se, consistent with the observation result of HAADF-STEM in 
Figure 2f–h.[30] Additionally, the XPS survey spectra determine 
the presence of Co, Se, and S elements in samples (Figure S7 
and Table S2, Supporting Information). In the Co 2p spectra 
(Figure  3b), there are two prominent peaks at the binding 
energies of 778.69 and 793.75  eV, and the second at 780.32 
and 795.93  eV, respectively, which can be fitted with the two 
valence states of Co3+ and Co2+.[15,26] From the S 2p spectrum of 
Sex-Co3S4-VS/Se-VCo as shown in Figure 3c, two spin–orbit peaks 
for Se1.0-Co3S4-VS/Se-VCo and S-O can be identified.[24] While 
for the Se 3d core level, its XPS spectrum (Figure  3d) can be 
deconvoluted into four main components, ascribed to the 3d5/2 
and 3d3/2 of Se1.0-Co3S4-VS/Se-VCo, respectively, and other two 
binding energies at 59.6 and 61.24 eV, corresponding to the sur-
face oxidized species.[21] In particular, many characteristic peaks 
of surface oxidized species are observed, which signify possible 
surface oxidation of Sex-Co3S4-VS/Se-VCo when exposed to the 

air. Notably, the binding energy of Co 2p or Se 3d for Sex-Co3S4-
VS/Se-VCo positively shifts compared to the initial Co3S4 catalyst, 
implying the decreased electron density of Co species due to 
the introduction of Se dopants and the formation of the atom S  
(Se) and Co vacancies pairs (Figure  3e). The electron para-
magnetic resonance (EPR) spectrum further determines the 
amount of S and Co vacancies pairs. Compared with Co3S4, the 
lower intensity of the EPR signal can be found in Sex-Co3S4-VS/

Se-VCo, further indicating atom vacancies concentration can be 
optimized due to the Se doping effect (Figure 3f).[31] Moreover, 
the shift phenomenon for the spectral weight to higher mag-
netic fields in Figure 3f further infers the existence of interme-
diate spin in Sex-Co3S4-VS/Se-VCo.

To understand how atomically dispersed cation/anion dual-
vacancies pairs affect the OER catalytic performance, the pre-
pared Sex-Co3S4-VS/Se-VCo NSs and Co3S4 NSs as benchmark were 
subjected to systematic electrochemical evaluation by a three-
electrode system in ultralow concentration alkaline solutions 
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Figure 1.  a–c) Calculated density of states for over the Co3S4 and Sex-Co3S4. d) Schematic of the split of the 3d orbital of Co spin states. e) The energy 
profile for the OER process on the Co3S4 and Sex-Co3S4. f) Scaling relation between ΔGOOH*, ΔGOH*, ΔGO*, and d-band centers; volcano plot of over-
potential as a function of d-band centers. g) Representative OER mechanism over the Co3S4 and Sex-Co3S4.
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(0.1 m KOH).[32,33] Figure 4a shows the OER linear sweep vol-
tammetry (LSV) curves of the samples. To deliver a current 
density of 10 mA cm−2, Se1.0-Co3S4-VS/Se-VCo exhibits the lowest 
overpotential (η) of 289.5 mV, in comparison with Se1.5-Co3S4-
VS/Se-VCo (313.8  mV), Se0.5-Co3S4-VS/Se-VCo (309.7  mV), Co3S4  
(323.5  mV), commercial RuO2 and most Co-based OER cata-
lysts (Table S3, Supporting Information). Obviously, the overpo-
tential of Se1.0-Co3S4-VS/Se-VCo is decreased by 34 mV compared 
with Co3S4 at a current density of 10 mA cm−2, indicating the 
introduction of optimal atom vacancies does enhance the OER 
performance.

Furthermore, the kinetics of the OER was evaluated by calcu-
lating the Tafel slope of Sex-Co3S4-VS/Se-VCo NSs and Co3S4 NSs.  

As shown in Figure  4b, Se1.0-Co3S4-VS/Se-VCo possesses a Tafel 
slope of 67.5 mV dec–1, smaller than that of Se1.5-Co3S4-VS/Se-VCo 
(72.0 mV dec–1), Se0.5-Co3S4-VS/Se-VCo (74.4 mV dec–1), Co3S4 NSs 
(80.63 mV dec–1) and commercial RuO2 (70.3 mV dec–1), indi-
cating the more rapid OER kinetics for Se1.0-Co3S4-VS/Se-VCo.[34]  
Moreover, the turnover frequency (TOF) was calculated 
based on the Co center (Figure 4c). Of note, the TOF value of 
Se1.0-Co3S4-VS/Se-VCo is 0.00965 s–1 at an overpotential of 0.39 V  
(Table S4, Supporting Information), which is 5.7 times that of 
Co3S4 NSs, and 5.8 times that of commercial RuO2. The superior  
OER activity of Se1.0-Co3S4 NSs can be ascribed to the synergistic  
effect of Se doping and Co/S (Se) vacancies pairs, consistent 
with our DFT-predicted results.

Small 2022, 2108097

Figure 2.  a) Synthetic strategy for Sex-Co3S4 NSs. b) High-magnification TEM image, c) HAADF-STEM images of Se1.0-Co3S4-VS/Se-VCo. d) HRTEM 
and SAED analysis of Se1.0-Co3S4-VS/Se-VCo. e) AFM image of Se1.0-Co3S4-VS/Se-VCo and the corresponding height profile. f–h) High-resolution  
HAADF-STEM images of different catalysts and the intensity profiles along the selected rectangular regions suggest the missed surface Se and Co 
atoms in Se1.0-Co3S4-VS/Se-VCo NSs, respectively.



2108097  (5 of 7)

www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH

www.small-journal.com

To further examine the catalytic process kinetics of Sex-
Co3S4- VS/Se -VCo NSs, electrical impedance spectroscopy was 
performed. As shown in Figure 4d and Figure S8, Supporting 
Information, Se1.0-Co3S4-VS/Se-VCo  has a lower  charge transfer 
resistance (Rct) of 16.2 Ω compared with those of Se0.5-Co3S4-
VS/Se-VCo (29.1 Ω), Se1.5-Co3S4-VS/Se-VCo (28.1 Ω), and Co3S4 NSs 
(36.0 Ω) at η  = 289.5  mV, which corresponds to the highest 
charge transfer capability.[32] Furthermore, the electrochemical 
double-layer capacitance (Cdl) is followed  by Se1.0-Co3S4-VS/Se-
VCo (136.2 mF cm−2) > Se0.5-Co3S4-VS/Se (75.4 mF cm−2) > Se1.5-
Co3S4-VCo  (72.2  mF cm−2) > Co3S4  (49.1  mF cm−2), as shown 
in Figure 4e and Figure S9, Supporting Information, indicating 
the electrochemically active surface area (ECSA) of Se1.0-Co3S4-
VS/Se-VCo and other Sex-Co3S4-VS/Se-VCo series samples.[34] These 
excellent properties allow  Sex-Co3S4-VS/Se-VCo NSs  to possess 

higher OER activity than Co3S4 NSs. Moreover, it is also note-
worthy that Sex-Co3S4-VS/Se-VCo NSs outperform commercial 
IrO2 and RuO2 catalysts (Figure  4f and Table S3, Supporting 
Information), and previously reported spinel transition com-
pounds evaluated via the RDE method.

More importantly, by means of chronoamperometry (j ≈ t) 
testing, Se1.0-Co3S4-VS/Se-VCo NSs shows an outstanding long-
term stability, with a negligible current decay over 165 h at a 
constant voltage operation (Figure 4g). The sample after stabi-
lization test was further investigated by EPR and XPS meas-
urements, proving the surface transformation of Sex-Co3S4-
VS/Se-VCo NSs into Sex-Co3S4-OOH in the potential range 
(Figure  4h,i and Figure S10, Supporting Information), which 
are largely responsible for the boosted OER activity. As shown 
in Figure S11, Supporting Information, according to the TEM 
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Figure 3.  a) Powder XRD patterns of as-synthesized Sex-Co3S4-VS/Se-VCo NSs. XPS spectra of the Sex-Co3S4-VS/Se-VCo NSs and Co3S4 NSs: b) Co 2p,  
c) S 2p, and d) Se 3d. e) Binding energy shifts of Co-Se and Co-O peaks due to doping and vacancies. f) EPR spectra of the Sex-Co3S4-VS-VCo NSs and 
Co3S4 NSs catalysts.
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and STEM-EDS mapping images, there are no obvious mor-
phology and structure changes for Se1.0-Co3S4-VS/Se-VCo shows 
after stability test, confirming its excellent catalytic stability. All 
the results above demonstrate that the Se doped wired ultrathin 
Co3S4 nanosheets can not only effectively accelerate the charge 
transfer at atom vacancies and enhance the reaction kinetics 
but also optimize Low spin Co3+ to form active species, facili-
tating the electrochemical reaction.

3. Conclusion

In summary, to improve the OER performance of Co3S4, we 
launch Se doping and Co/S (Se) vacancies in Co3S4 nanosheets 
(NSs), as a rising star in electrocatalysts. Periodic DFT 

computations reveal that, with the existence of S (Se) and Co 
vacancies pairs, the energy barrier for Co atom diffusion is sig-
nificantly decreased, implying the more favorable formation of 
the CoOOH phase. Experimentally, under ultralow-concentra-
tion KOH solution (0.1 m) conditions, the Se1.0-Co3S4-VS/Se-VCo 
NSs display outstanding OER performance with an amazing 
long-term stability of at least 165 h and a low overpotential of 
289.5 mV at a current density of 10 mA cm−2. The prominent 
OER catalytic properties of Sex-Co3S4-VS/Se-VCo NSs mainly 
caused by the following aspects: 1) the atom vacancies weaken 
the adsorption energy of the intermediate; 2) Se-dopants  
promote the formation of lower spin states of Co ions; 3)  
The Se doping can adjust the concentration of vacancies, 
and thus improve the stability of the catalyst. Undoubtedly, 
the proper combination of multiple atom defect structures is  

Figure 4.  a) LSV curves of the Sex-Co3S4-VS/Se-VCo NSs, CoSe2, and RuO2, respectively. b) Corresponding Tafel plots. c) TOF values calculated from the 
currents at different overpotentials. d) Nyquist plots of samples. e) Plots used for determination of the double-layer capacitance (Cdl) for Sex-Co3S4-VS/

Se-VCo NSs and Co3S4 NSs, respectively. f) The overpotential and Tafel slopes of some Co-based water oxidation electrocatalysts in alkaline electrolyte 
(Table S3, Supporting Information and the corresponding references). g) Chronoamperometry experiment response of Se1.0-Co3S4-VS/Se-VCo NSs at 
10 mA cm–2. h) EPR of Se1.0-Co3S4-VS/Se-VCo NSs after 165 h. i) XPS spectra of Se1.0-Co3S4-VS/Se-VCo NSs after 165 h.
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promising to unlock the catalytic power of catalysts for various 
electrochemical reactions.
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