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Abstract

Electrocatalytic water splitting is limited by kinetics-sluggish oxygen evolution, in which the activity of catalysts depends on
their electronic structure. However, the influence of electron spin polarization on catalytic activity is ambiguous. Herein, we
successfully regulate the spin polarization of Co;0, catalysts by tuning the concentration of cobalt defects from 0.8 to 14.5%.
X-ray absorption spectroscopy spectra and density functional theory calculations confirm that the spin polarization of Co;0,
is positively correlated with the concentration of cobalt defects. Importantly, the enhanced spin polarization can increase
hydroxyl group absorption to significantly decrease the Gibbs free energy change value of the OER rate-determining step
and regulate the spin polarization of oxygen species through a spin electron-exchange process to easily produce triplet-state
O,, which can obviously increase electrocatalytic OER activity. In specific, Co;0,-50 with 14.5% cobalt defects exhibits the
highest spin polarization and shows the best normalized OER activity. This work provides an important strategy to increase

the water splitting activity of electrocatalysts via the rational regulation of electron spin polarization.

Keywords Co;0, - Cobalt defect - Oxygen evolution reaction - Spin polarization - Transition metals - Water splitting

Introduction

Electrocatalytic water splitting by renewable energies has
been considered to be a promising way to produce hydro-
gen [1, 2], which is a sustainable and green energy to effec-
tively solve the urgent problems, like exhaustion of energy,
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excessive emissions of carbon oxide and so on [3-5]. The
theoretical voltage of electrolytic water is 1.23 V but a
larger cell voltage is usually required, due to the energy loss
derived from intrinsic electrode reaction, ohmic-drop, mass
transfer, etc. The kinetically sluggish four-electron oxygen
evolution reaction (OER) is the main reason of the high
overpotential [6, 7]. Transition metal (hydro)oxides, espe-
cially Fe, Co and Ni compounds, deliver outstanding OER
activity and have been considered to be promising substi-
tutes for precious metal oxides (RuO, and IrO,), because
of their low cost, high reserve and the facile modulation
of the electron structures [8, 9]. Actually, the electron spin
state translates from spin singlet reactants (OH/H,O) to spin
triplet products O, are required in both adsorbate evolution
mechanism (AEM) and lattice oxygen mechanism (LOM)
with electrons extracted in a specific spin direction [10],
which puts high demands for the electron spin structure of
electrocatalysts [11]. Catalysts with optimized electron spin
structures could show promising OER performance.

In recent years, Yang et al. [12] found that OER activ-
ity depends on the electron spin state of transition metal
ions, providing a new perspective on spin state regulation
to improve OER activity. Meanwhile, previous studies
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found that chiral-induced spin selectivity can promote tri-
ple oxygen production by inducing the electron parallel
spin arrangement of reactants (¢OH radicals) [13—16]. Fur-
thermore, applying an external magnetic field to magnetic
transition metal catalysts can adjust the spin direction of
electrons to make them parallel and form triplet oxygen
quickly, thus reducing the energy barrier of OER [17-21].
Xu et al. [18, 22, 23] also studied the spin polarization of
transition metal oxide catalysts to enhance water oxidation,
such as ferromagnetic CoFe,O, as a spin polarizer under a
constant magnetic field, reconstructed oxyhydroxide layer on
ferromagnetic Co;_ Fe O, with the spin pinning effect, and
spin-polarized channels of antiferromagnetic inverse spinel
oxide LiCoVO,. However, the influence of the inherent spin-
polarized surface structure of electrocatalysts on spin-related
OER steps remains unclear.

Recently, our group has constructed metal-defected ZnO
[24], TiO, [25, 26], Mn;0, [27], and Co;0, [28] via sim-
ple solvothermal treatment followed by thermal calcination
in air, with the key process of encapsulation of -CH,-OH
groups on M—O-M skeleton, and found that different glyc-
erol dosages can quantitatively regulate metal defect content.
In addition, the presence of metal defects can manipulate the
electron spin polarization of catalysts and improve photo-
catalytic water splitting [26].

Transition metal oxide Co;0, is a promising OER non-
noble metal electrolyte with mixed Co*" and Co*" spe-
cies [29, 30]. In the present work, we prepared a series of
Co-defected Co;0, with varied contents of Co defects and
explored the effect of electron spin polarization regulated
by metal defect content on OER activity. The enhanced spin
polarization can increase the hydroxyl group adsorption to
significantly decrease the AG value of the OER rate-deter-
mining step and regulate the spin polarization of adsorbed
oxygen species through a spin electron-exchange process to
easily produce triplet-state O,, which obviously increases the
electrocatalytic OER activity. This work serves as a guide to
regulating the spin polarization of electrocatalysts for highly
efficient water splitting.

Experimental Section
Materials

Glycerol and anhydrous ethanol were all purchased from
Tianjin Yuanli Chemical Co., Ltd., China. Cobalt(II) acetate
tetrahydrate was obtained from Shanghai J&K Chemical,
China. Potassium hydroxide was obtained from Shanghai
Macklin Biochemical Co., Ltd., China. Shenzhen Nafion
was purchased from DuPont Company, China, and Milli-Q
ultrapure water (> 18.2 MQ-cm) was used in all experiments.

@ Springer

Preparation of Co;0, with Different Co Defects

Cobalt acetate (2 g), x mL (x=0, 5, 10, 30, 50) of glycerol,
and (80-x) mL of absolute ethanol were mixed in a 100-mL
Teflon-lined autoclave, magnetically stirred for 1 h, and then
hydrothermally reacted at 180 °C for 2 h in an oven. The
obtained purple powders were dried at 60 °C for 12 h. Then,
the cobalt glycerolate precursor was obtained (labeled as
C-x). Then, C-x was calcined at 300 °C in a muffle furnace
for 2 h with a heating rate of 5 °C/min to obtain Co;0, cata-
lysts with different Co defects, which are named Co;04-x.

Characterizations

X-ray diffraction (XRD) patterns were recorded with a Pana-
lytical X Pert Pro X-ray diffractometer equipped with Cu Ko
radiation at 40 kV and 40 mA at a scanning rate of 5°/min.
Thermogravimetric (TG) analysis was tested on an HCT-1
integrated thermal analyzer with a rate of 5 °C/min under
air flow. Fourier transform infrared (FT-IR) spectra were
obtained on a BioRad FTS 6000 spectrometer. All samples
were pressed into thin sheets mixed with KBr. Transmission
electron microscopy (TEM) was conducted on JEM-F200
with a field-emission gun operating at 200 kV. Spherical
aberration-corrected images were obtained using scanning
TEM (FEITitan) at 300 kV. X-ray photoelectron spectros-
copy was performed with a PHI-1600 X-ray photoelectron
spectroscope equipped with Al Ko radiation, and the bind-
ing energy was calibrated with the C 1s peak (284.8 eV)
of contamination carbon. Inductively coupled plasma opti-
cal emission spectrometry (ICP-OES) was conducted using
VISTA-MPX. Electron paramagnetic resonance was per-
formed using JESFA200 of JEOL. X-ray absorption spec-
troscopy (XAS) was conducted on the beam line BL02B02
of the Shanghai Synchrotron Radiation Facility.

Calculation

Density functional theory (DFT) calculations were carried
out with the VASP code using the projected augmented wave
method [31]. The generalized gradient approximation (GGA-
PBE) was used for the exchange—correlation functional [32,
33]. Given that spinel Co;0, are strongly correlated sys-
tems, the static electronic correlations were considered in
the GGA + U method [33], where the effective U values of
3.2 eV and 0 eV were chosen for Co and O, respectively
[34]. The D3 method was used to modify the van der Waals
effect. For bulk calculations, we used a plane-wave cutoff
of 520 eV and a k-point mesh of 9 X9 X 8 and performed
full relaxation of the unit cell and the internal parameters
until the residual forces were less than 0.01 eV/A. The (110)
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surfaces of Co;0, were simulated using slabs containing
four-layer and two-layer terminations. The slabs were sepa-
rated by a vacuum layer with thickness of 20 A to eliminate
the interaction between the slab and its periodic images
along the z-direction. For surface calculations, we used a
plane-wave cutoff of 520 eV and Gamma k-point meshes of
3x3x1and 9xX9x1 for structural optimization and elec-
tronic characteristics, respectively. The internal positions for
the slabs were relaxed until the residual forces were less
than 0.01 eV/A. In this work, an implicit solvent model was
selected to treat water solvents, where water molecules were
simulated as continuous electrolytes.

Electrochemical Measurements of OER Properties

An electrochemical performance test was carried out on the
IVIUMSTAT using a three-electrode system with a 3-mm
glassy carbon electrode as the working electrode, Hg/HgO
as the reference electrode, and a graphite rod as the counter
electrode in 1 mol/L KOH electrolyte. The Co;0, dispersion
solution was dip-coated on a glass carbon electrode to pre-
pare a working electrode. Linear sweep voltammetry (LSV)
was tested with a scan rate of 5 mV/s from 1.1 to 1.8 V (vs.
RHE). Electrochemical impedance spectroscopy (EIS) was
conducted over the frequency range of 107'=10° Hz with
10 mV sinusoidal ac perturbation at 1.6 V (vs. RHE).

Results and Discussion
Crystal Structure of Co;0,-x

XRD patterns of the cobalt glycerolate precursor are
shown in Fig. la. C-5 and C-10 show the diffraction peak
at 260=10.6°, which represents the metal-based glycerolate
[26]. With the increase in glycerol content, the peak at
20=10.6° gradually becomes sharper and splits into three
peaks for C-30 and C-50. This result indicates that the
crystallization of C-x increases with increasing glycerol
content, which is beneficial to forming metal defects in the
corresponding oxides after thermal calcination [25, 26].
The TG curves in Fig. 1b show that the cobalt glycerolate
precursors (C-x) are oxidized completely to form CO, and
H,O by oxygen before 300 °C and that no more weight loss
occurs when the temperature is further increased. Thus,
300 °C is selected as the calcination temperature to con-
vert glycerol cobalt to cobalt oxides. Moreover, the weight
loss percentage of C-x increases gradually with the rise in
x value, which also demonstrates that the precursor crys-
tallization increases from C-5 to C-50. The FT-IR spectra
(Fig. 1c¢) show that the peaks at approximately 1400 and
2800 cm™!, which respectively represent the bending and
stretching vibrations of C—H bonds [35, 36], have changed
obviously from the single peak of C-5 and C-10 to the
splitting peaks of C-30 and C-50. This result indicates that
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more glycerol groups are present in the precursor structure
than those in the C-5 and C-10. As shown in Fig. 1d, the
peaks (for C-O stretching vibration bands of glycerol) at
1114 and 1054 cm™! shift to higher wavenumbers with the
x value increasing from 5 to 30, which indicates that more
Co atoms are coordinated with glycerol groups [35, 37].
In addition, all products obtained after the calcination of
the precursors only show two peaks at approximately 570
and 665 cm™! (Fig. S1), which refer to the IR absorption of
Co;0, with a stretching vibration of Co—O bonds, indicat-
ing that Co;0, is produced with the glycerol completely
removed [38].

Cobalt Defects in Co;0,-x

The thermal calcination of C-x precursors produces defected
Co;0,-x samples. From the XRD patterns (Fig. 2a), all
Co0;0,-x samples show the same diffraction peaks, which
correspond to the cubic Fd3 m Co;0, (JCPDSNo. 42-1467).
The TEM images display that the Co;0,-x samples show
similar nanoparticle morphologies with a crystal size of ca.
12—-14 nm (Fig. S2a—e). In the HR-TEM images (Fig. 2b—f),
the lattice fringes of the Co;0,-x samples correspond to the
characteristic planes of Co;0, [39]. The above results con-
firm that the obtained Co;0,-x samples show the pure Co;0,
phase without other impurities.
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As shown in Fig. 3a, the intensity distribution of the
spherical aberration-corrected STEM image along the
selected area suggests the existence of vacancies in the
surface lattice, which should be the cobalt defect [40, 41].

ICP-OES of the Co;0,-x samples was conducted to
characterize the Co defect content in Co;0,. The results
are shown in Fig. 3b. Almost no defects are found in
Co0;0,-0, while Co defects are introduced to the Co;0,-x
samples with x> 0. The atomic content of Co defects in
the Co;0,4-x samples increases from 0.80 to 14.5% when x
is increased from 5 to 50. However, the Co defect content
slightly changes from Co;0,-40 to C0;0,-50, indicating
that the glycerol dosage almost reaches the limit to further
increase the Co defect content.

In the Co 2p spectra of the Co;0,-x samples (Fig. S3a),
two typical peaks at the binding energies of 795.4 and
780.2 eV refer to Co 2p5,, and Co 2p,,, respectively. The
Co 2p5;, and Co 2p,,, peaks can be fitted to be Co®* and
Co** sub-peaks, respectively, and the Co**/Co?* ratio of
the Co;0,-x samples is calculated by the area of all sub-
peaks (Fig. S3b—f) [42]. As shown in Fig. 3c, the Co’*/
Co?* ratio increases gradually from 2.027 for Co;0,-0 to
3.030 for Co50,-50, which is caused by the increase in
Co** defect content because the formation energy of Co**
is lower than that of Co>* [28].

Cobalt-Defect-Dependent Spin Polarization
of Co;0,-x

The above results show that the initial dosage of glycerol
can change the crystal structure of the cobalt glycerolate
precursor and further control the cobalt defect concentration
in an oxygen-rich environment, which can provide a possi-
bility to manipulate the electron spin polarization of Co;0,
catalysts. X-ray absorption fine structure spectroscopy was
employed to investigate the electronic properties of cobalt
atoms in the Co;0,-x samples. As shown in Fig. S4 (and
Fig. 3d), all samples display two peaks at approximately
783.3 and 797.4 eV, which can be attributed to Co;0, L; and
L, peaks and correspond to the spin—orbit coupling splitting
of the initial 2p states into 2p;;, (L3) and 2p,,, (L,), which
directly refer to the electrons in spin-up (spin quantum num-
ber m= +1/2) and spin-down (m,= — 1/2) states, respec-
tively [43]. The intensity of L, peaks becomes higher from
C050,4-0 to Co;0,-50, with L; peaks maintaining a similar
intensity, which clearly demonstrates that spin polarization
(Co030,-0 without metal defects is used as a benchmark)
increases with increasing cobalt defect content [26].

Electrocatalytic Activity of Co;0,-x Samples
A three-electrode system in 1 mol/L. KOH electrolyte was

used to test the OER performance of Co;0, catalysts. The
polarization curves obtained by LSV are shown in Fig. 4a.
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The overpotential at 10 mA/cm? of the Co;0,-x samples
decreases rapidly and then slightly decreases as the x value
is increased from O to 10 and then to 50, and Co05;0,4-10
shows the best electrocatalytic OER performance (with an
overpotential of 284 mV at 10 mA/cm?). This result sug-
gests that Co defects can effectively improve OER perfor-
mance and that appropriate defect content is favorable to
obtain the highest OER activity. As shown in Fig. 4b, the
Tafel slope of Co;0,-10 is 58.71 mV/dec, which is less than
those of Co;0,-0 (70.23 mV/dec), Co;0,-5 (67.26 mV/dec),
C050,-30 (64.40 mV/dec), and Co;0,-50 (65.92 mV/dec),
indicating its fast electrocatalytic kinetics (smaller potential
change results in greater current density growth).

A rotating disk test was carried out to investigate the aver-
age number of electron transfers in OER, and the results
are shown in Fig. S5 and Table S1. All Co;0,4-x samples
perform four-electron reaction processes to generate oxygen
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molecules, with a Faradaic efficiency of nearly 100% for O,
generation [28, 44]. Turnover frequency (TOF) can reflect
the intrinsic activity of catalysts [45]. As shown in Fig. 4c,
Co0;0,-10 obtains the highest TOF value (i.e., 0.023 s™" at an
overpotential of 350 mV), followed by Co;0,-30, Co;0,-50,
Co0;0,-5, and Co;0,-0.

Electrical conductivity affects OER activity, which can be
tested through EIS [46]. As shown in Fig. 4d, the Co-defected
Co;0,-x samples show much lower charge transfer resistance
(Ry: Co30,4-5, 37.7 Q; Co;30,-10, 30.0 Q; Co;0,-30, 33.9 Q;
Co0;0,-50, 33.2 Q) than Co;0,-0 (47.1 Q), indicating that Co
defects can promote the electrical conductivity. Then, the elec-
trochemical active surface area (ECSA) is calculated accord-
ing to the double-electric layer theory by CV curves (Fig. S6)
[47]. Pristine Co;0, shows a low ECSA of 18.17 cm?, and
the introduction of Co defects obviously increases the active
catalytic area, with the ECSA values of 23.67 cm? for Co;0,-5
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and 35.67 cm? for Co;0,-10. However, further increasing the
x value of Co;0,-x leads to gradual crystal aggregation (Fig.
S7), resulting in decreased ECSA values, i.e., 30.50 cm? for
C0;0,-30 and 15.67 cm? for Co,0,-50. The LSV curves in
Fig. S8 show that Co;0,-50 is stable during the 50-cycle test,
with the Co/O ratio almost unchanged (Table S2). In addition,
the stability of defective OER catalysts has been verified by
Pan and Xie et al. [48, 49]. Our group also found that the OER
activity of Co-defect Co;0, is stable [28].

LSV activity was normalized using ECSA to eliminate the
influence of crystal aggregation on the electrochemical activity
of the Co;0,-x samples [50]. As shown in Fig. 4e, the normal-
ized OER activity of the Co;0O,4-x samples increases gradually
with the x value raising from O to 50, and Co;0,-50 shows the
best normalized electrocatalytic activity, which indicates that
the catalytic OER activity is closely correlated to the concen-
tration of cobalt vacancies (and spin polarization) in Co;0,.

Correlation Between Spin Polarization
and Electrocatalytic Activity

The electrocatalytic OER in alkaline media usually has a four-
step electron transfer reaction pathway [51]:

OH + * - *OH +e~ (1)
OH™ + "OH — “O + H,0 +e” )
OH™ + *O - *OOH +¢~ 3)

Fig.5 Calculation models
and projected density of states
(PDOS) of a, ¢ Co;0, and

b, d Co defected Co,,,, 0,
(Coy62504)

OH™ + *OOH —»* + 0, + H,0 +e” 4)

The superscript * indicates the active metal site or the
adsorbed intermediate, and each step has only one electron
transfer. Importantly, the conversion of singlet-state reactant
H,O (or OH") to triplet-state product O, molecules must
follow spin conservation, which is the main reason for the
high energy barrier of OER [21].

Only the «OH adsorbed on active sites with parallel
electron spin can produce triplet O,. Opposite spin direc-
tions of surface «OH species produce singlet-state H,O,
or singlet-state O, (ca. 1 eV higher than that of triplet O,
[52]), which inhibits electrocatalytic OER activity. There-
fore, the enhancement of «OH spin polarization is the key
to accelerating OER kinetics [16]. As shown in Fig. 3d and
Fig. 4e, the normalized OER activity of the Co;0,-x sam-
ples is consistent with their electron spin polarization from
XAS. With the highest spin polarization, Co;0,-50 shows
the best normalized activity, which is much higher than that
of pristine Co;0,4-0.

DFT calculations were performed to reveal the elec-
tronic structure of Co;0, and Co-defected Co, 4,50,, and
the calculation models (Fig. 5a, b) are based on Co;0,-0
and Co;0,-50. As shown in Fig. 5c, the band gap of pristine
Co;0, is 1.2 eV (similar to a previous report [28]), which
greatly reduces to nearly 0 eV for Co, 4,50, (Fig. 5d). The
electron wave function of Co and O atoms shows larger over-
lap areas in Co, 4,50, than that in pristine Co;0,, indicating
that the Co—O bond hybridization of the defected catalyst is
stronger than that of the pristine one, which is beneficial to
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the charge transfer [28, 53], as confirmed via EIS in Fig. 4d.
Moreover, the projected density of states (PDOS) of the
spin-down state near the Fermi level of Co, 4,50, is much
higher than that of the spin-up state. This result indicates
that Co defects polarize the electron spin.

The specific spin polarizability of Co;0, and Co, 50,
was calculated, as shown in Fig. 6a (detailed calculation
is provided in SI). Pristine Co;0, shows very weak spin
polarization, whereas the introduction of cobalt vacancies
results in strong spin polarization for Co, ¢,50, (correspond-
ing to the PDOS analysis and the XAS results), which is
mainly contributed by the electrons at the Co, (nearby the
cobalt vacancy) 3d orbital. In addition, the adjacent oxygen
of Co, shows a relatively high spin polarization caused by
the overlap of the Co 3d-O 2p orbital [18, 23]. As shown in
Fig. 6b, the normalized OER activity of the Co;0,-x samples
positively correlates with the calculated or/and experimental
spin polarization, which confirms that electron spin polari-
zation determines the catalytic conversion of singlet-state
oxygen species to triplet O,.

Then, the Gibbs free energy of OER at 1.23 V (vs.
RHE) for Co;0, and Co, 4,50, was calculated (Fig. 7a).
The OER rate-determining step (RDS) for pristine Co;0,
is the first step with a high energy barrier of 0.788 eV,
which can be significantly reduced to 0.095 eV by the Co
defects (Co, ¢,50,4), and the RDS changes to the third step

with a low AG value of 0.255 eV (Table S3), indicating
that the spin-polarized active sites are more dynamically
favorable to OER. As shown in Fig. 7b, Co, ¢,50, shows
stronger *OH adsorption than the pristine Co;0,, which
helps significantly decrease the AG value of OERRDS (the
first step). Moreover, the modulation of surface oxygen
species adsorption by Co defects can decrease the maxi-
mum reaction energy barrier of Co;0,-catalyzed OER
(Fig. 7a), which increases OER performance.

The Co defects induce the obvious electron spin polar-
ization of Co-defected Co;0, (Figs. 3d, 6), which can
regulate the spin polarization of surface-adsorbed oxy-
gen species. As shown in Fig. 8, for pristine Co;0,, the
hydroxyl group with O in a random spin direction (e.g.,
spin-up direction) can be adsorbed on surface Co’" sites,
and the proton and electron of —OH are removed to form
M-0(1). After the adsorption of *OH, M-O(1) —O(]) -H
can be obtained (the calculated results are shown in Fig.
S9). For the different spin directions of two oxygen atoms,
steps 3 and 4 show a higher energy barrier (0.549 eV,
Fig. 7a) to obtain O—O with the same spin direction for
the triplet O, production. By contrast, the spin-polarized
Co’* active sites of Co-defected Co;0, regulate the spin
polarization of oxygen species through a spin electron-
exchange process [54], i.e., M—O(]), M-0O(]) -O(]) -H
(Fig. 8, Fig. S9), which can easily produce triplet-state O,

Fig. 6 a Spin polarizability of 4
—_ O
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Fig.8 Proposed OER mechanisms catalyzed by pristine and metal-defected Co;0,

OER performance.

—0.532 ¢V) and considerably improve

Conclusion

We regulated the spin polarization of Co;0, by adjusting
the concentration of Co defects and found that the increase
in spin polarization positively affects electrocatalytic OER
activity. The enhanced spin polarization of Co-defected
Co;0, can increase the initial hydroxyl group adsorption to
significantly decrease the AG value of OER RDS and regu-
late the spin polarization of oxygen species through a spin
electron-exchange process to easily produce triplet-state O,,
which can obviously increase electrocatalytic OER activity.
In specific, Co;0,-50 with ca. 14.5% cobalt defect exhibits
the largest spin polarization and shows the best normalized
OER activity. This work provides an important strategy to
increase the water splitting activity of electrocatalysts via the
rational regulation of electron spin polarization.
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