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Oxygen vacancy-expedited ion diffusivity in transition-metal oxides for
high-performance lithium-ion batteries

Xunlu Wang'?, Jie Liu!, Yifan Hu'?, Ruguang Ma'*"

ABSTRACT Rapid capacity decay and inferior kinetics are
the vital issues of anodes in the conversion reaction for li-
thium-ion batteries. Vacancy engineering can efficiently
modulate the intrinsic properties of transition-metal oxide
(TMO)-based electrode materials, but the effect of oxygen
vacancies on electrode performance remains unclear. Herein,
abundant oxygen vacancies are in situ introduced into the
lattice of different TMOs (e.g., Co30,4, Fe,03, and NiO) via a
facile hydrothermal treatment combined with calcination.
Taking Co3;04 as a typical example, results prove that the
oxygen vacancies in Co3;04, effectively accelerate charge
transfer at the interface and significantly increase electrical
conductivity and pseudocapacitance contribution. The Li-ion
diffusion coefficient of Co3;04_, is remarkably improved by
two orders of magnitude compared with that of Co;0,. The-
oretical calculations reveal that Co;O,_, has a lower Li-inser-
tion energy barrier and more density of states around the
Fermi level than Co30,, which is favorable for ion and electron
transport. Therefore, TMOs with rich vacancies exhibit su-
perior cycling performance and enhanced rate capability over
their counterparts. This strategy regulating the reaction ki-
netics would provide inspiration for designing other TMO-
based electrodes for energy applications.

Keywords: oxygen vacancies, ion diffusion, transition-metal
oxide, anode, density functional theory calculation

INTRODUCTION

With the increasing consumption of traditional fossil fuels, the
demand for green and sustainable energy has also increased [1].
Rechargeable lithium-ion batteries (LIBs) are a promising
energy storage system in various fields, such as electric vehicles
and other energy storage devices [2,3]. However, commercial
graphite anodes fail to meet the rapid development of electronic
devices because of their low theoretical capacity (372 mA h g™%),
poor rate performance, and unsatisfactory cycling stability [4].
Therefore, anodes with outstanding capacity and fast Li* inser-
tion/desertion should be developed urgently.

Up to now, transition-metal oxides (TMOs) have attracted
tremendous attention as potential anodes for LIBs because of
their high theoretical specific capacity, low cost, and abundant
resources [5,6]. However, the practical application of TMOs is
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limited seriously by two inherent defects. One is the rapid
capacity decay caused by huge volume change and particle
agglomeration during lithiation/delithiation. The other is the
poor rate performance as a result of sluggish ion diffusion
kinetics and low electrical conductivity [7,8]. Co3;04 as a
representative TMO, also faces the above-mentioned issues,
although it possesses a remarkable theoretical capacity of
890 mA hg™! [9-12]. Various approaches have been imple-
mented to mitigate the above drawbacks of Co;0,4 and improve
its Li-storage performance. One efficient strategy is to combine
Co304 with various carbon materials, such as carbon nanotubes
(CNTs) and graphene [13]. Carbon matrix has good electrical
conductivity and mechanical strength, which is beneficial to
enhancing the electrical conductivity and alleviate volume
expansion of anodes simultaneously [14]. However, a large
amount of carbon materials in the electrode will reduce the
whole capacity, whereas the complex preparation of CNTs and
graphene hinders their practical applications [15]. Another
effective method is to fabricate various nanostructures, includ-
ing nanoparticles [16], nanosheets [17], nanorods [18], nano-
wires [19], and porous hollow spheres [8,10]. Nanostructures
offer open voids that can effectively facilitate Li* diffusion and
alleviate volume expansion and particle agglomeration [20,21].
However, electrodes with a simple nanostructure cannot meet
the requirements for high capacity and rate capability of LIBs.
Creating vacancies in crystal lattices could intrinsically change
the physicochemical properties of materials. Previous research
on oxygen vacancies focused on catalysis [22-26]. Only a few
studies analyzed the effect of oxygen vacancies on lithium sto-
rage [27]. These limited studies suggest that the introduction of
oxygen vacancies can improve electrical conductivity and
increase active site, which is beneficial to enhancing lithium
storage remarkably [28-31]. For example, Qiu and co-workers
[32,33] obtained oxygen-deficient TiO, with a capacity of
128 mA hg™! at 5 C when used as the anode in LIBs. Li et al.
[34] synthesized oxygen-vacancy-abundant ZnCo,0, for LIBs
and found that it exhibited an excellent capacity of 746 mA h g™
at 1 C. However, the effect of oxygen vacancies in TMOs
remains ambiguous. In addition, oxygen vacancies could be
successfully introduced into materials by hydrogenation, non-
hydrogen reduction, plasma induction, and electrochemical
reduction [23,35-37]. However, the practical application of
these methods is usually limited by multiple steps, harsh con-
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ditions, and high costs.

In the present work, abundant oxygen vacancies are intro-
duced in situ in TMO (e.g., CosO4 Fe;Os, and NiO) nano-
particles through a facile hydrothermal method and a
subsequent calcination treatment in air atmosphere. Taking
Co;0; as a typical example, the as-obtained nanoparticles with
abundant vacancies (Co3;O4_,) display high electrical con-
ductivity and low impedance owing to the existence of oxygen
vacancies. In addition, theoretical calculations prove that the Li-
insertion energy barrier of Co3O4_, reduces obviously due to the
introduction of extra oxygen vacancies. Consequently, the as-
prepared Co3;O4_, anode exhibits a high reversible capacity of
1870 mA h g™! at a current density of 0.3 A g™' after 200 cycles
and an enhanced rate capability of 663 mAh g™ even at a
current density of 5 A g7!. As a general method, the as-synthe-
sized Fe,Os_, and NiO;_, enriched with oxygen vacancies also
present much improved electrochemical performance than their
counterparts. This vacancy-engineering strategy can inspire the
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design of advanced electrodes for LIBs based on the inherent
properties of materials.

RESULTS AND DISCUSSION

The synthesis of Co3O4— is schematically presented in Fig. la.
Co304-, was fabricated through a facile approach of hydro-
thermal treatment and subsequent calcination in air. Raw
materials including cobalt(II) nitrate hexahydrate, sodium
citrate, and sucrose were dissolved in a mixed solvent containing
deionized water and absolute ethanol. After the hydrothermal
reaction, the as-prepared product was annealed at 400°C in air
for the in situ introduction of oxygen vacancies into Co3O04
nanoparticles by carbon reduction. The color of the as-prepared
product changes from gray to black (Fig. S1), implying that the
as-formed oxygen vacancies increase the absorbance of visible
light. The control sample Co3O,4 was synthesized using the same
method as above, except that sucrose was not added. Fe,Os;_,
and NiO,_, were also synthesized using the same method, except
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Figure 1 Morphologies and structures of Co;04_, and Co;04. (a) Schematic of the synthesis of Co3O,4-.. (b) TEM image (inset of SAED), (c) magnified TEM
image (inset of particle size distribution histogram), and (d) HRTEM image of C03O;4-,. (e) XRD patterns of Co30,—, and Co30,. (f) Magnified TEM image

(inset of particle size distribution histogram) and (g) HRTEM image of Co30.,
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that cobalt nitrate hexahydrate was replaced by the corre-
sponding TM precursors.

The powder X-ray diffraction (XRD) patterns show the crystal
structure of all the as-synthesized TMO samples (Fig. le and
Fig. S2a, b). As shown in Fig. le, the diffraction peaks of Co304_
and Co30, are in accordance with Co3;0, (JCPDF No. 43-1003),
indicating the high purity of the obtained samples. The peak of
(311) at approximately 36.8° shifts to a lower angle, as shown in
the inset of Fig. le, which can be ascribed to the enlarged
interplanar spacing owing to the formation of more oxygen
vacancies. No carbon peak can be found in the XRD patterns. In
addition, the absence of D-band and G-band peaks in Fig. S3a
indicates that the residual carbon content is extremely low.
Thermal gravimetric analysis was performed to determine the
content of residual carbon in Co3;04_,. As shown in Fig. S3b, the
carbon content in Co;O4—, was calculated to be approximately
1.3 wt%. The morphologies and structures of Co;04_, and Co30,4
were characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The morphologies of
Co0304-, (Fig. 1b, ¢) and Co3O4 (Fig. 1f and Fig. S4) show no
obvious difference. The TEM and SEM images (Fig. S5) show
that all of them are spherical, uneven nanoparticles with irre-
gular octahedrons. However, the particle size distribution curves
(insets in Fig. lc, f, respectively) show that the particle size of
Co0304-, is smaller than that of Co3;0,, which can be ascribed to
the fact that the addition of sucrose can prevent the growth of
Co;04 crystals [38]. The small particle size of C0304_, can
accelerate the ion diffusion and alleviate the huge volume
expansion during cycles. Fig. S6 shows the Brunauer-Emmett-
Teller (BET) surface areas of the two samples. Co30,4_, possesses

a larger BET surface area of 48.7m?g™' than Co;0,
(25.5m? g™"). Larger BET surface areas can enlarge the elec-
trode-electrolyte contact area and provide more available active
sites. The inset of Fig. 1b displays the selected area electron
diffraction (SAED) patterns of Co3;O4_,, which are in good
agreement with the XRD results, confirming the obtained sam-
ples are crystalline Co3O4 In addition, high-resolution TEM
(HRTEM) images provide fine structural information of the
samples. As shown in Fig. 1d, the interplanar distance of facet
(311) in Co304 is enlarged to 0.25 nm compared with the
lattice spacing (0.24 nm) in Co3;O,, which can be attributed to
the expansion of the van der Waals gap caused by the intro-
duction of extra oxygen vacancies. This finding is consistent
with the result that the XRD peaks of Co;0,_, shift to lower
angles (Fig. le) [30]. The enlarged interplanar spacing is bene-
ficial to the insertion and extraction of lithium ions in the
Co030,_, lattice [39].

The oxygen vacancies can be identified by the electron para-
magnetic resonance (EPR) analyses. The EPR signal is attributed
to unpaired electrons trapped on surface oxygen vacancies
[40,41]. As shown in Fig. 2a, Co;04_, has a higher EPR intensity
value than Co;0,, suggesting the increasing amounts of oxygen
vacancies in Co3O4_, [42]. The same phenomenon also occurs in
Fe;0s_, and NiO;_,. Fig. S2¢, d display an obvious signal for
Fe,0;_, and NiO;_,, which indicates that oxygen vacancies are
successfully introduced. Raman spectroscopy was employed to
investigate the oxygen vacancies. As shown in Fig. 2b, Co304_
and Co304 exhibit three characteristic peaks that can be ascribed
to the spinel CosO4 of Eg, Fy,, and Ay, peaks. The peaks for
Co304_, broaden and shift to the left as a result of the increase in
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Figure 2 Characterization of oxygen vacancies in Co3;O4_,. (a) EPR spectra, (b) Raman spectra, (c) Co 2p XPS spectra, and (d) O 1s XPS spectra of Co;O4—

and Co;0,.
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oxygen vacancies (Fig. 2b and Table S1, Supplementary infor-
mation) [43]. X-ray photoelectron spectroscopy (XPS) was
conducted to probe the chemical composition and specific
chemical states of the as-prepared samples. As shown in Fig. S7a,
b, the spectrum of Co;O4-based samples shows three peaks at
approximately 284.6, 529.6, and 795.7 eV, which can be attrib-
uted to C 1s, O 1s, and Co 2p, respectively. The C 1s peak is
attributed to carbon dioxide adsorbed on the surface. The
atomic contents of Co;0,4_, and Co3;0, can be obtained from the
spectrum of the samples. As shown in Table S2, Co;04_, has a
lower ratio of O 1s/Co 2p than Co304, suggesting the successful
introduction of oxygen vacancies.

High-resolution Co 2p spectra (Fig. 2c) display the char-
acteristic peaks of Co?*, Co, and the satellite (sat.). Two peaks
at approximately 779.83 and 794.86 eV correspond to Co 2ps),
and Co 2py); of Co*. Two other peaks at approximately 781.20
and 796.32 eV correspond to the Co 2ps/, and Co 2pyj, of Co**.
The satellite peaks of Co?* and Co®" appear at the same binding
energy (789.26 and 804.60 eV) [44]. Importantly, the peaks of
Co0304_, positively shift about 0.3 eV when compared with
Co30,. This result suggests that the Co element in Co30,-, is
more electropositive than that in Co;O4, which can be attributed
to the more abundant oxygen vacancies in the former, accom-
panied by the redistribution of electron density [45]. On the
basis of the integrated area of the peaks, Co** accounts for
approximately 64.4 at% of total Co atoms in Co;O4_,, which is
obviously greater than that in Co;O, (48.5 at%). The above
results prove that Co3O,-, contains more oxygen vacancies than
Co;04, which can also be supported favorably by the O 1s
spectra of the as-prepared samples. Fig. 2d presents three
characteristic peaks. The first one at approximately 529.95 eV is
attributed to lattice oxygen, the second at approximately
531.23 eV is assigned to the deficiency oxygen, and the last one
at approximately 532.50 eV is ascribed to adsorbed hydroxyl
species [44]. Obviously, the proportion of deficiency oxygen in
Co0304, is approximately 39.9%, which is higher than that in
Co;04 (22.2%) (Fig. S8). These results show that more oxygen
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vacancies are introduced successfully into Co3;04-, than Co30..

Abundant oxygen vacancies can effectively improve the elec-
trical conductivity of Co3;O4-,, as confirmed by the total density
of states (DOS) of C0304_, and Co30,4 As shown in Fig. 3a,
Co030,4_, contains more electron DOS than Co;0, near the Fermi
level, which is desirable for fast electron transport and rapid
charge storage [18]. Moreover, the introduction of abundant
oxygen vacancies makes a significant contribution to reducing
the energy barrier of Li-insertion of Co03O4_, which can be
proven by density functional theory (DFT) calculations. Fig. 3b
illustrates the structure models of Li-inserted Co3;O4_, and Li-
inserted Co0304 AEinern can be obtained using the following
equation [46,47]:

AE Eslab-Li - Eslab - Eu: M

where Egab1i» Egabs Eui correspond to the total energy of Li-
inserted C0304-x, C0304—y, and Li, respectively. DFT calculations
(Table 1) show that Co3;04_, contains a lower Li-insertion energy
barrier (—0.406 eV) than Co;O4 (0.203 eV), which implies that
the introduction of abundant oxygen vacancies is more bene-
ficial to the intercalation of Li.

The electrochemical properties of Co;04_, and Co;O4 as the
anode of LIBs were evaluated by assembling half-cells with metal
lithium. The cyclic voltammetry (CV) curves (Fig. 4a and
Fig. S9a) of Co30,_, and Co30, were tested for four cycles at a
scan rate of 0.1 mV s™' to analyze the Li-storage mechanism. As
shown in Fig. 4a, an irreversible cathodic peak appears evidently
at approximately 0.82 V in the first discharging curve, which can
be ascribed to the irreversible reduction of Co;O,_, and the
formation of a solid electrolyte interlayer (SEI) [48]. In the
subsequent cycles, two cathodic peaks at approximately 1.01 and
1.30 V are ascribed to the reduction reaction of Co;04 — CoO
— Co, respectively, indicating that the reduction of Co;04
involves two processes [15]. During charging, the anodic peak at
approximately 2.11 V corresponds to the oxidation of metal Co
and delithiation [49]. The cathodic and anodic peaks overlap in
the following repeated scans, which demonstrate the superior
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Figure 3 (a) Total DOS plots for Co;04_, and Co;0,. (b) Calculated AEiy (€V) per unit cell for Co304_ and Co30; (inset of structure models of Li-inserted

C0304_, and Li-inserted Co30y).

Table 1 Calculated AEipsert (€V), Egap (€V), Eri (€V), Egab-1i (eV) per unit cell for Co;04-, and Co30,
Structure Eslab (CV) ELi(eV) Eslabru (eV) AEinsen (CV)
Co304 —379.636 —-1.995 —381.428 0.203
C0304-x —371.374 —-1.995 —373.775 —0.406
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Figure 4 Electrochemical performances of the Co;04_, and Co;0; electrodes. (a) CV curves of Co3O4 at a scanning rate of 0.1 mV s~ and (b) charge-
discharge profiles at a current density of 0.1 A g™! for Co304-. (c) Rate capabilities, (d) cycling performance at a current density of 0.3 A g”', and (e) cycling
performance at a current density of 1 A g™ for the Co;04_x and Co;0, electrodes.

reversibility of Li* insertion/extraction in the Co3;O4_, anode.
Fig. 4b displays the charge-discharge profiles of the Co0304
electrode at a current density of 0.1 A g™'. The voltage plateaus
in the profiles are consistent with the CV peaks. The first dis-
charge and charge specific capacities of the Co;0,-, electrode are
approximately 1807 and 1116 mA h g™' at the current density of
0.1 Ag™', corresponding to a coulombic efficiency (CE) of
61.8%. For the Cos;04 electrode, the first cycle discharge and
charge capacities of 1583 and 1020 mA hg™' are obtained,
respectively. The irreversible capacity loss is attributed to the
formation of SEI layer and the electrolyte decomposition [50].
Voltage plateau means the redox reaction of the electrode during
the cycle. Therefore, the specific capacity is closely related to the

June 2022 | Vol.65 No.6
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length of voltage plateau [51]. As shown in Fig. S9b, Co3O4_, has
a longer voltage plateau and higher capacities than Co3;O,. The
second and third curves show that the CE of the electrode is
significantly improved and the capacity is stabilized, which
correspond to the increased reversibility and enhanced cycle
stability.

The rate performance of Co;04_, and Co;O, at different
current densities was measured to investigate the enhanced
electrochemical performance of the Co;O,4_, anode. As shown in
Fig. 4c, Co304-, exhibits reversible capacities of 1041, 1011,
1020, 983, and 663 mA h g™! at current densities of 0.1, 0.5, 1, 2,
and 5 A g7, respectively. Moreover, the reversible capacity of
1350 mA h g™! can be achieved when the current density returns
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to 0.1 A g™, which indicates the remarkable stability of the
Co0304-, electrode. By contrast, Co;O4 exhibits inferior rate
capacity with reversible capacities of only 1063, 821, 373, 7, and
2mAhg™! at current densities of 0.1, 0.5, 1, 2, and 5A g%
Fig. S10 exhibits the charge-discharge profiles of the Co;04_y
and Co;0, electrodes at current densities of 0.1, 0.5, 1, 2, and
5 A g™!. Obviously, the specific capacity of Co;O4 decays rapidly
with the increase in current density compared with Co;O,-. The
measurement of rate capacity suggests that Co304_, can provide
faster Li* diffusion, resulting in a superior rate performance than
C0304.

Cycling performance is critical to the application of electrodes
in LIBs. Fig. 4d displays the charge-discharge cycling perfor-
mance of the Co;04_, and Co;0; electrodes at 0.3 A g™*. The
specific capacity of Co3;04_, decreases rapidly in the first few
cycles and then gradually increases, which is consistent with
other reported TMO anode-based LIBs. As shown in Fig. 4d,
Co30,-, retains a specific capacity of 1870 mA h g™! approxi-
mately after 200 cycles. The inferior specific capacity at the
initial cycles can be attributed to the inevitable pulverization of
Co3;04-, and the repeated formation of an unstable SEI layer.
The gradual increase in specific capacity during the repeated
charge/discharge processes may be ascribed to the activation and
rearrangement in the active material, resulting in more
unreacted active sites of the anode exposed to the electrolyte
[52]. As shown in Fig. S11, fresh half coin cell possesses the
largest charge-transfer resistance, and the charge-transfer resis-
tance gradually decreases as the number of cycles increases. This
result is consistent with the increased specific capacity of
Co0304_, during the initial cycles. For comparison, Co;O4 shows
a much lower capacity of 777 mA h g™! than Co;0,-, after 200
cycles at 0.3 A g™* (Fig. 4d). The prolonged cycling performance
and CE of the electrodes were further investigated at a large
current density of 1.0 A g™' (Fig. 4e). The specific capacity of
Co30,4-_ also suffers significant fluctuation during cycling, which
is common in TMOs in LIBs [53]. In specific, the specific
capacity of Co3O4_, increases rapidly during the initial 117
cycles, resulting in the activation of the electrode and the for-
mation of SEI film. In addition, the specific capacity Co;O4—x can
reach approximately 1300 mA h g™* after 117 cycles. Then, the
specific capacity decay can be reasonably attributed to the
unstable SEI film, inevitable pulverization of electrodes, and
electrolyte degradation [54]. The electrode particles become
smaller; thus, more active sites are exposed to the electrolyte and
a stable SEI layer is reformed on the surface. The structural
changes of the Co3;0, and Co3;04_, electrodes after 117 cycles at
the current density of 1 A g~! were also monitored to prove the
importance of oxygen vacancies in maintaining the stability of
the electrode structure. As shown in Fig. S12, C0304—, covered
with uniform SEI layer delivers superior structural integrity after
117 cycles. However, the Co;O, electrode suffers from serious
agglomeration, leading to the reduction of active sites and
unstable structure of the electrode. The SEM image of the
electrode after 70 cycles (Fig. S13) shows the same results.
Therefore, we can conclude that the oxygen vacancies in Co304_
are beneficial for maintaining the structural stability of the
electrode. Thus, compared with Co304, Co304_, exhibits higher
cycling stability and rate performance because of its more
abundant oxygen vacancies. In addition, the fully charged LIBs
show a rapid self-discharge process in the first few minutes and
the open-circuit voltage is maintained at approximately 2.0 V,
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which indicates the low self-discharge rate of the LIBs [55].

As a result, Co304_, exhibits a relatively stable capacity of
1120 mA h g™ after 500 cycles. However, Co;O4 provides a
discharge capacity of only 423mAhg™ after 500 cycles
(Fig. 4e). The electrochemical properties of Co;04-based anodes
in the literature are summarized in Table S3. Co3;04_, with rich
oxygen vacancies in the present work has a higher capacity than
previously reported Co;O4-based anodes at different current
densities. In addition, Co;O4_, with a load of 2 mg cm™ exhibits
high reversible capacity and excellent rate performance at
1 Ag™ (Fig. S14). The cycling data for CosO4_, with 10 wt%
carbon black confirm that oxygen vacancies effectively improve
the conductivity of Co3O4,. As shown in Fig. S15, the electrode
with 90 wt% Co3;04_, and 10 wt% carbon black exhibits excellent
performance at different current densities and maintains
1100 mA h g™! after 100 cycles at a current density of 1 A g™". In
addition, Fig. S2e displays the charge-discharge cycling perfor-
mance of the Fe;Os_, and Fe,Os electrodes at 1 A g™*. Fe,0s-,
remains a specific capacity of 1008 mA h g~! approximately after
100 cycles. By contrast, Fe;O; delivers an initial discharge
capacity of 1729 mA h g™' and then suffers a rapid decline in the
following 10 cycles. The same situation also occurs on NiO;_,
and NiO. The superior cycling performances of Co03;O04_y,
Fe;0s_,, and NiO;_, can be rationally ascribed to the introduc-
tion of amounts of oxygen vacancies, which is favorable to the
electrochemical lithium storage.

The separation of the diffusion and capacitive-controlled
charge storage has been studied in detail by Dunn’s group
[56,57]. On the basis of their methods, the electrochemical
kinetics analysis of Co;O4_, based on the CV measurements at
different scan rates (0.1-1 mV s™!) was adopted. As shown in
Fig. 5a, a similar shape of curves and different peak values can be
obtained under different scanning rates. Previous studies proved
that the measured peak value (i) and scan rate (v) satisfy
Equations (2) and (3):

i= avb, 2

log(i) = blog(v) + log(a). 3)

The b values can be calculated as the slope of the log(i) and
log(v), which can clarify the mechanism of lithium storage. The
b value of 0.5 suggests that the capacity of the electrode is
controlled by the diffusion process, while the b value of 1 means
a surface capacitive-controlled process [30,58]. As shown in
Fig. 5b, the b values of three peaks are 0.963, 0.946, and 1,
respectively, implying that the capacity of Co3O4_, is mainly
dominated by surface capacitive behavior.

iv)=ky+ky'" “4)

In addition, Equation (4) is used to investigate the proportion
of the surface capacitive contribution. The k;v represents the
contribution of surface capacitive and the k' represents the
contribution of ion-diffusion, respectively [59]. As shown in
Fig. 5¢, the surface capacitive contribution proportion is 95.3%
for the Co;04, electrode at a scanning rate of 0.8 mV s\
Fig. 5d displays that the proportion of capacitive contribution
increases mildly from 89.0% to 95.9% with the scanning rate
ranging from 0.1 to 1 mV s7', indicating that pseudocapacitive
process controls the electrode specific capacity. Notably, the
pseudocapacitive contribution of Co;O4 (Fig. S16) is much lower
than that of Co;04-,, suggesting that abundant oxygen vacancies
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Figure 5 Electrochemical kinetic analyses of C03;04—,. (a) CV curves measured at different scan rates from 0.1 to 1 mV s, (b) b value according to the
relationship of log(i) and log(v) at different peaks, (c) pseudocapacitive contributions (shaded area) at a scan rate of 0.8 mV s and (d) ratio of pseudo-
capacitive contributions at different scan rates for Co3O4_. (€) EIS of the Co;0,4-, and Co;0; electrodes at 0.3 A g™" after 60 cycles, (f) relationship between the
real part of the impedance and w™? of Co0304_, and Co3;04, and (g) charge/discharge profiles of Co;O4-, electrode in GITT test and the Li* diffusivity

coefficient during the first and second cycles.

can provide more reactive active sites for surface reaction and
effectively improve the pseudocapacitive contribution [30,60,61].

The above analysis shows that introducing more oxygen
vacancies can increase the contribution of pseudocapacitance,
thereby effectively improving the specific capacity and rate
performance of the electrode material. In order to further reveal
the significant influence of oxygen vacancies on electrode
materials, electrochemical impedance spectroscopy (EIS) test
was also performed. Fig. 5e displays the Nyquist plots of the
C0304_, and Co30, electrodes after 60 cycles at 0.3 A g~. There
are two depressed semicircles in the plots: one in the high-fre-
quency region corresponding to the SEI layer resistance (Ry), and
the other in the high-medium-frequency region corresponding
to the charge-transfer resistance impedance (Ry) [62]. After
fitting with the equivalent circuit, the calculated R¢ value of
C0304_, (1.28 Q) is smaller than that of Co;04 (2.33 Q), and the
R, value of C0304_, (15.7 Q) is also smaller than that of Co;0,
(120 Q), suggesting that Co3O,_, possesses faster charge transfer
at the interface. To further confirm the impoved electrical
conductivity by oxygen vacancies, the conductivity of Co304—
and Co;0, was measured by a four-point probe method for
three times as shown in Fig. S17. The results prove that the
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conductivity of Co;O4_, is approximately ten times higher than
that of Co3;0, (Table S4). The above analysis indicates that
Co030,-, has lower resistance and higher electronic conductivity
than Co;O, owing to the introduction of abundant oxygen
vacancies [63].

The Li-ion diffusion coefficient (D) of the samples complies
with the following Equations (5) and (6):

RT Y’
D= O'S(AnZcma) , )
Z'=R+R, +tow'?, (6)

where R, T, A, F, C, 0, and Ry correspond to the gas constant,
absolute temperature, surface area, Faraday constant, con-
centration of Li*, Warburg factor, and Ohmic resistance,
respectively. The Warburg factor ¢ can be obtained after fitting
the slope of Z' versus w™"2. As shown in Fig. 5f, the Warburg
factor o values of the Co;04_, and Co30, electrodes are 19.1 and
197, respectively. Considering other parameters unchanged, the
D value of Co30,-, is two orders of magnitude higher than that
of Co3;04. Therefore, Co304—, with abundant oxygen vacancies
processes a higher Li-ion diffusion coefficient than Co3O,.
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These analyses complied with the galvanostatic intermittent
titration technique (GITT) measurements. The GITT was per-
formed to calculate the Li-ion diffusion coefficient, which is
satisfied with the following Equation (7):
4 (nyVu)'(AEs)
a3 0
where ny and Vy are the molar mass and molar volume of the
samples, respectively. S stands for the active surface area of the
electrodes, 7 is the relaxation time, AEs represents the potential
change between steps, and AE; represents potential change
during the current pulse (Fig. S18) [47]. Fig. 5g presents the
GITT test for Co3;04_, and Co304 during the initial two cycles,
and the calculation result is detailed in Table S5. The D |;+ value
of Co30,-, ranges from 2.94 x 107'¢ to 8.34 x 107*cm?s7},
whereas the D ;+ value of Co;0, ranges from 1.16 x 1078 to 3.44

257! In addition, Co30,—, possesses a higher Lit

D=

x 107" cm? s
diffusion coefficient than Co;0, in different charge and dis-
charge states, which can be explained by the accelerated diffu-
sion kinetics owing to the introduced abundant oxygen
vacancies. In general, the introduction of abundant oxygen
vacancies can significantly improve the reaction kinetics by
accelerating Li* diffusion, which agrees well with the increased
interplanar spacing reflected in the XRD and HRTEM diagrams.

Co0304_, with abundant oxygen vacancies exhibits prodigious
improvement in lithium storage as an anode, and the effect of
oxygen vacancy was further explored. First, Co3O4_ contains
more oxygen vacancies and smaller particles than Co;O,, which
can buffer volume expansion and maintain structural integrity.
Second, the introduction of oxygen vacancies not only facilitates
the insertion and extraction of lithium ions in the Cos;O,_, lattice
but also improves electrical conductivity and reduced energy
barriers. Third, the abundant oxygen vacancies provide abun-
dant active sites for redox reactions and increase the ratio of
capacitive contribution. All of these advantages mentioned
above are beneficial for Co;O4_, to maintain remarkable cycling
capability and rate performance.

CONCLUSION

We successfully prepared different TMOs with abundant
vacancies (e.g., C03;04—y, Fe;05_, and NiO,_,) through a facile
and general method by which oxygen vacancies were in situ
introduced by carbonization treatment in air atmosphere. The
as-prepared TMOs with abundant oxygen vacancies exhibit
superior Li-ion storage performance over their counterparts
without vacancies. In specific, the Co;04_, electrode shows a
superior rate performance of 663 mA h g™' even at the current
density of 5 A g™'. Meanwhile, the Co304_, electrode delivers a
long-term reversible capacity of approximately 1120 mA h g™*
after 500 cycles at the current density of 1 A g™. The sig-
nificantly improved specific capacity and rate performance can
be attributed to the accelerated Li-ion diffusion, enhanced
electrical conductivity, reduced energy barriers, and increased
capacitive contribution. This vacancy-engineering strategy can
highlight the importance of designing an advanced electrode for
energy storage and conversion from the perspective of funda-
mental material properties.
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