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Oxygen defect engineering endows Cos0,
nanosheets with advanced aluminum ion storagef

Jiening Zheng,{ Tian Xu, Guanglin Xia® and Xuebin Yu®*

Atomic-level structure modulation is an effective way to boost ionic diffusion kinetics and improve the
cycling stability. To relieve the strong coulombic ion—lattice interactions originating from trivalent A>*
ions, herein oxygen-deficient CozO,4_, porous nanosheets are fabricated via a facile NaBH4 reduction
strategy using a metal-organic framework template. Electrochemical kinetics analysis and theoretical
calculation results reveal good pseudocapacitive property, appropriate diffusion capability and A"
formation energy, corroborating fast A** ion storage/release kinetics and high AI** storage capacity.
Specifically, CosO4_, porous nanosheets exhibit a high reversible capacity of 4423 mAh g tat1.0Ag™
and retain 104.2 mA h g~! after 1800 cycles, remarkably higher than those of the previously reported
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Introduction

Lithium-ion batteries (LIBs) have dominated in the energy
storage market for smart vehicles and portable electronic
devices due to their long-term cycling durability and high
energy density; however, the limited lithium resources and
safety concerns hinder their development in large-scale energy
storage.™ An effective solution to solve these problems is to
develop potent candidates with low cost and high energy
density. Among the beyond Li-ion technologies, the aluminum
metal anode, as a three-charge carrier, offers a gravimetric
capacity (2980 mA h g~ ') comparable to that of the Li anode and
ultra-high volumetric capacity (8040 mA h ecm™?).* Also, Al is
a naturally abundant element and safe to handle owing to its
inert nature when exposed to air. In 2015, Dai et al. made
a breakthrough in aluminium-ion batteries (AIBs) in terms of
cycling stability and rate capability using a graphitic foam
cathode and a chloroaluminate ionic liquid electrolyte.® From
then on, various kinds of carbon-based cathodes, such as
carbon nanoscrolls,” graphitic,*® graphene,'*™ and so on, have
been developed as promising AIB cathodes due to their attrac-
tive electrochemical performance, especially the excellent long-
term stability, superior rate capability, and high discharge
plateau. However, AICl,  intercalation/deintercalation leads to
limited capacities of these cathode materials due to the
monovalent AICl,~ storage properties. Moreover, the AICl,~
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Coz04-based cathode materials. Furthermore, ex situ analyses reveal the conversion reaction
mechanism of the CozO4_, cathode, followed by its high structural stability upon extended cycling.

storage reaction operates at the expense of the electrolyte, which
is unfavorable for energy density improvement as the electrolyte
amount is a key factor for high energy density.** Alternatively,
another category of AIB cathodes based on trivalent AI** ions as
the intercalation/conversion reagent have been regarded as
promising candidates for AIBs owing to their desirable capacity.
The cathode materials used for this category of AIBs mainly
include metal oxides, chalcogenides and phosphides."**” Metal
oxides have been extensively explored as promising electrode
materials for advanced secondary batteries owing to their high
theoretical capacity and low cost.”*** Among the numerous
candidates, Co30, has attracted particular attention due to its
high theoretical specific capacity, stable chemical properties
and wide availability.”**® Unsurprisingly, the initial discharge
capacity of CozO, based cathodes can easily reach 250-
500 mA h g~ '; however, they always suffer from limited cycles
and poor rate performance, which can be ascribed to the
intrinsic limitation related to the intercalation chemistry of
trivalent AI**.** Given the high electronegativity of oxygen and
the large charge density of Al**, the resulting strong coulombic
ion-lattice interactions can cause clumsy AI’** diffusion and
inhibit reversible AI** intercalation.>** Therefore, it is neces-
sary to develop an efficient strategy to favor AI** diffusion and
reversible AI** intercalation/deintercalation in Co,O, based
cathode materials.

Valence engineering (vacancy, doping, etc.) refers to modi-
fying the electronic structure of materials, which can effectively
improve the electrochemical performance of the electrode
materials.”**® Oxygen defects can act as an electronic charge
carrier to greatly enhance the electrical conductivity, which have
been widely used in the modification of electrode materials.*’ In
addition, the Gibbs free energy of metal ion adsorption on the

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Schematic strategy for the synthesis of CozO4_,.

surface of the material can be modified by the oxygen defects,
which is important to provide an estimation of the ease of ion
adsorption/desorption, ie., reversibility. Furthermore, oxygen
defects can release excess electrons around the oxygen vacan-
cies, which could be treated as electron donors to attract cations
and promote fast cation diffusion kinetics.”®** Therefore,
introducing oxygen defects into Coz;0, to adjust its electronic
structure would be expected to achieve high-performance Al**
storage behavior.

Herein, by employing ultrathin metal-organic-framework
(MOF) nanosheets as precursors and templates, we construct
oxygen-deficient porous Co;O, nanosheets in the form of
interconnected nanoparticles embedded in the MOF nanosheet
derived carbon substrate via an in situ oxidation reaction and
NaBH, treatment. Electrochemical performance and theoretical
simulations demonstrate that the partial extraction of electro-
negative oxygen from the Coz;0, lattice is effective for facili-
tating the reversibility of AI’* storage/release. Besides, the large-
surface-area ultrathin interwoven porous structure can greatly
shorten the AI** diffusion path and increase the electrolyte
infiltration area, further improving the AI** diffusion and
storage capacity. The resulting cathode displays high capacity
(442.3 mA h g7') and long-term cyclability (up to 1800 cycles)
with average coulombic efficiency (CE) > 97%, making it
a promising candidate for high-performance AIBs.

Results and discussion

The successful preparation of Co;0,_, porous nanosheets
involves three steps, and the schematic illustration is shown in
Fig. 1: (1) the solvothermal synthesis of cobalt-based metal-
organic-framework (Co-MOF) nanosheets, (2) the subsequent
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thermal self-template conversion of Co-MOF precursors into
Co30,4 porous nanosheets at 400 °C in air, and (3) the 0.1 M
NaBH, reduction transformation of Coz;O, nanosheets into
Co030,_, nanosheets. Fig. 2a and b display the scanning electron
microscopy (SEM) images of the precursor Co-MOF, in which
thin and wrinkled nanosheets with smooth surfaces are
observed, indicating their high elasticity and flexibility. Besides,
its corresponding X-ray powder diffraction (XRD) pattern is
given in Fig. S1.7 After air calcination, the smooth surface dis-
appeared and a large number of nanoscale pores appeared
throughout the nanosheets (Fig. 2c¢ and d), forming an inter-
woven holey structure. Such multi-holey channels can not only
facilitate electrolyte permeation, but also effectively shorten the
ion transport distance. Co;0,_, porous nanosheets were ob-
tained via NaBH, reduction, and present a similar interwoven
holey nanosheet shape as shown in SEM (Fig. 2e and f) and
transmission electron microscopy (TEM, Fig. 2g) images. The
interlayer spacings of 0.47 and 0.29 nm (Fig. 2i) correspond to
the (111) and (220) planes of Co;O, (JCPDS No. 42-1467),
respectively. In addition, some obvious lattice distortion and
vacancies can be found due to the existence of abundant oxygen
defects resulting from the NaBH, reduction (Fig. 2h).** The
corresponding selected area electron diffraction (SAED) pattern
reveals the single-crystalline nature of Co;0,_, (inset in Fig. 2i).
Scanning TEM with energy dispersive X-ray spectroscopy
(STEM-EDX) elemental mapping images confirm the homoge-
neous distribution of Co and O in the Co;0,_, porous nano-
sheets (Fig. 2j). Besides, the TEM and elemental mapping
images of Co;0, are given in Fig. S2,T and they exhibit similar
morphology with uniform elemental distribution. In addition,
when subjected to high temperature (400 °C) air annealing, the
carbon species can be oxidized to CO,,* resulting in composites
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Fig. 2 (a and b) SEM images of Co-MOF. (c and d) SEM images of CozO,. (e and f) SEM, (g) TEM, and (h and i) HRTEM images and SAED pattern
(inset in i) for CozO4_x. (j) STEM-EDX elemental mapping images of CozO4_,.

with ultra-low carbon content confirmed by the EDX elemental
mapping image (Fig. S3T) and EDX pattern (Fig. S4t). The
Brunauer-Emmett-Teller (BET) surface areas and pore size
distributions of Co;0, , and Co;0, porous nanosheets were
measured from N, adsorption-desorption isotherms. The BET
surface areas were found to be up to 51.0 and 36.7 m> g~ ' for
Co30,_, and Coz0, porous nanosheets (Fig. S5at), respectively,
revealing that oxygen defects could increase the BET surface
area.** Both Co3;0,_, and Co;0, nanosheets are mesoporous
structures with pore size distributions from 2 to 15 nm and 2 to
10 nm (Fig. S5b¥), respectively, which are consistent with the
SEM and TEM observations. The mesoporous structure of these
composites enables fast electrolyte penetration in the
electrodes.*

The crystal structures of Co;0,_, and Coz0, porous nano-
sheets were obtained from X-ray powder diffraction (XRD). As
displayed in Fig. 3a, both samples have the same crystal struc-
ture, and the diffraction peaks are well indexed to Co;0, (JCPDS
No. 42-1467). Meanwhile, Co;0,_, nanosheets exhibit weaker
and broader diffraction peaks, suggesting their low crystallinity
originating from oxygen defects after NaBH, treatment.*® The
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oxygen-deficient structure of Co0;0,_, nanosheets was
confirmed by X-ray photoelectron spectroscopy (XPS), Raman
spectra, and electron paramagnetic resonance (EPR). XPS survey
spectra signify the coexistence of Co and O elements in both
samples (Fig. 3b). The high-resolution spectrum of Co 2p
(Fig. 3c) shows two major peaks at around 779 (Co 2ps,,) and
794 eV (Co 2p1,,), and each peak can be divided into two mixed
contributions of Co** and Co®', respectively. Notably, the
surface ratio of Co*"/Co*" is 1.25 for Co;0,_, nanosheets,
obviously lower than that of Co;0, nanosheets (1.49), verifying
the presence of oxygen vacancies which are balanced by the
conversion of Co*" to Co*" in the Co;0,_, nanosheets.’’
Meanwhile, the XPS O 1 s spectrum intuitively displays an
enrichment of oxygen-vacancy on the surface of Co3;0,_, porous
nanosheets (Fig. 3d).*® The slight blue shift (5.2 cm™") of the
Raman band at 669.1 cm ™" for Co;0,4_, nanosheets compared
with that of Co;04 nanosheets also suggests the formation of
oxygen vacancies (Fig. 3e).*? In addition, Co;0,_, shows an
intensive EPR signal at g = 2.006, which further provides the
direct evidence for oxygen vacancies in this sample (Fig. 3f).*

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) XRD patterns of Coz04_, and CozO,. (b) The integrated XPS spectra of CozO4_, and Coz04 and the high-resolution XPS of (c) Co 2p,

(d) O 1sfor Coz04_, and Coz04. (€) Raman and (f) EPR spectra of Coz04_, and CozO4.

To explore the function of the oxygen-deficient structure in
AI** storage processes, the electrochemical performance was
investigated in a Swagelok-type cell composed of a Co;0, based
composite cathode, Al foil anode, and a paper glass fiber
separator infiltrated with an ionic liquid electrolyte. The cyclic
voltammograms (CV) of Co;0,_, nanosheets between 0.01 and
2.25Vat 1.0 mV s~ * display three pairs of redox peaks at around
2.11/1.74 V, 1.10/1.05 V, and 0.39/0.28 V (Fig. 4a), due to the
intercalation/deintercalation of AI’" in the Co;0,_, porous
nanosheets. Compared with the CV curve of Co;O, nanosheets
(Fig. S6t1), the Co30,_, nanosheets present higher peak current
densities, indicating that Co;0,_, nanosheets exhibit improved
AP’" storage/release ability. The galvanostatic charge/discharge
profiles of Co;0,_, nanosheets are given in Fig. 4b, in which
a high initial discharge capacity of 442.3 mA h g~ " achieved at
1.0 A g~ ' can be observed. Notably, the voltage profile shows
reduced polarization as well as extended plateaus with cycling,
revealing the activation process of Co;0,_, nanosheets. In
contrast, the Co;O, porous nanosheets exhibit low initial
discharge capacity (265.7 mA h g*, 1.0 A g~ '), large polariza-
tion, and relatively short plateaus (Fig. 4c). These results illus-
trate that the Co;0,_, nanosheets with O vacancies enable high
active material utilization and effectively improve the reaction
kinetics. The rate capabilities of the two samples were evaluated
at various current densities from 0.5 to 5.0 A g~ " (Fig. 4d).
Notably, the Co;0,_, porous nanosheets deliver impressive
reversible specific capacities of 512.5, 405.7, 232.23, 137.2, and
58.6 mA h g ' at current densities of 0.5, 1.0, 2.0, 3.0, and
5.0 A g~ !, respectively, whereas the specific capacities of Co;0,
nanosheets are only 357.4, 224.3, 95.8, 51.6, and 36.7 mAh g™ "
at the same current densities. When the current density
returned to 0.5 A g’l, the specific capacity of the Coz0,_,
nanosheets recovered to 550.9 mA h g~ '. These results suggest
that the O vacancies can significantly improve the rate

This journal is © The Royal Society of Chemistry 2022

performance of the Coz0,_, porous nanosheet cathode, attrib-
uted to the intrinsic enhanced ion diffusion kinetics.***" Inter-
estingly, the coulombic efficiency is over 100% at the recovered
current density of 0.5 A g, which could be explained as
follows. Due to the high electronegativity of oxygen and the
large charge density of Al*", the generated strong coulombic
ion-lattice interactions can induce the trapping of some Al*" in
the host lattice during the repeated discharge/charge process,
thereby preventing AI** release upon charging.”> This
phenomenon can be confirmed from the low coulombic effi-
ciencies in the initial rate cycling process. However, the recov-
ered low charge-discharge current density of 0.5 A g ' is
conducive to inducing gradual reactivation of the previously
trapped AI** during the charging process, resulting in greater
charging capacities than discharging capacities (coulombic
efficiencies > 100%).*> A similar phenomenon could be observed
in a previously reported AIB cathode.'* Moreover, the galvano-
static charge/discharge profiles at various rates exhibit similar
shapes and deliver distinct plateaus even at high current
densities, reflecting the high charge-transfer kinetics of
Co30,_, nanosheets (Fig. 4e). It is wellknown that the structure
of electrode materials can be subjected to damage at large
current densities, leading to fast capacity loss. Thus, the high-
rate cycling process is also significant for practical applica-
tion.*® As shown in Fig. 4f, the Al*" intercalation/deintercalation
plateaus still exist after ultra-long 1800 cycles performed at
1 A g ', reflecting the high structural stability of Coz04_,
nanosheets. The detailed cycling performances and corre-
sponding coulombic efficiencies at 1 A g~ * for Co;0,_, and
Co3;0, are presented in Fig. 4g. The discharge capacity of
Co030,_, decreases in the initial 100 cycles and stays relatively
steady in the following cycles. Specifically, a specific capacity of
123.6 mA h g~ was retained after 1000 cycles. Prolonging the
cycling up to 1800 cycles still affords a reversible capacity of

J. Mater. Chem. A, 2022, 10, 18322-18332 | 18325
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Fig. 4 (a) CV curve of CosO,_, obtained at a scanning rate of 1.0 mV s~*. The selected galvanostatic discharge—charge profiles of (b) CozO4_
and (c) CozO4 at 1000 mA g™, (d) The rate capabilities and corresponding coulombic efficiencies of Cos04_, and CozO4 at current densities
from 0.5 to 5.0 A g~%. (e) Galvanostatic discharge—charge profiles of CosO4_ at different current densities. (f) The selected galvanostatic
discharge—charge profiles of CozO4_, during the cycling test. (g) Cycling performance of CosO4_, and Cos0, at 1000 mA g~ 1. (h) Electro-
chemical performance comparison with the reported oxide-based AIB cathodes. (i) Ragone plots of CozO4_, and the previously reported oxide-
based cathodes. (j) Two serially connected CozO,4_,/Al batteries for powering 28 LEDs and (k) the measured total voltage.

104.2 mA h g~ " with steady coulombic efficiency close to 99%,
nearly 2.6 times higher than that of Co;0, nanosheets. The
discharge capacity decreases in the initial cycles which could be
attributed to the formation of a solid electrolyte interphase (SEI)
layer, electrolyte decomposition, and side reactions.'****® These
results are competitive among the reported oxide cathodes for
AIBs shown in Fig. 4h and Table S1,1***~% strongly supporting
the intriguing structural superiorities of Co3;04_, porous
nanosheets as an advanced cathode for AIBs. The correspond-
ing Ragone plot in Fig. 4i shows that Co;0,_, can deliver a high
energy density of 292.1 W h kg™* (based on the cathode mass)
and power density of 1000 W kg™, which are superior or
comparable to those of previously reported oxide-based AIB

18326 | J. Mater. Chem. A, 2022, 10, 18322-18332

cathodes.”*>* In addition, to demonstrate the practical

application potential of the Co;0,_,/Al battery, both our fabri-
cated Co;0,_,/Al batteries were connected in series, which
could easily light up 28 light emitting diode (LED) lamps
(Fig. 4j), and the voltage of the batteries in series could reach
3.63 V (Fig. 4k). Moreover, these two series-wound Co3;0,4_,/Al
batteries could be employed to light a 3 V LED lamp for more
than a week (Fig. S71), further indicating the practical applica-
tion prospects. Besides, we also checked the AI** storage
performance of the precursor Co-MOF within the same poten-
tial window of 0.01-2.25 V at 1 A g~ '. As shown in Fig. S8a and
b, the Co-MOF exhibits larger polarization, poor cycling

This journal is © The Royal Society of Chemistry 2022
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stability, low capacity, and unsatisfactory average CE, suggest-
ing its inferior performance towards Al** storage.

We further inquired into the AI** storage mechanism in the
electrochemical cycling process of Co3;0,_, nanosheets using ex
situ XPS characterizations. Different terminated voltage stages
in the discharge-charge process were monitored (Fig. 5a). The
changes of Co 2p and Al 2p XPS spectra at the different stages
are displayed in Fig. 5b and c, respectively. To reduce the
adsorbed electrolyte effects, the XPS spectra are obtained via
argon etching. Specifically, as displayed in Fig. 5b, the pristine
Co30,_, cathode clearly shows three pairs (Co 2p,,, and Co 2p;,
») of Co 2p peaks corresponding to the Co>* ,Co®" and satellite
peaks. Two new peaks appear at 778.8 and 795.0 eV ascribed to
Co° in the discharging process, accompanied by the gradual
weakened Co®* signals and the increased Co”* signals. During
the charging process, the valence sates of the cobalt species
increase and recover to their original ones gradually. After fully
charging to 2.25 V, Co 2p shows a similar spectrum to the
original one. Meanwhile, the Al 2p intensity displays
a pronounced increasing tendency in the discharging process,
while the trend shows a sharp reversal in the charging process

View Article Online
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(Fig. 5¢). In addition, the Al 2p peak in the fully discharged state
is stronger than that in the fully charged state. These observa-
tions signify that Co®" is reduced to a lower state with the AI**
insertion and recovered with AI** reversible deinsertion in the
following charging process. Ex situ XRD measurements were
further performed to investigate the crystal structure changes of
C030,_, porous nanosheets during the discharge-charge
process. As shown in Fig. 5d, the (400) peak left shifts from
about 44.7° to 44.0° after fully discharging, suggesting that the
insertion of AI>" induces larger interlayer space. In this process,
the Co ions in Co;0,_, are partially substituted by AI**, result-
ing in AlCo,,0,_ , and elemental Co.* When recharged to
2.25V, the peak returns to the pristine position, indicating the
good reversibility of the AI*" intercalation/deintercalation
process. The ex situ SEM and TEM images of Co;0,_, porous
nanosheets at the discharged and charged states are illustrated
in Fig. S9,f respectively. The porous nanosheet structure is
retained in both discharged and charged states (Fig. S9a-c and
e-gt). The HRTEM images and SAED patterns in Fig. S9d and h¥
reveal the robust structure of Co;0,_, porous nanosheets after
the discharging and charging process, which are quite
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Fig.5 (a) Charge—discharge curves of CosO4_,. Five stages were monitored: the original state (point A), the state of discharge to 0.4 V (point B),
the fully discharged state (point C), the state of charge to 1.25V (point D), and the fully charged state (point E). Ex situ XPS data of the (b) Co 2p, (c)
Al 2p peaks for CozO4_ at the corresponding states. (d) Ex situ XRD patterns of CozO4_, at the original, fully discharged, and fully charged states.
STEM-EDX elemental mapping images of (e) fully discharged and (f) fully charged CozO4_,.
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consistent with the ex situ XRD patterns (Fig. 5d). Moreover, the
STEM-EDX elemental mapping images reveal a much higher Al
content in the discharged state (Fig. 5¢) compared with that in
the charged state (Fig. 5f), while the CI contents remained
nearly the same in these states. These observations further
demonstrate that the storage ions are AI** ions rather than
AICl,” ions. Additionally, Co and O are uniformly distributed
across the nanosheets, verifying the good mechanical stability
of the Coz0,_, cathode. According to the above analysis, the
reaction during the discharging and charging process can be
described as follows, eqn (1) and (2):

Cathode: Co304_, + IAPP* + 3le” = Al/Co,,04_, + (3 — m) Co
1)

Anode: Al + 7AICIl, — 3e™ = 4ALCl; (2)

To further understand the roles of oxygen vacancies for
enhancing the electrochemical performance, pseudocapacitive
analysis, electrochemical impedance spectroscopic (EIS)
measurements, and density functional theory (DFT) were con-
ducted. First, the CV tests were carried out at different scan
rates from 0.5 to 2.5 mV s~ ' to provide more in-depth insight
into the charge storage mechanism of these products (Fig. 6a
and c). The relationship between the scan rates (v) and the
corresponding peak currents (i) can be calculated to reflect the
diffusion-controlled behavior and surface capacitive-controlled
behavior. This relationship is exhibited by the equation i = a?,
where b = 0.5 and 1.0 respectively means the diffusion-
controlled behavior and capacitive-controlled behavior.'**¢ For
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Co30,4 nanosheets, the b value is 0.309 for the cathodic peak and
0.710 for the anodic peak (inset of Fig. 6¢), indicating that Al-
diffusion kinetics is mainly diffusion controlled. However, for
Co30,_, nanosheets, the b value of the two peaks is 0.695 and
0.818 (Fig. 6b), respectively, suggesting the improvement in the
capacitive process, which contributes to faster ion transfer and
reaction kinetics of the Co;0,_, electrode.?” Furthermore, the
capacitive contribution can be determined from the equation i
(V) = kyv + kv*?, where i (V) represents the current obtained
under a given voltage V, and k;v and k,v correspond to the
current contributions from the diffusion-controlled and
capacitive-controlled behavior, respectively.®> As shown in
Fig. 6d, the calculated capacitive contributions of the Co;04_,
nanosheets are 41.9, 52.7, 58.9, 65.7, and 73.5% at 0.5, 1.0, 1.5,
2.0,and 2.5 mV s, respectively, which are higher than those of
Co30,4 nanosheets, indicating that the introduction of oxygen
defects can boost charge storage and thus contribute to good
rate performance.*® EIS spectra were obtained in the frequency
window of 100 kHz to 10 mHz to further confirm the fast charge
transfer and ionic diffusion kinetics. As shown in the enlarged
EIS curves in the inset of Fig. 6e, the charge transfer resistance
(Rcy) values for Coz04_, and Co3;0, porous nanosheets are all
less than 5 Q, reflecting the high electron conductivity of these
cathodes. Moreover, the straight line in the low frequency can
reflect the ion diffusion kinetics, and the steeper one indicates
faster ion diffusion ability.*® The AI’** diffusion ability can be
further reflected by the slope of the straight line in the low
frequency region. It can be calculated by the following formulas:
w =2xfand Z = R + gw 2% Here, v, f, and Z are the angular
frequency, test frequency, and real part of impedance,

a b c
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4 Peak 2 _-36 Peak 1 b=0.695
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Fig.6 (a) CV curves at different scan rates from 0.5 to 2.5 mV s~ of Coz04_. (b) Linear relationship between log(scan rate) and log(peak current
density). (c) CV curves at different scan rates from 0.5 to 2.5 mV st of Cos0,. The inset is the linear relationship between log(scan rate) and
log(peak current density). (d) Contribution ratios of capacitive capacity at various scan rates. (e and f) EIS and relationship between real

impedance with low frequency of CozO4_, and CozOy4, respectively.
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respectively. And, ¢ is Warburg coefficient, the linear slope
derived from the relationship between the real part of the
impedance and low frequency; a smaller ¢ indicates faster ion
diffusion rate (Fig. 6f). Before cycling, the Co;0,_, nanosheets
show a smaller slope of the linear tendency than that of Coz0,
nanosheets, verifying that the oxygen vacancies can boost Al**
ion diffusion.®® Besides, the slope of Co3;0,_, nanosheets
decreases after 50 cycles, corresponding to the enhanced AI**
diffusion rate. It can be inferred that the initial cycling process
activates the electrode, enhancing the AI** diffusion ability.
DFT calculations were conducted to study the effect of
oxygen defects on the electrode performance. Fig. 7a and b show
the optimized structures of Co;0, and Co30,_, with adsorbed
AI’", respectively. The perfect Cos;0, shows stronger Al**
adsorption with a lower adsorption free energy of around
—4.2 eV, indicating that it is thermodynamically less favorable
for the subsequent AI** desorption. Via introduction of oxygen
vacancies, Co3;0,_, has a thermoneutral Gibbs free energy of
AP’ adsorption (—3.45 eV). It suggests that Co;0,_, benefits the
fast release of AI’", and thus favors the reversible adsorption/

desorption process.* The diffusion processes of AI*" ions in
Co30,_, and Co3;0, were simulated by the CI-NEB method.
Fig. 7c and S10% exhibit the possible AI** migration paths in

Co30,_, and Co30,, respectively. As observed from the calcu-
13+

lated energy curves (Fig. 7d), the Al°" diffusion energy barrier of

Ea= —4.2eV Ea= -3.45eV

1Co (lll) — 1Al 1Co (Il) — 1Al

AE= —567eV AE= -5.16 eV

AE= —-493eV AE =

—-4.27 eV
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C030,_, (2.37 eV) is lower than that in Co;0, (3.12 eV), indi-
cating that the oxygen vacancies can facilitate the AI** diffusion.
In addition, the thermodynamic calculations of the electro-
chemical reactions between AI** and Co,0,_, (Co;0,) were
further conducted. According to the obtained conversion reac-
tion mechanism, the electrochemical reaction process can be
divided into two parts: one Al(u) ion replaces one hexacoordi-
nated Co ion (Co (H)) (defined as reaction 1) and two Al(m) ions
and one vacancy replace three tetracoordinate Co ions (Co (T))
(defined as reaction 2). Reaction 2 may also proceed stepwise by
replacing one Co (H) with one Al(i) ion and two Co (H) with one
Al(m) ion and a vacancy, respectively. As shown in Fig. 7e-i, the
formation energies of reaction 2 for Co;0, and Coz;0,_, are
—9.63 and —10.08 eV, respectively, which are much lower than
those in reaction 1 (Co3;0,: —5.67 €V; C0304 i —4.93 eV),
revealing that reaction 2 involving the participation of vacancies
is more facile. Moreover, Co;0,_, shows lower formation energy
(—10.08 eV) than Co30,4 (—9.63 eV) in reaction 2. This suggests
an effortless AI’* insertion into Co;0,_,, explaining its higher

AI*" ion storage capacity.

The structural stability of the Co;0,_, electrode after cycling
was characterized by SEM and TEM. After prolonged cycles at
the current density of 1 A g~', Co304_, nanosheets still retain
the porous layer morphology and distinct lattices without
structural

damage (Fig. Slla-df). Additionally, the

35 3126V ===C0,0,

Co,0,,

o
©

237eV

20 40 60 80 100
Reaction Coordinate (%)

4

Total Energy (eV)
-

e
3

2Co (u) —~1Al+1v 3Co (u) — 2A1+1v

AE= -4.93eV AE= -10.08 eV

Fig.7 The structural geometry of the A+ adsorption on (a) CosO4 and (b) CozO4_y. (c) Migration path of A" in Coz04_,. (d) Calculated diffusion
barrier curves of Al** in Coz0,4_, and Coz0,. The formation energies of the possible conversion reactions in (e—h) Coz0,4 and (i-l) Coz04_. The
oxygen vacancy and formed cobalt vacancy are marked with green and yellow circles, respectively.
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corresponding STEM-EDX elemental mapping images of the
cycled Coz;0,_, electrode (Fig. S11et) reveal that each element is
evenly distributed, further confirming its remarkable reaction
reversibility and desirable structural stability during the
repeated Al*" intercalation/deintercalation process.

Experimental section

Synthesis of Co-MOF nanosheets

0.616 g of 2-methylimidazole (2-MIM) and 0.546 g of
Co(NO3),-6H,0 were added separately into 7 mL of methanol,
and the formed solutions were named solution A and solution
B, respectively. Then, solution B was poured into solution A
under mechanical stirring followed by sonication for 15 min to
form solution C. Another solution B was then poured into the
obtained solution C. The mixture was transferred to 50 mL
teflon-lined stainless-steel autoclaves and kept at 120 °C for
60 min. The obtained Co-MOF product was washed with
methanol three times and dried under vacuum at 60 °C
overnight.

Synthesis of Co;0, , porous nanosheets

The as-prepared Co-MOF precursor was calcined in air at 400 °C
for 60 min, the obtained product was named Co;0, porous
nanosheets. Then 100 mg pristine Co3;O, nanosheets were
immersed in 100 mL NaBH, solution (0.1 M) for 60 min. After
the reduction reaction, the dark product was thoroughly washed
with deionized water and ethanol several times and dried under
vacuum at 60 °C overnight.

Materials characterization

Scanning electron microscopy (SEM) images were obtained
using a JEOL 7500FA microscope (Tokyo, Japan). Transmission
electron microscopy (TEM) images, scanning TEM with energy
dispersive X-ray spectroscopy (STEM-EDX) elemental mapping
images were obtained using a JEOL 2011 F (Tokyo, Japan)
coupled with an EDX spectrometer operated at 200 kV. The
structures were studied using powder X-ray diffraction (XRD)
patterns collected on a Bruker AXS D8 Advance powder X-ray
diffractometer with monochromatic Cu Ko radiation. The
element valences were revealed by X-ray photoelectron spec-
troscopy (XPS; PerkinElmer PHI 5000C ESCA). The nitrogen
adsorption/desorption isotherms were obtained at liquid
nitrogen temperature using a Quadrasorb SI-MP analyzer.
Raman spectra were collected using a Renishaw in Via micro-
Raman spectrometer with a 532 nm excitation laser. Electron
spin resonance tests (EPR, A300) were carried out in the X-band
with a 5.00 G modulation amplitude.

Electrochemical measurements

The cathode was fabricated by mixing active materials, super P
acetylene black, and polyvinylidene fluoride (PVDF) in N-
methyl-2-pyrrolidinone (NMP) solvent thoroughly with a mass
ratio of 7 : 2 : 1. The slurry was cast on Mo foil and dried in
a vacuum oven at 80 °C overnight. Before preparation of the
electrolyte, 1-ethyl-3-methylimidazolium chloride ([EMIm]|CI)
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was dried at 130 °C under vacuum for 24 h. Then, the ionic
liquid electrolyte was obtained via mixing [EMIm]CI and anhy-
drous AICI; with a molar ratio of 1 : 1.3 in an Ar-filled glove box
(<0.1 ppm of H,0 and O,). The Swagelok-type cell was assem-
bled with the as-prepared cathode, aluminum metal foil
(99.99%) anode, paper glass fiber (GF/D) separator, and the ion
liquid electrolyte. Galvanostatic charge/discharge tests were
carried out on a battery testing system (Land-CT2001A) with
a suitable voltage window of 0.01-2.25 V at room temperature.
Cyclic voltammetry (CV) measurements and electrochemical
impedance spectroscopy (EIS) tests performed in the frequency
window of 100 kHz-10 mHz were conducted on a CHI 660D
electrochemical workstation.

Computational methods

All density functional theory (DFT) calculations were performed
with Vienna ab initio Simulation Package (VASP).*"** The
generalized gradient approximation (GGA) with a Perdew-
Burke-Ernzerhof (PBE) exchange correlation functional and
projector-augmented wave (PAW) method were used.** During
the optimization process, the structures were relaxed until the
forces and total energy on all atoms were converged to less than
0.05 eV A"* and 1 x 10 ° €V. A cut-off energy of 600 eV and
Gamma centered 2 X 2 x 2 k-point mesh were set for all
calculations. Spin-polarization was also considered in all
calculations. To analyze the effect of oxygen vacancy in Coz0,4_y,
a cubic supercell of @ = b = ¢ = 7.96 A with 24 Co atoms, 32 O
atoms was set as the pristine structure, and another supercell
with one O atom was removed as the modified structure. The
electrochemical reaction between aluminum and the cathode is
described as: /Al + Co30,_, — Al,Co0,,04 , + (3 — m) Co. The
model of Al,Co,,0,_, was simply set by substituting Al atoms
and cation vacancies for Co atoms. And the energy change of the
reaction is defined as: AE = Eqyp + [Eco — Ematrix — MEa. The
kinetic process of aluminum transport in the matrix was
simulated by the Climbing Image Nudged Elastic Band (CI-NEB)
method.***® 4 images were inserted between the initial and final
structures as transition states.

Conclusion

In summary, a facile strategy is developed to fabricate oxygen-
deficient Co;0,_, porous nanosheets as an advanced AlI** ion
storage host. Benefiting from the oxygen defects and the ultra-
thin porous structure, Co;0,_, displays satisfactory pseudoca-
pacitive behavior, which enables good rate capability. Moreover,
the DFT calculations reveal reversible Al** adsorption/
desorption together with favorable AI** incorporation and
diffusion capability of Co0;0, ,, explaining the desirable
reversibility, high capacity, and fast AI>* release/storage of this
novel cathode. As expected, the Co;0,_, porous nanosheets
exhibit a high reversible capacity of 442.3 mA h g™* at a high
current density of 1.0 A g~ " and still retain 104.2 mA h g~ " after
1800 cycles, outperforming other reported oxide cathode
materials. Ex situ tests uncover the robust structural integrity
which can withstand continuous Al**-ion insertion/extraction
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as well as the conversion reaction mechanism. This work
highlights the importance of the relationship between struc-
tural defects and AI** storage performance, inspiring a pathway
of structural engineering strategy towards advanced AIB
cathodes.
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