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Pre-Lithiated Li,VzO,; Cathode Enables High-Energy

Aluminum-lon Battery

Shunlong Ju, Jikai Ye, Yang Meng, Guanglin Xia, and Xuebin Yu*

Owing to the low-cost, safety, and three-electron redox properties of alu-
minum, rechargeable aluminum-ion batteries (AIBs) are emerging as a prom-
ising energy storage technology. However, exploring suitable cathode material
with both elevated working voltage and high reversible capacity remains a
daunting challenge. Herein, under the guidance of density functional theory
calculations, V¢O,; is proposed as a promising cathode candidate in AlBs for
the first time. It is demonstrated that aluminum ions are reversibly stored

in VO;; by intercalation reactions, with a high discharge voltage plateau

of =1.1 V. Of particular note a pre-lithiation strategy is employed to further
promote the redox kinetics, which endows the pre-lithiated V40,3 nanobelt
(Li-VONB) with improved capacity of 161.6 mAh g~' and impressive energy
density of 177.7 Wh kg after 300 cycles, far higher than other reported oxide
cathodes in AIBs. Moreover, the shielding effect of pre-inserted Li and accel-
erated diffusion rate are uncovered at the atomic scale. This work develops a
novel Li-VONB cathode for high-energy AlBs, and shows the great potential

development and manipulation of TMC
cathodes with elevated plateau voltages to
boost the energy densities of AIBs. More
efforts should be devoted into this topic
to explore novel cathodes with advantages
in both specific capacity and operation
voltage.

The discharge voltage of intercalation
type TMCs is determined by the crystal
and electronic structure, elemental com-
position, and micro-morphology. As dis-
cussed in the previous literatures, the ionic
character of the chemical bonds between
transition metal cations and anions was
proposed as an indicator to evaluate the
electrochemical potential of cathode.%]
Following this rule, transition metal oxide,
in which the highly electronegative oxygen
anion would enable the chemical bonds

of pre-intercalation strategies in the application of AIBs.

1. Introduction

Because of the crustal abundance of aluminum resources, high
theoretical capacity of three-electron redox properties, and the
reliable safety, rechargeable AIBs are regarded as promising
energy storage devices.? As with other secondary batteries,
the energy density, which is determined collectively by the
specific capacity and working voltage, is an important deter-
minant for the commercial application of AIBs. Considering
that metallic aluminum and ionic liquid are commonly used as
anode and electrolyte, cathode material is believed to be the key
to achieve high power and energy densities for AIBs.I’l In the
past few years, numerous carbonaceous materials, conducting
polymers, and metal compounds have been explored as cath-
odes in AIBs.*”) Among them, transition metal compounds
(TMCs) have drawn great attention because of their high spe-
cific capacities.®! Nevertheless, few studies focused on the
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to be more ionic, was predicted to achieve

increased plateau voltage.'l' Particularly,

vanadium-based oxides have shown the
potentiality as high-voltage cathode materials as reported by
recent studies, for which porous V,05 could deliver a relatively
high working voltage of =0.79 V, and molybdenum-vanadium
oxide exhibited a discharge plateau at =0.75 V.l1213] More impor-
tantly, the tunable chemical valences of vanadium elements
and facile distortion of V-O bonds in vanadium-based oxides
provide the possibility to screen more suitable candidates with
higher operating voltage by optimizing their crystal structures
and electron distributions.

Although the reported vanadium-based oxides demonstrated
elevated working voltage, their reversible capacities and energy
densities were unsatisfied, originating from the strong elec-
trostatic interaction between the inserted AI** and the crystal
lattice, which hindered the ionic intercalation and diffusion.l¥
Pre-intercalation, as an effective approach, has been success-
fully employed in various battery systems, especially multiva-
lent-ion batteries, to improve the electrochemical performance
of intercalation type electrode materials.> The guest ions could
expand the interlayer space and shield the electrostatic inter-
action between charge carriers and the lattice, leading to an
accelerated diffusion kinetics.®1] Besides, the pre-intercalated
ions and molecules could exist as “pillar” to stabilize the frame-
work as well as to reduce the loss of crystallinity, increasing the
structural stability of active materials during cycling.'8' Nev-
ertheless, the pre-intercalation strategy has not been studied in
AlIBs so far. It is highly desirable to acquire high-performance
vanadium-based oxides for AIBs applications by the attractive
pre-intercalation method.
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Herein, pre-lithiation strategy was employed to optimize
V053 cathode, which was screened out from several vanadium
oxides Dy its high theoretical voltage as predicted by density
functional theory (DFT) calculations. The discharge voltage
plateau of V,Oy; cathode was determined as =1.1 V and the
AI** intercalation mechanism was confirmed. The produced
Li-VONB delivered a reversible specific capacity of
161.6 mAh g! and remarkable energy density of 1777 Wh kg
after 300 cycles. Moreover, DFT calculations elucidated that the
pre-intercalated Li lowers the energy barriers of AI** migration
by shielding electrostatic interactions and activating charge
carriers. This work developed novel V403 and Li,V(Oy; as
promising cathodes for high-energy AIBs, and illustrated the
superiority of pre-intercalation strategy for electrode design for
advanced multivalent-ion batteries.

2. Results and Discussion

In order to accelerate the search for potential high-voltage
cathode materials, DFT calculations were carried out to eval-
uate the theoretical working voltages of 12 common vanadium
oxides, including V,0; (space group: R3¢), VO, (space group:
C2/m), VO, (space group: P42/mnm), V,0s (space group:
Pmnm), V¢Oy3 (space group: C2/m), and so on. The computa-
tional details are provided in Experimental Section. Although
there is deviation between the simulated result and the actual
discharge voltage, the calculations could reflect the voltage
trends and are credible enough to be used for preliminary
screening.?2! The optimized intercalation structures are listed
in Figure S1, Supporting Information, and the corresponding
theoretical voltages are summarized in Figure la. Among
these vanadium oxides, V4O;; exhibits significantly improved
theoretical voltage for AIBs applications (1.97 V), making it a
promising candidate for high-voltage cathode. Besides, it is
well known that most transition metal oxides are semicon-
ductors. V,0s5, VO,, V5O, VOyy, and V40,3 were exemplified
to explore their electronic structures by projected density of
state (PDOS) plots. As shown in Figure S2, Supporting Infor-
mation, V,0s, VO,, V,05, and VOy; are semiconductors with
band gaps of 2.29, 0.65, 0.58, and 0.78 eV, respectively. In con-
trast, metallic electronic structure is observed for V¢Oy; by the
density of state at the Fermi level in Figure 1b, which contrib-
utes to the enhanced conductivity. In summary, the predicted
high working voltage and superior conductivity enable V403 a
promising cathode for AIBs.
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Under the guidance of theoretical results, V4043 nano-
belt (VONB) was prepared as cathode for nonaqueous AIBs
by a two-step procedure as illustrated in Figure 2a. Aqueous
solution composed of ammonium metavanadate and oxalic
acid dihydrate was transferred into autoclave and heated at
180 °C to produce NH,V,0,, (Figure S3, Supporting Informa-
tion). Then it was calcinated at 450 °C and the final VONB
was obtained. XRD pattern of the as-synthesized VONB is
depicted in Figure 2b. The diffraction peaks are well indexed
to V¢Oy3 phase (JCPDS No. 89-0100) and no other phases are
detected, indicating the high purity of the final products. The
crystal structure of VO3 is monoclinic (space group of C2/m)
with alternating single and double VO, layers, where the 3D
interconnected lattice framework provides sufficient intersti-
tial sites and tunnels for ion intercalation and migration. The
morphology of VONB was subsequently investigated by scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM). Figure 2¢,d demonstrates the belt-like mor-
phology of VONB with the length of hundreds of nanometers.
The high-resolution TEM (HRTEM) images in Figure 2e clearly
show an interplanar spacing of 0.58 nm, which is attributed to
V013 (200) plane. The lattice stripe of V4Oy3 phase agrees well
with the XRD result, further confirming the successful prepa-
ration of VONB sample. The nanobelt morphology of VONB
is further confirmed by high-angle annular dark-field scanning
TEM (HAADF-STEM) image, and the corresponding elemental
mapping of energy-dispersive X-ray spectra (EDS) suggests the
uniform distribution of V and O elements in VONB sample
(Figure 2f).

The electrochemical behavior of VONB cathode was inves-
tigated in nonaqueous AIBs. As demonstrated in the galvano-
static charge/discharge profile in Figure 3a, there is a discharge
plateau at =1.1 V and a charge plateau at =<1.3 V for the VONB
cathode under a current density of 50 mA g!, which corre-
lates with the AI** uptake and removal, respectively. Clearly,
the discharge plateau voltage is much higher than that of
reported vanadium oxides,?223 confirming the high voltage
feature of VONB predicted by DFT calculations. Although
the initial discharge capacity of VONB is 173.6 mAh g7, it
decays dramatically in a few cycles and the capacity retention
is only 45.4 mAh g after 50 cycles. To unravel the origin of
the capacity fading, the AI** storage mechanism of VO3 was
further studied. Ex situ XRD and XPS measurements were per-
formed to identify the structural evolutions of VONB cathode
during charging—discharging process. Figure 3b shows the
XRD patterns of VONB cathode at different stages. In the entire
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Figure 1. a) Predicted intercalation voltage of various vanadium oxides. b) PDOS of V4O;3. The dashed line shows the Fermi level.
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Figure 2. a) Schematic illustration of the synthesis of VONB. b) XRD patterns of VONB. ¢) SEM, d) TEM, and e) HRTEM images of VONB. f) HADDF-

STEM image and EDS mapping images of elemental V and O in VONB.

electrochemical process, no peaks newly emerge or disappear
in the XRD patterns, indicating the phase stability of V4O;3. In
the magnified XRD in Figure 3c, it is obvious that peak at =25°,
which is indexed to the diffraction of V(O3 (110) plane, shifts
toward smaller angle at fully discharged stage and move back to
higher angle at the end of charging process. The reversible vari-
ations of the (110) peak suggest the reversible change of lattice
parameter. This phenomenon might be attributed to the inter-
calation of Al*" into VONB during discharging process and the
de-intercalation of Al** during charging process. However, the
(110) peak could not recover to its initial position, implying that
the intercalation/de-intercalation reactions are not completely
reversible and some Al3* are trapped in VONB. The unsatisfac-
tory reversibility has a detrimental effect on the electrochemical
performance and might be responsible for the capacity fading.
Furthermore, XPS analysis was applied to explore the
valence changes of VONB during battery operation. From Al 2p
spectra in Figure S4, Supporting Information, intensive Al 2p
peak arisen at 75.4 eV is observed after discharging, and this
peak becomes much weaker in the charging process, which
confirms the intercalation/de-intercalation of AI** in VONB.
Figure 3d illustrates the XPS spectra of V 2p of VONB collected
at pristine, discharged, and charged states. Before cycling, char-
acteristic of V°>* (peaks at 5177 and 525.5 eV) and V* (peaks
at 516.2 and 523.8 eV) are observed, indicating a multivalent
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nature of VONB, which is consistent with previous studies.[?*
When completely discharged, the intensity of V>* valence state
decreases along with the increased proportion of V#, and
meanwhile a new valence state of V3* appears (peaks at 515.3
and 523.0 eV). The conversion of the valence state is attributed
to the Al** intercalation and the corresponding redox reactions.
During the charging process, V3* and V# are oxidized back to
higher valence states because of the extraction of Al**. All these
XPS results corroborate the reversible intercalation/de-interca-
lation of AI** in VONB in the electrochemical cycling. Besides,
there are still some peaks for aluminum and low-valence vana-
dium after charging process, implying that a certain amount
of AI** remains in the lattice of VONB and the redox reaction
is not completely reversible, which is in accordance with the
XRD results. In atomic scale, the intercalation of Al in VONB
was simulated by DFT calculations. Al would locate at the
interstitial site coordinating with the five neighboring O, and
the intercalation formation energy (Ef) is —5.92 eV. This theo-
retical result suggests that the intercalation process is favorable
thermodynamically (Figure S5, Supporting Information). The
TEM and HRTEM images of VONB after discharging process
are provided in Figure 3e,f. The discharged VONB exhibits
belt-like morphology and the same lattice fringe as the pristine
VONB, which might be ascribed to the sufficient interstitial
space to accommodate Al without detectable lattice expansion,

© 2022 Wiley-VCH GmbH
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Figure 3. a) Galvanostatic charge/discharge profiles of VONB cathode under 50 mA g'. b) Ex situ XRD patterns of VONB and c) the corresponding
magnified image during the first charging—discharging process. d) Ex situ XPS spectra of V 2p for VONB at different stages. e) TEM and f) HRTEM
images of VONB after first discharging. g) HADDF-STEM image and EDS mapping images of elemental V, O, and Al in discharged VONB.

indicating the structural stability of VONB. Moreover, the cor-
responding EDS mapping results in Figure 3g demonstrate the
presence and uniform distribution of Al over VONB sample.
All these results confirm the electrochemical intercalation/
de-intercalation mechanism of Al** in VONB cathode during
cycling.

Based on the discussions above, what hinders the applica-
tion of VONB is the undesirable reversibility. Accordingly, pre-
lithiation strategy was employed to promote the intercalation/
de-intercalation process and accelerate the migration kinetics
of AI** in V4Oy; to improve the electrochemical properties.
Li-VONB was synthesized by a facile hydrothermal method
as shown in Figure 4a. VONB and lithium chloride were dis-
solved into aqueous solution and then treated at 180 °C. After
centrifugation and washing, the final Li-VONB was obtained.
The introduction of pre-inserted Li was proposed to shield the
electrostatic interaction between cationic Al and anionic O, thus
accelerating the migration of charge carriers. The XRD pat-
tern of Li-VONB in Figure 4b could be indexed to the Li,V(Oy3
phase (JCPDS No. 87-0471), indicating that Li-VONB delivers
the same monoclinic crystal structure with C2/m space group
as VONB. The major difference is that there are new diffrac-
tion peaks at 24.8°, 31.2°, 33.3°, 42.1°, and 46.7° for Li-VONB,
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which are originated from the pre-intercalated Li (Figure 4c).
The detailed composition and valence state of Li-VONB were
investigated through XPS measurement. High resolution Li 1s
spectra demonstrate that a peak at 55.9 eV appears after pre-
lithiation, revealing the presence of Li-O bonds in Li-VONB
(Figure 4d), and in the deconvoluted V 2p spectra in Figure 4e,
the presence of V3" valence state is a result from charge com-
pensation for the inserted Li. All these results confirm that
lithium is successfully intercalated into the lattice of V4043 and
the designed Li-VONB is obtained. Li-VONB exhibits a similar
belt-like morphology to VONB (Figure 4f), and the lattice fringe
of Li,V¢Oy3 could be clearly identified in the HRTEM image in
Figure 4g, with an interplanar spacing of 0.58 nm, which cor-
responds to the (200) plane of Li,V4Oy;. In addition, the EDS
elemental mapping results show that V and O elements dis-
tribute homogeneously over the Li-VONB sample (Figure S6,
Supporting Information).

To highlight the effect of pre-intercalated Li, electrochem-
ical performance of Li-VONB was systematically studied as
compared with VONB under the same characterized condi-
tions. Figure 5a shows the galvanostatic charge/discharge
profile of Li-VONB at a current density of 50 mA g™ Ultra-
long discharge and charge plateau at =1.1 and =1.3 V are found

© 2022 Wiley-VCH GmbH
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Figure 4. a) Schematic illustration of preparation of Li-VONB and the Al diffusion behavior in its crystal lattice. The pre-inserted Li could effectively
shield the electrostatic interactions between Al and O and promote the diffusion kinetics. b) XRD patterns of Li-VONB. c) Magnified XRD patterns
of Li~VONB and VONB in the range of 20° to 48° for 26. The arrows inside denote the new peaks after pre-intercalation. XPS spectra of d) Li 1s and

e) V 2p for Li-VONB. f) TEM and g) HRTEM images of Li-VONB.

respectively, and the curves overlap well even after 50 cycles,
indicating the improved reversibility of Li-VONB. The cyclic
voltammogram (CV) profiles in Figure 5b further confirm the
electrochemical potential of Li-VONB with a cathodic peak at
1.06 V and an anodic peak at 1.32 V, in good agreement with
the plateaus from charge/discharge profile. Compared with
the CV profile of VONB, Li-VONB exhibits increased cur-
rent intensity and decreased voltage hysteresis. In combina-
tion with the raised initial specific capacity of 233.28 mAh g7,
it could be concluded that the electrochemical reactions in
Li-VONB are promoted by the pre-intercalated Li. Further-
more, ex situ XPS analysis was conducted to check the effect of
pre-intercalated Li on electrochemical mechanism. As shown
in the Li 1s spectra in Figure S7, Supporting Information, the
appearance of Li signal, and the comparable peak intensity and
area at both fully discharged and charged states are obtained,
indicating that Li ions are stable in the interstitial sites in
Li-VONB during cycling. Quantitatively, the Li contents in
Li-VONB during cycling were measured by the ratio of
Li to V (Ry;) in XPS results. The ratio values for samples at
different stages are similar within the uncertainty of XPS
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measurements (Figure S8, Supporting Information). Besides,
the Li contents in the electrolyte which were acquired by
inductively coupled plasma optical emission spectroscopy
(ICP-OES) measurements are listed in Table S1, Supporting
Information. The fact that Li is hardly detected in the elec-
trolyte further confirmed that Li ions are not extracted from
Li-VONB host in the electrochemical process. All these results
suggest that the pre-intercalated Li is not involved in the inter-
calation/de-intercalation reactions. In atomic scale, Li ions
are all bonded with five O atoms forming a square pyramidal
coordination without occupying the intercalation sites of Al.
These Li ions act as “pillar” to stabilize the crystalline frame-
work, which is evidenced by the smaller volume expansion of
Li-VONB (0.6%) than that of VONB (2.1%) after Al intercala-
tion. The robust electrode skeleton of Li-VONB is favorable
to the long-term cycling stability, and the calculated E; for Al
inserting in Li-VONB is —5.53 eV, indicating that Li-VONB is
suitable for Al storage thermodynamically (Figure 5c). There-
fore, the electrochemical mechanism of Li-VONB is the same
as that of VONB, that is, Al ions intercalate into Li-VONB in
the discharging process and de-intercalate during charging.

© 2022 Wiley-VCH GmbH
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Figure 5. a) Galvanostatic charge/discharge profiles of Li-VONB cathode under 50 mA g~'. b) CV curves of Li~VONB and VONB at a scan rate of
0.5 mV s7. ¢) Optimized intercalation configuration of Al in Li~VONB. d) Charge/discharge profiles of Li-VONB cathode at various current densities.
e) Discharge capacity of Li-VONB and VONB at current densities from 50 to 1000 mA g~'. f) EIS spectra of Li-VONB and VONB. g) Cycling perfor-
mance of Li-VONB and VONB at 50 mA g~'. h) Comparison of energy density and plateau voltage of Li-VONB with other reported oxide cathodes in

nonaqueous AlBs.

The electrochemical properties of VONB and Li-VONB at
different current densities were investigated to figure out the
influence of pre-inserted Li on rate performance. As shown in
Figure S9, Supporting Information, large voltage hysteresis and
dramatic capacity degeneration are observed for VONB at high
current densities. In contrast, the charge/discharge plateaus of
Li-VONB are well maintained even increasing the current den-
sity to 1000 mA g7, signifying the enhanced reaction kinetics
in Li-VONB (Figure 5d). The specific capacities of Li-VONB
are 221.9, 159.7, 104.6, 83.2, and 59.7 mAh g! under 50, 100,
300, 500, and 1000 mA g, respectively, much higher than that
of VONB, affirming the improved rate capability of Li-VONB
(Figure 5e). In addition, galvanostatic intermittent titration
technique (GITT) was employed to offer further insight into
the diffusion behavior of AI** in VONB and Li~-VONB. In the
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GITT curves in Figure S10, Supporting Information, Li-VONB
cathode exhibits a higher discharge capacity with a smaller
overpotential gap than VONB, which is consistent with the CV
results. Thereafter, the Fick's second law was utilized to calcu-
late the AI** diffusion coefficients (D) in VONB and Li-VONB.
The as-gained diffusion coefficients at different voltages are
plotted in Figure S11, Supporting Information, in which the
Li-VONB delivers a relatively fast ions migration rate. These
results suggest that the diffusion processes and reaction rates
are accelerated by pre-intercalated Li, which contributes greatly
to the reversibility and kinetic properties of Li-VONB cathode.
Li-VONB exhibits advantage in charge transfer as well, as iden-
tified by the depressed semicircle in electrochemical impedance
spectroscopy (EIS) measurement, which is conductive to its
AI** storage performance (Figure 5f). This feature was further

© 2022 Wiley-VCH GmbH
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confirmed by the metallic characteristic of Li-VONB as indi-
cated in PDOS plot (Figure S12, Supporting Information). The
cyclic stability of Li-VONB was significantly improved after pre-
lithiation as shown in Figure 5g. The reversible capacity gradu-
ally stabilizes at 50 mA g! and after 300 cycles the discharge
capacity remains 161.6 mAh g with a Coulombic efficiency of
96%. As a contrast, the specific capacity of VONB decreases to
45.4 mAh g! after only 50 cycles, and the Coulombic efficiency
is 84.1%. The great enhancement in cycling performance is
undoubtedly originated from the pre-intercalated Li. Besides,
the electrochemical properties of the sample that is physically
mixed by LiCl and VONB (denoted as LiCl/VONB) were evalu-
ated at 50 mA g! as well. LiCl/VONB delivers similar charge/
discharge curves with Li-VONB and VONB, however, its specific
capacity decays to 33.8 mAh g™ in only 20 cycles (Figure S13,
Supporting Information), implying that Li embedded in the
VsO13 lattice is the key for the improved electrochemical

Al'in Li-VONB (b axis)

www.advenergymat.de

performance. Furthermore, the energy densities of various
oxide cathodes in nonaqueous AIBs are summarized in
Figure 5h and Table S2, Supporting Information.[81213:22.25-3]
Benefited from both elevated working voltage and high revers-
ible capacity, the energy density of Li-VONB in this work could
reach up to 1777 Wh kg™! (based on the weight of active mate-
rials), much higher than other reported oxide cathodes in AIBs.

DFT calculations were employed to investigate the micro-
scopic effect of pre-intercalated Li for the diffusion behavior of
Al in Li-VONB. In the crystal framework of both VONB and
Li-VONB, Al could migrate to the adjacent equivalent sites
along a and b axes. Figure 6a shows the migration path of
Al along a axis in VONB. The strong electrostatic interaction
between cationic Al and anionic O leads to a high energy bar-
rier of 2.19 eV (Figure 6b). In the direction of b axis, the lat-
tice deformation induced by electrostatic interaction could be
observed, and Al needs to overcome an energy barrier of 1.96 eV
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to hop to the neighboring sites (Figure 6¢,d). In Li-VONB, a
part of electrons of O are attracted by the pre-intercalated Li,
reducing the electrostatic force acting on Al, which is electro-
static shielding effect of the pre-inserted Li. This phenomenon
also alleviates lattice distortion, indicating that the pre-inserted
Li act as “pillar” to increase the structural stability. Besides, it is
interesting to find that the pre-intercalated Li relaxes away from
the Al diffusion path due to the repulsion interaction between
them, which deviates the migrated Al from its most stable
site and makes it more active along the diffusion path. These
results indicate that the pre-intercalated Li mitigate the lattice
distortion, activate the charge carrier, and facilitate the migra-
tion process by its shield effect. As a result, the diffusion bar-
riers of Al decrease to as low as 1.68 eV in a axis (Figure 6e,f)
and 141 eV in b axis (Figure 6gh), which contributes to the
smooth intercalation/de-intercalation and accelerated diffusion
kinetics of Li-VONB, and is favorable to the overall improve-
ments in the electrochemical performance.

3. Conclusion

In summary, the predicted high-voltage V(O3 cathode mate-
rial was investigated by means of electrochemical characteri-
zations, ex situ XRD and XPS measurements combined with
DFT calculations, and the aluminum storage and diffusion
mechanism based on Al** intercalation/de-intercalation were
unraveled. Furthermore, pre-lithiation strategy was carried out
to develop Li—-VONB cathode for high-energy AIBs. The pre-
inserted Li could promote the migration process by shielding
the electrostatic interactions and act as “pillar” to stabilize the
crystal framework. Benefiting from the superiority of acceler-
ated reaction kinetics and structural stability, Li-VONB showed
advantages in operating voltage (=<1.1 V) and cyclic stability
(a reversible capacity of 161.6 mAh g after 300 cycles under
50 mA g!), endowing it with remarkable energy density of
1777 Wh kg L. This work illustrates the potentiality of V403
cathode for AIBs application, and presents an effective route
toward the development of high-performance cathode materials
for aluminum storage.

4. Experimental Section

Synthesis of VONB: Typically, 476.2 mg ammonium metavanadate
(NH4VO;) and 504.2 mg oxalic acid dihydrate (C,H,042H,0) were
dissolved in 40 mL deionized water. The solution was transferred
into a 100 mL Teflon lined autoclave and heated at 180 °C for 8 h in
a convection oven. The green powder (NH,V,0;0) was collected after
centrifugation and vacuum drying. Subsequently, this powder was
calcined in tube furnace at 450 °C for 8 h under argon with heating rate
of 2°C min.

Synthesis of Li-VONB: VONB and lithium chloride monohydrate were
fully dispersed in deionized water with mass ratio of 2:3. The solution
was transferred into a 50 mL Teflon lined autoclave and kept at 180 °C
for 24 h. After washing with deionized water and drying, the final
Li-VONB product was obtained.

Characterization: Powder XRD patterns were measured on an X-ray
diffractometer (Bruker D8 Advanced) using monochromatic Cu Ke as
a radiation source. SEM images were obtained from a field emission
SEM (JEOL 7500FA); TEM images were acquired on TEM (JEOL 2011 F)
coupled with an EDX spectrometer. XPS spectra were achieved from an
X-ray photoelectron spectrometer (PerkinElmer PHI 5000G ESGA).
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Electrochemical Measurements: Electrochemical performance of VONB
and Li-VONB cathode in AIBs were evaluated in Swagelok-type cells,
using aluminum foil as the counter electrode, glass fiber (GF/D) as
separator, and ionic liquid (the mixture of 1-ethyl-e-methylimidazolium
chloride ([EMIm]CI) and anhydrous AlCl; with the molar ratio of 1:1.3) as
electrolyte. About 12 uL cm=2 electrolyte was added to wet the separator
and cathode. The working electrodes were prepared by coating the
slurry containing of the active materials, conductive carbon black, and
polyvinylidene fluoride (PVDF) with the mass ratio of 7:2:1 dissolved
in N-methylpyrrolidone solution on molybdenum foil, followed by
drying at 80 °C under vacuum overnight. The mass loading of active
materials in the electrode was =1.2 mg cm™2. Galvanostatic charge/
discharge measurements were carried out on a LAND-CT2001A battery
test system. CV and EIS were conducted on VMP-3 electrochemical
workstation (Bio-Logic).

Computational Methods: DFT calculations were carried out using
Vienna ab initio simulation package (VASP).2637] Core-valence electron
interaction was described by the projector-augmented wave (PAW)
method,383% and electron exchange-correlation was processed by
generalized gradient approximation of Perdew-Burke—Ernzerhof
functional.*¥) The van der Waals correction DFT-D3 proposed by
Grimme was employed to include the dispersion interaction.l A
plane wave energy cutoff of 520 eV and Gamma centered k-point
meshes with same density were applied to surface calculations. The
Gaussian smearing method was used with a width of 0.05 eV, and spin
polarization was considered in all calculations. 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 107 eV. The diffusions of Al in Li~VONB
and VONB are simulated using the climbing-image nudged elastic band
(CI-NEB) method.t2# Six images were applied to these calculations.
The formation energies (Ef) of Al intercalation into various vanadium
oxides are calculated as

E¢=Eto —Ea—Evo M

where Eqo, and Eyg are the energies of the complex with Al intercalated
and pristine vanadium oxides, respectively. Ey is the energy per atom
for the bulk Al. A negative value of E; indicates that Al insertion is
thermodynamically favorable. The average intercalation voltage is

V=—E;/ez )

where e is the elementary charge and z is the number of electron
transferred per inserted atom (z = 3 for Al).
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