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Figure S1. The physical characteristics of the as-prepared ([EMIm]AICly) ionic liquids with different
AICLy/[EMIm]CI ratio. (a) *’Al NMR spectra, (b) FTIR spectra of ionic liquid [EMIm]CI-AICI; with
different mole ratio of AICl;/[EMIm]CI varies from 0.8 to 1.5.

It is clearly seen from the Figure Sla, one strong peak at 103.95 ppm can be
assigned to A1C14'.1 When the AICl;/[EMIm]CI mole ratio is higher than 1.1 : 1, the
peak at 98.15 ppm, which represents anion Al,Cl;, emerges,' and becomes stronger
with increasing mole ratio. The ratio of AICly to ALCl; is 6.98 : 1 in the
AICI/[EMIm]CI = 1.3 ionic liquid, but the ratio decreases to 4.66 : 1 in the
AICI3/[EMIm]CI = 1.5 ionic liquid, which means the addition of Al,Cl;. The same
result also can be got from the Figure S1b. It shows the FTIR spectra of ionic liquid
with different mole ratio, which are very similar above 500 cm™, because they have
the same cations. But the vibration intensity of Al-Cl bonds at 490 cm™ increases with
the increment of AICl;: [EMIm]CI mole ratio. The peak at 440 cm” appears when the
mole ratio is higher than 1.1 : 1, and becomes stronger as the mole ratio increasing,
which can be ascribed to the vibration of Al-CIl-Al bonds in ALCl; or larger
chloroaluminate species.2 Based on the results discussed above, we can conclude that
increased AICl; contents lead to the emergence of larger chloroaluminate complex
anions (Al" — AICly” — ALLCl;” — AlClyg...), and both AICly and AL,Cl; anions
exist in the AICl;/[EMIm]Cl ratio of 1.3, with the ratio [AICLy]/[ALCl;] = 6.98 : 1.
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Figure S2. The electrochemical properties of room-temperature ionic liquids with different
AICl;/[EMIm]CI ratio. (a) Cyclic voltammograms of ionic liquid [EMIm]CI-AICI; with different ratio.
Al deposition/stripping in (b) AICl;/[EMIm]CI = 1.3 electrolyte and (c) AICl;/[EMIm]CI = 1.5
electrolyte, insets: charge-time curves of Al deposition/stripping. Scan rate: 0.1 mV s, working

electrode (WE): Au foil; counter electrode (CE) and reference electrode (RE): Al foil.

It can be analyzed from Figure S2a that the neutral ionic liquid (AlCl3/[EMIm]CI =
1.1) and the basic ionic liquid (AICI/[EMIm]Cl = 0.8) show no electrochemical
reversibility in Al-ion battery. And there is a pair of distinct redox peaks in the cyclic
voltammograms of acidic ionic liquids (the AICl3/[EMIm]CI ratio is higher than 1.1).
When the voltage is lower than -0.1 V (vs. Al reference electrode), the cathodic peak
corresponds to the reduction process of Al,Cl; to Al, and the generated aluminum will
deposit on the surface of the Al anode. The anodic peak at 0.25 V (vs. Al
reference electrode) can be attributed to the stripping of Al anode in the acidic ionic
liquid electrolyte.’ Figure S2b and Figure S2¢ show the Al deposition/stripping curve
in [EMIm]CI: AICI;= 1 : 1.3 electrolyte and [EMIm]CI: AICIs=1 : 1.5 electrolyte, and
the charge balance curve (inset of Figure S2b) manifests the deposition/stripping
process is highly reversible with a coulombic efficiency greater than 95% in the
electrolyte with the AICl;/[EMIm]CI ratio of 1.3. Nevertheless, as the contents of
AICl; increases, the intensities of peak current decrease sharply and the coulombic
efficiency of deposition/stripping process declines steeply to approximately 79%. As a

whole, the electrolyte with the AICIl3/[EMIm]CI ratio of 1.3 indicates the excellent
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performance of electrodeposition of aluminum, which makes the ([EMIm]AILCI,)
ionic liquid with the AICls/[EMIm]CI ratio of 1.3 be the optimal proportion for Al-ion
battery electrolytes.

Figure S3. (a) Low magnification SEM image and (b) high magnification SEM image of Li;VO,.
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Figure S4. Raman spectra of Li;VO,@C powders with (a) laser wave length: 638 nm, laser intensity: 1%
of the maximum 200 mW, collection time constant: 20 s. (b) laser wave length: 532 nm, laser intensity:

10% of the maximum 200 mW, collection time constant: 20 s.
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Figure S5. Electrochemical characterization of stainless-steel mesh and PVDF in acidic ionic liquid.
Galvanostatic discharge-charge profiles of (a) stainless-steel mesh and (b) PVDF at a current density of
20 mA g' from the first to the tenth cycle, inset of (a): photographs of stainless-steel mesh before
discharge (left) and after 100 cycles (right). (c) Cycle performance of stainless steel and PVDF at a
current density of 20 mA g"'. All capacity calculations are based on the average mass of Li;VO,@C,

and the mass is set for 2.35 mg, between 2.0 mg and 2.5 mg. (d) Cyclic voltammograms of Li;VO,@C,
stainless steel and PVDF at 0.1 mV s™.

—— After 100 cycles
5
S No. 01-088-2323
> Cr
‘®
c
8
E 1

No. 03-065-7775
Cr.‘1,07Fe18 93
L} - T I L ! L} * L) |
30 40 50 60 70 80 90
2 Theta (degree)

Figure S6. XRD pattern of stainless-steel mesh after 100 cycles in acidic ionic liquid.
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Figure S7. The changes in color before and after adding acidic electrolyte into PVDF (9 wt% in NMP)
and PVDF powders. (a) pristine PVDF (9 wt% in NMP) and PVDF powders. (b) The changes in color
instantly after adding 100 pL acidic electrolyte. Standing for (c) 24 h and (d) 48 h.

Reed and Menke have convincingly argued that V,0s is electrochemically inert in
AICL-EMIC electrolyte.* The galvanostatic cycling profiles and  cyclic
voltammograms of stainless steel both indicate the identical electrochemical
performance with Al-V,0s cells.’ Therefore, the electrochemical activities of Al-V,0s

cells are ascribes to the reversible corrosion reactions of Fe and Cr with the acidic
S-6



AICL;-EMIC, rather than AL’ ion intercalation/deintercalation processes in V,0s. To
exclude the influence of stainless-steel mesh in electrochemical performance of
Li3VO4@C batteries. Soft package batteries were assembled with stainless steel as
current collector, and with no active material. As shown in figure S5a, the specific
capacity of stainless steel in acidic AICI;-[EMIM]CI (AICl; : [EMIM]Cl = 1.3 : 1) is
almost negligible and there is no electrochemical platform in galvanostatic
discharge-charge profiles (All capacity calculations are based on the average mass of
Li;VO4@C, and the mass is set for 2.35 mg, between 2.0 mg and 2.5 mg.). The
comparison of CV curves (Figure S5d) between stainless steel and Li;VO4@C also
verify that the tiny effect of stainless steel on the electrochemical performance of
Li3VO4@C-Al batteries. To further analyze the changes of stainless steel before and
after 100 cycles, XRD test was carried out, as indicated in figure S6. The diffraction
lines of stainless steel after 100 cycles perfectly match with the Cr (JCPDS No.
01-088-2323) and Crj¢7Fejs93 (JCPDS No. 03-065-7775). No apparent diffraction
lines of iron chloride and chromium chloride can be observed, which means there is
no electrochemical reaction between stainless steel and acidic ionic liquid electrolyte.
In addition, Wang and co-workers added white PVDF and PTFE powders to
prepared acidic chloroaluminate ionic liquid (AlCIs/[BMIM]CI = 1.1:1) to investigate
the effect of acidic ionic liquid on PVDF (Polyvinylidene Fluoride), and found the
ALCly in ionic liquid reacts with PVDF.® To further enrich the in-depth understanding
of relationship between PVDF and acidic ionic liquid, a series of experiments were
also operated. PVDF binder (9 wt% in NMP) was directly coated on 1 cmx1 cm
stainless-steel mesh, the amount of PVDF is equal to the amount of PVDF in LizVO4
electrode, then the stainless-steel electrodes were dried in vacuum oven at 60 °C
overnight to remove residual NMP. The soft package batteries were then assembled.
the electrochemical performance is shown in figure S5b, which manifests the
electrochemical curves of PVDF in acidic AICl;-[EMIM]CI (AICI; : [EMIM]ClI=1.3 :
1) is similar to stainless steel (Figure S5a), likewise, the specific capacity is negligible
and there is no electrochemical platform in galvanostatic discharge-charge profiles.
CV curve of PVDF (Figure S5d) is also analogous to stainless steel. It can be
concluded that PVDF has basically no effect on electrochemical performance of
Li3VO4@C-Al cells. Besides, the changes in color before and after adding acidic ionic
liquid into PVDF (9 wt% in NMP) and PVDF powders were also explored. The net
content of PVDF are both 0.1 g, and the amount of acidic ionic liquid are both 100 pL.
It is clearly shown from figure S7 that the PVDF powders darkened rapidly when
ionic liquid was added, and maintained black after standing for 24 h, even 48 h.
However, adding the same amount of acidic ionic liquid into PVDF (9 wt% in NMP),
then slightly shake the bottle, the colorless liquid turned pale yellow, which is similar
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to color of acidic AICL:-[EMIM]CI electrolyte. The color did not change after
standing for long time. The obtained results above can be attributed to the physical
and chemical properties of PVDF (9 wt% in NMP) are more stable than PVDF
powders, the main reason may be the degree of polymerization and crosslinking of
PVDF increased when PVDF powders mixed with NMP by magnetic stirring,
therefore, it can maintain stability in acidic ionic liquid for long time. The Li;VO4@C
electrode after 100 cycles (Figure S15¢) indicates the active material did not fall off
from current collector, which also illustrates that the PVDF binder can maintain

stability in acidic ionic liquid for long cycling.
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Figure S8. Log(i,) versus log(v) plots at different redox states of the Li; VO,@C.

According to Randles-Sevcik equation, the relationship between peak current (i)

and scan rate (v) can be described by the equations as follows:

= a (M
log(i,) = blog(v) + log(a) )

where i, is the peak current, v is the scan rate, and a and b are the adjustable
parameters. The b value determines the type of Al insertion/extraction. When b =
0.5, the electrochemical reaction is controlled by ionic diffusion, and when b = 1, the

process mainly depends on pseudocapacitive control.” Figure S8 demonstrates the
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linear relationship between log(i,) and log(v) plots at different redox states. The b
values of peak 1 (reduction) and peak 2 (oxidation) are 0.5752 and 0.5479,
respectively, approximate to 0.5, which illustrates the discharge/charge process of
Li;VO4@C are mainly ionic diffusion controlled. Therefore, Randles-Sevcik equation
can be used to approximately calculate the ionic diffusion coefficient in
Li3VO4@C-Al battery system. The detailed calculation process of aluminum ion
diffusion coefficient in initial discharge is as follows:

The AI’" concentration is obtained by amount of intercalation in the initial cycle,
and the amount of intercalation is calculated by specific discharge capacity of initial
cycle. The average mass of active material is 2.35 mg, according to our previous
work,® the carbon ratio of the LisVO,@C composite was estimated to be 24.0% by
thermogravimetric analysis, hence the mass of LisVOyis 2.35x76.0% = 1.786 mg, and
the molar of LisVOy is 1.786/135.6x10™ = 1.317x10” mol.

The initial discharge capacity of LisVO,@C electrode is 137 mAh g', and the
theoretical specific capacity is 591 mAh g” (calculated by intercalation of per
molecule aluminum into the active material), therefore, the value of x in AlkLiz;VOyis
137/591 = 0.2318. and the amount of aluminum in the electrode is 1.317x107x0.2318
=3.053x10" mol.

The thickness and the area of active material is 10 pm and 1 cnt’, respectively.
Therefore, the parameter C, which stands for AP*" concentration in the electrode, is
3.053x10%/1x0.001 = 3.053x10” mol/cm’.

And according to Randles-Sevcik equation:

1
) nFvD\2
I, = 0.4463nFAC< BT )
The apparent diffusion coefficient of reduction peak 1 of Li;VO4@C electrode is
calculated to be 1.928x107"% cm? s, likewise, the apparent diffusion coefficient of

reduction peak 1 of Li;VO, electrode is calculated to be 2.233x10™"° ¢cm® s™.
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Figure S9. (a) The comparison of GITT measurement and corresponding constant current (CC)
measurement of LisVO,@C electrode. (b) The calculated aluminum ion diffusion coefficients from

GITT curve.

In a typical GITT measurement, the battery was discharged with a current impulse
with the current density of 20 mA g'1 for an interval T of 600 seconds followed by an
open circuit standing for 2 hours. Figure S9a exhibits the comparison of GITT and
constant current (CC) measurement of the initial discharge process of Liz;VO4@C
electrode. The GITT curve matches well with the CC curve, where one plateau around
0.5 V can be observed. According to equation (3), the Al-ion diffusion coefficients in
Li3;VO4@C electrode at different discharge states can be determined using GITT

data.’

N2 2 2 2 2
I ‘V_m) (_dEs/ dts ) ~ i(_mvm) (%) L
Dpp+ = n (ZFA dE;/dtY/2) " omr \ Ma AE; T D3+ ©)

where i is the current (A), Vy, is the molar volume (cm3 mol'l) of Li3VOy, z is the
13+

charge number (z = 3 for A’ ion), F is the Faraday’s constant, A is the effective
surface area (cm”) between the active material and the electrolyte, E is the steady
state potential (V) measured during the rest time t; (s) and E. is the potential (V)
measured during the current pulse of duration t (s). m and M are the mass (g) and the
molecular weight (g mol™) of the active material, respectively. and L is the thickness
of the electrode (cm). AEqis the change of steady-state potential after a discharge
pulse and open circuit standing, while AE;is the voltage change during a discharge
pulse. The calculated D values are shown in Figure S9b. the aluminum ion diffusion
coefficients of LisVO4@C electrode lie in 1.198x107"2 - 5.557x107" ¢cm? s'. This

result is comparable with the apparent diffusion coefficients obtained from CV tests.
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Figure S10. Electrochemical performance and kinetic study of pristine Li;VO4/Al batteries. (a) Initial
discharge/charge curve at a current density of 20 mA g'. (b) Cyclic voltammogram at a scan rate of 0.1

mV s, (¢) Cyclic voltammograms at different scan rates. (d) Fitted line of ip and V2
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Figure S11. Aluminum content analysis of the Li;VO,@C electrode in the first cycle. XPS spectra of
Al 2p in different discharge states.
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Figure S12. (a) XRD patterns of original Li;VO,@C electrode and Li;VO,@C electrode after 70

cycles. (b) The enlargement of selected region.
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harged-0.05V.

Figure S13. (a), (c) and (e) TEM images of original Li;VO,@C, discharged to 0.05 V, charged to 0.95
V in the initial cycle, respectively. (b), (d) and (f) SAED patterns corresponding to (a), (c) and (e). (g)
EDS spectrum of discharged to 0.05 V.
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Figure S14. (a), (b) and (c) TEM images of Li;VO,@C after 100 cycles. (d)HR-TEM image of
Li;VO,@C after 100 cycles.



Figure S15. (a) Photographs of Al anodes before discharge (left) and after 100 cycles (right). (b) Side
elevation of Li;VO,@C electrode after 100 cycles. (c) Photographs of Li;VO,@C electrodes before
discharge (left) and after 100 cycles (right).
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Figure S16. The XRD patterns of Al anode before and after 100 cycles.
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