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Supplementary Fig. 1 TGA curve of the CaVO sample. Additional discussion is

described in Supplementary Note 1.
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Supplementary Fig. 2 Kinetics analysis of Zn?* ion insertion in CaVO. (a) CV
curves of the Zn/CaVO batteries at different scan rates and (b) the corresponding
plots of log (peak current) versus log (scan rate) at different redox peaks. (c) The
capacitive contributions at different scan rates. Detailed calculation is described in

Supplementary Note 2.
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Supplementary Fig. 3 Cycling performance of Zn/CaVO batteries at 0.5 A g .
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Supplementary Fig. 4 In-situ XRD full patterns of Zn/CaVO batteries at 0.2 A g

during the first cycle.
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Supplementary Fig. 5 The ex-situ XRD patterns of the CaVO-based electrodes at
different states in the Zn/CaVO and Zn/CaZnzexVO batteries after the CaZnzsVO

electrode is oxidized by O in 4 M Zn(CFsS03)2 solution for 36 h.



Supplementary Fig. 6 The HRTEM images of the CaVO at different states. The
HRTEM images of the CaVO at (a) fully discharged and (b) fully charged states.

Scale bars, 5 nm.
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Supplementary Fig. 7 The solid state *H NMR of the CaVO-based electrode at initial
and fully discharged states. Corresponding discussion on whether H* ions participate

in ion-insertion reaction in this system is described in Supplementary Note 3.



Supplementary Fig. 8 TEM elemental mapping images of CaVO electrodes at
different states. TEM elemental mapping images of CaVO electrodes at (a) fully

discharged and (b) fully charged states. Scale bars, 100 nm.
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Supplementary Fig. 9 The full XRD patterns of the CaVO electrodes at different
states and the CaZn36VO electrodes after being oxidized by O2 in 4 M Zn(CF3SO3)

solution for different times.

10



Initial CaZn, VO

v4+/_ f \\
7\

\
\
\

\\
\\\\

///

After h"nmerélon fcI)r 25 h l '
~

4+
. A X
/ \

F/
y
S
16

Intensity (a.u.)

514 515 516 517 518 519 520
Binding energy (eV)

Supplementary Fig. 10 V 2p XPS spectra of the CaZnzesVO electrode after being

immersed in acetonitrile for 2.5 h.
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Supplementary Fig. 11 XRD patterns of the CaZnzsVO electrodes after being

immersed in acetonitrile for different times.
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Supplementary Fig. 12 The XRD patterns of the CaVO electrodes at different states
and the CaZnssVO electrodes after being oxidized by O, in deionized water for
different times. Detailed discussion on the redox reaction process between CaZnzsVO

and O in the neutral deionized water is described in Supplementary Note 5.
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Supplementary Fig. 13 The HRTEM images of the CaZnssVO at different states.
The HRTEM images of the CaZnsgVO (a) at initial state and (b) after oxidation in

deionized water for 2.5 h. Scale bars, 5 nm.
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Supplementary Fig. 14 Comparison of XPS spectra of V 2p before and after

oxidation in deionized water.
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Supplementary Fig. 15 XRD patterns of the CaZnzsVO electrodes after being
immersed in nitrogen-saturated water for different times. Corresponding discussion on
ruling out the possibility of the expansion of the interlayer spacing resulting from the

intake of water molecules is described in Supplementary Note 6.
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Supplementary Fig. 16 The TGA curves of the CaZnzsVO electrodes at initial state

and after immersion in water with dissolved oxygen for 2.5 h. Corresponding

discussion is described in Supplementary Note 6.
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Supplementary Fig. 17 Morphology characterization of CaZnssVO electrodes at
different states. SEM images of CaZnszsVO electrodes after oxidation in deionized

water for different times: (a) O h, (b) 1 h, (c) 2 h, (d) 2.5 h, (e) 3 h. Scale bars, 10 um.
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Supplementary Fig. 18 TEM elemental mapping images of Zny.y(CF3SO3)2y(OH)2x
flake after the CaZnssVO electrode is oxidized by O in deionized water for 2.5 h.
Only Zn, S, F, and O are detected, but V is not observed, indicating the existence of

Znx+y(CF3S03)2y(OH)2x. Scale bars, 200 nm.
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Supplementary Fig. 19 The selected area electron diffraction (SAED) pattern of
Zny+y(CF3S03)2y(OH)2x. Scale bars, 5 1/nm. Corresponding discussion is described in

Supplementary Note 7.
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Supplementary Fig. 20 TEM elemental mapping images and EDS analysis of
Zn3V,07(OH). 2H.0 flake that was obtained by immersing the CaZns¢VO electrode
in water for 3 h. The flake consists of Zn, V and O without S and F, further
confirming the formation of Zn3V>07(OH). 2H20. Scale bars, 1 um. Corresponding
explanation about the formation of Zn3V207(OH).2H>0 is described in

Supplementary Note 8.

21



Q

V Stainless-steel meshes

pH=6.3 X

 pH=4.2 ‘k

e

10

Intensity (a.u.)

2 Theta (degree)

5 0 O & 8§ 19
nergy (keV) Energy (keV)

m*

Energy (koV)
Supplementary Fig. 21 Characterization of CaZnszsVO electrodes after oxidation
in the water with different pH for 2 h. (a) The XRD patterns of resultant
CaZn3gVO  electrodes. (b) TEM  elemental mapping images  of
Znx+y(CF3S03)2y(OH)2x flakes after the CaZnz VO electrode is oxidized for 2 h in the
water with pH value of 4.2. The SEM images and EDS patterns of CaZnzsVO
electrodes after oxidation in the water with different pH for 2 h: (c, d) pH = 4.2, (e, f)
pH = 5.2, (g, h) pH = 6.3. Scale bars: (b) 200 nm; (c, e, g) 4 um. Corresponding
discussion on the dependence of the Znx:y(CF3SO3)2y(OH)2x formation on the pH is

described in Supplementary Note 9.
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Supplementary Fig. 22 Characterization of chemically charged CaZnszsxVO
electrodes after resting at OCV. (a) Comparison of XRD patterns of CaZnze-xVO
electrodes (oxidation in deionized water for 2.5 h) before and after resting at OCV for
36 h. (b) SEM image of CaZnz6xVO electrode (oxidation in deionized water for 2.5
h) after resting at OCV for 36 h. Scale bars, 4 um. Corresponding discussion is

described in Supplementary Note 10.
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Supplementary Fig. 23 Morphology characterization of CaZnssVO electrodes at
different states. SEM images of CaZnssVO electrodes after oxidation in 4 M
Zn(CF3S03)2 solution for different times: (a) 0 h, (b) 18 h, (c) 36 h, (d) 42 h. Scale

bars, 5 um.
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Supplementary Fig. 24 TEM elemental mapping images and EDS analysis of
Znx+y(CF3S03)2y(OH)2x flakes after the CaZnz VO electrode is oxidized by Oz in 4 M
Zn(CF3S03), solution for 36 h. The flake consists of Zn, S, F and O without V,

indicating that flake is ascribed to the Znx+y(CF3S0O3)2y(OH)2x. Scale bars, 1 um.

25



a 090 b os 250
—10h | 5 _
0.754 —20h | & | 200 &
- o 0.8 -
2 S <
Q (=} £
=2 2 L150
= S 0.7 &=
S e o
O Q.
ot L100 ©
s o
(]
2 0.6
(@)
50

0 40 80 120 160 200 1.0 1.5 2.0 2.5 3.0
Capacity (mAh g") Oxidation time (h)

Supplementary Fig. 25 Electrochemical performance of Zn/CaZnszsxVO
batteries after the CaZnssVO electrodes are oxidized in deionized water for
different times. (a) The galvanostatic discharge curves of Zn/CaZnz6xVO batteries at
0.1 A gl (b) Effect of the oxidation time on OCV and discharge capacity of
Zn/CaZnz6xVO batteries. Corresponding discussion is described in Supplementary

Note 11.
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Supplementary Fig. 26 Cycling performance of Zn/CaZnssxVO battery at 0.5 A g*
after the CaZns VO electrode is oxidized in deionized water for 3 h. Corresponding

discussion is described in Supplementary Note 11.
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Supplementary Fig. 27 Morphology and chemical composition characterization
of CaZns6-xVO electrodes. The SEM images and corresponding EDS patterns of the
chemically charged CaZnzsxVO electrodes (a, b) before and (c, d) after
electrochemical charging. Scale bars, 5 um. Corresponding discussion is described in

Supplementary Note 12.
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Supplementary Fig. 28 Voltage-time curves of open coin-type Zn/CaZnzexVO

batteries during the in-situ chemical charging process.
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Supplementary Fig. 29 In-situ XRD patterns of (002) reflection of the

Zn/CaZnz6xVO battery after being chemically charged to 0.77 V and corresponding

GCD curves at 0.1 A g™

30



Supplementary Notes

Supplementary Note 1. TGA of the CaVO sample
As shown in Supplementary Fig. 1, TGA displays that there is a weight loss of 8.02
wit% in the temperature range of 230-450 <C. It suggests that 3 molecular waters exist

in a formula unit, which agrees with the theoretical content in CaVO (8.23 wt%).

Supplementary Note 2. Kinetics analysis of Zn?* ion insertion in CavVO
The power-law relationship between peak current (i) and scan rate (v) can be
described as below

i=a Q)
where a and b are adjustable parameters. By plotting log(i) as a function of log(v), the
b-values calculated from the curves approximate to 1 (Supplementary Fig. 2b),
indicating that the kinetics of Zn?* ions in CaVO are surface-controlled. Moreover, at
a certain scan rate, the surface-controlled contribution (kiv) and diffusion-controlled
contribution (k2v'/?) can be described as below

i=k;v+k,v”? 2)
Consequently, the results show that the surface-controlled contribution ratio increases
from 82.3% to 91.4% with the scan rate rising from 0.1 to 0.5 mV s (Supplementary

Fig. 2c), reflecting that the surface-controlled contribution holds dominant position.
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Supplementary Note 3. Discussion on whether H™ ions participate in
ion-insertion reaction in this system

In the layered CaVO, interlayer water molecules not only bond to Ca atoms, but also
interact with the V¢O16 layers through hydrogen bonding® 2. Therefore, hydrogen in
the CaVO exists in different chemical environments, corresponding to the several
resonances in 0-10 ppm region in the H spectrum of the as-prepared CaVO
(Supplementary Fig. 7). After the discharge process, the Zn?* ions insert into the
interlayer of CaVO, which will influence the chemical environment of hydrogen. As a
result, the *H spectrum at discharged state is changed in comparison with the case at
initial state. No new peak is observed in the *H spectrum of the fully discharged
product except a very small right-hand tail. In addition, in general, the intercalation of
H* ions will lead to the formation of Zny+y(CFsSOs)2y(OH)2x precipitate on the
discharged electrode in Zn(CF3SOs3), aqueous electrolyte, as suggested by previously
reported work® #. However, in our case, no obvious Zny.+y(CF3SO3)2y(OH)2x flake is
observed on the discharged electrode, as shown in SEM images (Supplementary Fig.
17a and 23a). Furthermore, no XRD diffraction peaks of Zny.y(CF3SO3)2y(OH)2x
located at 6.6 13.2< 19.8% 26.3° and 33.2< are found in the XRD pattern of
discharged electrode (Supplementary Fig. 5). Therefore, these could suggest that H*

ions would not participate in ion-insertion reaction in this system.
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Supplementary Note 4. The analysis of XRD pattern of the CaZn3sVO electrode
after oxidation in 4 M Zn(CF3sSO3)2 solution for 36 h

During the chemical charging process, the CaZnz VO is oxidized by Oz and Zn?* ions
are extracted from the layered structure simultaneously, resulting in the increase of
the interlayer spacing of (002) and (004) plane. Therefore, the (002) and (004)
reflections shift toward low degree in the corresponding XRD patterns
(Supplementary Fig. 5). In addition, the (-206) reflection shifts toward high degree
due to the oxidation of V#*/ V3 upon Zn?* ion extraction and the resultant decrease in
the V-V bond distance between the layers. However, in this chemically charged state,
the broadening of (-206) and (006) reflection is still observed since the structure of

CaZnz6xVO can not return to its original state completely.

33



Supplementary Note 5. The redox reaction process between CaZn3sVO and O2
in the neutral deionized water

During the redox reaction process in the neutral deionized water, the intercalated Zn?*
ions are extracted from the layered structure to balance the charge of CaZns VO since
the vanadium in CaZnzsVO is oxidized, resulting in the increase of the interlayer
spacing of CaZnssVO, as proved by the XRD pattern (Supplementary Fig. 12). When
the oxidation time exceeds 2.5 h, several new peaks located at 12.2< 30.0< 31.8<and
36.1°can be observed, which match well with the byproduct ZnsV,07(OH). 2H0.
Since the irreversible Zn3V>07(OH). 2H2.0 would result in the battery degradation
(see detailed analysis in Supplementary Note 11), the oxidation time in deionized
water should be no more than 2.5 h. Meanwhile, the interlayer spacing expansion of
the CaZn3egVO after oxidation is also observed by the HRTEM images
(Supplementary Fig. 13). The extraction of Zn?* ions is driven by the valence change
of vanadium in CaZnz6VO, as suggested by the XPS spectra (Supplementary Fig. 14),
where the intensity of V** and V°* peaks is significantly enhanced and V3* peak

weakens in comparison with those of initial CaZnzsVO.
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Supplementary Note 6. Ruling out the possibility of the expansion of the
interlayer spacing resulting from the intake of water molecules

In order to rule out the possibility that the expansion of the interlayer spacing could
happen due to the intake of water molecules from the electrolyte during charging
process, the CaZnz VO electrodes were immersed in nitrogen-saturated water, where
O. was removed. In such case, the redox reaction could not take place due to the
absence of O». It is noted that the (002) reflection of the resultant CaZnssVO
electrodes remains unchanged in position (Supplementary Fig. 15), suggesting that the
interlayer spacing expansion during charge process is not caused by the water
insertion. In addition, the water contents of the discharged and self-charged electrodes
were quantified by TGA (Supplementary Fig. 16). The results show that the water
contents of the two samples are similar, further confirming that the expansion of the
interlayer spacing is ascribed to the insertion/extraction of Zn?* ions rather than the

intake of water molecules from the electrolyte.

Supplementary Note 7. The amorphous Znx+y(CF3SO3)2y(OH)2x
It can be concluded from Supplementary Fig. 19 that the Zny+y(CF3SO3)2y(OH)2x
generated in this chemical charging process is amorphous. It is ascribed to the larger

size and anisotropic molecular structure of the triflate anion 3.
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Supplementary Note 8. Explanation about the formation of Zn3V207(OH)2 2H20
With the extension of oxidation time, the electrode potential of CaZns6.x\VO electrode
is gradually increased due to the deeper oxidation of vanadium and the extraction of
more Zn?* ions. As a result, the redox potential difference (4E) between CaZnsexVO
and O is gradually decreased along with the extension of oxidation time. When the
oxidation time exceeds 2.5 h, the reduced AE will not drive the extraction of Zn?* ions
from the CaZnz6.xVO to form Zny+y(CF3SO3)2y(OH)2x. However, since the difference
in redox potential between O, and CaZnzsVO still exists, the CaZnszsxVO could
continue to be oxidized by O, and a byproduct Zn3V207(OH)2 2H20 is irreversibly

formed (Supplementary Fig. 12 and 20).
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Supplementary Note 9. The dependence of the Znx+y(CF3SO3)2y(OH)2x formation
on the pH

To understand the dependence of the Znx+y(CF3S03)2y(OH)2x formation on the pH, the
discharged electrodes were immersed into water with different pH values in a mild
acidic range (pH= 4.2, 5.2 and 6.3, respectively) for 2 h, which was adjusted by the
addition of HCI solution. The pH was maintained at a constant value in this process.
After oxidation for 2 h, the (002) reflection in the XRD patterns of resultant
CaZnz6VO gradually shifts toward lower degree (Supplementary Fig. 21a), indicating
that the redox reaction between CaZnzsVO and Oz can occur in these systems. When
the redox reaction takes place in the solution with higher pH, the consumption of H*
ions results in the faster increase in the local pH at electrode/electrolyte interface,
leading to the formation of more Znx+y(CF3S0O3)2y(OH)2x (Supplementary Fig. 21c-h).
The results indicate that the formation of Zny.y(CF3SOz3)2y(OH)2x would depend on
the local pH change at the electrode/electrolyte interface during chemical charging
process. In addition, it is noted that even at pH of 4.2, Zny+y(CF3SOz)2y(OH)2x can
remain flake-like morphology and its chemical composition is similar with the case at
pH of 6.3, as suggested by the TEM elemental mapping images and SEM-EDS
patterns (Supplementary Fig. 21b, d and h). Therefore, the Zny.y(CF3SO3)2y(OH)2x

phase is stable at the pHs from 4.2 t0 6.3.
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Supplementary Note 10. Characterization of chemically charged CaZnssxVO
electrodes after resting at OCV

The chemically charged CaZnsexVO electrode (oxidation for 2.5 h in deionized
water) was assembled in a cell and rested at OCV for 36 h. After that, we performed
the XRD diffraction of this CaZnsexVO electrode, as shown in Supplementary Fig.
22a. After resting for 36 h, the XRD pattern of CaZnsexVO electrode remains almost
unchanged compared with the case before resting. Moreover, after resting for 36 h,
the Zny+y(CF3S03)2y(OH)2x would not further form on or drop from the electrode

(Supplementary Fig. 22b).
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Supplementary Note 11. Electrochemical performance of Zn/CaZnszsxVO
batteries after the CaZnssVO electrodes are oxidized in deionized water for
different times
As shown in Supplementary Fig. 25, the OCV of the Zn/CaZnz6xVO batteries rises
continually along with extending the oxidation time of CaZnzsVO. When the
CaZn36VO is oxidized for 2.5 and 3 h, the OCV of Zn/CaZnz6xVO batteries reaches
up to 0.76 and 0.80 V, respectively, which is higher than the average platform voltage
of Zn/CaVO system. In addition to OCV, the discharge capacity of Zn/CaZnzexVO
batteries also depends on the oxidation time of CaZn3sVO. When the oxidation time
is less than 2.5 h, the discharge capacity gradually increases with the prolongation of
oxidation time and a discharge capacity of 195.4 mAh g* is achieved at 2.5 h.
However, it is noted that the discharge capacity of Zn/CaZnssxVO batteries would
degrade when the oxidation time exceeds 2.5 h as a result of the irreversible formation
of Zn3V207(0OH)2 2H20 (Supplementary Fig. 12 and 20; Supplementary Note 8). In
this system, the flake-like and insulated Zn3zV>07(OH)2 2H20 derived from the
irreversible oxidation of CaZnssxVO would be electrochemically inactive®’.
Furthermore, the formation of Zn3V.07(OH)2 2H20 results in the reduce of redox
active material, leading to capacity decay.

Since the Zn3V207(OH)2:2H,0 is insulated and displays a flake-like morphology,
the formation of Zn3V.07(OH).-2H.O would inevitably increase electrochemical
impedance and hinder the insertion of Zn?* ions during subsequent cycles. As a result,

the capacity would be degraded in the long-term cycling® ” (Supplementary Fig. 26).
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Supplementary Note 12. Morphology and chemical composition characterization
of CaZns6xVO electrodes before and after electrochemical charging

After electrochemical charging, the flake-like Zny+y(CF3SO3)2y(OH)2x would be
decomposed and disappear from the electrode, as shown in the SEM images
(Supplementary Fig. 27a and c). Meanwhile, the signals of Zn and S are significantly
reduced in the SEM-EDS pattern of the electrochemically charged electrode
compared with the case of chemically charged electrode (Supplementary Fig. 27b and
d), which further indicates that Znx+y(CF3SO3)2y(OH)2x is decomposed during the

electrochemical charging process.
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