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Experimental section

Chemical Reagents

Vanadium pentoxide (V,0s5, AR), N-methyl-2-pyrrolidone (NMP, AR), and polyvinylidene fluoride
(PVDF) were purchased from Chengdu Kelong Chemical Co., Ltd. The deionized water used in this
study was derived from Wahaha purified water, produced by Hangzhou Wahaha Group Co., Ltd.
Hydrogen peroxide (H,O,, AR, 30 wt% in H,O) was supplied by Chuandong Chemical (Group) Co.
Ltd. (Chongqing, China). Cobalt chloride hexahydrate (CoCl,'6H,0O, 99%), Nickel chloride
hexahydrate (NiCl,-6H,0, 99%), and Cupric Chloride Anhydrous (CuClz, 98%) was purchased from
the Adamas brand, offered by Shanghai Titan Scientific Co., Ltd. Acetylene black was purchased
from Cyber Electrochemical Materials Network. Zinc trifluoromethanesulfonate (Zn(CF;SOs3),, 98
%) was purchased from Shanghai Dibo Biotechnology Co., Ltd. All chemical reagents were utilized

without any further processing and purification.

Preparation of pristine V,05-nH,O

We introduced modifications to previously reported synthetic methods.! Initially, commercial V,0s
powder (363.8 mg, 2.00 mmol) was dispersed in 27 mL of deionized water. Subsequently, 8 mL of
H,0, solution (30 wt%) was added to the dispersion and stirred at room temperature for 120 minutes,
yielding a clear wine-red solution. This solution was then transferred into a 100 mL Teflon-lined
stainless-steel autoclave and subjected to hydrothermal treatment at 200°C for 3 hours, resulting in
the formation of an orange hydrosol composed of V,05-nH,O nanosheets. Finally, the obtained

orange hydrosol was freeze-dried at —50°C for 48 hours to yield the final product.
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Preparation of Co-V,05-nH,0, Ni-V,05-nH,0, and Cu-V,05'nH,0 nanosheets

Building upon the preparation of the V,05-nH,0O nanosheet hydrosol, the next steps involved the
intercalation of transition metal cations. First, the orange V,05-nH,0 nanosheet hydrosol was diluted
with 150 mL of deionized water. Then, a certain amount of 0.2 mol L™! CoCl, solution was added
dropwise under continuous stirring to facilitate the colloidal self-assembly process. After stirring for
5 hours, the self-assembled flocculated product was collected, washed several times with deionized
water, and filtered. The filtered product was subsequently dried in a vacuum oven at 80°C for 24
hours to obtain the Co?*-intercalated self-assembled sample. Similarly, the synthesis of Ni**- and
Cu?*-intercalated self-assembled samples followed the same procedure, with the 0.2 mol L' CoCl,

solution replaced by equimolar NiCl, or CuCl, solutions, respectively.

Materials characterization

The X-ray diffraction (XRD) analysis was conducted using a Bruker D8 Advance powder
diffractometer with Cu Ka radiation (A = 1.5406 A) to determine the crystal structure information.
Fourier transform infrared (FTIR) spectroscopy was performed using a Bruker Tensor 27
spectrometer. Raman spectra were tested using laser confocal Raman spectrometer (LabRAM HR
Evolution) under 532 nm laser excitation. X-ray photoelectron spectroscopy (XPS) tests were
conducted on the Shimadzu/Krayos AXIS Ultra DLD. Inductively coupled plasma optical emission
spectrometer (ICP-OES, Agilent 5800) was used to analyze the element compositions and ratios.
Thermogravimetric analysis (TGA, Mettler Toledo TGA2) was conducted to detect the content of
structural water. The morphology and microstructure were observed through field emission scanning
electron microscope (FESEM) and environmental scanning electron microscope (ESEM, Quattro S),

and field emission transmission electron microscope (FETEM, Talos F200S) with energy dispersive
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spectrometer (EDS). Characterization of the sample's surface structure was conducted using atomic
force microscopy (AFM, MFP-3D-BIO). The volumetric changes of the electrode during the charge-

discharge cycling were observed using in situ optical microscopy (OM, ZEISS Smartzoom5).

Electrochemical measurements

Carbon paper was used as the current collector, and a slurry was prepared by thoroughly mixing and
grinding PVDF, acetylene black, and the active material in a mass ratio of 1:2:7 using NMP as the
solvent. The resulting slurry was then evenly coated onto the carbon paper and vacuum dried at 80°C
for 12 hours. The mass of the active material coated on the carbon paper was precisely controlled to
be within the range of 0.9~1.2 mg cm 2. The aqueous ZIBs were assembled with zinc metal anode,
glass fiber separator (Whatman, GF/D), 2 M Zn(CF;SOs), electrolyte, and carbon paper cathode.
Galvanostatic charge/discharge (GCD) measurements was conducted via the LAND battery testing
system (CT3001A). Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS,
frequency range: 0.01 Hz to 100 kHz) were performed with the Bio-Logic SAS electrochemical
workstation (VSP-300). Galvanostatic intermittent titration technique (GITT) was performed with

the HOKUTO DENKO (HJ1001SDS) electrochemical testing system.

Computational methods

All density functional theory (DFT) calculations were carried out using the Vienna Ab initio
Simulation Package (VASP),? with DFT + U corrections applied to the V and Co atoms.? The Kohn-
Sham equations were solved using the projector augmented-wave (PAW) approach,* > and the
exchange-correlation functional was taken using the generalized gradient approximation (GGA) as

constructed by Perdew-Burke-Ernzerhof (PBE).% 7 In this work, the I'-centered k-grid scheme

-S4 -



(2x3x2) was employed, and all investigated structures were fully relaxed with a cutoff energy of 480
eV. During this process, the force convergence criterion was set to 1072 eV Al and the energy
convergence criterion was set to 107 eV. A monolayer V,0s structure was constructed based on the

optimized bulk V,0:s.
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Fig. S1 FITR spectra of the Coyg 14V,05-0.95H,0, Nij15V,05-0.63H,0, and Cuy ;5V,05-0.60H,0. The characteristic
peaks located at around 3609 cm ™! and 1605 cm™! confirm the existence of interlayer crystal water in the flocculation
product. It is noteworthy that, compared to freeze-dried bare V,0s, the bending vibration peaks of the Co?*, Ni%*,

and Cu”’intercalated samples are slightly weakened, indicating that they are confined to a low hydration state,

resulting in relatively smaller d-spacing.!
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Fig. S2 Raman spectra of the Coyg 14V,05-0.95H,0, Nij ;5V,05-0.63H,0, and Cuy ;5V,05-0.60H,0 by the hydrosol
ion-mediated self-assembly. The characteristic peaks at around 270 cm™! and 1017 cm™! are assigned to the bending
vibration and terminal oxygen (V=0) stretching mode, respectively. The characteristic peaks of the bending
vibration of V-O-V chains can be detected at 157 cm™! and 416 cm™!. The characteristic peak at 704 cm™! are
assigned to disordered stretching vibration of V,-O (doubly coordinated oxygen) bonds, and the peak at 513 cm™!

originates from the stretching vibration of V;-O (triply coordinated oxygen) bonds.
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Fig. S3 XPS spectra of the C00_14V205'0.95H20, Nio_15V205'0.63H20, and Cu0_15V205-0.60H20.
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Fig. S4 ESEM images 0fNi0,15V205'0.63H20, and Cuo,15V205~0.60H20.
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Fig. S5 The TGA was conducted for pristine V,05 nH,0 and the intercalated samples with Co?*, Ni?*, and Cu?*,

respectively, within the temperature range of 25-600 °C. The TGA analysis results of (a) V,0s5-0.77H,0, (b)

Co00.14V,05-0.95H,0, (c) Nig 15V,05-0.63H,0, and (d) Cug15V,05-0.60H,0. The weight loss below 100°C (Region

I) is attributed to the removal of adsorbed water, while the weight loss between 100°C and 400°C (Region II)

corresponds to the evaporation of crystalline water.
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Fig. S6 The Relationship diagram of specific capacity with the aging time of the Cog 14V,05-0.95H,0 cathode at a

current density of 0.05 A gL,
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current density of 5.0 A g7
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Fig. S9 The GCD curves and low-current cycling performance profiles of the Cog 14V,05:0.95H,0 cathode.
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Fig. S10 The capacitive contribution diagrams of Cog 14V,05-0.95H,0 cathode at different scanning rate.
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Fig. S11 The GITT diagrams of V,05-0.77H,0, Nij ;5V,05-0.63H,0, and Cuy ;5V,05-0.60H,0 cathodes.
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Fig. S12 (a) Schematic representations of the optimized structures of pristine V,05 and Co?**-intercalated V,0s. (b)
and (c) TDOS and band structure calculations, including band gap values, for pristine V,0s and Co?*-intercalated

V,0s. (d) PDOS for Co orbits in Co*-intercalated V,Os.

We employed DFT calculations to investigate the influence of Co?" intercalation on the electronic structure of
layered V,0s. We constructed monolayer models of pristine and Co*'-intercalated V,0s, optimized their
geometrical structures, and computed their respective density of states (DOS) and band structures. As shown in Fig.
S12a, the insertion of Co slightly distorts the original V-O bonds, affecting the chemical coordination environment
of pristine V,0s, which may impact the crystallinity of V,Os post-intercalation. These findings are consistent with
the observed weakening of the (001) peak in XRD patterns post Co?" intercalation. The DOS calculations reveal
that, compared to pristine V,0s, Co?" intercalation increases the total density of states (TDOS) near the Fermi level
(Fig. S12b and ¢). Moreover, Co?" intercalation shifts the conduction band (CB) closer to the Fermi level, resulting
in a reduced band gap. To verify these results, we calculated the band structures of both pristine and Co?*-
intercalated V,0s. The calculations indicate a significant reduction in band gap post Co?" intercalation (Fig. S12b
and c¢), corroborating the DOS results. To further explore the impact of Co insertion on the electronic structure of

V,0s, we also computed the projected density of states (PDOS) for Co. The results show a substantial contribution

-S17 -



d d
of Co's electronic states near the Fermi level, primarily from the 22, dy,, and % -y orbitals (Fig. S12d). The

PDOS results of Co align well with the observed shift of the CB toward the Fermi level upon Co?*-intercalated

V205.
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Fig. S13 (a) and (b) The discharge-charge curves of different states and ex situ XRD pattern of Cog 14V,05:0.95H,0
cathode. (c) Ex situ XRD pattern of Cog14V,05°0.95H,0 cathode charged to 1.6 V after 50 cycles. (d) and (e) The
Zn and V 2p region of the XPS spectra with pristine, discharge to 0.2 V and charge to 1.6 V states of

C00'14V2O5 ' 095H20
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We conducted ex situ XRD analysis at various potentials during the first charge-discharge cycle at a current
density of 0.1 A g™! (Fig. S13a and b). At the onset of discharge, a very slight lattice contraction was observed,
implying that the intercalated Zn ions screen the interlayer electrostatic repulsion.® During the first discharge cycle,
a basic zinc salt (BZS) phase containing the OT{™ anion, corresponding to Zn;>(CF3SO;)9(OH);5-nH,0, was detected
near 20 ~13.4.%-11 However, with increasing cycle numbers, the intensity of the BZS peak diminishes, ultimately
leading to the formation of a more stable the zinc pyrovanadate phase (ZVO, Zn;V,0,(OH),' nH,0).!1% After 50
cycles at a current density of 0.2 A g7!, ex situ XRD analysis of Cog14V,05°0.95H,0 cathode clearly detected the
presence of the ZVO phase, while the BZS phase had disappeared. These results provide strong evidence supporting
the aforementioned conclusion (Fig. S13c¢). Notably, ex-situ XRD results at any selected state within the first cycle
do not exhibit any peaks associated with the ZVO phase, indicating that the ZVO phase does not form during the
initial stage of electrochemical charge/discharge process.'® Moreover, as the charging process progresses, the
restoration of peaks corresponding to the initial phase prior to discharge was observed, indicating excellent
reversibility of the Cog 14V,05:0.95H,0 cathode during the electrochemical cycling process. Previous studies have
indicated that the formation of the ZVO within the aqueous solution containing Zn ions is related to the dissolution

of vanadium pentoxide, and the subsequent precipitation via the following reactions.!% 1214

Dissolution: V20s +3H20 — 2VO2(OH).™ + 2H" €))
Precipitation: 2VO2(OH).™ +3Zn*" +3H:0 — Zn3V207(OH):- 2H20 (ZVO) + 4H" 2

According to the aforementioned equations, the cathodic reaction processes necessitate the consumption of OH™
ions and the release of H" ions, which will result in an increase in H* concentration. Therefore, to maintain charge
neutrality, H* ions will intercalate into the interlayer of Cog14V,05:0.95H,0, ensuring stable cycling within the
AZIBs system.!? 15 The aforementioned results indicate that during the discharge process, Zn>" and H* are co-

intercalated into the Cog 4V,05-0.95H,0 layers. XPS spectra identify the reversible V3 «» V4/V3* transition
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accompanying Zn®* insertion and extraction processes (Fig. S13d and e), and these results at different charge-

discharge states similarly reveal the intercalation/deintercalation mechanism of Zn?" in the Zn/Coy 14V,05°:0.95H,0

battery.
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Fig. S14 The electrochemical reaction mechanism of Cog 14V,05:0.95H,0 cathode.
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Fig. S15 ESEM images of the Cog 14V,05-0.95H,0 cathode at different discharge/charge states.
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Table S1. The inductive coupled plasma emission spectrometry (ICP) results of Co,V,05-nH,0, NiyV,05-nH,0,

and CuZV205 ' l’leo .

Representation Element M (wt%) Maximum Molar ratio and Chemical
Error (%) Formula

Co4V,05-nH,0 Co 3.9276 0.1884 Co0.14V,05-0.95H,0
\Y% 47.3997 0.3857

Ni,V,05-nH,0 Ni 3.9008 0.2589 Nig,15V205-0.63H,0
\Y% 45.6545 0.7346

Cu,V,05-nH,0 Cu 4.1276 0.4022 Cuy.15V,05-0.60H,0
\Y% 45.0460 0.2504

Three parallel tests were conducted, and the data presented in the table represent the averaged values of these tests.

The maximum error was calculated based on the obtained results.

|average value — test Value|

Maximum Error (%) = Max x100%

average value

where the average value was calculated based on the results from three independent tests.
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Table S2. Comparison of electrochemical properties for vanadium-based cathodes.

Cathode Materials Electrolyte Specific capacity Rate performance Ref.
(mAh g™ (mAh g™)

Nag33V20s 3 M Zn(CF;S03), 367 at0.1 A g™! 96.4at2 A g! 16

K,V6016:2.7H,0 3 M Zn(CF;S0;), 361 at0.1 A g! 178 at 20 A g! 17

NaCaV¢O16-3H,0 3 M Zn(CF;S03), 347 at0.1 A g™! 154at5A¢g! 18

Ba;,V¢046-3H,0 2 M ZnSOy4 / 321.2at0.1 Ag! 19

Cag04V,05-1.74H,0 3 M Zn(CF;S03), / 311at0.5A g! 20

Nag 56V20s5 3 M ZnSO, and 317at0.1 Ag! 9lat2 Ag’! 21

0.5 M Na,SO,4

(NH4),V;04/C 3 M Zn(CF;S03), 356at0.1 A g! 232at0.5A g! 2

Nig 2, V,0s 3M ZnSO4 320at0.2 A g! 216at2 A g'! 23

Sr.19V205-1.3H,O/CNT 3 M Zn(CF;S03), / 312at0.1 A g! 24

s

V0,-0.26H,0@rGO 3 M Zn(CF;S0;), 329at0.5 A g! / 2

CavVoO 2 M ZnSO, 310at0.5 A g™! / 26

7Zng3Nag 43V,05 1 M ZnSO, and 1 326at0.2 Ag! 209at1 Ag! 27

M Na,SO4

Nag(V190,58)-2.6H,0 2 M Zn(CF;S03), 151.7at0.5 A g! / 28

(NH4)0.77V,05-0.8H,0 2 M Zn(CF;S053), / 366.2 at0.05 A g! !
Co0.14V,05-0.95H,0 2 M Zn(CF;S03),  373.2at0.05 A g! 3382at0.1 Ag! This work
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Supplementary Notes

Notes S1

The peak current (i) and the sweep rate (v) fit the below equation:?°
i=a
and this equation can be rewritten as follows:
logi =blog(v)+log(a)

where a and b are adjustable parameters, and the value of b is determined by the slope of the plot of
log(7) versus log(v). In general, the kinetics of the electrode reactions in batteries can be evaluated
based on the value of b. When the b value is close to 1, the electrode reaction is predominantly
governed by capacitive behavior, whereas when the b value approaches 0.5, the kinetics of the

electrode reaction are primarily controlled by diffusion processes.3’

Notes S2

The ratio of the capacitive contribution could be described as the following equation:3!
i=ky+ky"?

where kiv and k2v!? correspond to capacitive contribution and diffusion-controlled contribution,
respectively.

Notes S3

Based on the GITT test data, the ionic diffusion coefficient (D) inside the battery can be calculated

using the following equation:3?
2 2
4 (myV,, | | AE,
Dy =—|——-| | —
mr\ MyzA AE,
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where T and t represent the relaxation time (s) and the duration of current pulse (s), respectively. mp
is the mass of the active material. ¥y is the molar volume (cm? mol™!). Mp is the molar mass. 4 is the
total contact area between the electrode and the electrolyte. AE; and AE, are the steady-state voltage
change (V) by the current pulse and voltage change (V) during the constant current pulse (eliminating
the voltage changes after relaxation time), respectively.

Notes S4

To gain deeper insight into the volumetric variation and reversibility of the electrode during the GCD
process, the in situ optical microscopy (OM) characterization was conducted for the
Co00.14V205'0.95H,0 cathode during the first GCD cycle at a current density of 0.1 A g!. In the
imaging of in situ OM (Fig. 4), T1 mesh as the current collector at the left imaging domain, with the
Co0.14V,05-0.95H,0 cathode occupying the right portion of the Ti mesh. During the discharge
process, as Zn*' ions intercalate, a slight volumetric expansion of the electrode was observed along
both lateral directions. The extent of the electrode's expansion increased progressively with the
ongoing discharge process and the gradual uptake of Zn?* ions, reaching its maximum volume when
discharged to 0.2 V (Fig. 4a-j). Similarly, during the charging process, as Zn>* ions de-intercalate, a
subtle volumetric shrinkage was detected along both lateral directions. The degree of shrinkage
became more pronounced as the charging process proceeded, culminating in the restoration of the
electrode's pristine volume at 1.6 V, which matches its pre-discharge state (Fig. 4k-p). The
unprocessed in situ OM video footage, along with its magnified playback segment, provide a more
direct and vivid visualization of the volumetric changes and reversibility of the Cog 14V,05°0.95H,0
electrode throughout the above-mentioned GCD cycling process (Video S1 and S2). The excellent
structural stability of Cog 14V,05:0.95H,0 may stem from the robust layered architecture and minor

structural strain, which endows it with a strong ability to accommodate volumetric changes during
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cycling. These findings further demonstrate that the synthesized Cog4V,05:0.95H,0O cathode

exhibits excellent structural stability and electrochemical performance.
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