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Experimental Section
Synthesis of C@V,0;@C nanosheets

First, V,CTx MXene was prepared by etching V,AlIC precursor with HF acid followed with
delamination process and freeze-drying.! For MXene conversion, V,CT was annealled at 600
°C for 3 h under CO, atomosphere to achieve C@V,0; composite. Next, MXene-derived
C@V,0; product was mixed with terephthalic acid (H,BDC) ligand (weight ratio of 1:1), sealed
in a quartz tube under vacuum, and calcinated at 380 °C for 6 h. Finally, as-prepared
C@V,0;@MOF was carbonized at 700 °C for 3 h under Ar atmosphere to synthesize
C@V,0;@C composite. To tailor the thickness of MOF-derived outer carbon, C@V,0;@C-
2h and C@V,0;@C-24h samples were prepared under the same procedure except the different
weight ratios of C@V,05; and H,BDC and conversion times of 1:1 for 2 h and 1:3 for 24 h,
respectively. In this manuscript, the C@V,0;@MOF and C@V,0;@C composites were
related to the samples through 6 h MOF conversion time. Pure V,05; was obtained by direct
oxidization of V,CT, MXene at 400 °C for 3 h in air atomosphere followed with Ar/H,
reduction at 500 °C for 3 h. MXene-derived carbon was synthesized by etching C@V,0; with

concentrated nitric acid for 24 h.

Materials Characterization

The morphology and structure properties of these composites were investigated through
transmission electron microscopy (TEM, FEI Tecnai F20), scanning electron microscopy
(SEM, SU-8010), and X-ray diffraction (XRD, Shimadzu Miniflex600). The thickness of
samples were analysized through atomic force microscopy (AFM, Bruker Dimension Edge).
The surface area and porosity property of samples were performed through a Brunauer-Emmett-

Teller surface area analyzer (Quantachrome Autoscorb-iQ2-XR). The weight contnet of V,0;



in these composites were determined via thermogravimetry analyses (NETZSCH STA449C)
from 30 to 800 °C in Air. The surface chemical composition was identified by X-ray

photoelectron spectroscopy (XPS, ESCALAB 250 Xi).

DFT Calculation

The Vienna Ab Initio Package (VASP) was employed to perform all the density functional
theory (DFT) calculations within the generalized gradient approximation (GGA) using the
Perdew, Burke, and Enzerhof (PBE) formulation.>* The projected augmented wave (PAW)
potentials were applied to describe the ionic cores and take valence electrons into account using
a plane wave basis set with a kinetic energy cutoff of 450 eV.> ¢ Partial occupancies of the
Kohn—Sham orbitals were allowed using the Gaussian smearing method and a width of 0.05
eV. The electronic energy was considered self-consistent when the energy change was smaller
than 103 eV. A geometry optimization was considered convergent when the force change was
smaller than 0.03 eV/A. Grimme’s DFT-D3 methodology was used to describe the dispersion
interactions.” The vacuum spacing perpendicular to the plane of the structure is 20 A. The
Brillouin zone integral utilized the surfaces structures of 2x2x1 monkhorst pack K-point
sampling. The Charge density difference of system:Ap = potai- Pa - PB, Where pioar 18 the charge
density of Binding systems, p and pg is the sub charge density. Finally, the adsorption energies
(Eads) were calculated as Eads= Ead/sub -Ead -Esub, where Ead/sub, Ead, and Esub are the
total energies of the optimized adsorbate/substrate system, the adsorbate in the structure, and
the clean substrate, respectively. Ions pathway can be calculated using the nudged elastic band
(NEB) method with the transition state of an elementary reaction step. In the NEB method, the
path between the reactant (s) and product (s) was discretized into a series structural images. The

intermediate images were relaxed until the perpendicular forces were smaller than 0.05 eV/A.



Electrochemical Measurements

The zinc-ion storage performance of these composites was studied in 2032 coin-type cells,
which were assembled in an air atmosphere. The working cathode was fabricated by mixing
C@V,0;@C powder (70 wt%), carbon black (20 wt%), and polyvinylidene fluoride (10 wt%)
in N-methyl pyrrolidone. Then, the obtained mixture slurry was evenly coated on a carbon cloth
and dried at 80 °C for 24 h. V,CTj, V,0;, C@V,05 electrodes were prepared through the same
procedure. The loading mass of each cathode was 1.2-1.6 mg/cm? with a tapping density around
1.08 g/cm?. Besides, high loading mass of 3 and 5 mg/cm? were also prepared to realize high
areal capacity. Zn foil (various mass from 11.2 to 25.6 mg/cm?), Zn(CF3SO3), aqueous solution
(3 M) and glass fiber membrane (Whatman GF/D, USA) were used as the anode, electrolyte,
and separator, respectively. The negative/positive (N/P) ratio for battery test was in the range
from 30: 1 to 7: 1 in this work. A CHI660C electrochemical workstation was used for cyclic
voltammetry test (scan rates from 0.2 to 5 mV s™!) and electrochemical impedance spectroscopy
(frequency range of 100 kHz to 0.01 Hz.). The cycling performance, rate capability, and
galvanostatic intermittent titration technique test of these electrode was conducted in the
NEWARE battery testing system in the voltage range of 0.2-1.8 V. All the above tests were
measured at room temperature. In-situ XRD test was performed through a 2023 coin-type cell
with an open window.

For the assembly of quasi solid-state ZIBs, the hydrogel membrane was first obtained by
mixing 3 g acrylamide, 30 mg potassium persulfate and 4 mg N,N’-Methylenebisacrylamide
with 20 mL deionized water, drying at 60 °C for 2-3 h at a costom-designed mold, and
immersing in the Zn(CF;SOs3), (3 M) solution. The pounch cells was constructed with zinc foil
as anode, C@V,03;@C as cathode, and hydrogel membrane as the seperator and electrolyte,

which were packaged with polyimide films.



Fig. S1 (a) SEM and (b-d) TEM images of V,CTx MXene.



Fig. S2 (a) SEM and (b-d) TEM images of MXene-derived C@V,03 composite.



Fig. S3 (a) Selected area electron diffraction (SAED) pattern and (b) element mappings of C,
V, and O for C@V,0;3 composite.



Fig. S4 (a) SEM and (b-d) TEM images of C@V,0;@MOF composite.



Fig. S5 (a) SEM, (b-c) TEM images, and (d) SAED pattern of C@V,0;@C composite.



Fig S6 FFT images of (a) C@V,0; and (b) C@V,0;@C composites.
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Fig. S7 XRD profiles of C@V,0;@MOF-2h, C@V,0;@MOF and C@V,0;@MOF-24h

composites under various MOF conversion times. The C@V,0;@MOF represents 6 h
conversion time.



Fig. S8 TEM images of (a-b) C@V,0;@C-2h and (c-d) C@V,03;@C-24h composites.



Fig. S9 (a-d) TEM images of MXene-derived inner carbon matrix.
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Fig. S10 FT-IR spectra of C@V,03 and C@V,0;@MOF composites.
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Fig. S11 (a-d) SEM images and (e) XRD profile of pure V,0s.
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Fig. S12 XRD pattern of the final product after TGA test of C@V,0;@C composite in Air.

TGA calculation details: During TGA test, the carbon composition was oxidized to be gas.
The oxidation product of C@V,0;@C after TGA test was characterized by XRD (Fig. S12),
illustrating that the final product was V,0s. Therefore, the reaction equation of V,0; during
oxidation process was shown in Equation (1). The weight contents of V,0; in C@V,0; and
C@V,03;@C composites were calculated to be 89.4 and 82 wt% based on Equation (2-3).
Considering the weight ratio of V,0; to inner MXene-carbon was 89.4: 10.6 in C@V,0;
composite, the weight contents of inner MXene-carbon and outer MOF-carbon in C@V,0;@C

composite were determined to be 9.8 and 8.2 wt%, respectively.

V5,03 + O, = V1,05 (1)

My505 X My,03 1084 x 149.9

Myno3 iN C@V203 =
My, 181.9

= 89.4 wt%

(2)
My205 X My03 _99.6 X 149.9
M,p0s 181.9

M0z in C@V203@C = =82 wt%

€)
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Fig. S13 TGA curves of C@V,0;@C-2h and C@V,0;@C-24h composites.
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Fig. S14 Charge and discharge curves of C@V,0;@C at a current density of 1 A g
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Fig. S15 (a) charge/discharge curves, and (b) ex-situ XRD profiles of C@V,0;@C under
various states.



Fig. S16 Ex-situ TEM images of C@V,0;@C under various states at (a) 1st charge to 1.8 V,
(b) 1st discharge to 0.2 V, and (c) 2nd charge to 1.8 V.
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Fig S18 Cycling performance of C@V,0;@C electrodes under high loading mass of 3 and 5
mg cm?at 1 A g'! for AZIBs.
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Fig. S19 Charge/discharge curves of V,CTj electrode at various rates from 2 to 50 A g!.
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mV s of C@V,0;@C electrode.
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Fig. S22 (a) CV curves at different scan rates, (b) the corresponding Log (peak current) vs Log
(scan rate) plots at each redox peak, (c) CV curves showing the capacitive section at 5 mV s!,
and (d) capacitive and diffusion contribution at different scan rates of V,CT cathode.
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Fig. S23 (a) CV curves at different scan rates, (b) the corresponding Log (peak current) vs Log
(scan rate) plots at each redox peak, (c) CV curves showing the capacitive section at 5 mV s,
and (d) capacitive and diffusion contribution at different scan rates of V,0; cathode.



="}

n

204 Unitmvs' —— 04— 06 0.8 o)) @ Peak 1, b=0.55
1 2 —4 -
- : < g9l @ Peak2 b=0.64
Peak 2 -
c
10 @ 0.6-
-
5 5
¢ 0.31
0+ X
S 004
-5 n-
—
-101 C@v,0, 8’-0-3 ] C@v,0,
03 06 09 12 15 18 — 04 02 00 02 04 06 08

Potential (V vs Zn?*/Zn)

15 4 —— 5mVs’

o QL

Log (Scan Rate, mV s™)

C@V,0, Il Capasitive ! Diffusion

-

o

o
1

=]
o
1

-
o
1

Current Density (A g') ¢ Current Density (A g”') o

Contribution Ratio (%
[=1]

-5 1 204
cav,o,
10 : : . : 0-
00 04 08 12 16 20 04 06 08 1 2 4 5
Potential (V vs Zn%*/Zn) Scan Rate (mV s™)

Fig. S24 (a) CV curves at different scan rates, (b) the corresponding Log (peak current) vs Log
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Fig. S25 GITT curves of (a) V,03, (b) C@V,0s, and (c) C@V,0;@C electrodes at 10th cycle,
which were recorded under current pluses of 50 mA g! for 30 min and relaxation of 2 h at each
interval.

GITT calculation details: The ion diffusion coefficient (D;,,) can be quantitatively

calculated based on the simplified Fick’s second law (Equation (4)):3-1
D _ 4 mBVm 2 AE s\2
ion " g MgA | \AE, @)

Where V,,,, Mg, and mg are the molar volume, the molecular weight, and the mass of the

AE, and AE, are the voltage

compound, respectively. A is the geometric area of the electrode.
changes during the time period t (30 min) and after 2 h of open-circuit stand. As can be seen,
carbon matrix can significantly enhance the ion-diffusion ability of V,0; cathode. As a result,
dual-carbon protected C@V,03;@C exhibited the highest D;,, with an average value of 2.7x10-
T e¢m? s'! during 10th cycle, much higher than that of 0.99x10!! and 0.75x10-!' ¢cm? s™! for

C@V,0;5 and V,0; electrodes.
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Fig S26 (a) The equivalent circuit model and (b) the simulated R values of C@V,0;@C,
C@V,03, and V,0; electrodes.

The Nyquist plots of C@V,0;@C, C@V,03, and V,05 electrodes after 20 cycles are fitted
with an equivalent circuit model in Fig. S26, where R, Ry, and R represent the total ohmic
resistance of the electrode system, the diffusion resistance of ions through SEI film in the high-
frequency region, and the charge-transfer resistance in the middle-frequency region,
respectively. Z, is the Warburg impedance for ion diffusion in the active material related with
the slant line in low-frequency region. CPE-1 and CPE-2 are related to the surface capacitance

and double layer capacitance, respectively.



Fig. S27 Top views of (a-b) H-ion and (c-d) Zn-ion adsorption on (a, ¢) a-VOy and (b, d) a-
VO,/C interface.



Fig. S28 Top views of (a-b) H-ion and (c-d) migration paths on (a, ¢) a-VO, and (b, d) a-VO,/C
interface.



Fig. S29 Photos of the V-dissolution tests by immersing (a) C@V,0;@C, (b) C@V,0; and (c)
V,0; electrodes in 3M Zn(CF;S03), electrolytes for different soaking time.



Fig. S30 Photos showing the color changes of glass fiber membranes for C@V,0;@C,
C@V,0s3, V,0; and V,CT, cathodes (a) before and (b) after 1000 cycles at 30 A g-!.



Fig. S31 (a-b) SEM images of C@V,0;@C after 1000 cycles.
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Fig. S34 A self-powered wearable system consisted of flexible ZIBs and a flexible pressure

sensor for monitoring real-time human motion of (a) finger, (b) elbow, (c) wrist, (d) finger
compression, and (e) knee.



Table S1. Comparison of rate performance between C@V,0;@C and as-reported vanadium-
based materials in AZIBs.

Current ] .
Materials Dil)l/sétyc(l? ii‘f;‘tcil(z (mlethe g (lﬁztfl g L(:::Sl: ° l:;:'z:
gNumzer ratio (%) YAgl) VYAgl) (mgem?)
V,05-SP2 0.5/20 100 3252/5  264.6/10 ; B
NVO-AVO ; i 21.4/4  204.9/5 ; 12
Tau-VOP 0.2/50 94 110/4 104/5 13 13
LEF-VO 0.2/120 91 345/10  283.5/20 15 14
C:fé\é?' 0.2/100 89 221.4/5  196.1/10 5 15
VO,-A 0.5/200 80.7 374.4/5  357/10 -1 16
PEO-LVO  0.3/100 97.3 328.4/15  302.4/20 24 17
RuvVO 0.2/200 87 2483/10  180.6/20 1 18
V,05@CSs 2/300 90 21620 229/18 ~15 19
VO@NDA  2/1800 100 2588 241/10 ] 20
V,C/V,05 ; i 28020 232025 1.0-15 21
LNVO ; i 350/40  320/50 45 2
C@V,0,@C  1/100 100 M1/40 40250 1216 0

work




Table S2. Comparison of cycling performance between C@V,0;@C cathode and other
vanadium oxide, vanadium sulfide, manganese oxide, and Prussian blue analog cathodes in
AZIBs.

Capacity

Current ) Rate Loading
Materials Density Cycle remAa l;: e(_i (mAhg mass References
(A gh Number (m N g A g (mg cm2)
T-HVO|Oq 10 1000 275 217.7/30 1-2 23
CoVO@PANI 10 1500 200 140.8/10 1 24
p-VON@C 10 2000 265 296/10 2 25
V,0;-SP2 10 2000 235 264.6/10 - 11
VO, 20 2000 194 272/20 2 26
V,0;@CSs 10 3000 150 216/20 ~1.5 19
VOOH/V S, 10 700 235 243/10 1.8-2.3 27
VS,-M 3 900 101 150.5/2 1.27-2.55 28
ZnV,S, 4 1000 246 230/8 0.8-1.4 29
SL-VS,@CS 8 1000 218.2 206.5/8 - 30
VS, 1 V,CiTy 5 2000 155 143.2/20 - 31
Co-VS,5-0.03 5 3000 160 270.7/5 0.66 32
6 -MnO, 3 1000 150 141/3 - 33
Alj 05-MnO, 1 1000 130 135.8/8 1.5 34
Ceinjinter-MnO, 3 2000 150 140.5/3 1-2 35
BiO-MnO, 2 2000 140 204.5/4 1-2 36
KMO-NAPD 4 2000 75 70/8 - 37
Mn-PBA-3 10 2000 86 149.5/3 1 38
V-PBA 2 2000 70 27.6/10 0.5-0.8 39
441/10
C@V,0;@C 30 3000 240 1.2-1.6 This work

402/50




Table S3. Comparison of the rate performance between C@V,0;@C and other vanadium oxide
cathodes for flexible quasi solid-state ZIBs.

Materials e

(mA h g'/A g) References
Vil 164.5/20 0
AVSO@CC 160/20 °
e :
H-V20s 121/30 “
V20s@C 117.5/20 i
H;V30s 170/10 P
NVO,/CNT 193.6/10 .
VS,@CE 148.9/5 i
NVO 170/5 "

C@V,0;@C 320/20 This Work
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