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Experimental Procedures
Materials and Methods
Materials
MVCI, was synthesized as described in the literature.! Other chemicals were used as purchased without further purification.
Measurements

Infrared (IR) spectra (KBr pellet) were performed on an Opus Vetex 70 FTIR infrared spectrophotometer in the range of 400-4000 cm™.
Powder X-ray diffraction (PXRD) patterns were recorded on a Rigaku MiniFlex 600 diffractometer with Cu Ka radiation (A = 1.54056 A).
Simulated PXRD data was simulated by the Mercury Software with the step of 0.02° from 5° to 50° (A = 1.54056 A). Thermogravimetric
analyses were conducted using a Mettler Toledo TGA/DSC 3+ analyzer in an N,-flow atmosphere with a heating rate of 10 °C/min at a
temperature of 30—800 °C. ICP-OES analysis was conducted on an Ultima2 spectrometer, and the crystal samples were vacuum dried at 80
°C for 2 h before ICP testing. The UV-Vis spectra were measured on a SHIMADZU UV-2600 and SHIMADZU UV-3600i plus by using the BaSO,4
as the blank. Single-crystal X-ray diffraction measurements were performed on Rigaku XtaLAB Synergy-R, using graphite monochromated
Mo Ka radiation (A = 0.71073 A).

X-ray crystallography

Single-crystal X-ray diffraction measurements were performed on Rigaku XtaLAB Synergy-R, using graphite monochromated Mo K,
radiation (A = 0.71073 A). Intensity data sets were collected using w scan techniques and corrected for Lp effects. The structures were
solved by the direct method and refined by full-matrix least squares on F? using the Siemens SHELXTL™ Version 5 package of
crystallographic software with anisotropic thermal parameters for all non-hydrogen atoms. Hydrogen atoms were added geometrically
and refined using the riding model. Crystal data and structure refinement results for MV,V;, are summarized in Table S1.

Synthesis of MV;[H,V;00,5] (MV,V10)

A mixture of NH4VO3(0.080 g, 0.69 mmol) and methyl viologen dichloride (0.180 g, 0.42 mmol) was mixed in 8 mL deionized water. After
stirring for 1 hours, the mixture was sealed in a 25 mL Teflon-lined autoclave and heated at 120 °C for 3 d. After cooling to room
temperature, allowed to stand undisturbed for a period of time, the filtrate slowly evaporates at room temperature for one week, yielding
yellow rod-like crystals. Subsequent annealing of these crystals at 120 °C for 3 hours yielded compound MV,Vy. Yield: ~ 20 mg (20.3%,
based on NH4VOs). Elemental analysis calcd (found %) for MV,V,g-a: C, 21.67 (21.72); H, 2.11 (2.23); N, 4.22 (4.31), V, 38.3 (38.8) and
MV,Vyo-b: C, 21.67 (21.98); H, 2.11 (2.22); N, 4.22 (4.33), V, 38.3 (38.9).

Synthesis of EQ4[H,V100,5]-H,0 (EQ4V10)

A mixture of NaV03(0.090 g, 0.73 mmol) and ethyl viologen dichloride (0.050 g, 0.23 mmol) was mixed in 8 mL deionized water. After
stirring for 1 hour, the mixture was sealed in a 25 mL Teflon-lined autoclave and heated at 140 °C for 3 d. After cooling to room
temperature, allowed to stand undisturbed for a period of time, the filtrate slowly evaporates at room temperature for ten days. yielding
yellow sheet-like crystals. Yield: ~ 10 mg (24.4%, based on NaVOs).

Electrical Testing

Temperature-dependent electrical conductivities and /-V curves were measured in a Keithley 2636B semiconductor parameter analyzer
using single crystal and pellet samples by the two probe method using silver paste, and in situ heating was also performed on this
instrument. For the Hall-effect measurements, the powdered sample was compacted into circular pellets of 1 cm in diameter. The electrical
transport properties of these pellets were then characterized by a Keithley ET9000. Hall effect measurement system under a specified
magnetic field (1.2 T) and temperature (298 K).

Material Preparation and Electrochemical Testing

The cathode MV,V4-b was prepared by mixing MV,V4-b, acetylene black, and PVDF in a weight ratio of 7:2:1. An appropriate amount
of NMP (N-methyl-2-pyrrolidone) was added to form a slurry. The slurry was uniformly coated onto a titanium foil and then dried under
vacuum for 12 hours to obtain the final cathode composite. The anode was 100 um zinc foil. The separator used was Whatman GF/D, and
the electrolyte was 3M Zn(OTF),. All the batteries were assembled in CR2032-type coins at room temperature. The electrochemical
impedance spectroscopy (EIS) was tested at a constant frequency range between 102 — 10° Hz. The coin-type batteries were tested for
cyclic voltammetry using a CHI660E electrochemical workstation. The three-electrode system was employed to measure cyclic
voltammetry using a Zennium-pro (Germany Zahner Instrument), the CV plot used to estimate the energy bonds positions was tested in
0.2 M KHCO;s electrolyte at the scan rate of 20 mV s,

The analyses of capacitive control: the square root of the peak current (i) is not well proportional to the scan rate (v), indicating a
combination of non-Faraday and Faraday behaviors in the charge/discharge process. On the basis of a previous study,? the correlation
equation between i and v is as follows:
i= avb#(l)
log (i) = blog(v) + log (a)#(2)

where g and b are adjustable parameters. When the value of b is 0.5, ion diffusion dominates the charge/discharge process.

The proportion of the Zn?* capacitance effect can be (flblrther quantified by dividing the current response i at a fixed potential into a
capacitance effect and a diffusion control response 2V The capacitive effect can be calculated via the following equation: 3



i =k + k,w'/?#(3)

GITT test: For GITT analyses, the cells were cycled in the potential window of 0.2-1.9 V vs. Zn/Zn?* at 20 mA g. The duration time for
each applied galvanostatic current was 10 min and then the cell was relaxed for 20 min. The apparent chemical diffusion coefficients

values can be caloulgfiég X ggg to the following equation: 4
DGITszr M 5)3 AE) #(4)
B T,

where mg Vy and My are the mass, molar volume and molecular weight of the MV,V,o-b, respectively. 7 is the time for an applied
galvanostatic current; S is the contacting area of the electrode; AE; and AE; are the quasi-equilibrium potential and the change of cell
voltage during the galvanostatic current pulse, respectively.

Computational approaches

The BS and PDOS calculations were based on the density functional theory in conjunction with the projector-augmented-wave potential,
which is implemented in the Vienna ab initio Simulation Package.> The Perdew-Burke-Ernzerh of exchange-correlation functionals was
used.b The crystallographic data of MV,V;, was applied to build calculation models with a plane-wave cutoff energy of 400 eV and a3 x 2
x 3 Monkhorst—Pack grid of k-points. All atoms were allowed to relax until the forces fell below 0.01 eV A-L.

The molecular model of V,o was taken from the above optimized structure of MV,V,, for below DFT calculations (Fig S10). The DFT
calculations of the wave function for MV,V,4-a and MV,V1o-b were done in Gaussian 09 DO1 version’ using the PBE functional with 6-311G*
and SDD basis sets for O and Mo, respectively. The analysis of wave function for electron density difference, ADCH charge, and Hirshfeld
charge were derived using the Multiwfn software.® Electron density difference calculations were conducted on the basis of the following
equation: Ap =py1g.b —Pvi0-a, Where pyig.. and pyio.p Were electron densities of the MV,Vp-a and MV,V44-b, respectively.



Supplementary Tables.

Table S1. Crystal and structure refinement data for MV,Vi-a and MV,Vy4-b.

MVzvlo-a MVzvlo-b
Formula C24H30N4028V10 Ca4H30N4028V 10
Mr 1329.90 1329.90
Crystal size (mm?3) 0.13x0.11 x 0.10 0.13x0.11 x 0.10
Crystal system monoclinic monoclinic
Space group P2./n P2./n
a(A) 10.0360(2) 10.0240(2)
b (A) 15.9655(3) 15.9986(3)
c(A) 11.9170(2) 11.9042(2)
a(deg) 90 90
Bldeg) 91.246(2) 91.101(2)
7(deg) 90 90
V(A3 1909.01(6) 1908.72(6)
Dearca (8/cm3) 2314 2.314
z 2 2
F(000) 1038.0 1308.0
Abs coeff (mm™) 2.439 2.440
Refund collcd/unique (Rin) 43032/5101 (0.0426) 37357/4681 (0.0583)
Data/params/restraints 5101/0/300 4681/0/300
R 0.0388 0.0580
wRy® 0.0835 0.1322
GOF on F? 1.136 1.180
A Prmax and ApPmin (e/A3) 1.02 and -0.56 1.75 and -0.79

°Ry = 2| |FolHFl/ZIFol, PwR, = {Xwl(Fo)~(F )1/ Zwl(Fo) 2}



Table S2. Comparative analysis of bond lengths between MV,Vy-a and MV,V;y-b.

bond bond length of MV,Vyo-a (A) bond length of MV,Vyo-b (A)
C10-C11 1.370(5) 1.370(9)
c2-c1 1.380(5) 1.376(9)
c3-C2 1.400(5) 1.401(9)
c4-c3 1.385(5) 1.377(9)
C4-C5 1.384(5) 1.385(9)
C7-C8 1.379(5) 1.382(9)
C9-C8 1.398(5) 1.394(9)
C9-C10 1.400(5) 1.392(9)
C9-C3 1.483(5) 1.486(9)
N1-C5 1.350(4) 1.362(8)
N1-C1 1.342(4) 1.349(8)
N1-C6 1.484(4) 1.478(8)
N2-C7 1.346(5) 1.340(8)
N2-C12 1.489(4) 1.488(8)
N2-C11 1.350(5) 1.353(8)
V1-013! 2.305(2) 2.300(4)
V1-04 2.053(2) 1.767(4)
V1-0141 1.993(2) 1.996(4)
V1-03 1.768(2) 2.051(4)
V1-02 1.859(2) 1.855(4)
V1-01 1.606(2) 1.604(4)
V2-0131 2.325(2) 2.312(4)
V2-06 1.949(2) 1.857(4)
V2-011 2.063(2) 2.061(4)
V2-02 1.782(2) 1.788(4)
V2-08 1.858(2) 1.953(4)
V2-07 1.609(2) 1.616(4)
Vv3-013! 2.288(2) 2.240(4)
V3-012 1.939(2) 1.899(4)
V3-010! 2.024(2) 2.074(4)
V3-03 1.901(2) 1.976(4)
V3-08 1.786(2) 1.748(4)
V3-09 1.605(2) 1.620(4)
V4-013! 2.245(2) 2.288(4)
V4-012 2.071(2) 2.021(4)
V4-04 1.977(2) 1.899(4)
V4-010 1.901(2) 1.941(4)
V4-06 1.742(2) 1.787(4)
V4-05 1.620(2) 1.599(4)
V5-013 2.102(2) 2.113(4)
V5-0131 2.108(2) 2.108(4)
V5-012 1.916(2) 1.956(4)
V5-010 1.954(2) 1.913(4)
V5-014 1.696(2) 1.692(4)
V5-011 1.690(2) 1.689(4)




Table S3. Calculated ADC charge and Hirshfeld charge for initial (V,0-a) and charge separated state (V19-b) of V4.

Atom ADC charge Hirshfeld charge
Vip-a Vig-b Vig-a Vip-b
1(V) 0.525271 0.502603 0.52068696 0.49556351
2(V) 0.52829 0.496832 0.5263207 0.4864589
3(V) 0.512829 0.505283 0.55525096 0.54490471
4(V) 0.518668 0.5053 0.52258985 0.50839318
5(V) 0.512942 0.506138 0.55537578 0.54597511
6(V) 0.525063 0.505713 0.52055683 0.49904793
7(V) 0.518542 0.507115 0.52248229 0.51015397
8(V) 0.52205 0.522449 0.51964021 0.51651016
9(V) 0.522065 0.522014 0.51952635 0.51589929
10(V) 0.528301 0.501269 0.5263226 0.49198376
11(0) -0.375012 -0.355006 -0.35378485 -0.33386909
12(0) -0.373533 -0.39718 -0.39579029 -0.41129839
13(0) -0.345832 -0.278477 -0.33870258 -0.27406216
14(0) -0.278921 -0.273873 -0.32098713 -0.31572211
15(0) -0.268583 -0.264348 -0.31251057 -0.30838579
16(0) -0.278646 -0.274394 -0.32086866 -0.31630581
17(0) -0.268633 -0.263545 -0.31257999 -0.30807947
18(0) -0.374727 -0.357845 -0.35370059 -0.33690067
19(0) -0.344626 -0.305823 -0.34001002 -0.30316907
20(0) -0.367952 -0.380965 -0.3920879 -0.40054791
21(0) -0.345473 -0.288119 -0.33861693 -0.28355762
22(0) -0.323368 -0.329283 -0.35435133 -0.35788112
23(0) -0.362642 -0.36285 -0.35061229 -0.35064085
24(0) -0.361364 -0.36628 -0.37940057 -0.38242746
25(0) -0.36268 -0.363011 -0.35065963 -0.35079271
26(0) -0.361603 -0.366828 -0.3795415 -0.38273456
27(0) -0.344642 -0.300015 -0.34002215 -0.2976369
28(0) -0.367725 -0.382762 -0.39197403 -0.40176153
29(0) -0.32327 -0.329957 -0.35432467 -0.35834304
30(0) -0.373982 -0.394497 -0.39603333 -0.40949179
31(0) -0.390637 -0.389326 -0.33370921 -0.33486662
32(0) -0.471355 -0.4755 -0.27690284 -0.27868635
33(0) -0.390596 -0.389262 -0.33366074 -0.33447765
34(0) -0.341641 -0.345878 -0.33140181 -0.33319683
35(0) -0.341991 -0.348528 -0.32818533 -0.33159369
36(0) -0.341596 -0.346471 -0.33141262 -0.33338146
37(0) -0.342115 -0.347949 -0.3282635 -0.33138419
38(0) -0.471524 -0.475112 -0.27694963 -0.27847016
39(H) 0.344197 0.342982 0.16807651 0.166211
40(H) 0.344303 0.343266 0.16806638 0.16644331




Table S4. Contrast reported to date for switchable bistable semiconductors.

Material Method SWItCh_?ﬁ (s Swntch_lon (s Switch ratio Ref.
cm?) cm?)
MV,Vip-b thermoinduced 6.25x1010 1.28x10* 2.05x10° This Work
(H,bipy)(Hox), photoinduced 7.26x1011 1.86x107° 250 s
{[Pb;Cl¢(CV)] H,0]}, photoinduced 7.16x1011 1.23x107 1720 10
dlarylethene—t?ased' single- photoinduced NA NA ~100 1
molecule junction
CsSnls thermoinduced 16 208 13 12
[H,1] [H,BPCH]-H,0] photoinduced 0.1040.05  1.55+0.20 16 6
((Me)spytpy)[BiClg]-2H,0 photoinduced 1.77x1012 9.34x101? 4
13
((Me)spytpy)[Bi,Cls]-H,0 photoinduced 8.78x101? 2.47x1011 2
{(MV),[PbBrgl}, thermoinduced 1.30x10° 2.10x101%0 5.8 14
(AEV)[Pb,Brg] thermoinduced 5.58x108 1.24x10%° 450 5
[(HDMA)4(Pb3Bry0)(PhSQ),], photoinduced 8.92 x 10°° 6.11 x 10710 14.6 16

Table S5. The reproducibility experiments of hall effect measurements by van der Pauw methods under the same condition (298 K, 1.2 T).

Sample No. Hall coefficient Hall carrier concentration Hall electron mobility
(cm3/C) (cm3) (cm?/Vs)
1 -3.774887x10* 1.653416x104 1.385370
2 -6.554461x10* 9.522461x10%3 2.396977
3 -1.184127x10° 5.270937x10%3 4.326157
4 -6.850045x10* 9.111561x10%3 2.496723
Average -7.255166x10* 1.010978x10% 2.651307

Table S6. The comparison of carrier concentration between this work and commercial semiconductors.

Materials Carrier concentration (cm-3)
MV,Vio-b 1.01x10%
Si 1.5x101%0
Ge 2.4x1013
GaAs 1.8x10°




Table S7.

Materials Current (A g?) Cycle number (n) retceanz?‘:ri]t\(/%) Ref.
MV,Vy0-b 2 1000 100 This work
MV,V14-b 10 5900 97.6 This work
Na,CaV,0;, (NCVO) 10 5000 91.9 17
Zng25V,05-nH,0 2.4 1000 80 18
ZnMn,0, 0.5 500 94 »
HAVO-FeMog-50 0.5 100 85.4 20
V,0;-CC 10 5000 71.0 2
MnV,0, 5 4000 73 2
Zn3V;0g 5 2000 72.6 3
K1.15sVs013-1.3H,0. 4 4000 75.8 24
V,05-nH,0 6 900 71.0 %
Nig25V,05:0.88H,0 10 10000 77.0 26
KV,04P0,-3.2H,0 (KVP) 3 3000 75.0 7
NagV100,8 0.1 100 83.8 28

comparison of cycling stability between this work and other previous reports.

The



Table S8. Estimation of conduction band and valence band positions of MV,Vp-a and MV,V14-b.

E°red vs. Ag/AgCl  E°redvs.NHE  CB (eV)—( E° vs. NHE Band gap (Eg, VB (eV) —(Eg)+CB

(V) (V) +4.45V) ev)
MV,Vye-a -0.69 -0.49 -3.96 2.07 -6.03
MV,V,o-b -0.68 -0.48 -3.97 0.68 -4.65
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Figure S2. IR spectra of MV,V,4-a and MV,V,4-b.Peaks at 3101, 3059 cm! ascribe to the v(=C-H); peaks at 1637, 1558, 1499 cm ascribe to the
v(pyridine skeleton); peaks at 1448, 1333 cm™ ascribe to the §(C-H) in —CH3; peaks at positions 1350-1100 cm! mainly ascribe to the v(C-N); the

peaks below 1000 cm™ mainly ascribe to the v(V-0) ~ v(V=0) and partly 6(=C-H).
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Figure S3. Stacking of the MV,V, in the bc-plane (a), hydrogen-bonded chain networks between [H,V1002s]* anions (b), and the interaction

between MV?* (c).
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Figure S5. Thermogravimetric analysis of MV,Vq.
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Figure S7. The partial density of states (PDOS) for V atoms, O atoms.The Fermi level is set to zero.



Figure S8. The calculated model of V,,, extracted from MV,V,.

a b
) — Initial State )
——Colored State

154 - 360 days
- 91 9
=1 ] 1 -
o J\ ! Simu_MV,V,,-b
7] \ L'_fy.
£1.0- T
s _J\f MV,V4q-b
(0]
o
<

05- _J\_/Mvgvm-b one year

200 400 600 800 3200 3400 3600 3800 4000 4200
Wavelength (nm) Magnetic Field (Guass)

Figure S9. (a) Stability test of charge-separated state. (b) EPR spectra of MV,V,4-b, MV,V;4-b one year and simulated MV,V,o-b, where [g,, g//] =

[1.98, 1.91].
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Figure S10. /-V curves of pellet sample MV,Vp-a, MV,V19-b and MV,V,,-160°C. Pellet samples of both MV,Vy4-a, MV,V1,-160°C and MV,Vy4-b
exhibit Ohmic current-voltage (/-V) characteristics. Remarkably, the conductivity increased by 691 times (4.32 x 107 S cm™) upon annealing at
160°C, the electrical conductivity increases by five orders of magnitude of 205,000-fold from an insulating level (6.25 x 10°Scm™) to a

semiconducting level (1.28 x 10 S cm?) after coloration.
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Figure S11. /-V curves and photographs of single crystal sample MV,Vy4-b, along (lla) and perpendicular (La) to the a-axis.
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Figure S12. /-V curves of pellet sample MV,V-a@C and MV,V,,-b@C. To verify the conductivity variation of the composite MV,V,, electrode
material, we mixed the components in the same ratio and found that the conductivity of MV,Vo-b@C (1.48 S cm™) was also significantly

improved compared with MV,V;p-a@C (0.27 S cm™).
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Figure S13. The simulated and experimental PXRD patterns of MV,V;o-b soak in electrolyte.

15



2{MV,V,-a 120 15t cycle
2" cycle
3 cycle
< 11
£
£ i
(O]
£ 0 e
8 Severe V
0.56 0.93 dissolution
1
04 08 12 16 20
Voltage (V)
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Voltage (V)

o
[+2]
L

0.44

MV,V,;-b
0.1Ag"

_151

100 150 200
Capacity (mAh g™)

250 0

50

100 150 200
Capacity (mAh g')

250

Figure S16. Charge/Discharge curves of the MV,V,5-a and MV,V,,-b cathode at 0.1 A g2,

16




MV, V,-a MV Vb

.,--*/J{
0521050201

Unit:Ag”

105210502 0.1
© Unit:Ag"”

\ 0.4-
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Capacity (mAh g™ Capacity (mAh g™")

Figure S17. Charge/Discharge curves of the MV,V,5-a and MV,V,4-b cathode at 0.1-10 A g™
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Figure S19. DQ/DV curves of the different cathodes at 2 A g2.

17

1.6 2.0




a) b)
‘ I 500.0 I 500.0
g —_ g —
(5] g* [15] xC_}/
& s 8 E
5 =3 -
> >
0.000 0.000
-5 -4 -3 2
Log (t, 8)

Figure S20. DRT of plots of the EIS of (a) MV,V1-b and (b) MV,V g-a at room temperature.

Figure S21. The MV,V14-b coin cell battery provides continuous power for the digital display for 60 min.

Figure S22. Driving red light bulbs of the soft pack battery (3 x 3 cm™) in bent 180° state.
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Figure S23. CV curves of MV,V,4-a at different scan rates from 0.2 to 1.0 mV s™.
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Figure S24. Plots of log(i) vs log(v) of the current response at the four peaks shown in Figure S19.
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Figure S25. Capacitive contribution at different scan rates for MV,V;-b.
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Figure S26. Capacity contribution ratios at different scan rates for MV,Vy,-a.
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Figure S27. Capacitive contribution at different scan rates for MV,Vqp-a.
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Figure S29. EIS plots of MV,V¢-a at different temperature gradients of 0.8 V, 1.2V, 1.4V, and 1.6 V, respectively.
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Figure S28. Calculated adsorption energy of Zn?*.
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Figure S30. EIS plots of MV,Vy4-b at different temperature gradients of 0.8 V, 1.2V, 1.4V, and 1.6 V, respectively.
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Figure S31. Arrhenius curves at different voltage for MV,V,p-a and MV,Vy,-b cathode.
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Figure S32. (a-b) CV curve of MV,Vy5-a and MV,Vy-b used as working electrodes at 20 mV s in 0.2 M KHCO; aqueous solution.
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