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A Thermochromic Polyoxovanadate with a 200,000-fold
Conductivity Gain for Boosting Zinc-lon Batteries Performance

Ze-Xun Zhang,®* Xiao-Yue Zhang,** Ping-Wei Cai,*? Shou-Tian Zheng*? and Cai Sun*2b

The performance of zinc-ion batteries is hampered by the cathode’s limited Zn?* intercalation capacity and sluggish kinetics.
Herein, we propose, for the first time, a thermochromic charge-separated strategy that simultaneously enhances capacity,
rate performance, and cycling stability. We synthesized a new organic-inorganic hybrid thermochromic polyoxovanadate
(POV), MV;[H2V10025] (MV2V10, MV = methyl viologen cation) as cathode, which undergoes thermo-induced electron transfer
from O to V, accompanied by color change from yellow to dark green, and the formation of an ultra-stable charge-separated
state over one year, as well as a transition from insulator to semiconductor with 205,000-fold increase of electricity
conductivity. After coloration, the capacity increased significantly by 57.3% from 172.8 to 271.8 mAh g* at 0.1 A g, while
also exhibiting remarkable rate performance of 61.1% retention at a 100-fold higher current density, and cycling stability of
97.6% retention over 6000 cycles at a high current density of 10 A g*. This work presents the first successful application of
electron-transfer thermochromism to enhance ZIBs performance, offering a promising strategy for the development of

advanced cathode materials.

Introduction

Lithium-ion batteries face significant safety challenges due to
flammable organic electrolytes and lithium dendrite-induced short
circuits, despite their high theoretical capacity and dominant role in
applications ranging from portable electronics to grid-scale storage.
4 Consequently, high-capacity
alternative battery technologies is imperative.>® Aqueous zinc-ion

developing cost-effective, safe,
batteries (ZIBs) have emerged as promising candidates for next-
generation energy storage systems due to the advantages of low
redox potential (-0.76 V vs. SHE), high safety, low cost, and high
theoretical capacities (820 mAh g).>!1 As a critical component,
cathode materials play a pivotal role in determining the overall
performance of ZIBs. To date, the development of ZIBs cathodes has
been concentrated on manganese-based oxide,?1* vanadium-based
compounds,>17 Prussian blue analogs,'8-%° iodine,?" 22 and organic
materials.?> 2* Among them, vanadium oxides (VO,) have been
widely studied as cathodes for ZIBs because of their exceptional
theoretical capacity and environmental friendliness.?> 26 Whereas
the dissolution of VO in the electrolyte seriously compromises
cycling stability, leading to battery failure.?”> 28 Compared to VOx
materials, the subclass polyoxovanadates (POVs) offer not only
excellent redox capability via reversible multi-electron transfer?® but
also superior structural stability,3° translating to higher cycling
stability and lower solubility in electrolytes.

However, the limited intercalation capacity of Zn?* ions in POVs
results in a relatively low capacity compared to VOx materials.
Furthermore, the discrete nature of POV clusters impedes the
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establishment of efficient electron conduction pathways, leading to
inherently low electronic conductivity, consequently poor rate
capacity. These two key limitations significantly hinder the broader
application of POVs as cathode materials in ZIBs (Scheme 1a).
Therefore, simultaneously enhancing both the capacity and rate
performance of POV-based cathodes represents a critical and urgent
challenge for their practical implementation.

If a POV exhibits charge-separated characteristics, it holds promise
for simultaneously enhancing both the capacity and rate
performance of ZIB cathodes. The additional electrons and holes of
the charge-separated state can enhance performance in two key
ways: (1) more electrons from the external circuit inject into the POV
cathode accommodated by holes, as well as facilitating the insertion
of more Zn?* ions driven by these electrons, thereby increasing
capacity; and (2) they act as charge carriers, boosting intrinsic
conductivity and consequently improving rate performance. The key
is to construct a stable charge-separated POV material with carrier
channels (Scheme 1b).

Electron-transfer (ET) thermochromic materials have been
reported to form charge-separated states.3!

heterocyclic aromatic cations, particularly methylviologen (MV?*),

Moreover, N-

can effectively stabilize these states through m-cation polarization
effects.3? Inspired by this, we synthesized a novel POV, MV3[H;V1001s]
(MV,V10), by incorporating MV as the countercation. MV,V1o exhibits
thermochromic properties and undergoes thermo-induced electron
transfer (TIET) from O to V after heating, with the formation of an
ultra-stable charge-separated state over one year under ambient
conditions. Interestingly, the observed conductivity ratio between
the colored and initial samples reached 205,000-fold, representing a
record for switchable bistable semiconductors.3338 The colored
sample demonstrates excellent performance as a cathode material
for ZIBs: (1) it delivers a high capacity of 271.8 mAh gt at 0.1 A g?,
representing a 57.3% increase compared to the initial sample; (2) it
retains 61.1% capacity at a 100-fold higher current density,
significantly exceeding the 33.1% retention of the initial sample; (3)
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Scheme 1. a) Schematic diagram of the ZIBs performance hampered by the cathode's limited capacity and slow kinetics; b) Proposed
thermochromic charge-separated strategy to enhance ZIBs performance.

it exhibits outstanding long-term cyclability with 97.6% capacity
retention after 6000 cycles at 10 A g, substantially higher than
the83.4% observed for the initial sample. The colored sample also
outperforms excellent vanadium-based compounds in ZIBs.3 39-44
Systematic experimental together with
calculations reveal that the additional electrons and holes contribute

results theoretical
to electrical energy storage and fast kinetics in ZIBs, thereby
enhancing the specific capacity and rate performance. This is the first
example of ET thermochromism to enhance ZIBs performance.

Results and discussion

Crystal Structure

Yellow block-shaped crystals of MV,Viyy were synthesized
hydrothermally by reacting NH,VO3 and MVCl; in water at 120 °C for
3 days, with the pH adjusted to 5.5 using 2 M HCI. The phase purity
of crystal MV,V1o was examined by powder X-ray diffraction (PXRD,
Fig. S1), Fourier transform infrared (FT-IR) spectroscopy (Fig. S2) and
elemental analysis (EA, see the experimental section in the
supporting information). Single-crystal X-ray diffraction (SXRD)
reveals that the molecular structure of MV,;Vie-a consists of an
isolated [H2V10028]*" (V10) polyanion cluster and two MV cations (Fig.
1a). The Vi is constructed from ten edge-sharing distorted VOg
octahedra. There are 28 oxygen atoms, including 2 central oxygen
atoms (Oc), 8 terminal oxygen atoms (O:), 14 uy-bridging oxygen
atoms (u-Op), and 4 us-bridging oxygen atoms (us-Op). The proton
resides on the 04 (u;-O) atom and further forms an O4-H---05
hydrogen bonds with the O5 (O:) from another adjacent Vg cluster
(Figs. 1b, $3), where d(H---05) = 1.86 A, indicating typical hydrogen
bond interactions.*> Adjacent clusters are bridged by two such
hydrogen bonds along the a-axis, generating an infinitely extended
hydrogen-bonded chain. Two MV cations act as counter cation, and
the shortest distances from the N atom in MV to the center of the
pyridine of adjacent MV cations are 4.02 A and 4.85 A, respectively,
indicating negligible m-t interactions.*®

Thermochromism

MV,Vio displays thermochromic properties. The as-synthesized
crystalline sample (MV,Vip-a) changes color from yellow to dark
green (MV,Vi0-b) after heating at 200 °C in air atmosphere (inset of
Fig. 1c). As shown in UV-Vis absorption spectra (Fig. 1c), MV;Vio-a

exhibits a distinct absorption edge at 580 nm, consistent with its
yellow colour. After heating, a new absorption band emerges above
580 nm (Fig. 1c) and extends to 2500 nm (Fig. S4). The absorption
intensity increases progressively with prolonged heating time, and
the coloration tends to be saturated after 180 minutes of heating.

Thermogravimetry analysis (TGA, Fig. S5) indicates that MV,Vig

remains stable up to at least 200 °C. PXRD patterns (Fig. S1), FT-IR
spectroscopy (Fig. S2) demonstrates that MV,Vio-b undergoes no
significant structural changes during the coloration process, which
are further corroborated by SXRD data (Tables. S1, S2). These results
demonstrate that the coloration does not derive from thermally
induced decomposition or structural isomerization.

Subsequently, no electron paramagnetic resonance (EPR) signal is
detected for MV,V1o-a, while characteristic unpaired electron signals
are observed after coloration (Fig. 1d). The rhombic symmetry signal
at g, = 1.98 and g, = 1.91, clearly confirms the presence of VV,
confirming that the thermochromic mechanism originates from
electron transfer. So, the thermo-induced absorption band above
580 nm can be attributed to V"V-to-VV intervalence charge transfer
(IVCT). X-ray photoelectron spectroscopy (XPS, Figs. le, 1f) further
confirms the electron transfer behavior. The V 2p core-level
spectrum exhibits significant changes after coloration. Prior to
coloration, VV is characterized by peaks at approximately 517.23 eV
(2p3/2) and 524.56 eV (2p1/2). After coloration, new peaks emerge at
lower binding energies (515.92 eV for 2ps;; and 523.00 eV for 2p1,2),
attributed to the formation of partial VV, indicating V atoms acting
as electron receptors. Concurrently, the initial O 1s peak at 529.29
eV is accompanied by a new peak at higher binding energy (530.23
eV), indicating O atoms acting as electron donors. Band structure (BS)
and density of states (DOS) calculations reveal a bandgap of ~2.25 eV
(Figs. 1g, S6-57). The valence band maximum (VBM) is predominantly
composed of O 2p orbitals, while the conduction band minimum
(CBM) consists primarily of V 3d orbitals, suggesting favorable
electronic transfer from O to V sites. Electron density difference (Ap)
isosurfaces (Fig. 1h) clearly visualize electron transfer from bridging
oxygen atoms (Oyp) to adjacent V atoms, localizing holes on Oy, and
confirming the charge-separated state. This is further corroborated
by calculated ADCH and Hirshfeld charges, which show increased
positive charge on Oy, and increased negative charge on adjacent V
atoms in the charge-separated state (Fig. S8, Table S3). Remarkably,
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Fig. 1. For MV,V10. a) Molecular structure; b) Vi cluster chain connecting by dual hydrogen bonds along a-axis; c) Time-dependent UV-vis
spectra, inset: Colour change after heating; d) EPR spectra of MV,Vig-a, MV2V10-b and simulated MV,Vi0-b, where [g,, g//] = [1.98, 1.91]; e-f)
XPS (Al-Ka) core level spectra of V 2p and O 1s. g) BS (left) and DOS (right). The Fermi level is set to zero. h) Electron density difference of V1o
structure, yellow and dark green colors represent charge accumulation and depletion after electron transfer, respectively.

MV,Vi0-b exhibits a long-lived charge-separated state that remains
stable for over one year under ambient conditions (Fig. S9). This
exceptional stability is mainly due to the strong m-cation polarization
effect of the MV, which effectively stabilizes the charge-separated
state of the Vi cluster.3?

Electrical conductivity

Bulk electrical properties of MV,V1p were measured using a lateral
device configuration via the two-probe method with silver paste
contacts at room temperature (Fig. 2a, S10). Pellet samples of both
MVyVig-a and MV,Vie-b exhibit Ohmic current-voltage (/-V)
characteristics. Remarkably, the electrical conductivity increases by
five orders of magnitude of 205,000-fold from an insulating level
(6.25x10°1°S cm?) to a semiconducting level (1.28 x 10 S cm'?) after
knowledge, this represents the highest
conductivity contrast reported to date for switchable bistable

coloration. To our

This journal is © The Royal Society of Chemistry 20xx

semiconductors (Table S4). The linear relationship between the
natural logarithm of o versus 1/T reveals a decrease in activation
energy (E;) from 0.37 to 0.33 eV after coloration, indicating an
increase in carrier density (Fig. 2b).3® Hall effect measurements
further confirm n-type semiconducting behavior in MV,Vie-b,
revealing a carrier concentration of 1.01 x 10'* cm and mobility of
2.65 cm? V1 s1 (Table S5). Notably, the carrier concentration in
MV,Vi0-b exceeds that of commercial semiconductors (e.g., Si, Ge,
GaAs) (Table S6).*” To elucidate the origin of the conductivity
enhancement, anisotropic conductivity measurements were
performed on single crystals of MV,V1o. The results reveal a 35- fold
higher conductivity along the a-axis direction compared to the
perpendicular direction, indicating preferential carrier transport
along the a-axis (Figs. 2c, S11). This suggests that

J. Name., 2013, 00, 1-3 | 3
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Fig. 2. a) I-V curves of pellet sample MV,Vip0-a and MV,Vi0-b, inset: photographs of two-probe electrical test method. b) Arrhenius plots. Eq
is the activation energy. c) I-V curves and photographs of single crystal sample MV,V10-a, along (lla) and perpendicular (La) to the a-axis.

carriers generated by TIET are not localized on individual Vi clusters
but likely migrate via the dual O4—H---O5 hydrogen bonds between
adjacent Vg clusters along the g-axis.

Electrochemical performances of ZIBs

Motivated by the ultra-stable charge-separated state and huge
conductivity enhancement (Figs. 2a, S12) of MV,Vyo after coloration
and exhibits stability in the electrolyte (Fig. S13), we further
evaluated its zinc storage performance as cathode materials for
aqueous ZIBs. Fig. 3a shows the configuration of the ZIBs. Figs. 3b,
S14 display the cyclic voltammetry (CV) curves. For MV,V1o-a, only a
distinct reduction peak is observed in first the CV scan, whereas
MV,V10-b displays two reduction peaks (V** to V4 and V** to V37),
indicating stronger redox activity of MV,V1o-b.*8 The slight peak shifts
between the first and second scans, which facilitates charge transfer
and lowers the electrochemical energy barrier.*® The pronounced
current at 0.2 V and overlapping features near 1.9 V in MV;Vio-b
indicate the formation of stable cathode electrolyte interphase,
which suppresses vanadium dissolution.® Moreover, MV;Vig-b
cathode exhibits a larger CV integral area (1.34) compared to
MV3Vio-a (0.61, Fig. 3c), indicating a higher specific capacity. The
galvanostatic charge-discharge (GCD) curves at low current density
of 0.1 A g (Fig. 3d) demonstrate that MV,Vi0-b cathode shows a
higher capacity of 271.8 mAh g compared to that of MV,V10-a (172.8
mAh g1), with a decent cycle life and a coulombic efficiency of nearly
100% after 200 cycles (Figs. S15, S16).

The rate performance of MV,Vio cathode is depicted in Fig. 3e,
S17, where MV;Vip-b shows superior rate capacities compared to
MV,Vip-a. The MV,Vi0-b delivers average capacities of 270.3, 267.6,
252.0, 234.9, 217.5, and 186.0 mAh g?at 0.1,0.2,0.5,1,2,and 5 A
g, respectively. Even under a 100-fold increase in current density
from 0.1 to 10 A g%, MV,V10-b maintains 61.1% of its capacity (165.2
mAh g1), which is attributed to its 205,000-fold conductivity gain.
Upon returning to 2.0 A g1, the capacity of MV,Vio-b recovers to
215.3 mAh gl In contrast, MV,Vip-a undergoes a more rapid
capacity decay at 0.2 A g, likely due to more severe dissolution, and
retains only 33.1% of its capacity under the same 100-fold current
density increase, significantly lower than that of MV;Vie-b.

This journal is © The Royal Society of Chemistry 20xx

Additionally, MV,Vip-b shows lower polarization compared to
MV,Vi0-a at various current densities (Fig. S18).

MV,V10-b cathode demonstrates a remarkable capacity retention
of 100% at 2 A g! after 1000 cycles (Fig. 3f), which is superior to
MV,Vio-a electrode of 87.7%. Taken together, these data verify that
the significantly improved cycling stability is attributed to the giant
conductivity gain of MV,Vig-b, which preserves the structural
integrity of the electrode by suppressing irreversible damage during
Zn%* intercalation/deintercalation.

The dQ/dV plots, a useful indicator of cycling stability and
polarization,*! reveal greater curve overlap and a smaller polarization
gap for MV,Vio-b versus MV;,Vip-a (Fig. S19), suggesting reduced
polarization and enhanced cycling stability. Furthermore, the long-
term stability at high current density of 10 A g™! was also evaluated
(Fig. 3g), where MV;,Vip-b cathode delivers a highly reversible
capacity of 142.3 mAh g after 6000 cycles, exhibiting a high-
capacity retention rate of 97.6% and an ultralow capacity fading rate
of 0.0004% per cycle, much higher than that of MV,Vjp-a cathode,
even surpassing many recently reported VOx materials (Fig. 3h and
Table S7). As shown in the Fig. S20, the 1, peak (¥103-1072 s) arises
from ion adsorption/desorption at the electrode surface and the
charge transfer process. In comparison to MV,Vip-a, the lower
impedance contribution and rapid peak attenuation in MV;Vio-b
point to superior interfacial reaction kinetics, attributed to the
formation of charge-separated states, which significantly accelerates
the transport of Zn?*, To demonstrate practical availability, coin cells
and soft-pack batteries employing the MV,Vio-b cathode were
fabricated. These devices successfully power a digital timer for 60
minutes (Fig. S21). Notably, the soft-pack batteries maintain
operation under 0° and 180° bending conditions (Figs. 3i, S22),
confirming exceptional flexibility and mechanical robustness.

To investigate the electrochemical reaction kinetics of the MV,V1g
cathode, the pseudocapacitive charge storage and diffusion control
process were evaluated using CV curves at different scan rates (Fig.
4a, S23). The calculated b-values for MV;Vip-a and MV,Vie-b
electrodes are between 0.5 and 1 (Fig. 4b, S24), indicating that the
Zn?* storage behaviors are governed by a combination of diffusion
and capacitive mechanisms. For the MV,Vig-b cathode, the
capacitive contribution gradually increases from 56.6% to 76.5% as

J. Name., 2013, 00, 1-3 | 4
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Fig. 3. a) Schematic diagram of battery configuration with POV 1 as cathode and zinc as anode. b) CV curves of MV;V10-b electrode for first
three cycles at a scan rate of 1.0 mV s™! within a voltage range of 0.2-1.9 V (0.2->1.9 V represent zinc extraction, 1.9-0.2 V represent zinc
insertion). c) CV curves at third cycle; d) Cycling performance of at 0.1 A g7%; e) Rate capability curves at 0.2-10 A g%; f) Cycling performance
at 2 A g'%; g) Cycling performance at 10 A g™ of MV,V1-a and MV,V1o-b cathodes. h) The comparison of cycling stability between this work
and other previous reports (Data sources: Table S7). i) Digital photograph of red LEDs lighted by soft pack battery (3 x 3 cm) in flat state
(consist of MV,V10-b cathode and zinc foil anode).

the scan rate rises from 0.2 to 1 mV s™* (Fig. 4c, 525). In contrast, of Zn?* on the Vo surface in both the pristine and colored states were
MV,Vip-a cathode consistently exhibits lower capacitive evaluated using density functional theory (DFT) calculations. The
contributions across all scan rates (Figs. 526, S27), indicating superior  results demonstrate that the charge-separated state significantly
charge transfer kinetics in the MV,Vie-b cathode, primarily enhances the adsorption energy of Zn?* by approximately 0.15 eV
accounting for its enhanced rate capability. The adsorption energies  (Fig. S28), thereby increasing the contribution to the surface
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L=
capacitance. Moreover, MV,Vio-b cathode demonstrates lower MV,Vip-b cathode, thereby contributing to superior rate
impedance than MV,Vie-a across various voltages (Figs. $29, S30), performance.

indicating superior charge transfer kinetics and enhanced
electrochemical activity. We further calculated the E, values using
the Arrhenius equation at different voltages (Fig. S31). As shown in
Fig. 4d, the E, values of MV,Vio-b cathode were significantly lower
than those of MV,V1p-a cathode across all voltages, indicating more
favorable thermodynamics of the Zn?* ions adsorption and
desorption process, which is conducive to the overall of the ZIBs
performance. The galvanostatic intermittent titration technique
(GITT) was employed to assess the ion diffusion kinetics during the
charge and discharge processes (Fig. 4e). The zZnZ* diffusion
coefficients (Dzn?*) for MV,Vi0-b cathode were calculated to range
from 10° to 10 cm? s! during various stages of zinc
insertion/extraction, which are generally higher than those of

MV,Vio-a electrode (Fig. 4f), indicating faster reaction kinetics of

This journal is © The Royal Society of Chemistry 20xx

To elucidate the zinc storage mechanism of the MV,V10-b cathode
ex-situ XPS and XRD were conducted. The V 2p XPS results (Fig. 4g)
reveal that V>* and V4* are predominant in the pristine state (at open
circuit voltage, OCV). Upon discharged to 0.2 V, the V°* peak
disappears, and V4 and V3* become dominant. When recharged to
1.9V, the valence states of V revert to initial distribution. Thes results
indicate that the zinc storage mechanism at the MV,V1¢-b cathode is
mainly governed by the reversible redox pairs of V4*/V5* and V3*/v4*,
Moreover, two prominent Zn 2p XPS peaks at 1022.48 eV and
1045.62 eV (Fig. 4h) during discharge to 0.2 V confirm successful Zn?*
insertion into the MV,V1p-b cathode. Moreover, the characteristic
diffraction peak (Fig. 4i) at 29.6° shifts to a lower angle when
discharged to 0.2 V, indicating effective Zn?* insertion. Upon charging

J. Name., 2013, 00, 1-3 | 6
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to 1.9V, the peak returns to a higher angle, confirming the reversible
Zn?* intercalation and the excellent structural stability of MV;Vio-b
cathode. In other words, the lattice parameters remain unchanged.
This may be ascribed to the fact that the increased carrier
concentration reduces the electrostatic repulsion during Zn2*
intercalation and expands the transport pathways for Zn2+.

Based on these results, we propose a phenomenological

mechanism for enhanced capacity after coloration (Fig. 5) and gaps
and energy level alignments (vs. vacuum) for MV,Vip-a and MV;V1e-
b (Fig. 5a) were determined by UV-Vis-NIR spectra (Fig. S4) and CV
curves (Fig. S32, Table S8). For the MV,V1o-a electrode (Fig. 5b), Zn%*
ions are stripped from the Zn anode and intercalated into the
cathode during discharge, while electrons flow through the external
circuit into its CB. Upon charging, the process reverses, Zn?* ions
deintercalate from the MV,Vi0-a cathode and plate back onto the Zn
anode, accompanied by the oxidation of MV,Vip-a and electron
extraction from the CB. In contrast, when MV,Vi0-b serves as the
cathode (Fig. 5c), it exists in a stable charge-separated state with
electrons occupying in the CB and holes residing in the VB. During
discharge, as electrons flow into the CB of MV,V10-b via the external
circuit, partial recombination of additional electrons with holes
occurs in the VB, thus enabling enhanced Zn?* intercalation into the
MV,Vio-b electrode. During charging, MV,Vig-b releases more
electrons from its CB than MV,Vio-a, along with more Zn?* ions
deintercalation, thereby leading to an increased charge capacity.
Notably, this additional capacity is reversibly delivered during the
subsequent discharge cycle. As the extra holes are consumed by
recombination in the first cycle, subsequent discharge processes
exclusively involve electron injection into the CB. This mechanism
consistently sustains the high specific capacity of the MV,Vio-b
cathode during extended cycling.

Conclusions

This journal is © The Royal Society of Chemistry 20xx

In summary, we have provided a thermochromic charge-
separated strategy that can effectively enhance capacity, rate
performance, and cycling stability of ZIBs, outperforming
excellent vanadium-based cathodes. The stable charge-
separated state in MV;Vie not only enhances electronic
conductivity by 205,000 of magnitude through dual hydrogen-
bonded inter-cluster pathways, thereby accelerating reaction
kinetics, and enabling excellent rate performance, but also
provides additional electrons and holes, synergistically
contributing to higher capacity. This work demonstrates the
first example of enhanced ZIBs performance induced by the
electron-transfer thermochromism, offering new insights into
the strategy for developing high-performance cathode for ZIBs.
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