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years. Here, zinc-ion-intercalation-based multicolor electrochromic = . o o 0 0

energy storage devices (EESDs) based on a free-standing Zn**-based g

polymeric electrolyte membrane (ZPEM) and a nanocrystal-in-glass IV: +1.5V, d=1.329 nm « ¥ 1410V, d=1313 nm ;
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Zn(CF;803),-propylene carbonate (PC) electrolyte. Impressively, highly v.20v w0 ® 7 v Energs Storage!
reversible multi-electrochromism among greenish-blue, yellowish-green, é S8 e Mgtz Layer Release
greenish-yellow, faint-yellow, yellowish-orange, and reddish-orange s s s o e | L€

colors is observed in both flexible V,O; thin films and flexible ZPEM/ 22 @ o Blectrolyte Clamnel | T ¢ |
V,0;/indium tin oxide (ITO) EESDs, which enjoy the benefits from the

free channel originating from the large interlayer spacing, the buffering effect of the amorphous phase in the host nanocrystal-in-glass
V, 05 matrix, the robust electrostatic interactions between the host V,05 and guest Zn**, and Faradaic redox reactions at the Zn>*/
V,0; active interface. The flexible multicolor EESD based on zinc ion intercalation and deintercalation exhibits remarkable
electrochromic and energy storage performance with a high transmittance modulation of 57.88%, an excellent coloration efficiency of
36.91 cm® C™', a superior specific capacitance of 51 uF cm™, an enhanced rate capacity, and a pseudocapacitive feature, making it a
promising candidate for cost-efficient, environmentally friendly, and bifunctional electrochromic devices.

KEYWORDS: zinc-ion intercalation, multicolor electrochromism, vanadium pentoxide, electrochromic energy storage devices,
flexible electrochromic devices

B INTRODUCTION provides a large areal capacitance (~14.9 mF cm™?), an
excellent Coulombic efficiency (~99%), an ultrahigh charging/
discharging cyclic stability (>10000 cycles), and good self-
discharging durability.” However, the energy density falls short
of practical application because of the electrostatic-charge
storage mechanism.” This problem can be tackled using
pseudocapacitive materials, like transition-metal oxides or
conductive polymers, because of their high theoretical capacity,
which can enhance the energy density.””'" For instance, a
nanocomposite NiO-TiO, thin film of a polycrystalline-in-glass
electrolyte matrix has been demonstrated to manifest an
excellent reversible electro-optic durability and a large charge/

To meet the future demand of portable electronics, there is an
urgent need to develop flexible, light-weighted, and high-
performance multifunctional energy storage devices having a
higher power density and large energy capacity.' > Electro-
chromic energy storage devices (EESDs) integrating electro-
chromism and energy storage show increasingly bright
prospects. This combination achieves the advantages of the
two related electrochemical applications. On the one hand,
charges can be stored in EESDs when the electrochromic
devices (ECDs) change their color; on the other hand, the
state of energy storage can be inspected by simple glances.”
Over the past few years, electrochromic supercapacitors

EZIAPPLIED 0"

(ECSs) have attracted extensive interest as a state-of-the-art Received: August 18, 2021 3’.@
energy storage device due to their unique advantage when Accepted: December 7, 2021 FE 3
compared to the conventional storage media such as batteries Published: December 21, 2021

and electrostatic capacitors.” A typical example is that an
electrochromic supercapacitor (ECS) composed of WO, and
NiO can deliver a high-performance operating regime, which
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Figure 1. (a) Schematic illustration and (b) ex situ optical transmittance spectra of Zn**-based polymeric electrolyte membrane. Inset: digital
photographs of the V,0; electrochromic device in various colored and bleached states. (c) Commission Internationale de L'Eclairage (CIE)
coordinates of the flexible ZPEM/V,0O;/indium tin oxide (ITO) EESD in various colored states from —0.5 to +2.0 V. (d) In situ optical density
variation versus charge density for the EESD. (e) Galvanostatic charge/discharge (GCD) curves of the flexible ZPEM/V,0;/ITO EESD at different
current densities from 75.0 to 125.0 uA cm™ (f) Digital photograph of the open-circuit voltage of a single fully bleached (+2.0 V) ZPEM/V,0;/
ITO EESD. (g) Digital photographs of the brightest state of the green light-emitting diode (LED) driven by a couple of the fully bleached (+2.0 V)

ZPEM/V,04/ITO EESDs in series.

discharge capacity.'’ Recently, the concurrent electrochromic
and pseudocapacitive roles of a poly(3,4-ethylenedioxypyrrole)
(PEDOP)—Au@WO; hybrid film in 1-butyl-3-methyl imida-
zoliumtriflate electrolyte have been established, in the hope of
providing a new electrochromic approach for coupling this
conducting polymer with electroactive oxide nanostructures.'”
Unfortunately, all of the previously mentioned methods suffer
from some serious limitations. For example, despite the wide
usage of tungsten oxide in electrochromic supercapacitors, the
monochromic change from transparency to blue limits the
practical application.'” Thus, V,0-based materials have been
brought into view as the most propitious candidates for
electrochromic supercapacitors. For instance, a novel aqueous
Zn—V;0, electrochromic battery display using synthesized
colloidal V30, nanoparticles (cathodes) and Zn foils (anodes)
demonstrates reversible color change (yellow, grayish-blue, and
half yellow—half grayish-blue images) and partial energy
retrieval functions. ' In addition to that, it has been reported
that the layered structure of V,0O; enjoys a variety of
advantages, such as shortening the switching time by offering
a free channel between layers and increasing the capacity of the
capacitor by offering more voids for intercalation, thus
significantly enhancing the electrochemical performance.">~"*
Also, Li-ion pseudocapacitors suffer from several restrictions,
such as the rigidity of the assembling environment, the
flammability and toxicity of organic electrolyte solutions, and
the potential risk of the Li source.'” Recent studies reported by
Li et al. also support the hypothesis that the highly efficient
intercalation of Al ions into layered single-crystal W3O,
electrodes with a hierarchically porous structure and wide
lattice spacing results in high-performance electrochromic
supercapacitor devices based on electrochemical storage.”’ The
evidence presented thus far supports the idea that trivalent Al-
ion-intercalation-based electrochromic devices benefit from
high capacity, small ionic radius, cost-effectiveness, and
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safety.”"”> However, aluminum ions usually lead to many
undesirable ionic behaviors. The study showed that AI** has
been proven to have a stronger inhibition effect than Zn**
because of its larger hydrated ionic radius and higher binding
capacity.”® In addition, Zn** has a small ionic radius of 0.074
nm, comparable to that of Li* (0.069 nm), while the
electrostatic interaction is stronger between Zn>' and the
lattice of the host material, making them promising for
electrochromic energy storage devices. * However, to the best
of our knowledge, an active interface of a V,05/ Zn**-based
electrolyte has not been applied in multicolor electrochromic
energy storage devices, and the understanding of interfacial
charge transfer and zinc ion intercalation and deintercalation
dynamics in V,Oj electrochromic thin films is very limited.

In this paper, a novelly assembled flexible electrochromic
energy storage device (EESD) combining two advantageous
materials of zinc ions and a layered V,Og thin film shows a
multicolor electrochromism and a pseudocapacitive energy
storage feature by introducing a free-standing Zn**-based
polymeric electrolyte membrane (ZPEM) as the electrolyte
layer, as shown in Figure 1. Also, an overall understanding of
the sources of the enhanced interfacial charge transfer and the
dynamics of zinc ion intercalation/deintercalation in a
nanocrystal-in-glass V,Oj thin film with a layered structure is
uncovered.

B EXPERIMENTAL SECTION

The V,0O; thin films were synthesized using a two-electrode
electrochemical deposition system with an indium tin oxide (ITO)/
poly(ethylene terephthalate) (PET) substrate as the working
electrode and a Pt sheet as the counter electrode. The square
resistance and thickness of the ITO thin film electrode are estimated
to be 80—100 Q sq~" and 100—150 nm, respectively. First, 0.25 g of
V,0; (analytically pure 99.5%) was added to 8 mL of deionized water
to form a yellowish slurry liquid. Then, 3 mL of a 30 wt % solution of
H,0, was added to the slurry under continuous stirring for 20 min.

https://doi.org/10.1021/acsaem.1c02508
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Figure 2. (a) Ex situ optical transmittance spectra. (b) CIE coordinates of the as-deposited V,Os thin films and the V,O; thin films in various
colored states of +2.0, +1.5, +1.0, —0.2, and —0.5 V. (c) Digital photographs. Copyright 2021 Chinese Academy of Sciences. (d, e) In situ time-
dependent optical transmittance spectra at a wavelength of 700 nm (—0.5 V for 30 s/+2.0 V for 60 s). (f) In situ optical density variation versus

charge density for the V,Oy thin films.

After that, a brick-red precursor formed, and 40 mL of deionized
water was added to the precursor ultrasonication for 15 min. Then,
the solution was aged for 1 week. The electrodeposition solution was
obtained by dispersing S mL of aged brick-red precursor in 50 mL of
anhydrous ethanol. Subsequently, the V,Oj thin films were deposited
using a potentiostatistical method, which applies a fixed potential of
8.0 V at 60 °C for 8 min. These electrochemically deposited films
were subjected to a final drying procedure in which the temperature
was 60 °C over 12 h in air.

The free-standing Zn**-based polymeric electrolyte membrane
(ZPEM) was synthesized via a solution process. Zn(CF;SO;), (0.4
mol L"), 15.6 g of acrylamide monomer (AM, 2.2 mol L™"), N,N’-
methylenebisacrylamide (MBAA, 0.06% by weight of AM),
ammonium persulfate (AP, 0.17% by weight of AM) as the initiator,
and N,N,N’,N’-tetramethylenediamine (TEMED, 0.15% by weight of
AM) as the crosslinking accelerator were orderly dissolved in 100 mL
of deionized water for 30 min at room temperature (RT) stirred by a
magnetic stirrer. Subsequently, the obtained solution was poured into
the closed parallel plates with a space distance of ~3 mm to form a
transparent free-standing ZPEM for 2 h at RT. The preparation
process is similar to that of the Li"-based gelatin-based solid
electrolyte for the complementary ECDs elsewhere.*®

The viscous transparent free-standing ZPEM was directly bonded
on the synthesized V,05/ITO/PET for performance assessment in
the flexible ZPEM/V,04/ITO ECDs. From the point of device
geometry, the ZPEM/V,0;/ITO ECDs have the simplest structure,
where the ZPEM can serve as a three-in-one layer incorporating the
electrolyte layer, the ion storage layer, and the transparent conducting
electrode at the same time, compared with conventional layer-by-layer
assembled complementary electrochromic devices.

Measurements of X-ray diffraction (XRD) profiles were obtained in
a Bruker D8 Advance (6/26 coupled geometry) through an X-pert
powder XRD system with Cu Ka radiation (4 = 0.154178 nm). The
V, O thin films were further characterized by field emission scanning
electron microscopy (FESEM, S$4800), Raman spectra (Renishaw
inVia Raman microscope using excitation laser at a wavelength of 633
nm), and high-resolution transmission electron microscopy
(HRTEM, JEOL 2100). The ex situ transmission spectra of the
V,0; thin films were measured in a UV—vis—IR spectroscopy
(PerkinElmer Lambda 950) in the fully colored and fully bleached
states. The electrochemical performance of the V,Oj; thin films was
measured at RT on an electrochemical workstation (CHI660D,
Chenhua, Shanghai). The measurement was carried out in a three-
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electrode system, a KCl-saturated Hg/HgCl, electrode as the
reference electrode, a Pt foil as the counter electrode, and the V,04
thin films on the ITO/PET substrates as the working electrode in a
liquid Zn(CF;50;),-PC electrolyte, which was synthesized by
dissolving 0.4 M Zn(CF;SOs;), in propylene carbonate (PC). In situ
transmittance spectra were obtained through an electrochemical
workstation and UV—vis—IR spectroscopy. Cyclic voltammetry (CV)
and chronoamperometry (CA) measurements were performed with a
CHI660c electrochemical workstation between —0.5 and +2.0 V at
RT. The galvanostatic charge/discharge (GCD) curve method was
used to calculate the area-specific capacitance of the electrode
materials. The electrochemical impedance spectra (EIS) were
measured in an electrochemical workstation (Zennium, IM6) at a
frequency ranging from 100 mHz to 100 kHz with a potential
amplitude of 10 mV under a DC bias from 0 to —0.5 V. Z-View
software was used to fit EIS data in the equivalent circuit.

B RESULTS AND DISCUSSION

Figure 2a displays ex situ transmittance spectra of the V,Os
thin films in various colored and bleached states at a
wavelength ranging from 380 to 780 nm. In general, the
V,0; thin films exhibit reddish-orange and greenish-blue
colors at oxidation and the highest reduced state, which can be
defined as the bleached and colored states at positive and
negative voltages, respectively. A high optical transmittance
modulation (AT) of 67.01% is observed at A = 700 nm. And
the highest transmittance of up to 94.86% is obtained at a
positive voltage of +2.0 V. A further color analysis based on the
Commission Internationale de L’Eclairage (CIE) system of
colorimetry for the V,0Og thin films in different states is
presented in Figure 2b. In terms of the CIE coordinate, an
approximate linear distribution is observed from the bleached
state (+2.0 V) to the colored state (—0.5 V) in the CIE with an
X range of 0.55—0.47. Figure 2c shows the digital photographs
of the as-deposited V,0; thin film and the films in various
states. The V,O; thin films display a reversibly switchable
multi-electrochromic characteristic with several colors such as
greenish-blue, yellowish-green, greenish-yellow, faint-yellow,
yellowish-orange, and reddish-orange, consistent with that of
the CIE system. Figure 2d,e shows in situ time-dependent

https://doi.org/10.1021/acsaem.1c02508
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Figure 3. (a) XRD patterns and (b) Raman spectra of the as-deposited V,Oj thin films and the V,Oq thin films in various colored and bleached
states of +2.0, +1.5, +1.0, —0.2, and —0.5 V. (c) Schematic diagram of the evolution of the intercalation/deintercalation of zinc ions into the host
layered V, O at various potentials. Resolved XPS spectra of V,, from the V,Os thin films in various colored states of (d) —0.5 V, (e) —0.2'V, (f)
+1.0V, (g) +1.5V, (h) +2.0 V, and (i) the as-deposited V,O; thin films. Inset: resolved XPS spectra of Zn V,, of —0.5 and +2.0 V.

transmittance spectra at Ag33,, for the as-deposited V,0O; thin
films. The maximum transmittance modulation (AT) of the
V,0O; thin films in a liquid Zn(CF;S0;),-PC electrolyte was
measured to be 61% when applying a voltage of —0.5/+2.0 V
for 60/30 s, respectively. No distinct variation in the maximum
optical transmittance modulation is observed after 30 cycles.
The good cycling stability can be owed to the layered and
nanocrystal-in-glass structures, which facilitate the insertion
and extraction of Zn>* and alleviate the stress caused by these
processes.”® It is well known that switching time, prescribed as
the time required for a 90% change to occur in the full
transmittance modulation, is an important parameter for the
practical applications of ECDs. In our case, the switching times
are obtained at a wavelength of 633 nm. The coloration/
bleaching time of the V,O; thin films in a liquid Zn(CF;SOs;),-
PC electrolyte is measured to be 20.9/34.4 s. Such short
colored/bleached EC response time can be chiefly attributed
to the large interlayer space of more than 1.20 nm in the
layered structure. This unique structure shortens the ion
diffusion and electron transportation distance, leading to a
shorter switching time.”” It is almost certain that the utilization
of the Li-ions, which have a high ion diffusion coefficient and
high electrical conductivity, can improve the coloration/
bleaching speed of the electrochromic thin films. Thus, the
obtained switching times in the zinc ion electrolyte are
significantly higher than the reported values in a lithium-ion
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electrolyte.”” The coloration efficiency (CE) is defined as the
change of optical density change (AOD) by per unit charge
(AQ) insertion or exaction, which can be calculated by the
following equation™®

CE = AOD/q = log(’l—inleached/TcoIored)/q (1)

where Q is the inserted (extracted) charge per unit area and
Tileached @0d Tgloreq represent the transmittance of the V,04
film in the bleached and colored states, respectively. The CE is
estimated to be 28.57 cm® C™! from the slope of the plots of
AOD versus the charge density, as shown in Figure 2f.

Figure 3a shows the XRD patterns of the as-deposited V,04
thin films and the V,Oj thin films in various colored states of
—0.5, —0.2, +1.0, +1.5, and +2.0 V. The two distinct diffraction
peaks centered at ~6.82 and ~26.16° correspond to the (001)
crystal planes of the V,Oj thin films, which is the characteristic
of the layered structure and the diffraction peak of the PET
substrate, respectively.”” The layered structure and nano-
crystal-in-glass characteristic of the V,0O; thin films can be
further supported by the HRTEM and FESEM images, as
shown in Figure S1. The cross-sectional images (Figure Sla)
confirm that the V,0; thin film possesses a multilayered and
stacked characteristic, and the thickness of the film is estimated
to be ~2.91 um. In Figure S1b, the smooth and crack-free
surface of the V,0O; thin films embedded with uniformly
distributed V,0; nanocrystal can be observed. The flaky
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Figure 4. (a) Cyclic voltammograms of the as-deposited V,Oj thin films with the applied potential from —0.5 to +2.0 V at different scan rates from
2 to 10 mV s™". (b) Dependence between the peak current densities (Ip) and the square root of scan rate (v1/2). (c) Power-law dependence
between the peak current and the logarithm of scan rate. (d, e) Separation of the contributions to the capacitive- and diffusion-controlled processes

of the V,0j thin films in Zn** electrolytes at different scan rates. (f) Capacitive storage (blue) and the corresponding ratio at 6 mV s
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structure is further confirmed by the TEM results of the V,O;
thin films peeled off from the ITO/PET substrate (Figure
Slc). The selected area electron diffraction (SAED) pattern
shows two diffraction rings corresponding to the (701) and
(510) planes of the polycrystalline V,Os, respectively. The
HRTEM image (Figure S1d) indicates that an amorphous
phase is embedded with nanocrystals with three distinct values
for interplanar spacings of 0.207, 0.217, and 0.183 nm,
corresponding to the (701), (020), and (121) lattice planes of
V,0; (PDF # 892483), respectively. The findings from these
experiments indicate that the V,0Oy thin film enjoys the benefits
of the layered and nanocrystal-in-glass structures. Moreover,
the predominantly amorphous nature of the V,Oj thin films is
exhibited, similar to the previously published work.>*’!
According to the Bragg formula,** the interlayer spacing of
the V,O; thin film in the colored states of —0.5, —0.2, +1.0,
+1.5, and +2.0 V is calculated to be, respectively, 1.205, 1.234,
1.313, 1.329, and 1.330 nm, much larger than the Zn** radius
of 0.074 nm.*>** Such a large interlayer spacing can provide a
free channel for zinc ion intercalation and deintercalation.”” It
is worth pointing out that the change in the interlayer spacing
caused by the intercalation of guest Zn*" into host V,05 can
depend on a certain “comprehensive effect” which stems from
the electrostatic force and the amount of substance per unit
volume. For such a sufficiently large interlayer space, the
potential volume expansion caused by the intercalation of a
limited number of small radius Zn** ions is considered to be
negligible compared to the increase in the interlayer spacing
caused by the electrostatic force. Thus, the gradual increase in
the interlayer spacing with applied voltages from —0.5 to +2.0
V is due to the deintercalation of both zinc ions and electrons
since the electrostatic force is gradually reduced during the
extraction, similar to those in the Li*—V,Oy system.” The
absence of a distinct structural difference in the V,Oy thin film
between the intercalation and deintercalation of Zn>" suggests
the stability of the layered structure. Raman spectra of the as-
deposited V,O; thin film and the V,Og thin films in various
coloration states are shown in Figure 3b. A summary of the

92

observed bands of V,05 and their attributions is provided in
Table S1. Raman peak located at 140 cm™ in the lower
frequency is assigned to the stretchin§ mode of (V,0,),, which
corresponds to the chain translation.”® The vibrational modes
of V,05*”*” bonds have been found to be at 159 and 350 cm™!
for the as-deposited and colored V,QOg thin films. The peaks at
330 and 517 cm™" are, respectively, ascribed to the bending
vibration of the V—O; bonds’ stretching mode™” and the triply
coordinated oxygen V;—0,** which stems from an edge-shared
oxygen atom in common to three pyramids. The doubly
coordinated oxygen V,—O stretching and bending vibration
mode contribute to the peak at 871 cm™', derived from corner-
shared oxygen in common to two pyramids.”” Overall, the
vibrational modes of (V,0,),, V=0, bonds, V,O; phase, and
V,—O are Raman-active in the as-deposited V,Oj thin films
and the V,0Oq thin films in the colored states (+1.0, +1.5, and
+2.0 V). In contrast, these modes are almost always not
observed for the V,O; thin films in various colored states
(=02 and —0.5 V). These results indicate that zinc-ion-
intercalation makes the vibrational modes of (V,0,),, V—0,
bonds, V,0;5 phase, and V,—O silent, which can be induced by
defects and impurities due to the dominant reduction reaction
of the interface between the V,0Os electrodes and the Zn**
electrolyte at the applied negative potentials. To clarify the
mechanism of the mechanical action and charge transfer of
zinc ion intercalation and deintercalation, Figure 3¢ illustrates a
schematic diagram of the evolution of the layered V,Oj thin
films with zinc ion intercalation/deintercalation at the applied
negative/positive potentials, respectively. A possible explan-
ation for this might be that the intrinsic layered and
nanocrystal-in-glass structural characteristics of the V,05 host
cannot distinctly be altered by zinc ion intercalation and
deintercalation. As clearly seen in Figure 3c, the increase of
voltage from —0.5 to +2.0 V leads to a gradual increase in the
interlayer spacing due to the gradual deintercalation and the
transfer of more Zn>" ions from the crystal lattice, consistent
with the results of XRD analzfsis. These results are similar to
those reported by Jin et al."’ Moreover, in support of the
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Figure S. (a) Nyquist diagrams at various negative potentials from —0.1 to —0.5 V. (b, c) Equivalent circuits for analyzing the impedance data. (d)
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frequency region.

widely held view that electrochromic energy storage devices
(EESDs) can achieve both optical modulation and energy
storage/release at the same time, both interface optical
properties and charge storage capacitance appear to be
manipulated by zinc ion intercalation and deintercalation,
which is a promising approach for flexible multicolor EESDs.
To further illustrate the variation in chemical compositions of
the interface between the V,O; thin films and the zinc ion
electrolyte, all V,, spectra of the as-deposited V,0O5 thin film
and the V,0Ojy thin films in various coloration states measured
by X-ray photoelectron spectroscopy (XPS) are given in Figure
3d—i. Also, the quantitatively detailed XPS results are
summarized in Table S2. For the as-deposited V,0Oj thin
film, the V°*, V¥, and V** components are calculated to be
83.89, 4.46, and 11.65% (atomic percentage, atom %),
respectively, in good agreement with that observed in the
previous report.”” The content of the V°* component increases
from 4.29 to 90.40% as the applied voltage increases from —0.5
to +2.0 V, and accordingly, V** and V** components decrease.
This demonstrates that V** and V** in the interface of the
V,0; thin films can be oxidized into V** due to the Zn**—
V, O oxidation reaction, similar to the Li*—V,Og system in the
previous work.”" In fact, it is demonstrated that V* and V3*
are reduced to V* for the Zn**—V,0Oj; battery.”> Furthermore,
the Zn,, component is almost always observed for the V,0;
thin films in various colored states (—0.2 and —0.5 V) but is
otherwise undetected in various bleached states (+1.0, +1.5,
and +2.0 V), as shown in the inset of Figure 3d,h. The findings
indicate that zinc ions can reversibly insert/extract into/from
the active interface between the V,Ojs electrodes and zinc ion
electrolyte at the applied negative/positive potentials, similar
to the Zn**—V,0; battery."”

Figure 4a displays the cyclic voltammetry (CV) of the V,0;
thin films at various scan rates in the three-electrode testing
system in a liquid 0.4 M Zn(CF;SO;),-PC electrolyte. The two
pairs of redox peaks in the cyclic voltammogram can be
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considered as a reversible redox process accompanied by the
double insertion/extraction of Zn** ions and electrons, which
can be conveyed by the following reversible Faradaic redox
reaction: V,05 + aZn>* + 2xe” < Zn,V,0;, consistent with
the previous report.*® As the scan rate increases from 2 to 10
mV s/, the separation between the two redox peaks increases
significantly. This indicates that the polarization effect of the
electrode causes an increase of the internal diffusion resistance
of the electrode and limits the rate of double injection/
extraction of Zn** and electrons into/from the V,0; matrix, as
stated in the previous work.** As reported previously, the ion
diffusion coeflicient and ion diffusion distance essentially affect
the switching speed of electrochromic devices.”” The diffusion
coefficient (D) obeys the Randles—Sevcik law, which can be
calculated from the equations as follows

I =272 % 10° x n*/* x A x D? x C, x V'/? 2)
where I, represents the peak current (A), n is the number of
electrons (2), A is the working electrode area (cm?), C, is the
concentration of the electrolyte (mol cm™), and v is the scan
rates (mV s™').*> By considering the CV curves, the obtained
Zn?* diffusion coefficient (D) in intercalation and deinterca-
lation processes is 4.63 X 10~ (Figure 4b). Such a large value
can be attributed to the large interlayer spacing of the V,O4
thin films, small radius, and large electrostatic forces of the
guest divalent zinc ions and water-lubricated intercalation in
potential V,04-nH,0, which boosts the transfer of charges,
promotes the infiltration of electrolyte, and alleviates the
structural distortion of the V,0; films during zinc ion
intercalation.””**® To characterize the kinetics of charge
storage in the V,0O; thin films, the relation between peak
current (i) versus scan rate (v) was studied in the three-
electrode system. The total stored charge of the V,0Os thin
films can be divided into two parts, which are the contributions
of the capacitive effect and diffusion.*”*” To identify the
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capacitive effects and diffusion-controlled process, the CV data
were analyzed according to the power-law relationship
i = a’ orlog(i) = log(a) + b log(v) (3)
where a and b are adjustable parameters. The “b” value is
determined by the slope of the plot of log(i) versus log(v) for
cathodic or anodic peaks, which describes the intrinsic kinetics
of the charge storage mechanism.*” In general, the kinetics of
the system converges to be diffusion-controlled if the “b” value
is 0.5; alternatively, the kinetics of the system is fast enough to
be a capacitive response if the “b” value is close to 1.**™ As
shown in Figure 4c, the “b” value of the line is estimated to be
0.69, revealing that the high-capacity contribution arises from
pseudocapacitive charge storage. Moreover, Trasatti’s analysis
is another powerful tool to analyze the capacitive and diffusive
charge storage contributions, which is dependent on the scan
rates.”’ According to the diffusion law, Q, which can be
calculated by the following equation, is linear wversus the
reciprocal of the square root of the scan rate®*"*%*’

Q) =Q +kx 2 (4)

The diffusion-dominated behaviors could be nearly elimi-
nated when the v value becomes an infinitely large number,
which induces the extrapolated largest capacitive storage by
extrapolation. Q,, calculated to be approximately 56.47 mC
cm™? is determined by the intercept of the fitting line, as
presented in Figure 4d. Figure 4e shows the calculated
distribution of capacitive charge and diffusion-controlled
charge in V,Og thin films at various scan rates from 2 to 10
mV s™'. With the increase of the scan rates, the capacitive
component of the total charge increases from 51% at 2 mV s~
to 71% at 10 mV s, aligning with the “b” values mentioned
above. At a fast scan rate, the surface capacitive contribution
becomes more dominant, whereas at a low scan rate, the
diffusive contribution is non-negligible, as there is adequate
time to allow ions to diffuse into the inner region.”” The
proportion of capacitive charge and diffusion-controlled charge
of the V,Oq thin film at a scan rate of 6 mV s is presented in
Figure 4f. The blue part represents the capacitive contribution,
while the diffusion effect is related to the other part.

To assess the electrochemical properties of the V,0q
electrochromic thin film, the electrochemical impedance
spectra (EIS) were obtained using a three-electrode system.
Figure 5 depicts Nyquist and the plots of the real impedance
(Z') versus angular frequency (w = 2xf) dependency in the
low-frequency region at various potentials. As presented in
Figure Sb,c, EIS data were simulated by the corresponding
typical equivalent circuits.”** CPE represents constant phase
elements, “W” represents the Warburg impedance of ionic
diffusion in the low-frequency zone, and R is a series resistance
in the electrolyte regime, respectively.”””' A depressed
semicircle in the high-frequency region and an inclined line
in the low-frequency region are observed in the Nyquist plots
at negative potentials of —0.1 and —0.2 V, respectively, which
corresponds to the charge-transfer resistance (R.) at the
interface of the V,0O; electrode/zinc ion electrolyte and
Warburg impedance, similar to the results of Li ions within
the V,Oj electrode.>” It can be seen that the increased negative
potentials of —0.1 to —0.5 V result in a decrease in the
magnitude of the low-frequency semicircle and the charge-
transfer resistance 442.8—84.2 €, as listed in Table S3, which
can be reconciled with a chemical reaction that becomes more

94

intense at high potentials. Similarly, the value of the observed
charge-transfer resistance decreases from 2392 to 39.1 Q as a
result of the increased positive potentials of +1.0 to +1.5 V
(Table S3). These results can be chiefly ascribed to an
electrochemical reaction of the electrode—material interface,”’
in good accordance with the transition from the conductor
(Zn,V,0;) to semiconductor (V,05). Generally, a CPE-n (the
exponent of CPE) of 0.5 is allocated to a semi-infinite diffusion
and 1 to an ideal capacitor (surface-controlled). In our case,
CPE-n of the bleached V,Oj thin films in the Zn®* electrolyte
at different potentials is calculated to be between 0.5 and 1,
indicating the contribution of both semi-infinite diffusion and
surface-controlled process to the electrochemical reaction,
similar to the previous report.”> These results further confirm
the capacitive and diffusive charge storage contributions as
indicated by the “b” values above. According to the
dependence of the angular frequency (w = 2zf) on real
impedance (Z) in the low-frequency region (Figure Sb,d), the
increased potentials of both —0.1 to —0.5 Vand +1.0 to +1.5V
cause an increase of the slope, indicating an increase of
electrochemical kinetics.”* The smallest slope is ascribed to the
colored (—0.5 V) V,O; thin films and bleached (+1.5 V) V,0;
films in the Zn** electrolyte, indicating the fastest electro-
chemical kinetics at the highest negative and positive potentials
of —0.5 and +1.5 V, respectively.

Figure la,b shows the schematic illustration and ex situ
optical transmittance spectra and digital photographs of the
flexible ZPEM/V,0./ITO EESDs in various colored and
bleached states of —0.5 to +2.0 V. The high optical
transmittance modulation (AT) of the coloration/bleaching
state is observed to be ~57.88% at a wavelength of 700 nm,
lower than the AT value of the V,04 thin films
aforementioned. The reversibly switchable multi-electrochro-
mic characteristic of the ZPEM/V,0./ITO EESDs with
several colors such as greenish-blue, yellowish-green, green-
ish-yellow, faint-yellow, yellowish-orange, and reddish-orange
is obtained, consistent with that of the V,Oj thin films. The
CIE coordinates of these colors display an arc distribution
(Figure 1c) in the CIE XY between (0.50, 0.47) and (0.40,
0.49). Figure 1d shows the plot of the optical density variation
(AOD) in relation to charge density (Q) at 633 nm of the
ZPEM/V,0,/ITO EESDs. The CE can be determined to be
3691 cm® C™', comparable to the sandwich configuration
(fluorine-doped tin oxide (FTO)/WO,/Li*-based gelatin-
based solid electrolyte/NiO/FTO) in the previous report.”’
In fact, the electrochemical and electrochromic properties of
thin films and microcrystalline precipitates of V,Oj are strongly
dependent on the method of their fabrication and experimental
conditions. For instance, an atmospheric pressure chemical
vapor deposited V,0Oj5 thin film with a crystalline structure is
reported to possess an ultrahigh coloration efficiency of 336
cm? C™1.°° Another example is that an electrodeposited V,O
with an amorphous structure has a high coloration efficiency of
28 cm?® C_l,56 close to the value obtained in this work. The
data reported here appear to support the assumption that the
coloration efliciency is given for the wavelength at which it
reaches its maximum value, 550 nm (highest sensitivity of the
human eye) and photopic transmittance.””® It seems that a
selected wavelength of 633 nm for in situ time-dependent
optical transmittance spectra meets a predetermined criterion
on the basis of these results of ex situ transmission spectra of
the V,O; thin films (Figure 1b). The GCD curves with
different current densities from 75 to 125 uA cm™ of the
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ZPEM/V,0,/ITO EESDs are presented in Figure le. It is
demonstrated that all of the curves have a nonideal sloped
shape, indicating a typical capacitive behavior, consistent with
the pseudocapacitive performance of the V,O; thin films.
Therefore, the ZPEM/V,04/ITO EESDs can be considered as
electrochromic pseudocapacitors. As the current density
increases from 0.075 to 0.125 mA cm™2, the specific
capacitance decreases from 51 to 28 uF cm™? indicating a
superior rate performance. Moreover, the specific energy
density and power density of the ZPEM/V,0:/ITO EESDs
are, respectively, calculated based on the GCD curves, which
generates the maximum peak values (where I = 0.075 mA cm™>
and C, = 12.29 mF cm™? in Section S2) of 12.54 yWh cm™
and 1.67 mW cm™ A possible explanation for these results
may be attributed to the layered structure of the V,0; thin
films, bivalent zinc ion intercalation/deintercalation, and
excellent conductivity of the free-standing ZPEM. Interest-
ingly, this rather contradictory result (a high energy storage
capability and a small specific capacitance) may be due to the
limited ionic conductivity of the Zn**-based polymeric
electrolyte membrane, preventing the device from reaching
its full potential, but nevertheless providing improved
functionality. The effectiveness of the dual-ion Zn**/AI**
hydrogel electrolyte has been exemplified in a report by Eric
et al”” The aforementioned results demonstrate that the
flexible ZPEM/V,0/ITO EESDs with the simplest config-
uration (only the trilayer: ion conductor, electrochromic layer,
and transparent conducting layer) are highly desirable for the
potential applications. Another interesting feature of the
flexible ZPEM/V,05/ITO EESDs is the function of energy
storage and release derived from zinc ion intercalation and
deintercalation, as presented in Figure 1f,g. The open-circuit
voltage of a couple of the fully bleached (+2.0 V) ZPEM/
V,0,/ITO EESDs in series is measured to be ~3.22 V (Figure
S2a), which can light up a 3.0-V-rated light-emitting diode
(LED). The green LED is brightest when powered by the fully
bleached (+2.0 V) devices (Figure 1f), and then turned off
(Figure S2b) after about 30 s, which corresponds to the
discharging process of a fully charged battery state, indicating
that the EESDs based on zinc ion intercalation and
deintercalation are exhausted. After applying the bleached
voltage (+2.0 V), the ZPEM/V,0,/ITO EESDs are charged
and able to light up the green LED again, indicating that the
devices possess a reversible charge/discharge characteristic,
like supercapacitors and batteries.”” Moreover, our device
possesses a long-term cyclic stability with a capacitance
retention of 82.25% after 2000 continuous cycles under a
current density of 0.5 mA cm™?, as depicted in Figure S3. To
further present the aforementioned long-term-stable perform-
ance of the ZPEM/V,0;/ITO EESDs, a comparison between
our devices and some other reported ECDs is summarized in
Table S4, exhibiting the competitivity of our design in terms of
electrochromic performance and the long-term cyclic stability.

B CONCLUSIONS

In summary, the system of the two-mode Zn**/V,0O; active
interfaces based on the liquid Zn(CF;SO;),-PC electrolyte and
quasi-solid Zn>*-based polymeric electrolyte membrane
(ZPEM) was established. Evolution of the interlayer spacing,
V—O-related bonds, and chemical compositions of the V,O;
thin films with zinc ion intercalation and deintercalation is
quantitatively traced. The layered and nanocrystal-in-glass
V,0O; thin films with zinc ion intercalation and deintercalation
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show the multicolor electrochromic characteristic and the
pseudocapacitive feature. Identifying highly reversible redox
switching of electrochromic and energy storage functions of
zinc ion intercalation into and deintercalation from the host
V,0; electrodes allows us to fabricate the flexible ZPEM/
V,0,/ITO EESDs with a large color contrast (multicolor
electrochromism: greenish-blue, yellowish-green, greenish-
yellow, faint-yellow, yellowish-orange, and reddish-orange), a
large transmittance modulation of 57.88%, a high coloration
efficiency of 36.91 cm®* C™', a superior rate capacity, and an
excellent pseudocapacitive feature. The large optical modu-
lation and high-density energy storage make flexible ZPEM/
V,05/ITO EESDs an attractive candidate for low-cost,
environmentally friendly, and bifunctional electrochromic
devices.
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