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2D vanadium oxide inverse opal (IO) films with a porous array were fabricated via a modified “dynamic
hard template infiltration strategy” using various sizes of sacrificial polystyrene spheres (PS), followed by
calcination under various conditions. Effects of pore size and phases on electrochromic cycling were
explored by combining electrochemical cyclic voltammetry (CV) and chronoamperometry (CA). The results
showed that the pore size has an important double influence on electrochromic cycling stability; on the one
hand, pores buffered stress-induced pulverization for which the appropriate pore size under present
conditions was found to be 141 nm. On the other hand, faster chemical dissolution in the film of a smaller
pore size (V220-400C) led to accelerated fading in electrochromic cycling in contrast to its bigger pore size
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counterpart. In contrast, small amounts of Ve¢O43 and non-stoichiometric VgOa34, in the V,0s5 1O film were
found to greatly improve cycling stability in both electrochemical CV and electrochromic cycles. This
improved cycling stability was attributed to good conductivity of VeO13,, which greatly alleviated pulverization
and chemical dissolution in V,Os 1O films by minimizing the phase coexistence upon cycling. The correlation
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Introduction

Vanadium oxides as electrochromic active materials are parti-
cularly attractive since they show polyelectrochromic
behavior'? as well as a fast response time® during the reversible
intercalation/deintercalation of cations (such as Li') into their
typical layered structure due to the multiple stable oxidation
states (III-V) of vanadium in its oxides. However, similar to
their application in batteries, their practical use as electrochro-
mic (EC) active materials was limited partially due to poor
cycling reversibility and stability” that resulted in fast fading
upon cycling. Unfortunately, the corresponding explorations of
vanadium oxides as EC active electrode are scarce. Based on the
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between electrochemical cycling stability and electrochromic cycling stability is also discussed.

research on battery applications of vanadium oxides, their poor
cycling reversibility was found to originate from stress-induced
structural pulverization and chemical dissolution.>® The inser-
tion of Li-ions into the vanadium oxide electrode brings about a
series of phase transformations (lithiation-induced phase
transformations), which result in considerable heterogeneity
accompanied simultaneously by the phase coexistence of the
Li ions across the electrode architecture.”® Such a heterogeneity
leads to stress differentials between the discharged and charged
states. It has been proved that this heterogeneity strongly depends
on the particle dimensions and geometries, the nature of the
interfaces and the relative positioning of the particles within the
electrode architecture.™'" For example, Luo et al. have shown
that, in contrast to its bulk counterpart, which showed an
extended phase coexistence, nanosized V,0s undergoes consecu-
tive transformations with minimal phase coexistence on dis-
charge since it possesses higher porosity and thus faster Li-ion
diffusion.’” Therefore, the lattice-mismatched phase boundaries
and the corresponding stress could be circumvented.

Except for achieving nanosized V,0s, the other way to
minimize multiphase coexistence was to compositing it with
a second phase'®'* as an “elastic buffering phase” to release
the stress. Furthermore, fabricating a hierarchical macro/micro/
nano sized structure,'® and/or introducing a pore structure'® was
also shown to alleviate stress. Alternatively, in order to increase
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conductivity and hence ion-diffusion, doping was also shown to
possibly minimize phase coexistence, like doping with a high-
valence cation, such as Mo®" and W®*,"”'® or even directly doping
with conductive second phase, for instance carbon'® or Ag.*°

In addition to stress-induced structural pulverization,
chemical dissolution is another key factor leading to fading
during cycling. Since a series of vanadium-containing ions such
as H,VO,~, HVO,>™, HV,05~, VO,*, VOH>" and VO" are formed
which are soluble in electrolyte,” various strategies were
developed to suppress the chemical dissolution, like using a
polymer gel electrolyte,?! surface treatment of vanadium oxide
films,** adding a second sacrificing phase, such as V,0;,” and
tuning the valence states of vanadium oxide composites.”*>>*

Although these above strategies significantly improved the
electrochemical cycling stability for electrodes in batteries, the
situation is different for EC devices (ECD) since transmittance
of the vanadium oxide electrode during electrochromic cycling
is always of primary importance in ECDs. Therefore, some of
the above strategies are inapplicable in ECDs. First, doping
with carbon is not possible since carbon materials strongly
absorb in the whole light region. Second, the contact status
between the vanadium oxide film and ITO substrates also
importantly affects the optical contrast and EC cycling stability
since the film could peel off from the substrate due to struc-
tural pulverization upon cycling. Third, different from most
research in which cyclic voltammetry (CV) was used to char-
acterize cycling stability of vanadium oxide as a battery elec-
trode, its electrochromic behavior directly responds to
chronoamperometry technology (CA), which requires a con-
stant voltage. This could cause the intercalation of Li-ions to
present different diffusion processes, leading to different struc-
tural changes or cycling properties. Therefore, recent strategies
are mainly focusing on increasing the porosity. For instance, Li
et al.®® pioneered introducing inverse opal into a V,O5 film,
demonstrating its advantages for color modulation in the
visible region, which they attributed to the higher surface area
of the microporous structure. However, they did not report
cycling stability results.

Apart from these strategies, although many reports have
mentioned that pores in the electrode benefit cycling stability,
it is unclear what role the pore size plays in that matter. In this
work, we adapted our recently developed ‘“dynamic hard tem-
plate infiltration strategy’””®>’ to fabricate a series of two-
dimensional (2D) V,05 IO films of different pore sizes on ITO
substrates, showing well arrayed pore structures, which were
used to explore in depth the effect of the pore size and phase
composition on cycling stability of vanadium oxides. This work
also permitted understanding the correlation between electro-
chromic cycling stability and electrochemical cycling stability.

Experimental
Materials

The non-cross-linked monodispersed carboxyl polystyrene
(PS) sphere aqueous suspensions (PS particles, 5.0% w/v) of
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diameters 220, 430 and 700 nm, respectively, were purchased
from Spherotech Inc. Before use, they were diluted to 0.6% w/v
with equal volumes of ethanol and water. Prior to use, the ITO
coated glass substrates were ultrasonically treated for 15 min,
successively in warm water, acetone, ethanol and deionized
water. NH,VO;, analytically pure tetrahydrofuran (THF),
sodium dodecylsulfate (SDS) and Millipore water was pur-
chased from Sinoreagent Co. Ltd and used as received without
further purification. All the aqueous solutions were prepared
with Millipore water (resistance = 18.2 MQ cm™'). The glass
slides were immersed in a piranha solution (30% H,O, : con-
centrated H,SO, = 3:7, v/v) at 100 °C for 15 min, and then
washed with Millipore water.

Fabrication of the V,05 monolayer inverse opal

2D V,05 monolayer inverse opal (I0) was synthesized using a
“dynamic-hard template” infiltration strategy.”® First, a clean
functionalized glass slide was placed on the bottom of a Petri
dish, followed by barely submerging the slide with Millipore
water. The pure PS particle suspension (0.6% w/v) was added
dropwise on the surface of the water over the glass slide to get a
self-assembled monolayer of PS spheres on the water surface.
Afterwards, a few drops of 2 wt% SDS solution were added into
the water, which closely packed the PS monolayer, resulting in a
2D PS opal floating over the solution. Once the 2D self-assembly
was achieved, the glass slide was gently removed. Then, water
was removed, and 4 ml of water was left in the Petri dish while
the PS opal was still floating on the water surface. The content
of the Petri dish was then heated to 50-60 °C and 20 ml of
NH,VO; saturated aqueous solution (50 °C) was added into the
Petri dish. Then, a substrate was slid into the water underneath
the 2D PS opal composite film, and the remaining solution was
sucked out again of the Petri dish to make the floating film sink
onto the substrate and form a 2D NH,VO;/PS opal composite
film. A V,05 2D IO is obtained by annealing the NH,VO,/PS
opal composite film at 400 °C for 2 h under atmospheric
conditions at a ramping speed of 2 °C min . According to
the size of the PS template used, the obtained V,05 2D IO
samples were named V220-400C, V430-400C, and V700-400C,
respectively. Here, V represents vanadium oxide while the three
succeeding digits refer to the diameter of the PS spheres in nm.
The calcination temperatures were indicated by adding a dash
symbol (“-”) followed by a calcination temperature in °C plus a
capital letter “C”. For instance, sample V220-400C is a V,0s 2D
10 templated from 220 nm PS spheres, calcined at 400 °C under
atmospheric conditions.

Fabrication of mixed vanadium oxides monolayer inverse opal

A mixed vanadium oxide 2D IO templated from the 430 nm PS
sphere sample (AV430-400C) was obtained by heat-treating the
V430-400C sample under an argon atmosphere at 400 °C for 0.5 h
at a ramping speed of 5 °C min~'. Here, “A” in “AV430-400C”
means that the V430-400C sample was treated under argon.
Another mixed vanadium oxides film (V430-310C) was
attained by annealing the NH,VO;/PS opal composite film at

This journal is © The Royal Society of Chemistry 2023
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310 °C for 80 min under air atmosphere with a ramping speed

of 3 °C min™".

Characterization

Cyclic voltammetry (CV) measurements were performed with
a CHI6O00E electrochemical workstation (Chinstruments,
Shanghai, China) using a three-electrode cell in the voltage
range from —1 to 1 V at a 50 mV s ' cycling speed. The
vanadium oxide thin films deposited on ITO substrates were
used as working electrodes while a platinum grid served as a
counter electrode and a commercial Ag/AgCl 1 M KClI electrode
served as reference. A 0.5 mol L™ LiClO4/propylene carbonate
solution was used as the electrolyte. The test parameters of
electrochemical impedance spectroscopy (EIS) were set as
follows: an AC voltage with 0.5 V and frequency range from
0.1 Hz to 10° Hz. The impedance spectrum consists of a semi-
circle in the high frequency region and an inclined straight line
in the low frequency region. The semi-arc represents the charge
transfer resistance, and the straight line represents the diffu-
sion of ions.?® The data from the spectra were further fitted and
analysed using ZView software, from which the charge transfer
resistance could be directly obtained.

Electrochromic measurements were conducted by combin-
ing the optical transmittance spectra obtained using a UV-3600
spectrophotometer (Shimadzu, Tokyo, Japan) with the chron-
oamperometry technology (CA) using a CHI600E electrochemi-
cal workstation with an applied voltage from —1 to +1 V, in
increasing potential steps of 180 s per step. The corresponding
change in optical density (AOD) was defined as follows:

AOD = log(Tbleached/Tcolored)-

The coloration/bleaching switching behaviors of films on ITO
glass were measured at a wavelength of 430 nm by alternately
applying a square wave voltage of +1.0 V to —1.0 V for 40 s for
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each state. The switching time is defined as the time required
for reaching 90% of the film’s full transmittance change.

SEM studies were performed using a S4800 FESEM system
from Hitachi. Typically, the working distance was 3.2 mm and
the accelerating voltage ranged from 1000 to 5000 V, with an
emission current of 2300 to 5000 nA.

Micro-Raman spectra were recorded at room temperature
using a Jobin-Yvon Labram HR microanalytical spectrometer.
The spectra were generated with 17 mW, 632.8 nm, and He-Ne
laser excitation and were dispersed with a 1800 grooves per mm
grating across a length of 0.8 m of the spectrograph. Filters
were used to vary the laser power as needed since low valence
vanadium oxide is sensitive to laser heating. The spectral
resolution is estimated to be less than 0.5 cm™" for a slit width
of 150 pm and a confocal hole of 300 um.

The optical transmittance spectra were monitored on a
UV-3600 spectrophotometer (Shimadzu, Tokyo, Japan) in the
wavelength range of 190-1100 nm.

Results and discussion
Effect of the pore size on cycling stability

Arrayed structural V,0s films of various pore sizes were suc-
cessfully fabricated from template PS spheres of 220, 430 and
700 nm diameters. The nominal diameter (Fig. 1a-c) renders
possible the investigation of the effect of the pore size on
cycling stability of V,05 IO films regarding electrochemistry
and electrochromism. Since the pore sizes of the IO films will
not correspond to the nominal diameter of the PS spheres, we
measured the actual pore size and wall and film thicknesses
(Fig. 1le-g) of the samples using Nanomeasure software. The
results are listed in Table 1. It was found that pore sizes
increased from 141 nm for V220-400C to 254 nm for V430-
400C and then greatly increased to 599 nm for V700-400C,

Raman Intensity (a.u.)
g

105 05 222203 405 483522 9

703

20 400 600
Wavenumber (cm”)

1000 1200

Fig. 1 SEM (a—c) and the corresponding cross-sectional images (e—g) and Raman spectra (d) of samples V220-400C (a and e), V430-400C (b and f) and

V700-400C (c and g). Scale bar in a-gis 1 um.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Pore structure parameters of V,Os 1O films
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Pore Wall
Sample name size (nm) thickness (nm)
V220-400C 141 98
V430-400C 254 172
V700-400C 599 158

respectively, while the wall thickness shows a drastic increase
from 98 nm (V220-400C) to 172 nm (V430-400C) and then
slightly decreases to 158 nm for V700-400C. This variation
could be attributed to the difference of capillary action within
the interstitial spaces of the PS sphere templates. Apart from
the pore size and thickness of the walls, film thicknesses are
also affected by the size of the PS templates: 183 nm for V220-
400C, 354 nm for V430-400C and 348 nm for V700-400C,
respectively.

Fig. 1d shows the Raman spectra of V220-400C, V430-400C
and V700-400C samples. Characteristic Raman modes of ®-V,0s5
emerged at ~105, 144, 195, 282, 303, 405, 483, 528, 703, and
993 cm™'. The low frequency modes at ~105, 144, and 195
correspond to the relative motions of V,0s layers (external
modes).>® The two peaks at 144 and 195 cm™ " were strongly
associated with the layered structure, demonstrating its long-
range structural order.”” The intermediate frequency peaks at
~282, 303, 405, 483, 528, and 703 cm™ ' are attributed to the
bending and stretching vibrations (internal modes) of the V-O
bond in V,05.>° The highest frequency peak at ~993 cm™*
corresponds to the stretching mode of the terminal oxygen
(vanadyl oxygen, V=0,). In accordance with the literature,*”>°
the absence of a mode at 840 cm™*, which is Raman active in
defective V,0s, confirmed good crystallinity of the a-V,05 phase
within the film.

Fig. S1 (ESIt) shows the impedance spectra of V220-400C,
V430-400C and V700-400C samples. V220-400C has a close
charge transfer resistance of 95.48 Q to that of V430-400C
(96.43 Q) and a similar ion diffusion since the semicircle at
the high frequency and the straight line in the low frequency
region almost overlap. Oppositely, a smaller charge transfer
resistance of 73.68 Q and slower diffusion of ions were evi-
denced in V700-400C since it shows a narrower semicircle
diameter and a less steep straight line. The values are well
consistent with their corresponding ratio of the pore size to
film thickness or ratio of the pore size to wall thickness
(Table 1); V220-400C and V430-400C have close values of the
ratio of pore size to film thickness but much smaller than that
of V700-400C. The above results indicate that, regarding ion
diffusion, appropriate pore size is important.

The electrochemical cycling performance of V220-400C,
V430-400C and V700-400C samples was investigated by cycling
voltammetry (CV) (Fig. 2). Similar to that found in the
literature,®?” the anodic oxidation peaks, which were measured
at the 10th cycle, for all three samples are close for the first
peak, being around —0.6 V for vV220-400C, —0.58 V for V430-
400C and —0.59 V for V700-400C, indicating a similar behavior
of Li" deintercalation. As the voltage increased, we observe

926 | J Mater. Chem. C, 2023, 11, 923-934

Film Ratio of pore size Ratio of pore size
thickness (nm) to wall thickness to film thickness
183 1.44 0.77
354 1.47 0.72
348 3.79 1.72

another anodic peak at +0.76 V for V220-400C, +0.85 V for V430-
400C and +069 V for V700-400C. Also, the cathodic reduction
peak for V700-400C is around —0.23 V, higher than those of
V430-400C (—0.37 V) and V220-400C (—0.29 V), which could be
attributed to its lower charge transfer resistance.

Although capacity fading occurred for all three samples
during CV cycling, their fading behavior was different
(Fig. 2(a)-(c)). A fast fading was observed in V220-400C for the
first 50 cycles while there was no obvious fading after 100
cycles. In contrast, V430-400C showed a relatively gentle change
during the whole 200 cycles. On the other hand, for V700-400C,
there was a fast fading in the first 50 cycles like V220-400C,
followed by a gentle fading for the remaining cycles. The optical
photos before and after 200 cycles are shown in Fig. 2d
(V220-400C), 2¢ (V430-400C) and 2f (V700-400C). In Fig. 2d after
200 cycles, it is observed that the bottom image is less vibrant
than the top one but still shows a uniform film indicating that,
in contrast to its counterparts with bigger pore sizes (V430-
400C, V700-400C)), V220-400C remained well attached onto the
ITO substrate and that its capacity fading was likely due to
chemical dissolution.

Differently, in addition to chemical dissolution, partial
peeling off of the film from the substrate was also observed
in both V430-400C and V700-400C, which indicated that struc-
tural breakdown occurred during cycling. As shown in Table 1,
the film thickness of V430-400C (354 nm) is close to that of
V700-400C (348 nm) and nearly double that of Vv220-400C
(183 nm); nonetheless, V430-400C and V220-400C have close
charge transfer resistances of 95.48 Q and 96.43 Q, respectively,
and a similar diffusion of ions. As we discussed before, the film
thickness is close to the pore depth. A higher pore depth
indicates a bigger strain difference between the bottom and
top of the film since the bottom is attached onto the ITO
substrate. In our experiment, the pore depth depends on the
size of the PS spheres and the capillary action between them.
Therefore, it could be reasonably deduced that the pore size
plays an important role in structural pulverization and peeling
off. Once the film thickness is reduced enough to undermine
the effects from the bottom, capacity fading is mostly due to
chemical dissolution. Hence, moderate capacity fading in V430-
400C and V220-400C in comparison to that of V700-400C
corresponds to the much lower ratio of the pore size to film
thickness (0.77 for V220-400C, 0.83 for V430-400C and 1.72 for
V700-400C). In the present experiment, we note that, to get an
appreciable effect, the pore size should be smaller than 254 nm.

Based on the results of electrochemical CV cycling, V220-
400C and V430-400C were chosen to compare electrochromic
cycling performance (Fig. 3) through chronoamperometry (CA).

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Room temperature cyclic voltammograms and the corresponding optical photos before (top photos in d—f) and after 200 cycles (bottom photos
in d—f) at a potential window of +1.0 V in 0.5 mol L™ LiClO,/propylene carbonate solution at a sweep rate of 50 mV s~ for samples V220-400C (a and d),
V430-400C (b and e) and V700-400C (c and f).
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Fig. 3 Optical density and the corresponding transmittance in the colored state at —1.0 V and bleached state at +1.0 V for samples V430-400C (a—c)
and V220-400C (d-f) during cycling.

During coloration/bleaching under an applied voltage of in the near-ultraviolet region, especially at a wavelength of around
£1.0 V, both samples showed increasingly changing transmittance 420 nm, where the largest change in optical contrast is found as the
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number of cycles increases, while in the near-infrared region, the
transmittance change is less (Fig. 3a and d).

This indicated that both samples have a double electro-
chromic effect, i.e., an anodic electrochromic effect in the near
ultraviolet region and a cathodic effect in the near infrared
region.’"*> Considering the low AOD in the near-infrared
region (700 nm to 1100 nm) under present conditions, we will
restrict our discussion to the region ranging from near-
ultraviolet to visible (300 to 600 nm). Apart from this, both
samples showed a gradual increase in transmittance both in
colored and bleached states during electrochromic cycling
(Fig. 3b, c and e, f). An obvious dissolution was found both in
V430-400C and V220-400C; after 200 cycles the electrolyte
solution became yellowish compared to its original colorless
aspect (ESI,7 Fig. S2) except that V430-400C shows superior
dissolution since its electrolyte has a darker yellowish color.

The response times (coloring (t.) and bleaching (¢,)) were
studied to understand the effect of electrochemical resistance
on electrochromic properties. Response time is defined as the
time required for the coloring and bleaching process to achieve
90% of the total optical modulation of the electrochromic
device (ECD).** The time-dependent transmittance curves at a
wavelength of 430 nm are taken in situ while the CA measure-
ments are performed. The response times of the ECDs during
cycling are shown in Fig. S3 (ESIf). Samples V220-400C and
V430-400C show close coloring times of 26.56 and 24.82 s,
respectively; while V220-400C shows a much shorter bleaching
time of 4.03 s as compared to 27.13 s for V430-400C.

Different from the CV observation, in which a gradual fading
occurred in V430-400C (Fig. 2b), we found a relatively stable but
slightly decreased |[AOD| before 100 cycles followed by a larger
change from the 100th cycle to the 200th cycle (Fig. 3a).
Combining the corresponding CA results (Fig. S4a and c, ESIY),
a stable current until the 100th cycle and then a gradual
reduction beginning at the 130th cycle is observed, which
confirmed the large change in AOD from the 100th cycle to
the 200th cycle. This observation is consistent with the optical
photographs by comparing the one at 100 cycles to the one at
200 cycles; after 100 cycles, a bluish homogeneous film is seen
while after 200 cycles, the middle part of the film had dis-
appeared, revealing the substrate, indicating that its ordered
structure had collapsed (Fig. S4b and d, ESIt). Therefore, it
could be deduced that upon cycling, both dissolution and
stress-induced structural collapse co-contributed to the fading
of the electrochromic optical density. Furthermore, dissolution
accompanied the whole electrochromic process, leading to a
gradual reduction of optical density.

The AOD for V220-400C shows a drastic change from the
beginning of cycling: a much higher |AOD| at the first cycle
than for the following cycles, indicating a strong reduction of
Li-ion intercalation after the 1st cycle. The corresponding CA
validated this observation: the current quickly reduced right
after the first cycle (Fig. S5a, ESIT). Interestingly, the fast fading
in the primary 50 cycles was also observed in CV though there
was no vigorous change in the first 10 cycles (Fig. 2a). This is
probably because of the difference in the Li-ion intercalation
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process, where a constant voltage of 1.0 V is applied in CA as
compared to a gentle increase in the applied voltage from —1.0
to 1.0 V in CV. This smooth change of the applied voltage in CV
minimizes the speed heterogeneity of Li-ion intercalation.
Therefore, in CV several soluble vanadium compounds having
different valences of V-ions were formed under a limited speed,
which led to gradual capacity fading. In contrast, in the CA
electrochromic process, the prompt application of voltage as
high as 1.0 V led to the simultaneous formation of various
soluble vanadium compounds with a mixed valence of V-ions
from the beginning, as a result of which, fast dissolution was
found in the first cycle and fast fading in the optical density
right after the 1st cycle. The following cycles in both CA and CV
showed relatively stable values until the 100th cycle. Although
there was no obvious change in CA from the 100th to 200th
cycle, a large capacity fading at around 420 nm wavelength was
observed. In contrast to V430-400C in which half of the film was
destroyed after 200 cycles, the V220-400C film is almost intact
with negligible damage as shown in Fig. S3c¢ (ESIt). Consider-
ing the above results from V220-400C and V430-400C, it is
reasonable to deduce that a pore size as small as 141 nm for
V220-400C could effectively “buffer” stress-induced structural
pulverization but that chemical dissolution is governed by
the chemical stability of the oxides, unrelated to pore size.
Therefore, as compared with V430-400C, in V220-400C, which
has a higher surface area and a thinner porous framework, a
faster intercalation of Li-ion and accordingly a faster formation
of soluble vanadium compound could be expected, which
resulted in a faster fading during electrochromic cycling.

Apart from this, we found an increased AOD at a wavelength
of 430 nm as the pore size decreased for the first cycle; the AOD
of V220-400C is 0.21, higher than that of V430-400C (0.17),
which is higher than for most planar films (AOD < 0.15,
Table S1, ESIT).34'36 However, our AOD values are smaller than
those (0.33 and 0.28) reported in the literature for 3D ordered
macroporous V,0s films (3DOM) (Table S1 and ref. S1, ESI).””
Considering the much higher thickness of these 3DOM
(1100 nm), as compared to the present film (pore size
141 nm, thickness 183 nm), the lower AOD of V220-400C could
be attributed to lesser amount of V,05 in the film. After 100
cycles, the AOD of V220-400C decreased to 0.16 as an effect
from the chemical dissolution.

Effect of phases on cycling stability

As discussed above, chemical dissolution is unavoidable if we
chose a single V,05 phase. During electrochemical cycling,
vanadium ions kept on changing their valences and accordingly
the type of lithium vanadates during Li ion intercalation/
deintercalation. This valence change is closely related to con-
ductivity; when conductivity is low, there is necessarily a high
polarization, which reduces the Li ion diffusivity.">*® On one
hand this results in coexistence of multiphases of lithium
vanadates and heterogeneity deterioration in the film, leading
to a heterogeneous phase change and stress-induced pulveriza-
tion. On the other hand, the coexistence of multiphases
increased the possibility of simultaneous appearance of various
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soluble vanadium compounds, which accelerated chemical
dissolution. Therefore, the improvement of conductivity could
be a way to reduce chemical dissolution.

Based on the above analysis, the best way to improve
conductivity without sacrificing electrochromic optical contrast
would be to directly increase conductivity by doping®” or
introducing a second conductive phase which has a low absorp-
tion in the visible region and be active to lithiation.

As a mixed-valence vanadium oxide, V¢O;3 shows a combi-
nation of metallic character’® at room temperature and high
electrochemical capacity.’® Here, we attempted to introduce a
second conductive phase by simply heat-treating the obtained
V430-400C, which is an o-V,05 phase, under an argon atmo-
sphere at 400 °C for 0.5 h at a ramping speed of 5 °C min™.
As mentioned in the experimental section the obtained sample
was named AV430-400C. Also, another mixed vanadium oxide
film (V430-310C) was obtained by annealing the NH,VO;/PS
opal composite film at 310 °C for 80 min at a ramping speed of
3 °C min~ ' under atmospheric conditions.

Fig. 4a shows the Raman spectra of AV430-400C and V430-
310C samples. In both spectra, the peaks indicated in red
located at 166, 844, 880, 935, 992, 996 and 1033 cm ' are
attributed to the mixed-valence phase V¢Oy3.*" The peaks at
105, 144, 282, 303, 405, 483, 528, 703 and 993 cm ' are
attributed to 0-v205.>>*° Unidentified peaks appearing at
910, 946 and 1009 cm ™' (indicated in blue) could be attributed
to the non-stoichiometric phases between V4013 and o-V,05.*°
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Both AV430-400C and V430-310C are composed of a mixed
phase of V40,3 and o-V,05 but with different ratios. AV430-
400C is mainly composed of a-V,05 but with a little amount of
V60,3 as a second phase while for V430-310C, it is the opposite.
Both of them show a close charge transfer resistance (55.14 Q
for Av430-400C, 59.68 Q for V430-310C) but different ion
diffusion. AV430-400C has a faster ion diffusion with a steeper
slope in the low frequency region than V430-310C (Fig. S6,
ESIt). There is a dramatic difference in the CV results between
V430-310C and AV430-400C. The anodic peak for AV430-400C
was positively moved to —0.19 V in comparison to —0.58 V
for vV430-400C while the cathodic peak negatively moved to
—0.67 V from —0.37 V in V430-400C. On the other hand, the
anodic peak for V430-310C was around 0.3 V while the cathodic
peak was around —0.36 V. The difference between AV430-400C
and V430-310C could be attributed to the phase composition
difference.

Similar to reports on V013,*1*? V430-310C showed a fast
fading in the first 10 cycles batch (Fig. 4b) with attenuated
fading capacity in the following cycles batches; V40,3 under-
goes four phase transitions from Lije;VsO13 to LiVeOq3,
Li,V6O13, and LizV¢0s3, in sequence and decrease of electronic
conductivity upon lithium insertion,*>** which accordingly
increases the possibility of polarization and chemical dissolu-
tion. In particular, the slower ion diffusion deteriorated the
coexistence of four phases and the corresponding polarization
upon cycling, since the film partially peeled off from the

0.002
V430-310C
V50‘3+V205 /\
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Fig. 4 Raman spectra (a), room temperature cycling voltammograms (b and c) and the corresponding optical photos before (up photos d and e) and
after (bottom photos d and e) cycling conducted for samples V430-310C (b and d) and AV430-400C (c and e) at a potential window of £1.0 V in

0.5 mol L™ LiClO4/propylene carbonate solution at a sweep rate of 50 mV s~
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substrate after 200 cycles (Fig. 4d, bottom). As a result, stress-
induced pulverization occurred in V430-310C after cycling.

Aided by the presence of a small amount of V0,3 in AV430-
400C, its conductivity is greatly increased since its charge
transfer resistance (55.14 Q) is smaller than that of V430-
400C (96.43 Q). This accelerated the reaction kinetics and
minimized polarization during cycling due to the coexistence
of multiphases and consequently increased its capacity by
showing a kind of pseudo-capacitive behavior.*> Furthermore,
in a porous structure, the reaggregation of the nano sized
particles into large-size grains could be effectively avoided.
As a result, the cycling stability was highly improved.

A much higher capacity is found for AvV430-400C (Fig. 4c)
than for V430-400C, although its pore size (260 nm) and film
thickness (334 nm) (Fig. S7, ESIt) are close to those of
V430-400C (pore size = 254 nm, film thickness = 354 nm). This
could be partially attributed to the contribution from non-
stoichiometry vanadium oxide in the film. Indeed, Murphy’s
group noted that non-stoichiometric VO34, showed a larger
capacity than its stoichiometric analog V¢O;3.*°

Assisted by a small amount of V0,3, AV430-400C remained
intact after 200 cycles (Fig. 4e, bottom). Furthermore, except for
the first 10-cycles which shows a gentle fading, an excellent
cycling stability with a good reversible capacity was found in the
first 50 cycles due to improved conductivity from V40,3, which
reduced polarization and minimized multiphase coexistence
during o-V,05 CV cycling. After 50 cycles, a small fading is
observed from the 50th to the 200th cycle.
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Based on the CV results, AV430-400C was further used to
explore its electrochromic cycling stability. For ECD AV430-
400C, the coloring and bleaching times were measured to be
19.9 s and 20.77 s, respectively, faster than for V430-400C
(24.82 s for coloring and 27.13 s for bleaching), indicating the
positive role from its low charge transfer resistance (55.14 Q for
V430-400C and 96.43 Q for V430-400C).

Assisted by a little amount of V403, AV430-400C showed a
relatively higher optical contrast (Fig. 5a) not only in the visible
but also in the near-infrared (600-850 nm) regions for the first
50 cycles in contrast to its counterpart V430-400C. However,
for the following cycles, the AOD in the near-infrared region
(600-850 nm) is close to 0, indicating a somewhat similar
behavior to V430-400C which is a single a-V,05 phase. Also,
there is an initially smaller absolute value of AOD (JAOD]|) in
the visible region, taking 380 nm wavelength as an example,
|AOD| = 0.11 for the 1st cycle followed by a gradual increase
for the following 50 cycles to |[DOD| = 0.17 for the 50th cycle.
In the near-infrared region, |AOD| gradually decreases with the
number of cycles.

These results explain the change in electrochromic AOD
occurring from the 10th to 50th cycle. A slow fading cycling
occurring from the 41st to the 199th cycle with a knee around
cycle 80 indicates fading in AOD with a noticeable change
between the 50th and 100th cycle. After the 100th cycle, a stable
CA revealed a stable AOD. After 200 cycles, the film was
nearly intact with a little pulverization on top (Fig. S8e, ESIT).
According to the Raman spectrum of AV430-400C after 200 cycles
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Fig. 6 (a) SEM images of sample AV430-400C cycled 200 times, (b) an HRSEM image of the encircled portion in SEM image (a). (c) Raman spectra
of sample AV430-400C before cycling (top spectrum) and after 200 cycles (bottom spectrum). (d) Raman spectra of V430-400C before cycling
(top spectrum) and after 200 cycles (bottom spectrum). SEM scale bars are 1 um in (a) and 200 nm in (b).

(Fig. 6¢, bottom), the o-V,05 phase almost disappeared with the
V6013 phase remaining, confirming the dissolution of the a-V,05
phase during cycling. Besides several unidentified Raman modes,
the characteristic peaks of &-Li,V,0s are also seen at around 157,
280-300, 529 and 628 cm™ ~.*"*° In accordance with the Raman
results, the corresponding SEM images (Fig. 6a and b) of AV430-
400C after 200 cycles, show that the wall in the framework is
almost collapsed, and furthermore, some column-like crystallites
were formed within the pores of the IO film as highlighted by
arrows (Fig. 6b). It could be deduced that after 200 cycles, some
irreversible phases are formed, including &-Li,V,0s.

Nonetheless, a better reversibility is obvious for AV430-400C
in comparison to V430-400C; for V430-400C (Fig. 6d), the
a-V,05 phase has almost disappeared totally after cycling,
which was replaced by &-Li,V,05 with peaks at 157, 216, 280-
300, 708 and 982 cm ™" and the §-Li,V,05 phase®® with peaks at
172, 464, 530, and 940 cm ™ ?, indicating that Li-ions were deeply
and irreversibly entrapped within the film. In contrast, for
AV430-400C, good conductivity rendered better reversibility
during cycling which greatly minimized the phase co-existence
and dissolution of V,05; and therefore rendered better electro-
chromic cycling stability.

Similar to some V,0; films mixed with a second phase
(Table S1, ESI{),>"* the stability was greatly improved since
AOD at a wavelength of 430 nm for AV430-400C increased
from 0.175 for cycle 10 to 0.18 for cycle 100 and retained this
value until cycle 200 as compared with the pure V,0s film
of the V430-400C sample, whose AOD dropped from 0.16 in

This journal is © The Royal Society of Chemistry 2023

cycle 10 to 0.15 in cycle 100 and then dramatically to 0.13 in
cycle 200.

All things considered, both electrochromic and electro-
chemical cycling stabilities could be greatly improved simply
by introducing a small amount of V50,3 and non-stoichiometric
V60134, into the V,0; film due to its high conductivity and large
capacity.

Conclusions

By comparing 2D V,05 I0 monolayer films of various pore sizes,
we demonstrated that V,0Os films with an appropriate small
pore of 140 nm (V220-400C) could effectively ‘buffer’ stress-
induced pulverization in contrast to their analogs V430-400C
and V700-400C having bigger pore sizes. Despite good resis-
tance to pulverization, chemical dissolution was still unavoid-
able due to the inherent chemical instability of V,05 during
electrochemical cycling.

With the addition of a little non-stoichiometric VO34,
cycling stability of AV430-400C, in both electrochromism and
electrochemistry, was greatly improved in comparison to that of
its V,05 counterpart V430-400C. The excellent cycling stability
could be attributed to the better conductivity which reduced
multiphase coexistence upon cycling. Therefore, on one hand,
the quick dissolution of various vanadium compounds during
intercalation/deintercalation of Li-ions was well minimized.
On the other hand, stress-induced pulverization was
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simultaneously alleviated due to minimized polarization under
higher conductivity.
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