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Recent advances in vanadium pentoxide (V,Os)
towards related applications in chromogenics and
beyond: fundamentals, progress, and perspectives
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Smart multifunctional V,Os is an appealing oxide for energy-saving and energy-storage applications.
This review article comprehensively analyzes its most recent advances and applications. The unique
electronic structure of V,0Os5 with three bands triggers peculiar smart optical properties and multi-color
appearance. The colors and optical characteristics of pristine V,Os5 films are affected by the processing
growth and conditions. The multi-chromism in V,Os can be controlled by various external stimuli:
applied voltage, electrochromic gas type, gasochromic; light source, photochromic; and temperature,
thermochromic. Fundamental comprehension of chromism and “fixed-chromism” has been discussed.
Chromism in V,Os5 is reviewed, and the related advantages, drawbacks, and potential applications are
emphasized with a focus on the fundamental aspects. General strategies to enhance the coloration
performances of V,0Os chromogenic devices (CDs) are discussed. The role of the micro—nanostructural
morphologies, growth conditions, doping elements, and hybrid composite structures on smart optical
devices for improving the chromic performance is also addressed. The challenges that lie ahead of the

commercialization of V,0s-based applied research are presented.

1. Introduction

The energy demand for heating, air-conditioning, ventilation,
and lighting has increased due to climate change and the
development of buildings, vehicles, and technology devices.
Unfortunately, they all produce more greenhouse-gas emis-
sions and induce global warming and climate change.' The
energy increase has reached approximately 40% in the EU, 30%
in the US, and 30-40% in the world of primary energy.>* This
energy can be reduced using optical devices to prevent and
reduce excessive heating and lighting where necessary. Chro-
mogenic devices (CDs) are known for their stimuli-dependent
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optical properties and have attracted worldwide attention for
reducing global warming. Indeed, electrochromic (EC), gaso-
chromic (GC), photochromic (PC), thermochromic (TC), iono-
chromic (IC), solvatochromic (SC), vapochromic (VC), and
mechanochromic (MC) devices play an essential role in energy
saving and make an outstanding contribution to protecting the
environment as a key “green’”” technology.

Energy saving via CDs is currently a major focus in the
nanomaterial science community with a large number of pub-
lications. In this perspective, CDs are not only crucial for smart
windows as energy-saving devices but are also used in displays,
windows for civil aircraft, light modulators, sensors, eyeglass,
stimuli-responsive devices, rear-view mirrors, and switching
optics.® In addition, chromic properties are also extended to
applications, such as thermal control in the IR region, and
variable IR/NIR devices.®’

As stated earlier, chromogenics corresponds to irreversi-
ble/reversible changes in material color and optical charac-
terization caused by a change in the chemical and physical
properties due to external stimuli. Among them, electrochro-
mism has attracted considerable attention because of the
facile control of the insertion/de-insertion of metal ions and
carrier concentration at the applied voltage, allowing control
of the optical contrast, switching time, and coloration
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efficiency. Fritsch et al. first reported PC materials and their
behaviors in 1867.% In the 20th century, chromic materials
have been studied extensively since the report by Pohl on the
chromic phenomena of alkali halides.® The possible change
in the color produced by EC phenomena in dye materials was
attributed to the shift of absorption and emission spectra
under an electric field, which Platt studied in 1961.'° Deb
reported the first application of electrochromism in an
electrophotographic system using WO; thin films in 1969.""
For the three next decades from 1970 to 1999, transition

surface areas and favorable transport properties have
enhanced the coloration efficiency.®

The significant attention on CDs has prompted considerable
interest in papers reviewing EC materials. W.C. Dautremont-
Smith first reviewed EC TMO materials and displays that
include cathodic and anodic colorations in 1982.">"
Mortimer™, Thakur et al.,*®> and Rai et al.*® reviewed other EC
material types, such as conducting polymers, viologens, metal
coordination complexes, Prussian blue, metal hybrids, hybrid
materials (organic-inorganic), metal complexes, and metal

metal oxide (TMO) films (e.g., WO; , VQ , TifD , MoO , NiOplasmonics-metal/alloy. Recently, Wang et al.,” Ke et al.,” Dala-

and V,0s) were used in CDs because of their higher thermal
stability, strength, and chemical resistance. Since 2000,
different morphologies of micro-nanostructures with large
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pati et al,"”” He et al,'® and Tallberg et al."® reviewed smart

windows based on the electro-, thermo-, mechano-, and photo-
chromic phenomena of materials. Recent progress in
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chromogenic research of TMOs highlights several materials,
including WO;,%° V0,,”'** Ti0,,>* M003,>* and Ni0.>*® Among
them, WO; has been studied extensively for EC applications
(Fig. 1A); VO, has been studied extensively for TC applications
for smart windows. Chromogenic V,0s; has attracted less
attention.

Several review articles have focused on the battery applica-
tions of V,05 because of its layered structure.””’>> Nevertheless,
no review articles have addressed the optical properties, chro-
mic phenomena, and applications or reported the influence of
V,05 micro-nano structures, dopants, micro-nanocomposites,
and hybrid materials to enhance the performance of V,Os-
based actual applications. Despite this, V,0s has attracted
considerable attention owing to its promising applications
based on its multifunctional properties, as shown in Fig. 1B.
Its electrochemical properties, i.e., energy storage,**>' electro-
chemical systems,** and supercapacitors,®*>* have received
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most attention owing to its layered structure. On the other hand,
less emphasis has been placed on the applications of its optical
characteristics, such as photocatalysis,®> photodetectors,*® solar
cells,”” light-emitting diodes,*® and waveguides.** The number of
publications on chromogenics'®*® and gas-sensor’"**> applica-
tions of V,0s5 is quite modest. Other applications, e.g,
thermoelectrics,”® field-effect transistors,” magnetization,*’
ferromagnetism,*® field emission,”” mechanical properties, and
electromechanical actuation®® have also been investigated.

The various oxidation states of vanadium (V**, v¥*, v**, and
V>*) allow the existence of many oxides and form the ground for
rich chemistry and physics. Multiple oxide phases include VO,
V,03, VO,, V,05, and mixed phases, such as the Magnéli phase
V02,1 (V30s, V405, V500, V4044, and V,0,3), and the Wadsley
phase V,,0,,,:1 (V305, V400, V50,1, VO3, V5055, and Vg0O,,).*9°
Several vanadium oxides feature structure-driven properties,
and some of them exhibit strong sensitivity to external stimuli.
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Fig. 1 Number of publications (A) on chromogenics of metal oxides and (B) on
V505 from 2000 to 2020. Source: ISI Web of Science, access date 2021-05-01.

These smart multifunctional materials are appealing for various
applications, including energy saving and energy conversion.
Among the various oxide phases, at standard temperatures and
pressures, V,0s is thermodynamically the most stable and exhi-
bits outstanding optical and electrochemical properties.

V,0; is toxic to cells, but recent studies have shown that a
surfactant of nanosized V,0s is a promising candidate for use
in biology and medicine.’*° The warning toxicities reported in
the U.S National Library of Medicine show that V,05 is harmful
if swallowed or inhaled and may cause respiratory itritation.>®
Nevertheless, V,05; micro-nanostructures can act as nanoiso-
zymes and naturally occurring vanadium haloperoxidases in
specific biological and anti-biofouling agents.’™>> Nanoscale
V,0s can also mimic an enzyme cascade reaction because of its
intrinsic peroxidase and glucose oxidase-like activity.>*** V,05
has been applied to selective colorimetric methods to detect
glucose and fully restore the redox balance inside bio-
molecules. V,05s NWs can act as a tandem nanozyme based
on the absorption of the V,05 surface that can be applied to the
continuous monitoring of glucose.>

Many synthesis methods have been used to engineer V,05
micro-nano devices for applications in CDs with enhanced
performance in coloration. Improving the coloration efficiency
and switching time of smart V,0s5 micro-nano films with
different morphologies, such as NFs,”” NRs,>® NWs,**® and
nanopores,®’ has been a major focus. Improvement in optical
properties is reported by doping with metals and rare earth
elements, hybridized structures, and composites. Nevertheless,

there have been no reviews published in this area. Under-
standing the fundamentals and the influence of micro-nanos-
tructures, elements, dopants, and composite structures on the
physical and chemical properties and morphologies of V,05 is
very important for enhancing the coloration efficiency of CDs.
Thus, this general review presents the fundamentals, progress,
and applications of chromogenic V,Os.

2. Structure and morphology of V,0Og
2.1 Crystal structure

Depending on the growth conditions, polymorphic phases
including o-, B-, €, 8-, v-, (-, and o-phases were reported in
V,0; crystals. Among them, the o-V,05 phase is the most stable,
while other metastable V,05 phases or the mixed phases can be
formed by a transition from o-V,05 at high temperatures, high
pressures, or electrochemical operation.zg'm'68 Moreover, o/, &'~
&', v+, -, and ®'-V,05 are obtained by deintercalation, ie.,
complete removal of the metal ions (e.g, M = Li, Zn, Al,
and Mg) from o, B, &, &, V-, (-, and ©-M,V,05.% Section 5.2.1
presents the detailed phase transitiono <> ¢ < 8 & vy & { < o
by the deintercalation of V,Os.

For forming a pure a-V,05 phase without an electrochemical
process, some of the phase transitions from the o phase, such
as PB-, 6-, y-, and C-phases, occur as a function of pressure or
temperature, while other phases are difficult to form.°>°*%%7
The energy required for the diffusion of O and V ions at low
temperatures and pressures is sufficient to produce a-V,0s, and
it can be converted into B- and 4-V,05 structures or mixed
phases at high temperatures/high pressures.®” These transi-
tions were observed at 5.3 GPa (from a- to B-V,05) and at 9.5
GPa (from B- to 5-V,05).°® The energies required to convert o-
bulk into B- and y-V,0s bulk are 14.2 and 10.6 k] mol™%,
respectively. The formation energy of the y-, o-, and f-layer
from o-bulk is 20.7, 19.9, and 17.9 k] mol ' while that needed
to convert the a-layer into the y-V,0O5 layer is 0.8 k] mol .

The stable structure of a-V,0s corresponds to a layer-like
structure with the D,,-Pmmn space group with the lattice
parameters of a = 11.51 A, b = 4.37 A, and ¢ = 3.56 A.°*%%7" q-
V,0s is formed by shared edges and corners of VO5 pyramids to
form zigzag lamellar sheets along the [010] direction.”” The
metastable phases of V,05 are derived from the puckering,
sliding, and expanding of the layers, and interface of layers or
the rotations of two edges share (VOs) square pyramidal
units.?>”*7* Table 1 lists the lattice parameters of the various
phases. Note that lattice parameters a, b, and ¢ depend on the
coordination denoted.

Fig. 2A presents the a-V,Os crystal structure and three views
of the (001), (001), and (100) surfaces.”” The primitive cell of
atomic structure includes three oxygen centers bonding with
vanadium: terminal O(1)-V = 1.58 A, bridging O(2)-V = 1.78 A,
and bridging O(3)-V = 2.02 A5

The -, and d-phases correspond to the expanded a-phase, so
they feature similar atomic structures.”® Indeed, the edge-
sharing distorted VO4 octahedra of ¢- and 6-V,05 are connected
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Table 1 Lattice parameters of various V,Os phases

Lattice parameters (A)

Phase types
of V,05 Method a b c Ref.
a-phase DFT 11.627 3.577 4.538 62
Exp. pure V,05 powder  11.523 3.562  4.330 77
Exp. o-Lig.0625V205 11.5121 3.5701 4.3737 335
B-phase DFT 7.440 3.571 6.368 62
Exp. pure V,05 NPs 7.1216 3.5720 6.2882 62
Exp. B-Lip3V,05 15.288 3.7321 9.604 336
e-phase PBE + U 11.720 3.686 9.541 74
Exp. pure V,05; NRBs 11.65 3.68 13.5 337
EXp. &Li¢V,05 11.40  3.56 453 338
d-phase GGA 11.9974 4.7041 5.4169 77
Exp. pure V,05 powder  11.9719 4.7017 5.3253 66
Exp. 6-LiV,0s 11.20 3.56 9.91 338
v-phase Hybrid DFT and HF 10.055 3.565 10.042 65
Exp. pure V,05 NRs-NWs  9.946 3.585 10.042 68
Exp. y-LiV,0s 9.64 3.60 10.60 338
{-phase PBE + U 15.586 3.666 10.269 74
Exp. pure V,05 NWs 15.275 3.604 10.098 153
Exp. {-Li,V,05 9.08 3.60 10.24 339
w-phase DFT 9.21 9.13 3.95 340
EXp. ®-Lip4V,05 917 9.17 4.09 341
EXp. 0-Li, ¢5V,05 9.21 9.21 4.09 341

by the corner O(1) to form layers with weak V-O(3) and V-0O(2)
interactions.®*’*”” For the y-phase, oxygen forms five bonds
with two types of vanadium cations resulting in a configuration
with two different apex-connected VO5 pyramids.®>*®”® The -
phase features five nonequivalent oxygen atoms bonded to two
octahedrally coordinated vanadium atom types.®>®® The (-
phase is formed by three distinct vanadium-centered polyhe-
dral that share and connect with eight oxygen atoms.”

Fig. 2B shows the top view of the vacancies on the (010)
surface. Oxygen vacancies can be formed due to the removal of
0(1), O(2), or O(3), as expressed in eqn (1)-(3). Goclon et al.”®
compared the formation energy of oxygen vacancies of the (100),
(010), and (001) surfaces. In equilibrium, the energy required to
form oxygen vacancies on (100) and (001) was 1.0-1.5 eV lower
than that on (010), despite the (010) surface comprising approxi-
mately 85% of the total surface area of the crystal.

V205 = V205, + (3)02 + (90 + @)™ (1)
3V,05 = V043 + O, (2)

1
V1,05 = V,04 + (5) 0O, 3)

2.2 Morphologies of V,05 and synthesis methods

2.2.1 Morphologies of V,05. Various morphologies were
fabricated using different synthesis methods that bring promis-
ing applications. V,05 gels were first synthesized from NH,VO;
salt in 1885.”° Thus far, considerable efforts have been made to
improve the physical and chemical properties of V,0s, includ-
ing the synthesis of various structures, such as 0D, 1D, 2D, and
3D structures. Fig. 3 shows a schematic diagram of the mechan-
isms to form different morphologies that depend on the growth
conditions based on the bottom-up approach mechanism. At

Fig. 2 a-V,0s crystal structure and oxygen vacancies: (A) Perspective view
and top view along the (010), (001), and (100) surface directions, and (B) top
view of vacancies on the (010) surface with the O(1) site, O(2) site, and O(3) site,
reproduced with permission (Copyright 2022, American Physical Society”).

o 0,36 |

(0191

Fig. 3 Schematic diagram of the mechanism of formation and TEM
images of V,Os morphologies: (A) TEM image and atomic model of NW
and (B) atomic model of NT. The figures are reproduced with permission
(Copyright 2022, Wiley*” and American Physical Society®).

the beginning, a small cluster or small crystallites were formed,
which coalesced to form larger crystallites, and grain boundary
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diffusion at the surface was boosted to form morphologies,
such as NPs, NWs, and NSPs. The formation process depends
on the growth of preferential orientation of molecules and
clusters. Owing to the formed layer and the layer by the vdW
force (the vdW gap is approximately 4.4 A), the V,05 growth
takes place preferentially along the [001] orientation with a
layered structure because of the lowest surface energy of the
(010) plane.”®®° The interlayer distance d (A) and tangent angle
(o°) between the layers play an important role in determining
the dimensionality structure.

For o = 0°, V,05 grows and extends in one or two orientations
(Fig. 3A) to form 1D structures, such as NWs,"” NFBs,*” and
NRs,*>®* or 2D structures, such as ultra-large NSHs,** and
sponge-like structures from 2D NSHs.* In the hydrothermal
and solvothermal processes, the formation and growth of 1D or
2D materials can be based on Ostwald Ripening and Oriented
Attachment growth mechanisms.?® The pre-solution, tempera-
ture, and time reaction affect the reaction speed, activating
crystal, and surface diffusion mobility. 1D and 2D V,05 struc-
tures were self-assembled from nucleation or original vanadate,
such as (VO,)" and VOOH.*>*” Micrometer-, centimeter-, and
ultra-long NWs, NFBs, NSPs, and NRs were formed as a result of
a continuous process in a long-term reaction?”*7:°%,60:8891
Similarly, this process can lead to the diameter increase or
assembly of NWs and NFBs to form NBs.**°>® The bent layers
(for « = 90°) may form nanoscrolls, NHLs, or closed NTs, as
shown in Fig. 3B.5"°%% In the vapor deposition and electro-
deposition processes, the thin films were formed via nucleation
and the expanded growth mechanism.

For a = 30° or 45° the growth in multiple directions co-
occur, resulting in the formation of compact of 0D V,0s, such
as QDs with average diameters of 3 nm,’® 2-3 nm,”” 5-8 nm,”®
and 30-50 nm,*®> or 3D V,0s, such as flower-like arrays,”
porous hierarchical octahedra, and microspheres.'*>'*" In
wet chemical reactions and solvothermal processes, nucleation
and growth occurred to form particles. These particles grow or
attach and self-aggregate to form larger particles or 3D V,05
depending on precursors, concentrations, or reactants. How-
ever, due to preferential orientation along the [001] orientation,
the direct synthesis of 0D V,05 via the bottom-up method
requires optimal conditions in terms of reaction rate, time,
and temperature. The 0D VO, or vanadium-containing precur-
sors (V(OH),NH, and VOOH) were commonly fabricated before
being annealed in oxygen to form 0D V,05.*> Annealing tem-
perature also improves crystallinity, changes the crystal phase
(i.e., from o- phase to other phases), and alters the morphology
(i.e., from 0D to 1D).

Diverse 0D, 1D, and 2D V,Os
morphologies of various sizes have been separated from bulk
V,05 using the top-down technique. Mechanical shaking (ultra-
sonication), high-energy collision (ball milling process), or
high-temperature treatment (by pulsed laser ablation or melt-
ing) was used to divide 3D V,05 to lower dimensions. As
illustrated in Fig. 4A, bulk V,05 was exfoliated to layer 2D using
an ultrasonication process. Fig. 4B shows the production of
compact and hollow NPs (0D V,0s) from solid V,05 pellets

micro-nanostructured

| _ f"*‘ ,
.a v ‘f‘.“i’s

\ V,04 nanosheets '/'

33

Fig. 4 Schematic diagram of the top-down formation mechanism of
lower dimensions: (A) 2D and (B) OD. The figures are reproduced with
permission (Copyright 2022, American Chemical Society*%219%).

using the PLA technique. Bulk V,05 is ablated by the incident
laser beam, forming a plume which is then deposited on the
substrate.

2.2.2 Synthesis method. Different methods have been used
to fabricate V,05°° with multiple morphologies, including
bottom-up methods, top-down methods, and combined
methods.

2.2.2.1 Bottom-up methods

(i) Physical vapor deposition (PVD). This technique is used
to grow thin films under high vacuum, usually using plasma,
laser, and heat to sputter or sublime a target material with the
appropriate composition.’® The inlet gas composition, pres-
sure, substrate temperature, and substrate types are the main
factors affecting the structure and physical properties of the
grown V,05 films. The PVD methods used to grow different
V,05 morphologies are PLD,'** EBE,'%>'°® RF-sputtering,'®”'%?

DC-sputtering,'*'* IB-sputtering,'** and RFRP.""*
Thiagarajan et al.’® reported the influence of the nature of
the substrates on morphology. The films exhibited very densely
packed particles with a smooth surface (glass and ITO sub-
strates) and different particle sizes with rough surfaces (Al, Cu,
and FTO substrates). Kang et al.'°® examined the effects of the
beam dose rate irradiation (EBE method) on the morphology
and crystal structure. The rod-like morphologies appear at dose
rate irradiation of 300-600 kGy with a buffer layer while the
film was amorphous at 0-600 kGy without a buffer layer; V,05

NRs were obtained at 800-1000 kGy in both cases.

(ii) Chemical vapor deposition. This technique including
CcvD,'311% Ap.cvD,''” LP-CVD,'** AL-CVD,''°* MO-CVD,'*°
PE-CVD,"" and AA-CVD'** is based mainly on the vapor phase
reaction-adsorbed precursors (i.e., VO(acac),, V(CsHgO,)s, and
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VO(OC,Hj5)3) on the substrate surface.’® The reaction tempera-
ture, O, source, reaction time, and sample position are factors
that play an important role in controlling the morphology,
crystal structure, and surface of the thin film.**'"?

Among these factors, the deposition temperature is used to
control the morphology and thickness of the film. When the
deposition temperature was increased from 320 °C to 420 °C
for the same duration, the length of V,05 NWs increased from
10 pm to 100 um while the widths remained approximately
80 nm."® The deposition temperature in the range of
500-700 °C significantly influences the porous morphology,
surface, and size of the film, whereas different NP sizes of 15,
60, and 30 nm were obtained at 900, 1100, and 1300 °C,
respectively.'*® Yin et al''* examined the influence of the
substrate temperature on the surface roughness of 1D porous
V,0s micro-nanotubes. The surface changed from porous (at
220 °C) to much less porous (at 260 °C) and smooth (at 320 °C).
Musschoot et al.'*® compared the influence of thermal and
plasma-enhanced (PE) ALD/CVD on V,Os films. The as-grown
films deposited by CVD at 300 °C and PE O, ALD at 150 °C were
crystalline with 001-oriented V,0s, whereas the as-grown films
deposited by thermal and PE H,O ALD at 150 °C were amorphous.

(iii) Solution method. Solution methods, including WCR,>?
hydrothermal,”” CBD,"** sol-gel,*® ECAD,"*® ESS,"*° ED,”
TP,"*” SP,"*® and ESP,**'?*'3* are used widely to synthesize
nanostructures. Among these solution methods, WCR and
hydrothermal methods are used widely because of the simple
processing and low cost. Sukanya Datta et al'*' reported
various morphologies of nanostructured V,0s, such as 3D
microbeads, 2D NSHs, and 1D nanofleeces using different deep
eutectic solvent relines. Mu et al'®*?> controlled different
morphologies, NFLs, nanoballs, NWs, and NRs, using different
pre-solutions (acid-solvents), such as H,C,0,~C,HsOH, HNO;—
C,H;0OH, HNO;-H,0, and H,C,0,-H,O, respectively. Wang
et al."** prepared V,05 NWs and NSHs with different growth
times. For short reaction times, V,05.nH,0 sheets were synthe-
sized, while NWs were obtained after extended reaction times.

2.2.2.2 Top-down methods. Bulk V,0s5 is converted to small
nano-sized particles or sheet-layers using physical and
chemical treatments, such as mechanical dynamic, thermal,
etching-reaction, laser ablation, and ultrasonication.'** These
methods can be used to fabricate high purity NPs, but they are
unsuitable for preparing uniform-shaped particles. Top-down
methods have been reported to prepare abundant morpholo-
gies of V,05, such as TE,*® MQ,"** TD,*¢ ultrasonication (liquid
exfoliation),’”>  PLA,**"”  dissolution-splitting,"**  and
BM."**'*° Diaz-Guerra et al."*® examined the influence of the
treatment duration on morphology using the TD method.
Micro-rods, urchin-like structures, and nanotips were formed
during annealing under Ar at 700 °C for 10 and 15 h. Rui et al.
obtained ultrathin V,05 NSHs with lateral dimensions of 100-
400 nm by sonicating V,05 powder at RT for three days.'*> Zou
et al.** used the BM method, adding H,C,0, to prepare V,O5
NPs of various sizes based on different milling times. After
three hours of grinding, the powder particle size decreased

from 500 to 40 nm. Taylor et al.'*” prepared “nearly spherical”
a-V,05 NPs with sizes below 100 nm and “flower-like” B-V,Os5
NSs with a micrometer size by irradiating bulk vanadium flakes
immersed in DI water with a Nd:YAG laser. The surface
morphologies were also controlled using different Nd:YAG laser

treatments from vanadium sols.***

2.2.2.3 Combined methods. Various V,0s morphologies have
been studied extensively using a combination of different meth-
ods, such as MQ-hydrothermal,®® WCR-hydrothermal,®*> LASP-
sol-gel,"*! and UV irradiation-sol-gel."*> Mesoporous ultra-large
V,05 NSHs were synthesized by combining WCR and hydrother-
mal methods.®**** v,05 NWs, 50-100 nm in diameter and up to
several micrometers in length, were prepared using the MQ
method by heating V,05 powder at high temperatures (800 °C)
and quickly pouring the powder into water with vigorous stirring
and autoclaving the solution at 200 °C for four days."** Ultralong
NBs with widths in the range of 30-200 nm were formed by
heating the powder at 850 °C and heating a solution containing
the heated powder at 220 °C for a few days.

Recently, the combination of many techniques was used to
fabricate different morphologies, such as NTLs, NTs, NPRs,
NHLs, and nanobox.****>7*! In these combinations, the V,05
layer is deposited on substrates with different mask types as
prepared previously. Chen et al.'*® and Liu et al.™*”"*® grew
V,0s5 layers on anodic aluminum oxide (AAO) using the ALD
method. The results showed that the size of the NTLs and NTs
depends on the AAO pore diameter and the number of deposi-
tion cycles. The NPRs with different pore diameter sizes were
prepared in two steps: (1) PS spheres with different diameter
sizes were used to fabricate the monolayer or multilayers
colloidal crystal templates; and (2) a V,0;5 film was deposited
into colloidal crystal templates using the ED or ECAD method
and the PS spheres were then removed.'*>'41%°

In another study, multi-shelled V,05 hollow microspheres were
controlled by a repeated adsorption process of vanadium precur-
sor on carbonaceous microspheres (CMSs).>* The hydrothermally
synthesized CMSs were dispersed in a solution containing a
vanadium precursor (NH,VO;) by ultrasonication for 10-30 min
and kept in a water bath at 40-70 °C for 6 h. Both metal cations
and metal anions were adsorbed by CMSs to form CMS/vanadium
oxide composite spheres. The resulting composites were annealed
at 400 °C for 30 min to obtain hollow spheres. The different
hollow spheres, including double-, triple-, thick single-, porous
triple-shelled, and multi-cavities, were obtained easily by repeat-
ing the adsorption process several times and stirring in different
acidic aqueous solutions. Similarly, Liu et al. obtained V,05 multi-
scale hierarchical boxes after 2 h air-annealing at 500 °C of an
autoclaved (12 h at 200 °C) solution mixture containing vanadium
oxytriisopropoxide and carbon hollow cubes.**

The morphology of the V,05 micro-nanostructures can be
controlled by a combination of post-annealing of the films
obtained via solution, CVD, and PVD processes. Specifically, the
shell number of V,05 was controlled by heat treatment of
NSPs."*? Double-shell hollows were formed by annealing a solid
sphere at 350 °C obtained by solvothermal synthesis. Single-
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shell NHLs were obtained after annealing at 450 °C while
double-shell NHLs were formed after annealing at 350 °C."">
Similarly, single, double, or multi-shelled hollows can also be
controlled by heat treatment at different temperatures.
Different types of 1D V,05; nanostructures, including NTs,
NFBs, and NRs, were formed by annealing electrospun NFBs at
400, 500, and 600 °C, respectively.'*® The as-deposited V,Oj film
grown by the ED method had a smooth surface and became a rod-
like structure as the annealing temperature was increased from
400 to 500 °C. When annealed at higher temperatures (550
650 °C), the rod-like structure of V,05 tends to form long-rods
due to the high diffusion rate on the surface and becomes stream-
shaped slices.®” Different scales of the belt-like NRs were formed
by annealing the V,05 powder formed from the MB method at

3. Bandgap and optical transition
3.1 Bandgap

Fig. 5 compares the V,0;5 electron structural density of states
between o- and y-,”® o- and B-,°> and o- and {-phases.’*® No
experimentally or computationally determined bandgaps of
pure & and ®-V,05_,, have been reported.

Pure V,05 is an n-type direct/indirect gap semiconductor.
The electronic structure of V,Os is rather complicated and depends
on the morphology, number of oxygen vacancies, and crystal
phase.”® At RT, 0-V,05 bulk has a direct bandgap of approximately
2.3-2.4 eV and an indirect gap of approximately 1.9-2.0 eV. The VB
widths were 5.5 4 0.5 eV (bulk) and 5.0 + 0.5 eV (single-layer).®’
Rather than being a single band, the CB is made up of two
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CBs have a bandwidth of 0.75 eV and are localized at 0.6 eV
below the main CB."?*'3%158

Oxygen vacancy-induced V,0s_, leads to changes in the
atomic, crystalline, and electronic structures.'>*'®® When oxygen
atoms are removed from the lattice, the electrons are left behind.
The V-0 bonding in the crystal changes because of the regulated
atomic structure and hybridized V 3d-O 2p.*® Consequently, the
geometric structure is altered and forms mid-gap states and
surface states. Scanlon et al.'> calculated the delocalized defect
electronic states in V,05_,, using gradient-corrected DFT on-site
Coulomb interactions (GGA+U). The results revealed the appear-
ance of mid-gap at approximately 0.7-1.0 eV above the VB due to
oxygen vacancies. The experimental results revealed this gap at
approximately 1.8 eV above the VB.''® The mid-gap states due
to O(1), O(2), and O(3) vacancies are located at ~0.95, 0.75, and
0.69 eV, respectively, as shown in Fig. 5A.

As shown in Table 1, these phases of crystal and electronic
structures are similar because there is little difference between the
lattice parameters and the unit cell volumes of -V,0s, £-V,05, and
8-V,0s. Therefore, the band gaps of a-, &, and 8-V,05 are homo-
logous. Although the space group and unit cell parameters of y-

V,05 are different from those of a-V,05, y-V,05 retains similar
structural features.®® The main CB of y-V,05 was also separated to
form a split-off band. The shape, width of split-off CB, and narrow
gap from main CB and split-off CB of y-V,05 were similar to those
of -V,05, as shown in Fig. 5B.°7® On the other hand, this split-
off was not observed in B- and {-V,0s, while the gaps of - and (-
V,0s5 were narrower than those of o-V,05 (Fig. 5C and D).®>*>'¢!

3.2 Optical transition

The theories and experiments showed that the optical bandgap
(Eopy) and transition intensity between the bands in V,05 were
affected by many factors.® The special band structure of V,Os
leads to a peculiar smart optical transition. In pure - and £-V,Os,
there is one optical transition only (VB < CB), while two optical
transitions (VB < main CB and VB « split-off CB) are present in
pure o, &, 6-, and y-V,0s. In particular, in pure a-V,05_, with
three bands, four optical transitions (VB <> main CB, VB <« split-
off CB, VB < mid-gap state and surface state, mid-gap state <
main CB) may occur. Therefore, in the literature, the E,,; and PL
position of V,05 do not coincide. Table 2 lists some articles on the

Table 2 Optical bandgap and photoluminescence peak position of different V,Os morphologies

Eopt (€V)
determined Excitation wave-
from UV-vis  length source for PL PL peak
Morphology = Parameter note Synthesis method spectroscopy —measurement (nm)  position (nm) Ref.
0D V,05 Spherical-like NPs of diameter size in range WCR 2.12 475 502 172
10-15 nm
NPs with a perfectly spherical shape of WCR 2.92 380 460, 593 98
average diameter in the range 5-8 nm
NPs of average diameter 96.5 nm with Sol-gel 3.27 325 382, 397, 450, 171
roughness 1.926 nm (2D) and 3.46 nm (3D) 469, 530, 557
1D V,05 NWs with an average diameter of 50 nm and LPCVD 2.74 266 450, 690 118
length of many tens pm
NWs with 30 nm in diameter and several Hydrothermal 2.16, 2.30 < 350 579, 687.5 174
tens of micrometer in length
NWs with an average diameter of 80 nm and CVD 2.48 365 350-700 116
length of 10-100 um
NRBs of 100-300 nm diameter and length ~ Heating foil 2.30 457 550-750 39
several hundred micrometers.
NBs of 50-70 nm diameter and lengths of =~ Hydrothermal 2.02 — 571, 634 259
several tens of microns.
NFBs of 20-150 nm diameter and length Hydrothermal 2.20 — 504, 540, 632- 286
several micrometers. 647
2D V,05 Thin film deposited on ITO substrate PLD 2.32 — 524 173
Thin film deposited on glass substrate at SP 1.99 285 475, 513, 532, 128
300 °C 552
Thin film grown on FTO substrate with E-Beam 2.05 330 485, 510, 528, 105
average particle size of 200 nm 545
3D V,05 Bulk powder Commercial 2.20 365 375 116
Micro-nano powder WCR 2.39 325 382, 420, 468, 176
550
Micrometer lamellar powder WCR 2.2 325 427-826 177
Other morphologies L-shaped micro- Hydrothermal 1.91 260
nanostructures
424, other peaks 198
Lamellar plates MQ 2.16 480 650, 730 342
Flake SP 2.05 285 475, 513, 532, 128
552
Platelet (various dimensions) Sol-gel 2.36 350 486, 496, 520, 343
553
Micro- WCR 2.468 — 418, 453 344

nanorods
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Eope and PL characterization of V,0s, particularly the synthesis
method and morphology.

The E,p or E; of V,05 is defined via UV-vis spectrum
measurements because of the transition between the VB and
split-off CB. The band edge absorption (E,p) of the film has
been estimated based on the Tauc or Cody plots and Tauc’s law,
av = A(v — Eop)”, where, v, A, Eqp, and n are the photon energy,
a constant, optical bandgap, n = 1/2 and 2 correspond to
directly and indirectly allowed transitions; n = 3/2 and 3
correspond to forbidden transitions, respectively.’®'%>163
Almost all reports derive an E,, of V,0;5 from the tailing
absorption spectra with E,pe ~ 2.3 €V (2.2-2.4 eV). Calcula-
tion using the Perdew-Burke-Ernzerhof function results in
an Eqp of 2.325 €V.'®* The lower or higher E, values, such
as from 1.6-2.2 eV,118128:1657168 5 6 30 v, 28169170 apnd
3.0-3.49 eV'®'"" were reported. Similarly, optical recombina-
tion shows different PL peak positions, number of peaks, and
broad emission, which are distributed over wide ranges. The
differences between the PL peaks, including one peak,'*®*7%173
two peaks,’®''®17* three peaks,'”” many peaks,*®'7!
broad peak,*>'%>%17%177 have been observed.

and a

4. Multicolor of the original V,Og film

Optical characterization of V,05 was affected by the growth
element-doped V,Os,

parameters, and V,05; based on

Sample number

25
E,(eV)

Fig. 6 Distribution of the reports on V,Os optical characterization: (A)
optical bandgap and (B) possible color distribution of fixed and responsive
chromogenics.

composites, leading to multi-color of the original film (“fix”
chromism). Fig. 6A shows the distribution of the reports
regarding the Eope of V,05 (survey 210 samples of 78 works).
The wide distribution of the absorption and PL spectrum
predicts the multicolor of “fix” and “responsive” chromic
V,0s5 ranging from dark blue to dark orange, as shown in
Fig. 6B.

Fig. 7-9 reveal the existence of various absorptions and
different colors of the original films. The “fix” chromic phe-
nomena are the optical characterization of V,05 materials with
a fixed color production and irreversible color change. The
different colors or transmitted-reflected light intensity of the
film are determined before, and these films are called pristine
V,0s5 or modified-pristine V,05 films. Hence, the presentation
of “fix” chromism of V,05 is needed to understand the funda-
mentals and applications of chromic V,0s.

4.1 Influence of the growth parameters

The fully stoichiometric phase of pure V,0s5 exhibits orange
color in optical coloration.'”® The growth conditions can
change the stoichiometry of the V,0s film because oxygen
vacancies or other oxidation states of vanadium, sequentially,
nonstoichiometric phase exhibit different colors, such as pale
yellow, yellow-brown, dark green, and grayish-black.

Fig. 7A-D show the influence of ambient and temperature
annealing on the color film and absorption spectra. The blue
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Fig. 7 Absorption spectra and photographs of V,Os films: (A) with ther-
mally induced oxygen vacancy, (B) under different annealing gas condi-
tions, (C) and (D) at different annealing temperatures, and (E) before and
after spontaneous aging. The figures are reproduced with permission,
(Copyright 2022, American Physical Society,””® Royal Society of
Chemistry,*”® Elsevier,28%181 and Wiley®?).
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Fig. 8 Photographs of pure and doped V,Os films with: (A) different
dopant elements, (B) different fluorine dopant percentages, and (C) dif-
ferent chromium dopant percentages. The figures are reproduced with
permission, (Copyright 2022, Springer,'®® Elsevier,'®* and American
Chemical Society'?°).

Os_
'

Fig. 9 Photographs of pure V,0s and M@V,0s composites: (A) V,Os/
PANI composite NFs under different electropolymerization times and (B)
pure and GO/V,0s composite keep six months and eight weeks, respec-
tively. The figures are reproduced with permission (Copyright 2022,
Elsevier?®® and Royal Society of Chemistry>%4).

6 months

shift in the visible region, which increases in the NIR spectral
range from 1200 to 1700 nm due to increasing nonstoichio-
metric ratio, was attributed to the increase in oxygen vacancies
in V,05 NWs. This leads to different film colors (S1 orange, S2
yellow, S3 dark yellow, S4 brow, S5 dark green, and S6 black,
Fig. 7A)."”® The absorption spectra shift toward a longer wave-
length because of the low valence state (V** and V**), when

annealed in nitrogen, which leads to a color change from yellow
to dark green (Fig. 7B)."”° Oxygen vacancies also occur during
the growth of V,05 to form mid-gap states, which leads to an
absorption shift. V,05 nanostructures, including NSPs, NPs,
NRs, and NWs, contain the V** oxidation state at 30.0, 4.7, 10.9,
and 12.8%, respectively.?’

The colors of vanadium oxides change due to variations of
the phase evolution, structural distortion, and morphological
deformation when the samples are annealed at increasing
temperature and time, as shown in Fig. 7C'*® and Fig. 7D%).
After 21 days of aging, the partial self-reduction of V** to v**
was caused by the V,05 xerogel acting as an acid with mobile
protons and the localized electron density at the metal center.
As a result, the film color changes from orange to green
(Fig. 7E)."%!

The initial color of the V,Os film is affected by the intensity
of the optical transition leading to variations in the absorption
and the transmittance spectra. The transmittance curves of the
V,0s film with different thicknesses and O,/Ar ratios during
the sputtering process revealed three main regions (range
300 < 4 < 490, 490 < J < 800, and A > 800 nm).'*> The
transition percentages of the first and third regions decrease
with increasing thickness while that of the second region
fluctuates. The formation of oxygen vacancies leads to
increased absorption in the near-infrared region and a decrease
in the optical bandgap.'®® V,05; NBs exhibit different colors
ranging from brownish to brilliant yellow, corresponding to a
blue shift of the absorption edge with an extended reaction
time from 6 h to 48 h. The films exhibit the color change when
deposited at different temperatures, i.e., pale yellow (RT), light
brown (300 °C), and black (500 °C).»”® The color of the pristine
film changes from orange — light green — orange during the
annealing process.'®*

Furthermore, the E,p is closely related to the color of the
film; therefore, the original V,0s exhibits various colors.
Table 3 lists the effects of the morphology, growth conditions,
dopant element, dopant concentration, composite element,
and composite concentration on the Ep of V,05 micro-nanos-
tructures. These factors can increase, decrease, or fluctuate
the Eqp.

The optical band changes due to changes in the morphology

originating from the precursor to the nanostructure.'®® In
105

particular, it is affected by different substrates,”~ oxygen
partial  pressures,’®®  precursor  types,'®®  precursor
concentration,’®  growth times,'®® ambient annealing

conditions,"” and annealing temperatures.'®”'®® The Ep of
films fabricated by the EBE method increases from 2.18
(840 nm) to 2.36 eV (1200 nm) or from 2.04 (oxygen partial
pressure 10~’ mbar) to 2.30 eV (oxygen partial pressure
10~* mbar) while Ep, decreases from 2.50 to 2.20 eV with
increasing film thickness (fabricated by DC sputtering) from
110 to 450 nm,'**18%187

E,p¢ also changes due to non-stoichiometry and the influ-
ence of the crystallite size. E,p, of the film reduced from 2.47 to
2.12 eV and from 2.53 to 2.35 eV when the substrate tempera-
ture was increased from 30 to 500 °C,'°* and from 350 to
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Table 3

Influence of growth parameters, dopants, and composites to the optical bandgap of V,0s5

Typical morphologies Synthesis method Investigated parameter Note Eopt (V)  Ref.
— Different morphologies were pre- Different V,05 nano Precursor: 2-5 pm diameter  2.20 185
pared by the hydrothermal morphologies Wire: 20-30 nm diameter 2.55
method Rod: 30-40 nm diameter 2.55
Film The films were grown on glass Film thickness (d) and crystallite d =110 nm, L =17.4 nm 2.50 109
substrates by the DC sputtering size (L) d =315 nm, L = 24.8 nm 2.27
method d =450 nm, L = 26.4 nm 2.20
Film The films were grown on glass Film thickness (d) and crystallite  d = 1200 nm, L = 31 nm 2.36 189
substrates by the EBE method size (L) d =1100 nm, L = 35 nm 2.33
d =995 nm, L =40 nm 2.31
d =910 nm, L = 45 nm 2.26
d = 840 nm, — 2.18
NBs NBs were prepared by the hydro-  Diameters 52.7 nm 2.25 345
thermal method 46.3 nm 2.74
44.7 nm 3.00
Film SP The films were deposited on the 300 °C 1.99 128
micro slide glass substrate at dif- 325 °C 2.01
ferent substrate temperatures 350 °C 2.03
375 °C 2.04
400 °C 2.05
Film PLD The films were deposited on glass 30 °C 2.47 104
at different substrate 200 °C 2.22
temperatures 400 °C 2.32
500 °C 2.12
Film CSP The films were deposited on glass 350 °C 2.53 190
at different substrate 400 °C 2.51
temperatures 450 °C 2.47
500 °C 2.35
Film RF Sputtering The films were deposited on 100 W 2.80 346
quartz with different RF powers 200 W 2.40
300 W 2.40
400 W 2.60
500 W 2.50
600 W 2.60
700 W 2.60
Sheet Thermal calcinating Pristine V,05 NSHs were treated 0 °C 2.13 167
thermally in a H,/Ar atmosphere 250 °C 2.06
at different temperatures for 30 300 °C 1.92
minutes 350 °C 1.87
Film Sol-gel The films were annealed at 300 °C  Annealing in nitrogen 2.28 179
for 3 h under different ambient Annealing in air 2.37
conditions
Film EBE The films were deposited on a P=5 x 10~ mbar 2.04 186
glass substrate at 553 K in a PO, =5 x 10° mbar 2.20
vacuum at different oxygen partial PO, =2 x 10~* mbar 2.30
pressures
Film EBE The films were deposited on dif-  Glass 2.36 105
ferent substrate types ITO 2.10
FTO 2.05
Film Sol-gel The films were deposited on ITO  Metalorganic 1.70 168
by different precursors Organic 2.2
Inorganic 2.5
Film Sol-gel The films were deposited on ITO 0% 2.44 347
with different molar percentages 1% 2.48
of ICS-PPG 5% 2.52
NRs and NSPs Hydrothermal The films were hydrothermally taq=4hand¢,=1h 2.45 188
deposited at 230 °C for different t3=4hand¢,=2h 2.46
deposition times (¢4) and were ta=8handt,=1h 2.34
annealed at 500 °C (¢,) tqy=8handt,=2h 2.35
NPs NPs were prepared by the sol-gel  Different element doped V,05 NPs  Pure V,05 2.18 172
method Gd doped V,05 2.12
Nd-doped V,05 2.10
Thin film The films were deposited on an Different element doped V,05 to  Pure V,05 2.32 173
ITO substrate by the PLD method form M,V,0s Ag-doped V,05 (Ag.24V205)  2.15
Nb-doped V,05 (Nby3V,05)  2.16
Ce-doped V,0s5 (Ceg25V205)  2.44
Nd-doped V,05 (Ndy,V,05)  2.50
Sm-doped V,05 (Smy 56V,05)  2.52
Dy-doped V,05 (Dy.25V205)  2.51
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Table 3 (continued)
Typical morphologies Synthesis method Investigated parameter Note Eope (€V)  Ref.
Film The films were deposited on a Different Mg doping concentra- Mg = 0.0% 2.18 108
glass substrate by RF-sputtering  tions in V,05 Mg = 6.7% 2.25
Mg = 12.5% 2.45
Mg = 15% 2.35
Film Composite materials were pre- Different Li doping concentra- Vi1.85Li0.1502_5 2.22 135
pared by the MQ method tions in V,05 to form V,_,Li,O,_5 V;gLig,05_5 2.16
Vi.75Li0.2502-5 2.14
V1.70Lio.3002—5 2.08
Film The films were deposited on an Different W doping concentra- V:W=1:0 2.43 196
FTO substrate by RF-sputtering tions in V,05 (V: W) V:W=28:1 2.37
V:W=14:1 2.29
V:W=9:1 2.16
V:W=7:1 2.55
V:W=35:1 2.62
V:W=2:1 2.76
NRs NRs were prepared by the WCR Different Gd doping concentra- Gd = 0% 2.187 195
method tions in V,05 Gd = 1% 2.181
Gd = 3% 2.145
Gd = 5% 2.098
Gd = 10% 2.044
NPs NPs were deposited by the sol-gel Different Sn doping concentra- Sn = 0% 3.27 171
spin-coating method tions in V,0s Sn = 2% 3.19
Sn = 4% 3.11
Sn = 6% 3.07
L-shape and NWs L-shaped and NWs were synthe-  Different F doping concentrations F = 0% 1.91 198
sized by the hydrothermal method in V,0s F=1.42% 1.87
F=1.69% 2.04
F=1.74% 1.94
3D micro-nano spheres Micro/nanospheres were prepared Different volumes of SnCl, Sp: X=0ml 2.30 197
by the solvothermal method solution (X ml SnCl, of 0.1 M) Sp: X =0 ml 2.31
added in the V,05 precursor and S;: X=1 ml 2.21
the difference between before and S;,: X =1 ml 2.28
after annealing (Sy,) at 550 °C for S,: X =2 ml 2.11
1h Spai X =2 ml 2.25
Ss: X =3 ml 1.89
Szat X =3 ml 2.22
NRs Nanocomposite films were pre- V,05/GO nanocomposite with dif- 0% GO 2.670 205
pared by the sol-gel spin-coating  ferent volume percentages of GO 1% GO 2.632
method 2% GO 2.619
3% GO 2.608
Film The films were deposited by the  Different volumes of isopropyl LCP 2.47 206
drop-casting method alcohol (IPA) were mixed with LCP heat treated 2.18
vanadium oxytriisopropoxide and LCP-PEG 2.44
chosen additive (IPA: alkoxide: LCP-PEG heat treated 2.11
additive) 1000:10:1 (LCP), HCP 2.62
250:10:1 (HCP), and the effect of HCP heat treated 2.69
polyethylene glycol - PEG HCP-PEG 2.59
HCP-PEG heat treated 2.49
Gel WCR V,05/IPA (1:1) composites were Fresh 2.70 37
kept for different times 24 h-old 2.80

500 °C,"*° respectively. E,p increases from 2.5 eV to 2.2 eV as a
function of treatment temperature in the hydrothermal
process.’®" On the other hand, the films fabricated by spray
coating revealed an increase in E,p. from 1.99 to 2.05 eV with
increasing substrate temperature from 300 to 400 °C."*®

In another work, the color process transformed from
greenish-yellow to yellow as a function of temperature and
annealing time.** The transformation from the as-deposited
to B-V,0s5 due to heat treatment also impacts the absorption
and film color. The o-V,05 strongly absorbs light at wave-
lengths of approximately 410 nm and shows a slight blue shift
as a function of the annealing temperature. In contrast, mixing
o- and B-V,05 leads to a substantial shift of the tailing

absorption to lower energy.®”” Consequently, the film color
changes from dark yellow to transparent yellow. Similarly, the
films prepared by AA-CVD appeared brown (as-deposited) and
yellow (post-annealing)."*>

4.2 Influence of dopants

Suitable doping elements may alter the band structure and
modify E,p. The color of the produced V,05 changes following
dopant element and amount. Fig. 8A reveals that the color of
V,05 micro-powder changes from yellow (undoped) to dark
green/yellow (2% Na-doped), orange (3% Ba-doped), and bright
yellow (3% Al-doped).'®® The film color changed to pale yellow
according to the fluorine dopant amount (Fig. 8B)."** Doping
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with metal, non-metal, and rare-earth-doped V,Os, such as Gd,
Nd, Ag, Nb, Ce, Sm, Dy, Mg, Li, W, Sn, Yb, La, and F, affects the
Eqp of V,05 with no clear tendency.'%%!3%1717173,1957200

The E,p increased with increasing Ce-, Sm-, Dy-, and Mg-
doped V,0s, whereas Sn-, Nb-, Gd-, Ag-, and Li-doped V,0s, lead
to a decrease in E,,. For Nd, F, La, Yb, and W doping, E,;
changes depending on the dopant concentration. The E,p
decreased when the V:W ratio was lower than 9:1, but this
trend was reversed, and E,p increased when V:W was higher
than 7:1. Depending on the environments, such as the solvent,
temperature, time reaction, and pressure, dopants bond with
different functional groups in the vanadium precursors, which
affects the V,0;5 properties. The different radii of elements with
reaction dynamics lead to the competition and replacement or
location between the layers of the doping element inside V,05
at different positions, leading to a change in the local and
band structures.*® Dopants can urge or inhibit crystallization
processing. The lattice constant and crystalline size decrease
with decreasing dopant radius compared to the radius of
the host lattice while they increase with increasing dopant
radius. These elements form V-M oxide or local vanadate
(MVO,). The experimental results show that the unit cell
volume of M-doped V,05 (M = Na, Ba, and Al) changes accord-
ing to pure V,0s, being largest with 3% Ba and smallest with
2% Na.'”?

Moreover, dopants can act as donors in V,05 to form new
energy levels below the CB. The new transition between the VB
and new energy levels occurs easily, which leads to a decrease
in E,p,."*>'?° On the other hand, a higher excess donor concen-
tration fills the new energy level and shifts the Ef to a higher
energy state.'’*'°® The insertion of an ionic element also
generates defects and oxygen vacancies to produce lower oxida-
tion states, such as V** and V**. The fraction of V**/V>* or (V** +
V**)/V*" increases with increasing dopant concentration, which
provides more electron carriers. Electrons were also generated
due to the replacement of V>* by M** (x > 5). For example, the
replacement of V°* by Cr®* or W®" provides excess electrons.
These electrons can enter the split-off band, which widens the
Eqpe and causes a color change. The color films change from
bright yellow to mustard yellow and olive green, corresponding
to the Cr doping concentrated increase of 0.21%, 2.41%,
and 4.34%, respectively (Fig. 8C).">° The optical bandgap is
Eg = Eope + AEg", where E,p is the optical bandgap of pure V,0s,
and AEg" is the Burstein-Moss shift, as described in eqn (4).>*!

AEM = (3n’ne) 23 4

8nZm

ve

where, (m)"'= (m)"™+ (m*) " is the effective mass.

4.3 Influence of composites

The color change observed for composite materials, based on at
least two constituents, is associated with a modulation of Ep,
because of the change in physical and chemical properties of
the original materials.>®® Fig. 9A reveals the different colors
corresponding to the different electropolymerization times of
V,05/PANI composites.>*® Pure V,05 NFBs exhibit yellow color,

and after increasing the electropolymerization deposition time,
V,05/PANI color changes to yellow-green (30 s), green (60 s),
deeper green (180 s), and dark green (240 s). The color of gel
produced changes after eight weeks by mixing V,05 and GO
with the assistance of an acid, while the color of pure V,05
remains in D.I water after six months (Fig. 9B).>** The presence
of GO as an oxidizing agent accelerates the oxidation process,
causing the morphology to change and the V** state to rise.
Moreover, V¥ is reduced to V** due to a partially reversible
reaction of H,O molecules of V,05 hydrate and alcohol in
organic molecules, which changed the color from red to green
(geD)->

The E,p,: of the GO/V,05 composites decreased from 2.67
to 2.608 eV because of the effects of the narrowing gap
(Eg ~ 0.5 eV) of GO with increasing GO concentration from
0 to 3 vol %.°” The E,, was also affected by the polymer
types (isopropyl alcohol - PIA, alkoxide, and polyethylene
glycol - PEG) and different dilutions (low concentration
dilution - LCP and high concentration dilution - HCP).>*®
The HCP film showed a higher E, than the LCP film, but E,
decreased to 0.51 eV and 0.38 eV in the PEG-containing LCP
and HCP thin films, respectively.

In particular, the E,,. and optical transmission of all films
decreased after heat treatment, which led to different colors of
the pristine film. Hence, the composite materials affect the
color of the pristine film because of the absorption shift and
the alteration in intensity variation of the optical transmit-
tance. Another example is the presence of carbon on the surface
of V,05 NBs, which decreased the AT and produced a blue shift
in the as-prepared film and after annealing at 250 °C. In
contrast, AT increased dramatically after annealing at 300,
350, and 400 °C and reached the highest transmittance of
80% (at 790 nm) after annealing at 350 °C.>%”

5. Chromic phenomena of V,Og
5.1 Chromogenic properties of V,0;

In contrast to “fix” chromism, “responsive’” chromogenics
including electrochemical-, gas-, photon-, and thermal-
reduction processing, can control the V,05 film color via direct
control of the band structures through external stimuli, such as
applied voltage (electric current), gas concentration, excitation
light source, and temperature. These external impacts lead to a
reversible/irreversible physical and chemical reaction that
alters both the electronic and atomic structures of the material.
Fig. 10 shows the four types of CDs using V,0s, namely
electrochromic, ECD; gasochromic, GCD; photochromic, PCD;
and thermochromic, TCD.

Owing to the special band structure, the color change is
caused by a shift in the absorption and intensity of the
transmitted/reflected light. Fig. 11 shows the transmission
spectra of the chromogenic V,05 devices (except TCDs). The
changes in E,, and transmittance/reflectance are the most
important parameters for evaluating the possible chromic
phenomena of V,05 (where A,/A. and Ty/T. are the tail of the
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Fig. 11 Simulation of the transmission spectra of V,Os film at three states:
initial state, bleached state, and colored state.

absorption/transmittance and percentage transmittance (%) in
the bleached/colored states, respectively). Furthermore, para-
meters, such as the switching time, optical density, coloration
efficiency, cycling stability, durability, and operational environ-
ment, are the figures of merit to evaluate CDs. Depending on
the utilization, the efficiency of the CDs can be evaluated using
different parameters.

The change in optical bandgap (AE,y) is the altered electron
band structure of a material that leads to an absorption shift
(A4) due to the relationship between the energy of absorption
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Illustration of the four typical V,Os5 CDs: (A) ECD, (B) GCD, (C) PCD, and (D) TCD.

o he . .
and excitation AE = i (where £ is Planck’s constant and ¢ is

the speed of light in vacuum), as defined by eqn (5) and (6).
AE,y = E. — Ey, or AE = E¢p, — E; (5)

AL = j'c — ;Lb or Al = ic/b — /Ii (6)

The optical transmittance/reflectance variation (AT/AR) is
the offset intensity of light transmittance 7(4) or light reflec-
tance R(4) between the color state and bleach state or between
the color (bleach) state and initial state. This is an essential
parameter for evaluating the intensity of the color change in a
chromogenic device and can be estimated at a specific wave-
length or in white light."> Although 7(1), R(%), and the intensity
of absorption A(4) have the relation, T(2) + R(1) + A(4) = 1, the
optical contrast was calculated using eqn (7) or (9). Moreover,
the optical contrast can also be evaluated from the ratio of (%)
or R() between states, as shown in eqn (8) or (10)."

AT (%) = Ty(2) — Te(2) or AT (%) = Toe(2) — Ti(4)

?)
AR (%) = Re(4)— Rp(4) or AR (%) = Repp(4) — Ri(4)
(8)
CR = T}/T. or CR = Ty/Tep, (9)
CR = Ry/R. or CR = Ri/Rep (10)

AJ and AT occur simultaneously in V,05 chromic materials.
Consequently, V,05 shows the anodic coloration toward short
wavelengths and cathodic coloration at longer wavelengths. In
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particular, in V,05, A4 can be changed while AT is maintained
or slightly changed. This leads to a color change while the
brightness changes only slightly.

The switching response time (¢. and ¢,) is defined as the
time for color conversion of transmittance (reflectance)
percentage,”® with specific standards for this parameter.>’®
The switching response time for chromogenic materials was
evaluated as a color conversion reaching 90-95%, but some
studies were based on a range of 70 to 85%.°>%

The optical density (OD) is the change in the absorbance of a
thin film, which is defined in eqn (11). OD expresses the change
in the optical absorption coefficient (or transmission) at a given
wavelength before and after the colored states (or bleached
state and colored state).*>"®

Ty(4)

AOD(2) = log T.0)

(11)

where T is the transmittance.

The coloration efficiency (CE) is one of the most important
metrics for evaluating EC materials and is defined as the
change in OD acquired by the injected charge per unit area,
as expressed in eqn (12)."*>?%

Tp(4)
log
CE() =5 = {S“)} (12)

where Q is the electronic charge injected into the EC material
per unit area.

5.1.1 Cycling stability. The thermal stability and long-term
lifetime are standards to evaluate and determine the cycling
stability of CDs. CDs usually undergo fatigue or failures inside
solid materials during cycling caused by physical changes or
chemical reactions."® This leads to a loss of optical contrast and
a decrease in performance. The standard to evaluate differs
according to the CD types and applications. For example, stable
EC materials are expected to exhibit a life cycle of more than 10*
cycles. ECDs require at least 15000 cycles to maintain stability
over 20 years in building windows and 10° cycles in eyewear and
rear-view mirrors.'? Sections 5.2 to 5.5 provide details on the
values and mechanism of all parameters.

5.2. Electrochromic process in V,05

5.2.1 Fundamentals of electrochromic V,05. The form of
the layers in the «-V,05 structures provides inserted spaces for
intercalated metal ions (M™"), such as Li, Na, K, Ca, Mg, Al, and
Zn metals. Since 1970, V,0s5 has been a positive electrode
candidate for metal ion intercalation.”'®*'' Among various
ions, lithium has been used extensively in ion batteries and
electrochromism. The electrochemical reaction for M** and Li*
ion injection/extraction in V,0;5 is expressed in eqn (13) and
(14]_210,211

(13)

(14)

V,05 +x(M" +€e7) = MV);_Vy O

V,05 + xLi* + xe~ = Li,V,O5

The lithium concentration x in Li,V,05 is given by

Nij p-A-d-Np

= , where Ny,0 = —————
Nv,o0;5 2 M

molecules in the sample (where the volume of the layer is Ad; p,

N,, and M are the density of materials, Avogadro’s constant,

X

is the number of V,0;5

and the molar weight, respectively) and Np; = % is the number

I
of inserted lithium-ions with O = 7 (where I is a sufficiently low

applied current, and t is the time necessary to apply a current to
obtain the lithium concentration).>"> The lithium concen-
tration x in Li,V,05 is characteristic of the film color. For
example, when x = 0.5 and 1, green and blue colors are
observed, as shown in eqn (15) and (16), respectively.’® On
the other hand, the specific relationship between the x value
and color of ECDs depends on the intrinsic film.

V,05 + 0.5Li" + 0.5e” = LiysV,05 greencolor

(15)
LigsV,05 + 0.5Li" + 0.5e” = LiV,05 bluecolor (16)

The layers are held together via weak vdW forces. The ion
injection/extraction can alter the V,Os film color because of the
alteration of the crystal structure and band structures leading
to a phase transformation. In crystallized phases, the change in
lattice parameters caused by Li" ion intercalation leads to phase
transformations for o-, €-, o-, y-, and (-Li,V,0s5, as shown in
Fig. 12A.

De Jesus et a and Cocciantelli et al.”® discussed the
diffusion pathways in the intercalated materials and phase
transition in V,0s. The a-, &, and §-Li,V,05 showed a quite
reversible transformation, while y- and (-Li,V,O5 remained
after the charge-discharge cycle. In the first discharge, phase
transition occurs as line D, (Fig. 12A). For a low lithium
concentration (x < 0.1), the interlayer spacing of V,Os
expanded slightly, and the o-V,05 phase was retained. For
0.1 < x < 0.35, the a-phase coexists with another orthorhom-
bic e-phase, stabilizing the &-V,0s with increasing concen-
tration, 0.35 < x < 0.8. With the further insertion of lithium
ions (0.88 < x < 1), &V,0;5 transforms to 3-V,0s. The y-phase
coexists with the d-phase (1 < x < 1.4), and the {-phase
coexists with the 3-phase (1.4 < x < 2.0).>*”> For the first re-
charge (line C;, Fig. 12A), a mixture of  + vy phases at x > 0.9,
e+yatx ~ 0.7,a+yatx ~ 0.5, and o + 7’ occurs as x tends to
zero. At the beginning of the second discharge (line D,,
Fig. 12A), lithium ion intercalations occur first in the y-
phase. The formation of the é-phase occurs for a higher lithium
concentration than the first discharge. In contrast, the co-
existence of the y-phase with the §-phase and {-phase occurs
at lower lithium concentrations.

In chromic applications, optical reversibility is the most
important property. Therefore, a lithium concentration in the
range 0 < x < 1 is the most appropriate to investigate the
chromic phenomena in V,05 materials. The high crystallinity of
V,0s5 could exhibit better reversibility than low crystallinity or
amorphous films."®

l. 29
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Table 4 Atomic percentage of V in different valence states (V°*, V4*, and
V3*) in the as-deposited film and reduced/oxidized film

Fig. 12 Phase transition and the arrangement of VO,, polyhedral: (A) result
of XRD analysis: (Do) first discharge, (C4) first charge, (D) second discharge,
and (Ds) fourth charge. (B) Structural phase transition in V,Os: (a) layered
orthorhombic a-V,O5 structure, (b) a-Li,V,Os, (¢) e-Li,V50s, (d) 8-LiV,0s,
and (e) y-Li,V»Os, reproduced with permission (Copyright 2022, Elsevier”®).

As the lithium insertion content is approximately 0 < x < 1,
V,0s skeletons do not change, and the apical V=0 bonds
follow one direction along the b-axis. The o-V,05 phase trans-
forms to a-, €-, and 6-Li,V,05 because of the puckering of layers
and the expanding interlayer space (Fig. 12B(a)-(d)). This leads
to the entire reversibility of the o <> € < J phase transitions
as a re-charge.>"® Further increases in the lithium content to
1 < x < 2 result in the rotations of two edge share (VOs) square
pyramidal units by 90 °C (Fig. 12B(e)), leading to an irreversible
transformation of y- and {-Li,V,0s.”> This distortion allows
higher lithium concentrations with a complicated oxidation
process.”®

During electrochemical reduction, electrons are injected to
reduce pentavalent vanadium (V") to lower valence states, such
as (V*") and (V**). The V**/V>* or V**/V®* ratio depends on the
cathodically and anodically polarized values. Table 4 lists the
amount (%) of V°*, V**, and V** with different states (pristine,
colored state, and bleached state) of the film via XPS fitting

Atomic percentage of V in
different valence states

Sample V> (%) V7 (%) V¥ (%) Ref.
As-deposited V,05 100 0.0 — 184
Annealed for 30 min 71 29 —

Annealed for 24 h 89 11 —

+0.2 V 91 09 —

2.0V 13 87 —

Pristine V,05 75.91 18.02 6.08 348
+2.0V 81.15 10.78 8.07

—-0.3V 9.06 80.02 10.92

—-15V 7.99 80.12 11.90

2.0V 6.65 81.73 11.62
As-prepared SnO,/V,05 76.2 23.8 — 262
+1V 76.0 24 —

+0.4V 52.2 44.8 —

-1V 43.7 56.3 —

As-deposited V,05 91 9 — 216
+19V 93 7 —

—-0.3V 68 32 —

—09V 27 73 —

As-deposited V,05 57.45 42.55 — 349
+2V 75.35 24.65 —

-2V 35.78 64.22 —

As-deposited V,05 83.89 4.46 11.65 244
+2V 90.40 4.92 4.68

+1.5V 83.28 11.71 5.01

+1.0V 73.28 25.11 1.61

—-0.2V 29.39 65.30 5.31

—0.5V 4.29 83.25 12.46

calculations. The color of pure vanadium oxide is yellow-orange
(V®"), blue (V**), green (V** or mixture V** and V°*), and violet
(v¥).31214 Other vanadium oxides, such as V,0j3, and the family
of Wadsley phases (V,,0,,+1), such as V305, also exhibit multi-
valences during the EC process.”">>"”

Owing to the presence of V** ions, the color of the film
changes to olive green, and the multiple colors in V,05 are
attributed to the presence of V**/V** and V°*.#3?1® A potential
range where the vanadium ions with the two oxidation states
coexist at a well-defined ratio can explain the green intermedi-
ate coloring by the occurrence of the V>*/V*' redox
couple,’”8>214216:218 = The  mechanism of the multi-
electrochromism observed in vanadium oxides is explained by
a change in the oxidation state and a structural modification.
Indeed, the CV curve, Fig. 13A, shows a phase transition to o/e,
€/8, and 6/y during the reduction process that corresponds to
three cathodic peaks at 0.38 (C1), 0.19 (C2), and —0.70 V (C3),
respectively. Accordingly, e/a, 8/e, and y/d phase transitions
occur at the three anodic peaks, denoted as Al, A2, and A3,
respectively.®”

These findings are consistent with the color of V**, v**, and
V>" in the ionic liquid [EMIM][VO;] during the electrolysis
process (Fig. 13B). The yellow color of the initial V> changes
to blue (V**), green (mixed V**/V®*), and dark green (V**) upon
electrolysis. The origin of the color change observed for vana-
dium oxide was also explained by a structural change between
the amorphous and crystallized states (Fig. 13C).>'® During
cycling, the reduction process leads to a mixture of V** and
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Fig. 13 Change in the oxidation state, color, and structural modification:
(A) CV curves of V,0s at various scan rates, (B) color change corresponding
to the three oxidation states of ionic liquid [EMIM][VO3], and (C) ex situ
grazing incidence XRD of the V,Os film before cycling (a) and after 50
cycles at the oxidized state (b), reduced green state (c), and reduced blue
state (d). The figures are reproduced with permission (Copyright 2022,
Nature,” Royal Society of Chemistry,?’® and American Chemical
Society?'®).

V>* and passes from the crystalline to the amorphous state. The
bleaching process (oxidized state) leads to a fully oxidized V°*
state, which is in agreement with the orange color. The com-
plete reoxidation at the end of each cycle allows the recrystalli-
zation of pristine V,Os.

Moreover, Li" intercalation alters the crystalline order, lead-
ing to a phase transformation, reacts with oxygen in the lattice
to form lithium oxides (LiO and Li,O), and generates V,
defects."”® Consequently, the proportion of the V** oxidation
state increases, and a mid-gap state between the VB and split-
off CB was formed (Fig. 14a and b).

The appearance of a new transition between the VB and mid-
gap states (Fig. 14b) leads to an increase in the absorption in
the NIR region. The excess electrons move the entire crystal and
begin to fill the unoccupied mid-gap states and split-off states

a) : b) :
CB CB

Split-off Split-off
- band band

A Mid-gap

Fig. 14 Schematic diagram of the energy band structure and optical transition ability in V,Os: (

> o

(Fig. 14c). Consequently, the optical transitions of absorption
(or transmittance) have four kinds of transitions: (1) VB <«
main CB in the range of 300-450 nm, (2) VB « split-off CB in
the range of 450-600 nm, (3) VB < mid-gap states in the range
of 650-850 nm, and (4) mid-gap states «> main CB in the range
>1000 nm. These transitions are noted as I-1, I-2, I-3, and 1-4,
respectively, as shown in Fig. 14c. These may lead to the
simultaneous color collectives of V,05 thin films.

For the colored state, in the film-upon reduction, the electron
concentration increases, leading to an increase in the Fermi level
(E¢) to split-off CB. Consequently, the conductivity increases, the
optical bandgap changes, and a color center is formed. When the
electron concentration is high enough, E; enters between the
main CB and the split-off CB (Fig. 14c).>*°%!38178:220 The transi-
tion from the split-off CB to the main CB is forbidden. In contrast,
the transition from the VB to the split-off CB appears weakly
because of the filled electrons in the split-off CB. Therefore, the
absorption intensity I-1 decreases slightly while the absorption
intensity I-2 decreases strongly. The absorption spectra begin to
shift to a shorter wavelength (Fig. 14b and 14c). The absorption
due to a transition between the mid-gap state and main CB and
the shift to a shorter wavelength co-occur, leading to an increased
absorption intensity of I-3 and I-4.

A phase transition occurs when the lithium concentration is
increased, which causes a change in the density of states of
V,0s5. When Li-ions lie between O(1) and V ions or between two
O(2) ions, the V=0(1) bonding lengths become shorter or
longer compared to the initial lattice of V,0s. Electrons from
the Li,s orbitals transfer to the V3d states due to the higher E.
The split-off CB becomes narrower (bandwidth increases) or
even disappears (split-off CB merges with CB), leading to an
increase in the bandgap (Fig. 14d).29°%138178220 Congsequently,
the absorption transition from the VB to the split-off CB (noted
1-2) disappears or shifts to a higher energy. Supposedly, these I-
1, I-2, I-3, and I-4 transitions co-occur. In this case, the
transmittance of the colored state shifts to a shorter wave-
length, and the intensity decreases in the IR and NIR regions,
as shown for the colored state in Fig. 11.

Lithium ions and excess electrons are withdrawn reversibly
from V,05 in the bleached/oxidized state. The recrystallization

c) d)
CB
Split-off
band

Mid-gap

Split-off
band

Mid-gap

a) pure V50s, (b) and (c) V,0s_,, and (d) LiV2Os.
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reproduced with permission (Copyright 2022, Royal Society of Chemistry

process, reformation of the split-off state, and some of the defects
are recovered. The amount of V** after bleaching (oxidized state)
can become less than or equal to that of the as-deposited film
(pristine V,0s) (Table 4). Absorption occurs primarily due to a
transition from the VB to the split-off CB and from the VB to the
main CB, while the transitions from the VB to the mid-gap state
and from the mid-gap state to the main CB are very weak.
Consequently, the absorption intensities of I-1 and I-2 are strong,
while the absorption intensities of I-3 and I-4 are very weak.

Fig. 15 shows the recombined transition (depth-resolved
cathodoluminescence (DRCL) spectroscopy) spectra of
Li,V,05.%* The DRCL spectra of o-V,05 with an electron beam
energy (Eg = 0.5 kV) showed peaks at 1.8-2, 3.2, 3.6-3.7, and
4.0 eV, with a wide feature of approximately 2 eV and 3.6 eV as
Eg increased (Fig. 15A). With §-LiV,0s, the features around
1.8-2.0 eV were suppressed, and a new peak at 2.45 eV was
observed for Eg = 0.5 kV. As Ey increases, these peaks < 3 eV are
suppressed, and a peak around 4.0 eV was observed (Fig. 15B).
With y-Li,V,0s, the weak peak at 2.45 eV remains, but the peaks
below 3.0 eV are suppressed. Except for the 4.0 eV feature, all
emission spectrum vanished as Eg was increased (Fig. 15C).
With the de-lithiated &-Li,V,05 (0.1 < x < 0.3), the narrow peak
at 1.8 eV and broad peak at 2.45 eV were observed at a low Eg. As
Eg increased, the peak at 3.3 eV appeared (E = 1.0 kV and 2.0 kV)
while the narrow peak at 1.87 eV was suppressed (Fig. 15D).
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Jarry et al.>** observed the relationship between the color
change and the local structure of vanadium oxide during the
electrochemical process. The color of the film changes with the
associated phase transformation (Fig. 16A), orange < yellow
gold « light green < darker green corresponding to (3.4 V: a-
V,05) < (3.2 V: &Li,V,05) < (2.8 V: -Li,V,05) < (2.2 V: y-
Li,V,0s), respectively. On the other hand, colored/reduction-
bleached/oxidation states are not perfectly symmetrical. The
color of the fully oxidized material (3.4 V: a-V,05) does not
return to the pristine o-V,0;5 film color (orange) because of an
irreversible phase transformation of y-V,05 as x >1.

Fig. 16B presents the Raman spectra of pristine a-V,05 with
cycled Li,V,05 samples and reference powders (Li,O, V,0,4, and
V,03). The vibrations between O and V, such as O(a)-V, V-O(a)-
V, and O(a)-V-O(b), generate 21 Raman active modes, 7A, +
3Bjy + 7By + 4Bj,. The Raman spectra showed 11 peaks,
including 102 (Ag), 144 (either B;; or Bgg; Bio/Bsg), 195 (Ag/
B,g), 283 (Big/Bsg), 301 (Ag), 403 (Ag), 483 (Ag), 523 (Ag), 701
(B1g/Bsg), 850 (Byg), and 993 (Ag) cm™'.>** The Raman spectra of
pristine pure 0-V,05 showed a predominant low-frequency peak
at 143 cm™ ', corresponding to the bent vibration mode B,
while the highest frequency v (d;) mode at 995 cm™ " originates
from the V=0, double bonds. Other peaks were at 480, 525,
and 700 cm ™' from the vibration modes A, (V-0;-V), v (d,), and
v (ds), respectively. For 8-Li,V,05 (sample VI, V, and VIIL, x ~ 1),
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the peak of mode By, is extinct while the peak of 995 cm ™' was

shifted to 967 and 957 cm ™. For y-Li,V,05 (sample II and IV,
x & 2), these signature peaks disappeared as a shoulder of a peak
at 930 cm ™ *, and two new peaks appeared at 830 and 730 cm .

For o-Li,V,05 and Li-poor &-Li,V,0s (sample IX, x ~ 0), these
peaks did not recover perfectly, such as the original position
and intensity of pristine pure a-V,0s. The Raman spectra of the
reference powders (LiO,, V,0,, and V,0;3) showed that the
peaks of V,0, (155 and 267 cm™ ') and V,0; (223, 300, and
500 cm ™ ') did not overlap with the peaks of Li,V,05 while the
peak at approximately 523 cm™ " for Li,O overlapped with that
of a, &, and 6-Li,V,0s.

5.2.2 V,0; electrochromic thin films and devices. Colton
reported the first study on the photochromism and electro-
chromism of V,0s films fabricated by vacuum evaporation
using X-ray electron and absorption spectroscopy in his PhD
thesis and publications in 1976-1977%>*7?° after the important
studies on the ability of lithium intercalation in V,05 materials
by John B. Goodenough, M. Stanley Whittingham,*** and Akira
Yoshino (Nobel prize in chemistry 2019 for the development of
lithium-ion batteries). The V,Os film changes color from yellow
to greenish-blue with upon lithium intercalation and X-ray
irradiation. Dickens et al.**” examined the relationship between
the phase transition and the coloration of Li,V,05 (0.1 < x <
1.1) in 1979. The phase transition and coloration occurred with
increasing lithium content in LiV,0s: ochre (x = 0.1), pale
green (x = 0.24), dark green (x = 0.45-0.69), dark blue (x = 0.78),
and blue black (x = 1.08).

Sato et al. designed the EC light transmission modulators
containing an aqueous electrolyte solution between the EC
layer electrode (WO;, MoO3, and V,0O5 film) and the SnO,
transparent electrode substrate.>”® Compared to WO, and
MoO; films, the transmittance spectrum of the V,0s5 film
shifted towards a shorter wavelength with a decrease in inten-
sity, extending to the UV region following the change in lithium
intercalation. Rauh et al.?*® and Yoshino et al.**° reported
another sandwich-type modulator using two V,0s films as
two EC elements on ITO substrates in 1987. These modulator
systems showed that V,05 electrodes could operate as both EC
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and counter layers, and the coloration exhibited both anodic
and cathodic colorations of V,0; films.

From 1975 to 1999, studies focused on the shift in the
absorption-transmission spectra in visible light and the change
in light intensity in the IR and NIR regions. Other important
key figures of merit to evaluate the performance of ECDs, such
as the coloration efficiency, cycling life, and switching time,
have attracted less attention. Classical V,05 films for ECDs are
usually fabricated by RF magnetron sputtering,”****"**> DC
magnetron sputtering,'>®*** thermal evaporation,
and sol-gel****** methods. The advantage of these techniques
is the good adhesion of the film to the substrate. Nevertheless,
the compact morphologies decrease the diffusion rate and rever-
sibility. The absorption tail shifted to a higher energy (shorter
wavelengths) from 2.25 to 3.1 eV (x = 0 to 0.75), from 2.38 to
2.75 eV (x = 0 to 11),"® from 2.7 to 3.4 €V,”*® and from 2.27 to
2.47 eV (x = 0 to 0.86)**? upon lithium intercalation in Li,V,Os.
The absorption in the NIR and IR regions also increased when
cathodically polarized, and the reversibility decreased when ano-
dically polarized. Consequently, the film color varied depending
on the applied voltage (or current). For example, the following
EC changes have been observed: yellow <« greenish-blue,*°
yellow <> blue,®> pale-yellow <« gray,”® yellow <>
yellowish,”®* yellow <« green,”*® yellow <> green « deep-
blue,” yellow « light-blue,”*° and blue <> green «> yellow.>*

Nagase et al. introduced a new coloration using V,0s-based
composites, such as Au-V,05 and V,05-TiO,.>****® Fig. 17 com-
pares the coloration of pure V,05 and V,0s-based
composites.”****® In the V,05-TiO, system (x-TiO,, x = 0 for
pure V,05 and x = 1 for pure TiO,), the pristine film color and
EC coloration are affected by the x value. The color change of
blue <« green < yellow (x = 0-0.3), gray < yellow (x =0.5), and
reddish-brown « gray < green « yellow (x = 0.7) occurred as
the films were polarized while only a color change of dark-blue «»
transparent (x = 1) was observed.”*® Similarly, the new coloration
of reddish-violet «> green due to the effective dielectric constant
of Au grains was observed in Au-V,0s.>**

There are fewer reports on the response time and CE of a
compact V,0s film at this stage. The compact granular

225,226,234,235
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morphology of a V,0s5 film with grains, 80-100 nm in size,
produced a low CE value of approximately 13 cm® C™' at
630 nm with a slow response time of approximately 60 s and
an unsatisfactory reversibility of approximately 70%.>*' The
sol-gel V,05 film reached only 30% transmittance modulation
at 700 nm when 3.0 V was applied for 5 min and required 10
min to reach saturation. The V,0Os film prepared by thermal
evaporation showed an increase in transmittance of 48.9% at
400 nm and 14.1% at 700 nm. The E, increased from 2.03 to
2.62 eV when the amount of intercalated lithium-ions ranged
from 0 to 0.54.2%

Since 2000, various V,0s micro-nanostructure morpholo-
gies have improved the CE and switching response time of
smart films. Large volume, large specific surface area, and short
diffusion distance have made outstanding contributions to the
switching response time of ECD. The redox reaction occurs on
the surface before diffusion into the inside of the solid. This is
favored by the many electroactive sites and favors the charge-
transfer resistance.®” Emphasizing this morphology, 1D nanos-
tructured V,0s; as an EC layer, such as NRs,3»8%1°0:184
NWs,>*60899% NBs * and NFs,”” has been reported.

The NR arrayed film with a 100 nm diameter has a six times
faster response rate than the sol-gel thin film.*® Different 1D-
V,0s types were formed by annealing macroporous amorphous
phases that showed bleaching-coloration times of 5.6-4.3 s,
8.0-6.5 s, 9.3-8.8 s, and 7.4-8.9 s at 460 nm.>”**°° NB-
membrane hybrid structures with a width of 20-40 nm fabri-
cated by a hydrothermal method showed a high contrast of 62%
with bleaching-coloration time of 7.0-9.9 s at 700 nm.”* Com-
pared to commercial bulk V,05 with a contrast of 3.8% at
490 nm and a bleaching-coloration time of 8.5-6.6 s, ultra-long
NBs (length up 20 mm, width 10-30 nm) inhibit excellent EC
with a contrast of 41.6% and a bleaching-coloration time of
4.2-1.4 5.”* A rapid bleaching-coloration time (2.6-2.8 s) is
achieved for NWs with an average width of approximately
15 nm and several micrometer lengths.®

The advantages of the solution and chemical methods on
the growth of 1D nanostructures allow the easy control of the
size, orientation, and morphology. Nevertheless, the weak
physical adhesion strength and poor physical/chemical contact
with the substrate may decrease the efficiency and redox cycling

234,238)

time. The transmittance modulation of the NRs decreased by
approximately 5.6% in the NIR region after 100 cycles."®
Regarding the NBs, they were peeled off from the substrate
after several cycles.”® This led to a decrease in optical contrast
and an increase in transmission of coloration AT,goeq before
and after a certain number of cycles. The contrast decreased by
92.5% after 100 cycles, and ATcojoreq increased 15.33% after 70
cycles.”

The 1D-membrane stability was improved by treating the
substrate surface, producing a composite or encrusted struc-
ture, and employing physical methods. A linear polythyleni-
mine surface treatment of the substrate increased ATcoiorea by
only 0.8% after 70 cycles.”® A polyaniline (PANI) composite with
V,05 NWs showed an enhanced switching time compared to
the pristine material and maintained cycling stability.*® Multi-
color (black, pale, yellow, light yellow, and dark green) V,Os/
PANI CDs demonstrated cycling stability for 1000 cycles and
rapid bleaching-coloration times of 1.5-2.3 s. The optical
contrast retention at 1000 cycles was 85% for MnO,-entrusted
V,05 compared to 80% for bare V,05.°° V,0; NWs with dia-
meters ranging from 10 to 100 nm and lengths up to several
hundred nanometers fabricated by the TE methods were stable
for 1000 redox cycles.®®

Other morphologies of V,05 micro-nanostructures, ie.,
NPs,*'*?**3 stacked multilayer film,*** and NSs,>*> have been
investigated on flexible ECDs. NPs and NSs show excellent
contact with a flexible substrate, but the difference in the
method and morphology has advantages and disadvantages
for each EC material. NP EC materials exhibit long-term cycling
with 18% decreased AT after more than 30 000 cycles but a slow
switching time in the ranges ¢. = 139-230 s () and #, = 92—
230.2" Stacked multilayer film exhibits a fast response time
with t./¢, = 20.9/34.4 s and excellent stability with 17.75%
decreased AT after 2000 cycles.”** In contrast, ultrathin NS (4
to 40 nm) EC material showed a rapid ¢.-t, of 4.1-6.4 s but has
poor stability with 35% decreased AT after 100 cycles.>** Surca
et al.>® synthesized NPs (100 nm) using a mechanical milling
method, and then the film was coated using a spin-coating
technique on ITO-PET before being treated thermally at 150 °C
for 1 h. Interestingly, AT increases to 6% and 24% after the 41st
and 521st cycles, respectively, compared to the 6th cycle.
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In general, V,05 is characterized by slower response times
than WO;. Nevertheless, EC V,05 has superior deintercalation/
intercalation capacity with a reduced optical band spectrum.
The coloration state can be operated and maintained at a low
potential (voltage range of +1 V).'®'** Fortunately, most appli-
cations of EC materials, such as EC windows, do not require
rapid response times.'** In particular, to reduce the switching
time below 100 ms, the nanostructured device should satisfy
the lithium-ions diffusion distance, x = v/2D¢ ~ 5 nm, where D
and t are the diffusion coefficient and response time,
respectively.>*® This size is approaching the Bohr radius ag =
4,52 nm.>>**” This affects the bandgap of semiconductor
materials because of the quantum confinement effects.

Novel micro-nanostructures, such as three-dimensionally
ordered macroporous (3DOM), 3DOM of 1D morphology, and
Gyroid structures, were fabricated using the new technique or
combination of techniques, as shown in Fig. 18.">>**® These
structures can meet the rapid switching time due to rapid
intercalation-deintercalation diffusion. The effective diffusion
coefficient D of lithium ions (Li") can be estimated from the
Randles-Servcik equation (eqn (17)).7>*®

J =269 x 10°An**D'?Cyv"/? (17)
where J, A, n, Co, D, and v are the current density at the
oxidation state, effective surface area of the electrode (cm?),
number of electrons transferred in the unit redox reaction,
concentration of diffusion species of electrolyte (mol cm ™),
effective diffusion coefficient (cm” s™*), and potential voltage
scan rate (V s '), respectively.

The chronocoulometric response under diffusion-limited
conditions can be expressed using eqn (18).>*°

Q = 2n Y?FADY?Cyt'? + Qq; + nFAT

(18)

where Qg and I are the double-layer charging and the concen-
tration of adsorbed species participating in the faradaic reac-
tion, respectively.

Li’s research group developed EC films of three-
dimensionally ordered macroporous (3DOM) and 3D crystalline
NRs and NFs,>7/83:89143,150:249,250 pio 19 A presents the 3DOMs
with different pore diameters of 210, 340, and 840 nm. The
similar thicknesses of 1.1 + 0.1 um of dense and 3DOM films
resulted in the same solid volume but different surface areas.
Compared to the dense film, the 3DOM films showed high
transmittance modulation, faster switching response, and high
OD because of the increased active area of whole nanostruc-
tures, as shown in Fig. 19B and C. Among them, the 3DOM
V,0s film with a pore size of 210 nm showed the highest EC
performance with AT = 50% (at 650 nm), t. = 1.7 s,and ¢, = 3.2 s
because this size obeys the short Li* diffusion distance and
larger active surface areas for more effective Li" intercalation.

Steiner’s research group grew gyroid-structured electrodes
for EC and supercapacitor applications.?*¢?°%22 The small size
of the periodic DG V,0; with a cubic unit cell size of 41.5 +
1 nm, strut diameter of 11.0 & 0.3 nm, and high specific surface
led to a rapid response time. The short switching time of DG
with a #y/t. of 82.5 £+ 2.9 ms/86.7 £+ 2.3 ms was comparable to
the inverted opals structure of 122-235 ms. Fig. 20A and B show
the cross-sectional SEM images and a schematic diagram of DG
for CDs. The photograph and UV-vis-NIR spectrum (Fig. 20C
and D) revealed a vivid yellow and green-gray color for the
oxidized state at the anode (+3.5 V) and reduced state at the
cathode (—3.5 V) for 20 s, respectively. Both anodic and
cathodic colorations clearly showed an enhanced absorption
peak at approximately 425 nm that decreased sharply in the
visible-NIR region. The dynamic optical behavior and the
temporal response showed a change in color under an applied
potential of +1 V that reached the full redox state at +£3 V, as
shown in Fig. 20E.>*

Moreover, combinations between the V,05; micro-nanos-
tructures and other materials to form a micro-nanocomposite
or hybrid structure and enhance the EC performance have been
reported: Ag@V,0s5,°° Mn0,@V,0s,”° V,0s@PEDOT,""> Car-
bon@V,05,2”” Carbon@V,0s@PEDOT:PSS,%**> Mo@V,0s5,%*?
MoO;@V,05,>***>® polymer@V,0s,>*® TiO,@V,05,>°"**® PED-
OP@V,05,>° graphene @poly@V,05,°°° RGO@V,0s,>%
Sn0,@V,0s,”*> and NiO@V,05.>** In addition, bi-layer and
multi-layer structures, such as WO;/V,05/WO3/V,05,>%* TiO,/
V,05,%%° GO/V,05 NSs/GO/V,05 NSs,>** and V,05 dot-decorated
WO,,%® improve the optical properties. Metal, GO, RGO, and
PEDOT, with high carrier mobility, have higher electrical con-
ductivity, which improves the ECD switching time. Further-
more, owing to volume expansion during cycling, crystalline
pure V,0s5 became amorphous, resulting in a decrease in
stability. Vanadium ion dissolution can be inhibited by
M@V,05 composite structures, improving durability.®?2¢

Xiong et al.>® reported the electrochromism applications of
V,05 NWs and Ag particle-decorated V,05 (SVO) NWs. The
small diameter of both the SVO and V,0; NWs of 10-20 nm
showed an advanced switching time due to the short diffusion
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Fig. 19 The electrochromic properties of 3DOM V,0s: (A) SEM images of films with different pore sizes: (a and b) 210 nm, (c and d) 340 nm, (e and f)
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Fig. 20 The electrochromic properties of double-gyroid structured V,Os: (A) cross-section SEM image of the DG film, (B) schematic diagram of two
laterally offset DG structured electrodes, (C) photograph of ECDs (oxidized state: yellow color and reduced state: green-gray color), (D) transmittance
spectra, and (E) transmittance variations during chronopotentiometry (+2 mA cm™2 for the initial 20 s and —2 mA cm™2 for the remaining time),
reproduced with permission (Copyright 2022, American Chemical Society®Y).

distance. The presence of Ag product with more electronic faster than that of pure V,05 NWs because of the enhanced
concentration led to better electrical conductivity than that of diffusion coefficient. On the other hand, Ag NPs could promote
pure V,05. Consequently, the ¢. of SVO was more than 20 times  catalytic behavior that leads to an unstable colored state. The
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high conductivity of the composite due to the contribution of
high conductivity materials, such as graphene, GO, RGO, and
PEDOP, improves the switching time.>?>2%92¢1

Composite materials exhibit improved electrical, mechan-
ical, and optical properties yielding durable ECDs. A previous
study reported that a SnO,/V,0s hybrid still maintained 85%
optical modulation of the original value after 2000 cycles, while
pure V,0; lost almost 90% after 300 cycles.”®* The AT and CE of
polymer/V,05 composite ECD after being stored for several
weeks were approximately 40-30% and 8-20% lower than the
initial cycle and after 100 redox cycles, respectively.>® In
particular, the ECD of the V,05-TiO, (70: 30) composite exhib-
ited a high AT of 68% at 580 nm and long-term cycling stability
with a decreased AT of 2% after 150 000 cycles.””” Wang et al.*®’
used Langmuir-Blodgett technique to co-assemble V,05 and
W;5040 NWs (Fig. 21a and b) with different mass ratios. The
colored-bleached states of pure V,05 NWs inhibit orange and
green colors while pure WO; inhibits the transparent and blue
colors with applied voltages of 2.0 and —0.5 V. Multicolors from
orange, green, and gray depend on the mass ratio, as shown in
Fig. 21c.

Another addition for improving the EC performance is
doping. V,0s is an n-type semiconductor with a low electron
carrier concentration that leads to low electrical conductivity.
The room-temperature conductivity of pure V,05 thin films
ranged from approximately 10 > to 10" Q' cm ™ '.>*® The
intercalation/deintercalation processes were strongly affected
by electronic conductivities and ionic diffusivities.**® Towards
this direction, the role of doping on the improvement of
electrical conductivity (i.e., large carrier concentration) was
investigated.””® The experimental result showed that the

NW Film on FTO
Glass

b) SEM and TEM images (ratio 3:3), and (c) optical images
267
).

electrical conductivity of element-doped V,05 (M,V, ,Os)
increased from 107> to 5-7 x 107" Q" em ™' (M = Ag, Cu),>*°
and from 4 x 10 *to 2 x 10" Q* ' (M = Na).>"*

Ti-, Mo-, W-, Fe-, Ta-, and Mg-doped V,05 showed improved
EC performance in cycling stability, switching time, CE, and
optical contrast. 0819248272278 Among them, Ti-doped V,Os5
showed outstanding properties. Li et al.>’*> prepared durable
reinforced hybrid type ECDs based on modified Ti-doped V,05
films and solution-phase ethyl viologen. The results showed
that the ECDs exhibited long-term cycling stability with
only a slight decrease in AT after 250 000 cycles. 4% Ti-doped
V,05 showed a high AT% of 51.1% (at 415 nm) and CE of
95.7 cm™> C™ ' compared to 36.0% and 53.1 cm > C~* for pure
V,0s. Fe-doped V,05 exhibited an enhanced switching speed
(¢. = 2.0 s and #, = 3.7 s) compared to bare V,Os (f. = 4.6 s and
t, = 6.0 5).>”> A high Mg content (15% Mg-doped V,O5)
enhanced the visible transmittance of pristine film and
improved the CE to 71.3% compared to 9% for pure V,Os (at
560 nm).'%® The transmittance contrast of W-doped V,Os
increased with increasing W content (expect ratio V:W =
9:1), and its maximum gains were 76.9% (at 560 nm) and
77.5% (at 750 nm) in the V: W =2:1 case.'®® Table 5 lists the EC
performance (ie., t./t,, OD, AT, and CE) and illustrates the
considerable progress in nanoscience to upgrade the EC para-
meters of different micro-nanostructural morphologies, dop-
ing elements, and hybrid composite structures.

The overlapped colors obtained by combining two EC types
between V,05 and other counters were attributed to the various
colors using the simultaneous reversible color of two counters
in V,Os/electrolyte/counter(s) (counters = VO,, TMOs, poly-
mers). Classical V,0;5 films were also studied to change the
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Table 5 Electrochromism of V,Os5

Evalua-
tion wave- Colora- Optical Transmit-
length tion time  Bleaching density tance AT  Coloration effi-
Sample Synthesis method (nm) (s) time (s) (AOD) (%) ciency CE (cm®> C™") Ref.
One-spin film The film was deposited on an ITO 630 — — 0.31 37 11.36 236
Two-spin film substrate by sol-gel spin-coating — — 0.55 56 12.5
Film - 250 °C The film was deposited on an FTO 420 4.5 4.0 0.897 18.46 33.22 343
Film - 350 °C substrate by sol-gel spin-coating, 2.7 2.2 1.277 51.76 49.13
Film - 450 °C was annealed at different 2.4 2.1 1.730 56.09 110.98
temperatures
Film - 3% O, The films grown by RF-sputtering 400 — — 1.93 30.39 52.9 350
(300 °C) at different O2/Ar gas ratios and 560 0.479 27.5 13.1
different substrate temperatures 750 0.35 18.6 9.6
Film - 6% O, 400 19.5 20.25 1.81 35.14 73
(300 °C) 560 0.22 14.6 8.87
750 0.28 17.5 11.4
Film - 11% O, 400 — — 1.97 36.9 84.5
(300 °C) 560 — 0.0
750 0.21 9.6 9.1
Film - 25 °C (6% 400 — — 0.65 21.3 35.3
0,) 560 0.41 25.8 21.9
750 0.41 23.9 22.1
Film - 150 °C 400 — — 1.61 33.2 131.9
(6% O) 560 0.39 25.8 32.5
750 0.28 17.66 23.2
Film - 300 °C 400 20 20 1.81 34.7 73
(6% 0,) 560 0.22 14.6 8.9
750 0.28 17.5 11.4
Film - 375 nm The film was deposited on an ITO 800 6 6 0.85 80 14 237
substrate by sol-gel spin-coating
Film: 250 (fresh) V,05 was prepared on FTO by 700 3 — 0.21 40 18 181
Film: 250 (aged) electrophoretic deposition and 5.1 — 0.26 43.15 22.4
Film: 420 (fresh) was treated with isopropanol 5.90 — 0.28 47.30 20.20
Film: 250 (aged) 8.7 — 0.38 50.20 25
Film: 780 (fresh) 18.80 — 0.41 50.40 18.70
Film: 780 (aged) 18.0 — 0.57 57.90 26.30
Film - 3 min The films were prepared by CBD 400 20 56 — 55 124
(240 nm) at 85 °C for different deposition 500 — — — 23
times (min) 900 — — — 17
Film - 20 min 400 — — — 1
(830 nm) 500 — — — 28
900 61 36 — 55
V,0s5 particles The films were inkjet printed 230 230 — 4.1 42 214
(65 nm) 0.1V from a gel on PET/ITO, EC
0.5V measurement with different 192 170 — 20.4 40
1.1V applied voltages (V) 184 118 — 371 30
1.5V 750 143 103 — 39.6 16
Templated 2% WCR (layered structured with dif- 600 30 39 — 18.0 25.0 82
Templated 10%  ferent polymer concentrations) 29 27 — 17.4 27.0
Templated 20% 30 38 — 20.0 57
NBs-membrane  NBs were fabricated by the 700 7.0 9.9 — 62 20.7 93
hydrothermal method and drop-
casted on ITO
Powder Commercial 490 6.8 8.5 — 3.8 8.4 242
NBs NBs were fabricated by the simple 1.4 4.2 — 41.6 83.3
solution treatment process
NFs V,05 was deposited into PS col- 450 8.9 7.4 — 34 32 57
loidal crystal templates, and the
film was annealed at 450 °C for 4
h
NWs NWs were grown on ITO using the 415 6 5 — 374 60
TE method
Dense film V,05 was deposited into PS col- 450 13.1 13.5 — 16 145
loidal crystal templates with dif- 650 0.07 10
ferent sizes of PS by the ECAD 900 0.05 4
3DOM with pore method. A dense film was grown 450 1.7 3.2 — 24
size 210 nm without a template 650 0.33 50
900 0.31 47
3DOM with pore 450 2.2 5.7 — 26
size 340 nm 650 0.28 38
900 0.23 30
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Table 5 (continued)
Evalua-
tion wave- Colora- Optical Transmit-
length tion time  Bleaching density tance AT  Coloration effi-
Sample Synthesis method (nm) (s) time (s) (AOD) (%) ciency CE (cm® C™") Ref.
3DOM with pore 450 3.0 3.5 — 19 —
size 840 nm 650 0.15 19 —
900 0.15 18 —
Macroporous V,0;5 network was electro- 430 0.122 0.235 0.57 14.1 24 x 10* 246
Nano-gyroid chemically deposited onto a 0.082 0.086 0.97 49.8 33.9 x 10*
mesoporous template (DG
morphology)
3D ordered mac- V,0s was deposited into PS col- 460 2.3 4.5 — 34.01 83.6 83
roporous loidal crystal templates, and the 1000 0.07 16.41
(3DOM) film was annealed at different
3DOM - 250 °C - temperatures for different 460 1.7 4.5 — 18.49 88.1
4h annealing times 1000 0.18 20.89
3DOM-300 °C - 460 5.7 7.1 — 29.85 88.3
4 h (curving 1000 0.28 31.62
platelets)
3DOM - 350 °C - 460 6.5 8.0 — 38.48 98.5
4 h (NRs) 1000 0.25 28.94
3DOM - 350 °C - 460 8.8 9.3 — 27.43 96.9
7 h (3D NRs) 1000 0.27 36.69
NWs Pure and Ag-doped V,05 were 633 6 1 — 32 — 59
Ag-V,05 NWs hydrothermally synthesized, and a 0.2 0.1 — 54 —
suspension containing NWs was
dip-coated onto ITO
V,05 NWs (—3.0 NWs were fabricated by the sol- 550 1.57 — — 30.78 51.66 90
V; +3.0 V) vothermal method, MnO, was
V,05 NWs (—2.5 coated onto V,Os by the electro- 2.06 — — 26.35 52.87
V; +3.0 V) deposition method
MnO,/V,05 NWs 5.91 — — 26 32
(=3.0 V; +3.0 V)
MnO,/V,05 NWs 4.39 — — 23.81 45.59
(—2.5Vv;43.0V)
V,05 NWs NWs were fabricated by the WCR 665 2.8 2.6 — 40 — 89
V,05/PANI com- method, V,05/PANI composites 2.3 1.5 — 40 —
posite NWs were prepared by the in-situ poly-
merization method
V,05 film NiO film was deposited by the 776 3 4 0.77 30 24.5 263
NiO/V,0s hybrid CBD method, V,05 was deposited 8 11 0.97 35 30.6
film on ITO and NiO/ITO by the ED
method
V,0;5 film SnO, nanoflake array was pre- 450 7 6 0.45 37 66 262
Sn0,/V,0s film  pared by the hydrothermal 5 8 0.6 47 118
method, the V,0; film was
deposited on FTO and SnO,/FTO
by the ED method
V:W (1:0) Mixed W/WO;_V,05 (W-doped 560 19.5 20.2 0.15 9.10 10.48 196
V,0s) films were deposited on an 750 0.21 12.24 14.68
V:W (28:1) FTO substrate by sputtering with 560 20.7 25.6 0.20 15.08 11.89
different W/V ratios 750 0.13 9.40 7.37
V:W (14:1) 560 14.7 11 0.26 19.17 21.66
750 0.17 12.02 14.08
V:W (9:1) 560 16 8.5 0.22 14.44 10.52
750 0.12 7.86 5.69
V:W (7:1) 560 25.8 11.1 0.30 20.10 13.89
750 0.34 21.37 15.34
V:W (3.5:1) 560 47.3 15.5 0.98 44.30 24.12
750 0.92 45.30 22.64
VW (2:1) 560 68.7 33.3 3.95 76.90 41.15
750 3.96 77.50 41.26
V,05/ITO Pure and V,0s@PEDOT films 650 6.2 2.5 — 6.8 37 112
V,05/M00; were fabricated on ITO/PET and 15 14 — 10.95 28
V,05-PEDOT/ MoO;/PET substrates by the RFRP 10 14 — 7.1 24
ITO method
V,05-PEDOT/ 16 3 — 16.9 53
MoO;
0% Ti-V,05 Ti-doped V,0s films were depos- 415 6 6 — 36 53.1 276
4% Ti-V,05 ited on an ITO substrate by the ED 6 8 0.68 51.1 95.7
10% Ti-V,05 5 6 0.51 39.7 63.0
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Table 5 (continued)
Evalua-
tion wave- Colora- Optical Transmit-
length tion time  Bleaching density tance AT  Coloration effi-
Sample Synthesis method (nm) (s) time (s) (AOD) (%) ciency CE (cm® C™") Ref.
20% Ti-V,05 method using a gel precursor 9 15 — 11.2 54.7
solution
V,05/TiO, The film was deposited by elec- 580 5 4 1.7 68 72 258
trodeposition from mixture
solution V,05 and TiO, (70:30)
0% Mg-V,05 Mg-doped V,05 films were depos- 560 19.5 20.5 — 14.8 9 108
ited by the RF sputtering method 750 — 17.3 11.2
6.7% Mg-V,05 560 — — — 33.6 22
750 — 27 18.6
15% Mg-V,05 560 10 4 — 34.4 71.3
750 — 21.4 44.5
V,05-polymer V,0s-polymer hybrid particles 450 23 20 3.354 33 86 256
(1st cycle) were prepared by the self-
20th cycle organization method; the films 24 22 3.003 30 77
100th cycle were inkjet printed from solution 20 27 2.448 25 72
After storing on ITO. The cycling stability of 24 27 1.96 20 56
electrochromism was evaluated
V,05 V,05 NSs/GO composites were 425 4.1 6.1 — 41.8 21.66 245
VG-1 prepared by the liquid-phase 0.9 1.1 —_— 32.7 —
VG-2 exfoliation method, and then were 1.3 1.7 — 45.1 38.9
VG-4 deposited on the ITO/PET 1.6 2.0 — 57.5 43.69
VG-6 substrate 2.3 3.6 — 60.2 32.57
Bare VR V,0s5 NRs/GO films were prepared 415 5.6 6 — 42.60 — 205
VR/G1 on FTO by sol-gel spin-coating 3.4 5.2 — 40.99 —
VR/G2 1.4 2.5 — 40.92 —
VR/G3 2.3 4.1 — 40.78 —
V,05 V,05 sol was prepared by the melt 633 6.3 11.8 — 25.5 5.9
V,05/RGO quenched method, and then it 4.4 7.3 — 34.9 11.3 261
was mixed with RGO. Mixture of
the solution was ultrasonicated.
Pure V,05 The graphene/poly (ethylene 650 4.6 2.4 — 19.64 — 260
Poly/V,05 oxide)/V,05 composites were pre- 5.2 1.8 — 21.14 —
Graphene/V,05s  pared by the sol-gel method 2.0 4.0 — 26.48 —
Graphene/poly/ 3.8 1.8 — 30.28 —
V5,05
Pure V,05 V,05-MoO; films were grown on 630 23 20 0.14 17 14.96 255
5% MoO; mixed an FTO substrate by the PSPT 32.14 46.39 0.16 14 19.96
V,05 method from mixed solution
10% MoO; 30.06 52.36 0.24 23 29.81
mixed V,05
15% MoO; 23.50 48.39 0.31 25 35.27
mixed V,05
V,05/WO;3 V,05/WO; films were grown on an 550 3.5 4.1 — 87.8 19.76 218

ITO substrate by the hydro-
thermal method

color as a counter electrode
229,231-233

in Li,WOj/electrolyte/V,05
devices. The electrochemical reaction of lithium-ions
in WO; could be transferred to V,0s5 following o-Li,WO; + V,05 =
a-WO; + Li,V,05.>** Therefore, the combination of a change in light
transmittance intensity in WO; and the change in color in V,0;
acts as a complementary pair in an ECD.>**

The single V,0s film suppressed the 500 nm absorption and
a slight increase in the broad absorption in the NIR region,
while the OD of the Li,WO;/PC and LiClO,/V,05; modulations
gained near zero at 500 nm and increased strongly in the NIR
region (Fig. 22). The color of the ECDs in colored-bleached
states is dark green-blue and a very pale blue, respectively.>*
The ECD using the WO;/Ta,05/LiPON/V,05 structure exhibited
an increase in AT from 19.1% (at cycle 1500) to 24.9% (at cycle
5000).”° The T, of V,05/LiPON/Li,WO; increased from 12% (at

cycle 5) to 13.7% (at cycle 500).2%° The simultaneous reversible
color changes of Mo-V,05 (orange < blue <« green) and WO,
(blue < white) were also combined.>*

Park et al. studied the overlapped color on PET/ITO/polyani-
line NFs/electrolyte(C,H;N-C4HO3-LiClO,4)/V,05/ITO/PET.>*"
The ECDs and skin-attachable strain sensor (SASS) were inte-
grated on the skin using an Arduino circuit, as shown in Fig. 23.
The redox processes in polyaniline and (de)-intercalation of
ions in the V,0s film occur simultaneously because of the
participation of both ClO,” and Li" from the LiClO, gel
electrolyte. The change in color from pale yellow to dark blue
(polyaniline film) and from yellow to green (V,Os5 film) resulted
in ECD exhibiting a wide color range from yellow to dark blue,
as shown in Fig. 23C and D. ECD exhibited high CE values of
56.88 cm”® C™* (dark blue) and 65.44 cm® C™* (yellow), stable


https://doi.org/10.1039/d1tc04872d

Linl205(120 nmi/iT0

=0

n=0.156
n=0.312
"= 0.468
®=0.624
0782

orbence
H
T
VAN

B) r—v————————
LinW03 | PC, LICIOg | U20S

oW AW

Wavelenqth (nm)

1000 500
Wavelength (nm)

Fig. 22 Optical density and transmittance of Li,V,Os: (A) as a function of x (x = 0-0.782) and (B) Li,WO3/LiClO4-propylene carbonate/V,Os modulation,

reproduced with permission (Copyright 2022, Elsevier®?°).

A) i

Electrochromic
device

\

B) PVAIMWCNT/PEDOTPSS

Instantaneous motion
visualization system

\

Electrolyte I T
Ny \
o 2 ~ V,0,
+
ITOIPET Polyaniline nanofibers

. P Skin attachable

9336 480 540 600 660 720 780
Wavelength (nm)

Stretchable strain sensor

Switching color with voltage
-2.5V oV

Yellow

+2.5V
Dark blue

Electrochromic device (ECD)

D) Releasing Bending
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skin, (B) SASS using the PVA/MWCNT/PEDOT:PSS nanocomposite on a PDMS substrate and transmittance spectrum of SASS (inset), (C) ECD and
photograph of color change from yellow to dark green, and (D) the color changes together with finger motions, reproduced with permission (Copyright

2022, Royal Society of Chemistry®®?).

cycling, and rapid switching response times of ¢, = 2.6 s and ¢, =
1.5 s; thus, it is a suitable adapter with a strain sensor.

V,0s5 exhibits multifunctional activity, such as battery,
supercapacitor, electrochromism, and photovoltaic activities.
ECDs and energy storage of V,05 have a common operating
mechanism (charge-discharge).’®> Overall, the ECDs can be
combined with energy conversion and storage devices.

Nevertheless, they have many features in common, including
materials, structure requirements, and operating mechanisms,
and discrepancies regarding CE. Specifically, a high CE (i.e., low
charge density) and rapid response time are necessary for
ECDs. On the other hand, batteries or supercapacitors require
a high charge density. The proposed strategies to improve the
performance include doping through the addition of Ti in
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Incorporation of EC materials and other devices: (A) Schematic diagram and photograph of EESDs: (a) Zn-SVO EESDs, (b) color overlap via the

incorporation of orange, yellow and green colors, (c) transmittance spectra, (d) orange color display with an OCP of 1.56 V, (e) 0.5 V regulated LED
powered by the Zn-SVO EC display at 1 and 40 min, (f) six colors of Zn-SVO display. (B) Schematic diagram of PECDs: (a and c) pristine V,0Os NB and
PEDOP/V,05 NB hybrid, (b and d) the coloring counter electrodes of V,Os NB and PEDOP/V,0Os5 NB hybrid. (C) Schematic diagram of PRESDs: (a)
Ag@V,0s photoanodes and AC cathodes, (b) photograph of the designed optical coin cell with an optical window (diameter is 8 mm) and its schematic

illustration. The figures are reproduced with permission (Copyright 2022, Nature,®* Royal Society of Chemistry,

V,05 %% to promote lattice distortion and the increase in ion
insertion kinetics along with the addition of another oxide,
such as MnO,, providing enhanced stability and increased
energy storage performance.”®

Furthermore, V,05 has a unique band structure allowing it
to absorb almost the entire solar spectrum. Therefore, the
incorporation of EC materials and batteries (or supercapacitor)
to form EC energy storage devices (EESDs),'******%% yging a
solar cells and EC materials to form photo-electrochromic
devices (PECDs),>*® using the battery (or supercapacitor) with
a solar cell to form photo-recharge energy storage devices

259 286)

and American Chemical Society’

(PRESDs) and using solar cells and CDs to form photovolta-
chromic devices (PVCDs)**® are an advantage in energy-saving
applications. Fig. 24 shows the three moduli, including EESDs
(Fig. 24A), PECDs (Fig. 24B), and PRESDs (Fig. 24C).

Zhang et al.’®* fabricated a Zn-sodium vanadium oxide (Zn-
SVO) EC display by sandwiching Zn foil between two SVO
electrodes, as shown in Fig. 24A(a). The SVO electrode was
deposited on the ITO substrate using a bar-coating method
from a solution containing V,05; NRs. The combination of
two electrodes led to an overlay color, resulting in six colors
(orange, amber, yellow, brown, chartreuse, and green)
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(Fig. 24A(b and f)) compared to a single SVO electrode demon-
strating three colors (orange, yellow, and green). Fig. 24A(d)
shows the fully charged state (orange-colored) of the device,
which means a battery with an open-circuit potential of 1.56 V
and provides power to an LED. Nevertheless, the orange hue of
the display may be regained using a charging procedure in
which Zn is plated onto Zn foil, and Zn*" is removed from the
reduced SVO electrode. Zn>*/2e” intercalation produces a large
amount of V*" and a small amount of V**.>*

The performance could be further enhanced utilizing hybrid
systems, such as Zn>*/AI**, because Zn>" ions have poor kinetics
affecting the capacity, switching, and CE of the EC material. In
contrast with Zn**, AI>* can enhance the performance because
of its tri-valence and small ionic radius.>®* Hence, the hybrid
electrolyte system can overcome any disadvantages arising from
either Zn** or AI*" and promote a new approach to enlarge the
activity of materials used in EESDs. Wang et al.>®® combined
many strategies, such as materials (Ti-doped V,0s, PEDOT:PSS/
inorganic composites, and hybrid Li/Al-ion electrolyte) chromo-
genic counters (V,05 and WOj3), and electronic multifunction
devices (EC and energy storage devices) to design new three-
electrodes (two EC films and one metal frame as anode). The
device exhibited high capacity, multicolor (light yellow, trans-
parent, light red, dark green, dark blue, and black), rapid
switching, and long-term stability.

Reddy et al.>>® prepared PECDs using pure V,0O5 or PEDOP/
V,0s5 composite energy storage-photoelectrochromic cells and
the CdS/TiO, solar cell, as shown in Fig. 24B. Electron-hole
pairs were generated in the CdS/TiO, layer. These electrons
were transferred by an external circuit and caused the inter-
calation of Na" on the opposite side. Consequently, the PEDOP/
V,0s film was charged as a storage battery, and the color of the
film changed from yellow to green. The bleaching process
occurred when sunlight was blocked or in the dark. In contrast,
Boruad et al.*®® prepared a zinc-ion capacitor (ZIC) using a
Ag@V,05 NFBs photoanode and an activated carbon (AC)
cathode as the hv-ZIC devices, as shown in Fig. 24C. The
electron-hole pairs were generated directly in Ag@V,0s with
light irradiation. These holes were transferred to an AC cathode
by an external circuit while electrons accumulated on Ag@V,Os
NFBs. The anions diffused to the AC cathode, and cations were
inserted inside the photo-anode for photo charging. This
process can occur simultaneously through three mechanisms:
photoconversion, photo-capacitor, and photo-electrochromic.

CDs are also used to visualize the reduction/oxi-dation states
and to determine the cycle life of energy storage devices (ESDs)
without the need for destructive analysis or extra
techniques.?®***®* Zhang et al.>®* fabricated 1D V,05 NRB and
2D exfoliated graphene NSH hybrid (EG/V,0s) for stimulus-
responsive micro-supercapacitors and EC windows. The EG/
V,05 devices exhibited supercapacitance (with an ultrahigh
energy density and an ultra-fast responsive time) and an
excellent reversible EC. The EG/V,05; device exhibited
stimulus-responsive behavior through the relationship between
the color change and absorption spectroscopy during the
charge-discharge process (0 < 1 V), as shown in Fig. 25A.

When the voltage reached 1V, the device showed the deepest
purple color and highest absorbance, and then became color-
less and exhibited lowest absorbance at 0V. The cycle life of
ESDs can be gleaned through its relation to cation intercalation
and photonic crystal (PhCs) in periodicity of materials. The
charge-discharge process of metal ions at different rates alters
the ordered periodicity because of the crystal structure change,
leading to PhC variations and color changes (Fig. 25B).”®° The
phase change may be exploited to aid real-time diagnostics by
monitoring the color of inverse opal V,05 during charge-
discharge operations.

5.3. Gasochromic process in V,05

5.3.1 Fundamentals of gasochromic V,0;. Gasochromism
of metal oxides, which involves a H" intercalation-de-
intercalation process due to oxidation and reduction, is similar
to the EC mechanism. Therefore, GC phenomena have often
been confused with electrochromism. Unlike the ECDs that
need an external bias or electric current to drive color switch-
ing, the GC phenomenon is activated via a redox reaction of a
solid interacting with a gas directly. The working principle can
be used for gas sensors and optical sensors in addition to
building windows. The electrical and optical properties varied
under exposure to various gases, such as methanol, ethanol,
acetone, isopropanol, ammonia, and hydrogen,**82:287-290
Among them, hydrogen is the most common gas used as a
redox gas in gasochromism.

To comprehend the fundamentals of gasochromism in
V,0s, Fig. 26 summarizes the process of coloration (bleaching)
of V,05 with hydrogen (oxygen) gas, which is similar to the
mechanism of W0;.°'?% The hydrogen molecules (H,) are
dissociated catalytically by using platinum (Pt) or palladium
(Pd) to form H' ions at the surface (Fig. 26A(1)). They then
diffuse into the interior between the layer structure and the
pore surface of V,05 (Fig. 26A(2)). The H atoms migrate to the
V,05 surface and interact with the lattice oxygen of V,05
(Fig. 26A(3) and eqn (19)).>°* The H" diffuses along the surface
via water molecules adsorbed on the surface, and electron
diffuses into the subsurface. Finally, the oxygen vacancies are
generated and diffuse into the interior, followed by the escape
of water formed by the hydrogen and surface oxygen
(Fig. 26A(4) and eqn (20)). Protons continuously diffuse intern-
ally from the surface through favorable planes or sites. For the
bleaching process, oxygen molecules (O,) are adsorbed and
dissociated on Pt to 0>~ ions (Fig. 26B(1)). These ions transfer
to the surface and diffuse into the pores of V,05 (Fig. 26B(2)),
diffuse internally, and react with oxygen vacancies (Fig. 26B(3)).
The resulting oxygen vacancies diffuse to the near surface
(Fig. 26B(4)). The protons migrate to the surface, and hydrogen
is oxidized at the surface by O>~ ions to form the original V,0;
and water molecule (eqn (21)).

V25+0527 +xH +xe” - HxVZ—x5+Vx4+0527 [19)

V,° '0527 + 2xH' + 2¢7 —»xH,'0* + V¥ "0, 2" (20)
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Fig. 25 V,05ECDs for visualizing and gleaning electrochemical properties: (A) photographs and UV-vis spectra of the electrochromic EG/V,05-MSCs at
different voltages and (B) schematic representation of Li-induced variation and SEM images of IO V,Os; inset: the variation in color change as a result of

charge/phase change. The figures are reproduced with permission (Copyright 2022, Wiley’

2H,V, >V, 0527 + x0*™ - xH, 0% + 2V,° 05> + xe™
(21)

These processes cause structural rearrangement and reduce
V> to V** and V**. Hydrogen ions can react with oxygen at O(1),
0(2), or O(3) to form localized H,0 molecules and produce an
oxygen vacancy. Chen et al.>*> used XRD, XAS, and EXAFS to
analyze the reduction effect during the GC reaction. XRD
showed that the peak of colored V,Os shifted to a higher 20

284,285)

angle than the bleached state, indicating that the interlayer
distance was altered, as shown in Fig. 27A. Therefore, hydrogen
insertion changes a transition and thus the electronic struc-
ture. Fig. 27B shows the V L-edge and O K-edge XAS to reveal
the electronic structure. Two prominent peaks at 514-521 eV
and 521-528 eV of the V L-edge are due to the electron
transitions from the V 2p;, and 2py/, energy levels to the V
3d unoccupied state, and two pre-peaks at 529-534 eV origi-
nated from the O 2p states hybridized with the V 3d-t,, (3d,y,
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spectra of bleached and colored states, reproduced with permission (Copyright 2022, IOPscience

3d,,, and 3d,,) and V 3d-eg (3d,2_,» and 3d,) states, respec-
tively. The V L-edge of the colored film was shifted to a lower
energy and became featureless compared to the bleached film,
suggesting a reduced charge state and a deformed atomic
structure. The O K-edge confirmed that the valence decreased
as the peak for O 2p-V 3d-t,, decreased upon the GC reaction. In
addition, the angle-dependent XAS provided further evidence of
structural deformation. The pre-peak of the V K-edge of the
colored film shifted to a lower energy and decreased in inten-
sity compared to its bleached state (Fig. 27C), which is con-
sistent with the results of a reduced charge state and structural
deformation from the V L- and O K-edges.

To gain insight into the atomic structural rearrangement, a
Fourier transform (FT) of the EXAFS &%y data at the V K-edge
from k = 2 to 10 A~ indicates the difference in the radial
distribution between the colored and bleached states
(Fig. 27D). Curve fitting of the bleached state led the V-O bond
lengths in VOg, O(1) = 1.61 A, O(2) = 1.76 A, and O(3) = 1.90 A. In
contrast, the colored states involving V-O bonding in

295)

symmetrical Oh are V-O = 1.67 and 1.91 A. The inset in
Fig. 27D shows the increase in symmetry of the VOq octahedral
in colored V,05 compared to the bleached state.

Moreover, the sudden decrease in resistance or increase in
conductivity during a gas-phase reaction suggests the exchange
of electrons or holes. The rapid response and recovery speeds of
the V,05 sensor with hydrogen gas at RT is an evidence of a
direct reaction without loading any extrinsic catalysts, such as
Pt or Pd.*!

The behavior of the electrical and optical properties of the
V,0s film also changes after exposure to organic vapors. Oxygen
molecules in an ambient environment were absorbed facilely
on the V,05 surface because of the high electron affinity. They
captured the free electrons of the CB to form chemisorbed
negatively charged oxygen ions, such as O, and O™, as shown

in Fig. 28A and eqn (22)-(24).>°%%*%”
0,(gas) — O,(ads) (22)

O,(ads) + e~ — O, (ads) (23)
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Fig. 28 Schematic diagram of the gasochromic mechanism: (A) In air and (B) in a reducing gas.

0, (ads) + e~ — 20 (ads) (24)

When a V,0s film is exposed to organic vapor, the reduction
gas is oxidized by the negatively charged surface oxygen ions
and releases electrons, as shown in Fig. 28B.>**®” These
electrons move to the entire crystal and fill the CB, leading to
an increase in conductivity and a change in optical transmit-
tance. V,05 exhibits high sensitivity to a range of gases, as
defined in eqn (25)-(28).2°%*%”

C,HsOH + 60,45 —2CO, + 3H,0 + 6~

(25)
CeH5CH; + 30,4, — C¢H;COOH + H,0 + 3¢~ (26)
2NH; + 30(45) — N, + 3H,0 + 3¢~ (27)

(28)

2(CH3)3N + 210(45 — Ny + 6CO, + 9H,0 + 21e”

These processes involving exposure to organic gases are
similar to the bleaching process using hydrogen. Rizzo
et al.”®® observed the GC response of the V,0; films to NH;
by FTIR spectroscopy and compared it with the spectrum of
NH,VO;. These authors suggested that V,05 NPs react with NH;
at RT to form ammonium metavanadate (NH,VO;), as
described in eqn (29). The “bleaching” process for recovering
V,0s is achieved by annealing at 350 °C under ambient condi-
tions.

NH3,RT

V,05 ——— NH4VO; (29)

5.3.2 V,05 gasochromic thin films and devices. Gasochro-
mic devices (GCDs), similar to the EC system, have a modular
double-glazed unit while the gas for catalysis replaces the
electrolyte, as shown in Fig. 10B. Compared to ECDs, GCDs
have a slower response time, but GCDs can be produced over a
large area. The chromic phenomena of V,05 films exposed to
different gases, such as ethanol, methanol, acetone,
isopropanol,®”” and ammonia,”®® revealed AT modulations.
The film color was slightly modified when exposed to ethanol,
methanol, and ammonia gases, whereas it did not change when
exposed to the remaining gases. The films exhibited an anodic
coloration with bleaching when exposed to gas. On the other
hand, AT reached only 4-5% after 100 min of exposure to
methanol or ethanol. The color returned to the initial film color

after annealing in air at 350 °C.**? The low AT, slow ¢, and the
need for high temperatures to return to the original color have
limited the applications to smart windows or switching optical
devices.

Liu et al.**® first examined the irreversible color change from
yellow to blue and the slight optical modulation of the V,05
film when exposed to hydrogen. The transmittance spectrum
shifted strongly toward a shorter wavelength (<500 nm), indi-
cating anodic coloration, whereas it exhibits cathodic colora-
tion at wavelengths longer than 500 nm. The chromic
phenomena of vanadium oxide highlight the role of oxygen
stoichiometry in the thermodynamic reaction between the
hydrogen gas phase and vanadium oxide. The high oxygen
stoichiometry samples deposited in the oxygen environment
(the TE method) and 5% O,/Ar (the sputtering method) showed
pronounced coloration compared to the samples deposited in
the hydrogen environment (the TE method) and without oxygen
(the sputtering method). Shanak et al.'®* reported the effects of
oxygen in terms of the O,/Ar ratio and thickness on the
gasochromism of V,05 films. The low O,/Ar ratio or very thin
films did not reveal clear chromic phenomena (both cathodic
and anodic colorations for the first cycle). On the other hand,
the films were improved by the increased O,/Ar ratio and
thickness. The higher O,/Ar ratio and thicker film exhibited
anodic coloration only.

The atomic and electronic structures determine the perfor-
mance of chromogenic materials. Dong’s research group has
revealed the GC coloration mechanism based on a thin plati-
num (Pt) layer as a catalyst coated on V,05 thin film to
dissociate the hydrogen molecules.*?%8>9%299:3%0 pifferent fac-
tors, such as synthesis methods (sol-gel and RFS), layer thick-
nesses, and metal dopant in V,0s, were investigated. A VO, film
deposited on a Corning 1737 substrate by RFS showed that the
initial film color and colored film were affected by the Ar/O,
ratio and annealing temperature.>**°° The different initial
color depends on the O, concentration and annealing tempera-
ture and can affect the GC performance because of the co-
existence of V** of VO, and a mixture of V** and V*' in the as-
grown V,0s5 film.?°>3% The color of the film with an Ar/O, ratio
of 20:1 remained almost black after gasochromism, whereas
the color of the film with Ar/O, ratios of 20:3 and 4: 1 changed
from light yellow to gray. In particular, for the sample prepared
in pure O,, the color changed from deep yellow to dark gray.**°
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Fig. 29 Oxidized-reduced state of vanadium oxide films: (A) SEM images of films with different film thicknesses; (a and d) 285 nm, (b and e) 385 nm, and
(c and f) 625 nm. (B) Optical spectra and images: (a and b) transmittance spectra of films for bleached-colored states, (c) transmittance changes (AT), (d)
thickness dependence of transmittance, and (e) photographs of the film with different thicknesses for bleached-colored states, reproduced with

permission (Copyright 2022, Elsevier?®®).

If the films are exposed for a long time (72 h), they become
hydrogen-saturated and turn black due to amorphization and a
transition to an irreversible phase of H,VO,.>*

In view of applications, a darkened state of the film is
required; it can be achieved by just applying a thicker GC film
with the same material. Hence, a new material need not be
designed, and the intrinsic properties of the film need not be
modified. Thickness-dependent studies were conducted on
V,0s films of 285, 385, and 625 nm synthesized by a sol-gel
process that exhibited excellent GC performance.>®

Fig. 29 presents an SEM image, transmittance spectroscopy,
transmittance change AT, transmittance at 2 = 700 nm, trans-
mittance change at 4 = 700 nm, and photographs of the color
change in the film in the bleached-colored states. The film
surface became rougher than in the bleached state after expo-
sure to hydrogen gas, as shown in Fig. 29A(a—f). The transmit-
tance in both states and the percentage of transmittance
modulation between the colored and bleached states

demonstrate the effects of film thickness on optical coloration.
Although a thinner film exhibited higher transmittance than
the thicker film, the latter led to a higher AT value at 1 >
650 nm (Fig. 29B(a—c)). Indeed, AT of the 625 nm film was the
highest, AT = 40% at /2 = 740 nm. As estimated at A = 700 nm in
Fig. 29B(d), the transmittance decreased with increasing thick-
ness, whereas the transmittance modulation increased with
thickness. The film color changed from yellow to gray for the
285 nm film and to black for the 385 nm and 625 nm films
(Fig. 29B(e)).

Doping and hybridization are the most widely used strate-
gies to improve the physical and chemical properties compared
to their bare counterpart. Mo-doped V,05, (M00O3);_(V,05)x
composites and (WO3); _(V,0s), composites were investigated
to improve the GC performance and time response.’?%'3°?
Chang et al®®' reported the coloration performance and
response time of the composite oxide films of (M00O3); _(V,05)x
with x = 0.00, 0.01, 0.03, and 0.05. The GC efficiency of the
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In situ V K-edge XAS spectra of the colored state: (a) pure V,Os film, (b) pre-edge regions of V,0s, Mo-V,0s, and different vanadium oxides, and

(c) Mo-V,0s films. Insets (a) and (c) show the time dependence reaction of the valence, reproduced with permission (Copyright 2022, Royal Society of

Chemistry®).

MoO; film was improved by V,0s; doping. The (M00O3)g.99-
(V205)0.01 sample exhibited the shortest response time and
highest change in transmittance. The modified MoO; film
using a V,0s5 over layer showed a stronger H, response than
single MoO3.>* Ranjbar et al.*** reported the gasochromism of
(WO3); _(V,05), with x = 0.00, 0.09, 0.17, 0.23, 0.29, and 0.33.
The E,, decreased from 3.55 to 2.50 eV with increasing
vanadium oxide concentration in WOj;.

The pure and Mo-doped V,0s5 films fabricated using the sol-
gel spin coating method exhibited excellent GC coloration. In-
situ XAS was performed to determine the GC mechanism in
terms of local atomic and electronic structures. The film color
changed from light yellow to dark brown (inset, Fig. 30b).* A
mixture of pyramid- and octahedral-like structures was found
in Mo-doped V,Os, while the significant pyramid-like structure
was identified in pure V,0s. The presence of more Oy, (V>') in
the Mo-doped V,05 led to a four-fold faster response to H, than
that of the pure V,05 film.

The in-situ XAS spectra (Fig. 30a and c) showed that the same
peak shifted to a lower energy and the intensity of the pre-edge
peak decreased after the reaction time. However, the reaction
time was 90 min for Mo-V,05 and 330 min for pure V,Os,
suggesting the importance of symmetric apical V-O bond in the
GC effect. The more symmetric apical V-O bond leading to the
faster coloration rate was demonstrated through the in-situ XAS
study. Consequently, the Mo-V,0;5 film exhibited faster GC
coloration than the pristine V,05 film (GC performance of AT
=20.3% compared with AT =16.9% at / = 750 nm, respectively)

being strongly correlated with the local atomic structure of
the film.

GC windows are an alternative to other chromogenic win-
dows for energy conservation but are also promising for use as
a hydrogen sensor. The safe handling of hydrogen gas is of
great importance for hydrogen energy technology because the
amount of hydrogen tends to increase at a low concentration of
approximately 4% in the atmosphere, which is a major issue in
the future hydrogen economy. The hydrogen sensor based on
the GC material requires no external electrical energy and
consumes low power. When the GC windows are exposed to
hydrogen, the change in optical transmission can be monitored
and used as a hydrogen detector. Therefore, it is safer than
other sensor technologies based on electrical measurements,
which may give rise to an explosion. The advantages and
disadvantages of GC applications need to be considered.

The construction of GCD is inexpensive and straightforward
because only a single thin film is sufficient and can be coated
easily on any glass substrate and even on flexible plastic
substrates. Unlike ECDs, a transparent electrically conducting
layer is not required in GCDs. On the other hand, water is
critical for the GC film to transport hydrogen rapidly. Water
should not escape from the GC film during the operation,
particularly at higher temperatures. An integrated system that
includes the gas supply system (pressurized bottle or electro-
lyzer), gas pump, and power supply is required for large-scale
applications, indicating that additional external energy is indis-
pensable. Another potential application of the GC effect is GC
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mirrors based on metal hydrides that turn the colored state into
a transparent state by taking up hydrogen.°*3%

5.4. Photochromic process in V,05

5.4.1 Fundamentals of photochromic V,05. PC materials
exhibit irreversible/reversible color changes or photo-induced
coloration when exposed to a light source. Owing to the heat
absorption and photocatalysis ability of V,05, the PC mecha-
nism can be operated following three cases (1) without excess
temperature, (2) with excess temperature, and (3) photo-
inserted hydrogen.

Electron-hole pairs can be separated, as shown in
eqn (30),°°%” to contribute to the PC phenomenon following
two mechanisms with and without hydrogen-containing mole-
cules.

V105 2% V,0% + e +ht (30)

For the sample without hydrogen-containing molecules, the
separated electrons move throughout the entire crystal and fill
the split-off CB leading to an E shift. Owing to the separated
state, electrons will relax to lower energy states and generate
phonon energy because of collisions and scattering. Therefore,
the contribution of this effect to photochromism is small
compared to the photo-injection of hydrogen.*®

Nishio et al.**® reported the visible-light photochromism
without a significant decrease in the effect. The coloration to
blue-black may be caused by the reduction of V°* to a lower
valence, such as V** and V**. Two cases with and without heat
treatment were investigated to discriminate the photochro-
mism only and simultaneously occurring thermochromism-
photochromism in V,05.>° Fig. 31 presents a model for light-
induced thermochromism and bleaching of V,0s. Although
irradiation heated the sample to above 400 °C, the color did
not change after removing the irradiation as the sample cooled
down rapidly to RT (route 1 — 3 — 4, Fig. 31A). When the
sample was reheated to 400 °C, its color state was maintained
as it was cooled rapidly to RT (route 4 — 2 — 5, Fig. 31A). Two
different thermal treatments were also investigated. In the first
method, the sample was heated to 400 °C and held at this

(Amount of reduced V species)
Depth of color

RT 400°C
Temperature

temperature during irradiation for 60 min. In the end, irradia-
tion was stopped, and the sample was cooled rapidly to RT. The
color state for this method followed the route, 1 - 4 —» 5
(Fig. 31B). In the second method, the sample was held at RT
during irradiation for 60 min, heated rapidly to 400 °C, and
held at that temperature for 30 s before cooling to RT. The color
state of the sample for this method followed the route 1 — 3 —
2 — 6, as shown in Fig. 31B.

The temperature increase (At), when exposed to laser inten-
sity (Io), is expressed using eqn (31).>*°

(a2)"?-p-Cpt - Iyt

(31)

where o, 7, p, and C, are the thermal diffusivity, pulse duration,
mass density, and specific heat, respectively. If parameter
values are « = 6 x 10°® m®> s*, p = 3.36 g ecm °, C, =
0.71J (g K)" !, t =36 ns, and I, = 3.88 x 10° W cm ™2, At reaches
1222 K (~949 °C). Therefore, the actual temperature at the
surface can be more than 976 °C, which is higher than the
melting point of V,05 (~690 °C).>*°

Fig. 32 shows the change in surface morphology of a thin
film and pellet V,O5 after pulsed laser irradiation.*'**'" After
10 pulses of irradiation, the rod-like structure at the film
surface transformed to a porous structure (Fig. 32A and B).*"!
The surface roughness of the bulk-type pellet made by pressing
a commercial powder became smooth and less porous after a
single pulse of laser illumination (Fig. 32C and D).*'® The
crystal structures were disordered, which led to a sub-
stoichiometric composition and formed new local traps
because of oxygen deficiencies.*’* These vacancies form V**,
Vv*", and a mixture phase (Wadsley or Magnéli phase). The
increasing temperature also extended the crystal and expanded
the split-off of V,0s5. The increasing temperature led to a TC
phenomenon, which will be presented in detail in the next
section.

The PL intensity changes as a result of the enhanced oxygen
vacancies caused by the photoreduction and sample heating
during laser irradiation.'®''®3% At shorter wavelengths, the
PL intensity decreased initially and increased at longer wave-
lengths. The peak of the PL intensity at ~690 nm decreased

(Amount of reduced V species)
Depth of color

400°C
Temperature

Fig. 31 Photochromism of models for light-induced thermochromism and bleaching process of V,Os. The background color of the figure represents

the color of the sample, reproduced with permission (Copyright 2022, American Chemical Society

309)
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Fig. 32 SEM images of (A) and (B) the as-grown and colored V,Os film after 10-pulse irradiation, (C) and (D) fresh and colored V,Os pellets after one
pulse irradiation. The figures are reproduced with permission (Copyright 2022, Elsevier*** and I0Pscience®°).

slightly and became static after an initial exposure for 45 min,
whereas a PL peak appeared at ~450 nm with enhanced
intensity."'® The broad peak at 540-840 nm was quenched
because of the increased temperature and photochromism
when the film was irradiated for 60 min.**® Two more peaks
appeared at 408 and 448 nm after 10 pulses of irradiation, and
the band edge of the V,0; film increased.'*®**'?

Due to the absorption of water (H,O) or origins of polymers
(CH30H, C3H50H, and (CH;3),NCHO), the enhanced oxygen
vacancies in sample were caused by decomposed H,O or -OH
led to the formation of a new oxidation state.'*>'®3'* On the
other hand, the oxygen molecules (O,) of H,O or -OH on the
V,0s5 surface are difficult to reduce with the electrons in the CB
and mid-gap state because the negative potential of the redox
potential of H'/H, (4.5 eV, vacuum level) is at a higher level of
the CB of V,05 (5.0-5.2 eV, vacuum level).>”****17 On the other
hand, the holes react easily with H,O or the original polymers

A @- vanadium atoms @ -carbon atoms

@ -oxyzen atoms -nitrogen atom
@ -bydrogen atoms
H
Hydrogen bond
c N::c ..“ DMFA

Donor-acceptor bond

Main structural unit of V,0,

on the V,05 surface to form hydrogen ions. These electrons and
hydrogen ions interact and react with V,05 to form H,V,Os,
which are called hydrogen metal bronzes, as shown in eqn (20).
Eqn (32)—-(34) present the reaction of H,O and CH3;OH with

holes.37314
h" + H,0 - H'+ "OH (32)
h* + CH;O0H—H" + CH,OH (33)
h* + CH,OH —» H' + CH,0 (34)

Gavrilyuk®®® presented the detailed mechanism of photo-
injection of hydrogen from DMFA on TMOs. The V,Os films
were fabricated directly in an ambient condition containing
DMFA (CHj;),NCHO. These molecules were adsorbed on the
V,0;5 surface at O(1) because it has only one strong bond
(Fig. 33A) and form of a donor-acceptor due to the overlap of

B ® -vanadium atoms
@ -oxygen atoms
@®-protons

vy

v Ribbon 3, Ribben 4
< vy o [ 0@ / /
om_ > ° ° I
Ve | @ |[om b
» =3 v v
l = :. Ve .

d-d
H om  om y"v* b
0@, o) D 0
o® oM »
z : .
we ou
1) 1) oW
oa, 0@2)  0p) O
Layer2
om oM

Fig. 33 Schematic diagram of (A) DMFA adsorption, donor—acceptor formation, and hydrogen bonds of DMFA-V,Os. (B) Possible position for the

inserted hydrogen inside V,Os crystalline reproduced with permission (Copyright 2022, Royal Society of Chemistry

318)
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the vacant d orbitals on the surface of the cation and the p
orbital of O(2) with a lone electron pair.**® The donor-acceptor
(DA) bond (between the oxide and the molecules) and the bond
of a proton (between H, and O(1) of V,0s5) were generated.
Fig. 33B shows a schematic diagram of the structure formation,
including a sheet layer and cross-sectional layer (z-direction).

The transmission spectra for the v(C=O0) stretching vibra-
tion in the vapor, liquid, and adsorbed DMFA in the FTIR
spectra results confirmed the formation of the DA bond.*°®
The association in liquid led to a shift from 1725 em™" to
1675 cm~". This peak shifted continuously to smaller wave-
numbers 1650 cm ™' when DA bonding was achieved due to the
nucleophilic attack of the adsorbed molecules. Similarly, the
peak of v(C=O0) also shifted from 1650 cm ' of adsorbed
DMFA in liquid to 1625 cm ™" of adsorbed DMFA containing
deuterium. Hydrogen insertion can diminish the n overlap,
which led to an elimination of the « state (valence band) and ©*
state (conduction band) and a change in the Eqp of V,0s.

The N concentration (cm ) of the center inserted into thin
film plays an essential role in the CE. The f concentration can
be estimated using Smakula’s equation (eqn (35)).>"

N x f =0.87 x 107

Omax W (35)

n
(27
where f, n, amax, and W are the oscillator strength, refractive
index, absorption coefficient in the band maximum, and half-

bandwidth (eV), respectively. If the reflection losses are

Dmax

neglected, omax =~ 2.31 , where d is the film thickness. This

leads to the effect of the layer thickness on the PC sensitivity
(ADmax)'

5.4.2 V,05 photochromic thin films and devices. Despite
early studies, there are relatively few reports on V,0s photo-
chromism. The application of PC V,0s in smart windows has
been limited because of the small changes in OD, poor rever-
sibility (reversibility is not complete), and a slow response
time.'® TMOs (except V,05) have a narrow response in the
ultraviolet (UV) region (< 400 nm) because it comprises only
a few percent of the incident solar energy spectrum sunlight,
while visible light (400-700 nm) occupies approximately 50%
and NIR-IR (>700 nm) near 50%.>>>°

V,0s has a wide response in the spectrum from UV to visible
light, such as thermal bleaching, multi-coloration, and high
fatigability, which leads to a more interesting study. Table 6
lists the performance, including the switching time, OD, AT,
and CE of GC, PC, and TC. The photo-coloration contrast and
optical switching of the PC material were affected by the
exposed light intensity, wavelength of the source, and irradia-
tion time.” Photochromism in amorphous TMO films, includ-
ing WO3, MoO3;, and V,0s, prepared by vacuum evaporation,
has been studied."**>*% The film color developed gradually
and was tinged with a blue color after irradiation for several
hours.”*

Commercial V,05 powder exhibits PC behavior under laser
irradiation.?**?'° The pink-yellow color of the V,0s5 pellet (disk)
turned immediately to a deep blue-black (Fig. 34A).>'® The

reversed color was obtained by annealing the colored sample
at 400 °C. UV-visible diffusion reflectance of the colored sample
is slightly higher in the UV region (<460 nm) and much lower
in the longer wavelength region (>460 nm) than that of the
uncolored sample.

Fig. 34B shows the fresh and colored films after 10 pulses of
irradiation of V,0O5 films prepared by RF sputtering.>'" The
color transformed from bright green (the as-grown film) to a
deep dark blue. The transmittance of the colored film was
much lower in the visible and NIR region than that of the
uncolored film. The variation of the AT was approximately 46%
at 560 nm and 14% at 900 nm, leading to broad absorption
features without the abrupt absorption of a colored film. The
V,0s film fabricated by Eg shows that E,, increased from 2.29-
2.34 eV after UV irradiation for 30 min.*"?

Gavrilyuk’s research group developed V,0s5
photochromism,?°%34318:319:321 pifferent synthesis methods,
such as sol-gel, evaporation, and melting, were carried out to
fabricate V,05 films. Different organic molecules, such as
CH;0H, C3H;0H, and (CH;3),NCHO, as well as H,O, were used
on hydrogen photo-injection to investigate the CE. These
studies confirmed that the PC sensitivity of V,05 was influ-
enced by the organic adsorbate, temperature, and film thick-
ness, as shown in Fig. 35.518319321

Fig. 35A compares the PC sensitivities of different thinner
V,05 films illuminated for 120 min.*'® The generated electron-
proton plasma diffused deeply into the film. This process was
also affected by the porosity, thickness, and size of film
particles and depended on the smallest particles. On the other
hand, the plasma diffusion process reduced the concentration
of injected centers, which lowered E;. Consequently, a thicker
film achieved a higher PC sensitivity than a thinner film.
For the shift region, the optical shift showed a difference
between the low energy (L-E) and high energy (H-E) of the
absorption edge.

Fig. 35B presents the optical shifts of the sample at RT and
25 K.*'® The optical spectra shape was similar at L-E (<2.5 eV)
and showed a blue shift at higher energy (>2.5 eV). For
illumination at RT, the maximum shift reached 0.87 eV in the
L-E and 0.77 eV in the H-E while the shift reached 0.78 eV in the
L-E and 0.7 eV in the H-E, when illumination at 25 K. In
particular, the OD showed an additional shift of 0.2 eV in the
L-E and 0.5 eV in the H-E during the return to RT, whereas the
intensity of the absorption band below 2.5 eV remained
unchanged. The temperature affected the photoreaction to
form a V-O;- - -H+ bond. The radicals formed at 25 K after the
photo-detachment of H, through various stages and were more
stable than at RT. This led to an enhanced optical shift reaching
0.9 eV in the L-E and 1.28 €V in the H-E.

Recently, PC properties of the Ag-doped V,0s, V,0s-based
composites, and CTA/V,0s; NP bionanocomposites were
investigated.*°”*>>*** Both undoped and Ag-doped V,0s films
were colored by UV light irradiation and bleached with visible
light irradiation and electrochemical processes. Un-doped
films turned brown when exposed to UV light for 5 h and
returned to dark yellow when bleached by visible light
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Table 6 Gaso-, photo-, thermo-chromism of V,Os

Optical
transmit- Optical
Chromo- Evaluated Colora-  Bleaching tance (reflec- band
genic Test wavelength  tion time time tance) AT change
Sample Method types conditions (nm) (min) (min) (AR) (%) AEqp (eV) Ref.
V,0s film The film was grown using the TE GC Ethanol — — 100 5 — 287
method Methanol — 100 4 —
Acetone — 100 — —
Isopropanol — 100 — —
V,0s film The film was deposited on a glass GC Hydrogen 740 — — 39 — 295
substrate by sol-gel spin-coating
V,0s film The film was grown on a glass ~ GC Hydrogen 545 — — 12 — 298
substrate by the TE method
0% 0,-V,05 The films were grown on a glass — — 6 —
film substrate by a sputtering method
5% 0,-V,05 — — 8 —
film
V,0s film: The film was deposited on a glass GC Hydrogen 700 . . 13 — 288
285 nm substrate by sol-gel spin-coating
V,0s film: — — 20 —
385 nm
V,0s5 film: — — 28 —
625 nm
V,0s film The film was deposited on an ITO GC Hydrogen 550 — — 13.9 — 299
substrate by sol-gel spin-coating 800 — — 16.9 —
Pure V,05 A Mo-modified V,0s5 film was GC Hydrogen 750 100 — 16.9 — 4
Mg-V,05 deposited on a silicon nitride 25 — 20.3 —
membrane substrate by sol-gel
spin-coating
x =0.00 (M003); _(V205), composite films GC Hydrogen 450 12 18 31.8 — 301
x=0.01 were grown by the PLD method 9 15 53.6 —
x =0.03 10 15 35.2 —
x =0.05 13.5 13 32.5 —
x = 0.00 550 11 17 43.6 —
x =0.01 8.7 14 63.9 —
x =0.03 9.5 15 45.6 —
x =0.05 13 12.5 50.1 —
x =0.00 650 11 17 45.2 —
x =0.01 8.7 14 65.8 —
x =0.03 9.5 15 50.5 —
x =0.05 13 12.5 54.7
V,05 particles A V,05-based composite film was PC UV irradiation 700 10 — 11 0.05 307
prepared by the sol-gel method 60 2880 16 0.09
V,0s film The film was deposited on an PC Laser 560 10 pulses — 49 — 311
Al,O; substrate by the RF sput- irradiation
tering method
V,0s pellet V.05 pellets were prepared ata  PC Laser 600 — — 6.0 — 310
pressure of 8 MPa from commer- irradiation
cial powders
V,0s5 The film was deposited on a TC RT-80 °C 2000 — — 2.5 — 351
quartz substrate by the RF sput-
tering method
Film: 9, RT, - The film was deposited on a TC RT-200 °C 2500 — — 30 — 110
Film: 15, 400, — quartz substrate by the DC mag- — — 3.5 —
Film: 20, RT, — netron method with different — — 17 —
Film: 9, RT, 400 oxygen pressures, substrate tem- — — 11.5 —
Film: 20, RT, peratures, and annealing — — 15 —
400 temperatures
Film: 20, RT, — — 39 —
200
0% Mo-V,05 Mo-doped V,0s5 films were TC 250-400 °C 2500-3300 — — 13 — 330
10% Mo-V,05  deposited on a glass substrate by 25-50 °C — — 15 —
20% Mo-V,05;  the SP method 25-50 °C — — 18 —
V,05 Pure and Cr-doped V,0s5 films TC 40-220 °C 550 — — 19 0.17 120
V,05 300 nm were deposited on a silicon sub- 50-200 °C — — 3 —
V,05 1.2 um strate by the MOCVD method 50-200 °C — — 18 —
V,05 2.4 um 50-200 °C — — 20 —
4.34% Cr-V,0s5 40-220 °C — — 3 —
V,05/glass The film was deposited on glass TC 250-500 °C 550 — — 37 0.61 326
V,05/FTO and FTO substrates by the RF 1000 — — 25 —

sputtering method
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Fig. 34 Photographs of (A) fresh and colored V,Os pellets and (B) the as-
grown and colored V,0Os films. The figures are reproduced with permission
(Copyright 2022, I0Pscience®'° and Elsevier®™).

irradiation for 4.5 h or recharged at +1.0 V for 60 s. For Ag-
doped V,0s, the film rapidly became brown after only 4 min
exposure to UV light. The bleaching sample required 6 h of
visible irradiation or 20 s discharging at +1.0 V. The absorption
spectra showed that the response of Ag-doped V,Os is faster
than that of the pure V,O5 film because of the contribution of
absorption of UV light of Ag NPs.**?

Miyazaki et al.>*” observed the natural reversible PC proper-
ties of V,0s5-based composites at RT. For coloration, the trans-
mittance spectra showed an absorption shift and a decrease in
the IR and NIR regions (Fig. 36). The E,p increased slightly
from 2.52 eV to 2.61 eV, and the film color changed from yellow
to green to pale blue after irradiation for 1 h. Natural bleaching
showed that the film almost returned to the initial color after
48 h in the dark.

5.5. Thermochromic process in V,0;

5.5.1 Fundamentals of thermochromic V,0s. The
dynamics of the optical properties as a result of thermal
stimulation was observed for various vanadium oxide phases,
among which VO, has attracted increasing attention owing to
its MIT at near RT (340 K). Lower MIT temperatures were
reported for VO (126 K), V40,3 (150 K), and the Magnéli phases,
such as V,0; (165 K), V,0; (250 K), V50, (135 K), V¢O44 (177 K),
and V30,5 (70 K).***

Recently, some studies provided evidence of the SMT?>*2¢
or MIT'*”*27 in V,05. These reports reveal metallic behaviors at
high temperatures. The transition temperature in V,0Os is one
exception, while the experimental results converge towards a
loss of lattice oxygen (vanadyl group) without a structural
change. This section discusses some of the reports related to
the TC phenomena of V,05 materials.

Kang et al.'” have reported temperature-dependent spectro-
scopic ellipsometry measurements of V,0s films. An abrupt
change in the extinction coefficient was observed at 265 to
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Fig. 35 Optical density spectra of the V,Os film. (A) ADpax Of different film
thicknesses, (B) before and after the illumination time (t); before and after
the illumination time (t) at 25 K ((7) illumination and heating up to RT, (8)
illumination, heating up to RT, and maintain for 2 h). The figures are
reproduced with permission (Copyright 2022, Elsevier®'® and Royal Society
of Chemistry®'®).
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Fig. 36 Optical spectra change on the coloring and bleaching of composite films before and after UV-Vis irradiation: (A) Transmittance spectra and (B)

the time dependence of transmittance change, reproduced with permission (Copyright 2022, Royal Society of Chemistry

325 °C, and a Drude absorption feature indicating the presence
of a metallic phase was observed above 310 °C. Blum et al.**’
reported a reversible MIT of a V,05(001) single crystal at 77-
127 °C. Scanning tunneling microscopy revealed the nucleation
and growth of vanadyl (V=0) oxygen vacancies with tempera-
ture, which was consolidated by density functional theory (DFT)
and Monte Carlo calculations. This reversible phenomenon
occurred exclusively at the surface at 77-127 °C and became
irreversible at higher temperatures by forming V40,5 and V,0;.
These results were discussed by Pergement et al.>*® and Aita,**°
who questioned the pertinence of describing this phenomenon
as an MIT.

Pergement>® suggested that heating V,Oj in this and other
similar references induces a reduction and the formation of
phases that are metallic at these temperatures. Aita®*° sug-
gested that the XRD peak shift with a trend change at 200 °C
indicates a structural transition from «-V,05 to y'-V,0s, a
metastable polymorph. The monitoring of the lattice para-
meters, a, b, and ¢, of a-V,05 as a function of temperature
revealed a linear increase in ‘“c” with temperature, while “a”
and “b” remain unchanged."* The linear trend of “c’’ from 20
to 300 °C did not confirm the hypothesis of the a-V,05 to v’-
V,0s5 transition.

The distorted octahedra inside the V,05 crystal affect the
indirect vanadium-vanadium interactions with the intermedi-
ate vanadyl group. A shift in the (001) XRD peak,'®”"*° a change
in peak intensity, and a shift in the Raman spectrum were
observed.

Fig. 37A(a) presents the reversible temperature-dependent
Raman shifts.”*® In most of the peaks, the intensity decreased
with sample heating and returned to the original level when the
sample was cooled to RT (Fig. 37A(b)). In particular, the modes
at 483 and 850 cm ™! vanish above 257 °C and re-emerge after
cooling to RT. The peak at 483 cm ™" was ascribed to V-O(2)-V
bending deformation along the z-direction, whereas the peak at
850 cm~ " was attributed to the antiphase stretching mode of V-
0(2) bonds. The Raman shift of approximately 7 to 13 em™" was

307)

observed over the temperature range of 77-377 °C (Fig. 37A(c)).
The intensity ratio of the peak at 144 cm ™" (corresponding to
the vibration O(x)-V-O(x)) and 993 cm ' (corresponding
V=0(1) stretching mode) increased rapidly above 177 °C
(Fig. 37A(b)). This trend was attributed to the possible loss of
O(1) atoms from the structure of V,0s.

Fig. 37B(a) shows the temperature-dependent XRD patterns
over the 25-300 °C range."® The (001) peak showed a shift
towards a lower XRD angle while the (200) peak remained
unaffected (Fig. 37B(b)). Fig. 37B(c and d) show the reversible
shift without any hysteresis effect, and they demonstrate a
symmetric-like point at 160 °C. The obtained results agree with
the increase in the distance between the “ab” layers of V,0s
with increasing temperature.

The relaxed structure, lattice expansion, phase transition,
and oxygen vacancy in local structure might cause the appear-
ance of mid-gap state and new split-off bands, and cause
downward shifts of old split-off bands. Regarding E,p, a
decrease in E,, with increasing temperature was reported:
from 2.33 to 1.72 €V (RT-500 °C),**® from 2.14 to 2.07 eV (27-
377 °C),**® and from 2.13 to 1.96 €V (40-220 °C)."*° The PL
position peak also shifted and extended to a broad peak with
increasing temperature.’*> Moreover, the measured tempera-
ture dependence of the photon energy showed that these
parameters are reduced over the range of 280-295 °C. At higher
temperatures (310-325 °C), the photon energy decreased
significantly because of the metallic behavior.’®” The electrical
measurements also showed that the resistance decreased sud-
denly with increasing temperature in the 227-277 °C,*** 280~
480 °C,"”” and 277-377 °C ranges.’*® While disregarding the
debate on the MIT/SMT behavior, the changes in the E,, and
PL with the temperature well below 300 °C support the presence
of thermochromism in V,0s.

5.5.2 V,05 thermochromic thin films and devices. Com-
pared to the EC and GC devices, TC V,0s5 devices have attracted
less attention because they are difficult to control. Nevertheless,
TCDs and PCDs are based on a single thin film, and they can be
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Fig. 37 Thermochromic properties of V,0s: (A) Temperature-dependent Raman spectra of V,Os5 NRs: (a) increasing—decreasing temperature in the
range 300-650 K, (b) altered vibrational frequencies, (c) intensity ratio of the peak at 144 cm™ and 993 cm™. (B) XRD patterns of the V,Os film at
different temperatures (a) and contour plot of the peaks corresponding to (200) and (001) reflexes (b), (c and d) the reversibility of the thermochromism is
monitored by measuring the shift of the reflex (001) in the heating and cooling stages. The figures are reproduced with permission (Copyright 2022,

American Chemical Society2%22%).

operated under direct sunlight without an additional control
system. These are advantages for applications, such as pure
smart windows on buildings or non-contact optical tempera-
ture sensors.

The change in the IR transmittance (region 2500-4000 cm ")
due to TC of V,0; was investigated. Cui et al."'® compared
optical transmittance in the IR region of the V,05 film at RT
and 200 °C. The films were deposited by sputtering at different
substrate temperatures, annealing temperatures, and ratios of
oxygen partial pressure. The transmittance variation reached
30% and 39% for the sample without annealing and the sample
annealed at 400 °C, respectively.

Nazemiyan et al.*** compared the TC properties of pure and
Mo-doped V,0s. For the pure V,0;5 film, the IR transmittance
increased slightly with heating up to 250 °C and decreased
sharply with heating up to 300-400 °C. The transparency of the
TC film was observed clearly at 50 °C. In contrast, the trans-
mittance decreased 1/6 orders of magnitude from 50 to 300 °C
for the Mo-doped film because of the increase in carrier
concentration. The SMT behavior exhibited that the resistance
measurement also showed a decrease from >10° Q to <10° Q
at 25 °C and above 300 °C, respectively.

Recently, evidence of visible TC behavior in V,05 powder
and coating was demonstrated.'*>***3> This behavior
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Fig. 38 Color modulation state (thermochromism), photographs of the
film at different temperatures: (A) pure V,Os film and (B) 4.34% Cr-doped
V,0s film, reproduced with permission (Copyright 2022, American
Chemical Society!2°).

demonstrates the opposite orange to deep orange transition
due to a temperature increase. The color transition from green
to red in the mixed V,0s5 and Cr,O; powder was attributed to
the TC behavior.**" Kumar et al.'>*>*** examined the visible
thermochromism of V,Os films grown by CVD on silicon, glass,
and metal substrates. Fig. 38A shows the reversible TC for
undoped V,Os films on a silicon substrate. The color changed
from bright yellow to deep orange with increasing temperature.
The total hemispherical reflectance (THR) revealed a red shift
with heating that was reversible with cooling. For the Cr-doped
V,0s5 thin film, the initial film at RT showed a different color
compared to pure V,0s, with a dependence on the Cr doping
concentration. For a doping concentration of 4.34%, the color
changed from dark olive green to dark clay orange with
increasing temperature from 30 to 300 °C (Fig. 38B). The THR
revealed a slight shift, while the lattice parameter ‘“c” increased
by 0.045 A.*2°

6. Conclusions and perspectives
6.1 Conclusions

This review presents the role of CDs in energy-saving applica-
tions. The crystalline and atomic structures of o-, -, €-, 8-, v-, C-,
and wo-phases of pure V,05 and M,V,0s as well as their band
structure were also discussed. The formation mechanism and
synthesis methods to fabricate micro-nanostructured V,Os,
including bottom-up (i.e., physical vapor deposition, chemical
vapor deposition, and solution method), top-down, and com-
bined methods to control the morphologies of various zero
dimension to three dimensions were presented. The wide
ranges of E,, due to the unique electronic structure of a-
V,05_,, with three bands (main CB, split-off CB, and mid-gap
state) were clarified. The multi-colors of the original V,O; films
(fixed chromism) due to the growth parameters, dopants, and
composites were discussed.

Common parameters to evaluate the efficiency of V,05 CDs,
i.e., the change in the optical bandgap, the optical transmit-
tance, switching time, optical density, coloration efficiency,
cycling stability, durability, and operational environment, are
presented. The fundamental characteristics of chromogenic
V,0s, including the electro-, gaso-, photo-, and thermo-
chromism related with the advancements through decades,
working mechanism, recent progress, and applications are
summarized. In addition, the synthesis methods, structures
(crystalline and electric band structures), and optical proper-
ties, which play an essential role in improving the CE, are
outlined.

The micro-nano structure increases the surface area and
limits the diffusion distance to improve the switching response
time of ECDs and GCDs of V,0s. Element-doped V,05 and
materials@V,05 composites increase the electronic conduction
for enhancing the chromic performance of V,05 devices. The
ECDs using M-doped V,05 exhibited long-term cycling stability
and a high CE (M = Ti), rapid switching speed (M = Ag and Fe),
and high visible transmittance (M = W and Mg). Similarly, M-
doped V,05 also demonstrates a faster response time on GCDs
(M = Mo) and PCDs (M = Ag) while presenting new colors on
TCDs (M = Cr). CDs show an improved switching time and
enhanced durability because they prevent vanadium ion dis-
solution in the electrolyte and contribute to the high conduc-
tivity materials, i.e., GO, RGO, PEDOP, and Ag.

The colored-bleached state contrasts of some metal oxides,
such as WO3, NiO, TiO,, and MoO3, correspond to two states of
bright and dark, which lead to non-aesthetic smart windows
with a dull and black appearance. The colored state can reduce
the temperature inside the room but decrease the light inten-
sity in the visible region, while the bleached state can enhance
glare, resulting in user discomfort. As discussed above, the
color change to the V,0;5 film caused by both an absorption
shift and intensity variation of light transmission/reflection
occurs simultaneously, a potential material for smart windows.
This shows that both anodic and cathodic colorations cause
multistates, corresponding to multicolor. The colored state
shows enhanced transmittance in the shorter wavelength
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region but reduced transmittance in the NIR and IR regions.
Hence, it can reduce the temperature but still maintain visible
light transmission. The bleached state decreases in the shorter
wavelength region, mitigating glare and making the color
comfortable.

Furthermore, some important opening research directions
for prospects as a guide for the wider materials science com-
munity are provided. The following communities will have high
potential interest in this review, including physicists interested
in the fundamentals of the optoelectronic characteristics, che-
mists/electrochemists interested in the synthesis and applica-
tion of V,0s5, and materials scientists and nanotechnology
integrators. The synergy between these communities will poten-
tially trigger the development of V,05 chromogenics to the level
of other established materials.

6.2 Perspectives

GCDs, PCDs, and TCDs are based on simple integration with a
single thin film deposited on different substrates. There is no
need for transparent conducting electrodes and an electrolyte,
which may lead to easy fabrication on a large scale and
prolonged service life. However, PCDs and TCDs have received
less attention because of their relatively low performance and
slow response. V,05 TCDs operate at high temperatures, while
PCDs need high excitation source intensities (e.g., laser source).
PCDs and TCDs are also passive methods that make it challen-
ging to control chromogenic parameters. Therefore, V,05 PCDs
and TCDs do not find practical applications on smart windows.
The photo- and thermal-reaction processes on V,0s are
explained and the potential for other applications in the future
is highlighted. ECDs and GCDs are the active methods to
control parameters, such as AT, ¢, ¢, and AD. On the other
hand, at higher temperatures, during operation, water can be
deposited on the surface of GCDs, leading to a decrease in
performance and service life. Among the chromogenic applica-
tions of V,05, ECDs have many advantages for smart windows
applications. Nevertheless, there is no detailed study on the
cost and assessed feasibility to produce V,05 for large-scale
commercialization. ECDg have complicated structures, includ-
ing multilayer, electrolyte, and applied electrical system that
requires a complicated setup, repair, and maintenance that
may lead to high cost.”

Reducing global warming, alleviating climate change,
energy saving, and green technology have attracted worldwide
attention. Smart windows are crucial for energy saving and are
a key to green technology to protect the environment and help
develop a global society-economy. In view of the practical
applications, multicolor, high optical transmittance, high opti-
cal contrast ratio, rapid switching response time, high color
efficiency, long-term cycling, durability, and large-scale produc-
tion are desirable for chromogenic materials, but the achieve-
ments in these parameters are challenging. The current
research shows that the use of a single “technique” cannot
meet these requirements. Therefore, the combination of “mul-
titechniques” as “multidisciplinary integration” is a solution to
optimize the above parameters. As shown in Fig. 39, the

possible combinations of different strategies based on V,0s
materials are given as follows:

Strategy 1: combination of different synthesis methods, includ-
ing bottom-up and top-down methods based on two or more
steps, can fabricate various morphologies on a large scale.
Moreover, the morphologies can be controlled and remain
stable. For example, pure, metal-doped, and materials@V,Os
composites with different sizes and morphologies can be pre-
pared using a solution method. Systematic methods are needed
to correlate the aspect ratio, size, and oxygen deficiency of
particles with the optical properties, including the response
kinetic to external stimuli and the stability. Different NP sizes
of pure or V,0s-based composites also can be obtained via a
solid-state reaction using the mechanical milling method.
Different ratios of various pure powders were mixed and ball
milled to form a composite powder, which was then dispersed
in a solvent. These solutions can be sprayed, electro-spun,
rolled, spin-coated, casted, screen-printed, or co-assembling
using the Langmuir-Blodgett technique on different sub-
strates. These techniques can be used to prepare the monolayer
or multilayer V,0O5 on a large scale. Subsequently, the film can
be annealed at different temperatures or atmospheres to con-
trol the surface morphology.>' Thus far, many breakthroughs
have been achieved in the research and development of micro-
nanostructured V,05 by combining many fabrication methods.
V,05 NPR/NTL can meet the high surface area and stability, but
direct self-organization of V,05 nanopore is difficult owing to
the instability of vanadium oxide during growth in a water-
containing electrolyte."*® This architecture can be achieved by
intermediate film growth or using dielectric breakdown etch-
ing. For example, V metal or a V,05 dense film can be deposited
on a substrate and covered by another film, such as TiO, and
Al,O;. Nanopore of the intermediate film was prepared by the
ECAD method that plays a nuclei role to grow V,05 NPR/NTL.

Strategy 2: combination of different morphologies of V,05
micro-nanostructures, including 0D, 1D, and 2D, can produce
the desired V,05 micro-nanoarchitectures. The tailored micro-
nanostructure and rational designs are the keys for improving
the surface area and achieving a short ion diffusion length and
ion transport.*” Owing to the novel behaviors, micro-nanos-
tructured V,0;5 has become a potential candidate for energy
saving and energy storage. In addition, the utilization of
heterojunctions could significantly enhance the electron-hole
pair separation and oxidation kinetics in water for improving
PC performance.

Strategy 3: combination of V,0s with other materials via
doping, composite, and hybrid formation can improve the
physical and chemical properties of the materials. Recent
developments of various synthesis methods and their combina-
tions open new avenues for integrating multifunctional
materials.” For example, the coexistence of other phases of
vanadium oxide (VO,) can amplify the chromic phenomena.
Searching for accurate rates and coloration mechanisms of
vanadium oxides can produce new colors and reduce the TC
transition temperature. The combination of doping and com-
posite can control the bandgap, enhance the long-term


https://doi.org/10.1039/d1tc04872d

Physics
Chemistry

Combine
different
synthesis
methods

Combine

electronic
ultifunction
devices

" Photo/
Thermo

Fig. 39 Illustration of the prospects for improving V,Os chromogenic

devices.

durability, and improve conductivity. The cycling stability and
electrochemical performance can be enhanced by integrating
nanostructured V,05 with a carbonaceous material and a conduc-
tive polymer.*> Such development of new nanocomposites could
potentially reduce the number of carbonaceous materials and
conductive polymer under optimized electrochemical processes.

Although showing multicolor, the initial or bleaching state
of the V,Os fully stoichiometric phase exhibits an orange color.
There is not enough light intensity in shading cases for smart
windows. Therefore, the combination of V,05 with other chro-
mogenic materials, such as WO3, MoOj3, and TiO,, can meet the
two standards, intensity and multicolor. The key challenges are
to find a suitable mass ratio for EC performance and other
chromogenic parameters. The influence of WO3;, MoO;, and
TiO, materials on the physical and chemical properties and the
pathway ion at the interface between the materials also need
examination. All the above open research trends in the future
for chromogenic material@V,05 composites.

Strategy 4: a combination of different chromogenic mechanisms,
such as TC-PC, GC-EC, and PC-EC, can improve chromogenic
performance. Based on the V,05 TC and PC mechanisms
discussed above, the color change phenomena in materials
can occur due to the simultaneous optical and thermal absorp-
tion when exposed to light. Nevertheless, the influence of the
V,05 chromic types needs to be validated further.

Strategy 5: a combination of different chromogenic counters can
produce a multicolor due to the overlay color with different
counters. The regulated suitable color will result in a comfor-
table room that improves the quality of life with higher pro-
ductivity. Most studies focused on a V,0s5 single electrode but
did not examine the influence of electrolyte type, another

electrode, and substrate to ECDs. Practical applications require
V,05 ECDs to meet the synchronous system (i.e., two electrodes
and the electrolyte).**® As a result, the interface properties (i.e.,
physical and chemical properties at the interface between the
electrolyte and the EC layer, and between the EC layer and the
substrate), as well as the mechanism of volume expansion,
should be investigated thoroughly.

Strategy 6: combination of optoelectronic couple devices, such as
EESDs (based on self-powered EC batteries mechanism), PECDs,
and PVCDs (based on self-photo-recharge) to improve energy-
saving performance. PECDs and PVCDs are the ideal perspectives
of future buildings because of self-power and self-spectral
tunability.>** The combination of energy generation, energy sto-
rage, and chromogenics to become a three-in-one device will be the
trend of future study and is receiving more attention that improves
the energy-saving performance. Nevertheless, the challenge is
determining how to combine them in the best possible way.

Despite considerable research efforts, challenges still remain,
such as the long-term durability, possibility of large-scale produc-
tion, reduced costs for commercialization, and installation com-
plexity (ECDs and GCDs).>” The multidisciplinary integration,
including physics, chemistry, materials science, and nanomaterial
technology, is a great solution. Many studies have focused on
optimizing the coloration performance, but integrated
application-oriented research is still lacking.’® This leads to
studies on V,05 CDs to expand the use beyond the laboratory
scale through commercialization. Therefore, the ingenious combi-
nation of two or more strategies (Fig. 39) based on multidisci-
plinary integration will be critical for parameter optimization to
open opportunities to solve these problems but also are chal-
lenges. For example, a combination of materials can help choose
the components accurately and control the concentration in
materials@V,05s composites precisely.

These challenges also need further fundamental and experi-
mental investigations. This review also provided the keys to
finding the appropriate solutions for developing V,05 CDs and
multifunctional devices (EESDs, PECDs, and PVCDs) in which
V,05 chromogenic mechanisms have similar phenomena.
Furthermore, many studies on V,05 applications were high-
lighted, such as photocatalysis, gas sensors, thermal sensors,
electrochemical systems, battery systems, photoresponse, MIT,
SMT, data display, optical signal processing, and optical switch.

This review presents the latest progress related to the
advances of chromogenic V,0s, the fundamental aspects, and
the applications related to energy saving. This review is an
opening discussion because nanostructured V,Os-based
research has challenges that remain to be overcome. Moreover,
there is a huge space for nanostructured-V,0s development,
which requires more efforts in academia and industry toward
new energy saving and storage applications in the future.

List of abbreviations:
(a) General

VO Vanadium monoxide
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VO,
V,03
V205

RT
vdW

(b) Morphology

Vanadium dioxide

Vanadium sesquioxide
Vanadium pentoxide

Tungsten oxide

Molybdenum trioxide

Graphene oxide

Reduced graphene oxide
Poly(3,4-ethylenedioxythiophene)
Poly(3,4-ethylenedioxypyrrole)
Dimethylformamide

Cellulose triacetate

Polystyrene

Transition metal oxides
Indium-tin oxide
Fluorine-doped tin oxide
Polyethylene terephthalate
Semiconductor-metal transition
Metal-insulator transition
Optical bandgap

Bandgap

Optical bandgap of colored state
Optical bandgap of bleached state
Optical bandgap of initial (pristine) film
Colored transmittance

Bleached transmittance

Initial transmittance

Colored reflectance

Bleached reflectance

Initial reflectance

Valence band

Conduction band

Room temperature

van der Waals

0D, 1D, 2D, and 3D

QDs
NPs
NPRs
NRs
NWs
NBs
NFBs
NFLs
NTs
NTLs
NHs
NSHs
NSPs
NRBs
DG

Zero-, one-, two-, and three-dimension(s)
Quantum dots
Nanoparticles
Nanoporous
Nanorods
Nanowires
Nanobelts
Nanofibers
Nanoflowers
Nanotubes
Nanotubulars
Nanohollows
Nanosheets
Nanospheres
Nanoribbons
Double-gyroid

(c) Synthesis method

PVD
WCR

Physical vapor deposition
Wet chemical reaction

CBD

ECAD

ESS

ED

TP

CSP

ESP

CVD

AP-CVD
LP-CVD
AL-CVD
MO-CVD
PE-CVD
AA-CVD

PLD

ALD

PLA

LASP

EBE

TE
RF-sputtering
DC-sputtering
IB-sputtering
RFRP

TD

MQ

BM

DFT

OLCAO

Chemical bath deposition
Electrochemical anodization deposition
Electrostatic spray
Electrodeposition

Thermal pyrolysis

Chemical spray pyrolysis
Electrospun

Chemical vapor deposition
Atmospheric-pressure CVD
Low-pressure CVD

Atomic layer CVD

Metal-organic CVD
Plasma-enhanced CVD
Aerosol-assisted CVD

Pulsed laser deposition

Atomic layer deposition

Pulsed laser ablation
Laser-assisted surface processing
Electron beam evaporation
thermal evaporation
Radio-frequency sputtering
Direct current sputtering

Ion beam sputtering
Radio-frequency rotating plasma
Thermal deposition

Melting quench

Ball milling

Density-functional theory
Orthogonalized linear combination of atomic
orbitals

(d) Measurement method

SEM
TEM
STM
XRD
XPS
XAS
EXAFS
PL
CL
uv
IR
NIR

Scanning electron micrograph
Transmission electron microscope
Scanning tunneling microscopy
X-Ray diffraction (XRD)

X-Ray photoelectron spectroscopy
X-ray absorption spectroscopy
Extended X-ray absorption fine structure
Photoluminescence
Cathodoluminescence

Ultraviolet

Infrared

Near infrared
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