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A B S T R A C T

Proton-based aqueous electrolytes can be used to achieve high performance electrochromic
nanocrystal thin films due to their small ion size. However, acidic aqueous electrolyte systems
have not yet been explored in near-infrared (NIR) absorbing plasmonic tungsten oxide nano-
crystal films. Here, we demonstrate tungsten suboxide nanorod films with excellent visible and
NIR modulation performance in the H+-based aqueous electrolytes, thanks to their mesoporous
structure, nanosized domains, and open tunnel structure. Colloidally synthesized WO2.83 nano-
rods with an average width of 6 nm and length of 48 nm were converted to WO2.90 nanorod film
via annealing in air, while still preserving open tunnels. These films exhibit fast switching speed
(tc = 0.9 s, tb = 2.1 s), excellent cycling stability over 2500 cycles, wide optical modulation up to
ΔT = 53.8 % in the NIR region, and a high coloration efficiency (CE) of 167 cm2 C⁻1 at 1300 nm.
Additionally, introducing a thin spacer (25 μm) reduced intrinsic NIR absorption from water,
thereby enhancing the NIR modulation properties. These highly performing aqueous proton-
electrolytes-based electrochromic devices open new possibilities for implementing visible and
NIR electrochromism.

1. Introduction

Escalating global energy demand and the pressing need for sustainable solutions have brought attention to the significant energy
consumption associated with building cooling and heating systems. To address this issue, the development of electrochromic window
technologies has gained prominence as a potential way to mitigate energy usage by controlling the transmission of sunlight into
buildings [1,2]. Conventional materials managing visible light transmittance through polaronic absorption endow individual privacy
and glare control [3–6]. Near-infrared (NIR) modulation from plasmonic doped metal oxide nanocrystal thin films, first introduced by
Milliron group, has demonstrated a promising solution for efficient thermal control, enabling visible and NIR dual-band modulation
[7–12].

Among doped metal oxide nanocrystals, colloidal tungsten suboxide is one of the strong candidates for electrochromic application
due to its excellent absorption properties in both visible and NIR ranges [13,14]. The crystal structure and shape of tungsten oxide
nanocrystals can be adjusted based on the oxygen vacancy concentrations and growth conditions [15–17]. The variation in ion
insertion sites along different crystallographic directions becomes evident when comparing different crystal shapes. Heo et al.
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examined the influence of hexagonal tungsten oxide nanocrystals’ crystalline and shape anisotropy on the optical modulation with
varying sizes of Li+, Na+, TBA+ ions [18]. This study indicates that selecting electrolytes with appropriate ion sizes can enhance
coloration efficiency (CE) and charge capacity.

Compared to other electrolyte cations, proton (H+) electrolytes, which have the highest diffusion coefficient and small ionic radius,
offer advantages in insertion chemistry, leading to faster response times and larger capacities [19,20]. However, using proton elec-
trolytes in WO3 is largely limited by poor chemical stability in acidic environments. Hu et al. revealed that the electrochemical
degradation of WO3 thin films with acidic electrolytes primarily stems from the irreversible proton trapping during the intercalation
and deintercalation processes, as well as tungsten dissolution/redeposition [21]. They also noted that degradation is exacerbated when
the charge heterogeneity developes, particularly in larger domain sizes. Consequently, unlike introducing other conventional ions,
introducing protons has a trade-off between its stability issues and fast response with high performance. These fatal flaws hinder the
advancement of proton-electrolyte-based electrochromic devices with long-term stability.

Despite the advantages of H+-based electrolytes, their use in visible and NIR modulating tungsten oxide nanocrystal thin films has
been scarcely reported. Since H+ diffusion length and insertion kinetics are strongly influenced by the size of host materials and the
crystal structure, colloidal tungsten oxide nanocrystals are promising for the following reasons. First, colloidally synthesized tungsten
oxide nanocrystals have intrinsic oxygen vacancies in the crystal structure, which induce open tunnel sites that facilitate easy proton
insertion. Second, the oxygen vacancies also increase the electron concentration, enhancing electronic properties and enabling fast
electrochemical switching. It has been reported that oxygen-deficient tungsten suboxide (WO3-x) shows improved conductivity and
electron transport in supercapacitor applications [22]. Third, the nanoscale size of tungsten oxide reduces the ion diffusion path
length, mitigating the ion trapping event which is advantageous for acidic electrolytes system. Lastly, the plasmonic properties of these
nanocrystals allow for efficient absorption of the NIR light [23]. We hypothesized that these synergetic properties of tungsten suboxide
nanocrystals could improve electrochromic performance even in the acidic electrolytes system.

Herein, we present highly performed electrochromic tungsten oxide nanocrystal thin films in 0.5 M H2SO4 electrolytes. The
colloidally synthesized WO2.83 nanorods have an average width of 6 nm and a length of 48 nm. These nanorods exhibit localized
surface plasmon resonance (LSPR) absorption properties in the visible and NIR range due to free electrons generated from oxygen
vacancies and their small size. Spin-coated films annealed in air still preserves oxygen vacancies with open tunnels. These properties
result in strong modulation properties with a high CE of 167 cm2/C at 1300 nm, fast switching speed (tc = 0.9 s, tb = 2.1 s), and good
stability over 2500 cycles. Furthermore, we found that reducing the spacing between the counter and working electrodes enhances
modulation in the NIR range, highlighting the trade-off between NIR modulation and water absorption properties. Our research
demonstrates the significant potential of tungsten suboxide nanocrystals for proton-based electrolyte electrochromic applications.

2. Experimental

2.1. Synthesis of WO2.83 nanorods

The synthesis of WO2.83 nanorods was carried out with standard Schlenk line techniques by adapting a procedure reported by
Manthiram et al. [24]. 11.1875 g of oleic acid (Sigma Aldrich, 90 %) and 14.175 g of trioctylamine (Sigma Aldrich, 98 %) were mixed
in a 100 ml three-neck flask and degassed under vacuum at 120 ◦C for 1 h. The flask was then placed under N2 atmosphere and heated
to 310 ◦C. 0.5 ml of tungsten (V) ethoxide (Thermo Scientific, 95 %) was rapidly injected and the reaction was held at 310 ◦C for 5 min.
After the reaction finished, the reacted mixture was cooled to room temperature, and the solution was precipitated. The acetone
washing step was repeated twice, and the nanorods were resuspended in acetone at a concentration of 50 mg/ml.

2.2. Fabrication of WO2.90 nanorods thin film

Before deposition of the nanorod solution, 2.5 cm × 3 cm FTO substrates were prepared by following steps. First, substrates were
sonicated with acetone for 30 min, then cleaned again with isopropyl alcohol for 30 min. For the coating of tungsten suboxide
nanorods, substrates were additionally sonicated in acetone for 30 min. As-synthesized ligand-capped WO2.83 nanorods dispersed in
acetone (50 mg/mL) were spin-coated at 1500 rpm for 2 min. The deposited thin films were annealed at 400 ◦C for 30 min to remove
the organic ligands on the nanocrystal surface and confirmed to be in the WO2.90 crystal phase by the XRD measurement.

2.3. Preparation and assembly of the electrochromic device

Sandwich-type electrochromic devices were fabricated with a working electrode (WO2.90 nanocrystal film) and a Pt counter
electrode with varied spacing (25 μ m and 180 μ m). Pt-coated counter electrodes were prepared via spin coating a 7 mM H2PtCl6
solution in isopropyl alcohol onto FTO glass substrates followed by calcination in air at 450 ◦C for 30 min.

2.4. Sample characterization

The surface morphology of the nanocrystal thin films on the silicon wafer was characterized using scanning electron microscopy
(SEM, TESCAN VEGA3). TEM images were obtained with a JEM 2100F, JEOL. Solutions for TEMmeasurement were prepared by drop-
casting on the copper TEM grids with carbon support films. The crystal structures of thin films were determined using X-ray
diffractometer (XRD, Bruker DE/D8 Advance) at a scan speed of 1 o/min, ranging between 2 θ = 10◦ and 50◦. X-ray Photoelectron
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Spectrometer (XPS) measurement were acquired on a Thermo Fisher Scientific Brno s.r.o (Nexsa).

2.5. In situ spectroelectrochemical measurement

A home built in situ spectroelectrochemical cell was used to characterize the electrochromic properties of the deposited thin films.
WO2.90 nanorods coated on FTO glass as the working electrode were immersed in the 0.5 M H2SO4 electrolytes in a three-electrode
system (the cell was illuminated with a light source). Pt wire was used as the counter electrode and Ag/AgCl was used as the refer-
ence electrode. Potentiostat (Biologic, SP-300) was used for chronoamperometry (CA) and cyclic voltammetry (CV) studies. Optical
transmission spectra (300 nm–1600 nm) were collected in situ with Oceanview 2.0 software.

3. Results and discussion

3.1. Morphology, structure, and composition of tungsten suboxide nanorods film

To increase the surface area for capacitive charging and shorten the proton diffusion length which can decrease the proton trapping
with successive degradation, we synthesizedWO2.83 nanorods through the hot injection of tungsten (V) ethoxide into a solvent mixture
of oleic acid and trioctylamine under an N2 atmosphere (See the experimental section). Transmission electron microscopy (TEM)
measurement revealed that the nanorods have an average width of 6 nm and an average length of 48 nm (Fig. 1a). This short proton
path length is expected to enhance ion insertion kinetics and reduce the proton trapping, thereby improving cycling stability.

The inherent oxygen vacancies support high free electron concentration with localized surface plasmon resonance properties
(LSPR). The rod-like morphology is also well revealed by UV-Vis-NIR absorption spectra measurements. The transverse and longi-
tudinal polarization modes contribute to the strong LSPR absorption features in the visible and NIR range (Fig. 2). Fig. 2 shows a
distinct peak centered at 1800 nm, indicating that WO2.83 nanorods exhibit strong LSPR absorption across the entire NIR region,
overlapping well with the solar spectrum.

Fig. 1. Structural properties of the as-synthesized WO2.83 nanorods. (a) TEM and (b) SEM images of the WO2.83 nanorods.

Fig. 2. UV-Vis-NIR absorption spectra of the as-synthesized WO2.83 nanorods solution dispersed in tetrachloroethylene. (Inset: an optical photo of
the dispersed nanocrystal solution which appears pale blue).
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The synthesized tungsten suboxide nanocrystals contain oxygen vacancies that create open tunnels, such as trigonal and square
tunnels, depending on the extent of these vacancies [25]. The X-ray diffraction (XRD) patterns of the tungsten oxide film are shown in
Fig. 3a. The XRD pattern of the as-prepared tungsten oxide film reveals that the nanocrystals exhibit a monoclinic WO2.83 structure
(JCPDS No 00-036-0103). The spin-coated nanorod film exhibits a randomly packed arrangement, resulting in a porous thin film
morphology. This porous nature is expected to facilitate easy ion diffusion into the nanocrystal thin films, as demonstrated in the
previous study [26].

To remove the insulating layer originating from ligands, thermal treatment was processed under oxidizing conditions. The distinct
peaks in the XRD results in Fig. 3b correspond well with (010), (− 313), and (020) diffractions with good agreements of WO2.90 crystal
phase (JCPDS No 00-036-0102). X-ray photoelectron spectroscopy (XPS) revealed that two states of W atoms (W5+ andW6+) coexist in
both the as-prepared and annealed film. (Fig. 3c and d). Following thermal annealing, oxygen incorporation was inevitable, so that the
fraction of W6+ increased from 49% to 70 % as shown in the XPS data (Fig. 3c and d). Despite the thermal annealing, oxygen vacancies
were preserved, evidenced by the presence of W5+, and reflected in the XRD crystal phase. The presence of reduced W5+ states is
expected to enhance efficient charge injection due to the abundant electron concentration [27].

One of the dominant coloration mechanisms involves charge transfer between two different valence states of W atoms [4,28].
Therefore, a larger fraction of W6+ is necessary for greater modulation. The increase in the W6+ fraction after the annealing process

Fig. 3. X-ray diffraction (XRD) patterns of the tungsten oxide nanorods film before (a), and after thermal treatment (b) and X-ray photoelectron
spectroscopy (XPS) spectra of the tungsten oxide nanorods film before (c) and after thermal treatment (d).

Fig. 4. (a) b-values for the WO2.90 nanorods film plotted as a function of potential during cathodic sweeps (H+ insertion), Inset: power law
dependence of current on sweep rate at − 0.25 V (vs Ag/AgCl), (b) Voltammetric response at a sweep rate of 40 mV/s for WO2.90 nanorods films,
with the capacitive contribution shaded.
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underscores the significance of annealing, not only for removing the insulating ligands but also for enhancing electrochromic
properties.

3.2. Analysis of the charging mechanism of WO2.90 nanorods film (half cell)

Cyclic voltammetry (CV) was conducted within the potential range of − 0.5 to 0.5 V (vs Ag/AgCl) in a three-electrode cell to
investigate the electrochemical performance of the thin film. Fig. S1 presents the CV curve of WO2.90 nanorods thin film, which is in
accordance with typical CV curves of nanocrystalline tungsten oxide films reported previously [29,30]. The curves exhibit reversible
behavior within the potential range, indicating that the introduction of protons into the tungsten suboxide results in excellent elec-
trochemical insertion properties.

CV curves at various scanning rates ranging from 4 to 200 mV/s were analyzed to examine the proton insertion kinetics (Fig. S2). It
is well known that electrochemical charging behavior arises from two different mechanisms: the capacitive-like process and the
diffusion-controlled process [31]. The currents change in the inset of Fig. 4a follow the following equation:

i= avb

where i represents the current, v is the scan rate, and a and b are adjustable parameters. When the b value is 0.5, the current is
controlled by semi-infinite diffusion. On the other hand, when b value is close to 1, the current is proportional to the sweep rate,
meaning that the capacitive charging is the dominant mechanism. As shown in Fig. 4a, the b values obtained at various potentials
ranging from − 0.1 V to − 0.4 V are close to 1, indicating that the current primarily arises from the capacitive behavior [32].

The dominance of the capacitive charge mechanism can also be inferred from CV tests conducted at various scan rates using
different methods (Figs. S2 and S3). The current response at a fixed potential can be expressed as a combination of two mechanisms:
the diffusion-controlled insertion process and the capacitive process, described by the following equation:

i(V)= k1 v (capacitive) + k2v
1
2 (diffusion − controlled)

in which k 1 v represents the current contributions from the capacitive-like process, and k2v1/2 corresponds to the current from

diffusion-controlled insertion process. Determining k1 by fitting the current at different scan rates (Fig. 4b) revealed that capacitive
charge contribution accounted for 92 % of the total. This dominant capacitive charging behavior indicates that fast electrochemical
charging and discharging can be expected.

Fig. 5. Electrochromic characteristics of WO2.90 nanorods in 0.5 M H2SO4 (aq) electrolytes: (a) UV–Vis transmittance curves measured at +0.2 V
(bleached state) and − 0.6 V (colored state). The discontinuous spectral band, due to the different visible and NIR spectrometers, is shown as a blank
region. (b) Plot of optical density (OD) change with respect to the charge density measured at a 1 C rate. (c) The response time tested by alternately
applying − 0.6 V and +0.2 V (vs. Ag/AgCl). (d) Cycling stability shown as charge to the cycle number.
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3.3. Electrochromic properties of WO2.90 nanorods film (half-cell)

To further confirm the electrochromic properties of WO2.90 nanorod films, spectroelectrochemical measurements were conducted
using an in situ spectro-electrochemical cell in a three-electrode configuration (See experimental section). In general, four typical
parameters determine the performance of electrochromic materials: cycling stability, CE, optical modulation, and response time, all of
which are closely interrelated.

Fig. 5a shows the in-situ UV–Vis transmission spectra of theWO2.90 nanorods film tested by applying+0.2 V for bleached states and
− 0.6 V (vs Ag/AgCl) for colored states under moderate conditions (See Fig. S4 in Supporting Information). The difference in trans-
mittance between the colored and bleached states demonstrates that our film turns deep blue during the charging process and exhibits
good coloration and switching characteristics, particularly in the NIR region. This indicates the promising potential of our film for
application in NIR-blocking energy-saving smart windows.

CE, as another important parameter of electrochromic material, was calculated using following equations,

ΔOD(λ)= log(Tb /Tc)

CE (λ)=ΔOD/Q

where ΔOD is the change in optical density (OD) measured at wavelength (λ), Tb and Tc denote the transmittance of the tungsten oxide
film in their bleached and colored states, respectively, and Q is the charge density (C cm− 2). As shown in Fig. 5b, our WO2.90 nanorods
film achieved a high CE of the value 167 cm2/C at λ = 1300 nm, surpassing the performance of other proton insertion electrochromic
systems based on tungsten oxide [33–35]. This high CE indicates that our system operates with low energy consumption during the
coloring process, providing significant optical modulation with minimal charge insertion/extraction. Furthermore, the superior CE
achieved holds the potential to improve long-term cycling stability by addressing the persistent issue of instability in existing elec-
trochromic systems that rely on proton electrolytes.

The response time, defined as the time required for 90 % of optical change during the coloring or bleaching process, was deter-
mined using the chronoamperometric method with − 0.6 V (coloring states) and+0.2 V (bleached states) applied. Fig. 5c shows the in-
situ transmittance curves at 1300 nm. Rapid switching was achieved with tc= 0.9 s for coloring and tb= 2.1 s for bleaching at 1300 nm.
This fast switching kinetic is well explained by a substantial capacitive charge portion, as indicated in Fig. 4. We demonstrated that the
introduction of a nanorod morphology with a short diffusion length, coupled with proton intercalation/deintercalation, exhibits
synergistic effects that significantly shorten the response time.

Lastly, the cycling stability shown by the charge retention within 3000 cycles (Fig. 5d) confirms stable charge retention, which
correlates well with the CE results shown in Fig. 5b. Fig. S5 presents a top-view SEM image of our film after 1000 cycles of charge and
discharge process. The top view image of our film after cycling process shows well-maintained nanorod features, offering visual ev-
idence of its good cycling stability. This observation closely corresponds with a previous study conducted by Rui et al., which compared
the long-term cycling stability of WO3 and WO3-x electrodes [22]. WO3-x exhibited well-maintained nanorod structures, while WO3
electrodes suffered severe damage, including aggregation and degradation, after cycling. These findings suggest that oxygen vacancies
contribute to enhanced cycling stability, facilitating reversible redox reactions and accommodating structural strain.

In general, achieving high electrochromic performance, including wide optical modulation, usually involves trade-off with stability
issues. This challenge is particularly pronounced in previous approaches that utilize acidic aqueous electrolytes such as H2SO4 (aq).
However, our system collaborating with randomly packed mesoporous WO2.90 nanorods with proton intercalation/deintercalation
successfully alleviates these issues and offers great potential for smart window applications.

The measurements of four crucial parameters affirm the excellent potential of our designed system for applications in electro-
chromic devices. The electrochemical features of our film can be attributed to the combination of nanocrystalline characteristics and
proton insertion introduced into tungsten suboxide matrix. The nanocrystalline construction offers a regular lattice arrangement,
which provides a large active surface area, ease of ionic diffusion, and short-range diffusion path length.

Fig. 6. (a) Vis-NIR transmittance curves of electrochromic devices with 25 μm spacing measured at 1 V (bleached state) and − 2.5 V (colored state),
respectively. (b) Vis-NIR transmittance spectra of electrochromic devices with 180 μm spacing measured at 1 V (bleached state) and − 2.5 V (colored
state), respectively. The discontinuous spectral band, due to the different visible and NIR spectrometers, is shown as a blank region.
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3.4. Electrochromic properties of full cell devices

To investigate the practical utilization of WO2.90 nanorods thin films in electrochromic devices, we designed electrochromic devices
using WO2.90/FTO electrode film as the working electrode, Pt-coated FTO glass as the counter electrode, and 0.5 M H2SO4 (aq) as the
electrolytes. These devices were assembled in sandwich-like configurations (refer to the schematic image of electrochromic devices on
Scheme S1 in the Supporting Information). One challenge associated with aqueous electrolytes in electrochromic devices is their
inherent NIR absorption due to water molecules. As shown in Fig. S6, the significant NIR light absorption from water in electrolytes
poses a potential challenge to maximizing optical modulation range between colored and bleached modes in electrochromic devices.
Thus, we investigated the effect of spacing thickness on the electrochromic NIR modulation. Fig. 6a shows the optical transmittance
spectra of electrochromic devices with a spacing of 25 μm. For electrochromic modulation, +1.0 V and − 2.5 V (vs Ag/AgCl) were
applied for each bleached and colored state, with the potential range determined to optimize energy efficiency while achieving a wide
optical modulation range (Fig. S7). Compared to Fig. 6b (device constructed with a 180 μm thickness of aqueous electrolyte layer), the
reduced spacing provides greater electrochromic modulation between the two different modes. Fig. 6a demonstrates that our elec-
trochromic devices with 25 μm spacing achieved ΔT = 62–71 % across the visible to NIR region.

We investigated the long-term device stability. Fig. 7a shows the in-situ transmittance obtained by chronoamperometric test under
condition of applying − 2.5 V (colored states) and +1.0 V (bleached states), operated for 2500 cycles (total 18000 s). The device
exhibits excellent retention of transmittance in the bleaching mode (86 %) and symmetrical characteristics. The transmittance was
modulated from 45% to 86% initially, although ~10% decrease in transmittance contrast was observed over the cycles, good stability
maintenance was evident. Given the rapid electrochemical degradation of tungsten oxide nanocrystal thin films without surface
treatment using nonaqueous electrolytes [36,37], the stability achieved in this system demonstrates that the proton-based aqueous
system is promising for developing stable NIR-modulating electrochromic devices. Digital photos of electrochromic devices with 25 μm
spacing in their bleached and colored states are presented in Fig. 7b and c, respectively, showing a tinted blue color in the colored
states.

Lastly, the response time between the colored and bleached states was evaluated at 1300 nm. Fig. 7d, which was tested in its initial
condition, demonstrates very fast switching speed (tb = 0.87 s, and tc = 0.36 s), well explained by capacitive charging induced by
introducing protons. The fast-switching kinetics were slightly decreased as the cycling progressed. Fig. 7e reveals that the devices
tested after 1000 cycles required an additional 25.8 % of the time to achieve 90 % of their fully charged (colored) states (tb = 1.82 s,

Fig. 7. (a) In-situ transmittance curves of electrochromic devices with 25 μm spacing in bleached and colored states recorded at different voltages
from 1 V to − 2.5 V (vs Ag/AgCl) (b, c) Optical photos of the electrochromic devices in bleached state (b) and colored state (c). (d) The response time
tested by alternately applying − 2.5 V (vs. Ag/AgCl) and +1.0 V (vs. Ag/AgCl) to devices in (d) initial condition and (e) after 1000 cycles.
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and tc = 0.93 s). The declining switching speeds observed during the cycling process, especially in the coloring process, may be
attributed to the dissolution/redeposition of tungsten suboxide and ion trapping, as previously reported [22].

4. Conclusions

In summary, we demonstrated high-performance electrochromic devices using aqueous acidic electrolytes and tungsten suboxide
nanocrystals capable of modulating visible and NIR light. The fabricated full cell electrochromic devices exhibit rapid switching within
1 s, high CE of 167 cm2/C at 1300 nm, and excellent cycling stability over 2500 cycles. The visible and NIR electrochromic properties
arise from the LSPR absorption of tungsten suboxides. The short diffusion length and open tunnels of the nanorods, combined with the
randommorphology of the thin films, facilitate proton insertion. Introducing a thin spacing layer in the device reduces NIR absorption
from water, highlighting the importance of device design. Our results indicate that proton-based electrolyte systems hold promise for
developing next-generation electrochromic thin films using colloidal doped tungsten suboxide nanocrystals.
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