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ABSTRACT: The interface between the electrochromic (EC)
electrode and ionic conductor is crucial for high-performance and
extraordinarily stable EC devices (ECDs). Herein, the effect of the
ALD—AZO interfacial layer on the performance of the WO; thin
film was examined, revealing that an introduction of the ALD—AZO
interfacial layer to the AI**-based complementary ECDs can lead to
improved EC performance and stability, such as an extraordinary
cyclability of more than 20,000 cycles, an outstanding coloration
efficiency of 109.69 c¢cm®> C™!, and a maximum transmittance
modulation of 63.44%@633 nm. The probable explanation is that
the introduced ALD—AZO interfacial layer can effectively regulate
the band gap of WO;, promote the electron transport process, and
induce the formation of a robust solid electrolyte interphase to
protect the electrode during cycling. These findings offer valuable insights for enhancing the EC performance of the EC thin films
and new space for the construction of advanced multivalent Al**-based ECDs.
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1. INTRODUCTION speed. Among them, AI’* has been studied extensively due to
its small ionic radius (0.053 nm), high charge, and natural
abundance.'"'” Zhang et al. have shown that using A" as
transport ions can result in high optical modulation, fast
response, and long-term stability for the WO, EC electrodes."”
Unfortunately, the disadvantages of Al, such as its tendency to
passivate easily and its high redox potential, have posed
challenges for its further development. For instance, AI** has
been regarded as a notably poor migrant in solids due to its
substantial electrostatic interaction with surrounding anionic
structures and the low polarizability of the ion caused by a
small AP** ionic radius.'*'®> On the other hand, Zn metal
possesses numerous benefits including a low redox potential
(—0.76 vs SHE), environmental compatibility, and safety. Zn
metal can be used as the ion-storage layer for the EC layer of
ECDs.'® The higher Gibbs free energy of EC materials
compared with that of the Zn foil leads to self-coloration of the
ECDs during the discharge process. It is reported that the
Zn**-based ECD using the WO, and Zn metal electrodes

Electrochromic materials (ECMs) are defined as those with
reversible changes in their colors and optical properties
(absorbance/transmittance/reflectance) via a redox reaction
by a small applied voltage." ECMs have undergone thorough
examination for numerous potential applications, including
rear-view mirrors, electrochromic (EC) smart windows in
buildings, and automotive sunroofs, due to their low power
consumption and significant transmittance contrast. Tungsten
oxide (WO;) is considered one of the most promising ECMs
as the EC layer of EC devices (ECDs) owing to its simple
preparation process and high coloration efficiency.”” Typical
WO;—NiO ECDs consist of five layers: a WOj; thin film (EC
layer), an ion-conducting layer, a NiO thin film (ion-storage
layer), and transparent electrodes on both sides.*”” Conven-
tionally, the monovalent Li* is used as the mainstream
conducting ions of the electrolytes for the ECDs because of
its small ionic radii, which is beneficial to the insertion and
extraction processes between the layers. However, Li* still has
disadvantages that limit its practical use, including the
environmental issues related to lithium usage and the limited Received: January 6, 2024 T
lithium salt resources.”” "’ Revised:  March 18, 2024 :
In the field of ECDs, the use of multivalent conducting Accepted: Mar.ch 22, 2024
cations such as AI**, Zn®*, or Mg®" is highly attractive. These Published: April 1, 2024
cations provide multiple charges for the electrolytes during
redox reactions, enabling a high capacity and fast switching
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exhibits large optical transmittance (76%) and good con-
tinuous cycling stability. However, the development of Zn*'-
based ECDs is significantly limited by several factors, such as
high interface activation energy and low electrochemical
activities. Recent research has shown promising results for
the hydrogel-electrolyte quasi-solid-state WO;/Zn ECD using
a Zn**/AP’* hybrid electrolyte, exhibiting a remarkable ion
conductivity of 20 mS ecm™"."” Wu et al. developed a high-
performance ECD using WO; and Zn as the electrodes in a
hybrid Zn**/AI** electrolyte. This novel ECD possesses
impressive characteristics, including a rapid self-coloring
response time of 10.8 s, a high optical modulation of 90.5%,
and an excellent cyclic stability of up to 5000 cycles with
93.13% retention.'® To further improve the EC performance of
the electrode materials for ECDs using AI’* as the transport
ions, a robust hybrid AI¥*/Zn* -based interface is being
explored as it is expected to provide additional enhancement
possibilities.

Herein, we have made significant advancements in the field
of electrochromism by depositing an ultrathin layer of AZO
using atomic layer deposition (ALD) on the WO; thin film.
This is the first time that such a combination has been
explored in electrochromism. Through electrochemical tests,
UPS, and optical tests, we demonstrate the significant
enhancement of cycling stability and electrochemical perform-
ance for WO, facilitated by the AI’**/Zn*'-based solid
electrolyte interphase (SEI), as shown in Scheme 1. To

Scheme 1. Scheme of the AZO/WO;—NiO ECD
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determine the components of the robust Al**/Zn**-based SEI,
we employed X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), and scanning
electron microscopy (SEM) techniques. Moreover, the
assembled complementary WO3;/AZO-NiO ECD based on
the Al**-electrolyte exhibits an extraordinarily stable cyclic
performance, sustaining over 20,000 cycles, indicating its long-
term stability. Additionally, the ECD demonstrates an
impressive coloration efficiency of 109.69 cm®* C™' and a
maximum transmittance modulation of 63.44%@633 nm.

2. EXPERIMENTAL SECTION

2.1. Preparation of Thin Films and Assembly of ECDs. The
details of the deposition equipment are listed in Table S1. The ITO
glass substrates were used for the deposition of the WO; and NiO

thin films, and the deposition process and characteristics of the thin
films are described in S1. AZO was directly deposited on WOj; thin
films at a substrate temperature of 150 °C using thermal ALD.
Trimethylaluminum (AI(CH,);, TMA), diethylzinc (Zn(C,Hjs),,
DEZ), and H,O served as the precursor materials. These precursors
were seg[uentially introduced into the reaction chamber by pure N, (7
sccm).'”*® Each ALD included four steps: (i) pulse of DEZ/TMA
(0.02 s), (ii) N, purge (20 s), (iii) pulse of H,O (0.01S s), and (iv)
N, purge (20 s). One TMA cycle was inserted after 19 DEZ cycles.

The assembly of the ECD was completed through the vacuum
filling process. 0.1 M PC-Al(ClO,); was injected between the AZO/
WOj; working electrode and NiO counter electrode. The structure of
the ECD can be described as ITO/WO,/AZO/PC-Al(ClO,),/NiO/
ITO. The experimental results show that Al(ClO,); used in our
experiment can be transformed into Al(ClO,);-9H,O after absorbing
water molecules (such as exposure to air). Fortunately, Al(ClO,); was
dissolved in the PC solvent, thus isolating the air. This greatly reduces
the risk of its transformation into Al(ClO,);-9H,0.

2.2. Characterization. The instrument types and test conditions
are listed in Table S1. X-ray diffraction (XRD), TEM, and SEM were
used to analyze the morphology and microstructure of the thin films.
The in situ transmittance spectra were acquired using both visible
spectroscopy and an electrochemical workstation. X-ray photo-
electron spectroscopy was used to detect the surface chemical state.
The details regarding XPS measurements and analysis are shown in
S1. Cyclic voltammetry (CV), galvanostatic charge—discharge, and
electrochemical impedance spectroscopy (EIS) were conducted using
the electrochemical workstations. Notably, the electrochemical tests
of thin films were performed in a three-electrode cell with 0.1 M PC-
Al(ClO,); as the electrolyte (Supporting Information S1).

3. RESULTS AND DISCUSSION

3.1. EC Performance of the Thin Films. The in situ
visible transmittance spectra at a wavelength of 633 nm for the
ALD—AZO/WO; and WO, thin films are obtained by the
applied voltage (—1.0 and 1.0 V). It can be seen that the
maximum transmittance modulation (AT) of the AZO/WO,
thin film shows a small decay (only about 2%) after continuous
cycling for 1000 cycles (60,000 s), showing better EC stability
compared with that of the WO; thin film. The colored/
bleached response times (the time required to achieve a 90%
change in transmittance between the colored and bleached
states) are estimated to be about 7.1 s/9.8 s and 10.2 s/11.7 s
for the AZO/WOj; and WO; thin films, respectively (Figure
1b).”" Remarkably, the colored/bleached response time of the
AZO/WOs; thin film after 1000 cycles is measured to be 5.9 s/
7.8 s. Figures 1c and Sla show, respectively, the ex situ optical
transmittance spectra of the AZO/WO; and WOj thin films,
revealing a high optical modulation of 92.31 and 92.36% at
Ag330m- Moreover, the optical band gap of the thin films is
determined by fitting the absorption spectra, as shown in
Figure 1d. The optical band gap can be calculated according to
the following equation

ahv = A(hv — Eg)2 (1)

where « is the absorption coefficient, & is the Planck constant,
v is the light frequency, A is a proportionality constant, and E,
is the optical band gap.”” Based on the equation, the band gap
of the AZO/WO; and WOj; thin films is calculated to be 3.01
and 3.37 eV, respectively. To further reveal the reason the
AZO/WO; thin films have a faster response time and narrower
optical band gap, UV photoelectron spectroscopy (UPS) is
applied to quantitative analysis for the Fermi energy (Ej),
cutoff energy (E oq), and work functions (®), as shown in
Figure S1b. The calculated @ values of the AZO/WO; and
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Figure 1. (a) In situ visible transmittance spectra at a wavelength of 633 nm for thin films. (b) Response times of thin films. (c) Ex situ optical
transmittance spectra of the ALD—AZO/WOj, thin film. (d) (ahv)'? vs photon energy (hv) plots for thin films.
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Figure 2. (a) CV curves at the Ist and 30th cycles of the ALD—AZO/WO, thin film. (b) CV curves of the ALD—AZO/WOj; and WO, thin films.
(c) Dependence of the peak current densities (Ip) vs the square root of the scan rate (v'/?) for thin films. (d) Nyquist plot for thin films. (e) Charge
densities of thin films. (f) Charge/discharge curves for the ALD—AZO/WO; thin film at different current densities.

WO, thin films are 7.12 and 7.95 eV, respectively. The lower ®
of the AZO/WO; thin films is expected to promote the
electron transport process, which can contribute to better
electrochemical performance.”**

3.2. Electrochemical Performance of the Thin Films.
The CV test is a commonly used method to evaluate the
electrochemical activity and the ion intercalation processes in
thin films. In our case, the CV curves of the ALD—AZO/WO,
thin films were examined in comparison to those of the bare
WO, thin films. Figure 2a shows the 1st and 30th CV curves of
the AZO/WO; thin film. At the first cycle, there is a broad
reduction peak between —0.35 and —0.4S V, which is
attributed to the sacrificial decompositions of electrolyte
components (PC) and the formation of the SEL*>?° It can
be seen that the reduction peak disappears in the 30th cycle,
indicating the irreversibility of SEI formation. The presence of
the ALD—AZO coating can accelerate densification of the SEI
and the constraints it imposes on the reaction product
formation.”””® Figure 2b compares the CV curves of the
AZO/WO;3; and WO; thin films. It can be clearly seen that
there are two oxidation peaks located between 0.1 and 0.3 V,
which can be attributed to the multistep deintercalation of the

18166

multivalent cation (AI**).”’ The AZO/WO, thin film exhibits
higher current densities compared with those of the WO, thin
film, revealing that it is more electrochemically active toward
AP** ions. This suggests that the addition of the ALD—AZO
interfacial layer enhances the electrochemical reactivity of the
WO, thin film. The aforementioned UPS results indicate that
the introduction of AZO promotes charge transfer at the
interface between the WO; electrode and the electrolyte. The
findings from UPS are consistent with the fact that oxidation
reactions contribute to the two more obvious peaks of the
AZO/WOs; thin films in the CV curves than that of the WO,
thin film. These findings do not rule out the influence of the
SEI of the AZO/WO; thin film, which effectively prevents
several negative side reactions during cycling. This results in a
reduced contribution to the current from side reactions.
Therefore, the CV curve area of the AZO/WO; thin film is
smaller than that of the WOj; thin film. To determine the ion
diffusion coefficient, the CV current densities of the different
scan rates for the thin films at different scan rates from 10 to
100 mV s! were analyzed (Figure S2a,b). The ion diffusion
coefficient can be calculated according to the following Rand—
Sevcik equation
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Figure 3. (a) Ex situ transmittance spectra, (b) response times, (c) plots of in situ optical density variation as a function of charge density, (d) 100
CV curves, and (e) cyclic performance for the ECD. (f) In situ visible transmittance spectra at a wavelength of 633 nm for the ECD. The AT of the
ECD for the (g) 10,000th, (h) 15,000th, (i) 20,000th, and (j) 30,000th cycles.

/2

I,=272%10°x n** x A x D'? x Cy x v'

2)
where I, is the peak current and n, A, D, C,, and v are the
number of electrons participating in the reactions, the contact
area between the electrolyte and electrode, the diffusion
coeflicient of ions, the ion concentration in the electrolyte, and
the scan rate, respectively.30 As shown in Figure 2c, the ion
diffusion coeflicient of the WO thin films with the ALD—AZO
interfacial layer (1.44 X 107'° cm® s7') is significantly larger
than that of the WO, thin films (546 x 107! cm?® s7').
Generally, the rate performance of EC thin films primarily
hinges on the diffusion coeflicient and distance. The larger D
value of the AZO/WO; thin film is consistent with times
observed in Figure 1b. Moreover, the charge transfer resistance
(R.) of the AZO/WO, and WO, thin films is measured to be
56.7 and 126.3 Q cm™?, respectively, as shown in the Nyquist
plot (Figure 2d). The smaller R, of the AZO/WO; thin film
indicates less obstruction to reactions at the electrode/
electrolyte interface compared with the bare WO; thin film.
The modification of the ALD—AZO interfacial layer effectively
improves the reaction kinetics of the WO, thin films, which is
confirmed by the results of the CV and EIS. The charge
density of the AZO/WO; and WOj; thin films is calculated to

be 60.64 and 40.06 mC cm™ by the chronocoulometry
method, respectively (Figure 2e). The higher charge density
observed in the AZO/WOj; thin film can be attributed to the
presence of the ALD—AZO interfacial layer, which contributes
to capacitance during cycling. It is reported that ions can be
stored reversibly in the grain boundary regions, which acts as
an intermediary state between intercalation and storage in
supercapacitors. This type of interfacial storage facilitates a
rapid transfer and storage of ions.”" Similarly, the AZO/WO,
thin film exhibits comparable interfacial AI** storage. Besides,
as illustrated in Figure 2f, the AZO/WO; thin film
demonstrates cyclic charge/discharge curves with notable
symmetry from 0.70 to 0.90 mA cm? indicating a good
reversibility of the AZO/WOj thin film.

3.3. EC and Electrochemical Performance of the
Complementary ECDs. Figure 3a shows the ex situ
transmittance spectra of the fabricated ECDs tested before
long-term cycling. The details of NiO, which is the counter
electrode for the WO; thin film, are shown in Supporting
Information S4 and S5. The AT of the ECD using the ALD—
AZO/WOj; and bare WO; thin films as the working electrodes
is measured to be 63.44 and 41.43%, respectively. The larger
AT of the ECDs based on the AZO/WOQO; thin films can be
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Figure 4. (a) XPS full-range spectra of the uncycled ALD—AZO/WOj thin film. (b) W 4f spectra of the uncycled WO, thin film. (c) W 4f spectra
for the cycled WO, and AZO/WO, thin films using 0.1 M PC-LiClO, or 0.1 M PC-Al(ClO,);. (d) CI 2p spectra of the cycled ALD—AZO/WO,
and WOj thin films. (e) Al 2p spectra for the cycled ALD—AZO/WO; thin film.

attributed to the higher electrochemical activity of the AZO/
WO, thin film toward AP* compared with that of the WO,
thin film. The colored/bleached response time of the ECD
using the AZO/WOj thin film is estimated to be 6 s/4 s. The
ECD is not ideal in the second cycle of the colored process.
For higher voltage (>4.0 V)-driven lithium-ion batteries, SEI
formation usually tends to be complete after 1 cycle.’* In
contrast, in ECDs driven by low voltage (<3.0 V), the
activation process usually seems to be complete after a few
(<10) cycles, and SEI formation occurs accordingly. This can
be confirmed from the electrochemical (Figure 3e) and EC
(Figure 3f) long-term stable performance of the ECDs.
Therefore, the observed increase in the second cycle of the
colored process can be attributed to the unfinished activation
process and the SEI that is not yet fully formed. The coloration
efficiency (77) of the ECDs using the AZO/WOj thin film is
calculated to be 109.69 cm® C™' (Figure 3b,c), better than the
previous report.”"® Figure 3d illustrates a minimal alteration in
the shape and alignment of the CV curves for the ECD using
the AZO/WOs; thin film at a scan rate of 50 mV s~! over 100
cycles, indicating the good electrochemical stability of the
ECD. Furthermore, the ECD using the AZO/WO; thin film
shows extraordinarily stable cyclic performance with 154.2%
capacitance retention after 20,000 consecutive cycles at a
current density of 0.35 mA cm™> (Figure 3e). The capacitance
retention exceeding 100% can be attributed to the following
reasons. (i) The formation of the loose structure for the cycled
thin films facilitates direct contact between the electrolyte and
active materials through penetration. (ii) The heightened
charge density exchange observed in the NiO thin film over
successive cycles results in an increased participation of Ni
atoms in the EC reaction and the increase of the adsorption of
anions (AI**) and cations (ClO,”).*>*® The AT of the ECD
drops from 65.46% for the first cycle to 51.58% for the
20,000th cycle, as shown in the in situ visible transmittance
spectra of the ECD (Figure 3f)i), indicating an acceptable
degradation. The longevity of the film after 20,000 cycles can
be seen in Figure 3i, and the AT of the ECD drops from
51.58% for the 20,000th cycle to 28.01% for the 30,000th
cycle. The observed degradation in optical modulation after
the 20,000th cycle can be likely linked to the irreversible
insertion and extraction process within the WO, EC layer,
along with the instability of the interface. The outstanding
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long-term stability of the ECD using the AZO/WO; thin film
can be attributed to two factors. First, the strong electrostatic
force between aluminum ions and the electrode (including
WO, and AZO) decreases the ion diffusion distance and
relieves the structural collapse of the WO, framework.”*’
Second, the ALD—AZO interfacial layer facilitates the
formation of a stable and effective SEI between the electrode
and electrolyte, leading to enhanced long-term stability.
Besides, a comparison of stability between this work and
other reported work is shown in Table S2. The ECDs
fabricated in this study exhibit superior cyclic stability.

3.4. XPS of the Thin Films. Ex situ XPS analysis was
conducted to investigate the interfacial layer formed on the
ALD—AZO/WO; and bare WO; thin films. The XPS full-
range spectra of the uncycled AZO/WO; thin film show
distinct peaks corresponding to Zn and Al elements (Figure
4a). The W 4f XPS results indicate the dominance of W®* in
the uncycled WOj; film,>* with no observable peaks related to
W3 and W* (Figure 4b). The prepared WO; thin film is
suitable for direct utilization as the EC layer, and W®" can be
reduced by the electrons generated in the colored process and
AP**. Figure 4c compares the W 4f spectra of the cycled AZO/
WO; and bare WO; thin films using 0.1 M PC-LiClO,, or 0.1
M PC-Al(ClO,);. The XPS results of the cycled thin films
using 0.1 M PC-AI(ClO,); show the presence of W*" peaks,
whereas these peaks are not observed in the XPS results of the
cycled thin film using 0.1 M PC-LiClO,,. This indicates that the
WO; thin film demonstrates higher electrochemical activity
toward a multivalent cation (AI**) compared with Li ions.
Moreover, the area proportion of the wH peaks in the thin
films cycled in 0.1 M PC-Al(ClO,), is calculated to be 3.18%
for the bare WO; thin film and 8.20% for the AZO/WOj; thin
film. This further confirms the enhanced EC and electro-
chemical performance of the AZO/WOj thin film compared to
that of the bare WO, thin film, consistent with the results
presented in Figures 1 and 2. As shown in Figure 4d, a shifted
broad peak is evident within the Cl 2p spectra of the cycled
AZO/WOs; thin film instead of two peaks in the Cl 2p spectra
of the cycled WO; thin film. This indicates the participation of
the ALD—AZO interfacial layer in the electrochemical
reaction, which can lead to the presence of ZnCl, or
Zn(ClO,),.
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Figure 5. (a) XRD results for the ALD—AZO/WO; and ALD—ZnO/WOj thin films. (b—d) TEM images for the AZO/WOj thin film. (e) EDX

mapping images for the ALD—AZO/WOj thin film.

The mechanisms of the intercalation of AI’* ions passing
through the ALD—AZO layer (Scheme 1) can be summarized
as follows. (i) AI’* ions pass partly through the ALD—AZO
layer by pore diffusion.”® (ii) Extra AI** ions overflow into the
WO, thin film by passing through the ALD—AZO until
reaching the thermodynamically stable state, as stated by Jung
et al.”® This reversible process is characterized by the following
steps

(x + y)Zn** + 2xCI” + 2yCIO,”

< xZnCl, + yZn(ClQ,), 3)

ZnO + xAP* + 3xe” < Al (ZnO) (4)

The Al 2p XPS spectra of the cycled AZO/WO; thin film
display three peaks characteristic of O—Al-0O, O—Al-O-H,
and Al(ClO,); (Figure 4e). The C 1s spectra of the AZO/
WO; thin film are similar to those of the WO; thin film,
indicating that the SEI components related to the C element in
the cycled AZO/WOj; thin film are roughly the same as those
in the cycled WOj; thin film, including the electrolyte and its
decomposition products. This is further demonstrated by the
Raman results. As shown in Figure SS, the peak at 1093 cmlis
evident in both spectra of the cycled AZO/WOj; and WO; thin
films. This peak is associated with the symmetric stretching
vibration of the anion from M,(CO3),. M,(CO;), constitutes
an SEI product, resulting from the breakdown of organic
carbonates within the electrolyte. The signals between 900 and
1150 cm™ of the cycled thin films becoming sharper than
those of the uncycled thin films can be attributed to the
nondecomposed electrolyte and the stretching vibrations of
R—O— and C—C- within the semicarbonates. The Raman
results indicate that the effective components of the SEI are
formed in both AZO/WO; and WO; thin films after
electrochemical cycling in the AI(ClO,);-PC electrolyte.
Notably, the proportion of the O—C=0 peak area in AZO/
WO, is larger than that of bare WO, (Figures S6a and S6b).
This can be ascribed to the faster SEI formation induced by the
ALD-AZO interfacial layer, thereby diminishing the electro-
lyte breakdown while augmenting the organic component
within the interface.””*” Hence, the AI**/Zn**-based SEI layer

of the cycled AZO/WO; thin film is expected to consist of
ALD—AZO and decomposition products of the electrolyte.
Except for the AZO part, the XPS and Raman results indicate
that the SEI components related to the C element in the cycled
AZO/WO; thin film are roughly the same as those in the
cycled WO; thin film. In fact, the films and ECDs based on the
AZO/WOQO; electrodes show more excellent electrochemical
(Figure 3e) and EC (Figure 3f) long-term stable performance
than that of the bare WO, electrodes. A possible explanation
for these results can be the lack of a robust AZO-based SEI of
the WO, electrode and the Al(ClO,);-PC electrolyte.

3.5. TEM of the Thin Films. Figure Sa shows the XRD
patterns of the ALD—AZO/WO; thin films. The as-deposited
WO, thin films possess an amorphous nature (Figure S4a).
The pattern of the AZO/WO; thin film shows four peaks
corresponding to the (100), (002), (101), and (110) planes of
AZO. The peaks, except the (100) peak, have reduced
intensities and are slightly shifted toward larger diffraction
angles. The presence of amorphous alumina and the
substitution of Zn>* by AI’* ions can account for these
changes, which lead to increased lattice disorder and a decrease
in the crystalline lattice constant. The findings are consistent
with previous reports.’®*” The inverse fast Fourier transform
(FFT) technique, utilizing Digital Micrograph, is utilized to
isolate and filter the square region corresponding to the AZO/
WOj thin film. The high-resolution TEM (HRTEM) image
reveals lattice fringes of 0.169, 0.078, 0.092, and 0.240 nm. The
corresponding FFT images (Figure S7) display bright spots
that can be associated with the (110), (220), (300), and (101)
planes of AZO, respectively. In contrast, Figure S7f depicts the
HRTEM image where no lattice fringes are found, accom-
panied by an FFT image showing only a halo background.
These findings indicate the amorphous nature of WO; in this
region. Moreover, the inset depicting the selected area electron
diffraction image of the AZO/WO; film illustrates rings
assigned to the (100), (002), and (110) planes of AZO (Figure
5d). Furthermore, the mapping images obtained from energy-
dispersive X-ray spectroscopy (EDX) analysis (Figures Se and
S8) confirm the presence and homogeneous distribution of Zn,
W, Al, and O elements across the AZO/WOj thin film. Taken
together, these results demonstrate that the structure of the
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AZO/WO; film consists of an amorphous WOj thin film and
an ultrathin polycrystalline ALD—AZO coating.

3.6. SEM of the Films. Figure 6a shows the SEM image of
the surface for the uncycled AZO/WO; thin film. It can be

500 4
nm | (b)

500 nm
I

Figure 6. Surface SEM micrograph of the (a) uncycled and (b) cycled
ALD—AZO/WOj thin films. (c) Cross-section SEM micrograph of
the AZO/WO; thin film with a 50 nm thick ALD—AZO interfacial
layer. (d) EDS mapping result of the AZO/WOj thin film with a S0
nm thick ALD—AZO interfacial layer.

observed that the thin film is composed of densely arranged
nanoparticles, with no significant difference compared to the
WO, thin film (Figure S9a). This indicates that the
introduction of the ALD—AZO interfacial layer at an
approximate thickness can greatly enhance the electrochemical
and EC performance of the WO; working electrodes without
hindering the transport of ions. In Figure 6b, the SEM image of
the AZO/WO; thin film after 1000 cycles with the applied
voltage (—1.0 and 1.0 V) displays a porous and loose surface
morphology. This can be attributed to the expansion and
contraction of the AZO interfacial layer and surface WO,
during cycling. The formation of this loose structure facilitates
direct contact between the electrolyte and active materials
through penetration, leading to adverse reactions such as
further electrolyte breakdown and WO; leaching.’®*>*!
Remarkably, unlike that of the AZO/WO; thin film, the
SEM image of the WOj; thin film after cycling shows obvious
cracks on the surface (Figure S9b). This corresponds to a more
significant decrease in EC performance compared with that of
the AZO/WOj; thin film (Figure 1). The pristine WO,
unveiled by the cracks generated throughout the reaction
instigated the genesis of a fresh interface. Moreover, ALD—
AZO mitigates the incidence of minor cracks, the primary
catalysts for widespread clefting.*> As shown in Figure S10a,b,
the values of the root-mean-square roughness for the uncycled
AZO/WO; and WO; thin films are 2.51 and 3.21 nm,
respectively. It seems possible that the small roughness value
can be ascribed to the flat surface of the WO, thin films
composed of densely arranged nanoparticles and the
completely conformal coating of ALD—AZO on WO; A
possible explanation for the smaller roughness of the uncycled
AZO/WO; thin film can be the reduction of small cracks and
pinholes of the WOj; thin film by means of the coverage of
ALD—AZO. In Figure S10c,d, it is observed that the roughness
of the AZO/WQ; and WOj thin films measures 2.63 and 3.69
nm after 50 electrochemical cycles, respectively. The observed
increase in roughness of the cycled thin film cannot rule out

structural change originated from ion intercalation/deinterca-
lation and SEI formation.

By increasing the number of ALD—AZO cycles, the WO,
surface is completely covered with a continuous layer (Figure
S9¢c). The WO, thin film with a 50 nm-thick ALD—AZO
interfacial layer is used for obtaining a clear ALD—AZO/WO;
interface of the cross-section SEM micrograph (Figure 6c).
Lots of obvious nanoparticles can be observed, in agreement
with those of the previously reported ALD—AZO. Addition-
ally, the cross-section energy-dispersive spectrometry (EDS)
mapping result of elements in the AZO/WO; thin film with a
50 nm-thick ALD—AZO interfacial layer is shown in Figure 6d,
indicating the detection of Zn and Al elements in both the
surface and entire thickness range of the thin film. The ALD—
AZO coating on the surface, along with the Al/Zn structure
embedded within the thin film, can enhance the electrical
conductivity of the WOj; thin film and improve reaction
kinetics and cycling stability. Furthermore, in consideration of
the thin film tested in the Al-based electrolyte, the inclusion of
Al within the WO; thin film acts as the “crystal seed”,
increasing the active sites and reducing the reduction barrier
during cycling, similar to a prelithiated Li battery.*’

4. CONCLUSIONS

In summary, we demonstrated that the EC performance and
cyclic stability of Al**-based WO;—NiO ECDs can be
significantly improved by introducing an ALD—AZO inter-
facial layer. This leads to a shorter colored/bleached response
time (5.8 s/4.2 s), along with exceptional cyclic stability
(20,000 cycles) and capacitance retention (154.2%). The
improved diffusion coefficient and reduced R, of the ALD—
AZO/WO; thin film can be attributed to the effective
regulation of the band gap of WO; and promotion of the
electron transport process. Additionally, the introduction of
ALD—AZO induces the formation of a robust SEI, protecting
the electrode during cycling and enhancing the long-term
cyclic stability of the ECDs. Therefore, the strategy of
introducing an ALD—AZO interfacial layer holds great
promise for enhancing the EC performance and cyclic stability
of multivalent Al**-based ECDs.
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