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Aluminum-ion-intercalation nickel oxide thin films
for high-performance electrochromic energy
storage devices†
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Lingyan Liang, a Junhua Gaoa and Hongtao Cao *ab

Aluminum-ion electrochromic energy storage devices (EESDs) are one of the most promising

alternatives to lithium-ion devices. Nevertheless, they face a substantial challenge in their successful

application due to the difficulties in constructing a suitable anode electrochromic material for robustly

hosting the trivalent Al3+ ions. Herein, a desired aluminum-ion-intercalation-based electrochromic

energy storage device with a sandwich configuration of an ITO/WO3/Al3+-based liquid electrolyte/NiO/

ITO has been facilely constructed. Relying on the NiO/Al3+ interfacial merits that offer a highly

nanoporous NiO host, the effective adsorption energy of Al3+ ions on the preferred NiO(111) plane, and

the strong electrostatic interactions of aluminum trivalent cations on the NiO host, the EESDs can

achieve a high performance with a large optical modulation of 50.4%, a high coloration efficiency of

102.2 cm2 C�1 and an enhanced long cycling stability (at least 10 000 cycles with only 10% decay).

Impressively, the highly reversible EESDs visualized by their electrochromism can provide long-term

power supply due to their high specific capacitance of 9.97 F g�1. In addition, the electrochemical

storage mechanism and Al3+ ion diffusion kinetics have been further clarified. The current work is

expected to provide a new space for the construction of advanced multivalent and inert conductive ion

electrolyte materials for bifunctional electrochromic energy storage devices.

1. Introduction

Electrochromic energy storage devices (EESDs), which can
exhibit electrochromic and energy storage functions, are a
novel type of electrochromic device.1–4 This has led to the
development of their energy-efficient application, such as in
displays, rear-view mirrors, and electrochromic smart windows
for buildings.5,6 While electrochromic smart windows are ready
to become a key element in the design of environmentally
friendly buildings in the future, high-performance electrochro-
mic energy storage devices remain on the drafting board.7

Crucially, to commercialize EESDs, we must overcome the
challenges facing the achievement of large optical modulation
(DT), high coloration efficiency, and long-term cycle stability,
which are usually determined by the core materials, such as the
EC layer, electrolyte, and ion storage (complementary) layer, as
well as the active interface. The WO3 electrode is one of the
preferred cathodic electrochromic layers as it exhibits a large
contrast ratio, high coloration efficiency, good cycling stability
and a suitable color (between transparent and dark blue) in the
conventional Li-ion-in-polymer electrolyte.8 More recent argu-
ments against the Li-ion electrolyte have been summarized by
Toshinari Koketsu.9 For instance, a novel electrochromic
energy storage device based on a WO3 EC layer has been
reported to enjoy a high areal capacity up to 933 mA h m�2

in a mixed Li/Al-ion electrolyte.10 Another example of what is
meant by an Al3+ electrolyte is a WO3�x EC layer, which was
demonstrated to possess a high coloration efficiency of
121 cm2 C�1.11 In our previous work, due to the strong electro-
static forces, the Al-ion electrolyte was exemplified to have a
shallow insertion/extraction depth in the vicinity of the surface
so as to stabilize the nanocrystal-in-glass WO3 host framework.
Compared with the Li-ion electrolyte, it contributed to achiev-
ing a faster kinetic response and better long-term cycle
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stability.12 Hence, using Al3+ cations as charge carriers may
bring a fast switching speed, high optical modulation, and high
cyclic stability, because of their small trivalent ion radius
(0.054 nm).11,13 There is a strong possibility that the introduc-
tion of Al3+ cations into the WO3 electrode would be able to
offer advantages of cost efficiency through the earth-abundant
aluminum reserves, environmental friendliness, and high
security.14 Research on the subject has been mostly restricted
to limited comparisons of the performance of the EC WO3

electrode in Al-ion electrolyte and Li-ion electrolyte. As one of
the commonly preferred ion storage layer candidates for ECDs,
NiO (bleaching under charge insertion) can be invoked as a
complementary electrode with WO3 owing to the synchronized
modulation of both electrodes, which will increase the optical
modulation of the device.15,16 In their impressive examination
of the EC NiO electrode, Shi et al. concluded that the observed
increase in switching speed, optical modulation, and electro-
chemical durability could be attributed to the use of aluminum
as a doping element in the EC NiO thin films.17 However, few
writers have been able to draw on any systematic research of
aluminum-ion-intercalation nickel oxide thin films used in
high-performance electrochromic energy storage devices.

Herein, we uncover the mechanism of aluminum-ion inser-
tion/deinsertion and storage in the NiO/electrolyte solid–liquid
interface by investigating the structural and elemental evolu-
tion by X-ray diffraction, Raman spectroscopy, and X-ray
photoelectron spectroscopy. The assembled complementary

WO3–NiO EESDs based on aluminum-ion intercalation demon-
strated a high performance with a superior coloration efficiency
of 102.17 cm2 C�1, long cyclic stability of more than 10 000
cycles, and outstanding energy density of 12.5 W h kg�1. The
energy storage status of the EESDs used as a power source for
LED (light-emitting diode) or LCD (liquid–crystal display) appli-
ances could be simultaneously visualized by their
electrochromism.

2. Results and discussion
2.1 Characterization of the NiO thin films

Fig. 1a shows the XRD diagrams for the as-deposited thin film
and thin films annealed at 200 1C, 300 1C and 400 1C. Two
diffraction peaks centered at B37.31 and B43.41 could be
respectively attributed to the reflection of the (111) and (200)
lattice planes, which could be indexed as the standard face-
centered cubic NiO (JCDPS card No. 73-1519), indicating that all
the samples possessed polycrystalline characteristics. Besides,
the diffraction peaks located at 21.31, 30.01, 34.81, 50.41, and
60.11 were ascribed to polycrystalline ITO. By using the Debye–
Scherrer equation,18 the crystallite size of the NiO-ion-storage
layers was estimated to be approximately 21 nm from the peak
located at 43.41.19 It is noteworthy that there was no discernible
peak pertaining to Ni2O3 observed in the XRD patterns. Fig. S1
(in the ESI†), which is an enlarged picture of Fig. 1a, reveals

Fig. 1 (a) XRD pattern of the NiO thin films and the line pattern of standard face-centered cubic NiO. (b) Refractive index (the inset shows the packing
density). (c) AFM image for the 300 1C-annealed NiO thin film. (d) Raman spectra of the 300 1C-annealed NiO thin films at various states.
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that there was a gradual decrease in the diffraction peak (200)
2y angle with increasing the annealing temperature, which
agreed with a previous report.20 Table S1 (ESI†) summarizes
the parameters for the (111) and (200) diffraction peaks of all
the samples and their texture coefficients. The observed
decrease in the diffraction peak (200) 2y angles could be
attributed to lattice expansion induced by interstitial atoms
in the NiO lattice. Evaluation of the preferred orientation was
done on the basis of the texture coefficient (TC).21 The TC of the
(111) plane was calculated at, respectively, 0.12, 0.09, 0.22, 0.14
for the as-deposited thin film and thin films annealed at
200 1C, 300 1C, and 400 1C, suggesting that the 300 1C-
annealed NiO thin film had the highest preferential (111)
orientation. Fig. 1b displays the refractive index (n) dispersion
curves of the as-deposited NiO thin film and NiO thin films
annealed at 200 1C, 300 1C, and 400 1C. The detailed informa-
tion is disclosed in Table S2 (ESI†). According to the calculation
in S2 (ESI†), the packing density (P) of the as-deposited NiO
thin film and NiO thin films annealed at 200 1C, 300 1C, and
400 1C were, respectively, 0.61, 0.66, 0.67, and 0.72, as shown in
Fig. 1b. The low refractive indexes and small packing density
mean that nanopores/nanochannels are formed in the NiO thin
films, which promote a shortened diffusion length and accom-
modate the changes caused by Al-ion intercalation/extraction,
as reported recently.22 The height root mean square roughness
(Rq) values of the as-deposited NiO thin film and NiO thin films
annealed at 200 1C, 300 1C, and 400 1C were determined to be
individually 3.88, 5.29, 4.53, and 6.36 nm in a 5 � 5 mm area, as
displayed in Fig. 1c and Fig. S3 in the ESI.† The detailed
information is exhibited in Table S3 (ESI†). It is reasonable to
conclude that the surface of the NiO thin films was uniform.23

Fig. 1d shows the Raman spectra on the NiO/electrolyte solid–
liquid interface in the initial, colored, and bleached states. The
two peaks centered at nE 150.6 and nE 493.9 cm�1 could be
generally attributed to the presence of surface defects in NiO.24

Combined with the above XRD results that confirmed the
expansion of the NiO lattice, the peak at nE 493.9 cm�1 could
be attributed to the interstitial oxygen atoms, which further
confirmed that the NiO thin film was rich in oxygen. It was
demonstrated that the Ni3+ was mainly distributed in the grain
boundaries of nonstoichiometric oxygen-rich NiO rather than
in the native Ni2O3 phase in the film.25 A second-order
two-phonon interaction was found in the broad peak at
n E 1029.5 cm�1.26 The I1029/I493 peak intensity ratio of the
NiO thin film in the bleached state (0 V) was higher than that of
the NiO thin film in the colored state (+1.2 V), which could
originate from aluminum-ion intercalation/deintercalation
into/from the NiO/electrolyte solid–liquid interface.

2.2 Electrochemical kinetic analysis

Fig. 2a (and Fig. S4 in the ESI†) presents the CV curves of the
NiO thin films at different scan rates from 5 to 200 mV s�1 with
the applied potential between 0 and +1.2 V. The graph reveals
that, as the scan rate increases, the anode peak gradually shifts
to the positive voltage. One possible implication of this is that
the inner diffusion resistance of the NiO thin films increases,

as has been described in pseudo-capacitance materials.27 In
general terms, the switching speed of electrochromic devices
mainly depends on the ion-diffusion coefficient. The Al-ion
diffusion coefficient can be calculated according to the follow-
ing Randles–Sevcik equation:

ip = 2.69 � 105 n3/2ADAl
1/2CAlv

1/2 (1)

where ip is the peak current, and n, A, DAl, CAl, and v are the
number of electrons participating in the reactions, the contact
area between the electrolyte and electrode, the diffusion coeffi-
cient of Al ions, the Al-ion concentration in the electrolyte, and
the scan rate, respectively.28 As exhibited in Fig. 2b, the diffu-
sion coefficient (D) values of the as-deposited NiO thin film and
NiO thin films annealed at 200 1C, 300 1C, and 400 1C were,
respectively, 7.99 � 10�12, 9.65 � 10�12, 8.79 � 10�11, and
1.66 � 10�11 cm2 s�1, which are larger than that (most at
magnitudes of B10�12–10�15 cm2 s�1) in the electrolyte of Li-
ion supercapacitors.29 From a dynamic perspective, the spatial
resistance related to the ion radius significantly affects the
diffusion coefficient.30 It should be pointed out that the 300 1C-
annealed NiO thin film possessed the largest value of diffusion
coefficient, which may be due to the adsorption energy of the
preferential (111) orientation. A reasonable approach to further
explore this conclusion could be to compare Al-ion adsorption
energies of the (111) and (200) planes via theoretical calcula-
tions (see the S5, ESI†). The adsorption energies for Al atoms on
the top (T), bridge (B), fcc (H1), and hcp (H2) places of different
planes are listed in Table 1. It is noteworthy that the adsorption
energy of Al ions in the (111) plane tended to more negative,
whereas the (200) plane had a positive value. The findings from
these experimental and theoretical analyses suggest that the
adsorption of Al ions on the surface of NiO can have an
anisotropic characteristic and that Al atoms tend to occupy
fcc sites on the NiO(111) plane, similar to Li atoms in a previous
report.29 In addition, the faradaic and capacitive control pro-
cesses can be identified according to the following relation:

log iP = b � log v + log a (2)

where v is the scan rate, and a and b are variable parameters
(Fig. 2c).31 Commonly, the value of b = 0.5 represents the
diffusion-controlled process, while b = 1.0 represents the sur-
face dominant process.32 The calculated b values of the as-
deposited NiO thin film and NiO thin films annealed at 200 1C,
300 1C, and 400 1C were, respectively, 0.732, 0.726, 0.897, and
0.711, which means that the total capacity of the NiO was
controlled by diffusion-dominant and capacitor-like behaviors.
According to Dunn’s method, it is possible to distinguish the
quantitative contribution of the diffusion control insertion
process and the surface capacitor-like process to charge
storage.32 Fig. 2d shows a representative CV curve recorded at
200 mV s�1, where approximately 80% of the total capacity
comes from the capacitive contribution (shaded region). At the
same time, the surface capacitance effect gradually dominated
with the increase in the scan rate (Fig. 2e and Fig. S6, ESI†),
similar to in a previous report.29 The desired capacitive beha-
vior contributed to achieving excellent rate performance and
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outstanding cycling stability.33 The charge density could be
calculated by the chronoCoulometry method. The charge den-
sity was approximately 1.69, 2.58, 4.06, and 1.52 mC cm�2 for
the as-deposited NiO thin film and NiO thin films annealed at
200 1C, 300 1C, and 400 1C, respectively, as shown in Fig. 2f. It
should be noted that a high charge density in the 300 1C-
annealed samples was consistent with a high current density
during the redox processes.25,34 The cyclic voltammetry profiles
of the as-deposited NiO thin film and NiO thin films annealed
at 200 1C, 300 1C, and 400 1C are illustrated in Fig. 2g and
Fig. S7 (see the ESI†). After 100 cycles, there was no significant
change in the shape of the CV curves, indicating that the

electrochemical behavior was relatively stable. This could be
supposed to derive from the structural characteristics with
nanopores/nanochannels in the NiO thin films and the strong
electrostatic interactions between the aluminum trivalent
cations and the NiO host.27,35,36 Fig. 2h shows the ex situ optical
transmittance spectra of the 300 1C-annealed NiO thin film in
the electrolytes of 0.1 M Al(ClO4)3–PC. Between the voltage at
0.0 V (bleached state) and +1.2 V (colored state) in the near-
infrared spectral region, a high optical transmittance modula-
tion (DT) (35.1%) was obtained at l = 633 nm, comparable to
the existing state-of-the-art values (30%–40%) in previous
reports.37,38 Based on the fitting of the optical density (DOD)
and charge density (Q) at l633nm in the in situ optical transmit-
tance spectra (Fig. 2i and Fig. S8 in the ESI†), the coloration
efficiency of the NiO thin films in the aluminum-ion electrolyte
was calculated to be 34.61 cm2 C�1, close to the value
(32.4 cm2 C�1) of the conventional lithium-ion electrolyte.39

2.3 EIS and XPS of the NiO thin films

Electrochemical impedance spectroscopy analysis of the
NiO thin film bleached and colored was performed for the

Table 1 The adsorption energies of each plane at different sites

Adsorption energy (eV)

Species (111) plane (200) plane

T �0.53 8.26
B �5.45 8.11
H1 �5.97 8.28
H2 �0.52 8.26

Fig. 2 (a) Cyclic voltammograms (CVs) of the NiO film in the Al(ClO4)3–PC electrolyte at scan rates of 5, 10, 25, 50, 75, 100, 150 and 200 mV s�1.
(b) Correlation between the peak current densities (Ip) and the square root of scan rate (v1/2) and (c) the power law relationship between the peak currents
and scan rates of the NiO thin films in the Al(ClO4)3–PC electrolyte. (d) The CV curve at 200 mV s�1 illustrates the contribution of the surface capacitance
to the total current (shadow area). (e) Diffusion-controlled and surface capacitive behavior as percentages of the total capacitance at different scan rates.
(f) Charge density. (g) CVs with a scan rate of 50 mV s�1. (h) Transmittance spectra and digital photos in the bleached and colored states. (i) Variation of
the optical density (DOD) and charge density (Q) at l633nm.
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100 mV peak signal in the frequency range of 100 mHz to
100 kHz, and the results are presented in Fig. 3a and b,
respectively. In the low-frequency region of the Nyquist dia-
gram, it is noteworthy that all the samples showed a straight
line, indicating that the capacitive behavior was reliable. In the
high-frequency region, the real axis (x intercept) represents the
resistance (Rs) while the intercept of the semicircle diameter
represents the charge transfer (Rct) in the electrolyte.40 The Rs

and Rct of the colored and bleached NiO thin films are
summarized in Table S4 (ESI†). It should be noted that the
values of Rs in Al-ion electrolyte were lower than in the Li-ion
electrolyte.34 Furthermore, the ionic conductivity (s, mS cm�1)
of the aluminum-ion electrolyte (0.1 M) was calculated to be
22.9 mS cm�1, larger than that (9.55 mS cm�1) of the lithium-
ion electrolyte (0.1 M) (Fig. S9 in the ESI†). One possible
implication of this is that the radius of the aluminum ion
(0.054 nm) is very close to that of the lithium ion (0.059 nm),
but the stronger Coulombic electrostatic force of multivalent
Al3+ ions can delay the dissociation of ion pairs, leading to the
higher Rs. In other words, these results suggest that a reduction
in the resistance of the electrolyte favors the enhancement of
the electrochromic performance.41,42 Interestingly, the findings
from the previous reports suggest that multivalent Al3+ ions can
have an inhibitory effect on the collapse of the framework
induced by volume expansion due to the strong Coulombic
force, which is conducive to the reversibility of the electrochro-
mic switching.13 Another possible strategy of EIS would be to

investigate the admittance plots of the bleached and colored
NiO thin films, respectively, as shown in Fig. 3c and d. It is
important to bear in mind the possible relations between a
knee frequency and the lower limit of the high frequency area
in these electrochemical responses. It can be clearly seen that
the NiO thin films in the Al-ion electrolyte had a larger knee
frequency than that in Li-ion electrolyte. These results seem to
suggest that a high knee frequency can give rise to an enhanced
electrochemical response.43 Additionally, ex situ XPS measure-
ments were performed to investigate the evolution of the
valence state of nickel at the interface in the NiO electrode
during the electrochromic process. Fig. 4a shows the core
level photoelectron peaks (850–858 eV) and satellite peaks
(858–870 eV) caused by the vibration processes. The peaks
centered at B854 eV and B856 eV binding energies could be
attributed to Ni2+ and Ni3+, which could have originated from
NiO and Ni2O3, respectively. Notably, the interfacial redox
electrochemical reaction could have contributed to the increase
in the proportion of Ni3+ from 56.8% to 75.4% and to the
corresponding decrease in the proportion of divalent nickel
from 43.2% to 24.6% during the coloring process. In fact, an
activation process was confirmed by comparing the increase in
the content of divalent nickel in the sample from the initial
state to the state where a voltage of 0 V was applied, as shown in
Table S5 (ESI†). By fitting multiple peaks to the O1s XPS spectra
of the NiO thin films, the coexistence of Ni2+ and Ni3+ species
was further confirmed, as shown in Fig. 4b and Table S6 (ESI†).

Fig. 3 (a and b) Nyquist plots for the bleached and colored NiO thin films in the Al(ClO4)3–PC electrolyte. Insets respectively show the enlarged Nyquist
plots in the high-frequency region. (c and d) Admittance plots for the bleached and colored NiO thin films.
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It was further confirmed that in the electrochromic process between
the colored and the bleached states, the contents of Ni2+ and Ni3+

correspondingly increased and decreased, indicating a reversible
transformation process. Especially, an observable –Al–O–Al– com-
ponent was indicative of Al3+-ions intercalation into the NiO/electro-
lyte solid–liquid interface.44 In the process of developing the
bleaching state and coloring state, the increase and decrease in
the content of the –Al–O–Al– component showed that the intercala-
tion and deintercalation of Al3+ ions were accompanied by the
reversible redox reaction of Ni3+ and Ni2+ at the NiO/electrolyte
solid–liquid interface. Fig. 4c depicts the electrochemical process of
an electrochromic NiOx thin film circulating in the Al-ion electrolyte,
which proposes a two-step electrochemical process:

NiOx + aAl3+ + 3ae� - AlaNiOx (3)

AlaNiOx 3 bAl3+ + 3be� + Al(a�b)NiOx (4)

Initial observations suggested that there may be a link
between the irreversible reaction (3) and reversible reaction
(4), which was related to the activated procedure of NiOx and
the switching processes of Ni2+/Ni3+ in the initial cycles accom-
panied by charge insertion/extraction, respectively. The
approach used in this investigation was comparable to that
used by other researchers in lithium intercalation and
deintercalation.45–47 It seems that these results could be attri-
butable to the redox of the NiOx thin film between Ni2+ and Ni3+

in the coloring and bleaching process, combined with the
above XPS analysis results, whereby Ni2+ and Ni3+ reversibly
increase/decrease on the NiO/electrolyte solid–liquid interface.
In other words, the operation of NiO is based on the reversible
intercalation or deintercalation of Al3+ ions at the
NiO/electrolyte solid–liquid interface, accompanied by changes

in the valence state of the Ni ion. The 300 1C-annealed NiO thin
film was selected as a counter electrode for preparing the WO3–
NiO complementary ECDs, as shown in Fig. 4d, since it showed
better electrochromic and electrochemical performance. The
proposed model suggests the dual injection and extraction of
Al3+ ions and electrons at the active interfaces of the electrode
NiO/Al-ion electrolyte and Al-ion electrolyte/WO3 electrode in
order to achieve charge balance.

2.4 Electrochromic and energy storage performance

The optical modulation of the WO3–NiO complementary ECDs
is related to the double intercalation/extraction of electrons and
Al3+, which is reversible as follows:

WO3 (transparent) + 3xe�+ xAl3+ 2 AlxWO3 (blue)
(5)

Ni2+ (transparent) 2 Ni3+ (brown) (6)

Fig. 5a shows the ex situ optical transmittance spectra of the
EESDs. Between the applied voltage of +1.5 V (bleached state)
and �1.5 V (colored state), a high optical transmittance mod-
ulation (DT) was obtained at l = 633 nm (70.1%). Fig. 5b
presents the in situ optical transmittance spectra (l = 633 nm)
and digital photos (inset) of the EESD in the bleached state
(+1.5 V) and colored state of (�1.3 V). The coloring state is dark
blue and became transparent after bleaching, which is mani-
fested in the illustration of Fig. 5b. As previously stated, it is
clear that the transition time is usually characterized as the
time required to stabilize 90% of the optical change between
the stable bleached and colored states.13 Fast response times of
less than 9 s and 10 s were, respectively, observed for both the
coloring and bleaching processes of the complementary EESDs,
which benefited from a greater electric field driving force of the

Fig. 4 (a and b) XPS spectra of the colored and bleached states. (c) Scheme of the electrochemical mechanism in the electrochromic process of the
NiOx thin film based on Al3+-ion electrolytes and (d) diagram of the synergistic effects of Al3+ on the NiO and WO3 electrodes for the WO3–NiO
complementary ECDs.

Paper Journal of Materials Chemistry C



This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. C, 2021, 9, 17427–17436 |  17433

multivalent aluminum ion as a conductive cation, the greater
adsorption energy of the aluminum ion on the NiO(100) plane,
and the structural characteristic of the NiO and WO3 thin films
with free nanochannels/nanopores for ion migration. The
multivalent aluminum ion can play a role in determining the
electrochromic switching response of the EESDs due to the fact
that the injection/extraction of Al3+ ions into/from the WO3

electrode and NiO counter electrode is easier than that of Li+

ions.48 With regard to the optical modulation (DT) and colora-
tion efficiency, a large value was observed, respectively, as
50.4% and 102.17 cm2 C�1, as shown in Fig. 5c. These large
values could be ascribed to the complementarity color of the
WO3 work electrode and NiO counter electrode and their charge
balance between the cathode and anode. As illustrated in
Fig. 5d, the WO3–NiO complementary EESD exhibited charge/
discharge curves at different current densities from 0.04 to
0.24 mA cm�2, with the relatively symmetrical cyclic indicating
a reversible redox reaction.49 The specific capacitance values
(C, F g�1) were calculated from the GCD curves by the following
equation:

C ¼ IDt
mDV

(7)

where I (A), Dt (s), and DV (V) are the discharge current, the total
charge/discharge time, and the potential range of discharge,
respectively. These values are dependent on the GCD curves.
Also, m(g) represents the sum of the mass of NiO and WO

3 thin
films.50 According to eqn (7), the specific capacitances of EESD
were calculated to be 10, 7.6, 6.8, 6.1, 5.7, and 5.5 F g�1 at
current densities of 0.04, 0.08, 0.12, 0.16, 0.20, and
0.24 mA cm�2, respectively. The incomplete insertion/extrac-
tion of Al3+ ions in the electrode resulted in a relatively low
specific capacitance at high charging current.51 What is striking
in Table S7 (see the ESI†) is, respectively, the high energy
densities of 12.5 W h kg�1 and 5.52 W h kg�1 at power densities
of 218.0 and 1308 W kg�1, on the basis of the equations in S10
(see the ESI†). An important application of EESDs is to directly
monitor the energy storage state during charging and dischar-
ging through color rendering.52 To explain the visualization
application of the dual function EESDs, Fig. 5e depicts the
galvanostatic charge–discharge curve and corresponding in situ
transmittance curve (633 nm) during the charging and dischar-
ging process. The transmittance of the EESDs simultaneously
decreased from 72.5% to 22.3% during the charging process,
whereas the transmittance tended to show a gradual increase of

Fig. 5 (a) UV–vis transmittance spectra of the colored and bleached states from 300 nm to 900 nm (the illustrations are digital photos of the different
states). (b) Switching time and transmittance curves between the colored state and the bleached state at l633nm (�1.3 V/+1.5V, 50 s per cycle). (c) Changes
in optical density (DOD) and charge density (Q) at l633nm. (d) GCD curves under different current densities. (e) Galvanostatic charge–discharge curve and
the corresponding in situ transmittance curve at 633 nm. (f) CIE color coordinates of the EESDs electrochromic display under different color states.
(g) In situ time-dependent optical transmittance spectra at l633nm (�1.30 V/+1.50 V, 50 s per cycle) of the EESDs. (h) Cyclic voltammograms (CVs) at a
scan rate of 100 mV s�1, and (i) cyclic performance of the WO3–NiO complementary EESDs at a current density of 0.16 mA cm�2.
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22.3% to 72.5% during the discharging process. A generally
accepted method of energy status visualization is lacking. In
the case of our ESSDs, the current was fixed at 5 mA in the
process of charging and discharging. A data point was collected
every 20 s, and the amount of charge discharged or charged
every 20 s can be considered as 0.1 C. Hence, the charge–
discharge curve of one cycle can be marked as 11 data points, as
indicated in Fig. 5e and f. It is noteworthy that the energy
storage state of the EESD could not only be obtained by a smart
display through the transmittance value,53 but also could be
monitored through the CIE (Commission International de
l’Éclairage) coordinate of each point. Furthermore, the chro-
matic transitions of the WO3–NiO EESDs demonstrated excel-
lent reversibility during the charging and discharging
processes, as reflected in the repeatable and distinct CIE
coordinates variations under different charge capacities. On
the other hand, the cyclic retention can be a major problem in
the practical application of the EESDs. As far as the cyclic
retention optical modulation is concerned, the device always
maintained 47.6% of the optical modulation after the first 20
cycles of activation, and there was no obvious degradation after
100 cycles (Fig. 5g). In fact, the existence of the activation
degradation process in the first 20 cycles also showed that
our device was a typical device based on interface electroche-
mical reactions. Additionally, there is no noticeable change
with regard to the shape and coincidence of the CV curves after
1000 cycles in Fig. 5h, indicating the excellent electrochemical
stability of the WO3–NiO devices. As shown in Fig. 5h, the
redox potential could be estimated to be, respectively, 0.00 and
+0.36 V, which correspond to the main electrochemical reac-
tions of reactions (4) and (5). In addition, the redox potentials
of all 1000 cycle curves were close to these estimated values due
to the almost coincident curves. Further, the device showed
excellent long-cycle stability and 90% capacitance retention
after 10 000 consecutive cycles (about 5 days) at a current
density of 0.16 mA cm�2 between �1.50 and +1.50 V (Fig. 5i).
It is worth noting that the capacitance retention exhibited
slight increases in the first dozen cycles and increased again
near 6000 cycles, which were due to the fact that the specific
capacitance could be magnified with increasing the effective
specific surface area on the WO3 and NiO electrodes.54 The
optical transmittance spectra of the EESDs in Fig. S11a and b
(ESI†) reveal that there was a slight drop in optical modulation,
which showed a high value of 55.2% at l = 633 nm in the

wavelength range from 300 to 900 nm after 10 000 cycles. The
SEM images of the NiO thin films for the EESDs before and
after the electrochemical cycles are shown in Fig. S12 (ESI†),
respectively. The surfaces of the NiO thin films manifested an
almost similarly crack-free morphology and structural features.
This further confirmed the reason why the EESDs enjoyed an
excellent cycle stability after 10 000 cycles. The detailed perfor-
mances of some reported excellent performance ECDs of the
same type are summarized in Table 2, which further demon-
strate the advancement of our devices in terms of the cyclic
stability. Additionally, the enhanced long cycling stability (at
least 10 000 cycles with only 10% decay) was better than similar
aluminum-ion-based devices. The superior long-term cycling
stability of more than 10 000 cycles was mainly due to the
strong electrostatic force between the multivalent aluminum-
ion and the host framework, which relieves the structural
collapse of the NiO and WO3 framework. As explained
earlier,55 many active sites were provided in the WO3 and NiO
thin films for charge rearrangement to accommodate the
volume of the distortion caused by external Al3+ ions. In order
to verify the dual function of electrochromic and energy storage
of electrochromic devices, a proof-of-concept demonstration
was carried out by using the three EESDs in series as a power
supply for one green light-emitting diode (LED) and one liquid–
crystal display (LCD). Such fully charged EESDs could, respec-
tively, power LED and LCD appliances for 5 min and 10 min or
more, as displayed in Fig. S13a and b (ESI†). The color (dark
blue) of the device gradually faded with the usage time of the
electrical appliance, until the device became transparent, and
accordingly, the LED and LCD no longer worked effectively,
indicating that the power of the device was basically exhausted.
Clearly, the EESDs exhibited an outstanding bi-function of
electrochromic and energy storage.

3. Conclusion

In summary, we report the assembled complementary WO3–
NiO EESDs based on aluminum-ion intercalation. A significant
stable electrochemical behavior arose from the preferential
(111) orientation in the NiO/electrolyte solid–liquid interface
and strong electrostatic interactions between aluminum triva-
lent cations with the NiO host, resulting in an additional
pseudocapacitive storage contribution. Al3+-ion insertion

Table 2 Comparison of the electrochromic performance between this work and other reported works

Electrode materials Electrolyte
DT
(%)

CE
(cm2 C�1)

Cyclic stability
(cycles)

Optical contrast retention
(after cycle) (%)

Stability of charge
capacity (%)

PLAl–WO3�x nanowire (B450 nm)57 LiClO4/PC 77 165 1000 — 75
Zn–amorphous WO3 (B300 nm)58 ZnSO4–AlCl3 aqueous 88 — 2500 57 70
Al–W18O49 nanowire59 AlCl3 aqueous — — 3 — 82
WO3/NiO60 LiClO4/PC 46 90 2500 93 —
WO3/NiO61 polyelectrolyte 55 87 — — —
WO3/PANI62 H2SO4–polyvinyl alcohol 54 80 2500 75 —
WO3/NiO/PB1 LiClO4/PC 67.6 110 4000 84 91
Our work Al(ClO4)3/PC 70 102 10 000 79 90
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occurred along the preferred crystallographic pathways, offer-
ing a suitable environment for fast ion transport. A model was
proposed based on the reversible insertion or extraction of Al3+

ions into the nanopores/nanochannels in the NiO/electrolyte
solid–liquid interface, accompanied by changes in the valence
of the metal ions. The surprising ability of the WO3–NiO EESDs
demonstrated excellent long-term cycling stability of over
10 000 cycles as well as unusual optical modulation as com-
pared to most EC devices. Additionally, the WO3–NiO devices
showed superior energy storage and could power LED and LCD
appliances, which could be monitored through the CIE coordi-
nate. This work suggests that when resolving the existing issues
in device preparation and operation, such as high production
cost, interface degradation, and residual stress-induced host
framework collapse, multivalent Al3+-based liquid electrolytes
possess a few obvious competitive advantages, which repre-
sents an exciting direction in the future.

4. Experimental procedures
4.1 Thin films preparation and assembly of the
electrochromic device

All the chemicals and solvents were purchased from commer-
cial suppliers and used as received. Aluminum perchlorate
nonahydrate (Al(ClO4)3�9H2O, 99%) and propylene carbonate
(PC, 99%) were received from J&K Scientific and Sinopharm
Chemical Reagent Co. Ltd, respectively. The NiO and WO3 thin
films were deposited by an electron beam evaporation techni-
que (MUE-ECO made by ULVAC, Japan). The background
pressure was reduced to less than 4 � 10�3 Pa and was
bombarded by a 10 kV electron beam. The deposition rate
was 0.10–0.20 nm s�1, and the thin films thicknesses were all
approximately 300 nm. The as-deposited NiO thin films were
annealed at different temperatures (200 1C, 300 1C, and 400 1C)
for 1 h in an ambient atmosphere. A process for preparing the
WO3 thin films as previously published in our literature was
disclosed.12 The typical devices were constructed by sandwich-
ing Al-ion liquid electrolyte between the WO3 thin film and a
counter electrode NiO film. The complementary EESDs with an
ITO/WO3/Al3+-based liquid electrolyte/NiO/ITO configuration
were assembled by a vacuum filling process, which was similar
to in a previous report.56

4.2 Materials characterization

X-Ray diffraction (XRD, Bruker D8 Advance) with Cu-Ka radia-
tion (l = 0.154178 nm) was applied for characterization of the
crystallographic structure of the thin films. The morphology
was examined by atomic force microscopy (AFM, Vecco Dimen-
sion 3100). The chemical composition of the NiO distribution
was analyzed by confocal microscopic Raman spectrometry
(Renishaw in Via Reflex). Analysis of the valence state of NiO
thin films was performed by X-ray photoelectron spectroscopy
(XPS). In situ optical transmittance spectra were obtained via
UV-VIS-IR spectroscopy (PerkinElmer Lambda 950) and by
using an electrochemical workstation (CHI660D, Chen Hua,

Shanghai). The electrochemical measurements were performed
in traditional three-electrode configurations using 0.10 M
Al(ClO4)3–PC electrolyte. A platinum (Pt) foil was used as the
counter electrode and Hg/HgCl2 was used as the reference
electrode. By applying a voltage between 0.00 and +1.20 V to
the NiO thin films, cyclic voltammetry and chronocoulombic
measurements were conducted. Electrochemical impedance
spectroscopy was performed based on an electrochemical work-
station (Zennium, IM6) compiled in the frequency range of 100
mHz to 100 kHz.
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