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Growing energy and environmental challenges have imposed higher requirements for the development
of novel multifunctional energy storage and energy-saving devices. Electrochromic devices having similar
configurations and working mechanisms with secondary batteries exhibit promising applications in dual-
functional electrochromic-energy storage (ECES) devices. Electrochromic Prussian blue (PB) as typical
battery cathodes are of great interest for ECES devices although they suffer from poor stability and limited
capacity. In this study, a transparent metal oxide (NiO nanosheets) interlayer was incorporated to enhance
the structural stability and capacity of PB while offering enlarged optical modulation (AT) and accelerated
switching kinetics in the NiO/PB film. Impressively, the NiO/PB nanocomposite film exhibited a high areal
capacity of 50 mA h m™2 and excellent electrochemical stability, simultaneously manifesting a large AT
(73.2% at 632.8 nm), fast switching time (t. = 1.4 s, t, = 2.6 s) and higher coloration efficiency (CE =
54.9 cm? C™Y), surpassing those of the bare PB film (AT = 69.1% at 632.8 nm, t. = 1.6 s, t, = 41, CE =
50.9 cm? C™Y). Finally, a prototype zinc anode-based electrochromic device assembled with NiO/PB
nanocomposite film exhibited a self-bleaching function and AT retention of up to 92% after 1000 cycles,
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and a 100 cm? large area device was also demonstrated for high performance. Such a transparent metal
oxide interlayer has enabled the construction of durable and fast-switching dual-functional zinc anode-
based electrochromic devices and will inspire more efforts in designing novel multifunctional ECES

rsc.li/nanoscale devices.

erty (transmittance, absorbance, reflectance) variation in elec-
trochromic materials (ECMs) or electrochromic devices (ECDs)
upon the application of electric pulses (current or

Introduction

In recent years, with the rapid development of electronic

technology and transformation of fossil energy, energy short-
age and environmental deterioration have become increasingly
serious, designing novel energy storage and energy-saving plat-
forms has become a strategic direction for energy
development.'® Electrochromic smart windows have attracted
wide attention due to the efficient modulation of visible and
near-infra-red (NIR) light transmittance and thus savings in
heat, ventilation, and air-conditioning (HVAC) energy
consumption.”® Electrochromism refers to the optical prop-
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potential)."®'* The reversible optical and electrochemical be-
havior, low energy consumption and charge storage capability
have enabled the application of ECDs in the fields of smart
windows, displays, optically adjustable electronic components,
and others.>'*>™*® In general, ECDs are composed of a transpar-
ent substrate, transparent conductor, electrochromic layer,
electrolyte, and ion storage layer.’® Owing to the similarity to
secondary batteries in configuration and working mechanism,
ECDs are also endowed with energy storage capability and
exhibit broad application prospects.’” Noteworthily, ECDs with
high coloration efficiency (CE) and fast switching normally
require low charge density and large response in optical
density, while energy storage devices need high charge density
to provide sufficient capacity.'® As such, the conflict between
high CE and high capacity in ECES devices is to be resolved
through the fabrication of advanced ECMs. Conventional inter-
calation-based ECDs usually face problems, such as the strong
corrosion of H', high cost of Li*, and large radius of Na" and
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K', which have inspired researchers to explore multivalent ion
intercalation-based ECDs.'>' Multivalent zinc-ions are con-
sidered attractive charge carriers for realizing next-generation
electrochromic devices with high capacity and fast response
due to the low cost, low redox potential (—0.76 V vs. SHE stan-
dard hydrogen electrode), high theoretical specific capacity
(820 mA h g™"), and safety in aqueous electrolytes of the Zn
anode, and the high charge density of Zn**.>>?*

Transition metal compounds are extensively studied as
ECMs due to fast switching and excellent cycling stability,
such as WO;,>* Ti0,,* V,05,%° M00;,%” NiO,?® and Prussian
blue (PB).*° Interestingly, PB has a high voltage plateau for
excellent energy density and is widely employed as cathodes of
secondary batteries.***" PB has a cubic crystal structure with
the formula of AFe(u)[Fe(CN)g], where A is generally an alkali
metal or ammonia.**> The cyanide group acts as a bridge con-
necting two transition metal ions, Fe(ur) and Fe(u) are alter-
nately arranged at the corners of the cubic lattice to form the
unique three-dimensional (3D) cubic structure.*® The open 3D
diffusion channels of PB can facilitate ion transport, thus rea-
lizing fast switching and large optical modulation (AT).**
However, poor adhesion with conductive substrates, structural
collapse due to repeated ion insertion/deinsertion during
cycling and unsatisfactory capacity further limit the appli-
cations of PB-based ECES devices.

Introducing a nano-sized support template between active
ECMs and the substrate has been proven to be an effective
method to improve the performance of ECDs.**” Chen et al.
obtained an array of TiO,@PB core-shell nanostructures with
high specific surface by introducing TiO, nanorods between
fluorine doped tin oxide (FTO) and PB.*®* One-dimensional
TiO, nanorods provide unidirectional electron transport chan-
nels and expand the active surface area of ECMs.*®>° However,
the TiO,@PB nanoarray only exhibits a mediocre AT (48%),
slow switching time (¢, = 2.2 s, t. = 6.2 s), without demonstrat-
ing energy storage capability. Ni(OH), and NiO are extensively
studied in various fields including catalysis,*® super-

Haizeng Li obtained his Ph.D. in
2016 from the State Key
Laboratory for Modification of
Chemical Fibers and Polymer
Materials, China. He then
started his postdoctoral research
with  Prof. Abdulhakem Y.
Elezzabi at the University of
Alberta, Canada. After that, he
Jjoined Shandong University as a
professor at the Institute of
Frontier and Interdisciplinary
Science and the School of Energy
and Power Engineering. His
current research interests include electrochromic devices, wearable
electronics, energy storage, and radiative heat transfer.

19630 | Nanoscale, 2023, 15,19629-19637

View Article Online

Nanoscale

capacitors,*" and EC**** for their open framework structure,
high porosity, large surface area, excellent stability, and envir-
onmentally friendly properties.** The electrochemical active
nickel hydroxide (B/y-NiOOH) on the surface of NiO can be
reduced to nickel hydroxide (a/f-Ni(OH),).*® In particular, NiO
as an ECM itself can be switched between a highly transparent
state and gray-black neutral color in an alkaline solution
depending on the reversible redox reaction between Ni** and
Ni**, and is also a typical electrode material for energy storage,
making it a potential candidate for constructing electrochro-
mic batteries.'®*°

In this work, a transparent metal oxide interlayer was syn-
thesized via optimized chemical-bath deposition and anneal-
ing, after which NiO/PB nanocomposite films were obtained
by further electrodeposition. Ni(OH),/PB was also synthesized
for comparison. Notably, NiO/PB nanocomposite films demon-
strated a high areal capacity of 50 mA h m™? at a current
density of 0.05 mA cm™ and excellent electrochemical stabi-
lity. In addition, the NiO/PB nanocomposite electrode exhibi-
ted a large AT (73.2% at 632.8 nm), fast switching (t. = 1.4 s, ¢,
= 2.6 s), and high CE (54.9 cm® C™'), AT retention of 92%
(1000 cycles), outperforming those of bare PB and Ni(OH),/PB.
Eventually, NiO/PB nanocomposite films were coupled with a
zinc anode to obtain a 100 cm? bifunctional ECES, demon-
strating the advances of such a nanocomposite film in con-
structing dual-functional ECES devices.

Experimental section
Synthesis of Ni(OH), nanosheets and NiO nanosheets

All reagents were of analytical grade and used without further
purification. Nickel chloride hexahydrate was purchased from
Macklin, ammonium chloride, and sodium hydroxide were
purchased from Sinopharm Chemical Reagent Co. Fluorine
doped tin oxide (FTO) coated glass was produced by Wuhan
Jingge Solar Technology Co. FTO was used as a substrate and
cleaned in acetone, anhydrous ethanol and deionized (DI)
water by ultrasonication for 15 min, and then dried at 60 °C.
Ni(OH), nanosheets were synthesized by a modified chemical-
bath deposition method.** The precursor solution contained
NiCl, (37.5 mM), NH,Cl (200 mM), and NaOH (68.75 mM),
and was dissolved by magnetic stirring for 5 min. 20 mL of the
above solution was transferred to a 50 mL container, FTO
(2 cm x 2 cm) was dipped into the solution with the conductive
side facing down, and heated at 55 °C for 6 hours. After that,
FTO coated with Ni(OH), nanosheets were washed with DI
water and dried at 60 °C. Finally, the prepared Ni(OH),/FTO
was annealed in air at 300 °C for 2 h and naturally cooled to
room temperature to obtain NiO nanosheets/FTO.

Preparation of PB, Ni(OH),/PB and NiO/PB nanocomposite
films

Potassium ferricyanide and ferric chloride hexahydrate were
purchased from Macklin, and potassium chloride was pur-
chased from Sinopharm Chemical Reagent Co. PB films were

This journal is © The Royal Society of Chemistry 2023
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synthesized on both bare FTO, Ni(OH),/FTO and NiO/FTO,
respectively, using a typical electrodeposition step.?” The depo-
sition precursor solution was a mixed aqueous solution con-
taining K;[Fe(CN)s] (10 mM), FeCl; (10 mM), and KCl (50 mM).
The CHI760E electrochemical workstation was employed for
the three-electrode electrodeposition, with a platinum sheet as
the counter electrode, Ag/AgCl as the reference electrode, and
FTO, Ni(OH),/FTO and NiO/FTO as the working electrodes. A
constant current density of =50 pA ecm ™2 was applied for 300 s.
After that, the electrodes were washed several times with DI
water and anhydrous ethanol. Finally, the electrodes were
dried at 60 °C for 12 h.

Characterization

The microscopic morphology of the nanocomposite films was
observed using scanning electron microscopy (Gemini SEM
300) and transmission electron microscopy (TEM, JEOL
2010F). The phase composition and surface chemistry of the
samples were characterized by powder X-ray diffraction (XRD,
Bruker D8) and X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha). Specifically, powders for XRD and
TEM analysis were scraped from the surface of the FTO-coated
glass. Raman spectra were collected using a laser Raman
spectrometer (HORIBA LabRAM HR800, laser excitation:

532 nm).
All electrochemical tests were performed on an electro-
chemical workstation (CHI760E, Shanghai Chenhua

Instruments, Inc.) using a conventional three-electrode test
system with a Pt sheet as the counter electrode, Ag/AgCl as the
reference electrode, 1 M KCI as the electrolyte, and the pre-
pared nanofilms as working electrodes. The optical properties
of the nanocomposite films and switching kinetics were
studied using a UV-Vis spectrophotometer (UV-2600i,
SHIMADZU). The electrochemical and electrochromic perform-
ance of the zinc anode-based electrochromic device was tested
using nanocomposite films as a cathode and zinc foil as an
anode with 1 M KCI-0.1 M ZnSO, as a mixed electrolyte.

Results and discussion
Morphology and physical characterization

Since metal salts are typically water-sensitive, the rapid hydro-
lysis process at low temperatures produces amorphous pro-
ducts with polydispersity, and thus high temperatures (hydro-
thermal treatment or calcination) are required to achieve a
high degree of crystallization.*® However, hydrothermal and
calcination synthesis are not favorable to fabricating EC elec-
trodes in ECDs due to the difficulty in morphology control and
the limited option of transparent conductive substrates.
Deposition on different substrates under mild conditions (low
temperature and atmospheric pressure) would greatly facilitate
the fabrication of EC electrodes and thus wide application of
ECDs.***® In our work, Ni(OH),/FTO was first synthesized
employing a modified chemical-bath deposition method at
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only 55 °C for 6 h.** The specific reaction process can be
described as follows:**

* 4+ OH™ < NH;-H,0 (1)
Ni?" 4 xNH; « [Ni(NH;),J*" (2)
Ni?" 4+ 20H™ « Ni(OH), (3)

The hydrogen bonding (N-H-O) between the nitrogen atom
in NH; and the hydrogen atom of the surface hydroxyl group
of Ni(OH), causes selective adsorption of NH; on the (001)
crystal planes of Ni(OH),, resulting in the formation of single-
crystal Ni(OH), nanosheets."**° Ni(OH),/FTO electrodes are
converted to NiO/FTO after annealing at 300 °C for 2 h in air.
PB, Ni(OH),/PB, and NiO/PB electrodes were obtained by sub-
sequent electrodeposition on bare FTO, Ni(OH),/FTO, and
NiO/FTO substrates, respectively. The detailed synthesis pro-
cedure of NiO/PB is shown in Fig. 1.

Fig. Sla and bf shows the SEM images of bare PB and Ni
(OH), nanofilms. The Ni(OH), nanofilms are composed of
interconnected nanosheets (thickness 10-15 nm) with a length
of ~500 nm. Previous studies have suggested that the
nanosheets grown vertically on glass substrate did not detach
even after sonication due to the strong bonding between Ni
(OH), nanosheets and substrate.***®>" The SEM image of NiO
in Fig. 2a shows that there is no significant change in the
network structure of Ni(OH), nanosheets after annealing.
Fig. 2b and c presents the top-view and cross-sectional SEM
observations of NiO/PB, displaying the well-preserved network
structure of NiO nanosheets and the uniform coating of PB
nanoparticles. The thicknesses of NiO nanosheets and PB
films were about 250 nm and 280 nm, as seen in Fig. 2c,
respectively. The uniform coating of PB on NiO can be further
evidenced from the elemental mapping in Fig. 2f.
Coordination water generated in the PB lattice during the syn-
thesis in aqueous solutions often renders problems of lattice
distortion, low coulombic efficiency, and structural
instability,>>” thus prolonged heating of PB is required to
reduce the amount of lattice water. As such, observable cracks
can be seen in the PB films (Fig. 2b). Interestingly, this unique
hierarchical structure allows effective electrolyte penetration
into the abundant channels between NiO nanosheets and PB
films, which effectively ensures PB exposure to the electrolyte,
shortening the ion diffusion distance and simultaneously alle-

NH,Cl &“ ﬁ’ ‘/‘
FTO b \ ni‘\ o
Ve a\ i )
‘| H'
s o » =+
NiCly6H,0 —— NaOH ] Electro-
~ 55C,6h _ = anneal"g sre SR deposifion
| ) '&1‘!’; - e . " m -
Precursor Ni(OH), Nio Nio/PB

solution

Fig. 1 Schematic illustration of the preparation process of NiO/PB.

Nanoscale, 2023, 15,19629-19637 | 19631


https://doi.org/10.1039/d3nr04902g

Published on 17 November 2023. Downloaded on 7/31/2025 1:20:21 PM.

Paper

View Article Online

Nanoscale

Fig. 2 Electron microscopic characterization of NiO/PB. SEM images of (a) NiO and (b) NiO/PB. (c) Cross-section SEM image of NiO/PB. (d) TEM
image of NiO/PB. (e) High resolution image (HRTEM) of NiO/PB. (f) HADDF-STEM image and corresponding elemental mapping of NiO/PB.

viates the volume expansion of PB during cycling. In contrast,
the compact bare PB films, electrodeposited directly on the
FTO (Fig. S1aft), are less stable against repeated ion insertion/
deinsertion. Additionally, the crystal structure of NiO/PB nano-
composite films was analyzed using the transmission electron
microscope (TEM). As shown in Fig. 2d, the well-defined
boundary in the nanocomposite films demonstrates the fine
contact of NiO nanosheets with PB nanoparticles.”®*® The
high-resolution transmission electron microscopy (HRTEM)
image (Fig. 2e) clearly illustrates the lattice structure of the
NiO/PB nanocomposite films. The uniform lattice fringes with
a lattice spacing of 0.24 nm match the (111) plane of NiO, and
the corresponding selected area electron diffraction (SAED)
pattern shows clear pattern matching (111), (200), and (220)
crystal orientations of NiO, confirming the well-crystallization
of the prepared NiO nanosheets.

X-ray diffraction (XRD) analysis was employed to determine
the crystal structure of different nanocomposite films. The
diffraction peaks centered at 19.3°, 33.1°, and 38.5° corre-
sponded to the (001), (100), and (101) lattice planes of Ni(OH),
(JCPDF#14-0117, Fig. S21), and the diffraction peaks centered
at 37.2°, 43.3°, and 62.9° correspond to the (111), (200) and

19632 | Nanoscale, 2023, 15, 19629-19637

(220) lattice planes of NiO (JCPDF#47-1049, Fig. 3a), which
indicates the complete transformation of Ni(OH), into NiO
after annealing. Raman spectra (Fig. 3b) revealed the charac-
teristic bands of PB, including -Fe-CN-Fe- at 276 cm ™", -Fe-
C- at 537 cm™ ', and -C=N- at 2157 cm ™, confirming the suc-
cessful deposition of PB on Ni0.°>®" Furthermore, XPS ana-
lysis was performed to explore the chemical composition of
NiO/PB nanocomposite films. XPS survey spectra (Fig. 3c) of
NiO/PB composite nanofilms confirmed the presence of C 1s,
N 1s, O 1s, Fe 2p, and Ni 2p peaks. The high-resolution spectra
of C 1s, N 1s, and Fe 2p were fitted with the peak separation
employing the Gaussian-Lorentzian function, as shown in
Fig. 3d-f. The C 1s spectrum has been deconvoluted into three
peaks located at 284.8 eV, 286.5 eV, and 288.6 eV, which are
attributed to C-C, C=N, and C=0 (Fig. 3d), respectively. The
deconvoluted three peaks in the N 1s spectrum located at
397.8 €V, 399.7 eV, and 402.3 eV are ascribed to C=N-Fe,
C=N, and N-O, respectively (Fig. 3e). As shown in Fig. 3f, the
Fe 2p high-resolution spectrum could be fitted into four main
peaks at 708.5 eV, 712.1 eV, 721.2 eV, and 722.2 eV, corres-
ponding to Fe" 2p 3/2, Fe'"" 2p 3/2, Fe" 2p 1/2, and Fe™ 2p 1/2
of PB, respectively.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Crystal and chemical structure characterization of PB, NiO, and
NiO/PB. (a) XRD patterns of PB, NiO, and NiO/PB. (b) Raman spectra of
PB and NiO/PB. (c) XPS survey spectra of NiO/PB. High resolution (d) C
1s, (e) N 1s and (f) Fe 2p XPS spectra of NiO/PB.

Electrochemical performance evaluation

With the successful preparation of PB, Ni(OH),/PB, and NiO/
PB, electrochemical tests were performed on these films in a
three-electrode configuration to evaluate their electrochemical
performances (Fig. 4 and S37). Fig. 4a shows the galvanostatic
charge/discharge (GCD) profiles of the NiO/PB nanocomposite
films at different current densities. The charge/discharge
plateau agrees with the redox peaks observed in cyclic voltam-
mograms (CV) curves of Fig. 4d, corresponding to the redox
reaction between Fe" and Fe'. The areal capacity of NiO/PB
was quantified (Fig. 4b) based on the GCD curves and com-
pared with that of PB and Ni(OH),/PB. Notably, the NiO/PB
nanocomposite films exhibited an areal capacity of 50 mA h
m~? at 0.02 mA cm~> and maintained 43.2 mA h m™~ when
the current density was increased to 0.5 mA cm™>, showing a
superior rate capacity to that of PB and Ni(OH),/PB (Fig. 4c,
Fig. S4a-d¥). The cyclic voltammograms (CV) curves of NiO/PB
under different scan rates were also collected as shown in
Fig. 4d. The redox peak polarization increased linearly with
enlarged sweep rates, indicating the excellent electrochemical
reversibility of NiO/PB. In addition, NiO/PB showed higher
peak currents (Fig. 4d) compared to PB (Fig. S3et) and Ni
(OH),/PB (Fig. S3f) under the same scan rates. The small
redox peak polarization, higher peak currents, and superior
rate performance indicated favorable electrochemical reversi-
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Fig. 4 Electrochemical performances of PB, Ni(OH),/PB, and NiO/PB.
a, (b) GCD curves of NiO/PB at different current densities. (c) Specific
areal capacities of PB, Ni(OH),/PB, and NiO/PB at different current den-
sities. (d) CV curves of NiO/PB under various sweep rates. Nyquist plots
of PB, Ni(OH),/PB, and NiO/PB (e) before and (f) after cycling.

bility and kinetics in NiO/PB. To evaluate the electrochemical
stability of different electrodes, cycling stability tests were per-
formed using CV at 20 mV s~ (Fig. S41). The CV curves of PB
and Ni(OH),/PB showed slight degradation in the first 5 cycles
and suffered from serious deterioration after 100 cycles.
Impressively, the CV curves of NiO/PB were highly overlapped
(Fig. S4e and f}), with the integrated area retention of 99.7%
and 98.9% after 5 and 100 cycles, respectively, demonstrating
significantly enhanced electrochemical stability of NiO/PB
compared to PB and Ni(OH),/PB. In addition, the SEM images
of NiO/PB (Fig. S51) and PB (Fig. S61) after 100 CV cycles simi-
larly illustrated the promising cycling stability of NiO/PB.
Electrochemical impedance spectroscopy (EIS) of PB, Ni(OH),/
PB, and NiO/PB before and after CV cycling were also collected.
The diameter of the semi-circle at the high-medium frequency
region in Nyquist plots indicating the charge transfer resis-
tance (R.). It was seen that the NiO/PB nanocomposite films
presented a much lower and relatively stable charge transfer re-
sistance (R.) before and after cycling (Fig. 4e and f), while the
R values of PB, Ni(OH),/PB were largely increased after
cycling. The superior electrochemical performance of NiO/PB
was evidenced from GCD, CV, cycling, and EIS measurements,
which may be attributed to several reasons: (1) NiO nanosheets
interlayer can effectively anchor the PB layer; (2) NiO
nanosheets play an indispensable role in reducing the R. of
PB, allowing easy charge transfer and improving material

Nanoscale, 2023,15,19629-19637 | 19633
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utilization;*>®® (3) the loose and porous structure of NiO/PB
provides adequate contact with the electrolyte and higher
electrochemical activity, simultaneously alleviating the volume
expansion caused by ion insertion/deinsertion. The poor
electrochemical performance of Ni(OH),/PB may be caused by
poor electrical conductivity and high R, of Ni(OH),.
Furthermore, to explore the capacity contribution of NiO in
NiO/PB nanocomposite films, CV and GCD tests of NiO were
performed (Fig. S77), yet NiO showed pseudocapacitive behav-
ior with the areal capacity of only ~3 mA h m™?, indicating the
minimal contribution of NiO to the areal capacity of NiO/PB.

Electrochromic performance characterization

In order to construct dual-functional zinc anode-based electro-
chromic devices, the electrochromic performances of PB, Ni
(OH),/PB, and NiO/PB were evaluated by employing a two-elec-
trode configuration with a zinc foil as the counter electrode and
KCl-ZnSO0, as the electrolyte. The UV-vis transmittance spectra of
the colored (1.8 V for 20 s) and bleached NiO/PB (0.6 V for 20 s)
were collected in the wavelength range of 400-800 nm, as shown
in Fig. 5a. NiO/PB exhibited a large AT of 73.2% (@632.8 nm)
when switched from transparent to blue, which is larger than PB
(69.1%@632.8 nm, Fig. S8at) and Ni(OH),/PB (52.1%@632.8 nm,
Fig. S9at). Coloration efficiency (CE) is one of the most important
properties of electrochromism, which is defined as®*

CE = AOD/AQ = log(T/T) /AQ (4)

where AOD is the optical density, AQ is the injected charge,
and T}, and T, represent the transmittance in the bleached and
colored states, respectively. By applying a linear fit to the
optical density-charge density curve during NiO/PB coloration
(Fig. 5b), the CE of NiO/PB was calculated as 54.9 cm® C™*,
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Fig. 5 Electrochromic performance of NiO/PB. (a) Transmittance
spectra of NiO/PB in colored and bleached states at 400-800 nm. (b) In
situ optical density versus charge density at 632.8 nm for NiO/PB during
coloration. (c) In situ transmittance response of NiO/PB at 632.8 nm
under potential steps (0.6 V and 1.8 V, each for 20 s) and digital photo-
graphs of NiO/PB in both colored and bleached states (inset).
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higher than those of PB (50.9 cm® C™*, Fig. S8bt) and Ni(OH),/
PB (40.4 cm® C™', Fig. S9b7). A higher CE value indicates that
the device can achieve large optical modulation with a small
charge input.®’ Dynamic transmittance measurements were
performed at 632.8 nm to evaluate the switching kinetics. As
shown in Fig. 5c, the bleaching time (¢,) and coloration time
(¢.) of NiO/PB were quantified to be 2.6 s and 1.4 s, respect-
ively, notably faster than those of PB (f, = 4.1 s, t. = 1.6 s,
Fig. S8ct) and Ni(OH),/PB (t, = 13.9 s, ¢, = 13.8 s, Fig. S9ct).
Furthermore, the transmission spectra and in situ transmit-
tance response of NiO (Fig. S10t) were employed to specify the
effect of NiO on the optical properties of NiO/PB composite
films. The results showed that NiO had negligible transmit-
tance variation and did not contribute to the electrochromic
performance in the NiO/PB film. The large AT probably origi-
nated from the stacking effect of NiO and PB, and the fast reac-
tion kinetics may be attributed to the unique framework struc-
ture of NiO/PB that provided a large specific surface area and
shortened the ion diffusion path. In contrast, the compact PB
layer suffers from slow switching time. As for Ni(OH),/PB, the
low electrical conductivity and high R.. of Ni(OH), resulted in
lower AT and a longer switching time.

Investigation of zinc anode-based electrochromic devices

The excellent electrochemical and electrochromic perform-
ances of the NiO/PB electrode inspired us to construct a dual-
functional zinc anode-based electrochromic device. The char-
ging of the electrochromic device causes the coloration of NiO/
PB and discharging renders bleaching, presenting dual func-
tions for the ECES. The synchronous transmittance variation
during the GCD process (current density of 0.10 mA em™>) is
shown in Fig. 6a. During discharging, the Zn anode was oxi-
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Fig. 6 (a) GCD curves at current densities of 0.1 mA cm™2 and simul-
taneous transmittance (@632.8 nm) evolution. (b) Raman spectra of
NiO/PB in various states (original, colored, and bleached). High-resolu-
tion XPS spectra of Fe 2p in NiO/PB at (c) colored and (d) bleached
states.
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dized to release Zn>* and PB in the cathode was reduced with
K" insertion and bleached from the dark blue to the transpar-
ent state. Reversely, the charging of the electrochromic device
causes Zn”" reduction on the Zn anode and PB oxidation with
K" extraction, along with coloration of the NiO/PB cathode,
giving AT of more than 60% (@632.8 nm).

To further explore the electrochemical mechanism of the
electrochromism in the zinc anode-based -electrochromic
devices, ex situ Raman spectra coupled with ex situ XPS were
performed on NiO/PB in original, colored (Fig. S11}), and
bleached (Fig. S121) states. In Raman spectra, the character-
istic peaks of PB were detected in different states of NiO/PB,
without significant variation in the relative intensity or peak
shift, indicating the excellent structural stability of NiO/PB
during charging/discharging (coloration/bleaching) (Fig. 6b).
The high-resolution XPS spectra of Fe 2p are demonstrated in
Fig. 6¢ and d, showing the presence of Fe'' and Fe' in the
three states. The Fe'/Fe™ ratio in the NiO/PB cathode was
quantified as 1.13 in the original state (Fig. 2f), 1.09 in the oxi-
dized (colored) state, and 1.31 in the reduced (bleached) state.
The variation of the Fe"/Fe' ratio indicated that the electro-
chromic mechanism of NiO/PB lies in the reversible conver-
sion between Fe' and Fe™, Fe™ is reduced to Fe" during
bleaching and Fe' is oxidized to Fe™ during coloration. The
configuration of the as-constructed zinc anode-based electro-
chromic device is shown in Fig. 7a, and its electrochemical
reaction can be illustrated in (5)°°

KFe™ [Fe" (CN),] + K" + e~ = K,Fe" [Fe" (CN),] (5)

CV and dynamic transmittance cycling tests were performed
to evaluate the cycling performance of the electrochromic
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Fig. 7 Characterization of the zinc anode-based electrochromic
devices. (a) Schematic description of the working principle of the zinc
anode-based electrochromic device. (b) CV curves of the NiO/PB based
electrochromic device for the first 5 cycles at 20 mV s~ (c)
Transmittance evolution at potential steps (0.8 V and 1.6 V, each for 20
s) versus the number of cycles for PB, Ni(OH),/PB, and NiO based elec-
trochromic devices. (d) Transmittance evolution curve of NiO/PB based
electrochromic device during the long-term cycling. (e) Demonstration
of the zinc anode-based electrochromic device as a power source to
drive a LED display at charged and discharged states. The device was
assembled with NiO/PB//1 M KCl-0.1 M ZnSO,//Zn foil configurations.
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devices assembled with different cathodes. The redox peaks
around 1.4/1.1 V shown in CV curves of NiO/PB in Fig. 7b
correspond to the oxidation and reduction of PB, respectively,
which showed excellent electrochemical reversibility and stabi-
lity after the first cycle activation. In comparison, the CV
curves of PB and Ni(OH),/PB showed an obvious decline in the
cycling process (Fig. S131). This could be attributed to the
unique hierarchical structure of NiO/PB that provides fast ion
transport kinetics and alleviates the volume expansion during
cycling. Fig. 7c demonstrates the dynamic transmittance
curves of the zinc anode-based electrochromic device after
1000 cycles. The NiO/PB-based electrochromic device exhibited
impressive cycling durability after 1000 cycles, with AT reten-
tion reaching almost 92%, much higher than both, PB (~28%)
and Ni(OH),/PB (x230%). The morphology changes of the cath-
odes before and after cycling were observed by SEM. NiO/PB
cathode showed no significant morphology changes after
cycling (Fig. S1471), which is consistent with the excellent elec-
trochromic properties after cycling. However, the bare PB
cathode suffered from obvious structural destruction after
cycling, leading to serious degradation of the performance.
Moreover, long-term cycling tests up to 5000 cycles were
employed to further evaluate the cycling durability of NiO/PB-
based electrochromic devices. It was shown that 68% of the
AT was still maintained even after 5000 cycles (Fig. 7d),
demonstrating an excellent cycling stability.

To demonstrate the dual-functional electrochromic/energy
storage functionalities, a full-cell zinc anode-based electrochro-
mic device (5 x 5 cm?®) was assembled. The initially charged
device showed a blue color. Subsequently, the zinc anode-
based electrochromic device was employed as a power source
to drive the LED display and was then gradually switched from
a blue color to a transparent state (Fig. 7e). This clearly indi-
cated that the zinc anode-based electrochromic device served
the dual-functions of electrochromic and energy storage.
Additionally, a 10 cm x 10 cm zinc anode-based electrochromic
device was constructed (Fig. S15t) to demonstrate the potential
for large-scale ECES applications.

Conclusion

In this work, a simple chemical bath deposition method was
employed to synthesize uniform and transparent metal oxide
interlayer (NiO nanosheets) to improve the electrochemical
kinetics and stability of the PB electrode, realizing excellent
electrochromic and energy storage performance in NiO/PB.
The study showed that the NiO/PB nanocomposite film pro-
vided shorter ion diffusion paths and larger specific surface
area for the electrolyte uptake, and effectively alleviated the
volume expansion in cycling, resulting in fast ion transport
kinetics and high charge storage capacity. The NiO/PB elec-
trode offered excellent areal capacity and rate capability, out-
performing bare PB and Ni(OH),/PB. Compared with PB and
Ni(OH),/PB, NiO/PB also enabled superior electrochromic per-
formance in the zinc anode-based electrochromic device with
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larger AT (73.2%), shorter response time (¢, = 1.4 s, t, = 2.6 s),
and higher CE (54.9 cm® C™') at 632.8 nm. In particular, the
NiO/PB-based electrochromic device maintained 92% of the
original AT after 1000 cycles, which was much higher than
that of PB and Ni(OH),/PB. The transparent metal oxide inter-
layer greatly facilitated the electrochemical activity, accelerated
the electrochemical kinetics, and strengthened the electro-
chemical stability of PB, rendering simultaneously improved
energy storage (areal capacity, rate performance, and cycling
stability) and EC performance (A7, switching time, CE, and AT
retention) in the NiO/PB electrode and the zinc anode-based
electrochromic device. The excellent energy storage and elec-
trochromic performance of the zinc anode-based electrochro-
mic device will find promising applications in smart multi-
functional energy storage and energy-saving devices.
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