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Introduction

High performance NiO, nanoplatelet based films
by a scrape-coating method for bifunctional
electrochromic and energy storage devicest

Xinyu Tao,? Yong Zhang, 2 ** Jingyi Cai,® Hark Hoe Tan,” Jiewu Cui, (2°
Yan Wang, (2? Xia Shu,? Zhenhong Dai, (2 *“ Yonggiang Qin,? Jiagin Liu
Yucheng Wu (2 *@

¢ and

Nickel oxide (NiO,) is considered a promising candidate for constructing complementary electrochromic
devices with tungsten oxide. However, the low electrochromic performance of NiO films has been a
hindrance to its practical applications. In this study, crystal oriented NiO, nanoplatelets with nickel
vacancies were prepared using a facile chemical precipitation method and scrape-coated onto FTO
substrates. The morphology and electrochromic properties of the obtained porous films can be
controlled by adjusting the amount of polyethylene glycol in the slurry. The films exhibit an outstanding
optical modulation range (63.09%), fast switching speed (1.7 s for colouring/1.5 s for bleaching) and high
colouration efficiency (83.8 cm? C™Y) using propylene carbonate/LiClO, as an electrolyte. The films also
present superior cycling stability, maintaining 95% of the original optical modulation after 1000 cycles,
as well as high colouring efficiency (45.12 cm? C™Y) and good reversibility. The correlation between the
Ni vacancy formation and crystal facets of the NiO, was illuminated based on density functional theory
(DFT) simulation. Furthermore, the electrochromic devices (ECDs) and flexible films of NiO, were
fabricated in addition, and electrochromic devices were prepared to demonstrate their electrochromic/
energy storage bifunctionality and low temperature annealing properties, which can open up
applications in wearable/energy storage devices and flexible displays. In addition, the ease and high
efficiency of the scrape-coating technique makes it possible to commercially produce high performance
electrochromic NiO, nanoplatelet films.

friendliness which leads to a wide range of applications in areas
such as smart windows for energy-efficient buildings, low-power

Electrochromic (EC) materials have demonstrated their cap-
ability to harness solar energy in the visible and infrared
regions owing to their advantages of steady reversible modulation
in optical transmission/absorption/reflection driven by a low
voltage."™ In the past few years, electrochromic materials have
exhibited great potential in energy saving and environmental
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displays, self-dimming rear-view mirrors for automobiles, and
e-skins.” ™ Inorganic EC materials have been extensively studied
due to their excellent chemical properties and thermal stability.
Among them, tungsten oxide (WO;) as a stable cathodic EC
material has been fully developed in the past few years.""* As
the most promising candidate for an anode EC material comple-
mentary to WO; in EC devices, nickel oxide (NiO) has received a
lot of research interest due to high coloration efficiency, neutral
coloured-state and cost effectiveness;'>™'” however, it suffers from
low optical transmittance modulation, poor cycling stability and
slow response speed.'®""

To circumvent these shortcomings, varies attempts have
been made. Chiang et al.*® prepared NiO nanocrystalline films
using a thiourea-assisted method, and found that the optical
transmittance modulation of the films increased from 10% to
60% in an aqueous KOH electrolyte as the grain size decreased,
whilst the coloration efficiency increased from 12 to 25.2 cm> C™".
Zhang et al* used a simple two-step solution method to
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synthesize graded SnO,@NiO nanoflake array structures, and the
prepared films had high contrast (85.3%) and fast switching
speed (1.7 s for colouring/2.4 s for bleaching) in the KOH
electrolyte. Basically, a high transmittance change can be
obtained in alkaline electrolyte solutions for NiO; however, it is
subjected to poor cycling stability which presents an exceptional
challenge especially to complement WO; for device construction.
In lithium ion electrolytes, NiO shows much better cycling
stability feasible for producing electrochromic devices with
WO;, but its low transmittance change has hindered its practical
applications.”* > Nandy et al.”® reported that the low-dimensional
nanostructured NiO has a great impact on the local current
transport mechanism, and NiO can achieve better hole conduc-
tivity in an oxygen atmosphere due to the presence of Ni**, which
in turn improves the film properties. In addition, the forked finger
structure can significantly favor the device performance, never-
theless, the conventional planar mode was proposed in our work
in the electrochromic device construction in order to maintain the
uniformity of colour change.>” Therefore, magnetron sputtering is
an effective method to realize stable and reliable electrochromic
performance of NiO, films in Li" electrolytes.”®>° For example,
Qiu et al® prepared NiO, films by direct current magnetron
sputtering which achieved up to 62% transmittance change in
1 M PC/LiClOy, but their colouring and bleaching times were as
long as 17 and 9.8 s, respectively. Acua et al.** adjusted the radio
frequency power to vary the crystallinity and grain size of the NiO
films, achieving 55% transmittance change in 1 M PC/LiClO,, but
the colouring and bleaching times were still 4.1 and 9.9 s,
respectively. Guo et al®® prepared NiO, thin films by reactive
magnetron sputtering and showed pronounced discolouration
behaviour of NiO, in Li" electrolytes by implanting nickel
vacancies in the films. Nevertheless, magnetron sputtering
makes it difficult to manipulate the film architecture and dense
films are usually obtained, which results in a slow switching
speed.** Moreover, stringent equipment and high vacuum
environment are required for magnetron sputtering which also
makes it cost effective and enables large area production of NiO,
films.**> Therefore, rational design of a NiO colour-tuning unit
and suitable architecture is essential for the production of high
performance NiO,NiO, EC films. Moreover, the development of
high quality NiO films compatible with Li' electrolytes has
obvious advantages in producing high performance electrochro-
mic devices as well as visual energy storage devices for practical
applications.>**°

In this work, we designed a scrape-coating method for
producing high quality NiO, nanoplatelet (NP) films with
superior electrochromic performance as well as energy storage
properties. The films were obtained by scraping and coating
crystal oriented NiO, NPs well-dispersed in an EC slurry using a
microelectronic printer. The NiO, NPs feature well-defined
nickel vacancies prepared based on a facile but well-controlled
chemical precipitation method. In addition, it was found that
polyethylene glycol 4000 (PEG4000) plays a crucial role in
determining the homogeneity of the NPs in the slurry as well
as EC performance of the film which can be ascribed to a co-
dispersing and bonding effect. The NiO, NP films coated on the
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FTO substrate exhibited ultra-high contrast (AT = 63.09%), fast
response (1.7 s for colouring/1.5 s for bleaching), high tinting
efficiency (83.8 cm? C %), good cycling stability (95% retention
after 1000 cycles), and interesting energy storage performance,
while the prepared devices demonstrate its electrochromic/
energy storage bifunctional properties. The film coated on the
PEN-ITO substrate suggested both superior EC performance and
good mechanical flexibility of the NiO, NP films. The correlation
between the Ni vacancy formation and crystal facets of NiO was
illuminated based on density functional theory (DFT) simula-
tion. The enhancement mechanism of the NiO, NPs and
PEG4000 on the EC performance of the films was proposed.
The ease and efficiency of scrape-coating and the ability to
produce large-area films show its potential and advantages for
commercialisation purposes.

Experimental
Fabrication of NiO, nanoplatelets

NiO, NPs were prepared based on a chemical precipitation
method,* which was modified and improved in this work. 0.05 mol
of nickel nitrate hexahydrate (Ni(NOs),-6H,0, AR grade 98%) was
added to beaker A containing 50 mL of anhydrous ethanol to form
1 mol L' ethanolic solution of Ni(NO3),. 48 mL of a 1 mol L ™"
aqueous solution of NaOH (AR grade 98%) was prepared in beaker
B. Configure 48 mL of 1 mol L™ " aqueous NaOH (AR grade, 98%)
solution in beaker B. The two solutions from beakers A and B were
mixed and stirred slowly to obtain a light green Ni(OH), suspension.
The suspension was centrifuged and washed with deionised (DI)
water and repeated three times to obtain a Ni(OH), precipitate,
with the speed of centrifugation being increased from 6000 to
8000 rev min~ ' and 10000 rev min ' sequentially. The resulting
Ni(OH), precipitate was dried at 80 °C for 12-18 h and then ground
in a mortar for 30 min to obtain a green powder. The powder was
sintered at 270 °C for 2 h to obtain NiO, NPs.

Fabrication of NiO, electrochromic slurry

The NiO, EC slurry was obtained by adding 250 mg of NiO,
powder to 5 mL of DI water for dispersion, followed by 5 mL of
anhydrous ethanol and 0-0.50 g of PEG4000. The slurry was
obtained after evaporating 85% of the solution by magnetic

stirring for 70 °C at 300 rev min~".

Fabrication of NiO, NP films

The high performance NiO, NP films were fabricated on
fluorine-doped tin oxide (FTO) conductive glass substrates
using a facile scrape-coating method. The FTO substrates were
first treated in acetone, ethanol, DI water and a UV cleaner in
sequence before use. The film preparation and subsequent
tests were kept under identical environmental conditions (tem-
perature around 25 °C and humidity below 50%). The prepared
NiO, slurry was then applied to the FTO using a microelectronic
printer (SCIENTFIC 3A, Prtronic, China) at a scraping speed of
6 mm s * at a distance of 20 um from the FTO surface to obtain
a coating of 20 pm thickness. The coated FTO substrates were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Flow chart of NiO, NP film preparation.

then dried at 80 °C for 20 min and before being annealed at
300 °C for 45 min to remove PEG4000 and other organic matter
to obtain NiO, NP porous films. A schematic of this process is
illustrated in Fig. 1.

Characterization and measurements

Characterization of the morphological features and structures
of NiO, NP films and NiO, NPs was carried out by field
emission electron microscopy (FESEM, SU8230, Hitachi,
Japan), X-ray diffractometry (XRD, X-Pert PRO MPD, Panaco,
The Netherlands, Cu Ka radiation) and transmission electron
microscopy (TEM, JEM-2100F, Nippon Electron, Japan). The
elemental composition and valence of the film surface was

300 °C annealing
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E
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lso °C drying
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analyzed by X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi, Thermo, USA). The residual organic matter in the films
was detected by Fourier transform infrared spectrometry (FTIR,
Nicolet IS50 iN10, Thermo Fisher, USA). Cyclic voltammetry
(CV) and chronoamperometry (CA) were carried out in a three-
electrode electrochemical workstation (CHI760E, Shanghai
Chenhua, China) with 1 M PC/LiClO, as the electrolyte, with the
NiO, films coated on FTO (0.6 x 3 cm?) as the working electrode,
platinum wire and Ag/AgCl electrodes as counter and reference
electrodes, respectively. CV was measured at room temperature
(25 °C) at a scan rate of 50 mV s~ over a range of —1.0 to 1.7 V.
The transmittance spectra of the films were measured using a
UV-VIS-NIR spectrophotometer (UV-3600, Shimadzu, Japan) in the

Mass Percent

Atomic Percent

Fig. 2 Structural and chemical properties of NiO, NPs. (a) XRD pattern; (b) high resolution TEM image; (c) TEM image; (d) Ni and O elemental map and

their mass and atomic percentages.
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wavelength range 380-760 nm in the fully faded (—1.0 V) and fully
colored (1.7 V) states, as well as in situ optical transmittance at
550 nm with the same electrolyte of 1 M PC/LiClO,.

Results and discussion

X-ray diffraction (XRD) was used to characterize the phase
structure of the obtained NiO, NPs as shown in Fig. 2(a). The
diffraction pattern of the NPs was determined to be a bunsenite
NiO structure in the cubic Fm3m space group (JCPDS 047-1049)
with prominent characteristic diffraction peaks at 20 values of
37.2°, 43.2° and 62.8°, which can be indexed to (111), (200) and
(220) crystalline planes, respectively, indicating good crystal-
linity of the prepared NiO, NPs. High resolution transmission
electron microscopy (HRTEM) in Fig. 2(b) shows lattice fringes
of a nanoplatelet-like NiO, crystal exposing the plane with
0.24 nm spacing between lattice planes, corresponding to the
(111) plane of cubic NiO indicating oriented growth of the NPs
along the (111) plane.*! Fig. 2(c) shows the grain size of the
NiO, nanoparticles, appearing with more of a nanoplatelet-like
morphology with a plate thickness of approximately 12 nm
along the [111] direction, which is essentially the same as the
average particle size of NiO, NPs calculated by the Debye-
Scherrer formula from the XRD data. Fig. 2(d) shows the
distribution of Ni and O elements in the NiO, NPs, as well as
the mass and atomic percentages of Ni and O where the NiO,
NPs appear to be oxygen rich. To investigate detailed surface
chemistry information of the NPs, X-ray photoelectron spectro-
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scopy (XPS) detailed spectra of the O 1s and Ni 2p of the NPs
were obtained as shown in Fig. S2a and b (ESIt), respectively.
For the O 1s spectrum, the peak at 529.2 eV to lattice oxygen
ions in the NiO whilst the peak at 530.9 eV can be indexed
to defective oxygen atoms near nickel vacancies where Ni** is
generated.*” The XPS spectrum of Ni 2p consists of two spin-
orbit doublet characteristics of Ni** and Ni** and two spin-
orbit shakeup satellites. The peaks at 873.8 and 855.8 eV are
assigned to Ni*", while the peaks at 871.9 and 853.9 €V belong
to Ni**.** Also, quantitative analysis by XPS determines a
stoichiometric ratio of 1.47 for O to Ni (O:Ni = 1.47). The
presence of Ni** has been proposed as the key factor generating
a coloration effect and the capacity of the reversible interva-
lence charge transfer between the adjacent Ni** and Ni** reveals
the EC performance of NiO, in PC/LiClO,.**

The NiO, slurry was obtained by dispersing the NPs in the DI
water and anhydrous ethanol by adding a certain amount of
PEG4000. Uniform thin NiO, NP films were fabricated by
scraping and coating the slurry using a microelectronic printer.
It was found that PEG4000 plays a crucial role in determining
the film quality. Fig. 3(a) and Fig. S3a-c (ESIt) shows the
surface morphology of the NiO, NP films with different
PEG4000 contents on the FTO substrate. For ease of presentation,
we have recorded the NiO, NP films with different PEG4000
contents as NiO,-0, NiO,-0.05, NiO,-0.25 and NiO,-0.50 films,
where the numbers correspond to the weight ratio of PEG4000
to the NiO, slurry, respectively. As shown in Fig. 3(a) and Fig. S3a
(ESIt), even a small amount of added PEG4000 can effectively
reduce the agglomeration of the particles and improve the

NiOx nanoplatets

+

Li’

Fig. 3
mechanism of lithium ion insertion/extraction NiO (111) surfaces.

7884 | Mater. Adv, 2022, 3, 7881-7893

(a) SEM images of NiO,-0.05 films. (b) Schematic diagram of the structure of a NiO, NP film. (c) Schematic representation of the electrochromic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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uniformity of particle distribution. This can be attributed to the
spatial dislocation effect and dispersing effect of PEG4000 which
induces a certain repulsive force between nanoparticles,* increasing
the uniformity of the nanoparticle coating and interconnecting
NPs to form a porous nanoplatelet network-like structure
(Fig. 3(b)). As is known from the TEM images above, the NiO
nanoplatelets have in fact a certain orientation, so that the
(111) surface exposed by the interconnected NPs becomes the
preferential crystallographic surface for the insertion/extraction
of the lithium ions during the electrochromic process. Fig. 3(c)
shows the schematic correlation between the lithium ion
insertion/extraction and the electrochromic process of the NiO,
NPs. As the PEG4000 content is increased, the pore structure of
the films became more pronounced and unevenly distributed,
forming a nickel oxide foam structure with uneven pore sizes,
which is ascribed to the large amount of PEG4000 filling
regions between the NiO, NPs and then evaporating during
the 300 °C annealing, thereby forming the irregular pores
(Fig. S3b, ESIt). As the amount of PEG4000 is increased further,
the pore structure of the films increases significantly and the
distribution becomes even more inhomogeneous (Fig. S3c, ESIT).
From the effect of the PEG4000 on the spatial morphology of the
NP films, it can be inferred that involvement of PEG4000 may
affect the kinetics of the ©on transport during the electrochro-
mic process.

To investigate the electrochromic properties of the NiO, NP
film, UV-vis transmittance and electrochemical measurements
of the films were carried out in 1M PC/LiClO, solution. Fig. 4(a)
shows the transmittance spectra of different films in 1 M PC/
LiClO, solution for the bleaching state (T},) and the colouring
state (T.). It can be seen that involvement of PEG4000 affects
obviously the Tj, of the film which decreases monotonously

a 90 AT=58.65%
- 80 AT=63.09%
S 7 ; .
3 ——NiO,-0
g 60 —— Ni0,-0.05
.*E' 50 NiO,-0.25
g 4 Ni0,-0.50
«
& 30p /——\/
]
RO e //
10—
400 500 600 700
Wavelength(nm)
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with increasing PEG4000. On the other hand, 7. remains fairly
unchanged for the three concentration of PEG4000, however,
which is evidently lower than that of the film without PEG4000.
The decrease in bleaching state transmission may be due to the
presence of large non-uniform pores, which affect the flatness
of the film, and the residual PEG4000 which hinders the dis-
colouration of the NiO, particles. The maximum contrast (AT)
at 550 nm for the NiO,-0, NiO,-0.05, NiO,-0.25 and NiO,-0.50
films are 58.65, 63.09, 53.59 and 46.21%, respectively. It can be
noticed that the NiO, NPs exhibit a high optical contrast of
58.65 even without adding PEG4000, which is much higher
than the NiO, films synthesized by reported wet chemical
methods and comparative to the one obtained by physical
vapor deposition under high vacuum. To demonstrate the
colour change of the films, we show the logo of our School of
Materials Science & Engineering (MSE) under the bleached
(—1.0 V) and coloured (1.7 V) states of the NiO,-0.05 film
(Fig. 4(b)), and the electrochromic process is also presented
in Video S1 (the size of the film on display is 3 x 5 cm, while the
size of the film used for testing is 0.6 x 5 cm). Excellent
contrast of over 63.09% is achieved for the sample NiO,-0.05.
We tend to ascribe the high optical contrast to the uniform, fine
and well-dispersed platelet-like NiO, nanoparticle and well-
defined Ni** vacancies as well. When NiO,, films are immersed
into the PC/LiClO, electrolyte during anodic/cathodic scanning,
the insertion/extraction of Li" ions in the host lattice causes
charge transport between Ni**, Ni** and Ni*".*® The process of
intercalation/deintercalation of Li* ions in NiO, films can be

represented by:*°
NiO, + yLi + ye©~ = Li)NiO,

1)
2)

Li,NiO, = Li, ,NiO, + zLi" + ze~

(111)

Fig. 4 Electrochemical and electrochromic properties of various NiO, NP films in 1 M PC/LiClO, solution. (a) Transmission spectra of NiO, NP films with
different PEG4000 contents measured at —1.0 V and 1.7 V and 550 nm; (b) photographs of fully faded and fully coloured states of the NiO,-0.05 film; (c)
surface structures of NiO Ball-and-stick model of the surface of NiO: « (111) surface and B (111) surface with a Ni vacancy, where the red ball is an oxygen

atom and the gray ball is a nickel atom.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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When a negative voltage is applied, Li" ions are inserted,
Ni*" and Ni*" are reduced to Ni** and the film changes from
black to transparent; as shown in Fig. S1 (ESIt), when positive
voltage is applied, the Li* ions are removed, Ni** are again
oxidised to Ni** and Ni** and the film becomes black again.
Non-stochiometric NiO, has more nickel vacancies, which
improves the EC performance of the film.** In terms of the
formation mechanism of Ni vacancies, we attribute this to the
lower vacancy formation energy of NiO making it susceptible to
losing electrons during thermal movement and acquiring an
oxygen ion from its surroundings, thus manifesting itself
structurally as a Ni vacancy and macroscopically as an oxygen
excess, with the mechanism diagram shown in Fig. S4 (ESIT).
Due to the crucial influence of nickel vacancies on the EC
properties of NiO,, the formation of Ni vacancies on different
crystal surfaces of NiO was investigated by theoretical simula-
tion. The vacancy formation energy of the (111), (200) and (220)
surfaces of NiO is calculated by using the first principle
calculation method. In the calculation, we use a 3 x 3 x 3
supercell with a 5-layer structure and a 20 A vacuum layer to
simulate the surface structure, in which the atoms of the lower
2 layers are fixed and the top three layers near the surface are
relaxed, and the crystal surface structure is shown in Fig. 4(c)
and Fig. S5 (ESIt). All calculations are implemented through
the density functional theory (DFT) software package Vienna Ab
initio Simulation Package (VASP). The projector augmented
wave (PAW) potentials and the exchange-correlation functional
of Perdew-Burke-Ernzerhof revised for solids (PBEsol) are used
to emulate the ion cores and valence electrons. In the process of
structure relaxation, we set the criterion of the force acting on
each atom to be less than 1072 eV A%, and set the energy
convergence criterion to 10> eV to fully optimize the supercell,
a cutoff energy of 500 eV is used, where the k-point mesh is 5 x
5 x 1 to sample the Brillouin zone. After the relaxation, we
make a static calculation with high accuracy, the cutoff energy
is 600 eV and energy convergence criterion is 10~7 eV.

The calculation formula of the formational energy of Ni
vacancy is:

1

Ef = _(Esur

5 — Equr-ni — Eni)

Here Eg, is the energy of the complete surface, Eg,n; is the
energy of the surface with a Ni atom vacancy, Ey; is the energy of
independent Ni atoms, and S is the surface area of the supercell.
The results are shown in Table 1, from which we can see that it is
easier to form a Ni vacancy on the surface of the (200) surface.
But the (111) surface has a lower surface formation energy, so the
probability of (111) faces in the material is higher, and there will
be more total vacancies on the (111) faces. Considering the
oriented growth of the NiO nanoplatelets along the (111) crystal
planes, more Ni vacancies would participate in the electrochro-
mic process which is the crucial reason why the NiO, NP film in
this work shows exceptional electrochromic performance.

In order to investigate whether the NiO, NPs underwent any
structural phase change during the slurry preparation and
subsequent heat treatment, we measured the XRD patterns of

7886 | Mater. Adv, 2022, 3, 7881-7893
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Table 1 The formation energy of a Ni vacancy on different surfaces of
NiO

Surface S (%) Egur (€V) Egueni (€V)  Eni (€V)  Ep (meV A72)
(111) 69.6175 —257.83991 —255.11612 1.52272 5.28 x 10 °
(200) 69.6175 —257.19962 —255.60990 1.52272 4.37 x 10 °
(220) 80.3874 —340.13064 —332.52972 1.52272 4.26 X 10>

the films with different PEG4000 contents. Fig. S6 (ESIT) shows
that the NiO, peaks are present in all samples, implying super-
ior stability of the NPs even after the slurry preparation and
annealing treatment.

On the other hand, FTIR was used to characterize the films
after annealing at 300 °C to determine the surface functional
groups in the films that may affect the EC performance. As
shown in Fig. S6b (ESIt), the peak at around 1631 can be
assigned to surface OH™ groups, the intensity of which is
almost the same in NiO,-0.05 and NiO,-0 films, and becomes
evidently higher in the NiO,-0.25 film and keeps increasing in
the NiO,-0.5 film, which suggests more OH ~ groups are gener-
ated with increasing PEG4000. According to TEM observation,
the nanoparticles are mainly NiO, nanoplatelets with exposed
(111) facets which are inclined to absorb OH™ groups since the
(111) planes of NiO terminate with nickel atoms. Therefore,
excessive OH ™ groups on the (111) facets of the NiO, NPs would
inevitably lower the EC performance. On the other hand, as the
amount of PEG4000 added increases, the stronger the peaks
at around 2930 and 2970 cm ™, which can be attributed to
the stretching vibration of the hydrocarbon bond (-CH) of the
saturated carbon in PEG.*” The intensity and width of the peaks
for the NiO,-0.50 film are significantly larger than those of the
NiO,-0.25 film, indicating a higher residual amount of PEG4000
in the former. In contrast, only very faint peaks are observed in
the NiO,-0.05 film. This indicates that more residue was
generated after the annealing in the film with a greater
PEG4000 amount.

Electrochromic switching speed is one of the main criteria
for assessing the EC performance of a material, which reveals
the electrochemical redox kinetics during the electrochromic
process. The switching speed can be revealed by colouring/
bleaching time, which is basically defined as the time taken to
reach 90% of the optimum modulation. The results of in situ
transmission measurements at 550 nm on different films in
1 M PC/LiClO, solution are shown in Fig. 5(a). The calculated
colouring/bleaching times (¢./t,) for the NiO,-0, NiO,-0.05,
NiO,-0.25 and NiO,-0.50 films are 2.0/2.0 s, 1.7/1.5 s, 2.1/2.0 s
and 2.1/1.9 s, respectively. Of these, NiO,-0.05 exhibits the
fastest colouring and bleaching times. This is consistent with
the SEM observation, and the homogeneous and high density
pore structure of the NiO, NP film was formed by adding an
appropriate amount of PEG4000, which shortens the diffusion
path of ions and increases the rate of ion diffusion during the
colouring/bleaching process. On the other hand, the bonding
and dispersing effect of PEG4000 may make the NPs well-
connected to promote the electron transport which was inves-
tigated by electrochemical impedance spectroscopy. It is known

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Electrochemical and electrochromic properties of various NiO, NP films in 1 M PC/LiClO, solution. (a) Dynamic transmittance spectra of the NiO,
NP films with different PEG4000 content at 550 nm. (b) Nyquist plots and corresponding simulation results (solid lines) of the different films in the initial
state; (c) cyclic voltammetry curves of the NiO,-0.05 film obtained at a scanning rate of 50 mV s~* at the 10", 500" and 1000™ cycles; (d) colouring

efficiency plots.

that electrochemical impedance spectroscopy (EIS) is a powerful
technique used for the analysis of interfacial charge behaviours
of electrochemical systems, which is used here to investigate the
effect of PEG4000 on the charge transfer and mass transport in
the NiO, NP film. The Nyquist plots and corresponding fits for
different films in 1 M PC/LiClO, solution are shown in Fig. 5(b).
All samples show a semicircle in the high frequency region and a
relatively straight line in the low frequency region. The semi-
circles indicate the charge transfer impedance at the electrode/
electrolyte interface, while the slope of the lines are attributed to
the diffusion of Li* in the material. In general, the smaller the
semicircle the lower the corresponding impedance, while the
higher slope of the line indicates a faster ion diffusion rate.*®
The equivalent circuit diagram used to evaluate the electro-
chemical impedance spectroscopy spectrum of the thin films
is shown in the inset in Fig. 5(b), where R, is the electrolyte
resistance, R, is the charge transfer resistance, Cq is the relevant
constant phase element, Z,, represents the Warburg impedance
associated with ion diffusion, and C; represents the low fre-
quency mass capacitance.”” Based on the equivalent circuit
diagram, the total resistances (R, of the NiO,-0, NiO,-0.05,
NiO,-0.25 and NiO,-0.50 films can be calculated to be 12.69,
10.35, 15.88 and 18.53 Q, respectively. Table S1 (ESIt) sum-
marises the extracted values of the various resistance and
capacitance values for the films. The measurement indicates
that a small amount of PEG4000 can speed up the electronic
injection in the electrode and simultaneous ionic insertion from
solution, thereby promoting the switching speed.

As a persistent endeavour, it is attractive but challenging to
obtain electrochromic nickel oxide films with high cycling stability.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Cyclic voltammetry (CV) curves and the corresponding trans-
mittance spectra of the NiO,-0.05 film were measured at the
10th, 500th and 1000th cycles as shown in Fig. 5(c) and Fig. S6
(ESIT), which also indicates the reaction pathways. The CV
curves can be divided into two parts: the cathodic reaction curve
(bleaching process in reduction) and anodic reaction curve
(colouring process in oxidation). In the cathodic reaction
curve, the two broad peaks can be ascribed to the reduction of
Ni*" (peak I) and Ni** (peak II) due to the deintercalation of
lithium ions. In terms of the anodic reaction curve, two oxida-
tion peaks of nickel ions (peak III and peak IV) can be discerned,
while the peak IV is absent in the 10th cycle curve and is present
in the 500th cycle curve, suggesting an activation process in the
colouring/bleaching process. Likewise, calculation results sug-
gest that the area of the CV curve at the 500th cycle is larger than
that at the 10th cycle (Fig. 5(c)), which can be attributed to the
increase in film ion storage during the long-term activation
phases of the cycling phase.’® Correspondingly, the maximum
contrast of the NiO,-0.05 film at 550 nm is increased from 63.09
to 64.23% (Fig. S7, ESIt). After the 1000th cycle, the maximum
contrast of the film still keeps 95% of the initial value suggesting
slow property degradation. In addition, the CV curves demon-
strate stable reduction and oxidation of nickel ions accompany-
ing the intercalation/deintercalation of lithium ions during the
cycling process, which is one reason why the NiO, NP films
exhibit superior durability. On the other hand, PEG4000 was
found to have another important role in determining the cycling
stability of the NiO, NP films. The changes in CE and switching
speed of NiO,-0.05 films were also evaluated during cycling
and it was found that the film still kept a high CE value after
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1000 cycles, while the dynamic transmittance spectra indicated
that the film remained highly reversible after cycling (Fig. S8,
ESIt). Fig. S9 (ESIT) shows the cycling stability of the NP films
with different amounts of PEG4000. While the optical contrast
of the NiO,-0 and NiO,-0.50 films shows a significant drop after
250 cycles, that of the NiO,-0.05 film remains almost constant
even after 1000 cycles. This is due to the homogeneous porous
structure of the NiO,-0.05 film which provides an effective buffer
to volume change and more ion binding sites, while the small
amount of residual PEG4000 acts as a binder between the NiO,
NPs, which in turn results in a more robust structure and greater
ion transport. However, excess PEG4000 changes the structure/
morphology of the resulting in substantially reduced contact
area between the film and the substrate, making the film more
likely to detach from the substrate during the cycling test.
From the view of the energy utilization efficiency in an
electrochromic process, colouring efficiency is an important
figure of merit showing the dependence of optical density
(AOD) on the unit charge density (Q/A), with higher CE values
representing the ability of the material to bring about a larger
change in transmittance through a smaller amount of charge.
The CE value can be obtained using the following equation:>*

_AOD _ log(Tyv/Te)
S 0/4 0/4

Where Ty, and T. are the transmittance of the film in the
bleached and coloured states, respectively, A is the effective
working area and Q is the charge. Fig. 5(d) shows the colouring
efficiency (CE) plots for NiO,-0, NiO,-0.05 and NiO,-0.50 films,
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respectively. It can be seen that the NiO,-0.05 film has higher
CE than the other films with a CE of 83.8 cm®> C™" (—1.0 to 1.7 V).
In contrast the NiO,-0 film without PEG4000 shows a lower CE of
only 70.9 ecm®> C'. On the other hand, excess addition of
PEG4000 also impedes the CE in which the NiO,-0.25 and
NiO,-0.50 films show CEs of 75.3 and 69.0 cm® C™", respectively.
In order to compare the performance of different films, Table S2
(ESIT) summarizes the electrochromic properties of the films.

At the same time, to demonstrate the importance of Ni
vacancies, Ar-NiO, NPs with fewer Ni vacancies were prepared
under an Ar atmosphere. The weaker resonant EPR signals
indicate their reduced concentration of Ni vacancies (Fig. S10,
ESIT). Thus, when the films were prepared and tested for
performance using the same parameters, the AR-NiO, films
exhibited poorer performance (AT decreased to 55.9% and their
switching speed slowed of 2.2 s/1.6 s), indicating that the
presence of Ni vacancies effectively enhanced the performance
of the films (Fig. S11a and b, ESI¥). In conclusion, the excellent
performance can be attributed to the nanosized structure
providing more ion binding sites and shortening the ion/
electron transport distance, while the NiO, nanoplates structure
with a certain orientation has a positive effect on the current
modulation of the film®>® and the presence of Ni vacancies
bestows NiO, with a better hole conductivity. Since the ionic
insertion/extraction during the electrochromic process also pro-
duces pseudo-capacitive behaviour, the high CE of the NP film
signifies its potential in energy storage applications.

Therefore, capacitive characteristics of the NPs was investi-
gated. Fig. 6(a) shows the galvanostatic charge-discharge (GCD)
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Fig. 6 NiO,-0.05 NP films: (a) galvanostatic charge/discharge curves at different current densities and (b) galvanostatic charge/discharge curves at 0.14
mA cm~2 in the voltage range of —0.3 to 1.7 V and the corresponding dynamic optical response at 550 nm; (c) transmission spectra of ECDs; (d) image of

lit up small LED bulbs.
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Table 2 Comparison of the EC performance of various reported NiO films in 1 M PC/LiClO4 solutions

Films Preparation method AT (%) t (s) t. (s) CE cm® C ' (/nm) Ref.

NiO RF magnetron sputtering 34 np np 30(550) 53

NiO, DC magnetron sputtering 62 17 9.8 62(550) 34
Sn-NiO RF magnetron sputtering 65.1 1.4 1.3 39.3(660) 54

NiO RF magnetron sputtering 55 4.1 9.9 24.4(550) 35

NiO, RF magnetron sputtering 40 np np 67(550) 55

NiO E-beam evaporation 66(0.5M PC/Li") 1.4 3.6 55(630) 56
Inverse opal NiO Electrodeposition 16.2 np np np 57
NiO/V,05 CBD+ Electrodeposition 35 11 8 30.6(776) 58

NiO Combustion reaction 34 2.3 16.9 92.3(550) 59

NiO, Scrape-coating 63.1 1.5 1.7 83.8(550) This work

curves of NiO, NP films collected at different current densities.
In all cases, somewhat symmetrical GCD curves are obtained,
demonstrating good reversibility of the sample. The calculated
surface capacitance at different current density conditions is
shown in Fig. $12 (ESIt). When the current density is 0.14 mA cm™?,
the surface capacitance can reach up to 26.07 mF cm 2, and
when the current density increases to 1.12 mA cm >, the surface
capacitance can be kept at 73% of the highest value, which
indicates that the film has a good multiplicative performance.
Fig. 6(b) shows the variation of in situ transmittance of the film
at 550 nm and the GCD curve in the voltage range of —0.3 to
1.5 Vand under 0.14 mA cm™ 2 charge/discharge conditions. The
colour of the film changes to black-brown when fully charged at
1.5 V. The film turns back to the transparent state when it enters
the discharge process at —0.3 V. Its excellent optical properties
and good capacitive performance demonstrate its application in
ECDs, therefore, NiO,-WO; ECDs were prepared to demonstrate

its electrochromic/energy storage dual function properties,
where WO; was prepared by a simple sol-gel spin-coating
method (detailed information is shown in S13 and Fig. S13,
ESIT). As shown in Fig. 6(c), the ECDs exhibit a transmittance
change of over 70%, with the image of the coloured state (+2 V)
and bleached state (—2 V) shown in the inset in Fig. 6(c). Video.2
shows a movie of the electrochromic process of ECDs, showing
how quickly ECDs can be converted in the coloured and
bleached state. To demonstrate its energy storage properties,
we connected small LED bulbs to the ends of the ECD in its fully
coloured state and found that the bulbs were successfully lit by
the ECD (Fig. 6(d)). However, ECDs cannot be operated at
voltages above 3.5 V for long periods of time, as this will cause
the NiO, electrodes to fall off. This result suggests the high
electrochromic-energy storage bifunctional performance of the
NiO, NPs in a lithium ion electrolyte environment, which still
remains an immature research field.”
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(a) Photograph of the flexible NiO, NP film; (b) photographs showing the fully faded and fully coloured states of the flexible NiO, NP film; (c)

transmittance spectra of the flexible NiO, NP films measured at —1.0 V and 1.2 V at 550 nm. (d) Dynamic transmittance spectrum of the flexible NiO, NP

film at 550 nm showing the switching speed.
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Physical vapour deposition (PVD) has been the main method
to prepare NiO, films that can change colour in PC/LiClO,
electrolytes, but dense films which are prepared by magnetron
sputtering and other methods make ion transport more
difficult. Films prepared by wet chemical methods, on the other
hand, have limited EC performance in PC/LiClO, because the
NiO, obtained is in the normal stoichiometric ratio and has
some groups on the surface due to the thermal decomposition
of the nickel oxide precursor. In Table 2, we compare the
performance of our NiO, NP films with those reported in the
literature measured in PC/LiClO, solution, including those
prepared by magnetron sputtering,”*>* e-beam evaporation,>®
electrodeposition,”” chemical bath deposition®® and combus-
tion reactions.”® It can be seen that our NiO, films have a
significant improvement over most of the NiO, films prepared
by other methods, highlighting the superiority of this work and
the potential for commercialisation.

To evaluate the possibility of the NiO, NP film in flexible
wearable devices and displays, we coated NiO,-0 slurry on PEN-
ITO conductive films and annealed them at low temperature
(150 °C for 40 min), as shown in Fig. 7(a) and (b) shows the
photos of fully faded and fully coloured states of the film in 1 M
PC/LiClO, solution. It can be observed that the film shows a
yellowish translucent state at —1 V, and changes to black when
the voltage is increased to 1.2 V. Fig. 7(c) shows the film has a
transmittance contrast of 47.6% at 550 nm whilst Fig. 7(d)
shows a colouring time of 3.8 s and a bleaching time of 4.8 s,
which is outstanding among the reported flexible NiO, electro-
chromic layer.®® Moreover, the flexible NiO, NP films can
undergo large angle (90°) bending for 400 times without
property degradation, which exhibits superior mechanical flex-
ibility owing to the precise addition of PEG4000 presenting a
bonding effect. Nevertheless, further and detailed investigation
is necessary to unveil the origin of the electrochromic perfor-
mance and energy storage enhancement of the obtained NiO,
NP films and explore its potential in developing high perfor-
mance flexible electrochromic-energy storage bifunctional
devices.

Conclusions

In conclusion, NiO, NP films were prepared using a facile and
well-controlled scrape-coating technique chemical precipita-
tion method which exhibited excellent electrochromic-energy
storage bifunctional performance and stability in 1M PC/LiClO,
solution. While the oriented crystal plane and nickel vacancies
are essential in determining the EC performance of the NPs, the
PEG4000 additive plays a crucial role in property enhancement.
High transmittance modulation (63.09%), fast switching speed
(colouring time 1.7 s/bleaching time 1.5 s), high CE value (up to
83.8 cm® C ') and high stability (about 95% after 1000 cycles) of
the NP film were obtained by adjusting the PEG4000 addition,
which exhibited superior lithium ion storage capability as well.
At the same time, the higher CE values (45.12 cm® C™') and
reversibility are retained after the cycle. These characteristics

7890 | Mater. Adv, 2022, 3, 7881-7893
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can be attributed to the dispersion effect of PEG4000 in reducing
agglomeration and adding some porosity to the film. Furthermore,
ECDs based on NiO, nanoplatelet films and WO; films exhibit
excellent electrochromic/energy storage properties. Furthermore,
flexible NiO, NP films on the PEN-ITO substate were also achieved
which showed high transmittance modulation (47.6%) and good
mechanical flexibility. The strategy in this work proposes an
alternative and promising way for developing high performance
flexible electrochromic-energy storage bi-functional materials and
devices with the advantages of vacuum-free, large area and cost
effectiveness.
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