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method. NiO film was prepared by spin-coating polystyrene@Ni,CO3(OH), nanostructures on indium tin
oxide (ITO) coated glass and calcination process. Electrochromic properties of NiO thin film w .
investigated in an aqueous alkaline electrolyte (1.0 mol-L™ KOH) by means of transmittance, cyclic

voltammetry (CV) measurement. NiO film annealed at 300 °C exhibits noticeable electrochromism witn
a transmittance modulation of 40.1%, fast coloration and bleaching times of 5.4 and 3.6 s and high
coloration efficiency (43.5 cm®C™).

Introduction

Nickel oxide (NiO) has attracted considerable attention due to
its broad and potential applications in electrochromic (EC)
devices,'” batteries,*> pseudocapacitors,® gas sensors’ and
magnetic materials.® It has been extensively investigated as an
attractive EC material due to its high cyclic stability and high
coloration efficiency.”!! NiO also exhibits extensive advantages,
such as low cost, natural abundance, environmentally
friendliness, making it’s promising applications in anti-glare
mirrors, energy-saving smart windows, and high-contrast
displays.'>!"?

The EC properties of materials are closely related to their
morphologies and sizes.'*'” Therefore, researchers have
developed various of methods to synthesize NiO nanostructures,
including sputtering,'® chemical bath deposition,'® sol-gel,*
electrophoretic ~ deposition,”’ and thermal evaporation.?
However, it is still difficult to suppress the aggregation of
active nanoparticles and increase their surface area, which
limits the electrochemical double injection of ions and electrons
for high-performance EC devices. A novel and simple
fabrication of stable NiO nanostructures with high active
surface areas and fast ion and electron diffusion, still needs to
be further developed.

Ultrathin nanosheets with one dimension in ultrathin
nanoscale (< 10 nm) can obtain a much larger specific surface
area, which is benefit for improving the EC performances of
materials. Since the discovery of graphene, such two-
dimensional ultrathin nanostructures have attracted great
attention due to the unique structure and structure-induced
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promising applications.”*** For example, the carbon network
grapheme structure with high carrier mobility, mechanical
flexibility and chemical stability, could be applied to new
electronic materials, novel sensors and storage devices™?
Several types of ultrathin nanostructures of transition met .
oxides have also been synthesized, includin§ MnO,-3H,0,*"
Ce0,,Y TiO,, ZnO, Co3;04, WO; and Fe;0,.2® However, few
literature reports the synthesis of NiO ultrathin nanosheets.
Herein, we demonstrate a facile template-synthesis strategy for
NiO ultrathin nanosheets by wusing polystyrene (PS)
nanospheres (NSs) as the template. The as-prepared NiC
ultrathin nanosheets exhibited excellent EC performances,
making them a promising material for high-performance EC
devices.

Experimental section

Material preparation

All reagents were purchased from Sinopharm Chemic..
Reagent Co. Ltd, and used without further purification. PS NSs
were used as template which were prepared by micro-emulsion
polymerization as described in a previous report.?’ Briefl
NaHCOs; (0.125 g) and sodium dodecylsulfate (0.24 g) were
mixed in a beaker with distilled water (160 mL) under stirring
at 75 °C for 15 min. Then, styrene monomer (60 mL) was als

dispersed in the beaker to form emulsion. Styrene monom r
begun to polymerize after adding potassium persulfate (0.40 g,
as initiator into the solution. PS colloidal was obtained aft .
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polymerization for 3.5 h. After centrifugation, washing, drying,
PS NSs were prepared.

PS NSs (0.30 g), Ni(NOs),-6H,O (0.80 g), and urea (1.20 g)
were added into a round bottom flask with distilled water (20
mL) and ethanol (20 mL) under ultrasonic dispersion for 5 min.
PS NSs@nanosheets were prepared after heating in oil bath at
90 °C for 8 h. The composite was coated on indium tin oxide
(ITO) coated glass by spin-coating. NiO nanosheets film was
prepared by calcination at 300 °C for 2 h with a heating rate of
5°C-min’.

Characterization

X-ray powder diffraction (XRD) for the phase identification of
the product was recorded in the 26 range from 10 to 80°, using
Cu Ka (A = 0.15406 nm) radiation at 40 kV and 40 mA.
Transmission electron microscopy (TEM, JEM 2100 F) and
scanning electron microscopy (SEM, S-4800) were employed
for examining the sample morphologies. Thermogravimetry
(TG) was performed between 25 and 500 °C with a heating rate
of 2 °C'min”' in air atmosphere. Transmittance spectra for
colored and bleached NiO films were in situ measured with a
UV-vis spectrophotometer (UV-2550 PC SHIMADZU) in
standard cuvettes in the spectral region of 300-800 nm.
Bleaching/coloration switching characteristics of the NiO film
were recorded with UV-vis spectrophotometer with an
absorbance wavelength of 550 nm between -1.0 to 1.4 V. EC
properties of the NiO film was performed with 1.0 mol-L™
KOH as the clectrolyte, a platinum sheet as the counter
electrode and Hg/HgO as reference electrode using a CHI660D
electrochemical workstation.

Results and Discussion

Structure and morphology

(110)

— PS NSs@ Ni,CO,(OH),
NiO

Intensity (a.u.)

Fig. 1. XRD patterns of PS NSs@Ni,CO3(OH), composite and
NiO nanosheets.

Fig. 1 shows the powder XRD patterns of the as-prepared PS
NSs@Ni,CO;3;(OH), composite and NiO nanosheets. The XRD
pattern of PS NSs@Ni,CO;(OH), composite are composed of
sharp peaks of Ni,CO;(OH), (JCPDS No. 35-0501) and
featureless peak of PS NSs, which is consistent with the XRD
patterns shown in Fig. S1 (see Supplementary Information).
The XRD pattern of PS NSs is featureless, indicating its
amorphous nature. The diffraction peaks of product obtained
without PS template while keeping other conditions unchanged
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can be indexed to monoclinic Ni,CO;(OH), (JCPDS No. 35-
0501). The reaction between Ni*" jons and OH", CO,* ions
formed from the hydrolysis of urea leads to the formation of
Ni,CO3(OH),. The XRD pattern of PS NSs@Ni,CO;(OH;,
composite is composed of sharp peaks of Ni,CO;(OH), (JCPDS
No. 35-0501) and featureless peak of PS NSs. The diffraction
pattern of the product prepared after calcination at 300 °C for 2
h can be ascribed to cubic phase of NiO (JCPDS No. 47-1049).

The thermal behavior of the as-prepared PS
NSs@Ni,CO3(OH), composite and Ni,CO;(OH), were studied
by TG, as shown in Fig. S2 (Supplementary Information). The
TG curve shows the main weight loss (21.5%) of Ni,CO;(OH),
is in the temperature range of 285-305 °C, suggesting the
decomposition of Ni,CO3(OH), to NiO. The TG curve of the
as-prepared PS NSs@Ni,CO3;(OH), shows a sharp weight loss
(~70.5%) from 270 to 320 °C, which is attributed to the
decomposition of Ni,CO;(OH), and the removal of PS.** After
being calcined at 300 °C for 2 h in air, the PS NSs were
removed and Ni,CO3(OH), is converted to NiO.

s PR

Fig. 2. FESEM of (a) PS NSs, PS

images (b)
NSs@Ni,CO;(OH), composite, (¢) NiO nanosheets and (d)

HRTEM image of NiO nanosheets.

Fig. 2 shows the morphologies of several representative
samples. From Fig. 2a, it can be clearly seen that the PS NSs
template has a uniform size of ~250 nm and a smooth surface.
Fig. 2b suggests that only nanosheets are formed on part of the
PS templates surface. Fig. 2c shows the morphology of NiO
ultrathin nanosheets films achieved by calcination of the spin
coated PS NSs@Ni,CO3(OH), composite film. NiO nanosheets
are formed with ~10 nm in thickness, thinner than NiO
nanosheets (~200nm) fabricated by hydrothermal method
without using PS.*' In order to study the effect of PS NSs
template and wurea concentration on the morphology,
experiments are conducted in the absence of the PS NSs
templates and doubled urea content while keeping other
conditions unaltered (see Fig. S3, Supplementary Information)
HRTEM image of NiO ultrathin nanosheets is also shown in
Fig. 2. Clear lattice fringes can be seen in Fig. 2d, indicating a
good crystallinity of the as-synthesized cubic phase of NiO
ultrathin nanosheets. The HRTEM image shows the lattice
fringes with the d-spacings of 0.24 and 0.21 nm, corresponding
to the (111) and (200) planes of cubic NiO, respectively.
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Fig. 3. Schematic formation mechanism of NiO nanosheets.

Fig. 3 illustrates the mechanism for synthesizing NiO
nanosheets. It is well known that there are negatively charged
groups on the surface of PS NSs which could attract Ni** ions
in Ni(NO;), solution through adsorption.® [Ni(NH;)]*"
coordination compound is formed by the reaction of Ni*" ions
and NH;, which is in accordance with the previous report.*?
When NH; was released by urea and reaction (3), (4), (5) take
place, reaction (2) will shift to the left-hand side in order to
keep reaction (5) going continuously. With continuing of
reaction, the Ni,CO;(OH), nanoclusters were obtained. NHj
molecules can be adsorbed onto (002) crystal plane of
Ni,CO3(OH), crystal nucleus, reducing the growth rate of c-
axis as proved in previous report>* As a result, ultrathin
nanosheets growing along the two-dimensional plane
perpendicular to c-axis were formed. After calcination of PS
NSs@Ni,CO3(OH), composite spheres in air, PS NSs are
removed and NiO nanosheets were obtained.

CO(NH,), + H,0 = CO, + 2NH, 8))
Ni*" + 6NH; <> [Ni(NH;)¢* )
CO, + H,0 < 2H" + CO5* 3)
NH; + H,0 <> NH*" + OH" 4)
2Ni*" + 20H" + CO;* = Ni,CO5(OH), (5)

EC Properties
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Fig. 4. (a) CV curve of NiO nanosheets film, (b) color changes
and transmittance spectra of the as-prepared EC film measured
at colored and bleached states.
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The cyclic voltammetry (CV) measurement of NiO
nanosheets film recorded between -1.0 to 1.4 V with a scan rate
of 0.1 V's™!' are shown in Fig. 4a. The intercalation of OH  ions
accompanies oxidation of Ni** to Ni** ions, resulting in a brow
color. The deintercalation of OH ions and reduction of Ni** to
Ni*" ions leads to transparent color of NiO film. The recorded
current results from OH ions intercalation/deintercalation and
electron transfer between Ni* ions and Ni*" ions, which can be
attributed to the following electrochemical reactions.*

NiO (transparent) + z (OH") «> NiOOH (brown) + z ¢” (6)

Fig. 4b shows the in situ transmittance spectra of the NiO
nanosheets film recorded at -1.0 and 1.4 V, in the wavelength
range from 350 to 800 nm. It can be seen that the as-preparea
ultrathin NiO nanosheets film is almost colorless, at bleached
state. When applying a voltage of 1.4 V, the NiO film displayed
a brown color. The transmittance peak shows that the
corresponding maximum absorbance wavelengths should be in
the range of 500-600 nm. Here, a wavelength of 550 nm used in
many literatures reported for NiO films®' was selected as the
maximum absorbance wavelength of the as-prepared ultrathin
NiO nanosheets film. The transmittance variation betwe -
colored and bleached states was 40.1% at 550 nm. The high
transmittance modulation suggests that NiO film possessc.
good contrast because of ultrathin nanosheets nature, large
surface area and increased textural boundaries. This ultrath...
structure can increase the effective surface area that could
accelerate OH ions intercalation/deintercalation and electron
transfer between the electrode and electrolyte.
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Fig. 5. (a) Switching time characteristics between the bleached
and colored states at 550 nm, (b) optical density variation with
respect to the charge density recorded at 550 nm.

The switching time between the bleached and colored states
is a very important factor in practical applications of EC
systems. The switching time characteristics of the NiO fil n
were measured. Obvious color changes can be observed durin_

the switching. The coloration and bleaching times ar~
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calculated as the time required for 90% changes in the whole
transmittance modulation at 550 nm. The coloration time and
bleaching time of 90% changes (tc90%), thoo%)) Were found to be
5.4 and 3.6 s. Compared with NiO nanoplate film fabricated by
the hydrothermal method (teoow) = 26.4 s and tyopy = 44 s),”
the coloration and bleaching time for 90% modulation is shorter,
which indicates the ultrathin nanosheets with large surface area
could facilitate the ions intercalation/deintercalation by
reducing their diffusion path lengths. Coloration efficiency
(CE), defined as the change in the optical density (AOD =
log(Tyieach/ Teolor)) per unit charge density (Q/A), and can be
calculated according to the formula: CE= AOD/(Q/A). Fig. 5b
shows the in situ AOD plots recorded at A=550 nm versus the
ejected electronic charge density (Q). The CE was extracted as
the slope of the line fitted to the linear region of the curve. The
CE of the NiO nanosheets film is calculated to be 43.5 cm?®-C™".
In comparison with CE values of EC films also used PS NSs as
template, it is found that the CE of the as-prepared NiO
nanosheets film is higher than those of ordered porous NiO film
(41 ecm®C™"),* and Co;0,4 ordered bowl-like array film (29
em2-C1). Y

Conclusions

In summary, NiO ultrathin nanosheets with a thickness of ~10 nm
were synthesized by using PS NSs as the template. NiO EC films
have been successfully prepared by spin-coating and calcination
process. NiO flim annealed at 300 °C exhibits good EC behavior
with transmittance modulation of 40.1%, fast coloration and
bleaching times of 5.4 and 3.6 s and high coloration efficiency (43.5
cm?C™"), showing a promising application in high-performance
energy-saving EC smart windows.
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