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Abstract

Hierarchical SnO,@NiO core/shell nanoflake array on FTO-coated glass has been
synthesized by a facile two-step solution method toward energy-saving
electrochromism. Noticeably, the SnO,@NiO core/shell nanoflake array film shows a
sustained memory effect, which is conducive to saving energy in commercial
application. The SnO,@NiO film exhibits an outstanding electrochromism, including
large transmittance modulation (85.3%), fast switching speed (1.7 s and 2.4 s), high
coloration efficiency (43.8 cm” C '), excellent reversibility and cycling durability at
550 nm. The enhanced electrochromic performances can be attributed to the unique
core/shell architecture, which provides large amounts of active sites for
electrochemical reactions, fast ion and electron transfer channels and good strain

accommodation ability.
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1. Introduction

With the population growing and energy demand increasing, society is faced with two
choices: producing more energy or searching the ways to reduce consumption. The
former can be solved by burning more fossil fuels but with the worse effects of
environmental pollution and resource exhaustion. Therefore the researchers focus on
finding the ways to save energy by technology. As a promising energy-savingand
environmental protection technology, electrochromic (EC) materials can adjust their
optical properties upon applying external voltage, which renders it important
applications in the fields of energy-saving smart windows, electronic paper-like
displays, eye-glasses, antiglare rear-view mirrors in cars, active camouflage, to name
a few.' """ Based on function-oriented selection of practical application, it is desirable
to synthesize the EC materials with long-term cyclic stability, high coloration
efficiency, stable memory effect, large optical modulation and short switching time
under a low dc voltage.

Since the discovery of electrochromism, numerous EC materials have been
investigated widely, such as transition-metal oxides, conjugated polymers, mixed
valence materials, organic molecules, and so forth.!'"1 Among them, NiO is a
potential anodic EC material due to its large dynamic range, high electrochromic
efficiency and low material cost.'”?' However, the slow switching speed, poor
memory effect and low cycling durability have limited the commercial exploitation of
NiO electrochromic film.

As an optical transparent semiconductor with a wide band gap (E,= 3.6 eV),
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SnOyhas been widely applied in solar photovoltaic conversion, window insulation,
thermal insulation in lamp, and electrochromic device owing to its high electron
mobility (~100-200 cm® V' s7'), chemically inert, stability against atmospheric
conditions and high temperature.”>* The electrochromism of SnO, film has been
reported by Orel et al ** and Patil et al *' but with poor electrochromic performances.
Currently, the advanced core/shell heterostructures have attracted much attention
because of their fascinating synergetic properties or multi-functionalities offered by
the composite nanostructures.>> >’ The heterostructure core/shell architecture can
make use of the advantages of both components, as well as offer excellent
performances through reinforcement or modification of each other. At present, some
electrochromic materials with core/shell architecture were reported with excellent
electrochromic performance, such as TiOz/NiO,19 TiOz/WO3,38 WOg/polyaniline,39
and Aw/PEDOT.* Therefore, it is suggested that integrating NiO and SnO, into a
core/shell nanostructure array can achieve enhanced electrochromic properties.

In this present work, the hierarchical SnO>@NiO core/shell nanoflake array is
synthesized on FTO (fluorine-doped tin oxide) -coated glass by a simple but powerful
two-step solution method. The growth mechanism and electrochromic performances
were investigated. Impressively, the SnO,@NiO core/shell nanoflake array film
exhibits enhanced electrochemical performance including large transmittance
modulation, more sustained memory effect, fast switching speed, high coloration
efficiency and good cycling durability. Due to the large amounts of active sites for

electrochemical reactions, fast ion and electron transfer channels and good strain
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accommodation ability, the core/shell nanoflake array has potential applications for

energy-saving electrochromism.

2. Experimental

2.1 Chemical materials

All solvents and chemicals were of analytical grade without further purification. FTO
glass was purchased from Shenzhen Display Photoelectric MaterialCo., Ltd.
Tindichloride dehydrate, urea, mercaptoacetic acid, hydrochloric acid (37 wt. %),
nickel sulfate, potassium persulfate and aqueous ammonia (25-28%) were purchased

from Sinopharm Chemical Reagent Co., Ltd. (China).

2.2 Preparation of SnO;@NiO core/shell nanoflake arrays

Firstly, SnO, nanoflake array was synthesized on FTO-coated glass by a facile
hydrothermal method. The experimental details were as follows. 1 g urea, 20 pL
mercaptoacetic acid and 1 mL hydrochloric acid (37 wt. %) were dissolved in 80 mL
deionized water under magnetical stirring for 1 min in airto form a clear solution,
followed by the addition of 0.2 g tindichloride dehydrate. After stirring, the resulting
solution was then transferred into a 100 mL Teflon lined stainless steel autoclave, and
a clean FTO-coated glass substrate (4x2 cm’ in size) was submerged in the solution
and placed at an angle against the wall of the Teflon lined with the conducting side
facing down. Afterwards, the autoclave was heated to 120 °C in a vacuum oven for 8
h, and cooled down to room temperature under flowing water. After rinsed with

deionized water, fully dried in air at 60 °C, and annealed in a tube furnace at 400 °C
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for 3 h in flowing argon, the SnO, nanoflake array was uniformly coated on the FTO
glass substrate.

Then, the self-supported SnO;nanoflake array was used as the scaffold for further
NiO growth by a simple chemical bathdeposition (CBD).*! Solution for CBD was
obtained by mixing 0.12 mol NiSO4, 0.0225 mol potassium persulfate and 270 ml
de-ionized water in a 500 ml pyrex beaker at 25 °C. The back side of the as-obtained
SnOjnanoflake array grown on FTO was masked with polyimide tape to prevent the
deposition of NiO on the nonconductive side, and then placed vertically in the freshly
resulting solution. After adding 30 ml of aqueous ammonia (25-28%), the beaker was
kept at room temperature under stirring for 4 min to deposit the precursor film. For
comparison, NiO film was also prepared with the same process on bare FTO glass
substrate for the same time. After removing the tape masks, the precursor film was
rinsed with distilled water and then annealed in a tube furnace at 350 °C for 1 h in
flowing argon after drying.

2.3 Structural characterization

The structure and morphology of the as-prepared films were characterized by X-ray
diffraction (XRD, RigakuD/Max-3B), X-ray photoelectron spectroscopy (XPS, Kratos
AXIS Ultra DLD), field emissionscanning electron microscopy (FESEM, Hitachi
S4800), high-resolution transmission electron microscopy (HRTEM, Tecnai F20) with
an X-ray energy dispersive spectroscope (EDS, BRUKER AXS). Raman spectra were

recorded by LABRAM HR-800 at an excitation wavelength of 514 nm.

2.4 Electrochemical measurements
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A three-electrode cell was used for electrochemical measurements with 1 M KOH
aqueous solution as the electrolyte. Cyclic voltammetry (CV) and chronoamperometry
(CA) measurements were performed on a CHI660E electrochemical workstation, the
platinum foil as the counter electrode and Hg/HgO as the reference electrode.The CV
tests of the films were carried out at a scan rate of 20 mV s’ between —0.2 and 0.8 V
at 20 °C. The transmittance spectra of the films in the fully colored and fully bleached
states were measured by a SHIMADZU UV-3600 spectrophotometer with wavelength
range from 300 to 1000 nm. The memory effects of the EC films were observed under

open-circuit voltage conditions.

3. Results and discussion

3.1. Structure and Morphology

The morphologies of bare SnO,, bare NiO and final SnO,@NiO core/shell nanoflake
arrays on FTO-coated glass are shown in Fig. 1. The panoramic SEM image shows
that the SnO, nanoflakes are uniformly grown on the substrate (Fig. la). The
magnified SEM image reveals that the SnO, layer is composed of perpendicularly
oriented nanoflakes with an average thickness of 20 nm (Fig. 1b). Moreover, the SnO,
nanoflakes are interconnected with each other to form a hierarchical network. The
cross-section SEM image shows the homogeneously aligned SnO; nanoflake and that
the thickness of the SnO, nanoflake layer is about 300 nm. It can be clearly observed
that the open space between the NiO nanoflakes is relatively large, with an average

thickness of 8 nm and height up to around 200 nm (Fig. 1c and d). After CBD, the
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core/shell nanoflake arrays are illustrated in Fig. le and f. The nanoflake shells are
interconnected but still do not fully cover the entire core. Apparently, the thickness of
the whole film increases to about 350 nm, and the surface is covered by numerous
leaf-like ultrathin nanoflakes, forming highly porous core/shell architecture. Fig.2
illustrates the two-step synthesis of the SnO,@NiO core/shell nanoflake array by
combining hydrothermal and CBD methods. The hydrothermally synthesized SnO,
nanoflakes serve as the backbone for the subsequent deposition of NiO. The growth
mechanism of the shell structure is due to the “self-assembly” and “oriented
attachment” processes. The oriented attachment mechanism refers to the spontaneous
self-organization of adjacent particles with a common crystallographic orientation.
Subsequently, these particles join into a planar interface. In this work, the SnO,
nanoflakes act as the backbone, which can guide the self-assembling growth of
Ni-based hydroxide nanoparticles in aqueous solution. Then the nanoparticles
oriented growth by “oriented attachment”. At the beginning of CBD reaction,
heterogeneous nucleation occurs when the supersaturated solution is formed with
numerous Ni-based hydroxide mesocrystals (NHMs). Then NHMswould attach to the
surface of SnO; “backbone” to reduce the surface energy with the forming of active
nucleation centers. These active sites would minimize the interfacial energy barrier for
the subsequent growth of Ni-based hydroxide. At last, NHMs self-assemble, forming
the quasi-2D nanoflake structure.’” *® ** Generally, the pores or voids between
nanoflakes of both the core and shell wouldprovide effective transportation channels

for electrons and ions during the electrochromic process. Besides, due to the porous
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and ultrathin structure of the core/shell nanoflake arrays, the electrolyte can diffuse
into the inside of the electrode materials.> Therefore, almost all the active materials
could participate in the electrochemical reaction process within a short time, leading
to an enhanced electrochromic performance.

The detailed porous core/shell nanoflake structure is further demonstrated by the
TEM images. As shown in Fig. 3a, the SnO; core nanoflakes have good crystallinity
with a thickness of 10—20 nm. The crystalline SnO, nanoflakes are covered by a thin
and continuous layer, and the outer NiO shell nanoflakes are composed of
nanocrystallites with an average thickness of about 8 nm. This unique porous
morphological characteristic is favorable for electrolyte penetration and ion/electron
fast transfer and may lead to the enhanced electrochemical reactivity. The HRTEM
image shown in Fig. 3b (the red box section of Fig. 3a) reveals that the core and shell
have distinct set of visible lattice fringes with inter-planar spacing of 0.298 nm and
0.209 nm, corresponding well to the (111) plane of orthorhombic SnO, and (200)
plane of cubic NiO. The core/shell structure can also be supported by EDS mappings
of Ni, Sn and O, as shown in Fig. 3¢ and d.

The XRD patterns of bare FTO glass, SnO;nanoflake array, NiO and SnO,@NiO
core/shell nanoflake array films are presented in Fig. 4. For the bare SnO, nanoflake
array, all the diffraction peaks except the peaks of FTO can be well indexed to
orthorhombic SnO, phase (JCPDS No. 29-1484).The diffraction peaks of FTO and
cubic NiO phase (JCPDS No. 73-1523) can be observed from the pure NiO film. For

the SnO,@NiO core/shell nanoflake array, it can be observed the peaks corresponding
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to both NiO and SnO,. It is worth noting that it is difficult to obtain high intensity
peaks of NiO due to the thinness and porous structure of the NiO layer.

In order to further study the surface compositions and chemical states of the
SnO,@NiO core/shell nanoflake array, XPS analysis was conducted in this work. The
characteristic peaks of Ni 2p, Sn 3d and O 1s can be observed from the full survey
spectrum in Fig. Sla, indicating the existence of NiO and SnO,. The main peaks of Ni
2ps; spectrum can be deconvoluted into two parts, peak A and B located at 854.1 and

855.9 eV are corresponding to Ni*" and Ni*" respectively, **

as shown in Fig. S1b.
The Ni** mainly derives from high valence nickel oxides such as Ni,O3;-H;O,
B-NiO(OH), or 4Ni(OH),'NiOOH-xH,O due to the effect of persulfate. The Ols
spectrum of SnO,@NiO core/shell nanoflake array film is displayed in Fig. Slc. The
Ols peaks mainly include two components, the peaks located at 529.4 and 531.3 eV
corresponding to NiO and Ni-OOH bands respectively.* *® The analysis result is in
accordance with the analysis of Ni 2p;, spectrum. For the Sn 3d XPS spectrum, as
shown in Fig. S1d, the major peaks situated at 486.5 and 495.0 eV are corresponding

to Sn 3ds;, and Sn 3dsp.*” Due to the ultrathin and porous NiO shells coated uniformly

on the SnO; cores, the Sn 3d XPS spectrum is observable but very rough.

3.2. Electrochemical and Electrochromic Performances

The electrochromic performances of the SnO,@NiO core/shell nanoflake array
were evaluated using CV measurements. Fig. 5 compares the CV curves of bare SnO,,
bare NiO and SnO,@NiO films carried out in 1 M KOH solution within the potential

region of —0.2— 0.8 V at a scan rate of 20 mV s ' for the 10th cycle. The CV curve of

10
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the bare SnO; film is almost a straight line, and no redox peak appears. Only one
redox couple of NiO is observed for both the bare NiO and SnO,@NiO films,
indicating that the NiO plays significant role for electrochromism and the SnO; plays
the role of scaffold. The anodic/cathodic peaks are assigned to the conversion between
NiO and NiOOH, and the involved reactions in the alkaline electrolyte can be simply
illustrated as follows:

NiO + OH «<NiOOH + e (1)

The films are colored and bleached reversibly with the OH ions inserting and
deserting, because of the transformation between Ni’" and Ni*" (the insets of Fig. 5).
It is generally known that highly symmetrical redox couple peaks mean good
reversibility andthe potential separation of redox peaks is used as a measure of
reversibility.‘“’48 The SnO,@NiO film has a lower oxidation potential comparing with
the bare NiO, as well as a lower reduction potential. The potential separations are
almost same for both the films,indicating that the SnO,@NiO films has the same good
reversibility as the bare NiO. It is obviously observed that the onset potential of the
oxidation peak of the SnO,@NiO core/shell nanoflake array film shifts negatively,
compared to that of the bare NiO. What’s more, the current densities of the redox
couple peaks for the SnO,@NiO core/shell nanoflake array film are much higher than
those of the bare NiO. The negative shifts indicate that the SnO,@NiO film would
require a smaller energy barrier for the reaction of NiO — NiOOH, meanwhile
indicate the improvement in the electrochemical activities and reaction kinetics of the
NiO. The higher current density of the SnO,@NiO film indicates that more active

11
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materials participate in the electrochromic reaction within a certain period of time,
which can also show the enhancement in the electrochemical activities and reaction
kinetics. EIS is a well-developed technique, usually applied to determine the ion
diffusion and charge-transfer properties. The enhanced reaction kinetics of the
electrochromic films is also supported by EIS at fully discharge state at 10th cycle.
Fig. S2 shows the Nyquist plots of the bare NiO and SnO,@NiO films. It is well
accepted that the semicircle in the high-medium frequency range corresponds to
charge-transfer resistance, and the low-frequency line represents Warburg impedance
related to ion diffusion between the electrode and electrolyte. It can be observed that
the semicircle of the SnO>@NiO film is smaller than that of the bare NiO film, which
means a smaller charge-transfer resistance. The slope of inclined line for the
SnO,@NiO film is gentle than that of the bare NiO film, signifying a higher
ion-diffusion rate. The lower resistance and higher ion-diffusion rate of SnO,@NiO
film mean a faster charge-transfer process and better electrolyte accessibility.*** >
The enhanced electrochemical activities and reaction kineticscan be attributed to the
unique porous architecture of SnO,@NiO film, which is favorable for electrolyte
penetration and ion/electron fast transfer.

In order to further verify the proposed reaction NiO + OH «> NiOOH + e, the Ni
2p XPS spectra of the SnO,@NiO core/shell nanoflake array film in both colored
state (0.8 V) and bleached state (—0.2 V) were conducted. The intensity ratio of peak
B/peak A increases obviously after coloration (Fig. 6a), which supports the

transformation from NiO to NiOOH. The Raman spectra of SnO,@NiO core/shell

12
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nanoflake array film in bleached and colored states prove the formation of NiOOH, as
displayed in Fig. 6b. For the bleached film, the observed bands centered at 561 and
1090 cm' could be assigned to the first (LO) and the second (2LO) longitudinal
optical modes of NiO, respectively. >’ >* The primarily two bands at around 472 and
778 cm! are corresponding to SnO, vibration modes of E; and By, respectively. 34736
Then the film was cycled with a step voltage of 0.8 V to reach the colored state. The
characteristic spectrum of NiOOH can be observed, exhibiting a couple of strong
bands at 473 and 555 cm ' attributed to stretching vibrational modes involving
[Ni*"=0] and [Ni*™—O] sites, respectively.57’ *% From the above experimental results, it
is believed that the film iscolored with the formation of NiOOH and the proposed
reaction mechanism is reasonable.

The optical transmittance measurements are conducive in analysis the stability,
reversibility, persistency, and switching response of the SnO,@NiO core/shell
nanoflake array film. The transmittance spectra are measured in the colored and
bleached states from 300 nm to 1000 nm, as presented in Fig. 7. The NiO and
SnO,@NiO film electrodes are colored by applying step voltages of 0.8 V for
coloration and —0.2 V for bleaching (vs. Hg/HgO). As seen in this figure, The
SnO,@NiO core/shell nanoflake array film presents a noticeable electrochromism
with variation of transmittance up to 85.3 % at 550 nm, while the bare NiO film
reaches only about 75.8 %. The enhanced optical modulation is larger than most of
NiO electrochromic films in previously reportedworks.'” 2> In addition, we also

conduct the transmittance measurement of the bare SnO, film in the potential region

13
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of —0.2— 0.8 'V, as shown in Fig. S3. There is no obvious change with color when a
voltage is applied, indicating that the high transparency SnO; layer has no synergistic
effect with NiO for electrochromism.

With such promising results, the CA (between —0.2 and 0.8 V) and the
corresponding in situ transmittance measurements are employed to study the
switching time characteristics of the films, as displayed in Fig. 9. The coloration and
bleaching times are defined as the time required for a 90% change in the whole
transmittance modulation at a wavelength. The SnO,@NiO core/shell nanoflake array
film exhibits fast coloration and bleaching times for 1.7 s and 2.4 s respectively, while
the bare NiO film needs 3.2 s and 5.0 s. To our knowledge, the switching times of
SnO,@NiO core/shell nanoflake arrays are faster than most other nanostructured NiO
films, such as NiO nanoflake (8 s and 10 s),63 NiO octahedral-like nanoparticle (7.4 s
and 6.5 s), NiO dandelion flower-like nanosphere (5.84 s and 4.43 5),%2 NiO
nanowall (3 s and 4 s),** NiO nanorice (4.2 s and 2.4 5),* NiO hexagonal nanoplate
(26.4 s and 44 s),®" and porous NiO/reduced graphene oxide hybrid film (7.2 s and
6.7 ). The fast switching speed of the SnO-@NiO core/shell nanoflake array film
can be ascribed to the unique porous architecture including the SnO, nanoflake core,
NiO nanoflake shell, and ordered array configuration. The highly porous structure
shortens the transportation/diffusion path of both electrons and ions, promotes the
efficient contact between electrolyte and the active materials, and provides more
active sites for electrochemical reactions. The result is coincident with the result of
CV measurements.

14
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The coloration efficiency (CE) is a key parameter for the comparison of various

electrochromic materials,®” which is evaluated through thefollowing equations:

CE (/1):% )
0

AOD(2)= log% (3)

0=[" jwr @

Where AOD is the chance of optical density at a wavelength, calculated from the
transmittances of the bleached (7}) and colored (7,) states; Q is the total inserted (or
extracted) charge during the coloring period. An ideal electrochromic material should
maximize its CE, demanding a large modulation range of transmittance induced by a
small amount of charge.” Based on these equations, the calculated value of CE for
SnO,@NiO core/shell nanoflake array filmis as high as 43.75 cm” C', while that of
the bare NiO film is only 32.39 cm® C™' (Fig. S4). The enhanced CE value is a direct
consequence of the core/shell porous structure providing good ion access and a larger
modulation range of transmittance.

The memory effect refers to that the momentary state of coloration remains
unchanged when the applied voltage is removed during the switchof coloration.®®”°
Fig. 8 shows the transmittance of the coloured bare NiO and SnO,@NiO core/shell
nanoflake array films after aging in air for different time. The colored transmittance
gradually increased with the time for both the filmsunder open-circuit conditions. It is

obviouslyobserved that the transmittance of the SnO,@NiO film increases more

slowly than that of the bare NiO. After 48 h, the transmittance of SnO,@NiO and bare

15
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NiO film increased 11.2 % and 58.7 % at 550 nm, respectively. The transmittance of
the formerstill maintained at 32.5 % even for 144 h, while the latter at 85.7 %, almost
equivalent to the bleached state (shown in the insets of Fig. 8). The SnO,@NiO
core/shell nanoflake array film has a good memory effect under open-circuit
conditions, and electrical energy is only required during switching, and not for
maintaining the constant state of coloration. A memory loss occurs when the inserted
charge is removed from the EC film. On the one hand, the self-discharge process of
the incorporated protons might be affected by the structural characteristics of
electrode. The porous structure could give substantial enhancements in charge storing,
suppressing the self-discharge of the inserted charge.”'””* On the other hand, the open
circuit voltage (OCV) of the SnO,@NiO is measuredto be 0.54 V, which is lower than
that (0.58 V) of the bare NiO. The lower OCV would hinder the self-discharge of the
inserted charge.”* Therefore, the SnO,@NiO film exhibits a good memory effect than
the bare NiO film. It is believed that the property of energy-saving would promote the
application of the SnO,@NiO core/shell nanoflake array film in the field of
electrochromism.

The cycling durability of the bare NiO and SnO,@NiO core/shell nanoflake array
electrodes is performed within a 2200 cycles test (Fig. 10). After 800 cycles, the
modulation ranges of the bare NiO and SnO,@NiO films decayed to about 4.8 % and
65.7 % respectively. Furthermore, even subjected to 2200 cycles, the transmittance
modulation of SnO,@NiO film could still maintain 51.5 %. In addition, after 2200
cycles, the SnO,/NiO core/shell nanoflake array can effectively keep the structure

16
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stable except that the nanoflakes become a little thinner, as shown in Fig. S5. The
enhanced cycling durability can be possibly attributed to that the porous core/shell
array configuration can reduce internal strain and accommodate the vast volume

32,33,35,37
changes.”™ >~

4. Conclusions

We have demonstrated a simple and facile solution method for the direct growth of
hierarchical SnO,@NiO core/shell nanoflake array on FTO-coated glass toward
energy-saving electrochromism. In this core/shell structure, the SnO, nanoflake core
is coated with a shell of NiO nanoflakes, exhibiting a porous morphology. The
core/shell nanoflake array film exhibits excellent electrochromic performances with
large transmittance modulation, sustained memory effect, fast switching speed, high
coloration efficiency and good cycling durability. These enhanced electrochromic
performances can be attributed to the unique porous and conductive, core/shell, and
array architecture. In view of the noticeable electrochromic performances, it is
appreciable that the hierarchical SnO,@NiO core/shell nanoflake array would

promote the commercialization of NiO based energy-saving electrochromic film.
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Figure captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1

10

SEM images of the films: (a, b) SnO,, (c, d) NiO and(e, f)SnO,@NiO (cross
sectional view presented in inset).

Schematic illustration of the two-step facile synthesis method of SnO,@NiO
core/shell nanoflake arrays on FTO-coated glass.

TEM images of (a, b) SnO,@NiO core/shell nanoflake and (c, d)
corresponding EDS mapping.

XRD patterns of bare FTO,bare SnO,, bare NiO and SnO,@NiO core/shell
nanoflake array films.

The 10th CV curves of the SnO,,NiO and SnO,@NiO films at a scan rate of
20mVs'

(a) Ni 2p3» XPS and (b) Raman spectra of SnO,@NiO core/shell nanoflake
array film in both bleached and colored states.

Optical transmittance spectra of the NiOand SnO,@NiO films from 300 to
1000 nm.

(a) CA with voltage interval from —0.2 V to 0.8 V, and (b) the corresponding
transmittance in situ of the NiOand SnO,@NiO films at 550 nm

The memory effect tests of the (a) NiO and (b) SnO,@NiO films.

Durability tests of the NiOand SnO,@NiO films for 2200 cycles at 550 nm.

(SEM images of SnO,@NiO film after 2200 cycles in insets)
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