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Electrochromic materials are the most important and essential components in an electrochromic device.
Herein, we fabricated high-performance electrochromic films based on exfoliated layered double hydrox-
ide (LDH) nanosheets and Prussian blue (PB) nanoparticles via the layer-by-layer assembly technique.
X-ray diffraction and UV-vis absorption spectroscopy indicate a periodic layered structure with uniform
and regular growth of (LDH/PB), ultrathin films (UTFs). The resulting (LDH/PB),, UTF electrodes exhibit
electrochromic behavior arising from the reversible K* ion migration into/out of the PB lattice, which
induces a change in the optical properties of the UTFs. Furthermore, an electrochromic device (ECD)
based on the (LDH/PB),-ITO/0.1 M KCl electrolyte/ITO sandwich structure displays superior response
properties (0.91/1.21 s for coloration/bleaching), a comparable coloration efficiency (68 cm? C™) and
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satisfactory optical contrast (45% at 700 nm), in comparison with other inorganic material-based ECDs
reported previously. Therefore, this work presents a facile and cost-effective strategy to immobilize
electrochemically active nanoparticles in a 2D inorganic matrix for potential application in displays, smart
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1. Introduction

Electrochromic (EC) materials can reversibly change their
optical properties under an applied voltage as a result of
electrochemical redox reaction, which makes them good candi-
dates for extensive applications, including displays, antiglare
rear-view mirrors, smart windows and military camouflage.'”
It has been proved that inorganic EC materials, e.g WOs3;,
Nb,Os5, M0O3, NiO and TiO,, exhibit coloration (or decolora-
tion) under an applied voltage due to the intercalation of small
ions into their lattices.*”® The intercalation leads to additional
electronic states in the band gap of EC materials, which in
turn affects their optical properties. When an opposite voltage
is applied, the small ions are extracted out of the material lat-
tices, which results in decoloration (or coloration). In compari-
son with the organic counterparts, inorganic EC materials
possess the advantages of excellent electrochemical stability,
environmental friendliness and low cost. However, the
response time of inorganic EC materials is relatively long (up
to tens of seconds), owing to the high diffusion resistance of
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windows and optoelectronic devices.

electrolyte ions arising from disordered stacking or serious
aggregation of inorganic particles, which limits their practical
application in optical devices and sensors. To overcome this
limitation, inorganic EC materials have been tailored into
nanostructures to increase the available surface area and
shorten the ion diffusion length, such as nanoporous NiO,’
TiO,-WO; composite nanotubes,” WO,-carbon nanotubes®
and WO; nanocrystals.”'® Although extensive efforts have been
dedicated to the improvement of the response properties of in-
organic EC materials, the slow response rate still cannot satisfy
the high requirements of electrochromic devices."' ™ There-
fore, it is highly essential to explore new methodologies to fab-
ricate novel materials with enhanced ion diffusion and
subsequently to improve the electrochromic performance.
Prussian blue (PB), KFe"™[Fe'(CN)s] is known as an impor-
tant functional transition metal hexacyanoferrate,'®*® in
terms of its electrochemical, electrochromic and magnetic
properties.’®?* The suitable redox reaction region and excel-
lent electrochromic properties make it a prominent candidate
for electrochromic displays.>>*® To date, several fabrica-
tion techniques have been applied for the assembly or in-
corporation of PB into the desired nanostructures to achieve
electronic and electrochemical devices.””>° However, the
aggregation of PB nanoparticles (NPs) is normally inevitable
due to their high surface energy, which leads to the low utiliz-
ation of PB NP active sites and the long response time, which
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Scheme 1 Schematic representation for the LBL fabrication of the
multilayered (LDH/PB),, electrochromic film.

finally result in mediocre electrochromic performance.**?'

Therefore, the construction of a suitable hybrid structure
with good dispersity of PB NPs and a facile ion channel for
fast electrolyte diffusion would be a feasible strategy to solve
this issue.

Layered double hydroxides (LDHs), whose formula can be
generally expressed as [M*";_ M*  (OH),J"'[A",,['"-mH,0
(M*" and M*' represent di- and tri-valent metal cations,
respectively; A" is an n-valent anion), are a class of two dimen-
sional (2D) layered materials.*>* By virtue of the specific
layered structure, intercalation properties, non-toxicity and
biocompatibility, LDH materials have been used in the fields
of catalysis, biology, optical devices and electrochemical
sensors.”>” Recently, LDHs have been exfoliated into posi-
tively charged nanosheets with a theoretical thickness of
0.48 nm,*® which are considered to be among the most prom-
ising building blocks®***® for fabrication of electrochemical
devices due to their permeable ion channels and high accessi-
ble surface areas.”’ In this regard, the incorporation of LDH
nanosheets with PB NPs into an ordered film with good dis-
persity would be a preferable resolution for the enhancement
of electrochemical performances.

In this work, negatively charged PB NPs were assembled
alternately with positively charged LDH nanosheets on an ITO
substrate via the electrostatic layer-by-layer (LBL) deposition
technique. The (LDH/PB), films display an excellent EC behav-
ior with fast switching speed and high optical contrast under
different applied voltages (Scheme 1). In addition, a EC device
was further fabricated using the (LDH/PB), ultrathin film as
the working electrode, which manifested a low response time,
long-term stability and a good memory effect, realizing one
step closer to practical applications.

2. Experimental section
2.1 Preparation of PB NPs and MgAI-LDH nanosheets

The PB NP suspension was synthesized according to the pre-
vious report.'® The aqueous solution of FeCl, (35 mL, 0.01 M)
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was added dropwise to a mixed solution (35 mL) containing
potassium ferricyanide (0.05 M) and KCI (0.05 M), and then
the solution was vigorously agitated for 10 min under room
temperature. Afterwards, the resulting solution was dialysed
for 48 h to remove the excess ions. After adjusting the pH
value (by using dilute hydrochloric acid) to 5, a very stable blue
colloidal solution was obtained.

The process for synthesis and exfoliation of MgAI-LDH was
similar to the procedure described in our previous work.*>**
The MgAI(CO;)-LDH platelets with a narrow size-distribution
and high crystallinity were prepared by a homogeneous co-
precipitation method. Typically, the mixed solution (100 mL)
containing Mg(NO3),:6H,0 (0.2 M), Al(NO;);-9H,0 (0.1 M) and
urea (1 M) was vigorously agitated and then it was transferred
into an autoclave at 110 °C for 24 h. The precipitate was centri-
fuged and washed three times with deionized water and dried
in air at 60 °C. The MgAl(NO;)-LDH platelets were prepared by
a so-called salt-acid method: MgAl(CO;)-LDH platelets (1.0 g)
were treated with an aqueous salt-acid solution (1 L) contain-
ing HNOj; (0.0045 mol) and NaNO; (1.5 mol) in a flask under a
nitrogen flow and continuous stirring under room temperature
for 24 h. The resulting MgAl(NO;)-LDH platelets were centri-
fuged, washed and dried. Subsequently, 0.1 g of MgAl(NO;)-
LDH platelets were dispersed in 100 mL formamide for 48 h to
produce a colloidal suspension of single-layered MgAI-LDH
nanosheets.

2.2 Fabrication of the (LDH/PB),, multilayered films

The (LDH/PB), films were fabricated by the LBL deposition
method. Prior to assembly, the ITO glass substrates were
ultrasonically cleaned by immersion into deionized water,
and ethyl alcohol for 10 min in sequence. The treated sub-
strates were dipped into a colloidal suspension of LDH
nanosheets (1 g L) for 10 min followed by washing
thoroughly. After this, the substrates were immersed into a
PB NP colloidal suspension (3.5 g L™") for another 10 min
and washed. Multilayered films of (LDH/PB), were prepared
by alternate deposition of LDH nanosheets and a PB NP
colloidal suspension for n cycles. For a comparison study,
a (PDDA/PB), film was fabricated via a similar LBL proce-
dure; and a pure PB film was obtained by a spin-coating
technique.

2.3 Assembly of the EC device

For the electrochromic measurement, an electrochromic
device based on a (LDH/PB),-ITO/0.1 M KCI electrolyte/ITO
glass sandwich structure was prepared by three steps. In the
first step, the as-prepared (LDH/PB),-ITO electrode and
counter ITO glass were attached by using a Surlyn hot-melt
adhesive with one pore set apart. In the second step, 0.1 M
aqueous KCI solution was injected with a microbore needle,
through the unsealed pore by capillary action on gently squeez-
ing until all bubbles were expelled. Finally, the hole was sealed
with a hot-melt sealer. Thus, the sandwich-type electrochromic
device was assembled successfully.
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2.4 Characterization

The particle size and morphology of PB NPs were characterized
by JEOL JEM-2010 high-resolution transmission electron
microscopy (HRTEM). The morphologies of thin films were
investigated by using a scanning electron microscope (SEM,
Hitachi S-3500) equipped with an EDX attachment (EDX
Oxford Instruments Isis 300), and the accelerating voltage
applied was 20 kV. Zeta potential measurements were per-
formed on a Zetasizer Nano ZS (Malvern) using a clear zeta cell
for a minimum of 12 runs. The surface roughness data were
obtained by using the NanoScope IIla atomic force microscope
(AFM) from Veeco Instruments. The interlayer spacing of the
prepared film was tested by X-ray diffraction patterns (XRD)
using a Rigaku 2500 VB2 + PC diffractometer under the con-
ditions: 40 kV, 50 mA, and Cu K radiation (4 = 0.1542 nm). The
UV-vis absorption spectra were collected in the range
320-800 nm on a Shimadzu U-3000 spectrophotometer, with a
slit width of 1.0 nm. Cyclic voltammograms were measured by
using the CHI660B electrochemical workstation in a conven-
tional three-electrode cell in 0.1 M aqueous KCI solution
within the potential window of —0.2 to 0.6 V. Electrochemical
impedance spectral (EIS) measurements were performed by
applying an alternating current voltage with 5 mV amplitude
in a frequency range from 0.01 to 100 kHz. X-ray photoelectron
spectra (XPS) were recorded on a Thermo VG Escalab 250 X-ray
photoelectron spectrometer at a pressure of about 2 x 10™° Pa
with Al 193 Ka X-rays as the excitation source. The Fourier
transform infrared (FT-IR) spectra were obtained using a
Vector 22 (Bruker) spectrophotometer with 2 cm™" resolution.
The coloration/bleaching switching characteristics of the electro-
chromic device were measured by transmittance variation at
a wavelength of 700 nm with alternately applied potentials of
—1 and 1V, maintaining for 5 s in each state.

3. Results and discussion
3.1 Characterization of LDH nanosheets and PB NPs

The XRD pattern (the black line in Fig. S1, ESIt) of the syn-
thesized MgAI(CO;)-LDH displays a series of reflections at
11.7°, 23.5°, 34.8°, 59.7° and 60.9°, corresponding to the (003),
(006), (012), (110) and (113) reflections of the LDH phase. No
other crystalline phase is detected, indicating a well-defined
CO;*>” containing LDH with high crystallinity. Then MgAI(NO5)-
LDH was prepared through ion exchange of interlayered
CO;>” by NO;~ ions under N, shielding. An obvious peak shift
of the (00!) planes (the red line in Fig. S1, ESIT) was observed,
corresponding to the successful preparation of MgAI(NO;)-
LDH. The transmission electron microscopy (TEM) image
(Fig. 1a) reveals a hexagonal plate-like morphology of MgAl(NO;)-
LDH with a particle size of 4-8 um. The MgAI-LDH nano-
sheets were prepared by exfoliating the MgAl(NO;)-LDH
platelet in formamide. The atomic force microscopy (AFM)
image shows the sheet-like morphology with a thickness of
~0.8 nm (inset Fig. 1b), indicating a complete delamination of
the MgAI(NO;)-LDH platelet into single-layered nanosheets,
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Fig. 1 (a) TEM image of the MgAl(NO)-LDH platelet; (b) AFM image of
the exfoliated LDH nanosheets; (c) TEM image of the PB NPs (inset: the
PB colloidal dispersion displaying the Tyndall effect); (d) the corres-
ponding size distribution of PB NPs.

which provides ideal building blocks for the fabrication of
multilayered films.

The particle size of PB NPs was determined using high-
resolution transmission electron microscopy (HRTEM, Fig. 1c),
which demonstrates a uniform size distribution from 3 nm to
5 nm with a mean size of 3.77 nm (Fig. 1d). A clear Tyndall
light scattering effect was observed for the dark blue PB NP
suspension by a side-incident light beam (the inset of Fig. 1c);
and the well-dispersed PB NPs can be stored for more than
two months, reasonably inferring the formation of a stable
and homogeneous colloidal suspension. The UV-vis spectrum
of the PB NP colloidal suspension displays a strong maximum
absorbance around 700 nm (Fig. S2, ESIt), which is attributed
to the absorption of a mixed-valence compound and the
photo-induced electron transfer from Fe™ to Fe'™.>%*°

3.2 Structural and morphological characterization of the
(LDH/PB),, ultrathin films (UTFs)

The surface charge character of LDH nanosheets and PB NPs
was investigated by zeta potential measurements (Fig. S3,
ESIY), which reveals positively- and negatively-charged surfaces
for LDH nanosheets (+20.0 mV) and PB NPs (—16.6 mV),
respectively. The (LDH/PB),, UTFs were fabricated by an alter-
nate assembly of MgAIl-LDH nanosheets with PB NPs on a ITO-
glass substrate. The fabrication process of the (LDH/PB),, UTFs
was monitored by UV-vis absorption spectroscopy as depicted
in Fig. 2a. The (LDH/PB), UTFs exhibit a strong absorption
band at ~700 nm and there is no obvious shift in comparison
with the PB colloidal suspension, which indicates the good
dispersity of PB NPs in the (LDH/PB),, UTFs. The inset in Fig. 2
shows a linear growth of the band intensity at 700 nm with the
increasing bilayer number 7, indicating a stepwise and regular

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) UV-vis spectra of the (LDH/PB), (n = 20, 40, 60, 80 and 100)
UTFs (inset: the linear relationship between the absorbance at 700 nm
and the bilayer number n); (b) XRD patterns of the (LDH/PB), UTFs (n =
20, 40 and 80).

film deposition procedure. The small angle XRD patterns of
the (LDH/PB),, UTFs (Fig. 2b) display a reflection at about 26 =
2.04° with a periodic repeating distance of 4.41 nm, which
refers to the monolayered arrangement of PB NPs in the (LDH/
PB), films. The enhanced intensity of the reflection upon
increasing the deposition cycle indicates a periodic ordered
superlattice structure of these UTFs. The alternate assembly of
LDH nanosheets and PB NPs was further confirmed by TEM.
As shown in Fig. S4 (ESIT), a lattice fringe with a spacing of
~4 nm was observed, indicating a high-quality superlattice
arrangement of the (LDH/PB),, films.

The surface morphology, thickness and roughness of the
(LDH/PB),, UTFs were studied by SEM and AFM. Highly homo-
geneous and continuous surfaces were clearly observed in the
SEM images of the (LDH/PB), UTFs (Fig. S5, al-a5, ESIt). The
cross-sectional SEM images (inset in Fig. S5, al-a5, ESI{)
display an uniform layered architecture with a thickness of
~4 nm for one bilayer of LDH/PB in the UTFs, which is consist-
ent with the XRD and TEM results. The AFM topographical
images of the (LDH/PB), films (Fig. S5, b1-b5, ESIt) indicate
root-mean-square roughnesses of 4.43, 6.32, 7.91, 9.32 and
12.95 nm for the (LDH/PB),, UTFs with n = 20, 40, 60, 80 and
100, respectively, illustrating the continuous and smooth
surface of these films.

3.3 Electrochemical and electrochromic properties of the
(LDH/PB),, UTFs

The electrochemical behavior of (LDH/PB), films was charac-
terized by cyclic voltammetry (CV) using a three-electrode
system in a 0.1 M aqueous KCI electrolyte. The CV curves of
the (LDH/PB), UTF modified ITO electrodes with different
bilayer numbers (Fig. 3a) show a pair of redox peaks,
corresponding to the transformation between oxidized
KFe™[Fe"(CN)¢] (PB) and reduced K,Fe'[Fe'(CN),] (Prussian
white, PW). The redox current presents consistent enhancement
with the increase of the bilayer number 7, also demonstrating
an ordered and regular film growth procedure. In addition,
the oxidative and reductive potentials of (LDH/PB),, UTFs show
a tiny shift upon increasing the film thickness, which is
smaller than most of the other PB-based film electrodes,'®
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Fig. 3 (a) Cyclic voltammograms (scan rate: 20 mV s™%); (b) Nyquist
plots of the (LDH/PB),, films (n = 20-100).

indicating a relatively low ion-diffusion resistance of the
(LDH/PB), films.

To further illustrate the electrochemical reaction between
PB and PW, XPS measurements for (LDH/PB), films at
different voltages as well as two reference compounds
(K4[Fe"(CN)s] and Ks[Fe"(CN)s]) were carried out (Fig. S6,
ESI}). At a bias of 0.6 V, two peaks located at 708.5 and 711.2
eV are observed, corresponding to Fe" and Fe' in oxidized
KFe"'[Fe""(CN)g], respectively. After reducing the voltage at an
applied potential of —0.2 V, the peak at 711.2 eV disappears,
corresponding to the formation of PW and K,Fe"[Fe"(CN)e].
Furthermore, at a bias of 0.6 V, the FT-IR spectrum of PB
(Fig. S7, ESIf) exhibits a stretching vibration of the CN group
at 2083 cm ™" as well as Fe''-CN-Fe'" vibration at 498 cm™".***¢
After the alteration of the applied voltage to —0.2 V, the stretch-
ing vibration of the CN group shifts to a lower wave number
and the Fe"-CN-Fe™ vibration disappears, indicating the
absence of Fe'"" in the PW state.

Electrochemical impedance spectroscopy (EIS) was applied
in order to study the ion diffusion and electron transfer pro-
perties of the obtained (LDH/PB), films (Fig. 3b). The (LDH/
PB), electrodes with different bilayer numbers display similar
plots with a semicircle at a high frequency region and a
straight line at a low frequency. The equivalent series resist-
ance (ESR) rises with the increase of the film thickness, which
demonstrates an increased resistance in the electrode-electro-
Iyte interface. The linear part in the low frequency region cor-
responds to the Warburg impedance (W), which is described
as a diffusive resistance of the K' ion within the electrode
pores. As shown in the EIS curves, the slopes of the five
straight lines are far greater than 1, with no significant change
for various bilayer numbers. This result indicates that the elec-
trolyte diffusion resistance for the (LDH/PB), film electrodes is
relatively low, which is in favour of their electrochemical reac-
tion dynamics.

The electrochromic behavior of the (LDH/PB)g, film was
studied using a three electrode system by linear sweep voltam-
metry and UV-vis absorption spectroscopy. Fig. 4a shows
the transmittance spectra and the corresponding photographs
of the (LDH/PB)s, electrode under applied potentials of
—0.2 V and 0.6 V, respectively. From the transmittance spectra,
it can be seen that the optical transmittance is 20%
in the colored state (0.6 V) and 76% in the bleached state
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Fig. 4 (a) Optical transmittance spectra of the (LDH/PB)go film at the
colored and bleached states (the photographs of the film at the colored
and bleached states); (b) spectroelectrochemical study of the (LDH/
PB)go film from —0.2 to 0.6 V with a stepwise of 0.1 V.

(0.2 V) at 700 nm, indicating a noticeable electrochromism
with variation of transmittance to 56%. The inset image
of Fig. 4a shows the color change of the (LDH/PB)y, film
between colorless and blue. In Fig. 4b, we present the optical
transmittance of the (LDH/PB)g, film electrode at different vol-
tages from —0.2 V to 0.6 V with an voltage step of 0.1 V. As the
electrode potential becomes more anodic from —0.2 V, the
optical transmittance decreases gradually, corresponding to
the electrochemical reaction from PW to PB in the electrode.
Meanwhile, the transmittance contrast varies from 19.2% to
69.8% as n increases from 20 to 100, which does not undergo
obvious changes with further increase of the bilayer number
(Fig. S8, ESIY).

The color-switching time of the (LDH/PB), films was
obtained by recording the chronoamperometry curve and
in situ transmittance at 700 nm through alternate biases at 0.6
and —0.2 V (Fig. 5). The response time is defined as the time
to reach 90% of its full modulation. The color-switching time
of the (LDH/PB)s, film is 0.71 s from the bleached state to the
colored state and 0.94 s for the reverse process with an optical
contrast (AT%) of 56.0%. The switching time and optical con-
trast of the (LDH/PB), films with different bilayer numbers are

urrent/A

O 0.01

T%

0 10 20 30 4 50 60
Timels

Fig. 5 (a) Chronoamperometry curve and (b) the corresponding in situ
optical transmittance change at 700 nm for the (LDH/PB)gq film under
switched voltages between 0.6 and —0.2 V.
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summarized in Table 1. As n increases from 20 to 80, the color-
ing/bleaching time gradually increases from 0.15/0.19 to 0.93/
1.21 s, respectively. A further increase of the bilayer number
results in a sharp increase of the response time, which is likely
attributed to the largely depressed ion transfer in the thick
film. For instance, the switching times of (LDH/PB),,, films
for coloration and fading are 1.32 and 1.96 s, respectively. The
response time of the (LDH/PB), films with n < 80 is much
lower than most of the inorganic electrochromic films, includ-
ing PB NPs/graphene hybrids,'” TiO, nanotube arrays/WOj;
NPs,* and nanostructured NiO.*”” Such ultrafast switching is
favorable to various applications, including sensors, smart
widows or other electrochromic devices.

There are two types of redox reactions that occur in an electro-
chromic process: charge transfer at the material-electrolyte
interface and a diffusion controlled redox reaction within the
material lattices since the rate-determining steps of ion inter-
calation and deintercalation are diffusion-controlled and
limited to a very thin surface layer of the materials. Thus the
response time of reversible transition between PW and PB is
controlled by the diffusion rate of the K" intercalation/deinter-
calation process. To evaluate the K diffusion coefficient in the
(LDH/PB), films, the CV curves of these films on ITO electro-
des were carried out with different scan rates (Fig. 6a). The
relationship between the peak currents (i) and scan rate (v)
was evaluated by a series plots of i, versus v* with x = 0.5-1. By
plotting the peak current value versus the square root of the
scan speed, straight lines are obtained (Fig. 6b), which
suggests that the K insertion and extraction are very fast and
the rate-determining step is controlled by diffusion of K' in
these films. The K' diffusion coefficient can be calculated
from a linear relationship between i, and v according to the
following equation:

ip = 2.69 x 10°n**AD'?Cy*/?

where i, is the peak current (4); A is the electrode area (cm?);
D is the apparent diffusion coefficient of K' in the electrode
(ecm® s7Y); C is the concentration of K" in the electrode
(mol em™), and v is the potential scan rate (V s™*).

To further illustrate the effects of the ordered structure and
high dispersion of PB on the diffusion rate of K" in the (LDH/
PB), electrodes, a disordered (PDDA/PB), film and an aggre-
gated pure PB film were prepared by LBL and spin-coating
techniques, respectively, for a comparison study. The amount

Table 1 Switching time and optical contrast of the (LDH/PB), films
with various bilayer numbers n

Coloring Bleaching AT%
Bilayer (n) time/s time/s (4=700 nm)
20 0.15 0.19 19.2
40 0.42 0.48 27.6
60 0.71 0.94 56.0
80 0.93 1.21 64.3
100 1.32 1.96 69.8

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 (a) CV curves of the (LDH/PB)go film at different scan rates; (b)
the cathodic/anodic peak current as a function of the square root of the
scan rate for the (LDH/PB)g, film; (c) the response time and (d) Nyquist
plots for the (LDH/PB),o, (PDDA/PB)eo and pure PB films.

of active component PB NPs in each sample was controlled at
the same level. The CV curves of these films on ITO substrates
were carried out to find the same integral area as the referen-
tial samples. As shown in Fig. S9 (ESIT), (LDH/PB),,, (PDDA/
PB)so and PB were chosen as the final samples. According to
the above equation, the diffusion coefficients of K in the
(LDH/PB),0, (PDDA/PB)s, and pure PB films are calculated and
summarized in Table 2.

For the (LDH/PB),, film, the calculated K" diffusion coeffi-
cients are 1.33 x 10™% and 1.06 x 10”% em” s™" for the intercala-
tion and deintercalation processes, respectively. As expected,
the K diffusion coefficients of (LDH/PB),, films are much
larger than those of (PDDA/PB), films (7.89 x 107" and 1.13 x
107° em?® s7") and pure PB films (5.70 x 107'° and 8.91 x 10™"°
em? s7Y). In addition, the (LDH/PB),, film exhibits a faster
coloration/bleaching switching of 0.15/0.19 s, in comparison
with (PDDA/PB)g, (0.31/0.37 s) and PB films (4.2/4.8 )
(Fig. 6¢). The larger K* diffusion coefficient and shorter switch-
ing time of the (LDH/PB)y, film are attributed to the ordered
structure and high dispersion of PB NPs, which results in
reduced ion diffusion resistance between the active component
and the electrolyte.

The diffusion of K" ions was also illustrated by the EIS
study, which provides information about the K' diffusion

Table 2 K* diffusion coefficient of the (LDH/PB),,, (PDDA/PB)go and
pure PB films

Sample Intercalation Deintercalation
(LDH/PB),, 1.33x107° 1.06 x 107°
(PDDA/PB)g, 7.89 x 1071° 1.13x 107
PB 5.70 x 107 8.91x107"

This journal is © The Royal Society of Chemistry 2015
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resistance within the electrode pores. As shown in Fig. 6d, the
slope of the straight line for a well-oriented (LDH/PB),, film is
larger than that of randomly stacked (PDDA/PB)s, and PB
films, indicating the superior diffusion dynamics of the (LDH/
PB),, electrode. Moreover, the (LDH/PB),, film with a smaller
diameter in a higher frequency region is observed, which illus-
trates its higher electron transport rate and lower interface
resistance. This result is consistent with the faster color-
switching rate of the (LDH/PB),, electrode by optical electro-
chemical measurements.

3.4 Electrochemical properties of the electrochromic device

In order to demonstrate the potential of the (LDH/PB), film
electrodes for practical application, an electrochromic device
(ECD) was assembled as shown in Fig. 7a. The ECD was pre-
pared using a (LDH/PB), film on an ITO-glass electrode and
bare ITO-glass, with 0.1 M KCl as the electrolyte. Fig. 7b shows
the transmittance spectra and the corresponding photographs
of the (LDH/PB)4(-ITO/0.1 M KCl electrolyte/ITO-glass ECD for
the colored and bleached states, respectively. From the trans-
mittance spectra, it can be seen that the optical transmittance
of ECD is 73.1% for the bleached state and 28.5% for the
colored state at a wavelength of 700 nm, accompanied by its
visual electrochromic behavior between colorless and blue.
The coloration efficiency (CE) is a key parameter for electro-
chromic devices, since a high CE can provide a large optical
modulation with low charge insertion or extraction. It is
expressed as CE(1) = AA(1)/AQ(4), where AQ(4) is the corres-
ponding accumulated charge for the absorbance change AA(4).
Fig. 7c shows plot of the in situ optical density at a wavelength
of 700 nm versus the inserted charge density at a coloration
potential of —1 V. A fitted linear relationship is obtained from

a . b
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Fig. 7 (a) Schematic of the (LDH/PB)go-ITO/0.1 M KCl electrolyte/ITO-
glass ECD; (b) optical transmittance spectra and photographs of the
ECD under the potentials of 1 and -1V, respectively; (c) variation of the
in situ optical density at 700 nm vs. the charge density of the ECD; (d)
optical transmittance change at 700 nm vs. time for the ECD during
double potential steps between 1 and —1 V.
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the initial part of the plot. Based on the slope of such a linear
relationship, the CE of the (LDH/PB)s,-ITO/0.1 M KCl electro-
lyte/ITO-glass ECD is measured to be 68 cm® C™'. The color-
ation efficiency is comparable to those of the ECDs based on
patterned PB/FTO,*® polyaniline-WO; ** and NiO nanoparticle
films™ but lower than the nanoporous WO; *' and Nb,Os ** ECDs.

The switching time is another important factor in the prac-
tical applications, which was studied by a transmittance
measurement at an alternating bias between 1 and —1 V. As
shown in the inset of Fig. 7d, the switching time of this device
with an active area of 1 x 1.5 cm? is 0.91 s from the bleached
to the colored state and 1.21 s for the reverse process. The
response time is less than most of the reported ECDs, includ-
ing TiO,/PB NP,*° NiO microflake,” WO; nanosheet*® and
WOj,/silver nanowire™ based devices. Moreover, Fig. 7d shows
that the ECD maintains its electrochromic properties in 400
switching cycles, without obvious changes in optical contrast,
switching time and surface morphology (Fig. S10, ESI{), indi-
cating its excellent cycling stability. The optical contrast under-
goes slow degradation after 400 cycles, with ~50%
maintenance after 1000 cycles (Fig. S11, ESIt). And the stabi-
lity is superior to previously reported inorganic WO,/silver
nanowire,”® nanostructured NiO** and TiO, nanowire® films.
In addition, there is a negligible change in the transmittance
after withdrawing the applied potential for 24 h (Fig. S12,
ESIT), demonstrating a good memory effect of the ECD. There-
fore, the ultrafast switching, high coloration efficiency,
together with the satisfactory optical contrast and good stabi-
lity, would hold promise for its prospective application as an
electrochromic material.

4. Conclusions

In summary, (LDH/PB), films with significantly enhanced elec-
trochromic properties were successfully fabricated on ITO elec-
trodes via the LBL assembly technique. The structural and
morphological studies illustrate the long-range stacking order
of the (LDH/PB), films, in which PB NPs are highly dispersed
and immobilized with a monolayer arrangement in the LDH
interlayer. The obtained (LDH/PB),, films exhibit fast response
speed, large optical contrast, high coloration efficiency and
good cycling stability. These superior electrochromic perform-
ances can be ascribed to the high dispersion of PB NPs within
an ordered film structure, which guarantees facile K' ion
diffusion channels and enhanced availability of active sites. It
is suggested that this versatile and cost-effective strategy can
be used to immobilize other functional nanoparticles in a 2D
inorganic matrix for potential applications in displays, smart
windows and optoelectronic devices.
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