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ABSTRACT: The increasing demand for the state-of-the-art
electrochromic devices has received great interest in synthesizing
Prussian blue (PB) nanoparticles with a uniform diameter that
exhibit excellent electrochromism, electrochemistry, and cyclabil-
ity. Herein, we report the controllable synthesis of sub-100 nm PB
nanoparticles via the coprecipitation method. The diameter of PB
nanoparticles can be modulated by adjusting the reactant
concentration, the selection of a chelator, and their purification.
The self-assembled nanogranular thin films, homogeneously
fabricated by using optimized PB nanoparticles with an average
diameter of 50 nm as building blocks via the blade coating
technique enable excellent performance with a large optical
modulation of 80% and a high coloration efficiency of 417.79
cm2 C−1. It is also demonstrated by in situ and ex situ observations that the nanogranular PB thin films possess outstanding structural
and electrochemical reversibility. Furthermore, such nanogranular PB thin films can enjoy the enhanced long-term cycling stability of
the PB-WO3 complementary electrochromic devices having a 91.4% optical contrast retention after 16,000 consecutive cycles. This
work provides a newly and industrially compatible approach to producing a complementary electrochromic device with
extraordinary durability for various practical applications.
KEYWORDS: prussian blue, nanoparticle, high coloration efficiency, electrochromic devices, long-term stability

1. INTRODUCTION
Electrochromism refers to the phenomenon in which an applied
electric field induces a stable and reversible change in the optical
properties of the material.1,2 Electrochromic devices have
attracted widespread attention owing to their low energy
consumption, low cost, and green in various applications such as
smart windows,3 information displays,4 and antiglare rear-view
mirrors.5 Today, a wide variety of electrochromic materials
including transition metal oxides (WO3,

6 NiOx,
7 etc.), Prussian

blue (PB) (iron(III) hexacyanoferrate(II), PB),8 and con-
ductive polymers (polyaniline (PANI))9, have been extensively
studied due to their impressive electrochromic properties. For
example, a WO3 quantum dot film has been reported to exhibit
excellent electrochromic properties with high optical contrast
(97.8% @ 633 nm), rapid switching speeds (4.5 s for coloring
and 4 s for bleaching), and an exceptionally long cycle life
(10,000 cycles with a 10% loss of optical contrast).10 Among the
numerous electrochromic materials, PB and tungsten oxide
(WO3) are both frequently used inorganic electrochromic
materials due to their good optical memory effect, which enables
the electrochromic device to maintain colored or bleached states
without external energy consumption. The quest for a superior
electrochromic material involves achieving high optical

modulation, excellent coloration efficiency, and long-term
cycle stability, while supercapacitor materials aim for high
capacity and enduring cycle stability. The exceptional capacity of
PB as a supercapacitor material makes it an ideal match with
high-capacity tungsten oxide, enabling the attainment of the
superior performance required for electrochromism. Such
device has shown enormous prospects in various highly
desirable energy-efficient applications,11 such as solving energy
consumption problems through separate dynamic control of the
transmission of visible and near-infrared light.2 The crystal
structure of PB exhibits an infinite three-dimensional network,
which facilitates the rapid transport of ions because of its open
ionic channels and spacious interstitial spaces. Its chemical
compositions can be expressed as AxFe[Fe(CN)6]·nH2O (0 < x
< 2), where A denotes an alkali metal cation in the gap such as
Li+, Na+, K+, etc.12 During cation and electron insertion/
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extraction, the Fe2+/Fe3+ couple in the lattice skeleton can
coherently change their valence to keep overall electroneutrality,
accompanied by the bleaching/coloring process of PB.13

Therefore, the electron transport efficiency and the ion diffusion
distance determine the electrochromic performance of PB.14

The composite of highly conductive materials has shown an
enhancement of transfer of electrons and a synergistic effect for
the PB films. For instance, it is demonstrated that a PB/TiO2
film displayed outstanding optical modulation (85.4% @ 700
nm) and an improvement in the cyclic stability (83.8% optical
contrast retention after 1000 cycles).8 Another striking example
is the CNT/PB nanocomposite films, which show a high
coloration efficiency of 138.6 cm2 C−1 and a fast response time
within 3 s.15 Nevertheless, the dopant-type PB composite films
show limited electrochemical or electrochromic stability and
durability.14,16 In contrast, the nanostructured design of
materials is another effective strategy to enhance the electro-
chromic performance of PB, which can not only shorten the ion
transport distance but also increase the electrical conductivity by
improving the homogeneity and compactness of the films.17 It is
reported that PB films with nanoparticles of sub-10 nm size
exhibit a high coloration efficiency of 115.8 cm2 C−1 and can be
electrodeposited by using silicate sol−gel matrix as the solid-
support.18 However, such a technique for the PB films generally
has a lack of uniformity in film thickness and composition,
producing a substantial amount of unavoidable cracks and
causing the unsatisfied cyclic stability with only 100 cycles.
Moreover, it is well-known that currently PB is conventionally

deposited using electrodeposition and hydrothermal deposition
methods, which require expensive equipment, additional
electrical energy input, or harsh conditions of high temperature
and pressure. These factors make it challenging to scale up
production. To solve these issues, the preparation of films by
blade coating with preformed PB nanoparticle ink is an attractive
method that is not only compatible with the roll-to-roll process
but also enables the preparation of nanostructured films and
avoids the formation of cracks through synchronous heat
treatment. Recently, the synthesis of small PB nanoparticles with

a diameter of tens of nanometers has been realized, which can
meet the requirement for the production of PB-based electro-
chromic film.19 The electrochromic device containing PB film
based on nanoparticles of mean 10 nm size shows an excellent
optical modulation of 62.5% with a high coloration efficiency of
157 cm2 C−1 @ 545 nm, and a 94.2% optical contrast retention
after 1000 cycles.20 Currently, the key obstacle is to synthesize
PB nanoparticles with a suitable size window that can determine
their reversible electrochemical and electrochromic perform-
ance for electrochromic devices. Tuning the homogeneity of PB
nanoparticles in size and composition is a key to overcoming the
performance limits of PB as a counter electrode for electro-
chromic devices by various strategies adopted in reducing the
reactant concentration, homogenizing precipitation, and pre-
venting Ostwald ripening.21 It should be noted that the
concentration of reactants is not the smaller the better since
an extremely low concentration leads to a decline in yield and
production efficiency, which is unfavorable to the industrializa-
tion process. The principle of the homogeneous precipitation
method is to select the optimized chelator to release the
crystalline ions uniformly and slowly through chemical reaction,
which can effectively prolong the characteristic nucleation
time.22 Reducing the reactant concentration and homogenizing
precipitation involve the work before the reaction with sufficient
time to prepare, preventing Ostwald ripening requires the
separation of the nanoparticles from the mother liquor in a
timely manner after the reaction, which can also be called a
purification process.23 Traditional purification processes take
cycles of centrifugation, which is time-consuming and costly. A
cross-flow filtration method has been developed to purify
nanocrystals, but the success of this method depends on various
parameters, such as the size of nanocrystals, flow rate, and
pressure.24 Therefore, it remains a challenge to develop a simple,
convenient, and scalable filtration method.
Herein, we report a controllable synthesis of homogeneous

and sub-100 nm PB nanoparticles with an average grain size of
50 nm via a sequential strategy that combines a coprecipitation
synthetic process with a purification process. The nanogranular

Scheme 1. Schematic Illustration of the Assembly of Long-Term-Stable ECDs Based on Homogeneous and Polycrystalline PB
Nanoparticles
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PB thin films fabricated by the blade coating method from
precursor ink contained the PB nanoparticles, which enjoy an
ultrahigh coloration efficiency (417.79 cm2 C−1) and an
excellent long-term cycle stability (99.6% optical contrast
retention after 1000 cycles). The complementary PB-WO3
electrochromic devices fabricated by the nanogranular PB thin
films manifest a high performance with an ultralong cyclic
stability over 16,000 switching cycles, as depicted in Scheme 1.

2. EXPERIMENTAL SECTION
2.1. Materials. All chemicals were of analytical grade. Sodium

ferrocyanide (Na4[Fe(CN)6]·10H2O, AR) and citric acid (C6H8O7,
AR, ≥99.5%) were purchased from Macklin. Ferric nitrate (Fe(NO)3·
9H2O, AR) was obtained from Aladdin. Both PB and WO3 thin films
were deposited on transparent conducting indium tin oxide (ITO)-
coated glass substrates with a sheet resistance of 12 Ω/sq.

2.2. Preparation of the PB Nanoparticles. The preparation of
PB nanoparticles was based on a typical coprecipitation method.
Specifically, 1.0 mmol of citric acid (196 mg) was first added to 40 mL
of 10 mM aqueous Fe(NO)3·9H2O solution (mixed solution I) under
stirring at 60 °C. 40 mL portion of 10 mM aqueous Na4[Fe(CN)6]·
10H2O solution containing the same amount of citric acid (mixed
solution II) was added dropwise to themixed solution I under stirring at
60 °C, and then a dark blue dispersion was gradually formed. After
stirring at 60 °C for 1 min, the solution was allowed to cool to room
temperature. The solution was then transferred to a dialysis membrane
(Spectra/POR6, MWCO = 3000) to be dialyzed against deionized
water to remove excess impurity ions until the pH of the solution turned
to neutral. Finally, the solution after dialyzing was freeze-dried under
vacuum to obtain PB nanoparticles. The resulting PB nanoparticles had
an average particle size of about 50 nm (Figure S1a), as determined by
dynamic light scattering (DLS).

2.3. Preparation of the PB Thin Films. The powder of PB (1.0 g)
was added into the aqueous solution of Na4[Fe(CN)6]·10H2O (0.39 g,
15 mL of water) and stirred for 1 week at room temperature. The PB
thin films were fabricated on the ITO-coated glass from the obtained
precursor PB inks by the blade coating method using a flexible
electronic printer (MP1100, Shanghai Mi fang Electronic Technology

Co., Ltd.). As a pretreatment of blade coating, the 35 × 45 mm2 ITO
substrate glass was cleaned using ethanol and deionized water. Finally,
all of the PB thin films were dried at 60 °C under vacuum for 6 h and
properly stored for further experiments.

2.4. Preparation of the WO3 Thin Films and Assembly of PB-
WO3 Electrochromic Devices. The preparation of the WO3 thin
films and the assembly of PB-WO3 electrochromic devices have been
described in detail elsewhere.25

2.5. Measurements. The structure and morphology of the PB thin
films were analyzed by X-ray diffraction (XRD, Bruker D8 Advance
DaVinci using Cu Kα (λ = 0.154178 nm) radiation and a θ−2θ
configuration), thermal field-emission scanning electron microscopy
(TFESEM, S4800, Hitachi, Japan), and transmission electron
microscopy (TEM, Tecnai F20, FEI, USA). DLS experiments were
performed on a Zetasizer Nano ZS instrument (Malvern, UK). The
chemical states and elements were analyzed by X-ray photoelectron
spectroscopy (XPS, Axis Ultra DLD, Kratos, UK). Thermogravimetric
measurement (TG) was conducted on a TGA thermogravimetric
analyzer (TF209F1, NETZSCH, German) in nitrogen at a scan rate of
10 °C min−1 from room temperature to 800 °C. FTIR spectra were
recorded by a micro-infrared spectrometer (Cary660, Agilent, USA). In
situ Raman spectra were measured with a Renishaw inVia Reflex
confocal microscopy Raman system (532 nm laser source) and an
electrochemical workstation (CHI660D, Chen Hua Shanghai), where
the Raman spectra were recorded one by one during a CV process (10
mV s−1) in the potential range from −0.5 to +0.5 V and were captured
every 10 s. In situ optical transmittance spectra were obtained via UV−
vis-IR spectroscopy (PerkinElmer Lambda 950) and an electro-
chemical workstation (CHI660D, Chen Hua Shanghai). The electro-
chemical impedance spectra were measured on an electrochemical
workstation (Zennium, IM6) in the frequency range from 100 mHz to
100 kHz. The electrochemical measurements of PB thin films were
carried out by the electrochemical workstation with a three-electrode
cell, where the PB thin films, platinum sheet, and KCl-saturated Ag/
AgCl served as the working electrode, counter electrode, and reference
electrode, respectively. One M LiClO4−PC electrolyte with 0.01 M
acetic acid played the role of an electrolyte. The electrochemical
measurements of the complementary ECDs were carried out in the
traditional two-electrode system.

Figure 1. (a) XRD pattern and (b) top view SEM image of the PB/ITO/glass. (c) TEM image and (d) selected-area electron diffraction (SAED)
patterns of the PB nanoparticles. (e) TEM image of the PB nanoparticles and the corresponding EDS elemental mapping images of Fe, C, N, Na, and
O.
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3. RESULTS AND DISCUSSION
Figure 1a displays the XRD pattern of the PB thin films
deposited on the ITO substrate, the peaks at diffraction angles of
17.5, 24.6, 35.2, and 39.5° can be, respectively, assigned to
(200), (220), (400), and (420) of PB (JCPDS card no. 73-
0687). In addition, these diffraction peaks are of low intensity
and are broad, indicating a low crystallinity and small grain size.
According to the Debye−Scherrer formula, the grain size is
calculated to be about 12 nm (primary nanoparticles). The top-
view SEM images at different magnifications are illustrated in
Figures 1b and S2. The low magnification SEM image (Figure
1b) shows tightly packed nanoparticles with nanopores in the
PB thin film. This homogeneous morphology structure formed
by stacking nanoparticles provides an enlarged surface area,
which facilitates electrolyte penetration and shortens the
diffusion distance of conductive ions, leading to better
electrochromic performance.17 The nanoparticles with a
homogeneous size distribution can be found in the high
magnification SEM image (Figure S2). As shown in Figure S3,
the height root-mean-square roughness (Rq) value of the PB thin
films is determined to be 5.27 nm, which indicates that the
surface of the film is uniform thanks to the close packing of
nanoparticles as described in the SEM image. Based on the DLS
data (Figure S1a), the PB particle size ranges from 10 to 100 nm
and its average value is measured to be 50 nm. Such particles are
believed to be formed from aggregates of the primary
polycrystalline PB nanoparticles (12 nm). Both grain size and
particle size belong to the sub-100 nm category. Based on the
coating process, self-assembly of the sub-100 nm nanoparticles
tends to fabricate homogeneous PB thin films with strong
bonding forces to the substrate, resulting in high-performance
electrochromism. The TEM image in Figure 1c also reveals that
the PB is composed of nanoparticles. The selected area electron
diffraction (SAED) pattern in Figure 1d indicates that the PB
nanoparticles are polycrystalline, as evidenced by the presence of

both diffraction rings and spots. The diffraction rings
correspond to the (200) and (220) planes of PB, consistent
with the aforementioned XRD findings. The diffraction ring
marked in yellow corresponds to the iron oxide phase, which
most likely originated from a breakdown of PB due to its
sensitivity to electron beam radiation. The EDS element
diagram shown in Figure 1e demonstrates the uniform
dispersion of Fe, N, C, Na, and O throughout the PB sample.
The oxygen content can be mainly attributed to water molecules
present in the PB lattice.
In general, PB is formed by alternating high-spin Fe3+ and low-

spin Fe2+, which are octahedrally coordinated by CN− and −
CN units, respectively. Under electrochemical stimulation, PB
can be readily reduced into Prussian white (reduction of high-
spin Fe3+) or sequentially oxidized into Berlin green (incomplete
oxidation of low-spin Fe2+) and Prussian yellow (complete
oxidation of low-spin Fe2+), delivering profound color variations
between colorless, blue, green, and yellow.13 For electrochromic
devices, once the PB film reaches the Berlin green state, there is a
loss of stability. Thus, in electrochromic applications, PB films
are restricted to between PB and Prussian white.26 To
characterize the chemical composition of our PB films, the
XPS test was studied. The full XPS spectrum of the PB thin films
is depicted in Figure 2a. The full spectrum shows strong peaks at
binding energies of 1071, 708, 532, 397, and 284 eV,
corresponding to the Na 1s, Fe 2p, O 1s, N 1s, and C 1s
signals, respectively. These signals are the principal constituent
elements of PB, in accordance with the formula Na-
FeIII[FeII(CN)6]·nH2O. The Fe 2p spectrum (Figure 2b) is
composed of two regions representing the spin−orbital splitting
components of Fe 2p3/2 and Fe 2p1/2. The binding energies
located at 708.5 and 721.4 eV are attributed to Fe2+ 2p3/2 and
Fe2+ 2p1/2, while the peaks at 709.8 and 723.4 eV correspond
with Fe3+ 2p3/2 and Fe3+ 2p1/2, respectively. Meanwhile, the two
remaining peaks at 712.8 and 726.4 eV could be explained as

Figure 2. (a) Full XPS spectrum of the PB thin films. Fine XPS spectrum of (b) Fe 2p, (c) C 1s, and (d) N 1s in PB film.
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satellites associated with Fe2+, which implied the partial
reduction of high-spin Fe3+ to high-spin Fe2+.27 The C 1s
spectrum can be deconvoluted to three peaks located at 284.8,
286.2, and 289.1 eV, assigned to the C−C, C�N, and C�O
bands, respectively (Figure 2c). The C−C, C�N, and C�O
peaks originate from intrinsic PB and the water molecules
absorbed on the PB surface. The N 1s spectrum (Figure 2d)
displays two peaks at 397.8 and 398.6 eV corresponding to the N
in the cyanide bonded to Fe in different valence states, along
with a weaker peak at 402.3 eV attributed to surface
contaminants.27,28 The XPS results elucidate the successful
preparation of PB.
In order to investigate the ion transfer at the electrode−

electrolyte interface during the electrochemical process, FTIR
and in situ Raman tests were carried out. As shown in the FTIR
spectra in Figure 3a, the prominent peak at 2059 cm−1 is
attributed to the stretching vibration mode of C�N.29

Additionally, the peaks at 3380 and 1608 cm−1 represent the
O−H stretching vibrations and bending modes, respectively.30
These O−H bonds are associated with crystal water present in
the framework. Actually, PB contains two types of water, namely,
zeolite water adsorbed on the surface and coordination water in
the framework. These two types of water decompose at
temperatures above 100 and 200 °C, respectively. TG analysis
(Figure S4) shows that the total weight loss ratio of PB is 6 and
21% at 100 and 200 °C, respectively. This implies that PB does
contain a significant amount of coordination water. Imanishi et
al.31 have suggested that the greater the amount of water
coordinated around Fe3+ ions in PB, the higher the capacity for
lithium storage. This indicates that our PB thin films can have a
high charge capacity. The two weak peaks at 594 and 496 cm−1

correspond to the in-plane and out-of-plane deformations of the

Fe−C bond, respectively.32 The cyanide stretching vibration
mode is very sensitive to its surrounding environment; thus,
Raman spectroscopy can be used to identify the average valence
states of transition metal ions coordinated with cyanide.33 The
Raman spectrum of the original PB thin film in PC-LiClO4
electrolyte with acetic acid is plotted in Figure S5, and the peak
at 2151 cm−1 refers to the 1Agυ(CN) stretching vibration and
[Fe(II), Fe(III)] vibrational state. The peak presents a shoulder
at 2117 cm−1, which is characteristic of CN−.34 Figure 3c,d
corresponds to the in situ Raman spectra (measured at intervals
of 0.1 V) of the PB thin films during the CV (Figure 3b) process
in the negative-going and the positive-going sweeps, respec-
tively. As shown in Figure 3c, the representative peaks related to
cyanide gradually shift to a lower wavenumber in the reduction
process, while the intensity decreases significantly and finally
disappears at viii. The C�Nbanding to Fe2+ is usually present at
lower wavenumbers than those coordinating to Fe3+.29 There-
fore, we can infer that the gradual shift in the υ(CN) frequency
from high wavenumbers to lower wavenumbers could be an
effect of changes in the average Fe valence states from +3 to +2.
The change in the average Fe valence state is caused by the
reduction of high-spin Fe due to the electron injection
accompanying the intercalation of electrolyte ions into the PB
thin film. On the contrary, the same peak (appearing at xiii) from
Figure 3d gradually intensifies and moves toward a higher
wavenumber during oxidation and eventually returns to the
initial position. Overall, the shift of the peaks is caused by
reversible intercalation/deintercalation of electrolyte ions into/
from the PB thin film. Consequently, a potential electrochemical
process of PB thin films circulating in PC-LiClO4 electrolyte
with acetic acid is outlined as the following reactions

Figure 3. (a) FTIR spectra of the PB thin films. (b) Cyclic voltammograms (CVs) of the PB thin films between−0.5 V and +0.5 V at the scan rate of 10
mV s−1 in PC-LiClO4 electrolyte with acetic acid. In situ Raman spectra of PB thin films during CV process in (c) negative-going and (d) positive-going
sweeps.
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MFe Fe (CN) M e M Fe Fe (CN)

(M Li &H )
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6 2

II II
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= + +

(1)

Briefly, the cation exchange process of reactions in S6 can be

completed in the first cycle of the PB thin films, and the

subsequent cycles can proceed reversibly in accordance with
Reaction 1.
In order to understand the electrochemical reaction kinetics

of the PB thin films in PC-LiClO4 electrolyte with acetic acid,
the CV curves (Figure 4a) are recorded at various scan rates
between −0.5 and +0.6 V in the three-electrode system.
Furthermore, the ion diffusion behaviors can be investigated by

Figure 4. (a) CVs of the PB thin films at scan rates of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV s−1. (b) Correlation between the peak current
densities (ip) and the square root of scan rate (υ1/2) and (c) the power law relationship between the peak currents and scan rates of the PB thin films in
PC-LiClO4 electrolyte with acetic acid. (d) Diffusion-controlled and surface capacitive behavior as percentages of the total capacitance at different scan
rates. (e) CV curve at 40 mV s−1 illustrates the contribution of the surface capacitance to the total current (shadow area). (f) Charge density.

Figure 5. (a) Wavelength-dependent optical transmittance spectra. (b) Switching time and transmittance curves between the colored state and the
bleached state at 700 nm (−0.5 V/+0.6 V, 40 s per cycle). (c) Plots of the time-dependent optical density variation as a function of charge density at
700 nm. (d) In situ time-dependent optical transmittance spectra at 700 nm (−0.5 V/+0.6 V, 40 s per cycle) for the PB thin films in PC-LiClO4
electrolyte with acetic acid.
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the relationship between the peak current (ip) and the
corresponding scan rates (υ). It is evident from Figure 4b that
the peak current is proportional to the square root of the scan
rate. On this basis, the diffusion coefficient is calculated to be
2.42 × 10−9 cm2 s−1 according to the Randles−Sevcik
equation.35 In addition, the envelope area of the CV curve
represents the contribution of the diffusion-controlled process
and surface capacitance effect to total charge storage.36 The
faster the scan rate, the larger the enclosed area, indicating its
pseudocapacitive behavior.37 As the scan rate decreases, the
redox peaks get closer, demonstrating that the influence of the
diffusion-controlled process is enhanced at low scan rates.38

Further, the proportion of diffusion-controlled process and
surface capacitance dominant process can be determined by the
following formula: ip = a× υb, where a is an adjustable parameter
and the b value is calculated from the slope of the linear plot of
log ip versus log υ.39 Commonly, the value of b = 0.5 represents
the diffusion-controlled process, while b = 1.0 denotes the
surface capacitance dominant process.40 The value of b is
calculated to be 0.74 (Figure 4c), confirming that the total
capacity of the PB thin films is simultaneously controlled by
diffusion-controlled and capacitor-like behaviors. The detailed
charge storage contributions of the diffusion-controlled process
and capacitive effect can be quantitatively calculated according
to Dunn’s method41

i k kp 1 2
1/2= + (2)

where k1υ and k2υ1/2 represent the effects of capacitance and
diffusion processes, respectively. The calculation results (Figure
4d) indicate that the contribution related to diffusion increases
with a decrease in the scan rate, as discussed earlier. When the
scan rate is 40 mV/s, the proportion of the two parts is balanced
(both are∼50%) (Figure 4e). The charge density is obtained via
the chronocoulometry method by supplying a square-wave
voltage of−0.5 and +0.6 V with a pulse width of 45 s (Figure 4f).
The maximum charge capacity for the PB thin films in PC-
LiClO4 electrolyte with acetic acid is calculated to be 28.65 mC
cm−2, higher than that reported in the previous literature.42 Such
high charge capacity can desirably match a high charge capacity
of the electron beam evaporated WO3 thin films (usually 35−40
mC cm−2).
To evaluate the electrochromic performance of the PB thin

films, the wavelength-dependent optical transmittance spectra in
the PC-LiClO4 electrolyte with acetic acid are shown in Figure
5a. An optical transmittance modulation (ΔT) of the nano-
granular PB thin films between the bleached and the colored
states is estimated to be 79.98%@ 700 nm, larger than the value

reported in the previous work.43 The obtained high optical
modulation is attributed to not only the synergistic effect of Li+
and H+ ions at the interface of the PB/electrolyte but also the
huge specific surface area and more active sites of the PB thin
films with tightly packed nanoparticles. Figure 5b shows the
switching time and transmittance curves of the PB thin films at
700 nm. The colored/bleached response time, which is
stipulated as the time required for the change in transmittance
of the film to reach 90% between the colored and bleached
states, is calculated to be 2.8 s/8.7 s for the PB thin films.
Compared with the colored response time, the longer bleached
time is inferred as a result of the significant difference in interface
charge transfer resistance between the electrode and the
electrolyte interface during the colored process and bleached
process, which makes it more arduous for ions to intercalate into
the film than the deintercalation of ions.44 The coloration
efficiency (η) is a key parameter to evaluate the electrochromic
performance, which is defined as the change in optical density
(ΔOD) caused by the charge stored per unit area (Qs) of the PB
thin film during the coloration process. It can be calculated by
the following standard equation45

Q Q
OD log T

T

s s

bleached

colored= =
(3)

where Tbleached and Tcolored, respectively, represent the trans-
mittance of the PB thin film in bleached and colored states. As
shown in Figure 5c, the coloration efficiency of the PB thin film
is estimated to be 417.79 cm2 C−1, much larger than that
reported in the previous work.46 The high coloration efficiency
means a broad optical modulation within a small amount of
charge variation.47 Hence, the film accumulates less charge
during the electrochromic cycle, coupled with the open
framework and three-dimensional large pore structure of PB
itself, which alleviates the structural stress generated during the
ion intercalation/deintercalation process, which can theoret-
ically arouse its long-term cyclic stability.20 Surprisingly,
excellent reversibility and cycling stability of the PB thin film
are exhibited from its time-dependent optical transmittance
curve, as shown in Figure 5d. It still retains original optical
transmittance modulation (ΔT) after more than 1000
consecutive cycles, exhibiting remarkable long-term optical
reversibility with a slight reduction from 79.3 to 79.0%.
The electrochemical impedance spectroscopy (EIS) was

carried out to investigate the electrochemical behavior and
interfacial properties of the PB thin films at different constant
potentials with a signal amplitude of 10 mV in the frequency

Figure 6. (a) Nyquist plots of the PB thin films at constant potentials of +0.1, +0.2, +0.3, and +0.4 V; the insets show the Nyquist plots at +0.5 and +0.6
V and equivalent circuit model. (b) Nyquist plots of the PB thin films at constant potentials of 0, −0.1, −0.2, −0.3, −0.4, and −0.5 V; the inset shows
the enlarged Nyquist plots in the high-frequency region.
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range of 100 mHz to 100 kHz, as presented in Figure 6. The
complete Nyquist plot consists of a semicircle in the high-
frequency region and an inclined line in the low-frequency
region, the former being related to the charge transfer process at
the interface, and the latter being correlated with the ion
diffusion process.48 One can readily be seen that quite a few
curves in Figure 6b only show a semicircular region with no
incline lines, which is due to the fact that the interfacial charge
transfer resistance at the corresponding voltage is too large to
capture enough low-frequency information in the measured
frequency range. The equivalent circuit diagram obtained from
the Nyquist curve simulation is shown in Figure 6a, and the
corresponding electrical parameters are given in Table S1.
Among them, Warburg impedance (W) reflects the diffusion
kinetics of electrolyte ions in PB thin films.49 The interfacial
charge transfer resistance (Rct)

50 at the electrode−electrolyte
interface corresponds to the diameter of the semicircle in the
high-frequency region of the Nyquist plot, and the electrolyte
resistance (Rs)

51 can be obtained from the intersection of the
Nyquist plot and the real axis. Specifically, there is no significant
change in the value of Rs under different bias voltages, while the
Rct values under negative bias voltages are much larger than

those under positive bias voltages. According to the in situ
Raman analysis aforementioned, a large amount of electrolyte
ions is intercalated in the PB three-dimensional framework
under negative bias voltages, resulting in the transformation of
PB into Prussian white. Based on the UV visible spectra, the
optical band gap of colored state (PB) and the bleached state
(Prussian white) of the electrochromic films is, respectively,
calculated to be 2.05 and 3.38 eV (Figure S7), similar to those in
the previous report.52 An increase in the band gap is believed to
give rise to fewer free electrons and reduced electrical
conductivity.53 The lower conductivity of Prussian white leads
to a slow migration rate of electrolyte ions at the electrode−
electrolyte interface, and an increase in the interfacial charge
transfer resistance.54 One reason why the coloring response time
of PB thin films is much shorter than the bleached response time
is that high conductivity leads to faster reduction/oxidation
behavior and a shorter response time. The Rct at the voltage of
−0.1 V is located in themiddle value, indicating that the thin film
is in the middle state between PB and Prussian white. When the
voltage exceeds +0.4 V, there is a significant increase in the
interfacial charge transfer resistance. It is speculated that part of

Figure 7. (a) Wavelength-dependent optical transmittance spectra (the illustrations are digital photos of the different states), (b) switching time and
transmittance curves between the colored state and the bleached state at 633 nm (−1 V/+1 V, 40 s per cycle), (c) plots of the time-dependent optical
density variation as a function of charge density at 633 nm, (d) CVs at a scan rate of 100 mV s−1, (e) GCD curves under diverse current densities, (f)
cyclic performance at a current density of 0.08 mA cm2, and (g) the optical contrast retention after 16,000 consecutive cycles for the PB-WO3
complementary electrochromic devices.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c17551
ACS Appl. Mater. Interfaces 2024, 16, 17745−17756

17752

https://pubs.acs.org/doi/suppl/10.1021/acsami.3c17551/suppl_file/am3c17551_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c17551/suppl_file/am3c17551_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c17551?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c17551?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c17551?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c17551?fig=fig7&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c17551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Fe2+ in the low-spin state may be oxidized to Fe3+ at this time,
resulting in a decrease in the conductivity of the thin film.52

In order to evaluate the rationality of using the PB thin films as
the counter electrode for electrochromic devices, the PB thin
film is incorporated in an electrochromic device with an electron
beam evaporated WO3 thin film. Figure 7a depicts the
wavelength-dependent optical transmittance spectra of the
device at diffident states. The PB-WO3 device presents a
noticeable electrochromism with an optical modulation of
70.07%, which is quite satisfying in electrochromic applications.
At the same time, well-performing EC devices should be able to
maintain their optical constants in the open-circuit state for a
sufficiently long time without constantly consuming external
energy. Figure S8 shows the change in the transmittance with the
increase in open-circuit time for the PB-WO3 complementary
electrochromic device for a period of 16 h. For the bleached
state, the optical transmittance variation is obvious by 8.68%
within 1 h and only 2.54% in the following 15 h. The most
significant change in colored state is in the first 2 h at 7%, while
the final change after 16 h is 11.24%. The response times for
coloring and bleaching are extremely short with 5.7 and 4.7 s
(Figure 7b), faster than those of the reported PB-WO3 devices.

55

Figure 7c presents the plots of the time-dependent optical
density variation as a function of charge density at 633 nm. The
value of coloration efficiency can be accordingly extracted from
the slope of the linear region of the line, obtaining 170.64 cm2

C−1, larger than those reported in the previous works.43,56 From
Figure 7d, it can be observed that there is no significant change
in the shape and envelope area of the CV plot after 100 cycles,
indicating that the electroactivity of the devices has not
decreased and the PB-WO3 device has excellent electrochemical
stability. Figure 7e depicts the galvanostatic charge/discharge
(GCD) curves of the electrochromic device recorded at diverse
current densities from 0.04 to 0.14 mA cm−2, with the relatively
symmetrical triangles indicating a reversible redox reaction. The
areal capacitance (CA, mF cm−2) can be calculated from the
GCD profiles by the following equation

C
I t

VSA =
(4)

where I is the discharge current (mA), Δt is the discharge time
(s), ΔV is the potential window (V), and S is the electrode area
(cm2). Based on the discharge profiles, the areal capacitance is
estimated to be, respectively, 6.45, 6.20, 5.99, 5.96, 5.78, and
5.60 mF cm−2 at 0.04, 0.06, 0.08, 0.10, 0.12, and 0.14 mA cm−2

(Figure S9), close to those of previously reported PB-WO3
complementary electrochromic devices.57 Furthermore, the PB-
WO3 complementary electrochromic device, possesses excellent
long-cycle stability with 71.5% capacitance retention (Figure 7f)
and 91.4% optical contrast retention (Figure 7g) after 16,000
consecutive cycles (27 days) by means of constant charge/
discharge measurement at a current density of 0.08 mA cm−2.
The electrochemical switching mechanism of WO3 and PB in
the electrochromic process is schematically illustrated in Figure
S10. Overall, the electrochromic and pseudocapacitive behavior
of WO3 and PB is both due to chemical reversible redox
reactions of W(VI)/W(V) or Fe(II)/Fe(III), accompanied by
the insertion/disinsertion of cationM, as shown in eqs 1 and 525

x xWO e M M WOx3 3+ + (5)

The comparison between the proposed ECD and those in the
previous work is summarized in Table 1.

4. CONCLUSIONS
In summary, homogeneous and sub-100 nm PB nanoparticles
with an average diameter of 50 nm can be synthesized using a
sequential strategy combined by a coprecipitation process and a
purification process. Our findings demonstrate that dialysis
filtration is an efficient method to purify PB nanoparticles.
Relying on the PB nanoparticle merits that can offer a highly
compact and uniform PB host, a high specific surface, and more
active sites for Li+ and H+ guest ions, the nanogranular PB thin
films can achieve a large optical modulation of 80% and an
ultrahigh coloration efficiency of 417.79 cm2 C−1. Quantitative
electrochemical and electrochromic characteristics are further
analyzed by using in situ spectroelectrochemistry in combina-
tion with ex situ analyses. Impressively, the highly reversible PB-
WO3 electrochromic devices can enjoy a high performance with
a high coloration efficiency of 170.6 cm2 C−1 and an improved
long cycling stability (at least 16,000 cycles with only 8.6%
decay). The academic development in this work provides a

Table 1. Comparison of Electrochromic Performance between This Work and Other Reported Works

electrode materials
ΔT (%) @

wavelength (nm)
coloration efficiency

(cm2 C−1) switching time (s)
cyclic stability
(cycles)

optical contrast
retention (%)

capacitance
retention (%) ref

bleaching coloring

WO3·H2O/PW 61.7 @ 650 139.4 1.84 1.95 2500 82.5 57
WO3/PANI 54.3 @ 633 1.4 1.1 2500 74.6 58
WO3/Zn 77 @ 632.8 5.7 10.3 200 57.0 59
PW-MnO2/WO3 35 @ 510 77.6 10,000 62.0 60
AP-WO3/NiO 60.7 @ 633 6.4 7.2 1000 60.2 61
PB/Zn 84.9 @ 633 76.8 4.6 4.1 7000 92.7 60.7 62
PB/PFSA 78.5 @ 633 75.75 13 51 300 76.9 63
PB/Li4Ti5O12 55.3 @ 529 170.1 40 49.2 1000 95.8 64
WO3/NiO 46 @ 633 3.1 4.6 2500 93 65
PB-NiO/WO3 67.6 @ 630 110 2.8 7.9 4000 84 91 66
PB-NiO/Zn 73.2 @ 632.8 54.9 2.6 1.4 1000 92 67
Zn−CuZn/PB 3 7 1000 68
PB/Zn 83 @ 632.8 8.4 3 69
PB/Zn mesh 67.2 @ 632.8 131.5 2.5 3.6 70
PB/WO3 70 @ 633 170.6 5.7 4.7 16,000 91.4 71.5 this

work
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theoretical and experimental basis for the roll-to-roll process of
electrochromic devices using PB precursors in the future.
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version was reposted on March 28, 2024.
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