
Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

Bionic SiO2@Fc(COCH3)2 core-shell nanostructure for enhancing the
electrochromic properties of ferrocene

Chunxia Huaa,1, Hongbo Xua,1, Shuai Houb, Lei Shangb, Shuliang Doub, Yuanchuan Zhengb,
Panpan Zhangb, Yang Gana, Jiupeng Zhaoa,⁎, Yao Lia,⁎

aMIIT Key Laboratory of Critical Materials Technology for New Energy Conversion and Storage, School of Chemistry and Chemical Engineering, Harbin Institute of
Technology, 150001 Harbin, China
b Center for Composite Materials and Structure, Harbin Institute of Technology, 150001 Harbin, China

H I G H L I G H T S

• A novel core-shell SiO2@Fc(COCH3)2 nanospheres is designed for electrochromism.

• The SiO2@Fc(COCH3)2 films with adjustable porosity were prepared.

• The effect of the porosity on electrochromic properties is investigated.

• The porosities of the films are solved numerically by the finite-element method.
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A B S T R A C T

Although the properties of electrochromic materials (ECMs) have been enhanced using fabricated porous ma-
terials, the effect of materials porosity on such an enhancement remains unclear. Here, we report a novel ECMs
with an adjustable pore hierarchy based on quasi-amorphous and ordered arrays of SiO2@Fc(COCH3)2. ECMs
with different pore systems were generated by modifying Fc(COCH3)2 concentration and self-assembly tem-
perature. The composition and core-shell structure of the SiO2@Fc(COCH3)2 nanospheres were confirmed
through scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HRTEM),
Fourier transform infrared spectroscopy (FT-IR) and EDX mapping. The influence of adjustable pore system on
the electrochemical behavior was studied. Experimental results showed that the current density of the redox
couple peaks of the quasi-amorphous porous SiO2@Fc(COCH3)2 films are considerably lower than those of the
ordered porous films but are higher than those of the dense Fc(COCH3)2 films. At 550 nm, the transmittance
variation of the quasi-amorphous porous SiO2@Fc(COCH3)2 film is 19%, whereas that of the ordered porous film
is 35%. The coloration and bleaching times of the quasi-amorphous porous SiO2@Fc(COCH3)2 film are 17.1 s and
4.5 s, respectively, whereas those of the ordered porous film are only 16.5 s and 3.5 s, respectively. Furthermore,
the porosities of the films are solved numerically by the finite-element method. For the ordered porous SiO2@Fc
(COCH3)2 film, the porosity is 0.26, while the quasi-amorphous film became larger (0.31–0.41). This work is the
first step in combining ferrocene derivative and colloidal crystal porous structures to develop a green, simple and
efficient electrochromic process.

1. Introduction

Electrochromic materials (ECMs) have been extensively investigated
over the past decade. These materials have received considerable at-
tention because of their diverse applications in electrochromic (EC)
displays, automobile mirrors and energy saving smart windows. They

have been used in various application given their unique ability to
switch their optical properties between colored and bleached states as a
function external voltage or current [1–5].

Three major kinds of ECMs, exist: metallo-supramolecular polymer
[6–8], metal oxides [9,10], organic small molecules and their corre-
sponding metal complexes [11–13]. Various ECMs fabrication
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techniques have been developed. These techniques include, vacuum
techniques (thermal evaporation and sputtering) and chemical methods
(sol–gel deposition and electrodeposition) [14–16]. EC reactions are
typically limited by the ability of ion intercalation and release. There-
fore, an open and fully porous architecture with a high surface area is
one of the most suitable means to improve the electrochemical per-
formance of ECMs [17–19]. Manners et al. demonstrated that the EC
properties of poly(silaferrocenophane) (PFS) are enhanced by an opal/
inverse nanostructure, that improved the redox-activity of PFS deriva-
tives [20]. Agrawal et al. fabricated an electrochemically driven optical
switch through the preferential growth of Prussian blue nanocrystals on
the nanoslit sidewalls to extend interaction length between a surface
and an active material [21]. Kim et al. systematically compared the
performance of tungsten oxide nanostructures with and without nano-
wires on the nanospheres surface. They attributed the optimized per-
formance of EC films with nanourchin-like structure to their high vo-
lume to surface ratios [22]. Lin et al. fabricated the films composed of
core-shell nickel oxide (NiO)/indium-doped tin oxide (ITO) nano-
particles with better EC performances than conventional NiO films
[23]. More recently, Kang et al. demonstrated a foldable EC nanopaper
that displays the exceptional surface properties of Ag-nanowire-based
nanopaper electrode [24].

The above studies have mainly focused on the fabrication of ECMs
with only one type of mesopores, and few studies have focused on the
adjustable void spaces to improve the electrochemical properties of
ECMs. Generally, such adjustable pore systems/tailored porosities may
be more suitable than monomodal mesoporous materials for fabricating
ECMs with superior electrochemical properties for several reasons.
First, the introduction of adjustable pore system, which could facilitate
interaction between electrolytes and electrodes. Second, an adjustable
pore structure could allow for the sufficient diffusion of lithium ions in
an electrode.

In this study, we have developed a novel ECMs that is based on core-
shell SiO2@Fc(COCH3)2 nanospheres (ferrocene derivatives having
two-COCH3 group substituted in the Fc unit) and that possess an ad-
justable pore system. Moreover, we investigated the relationship be-
tween the tailored porosities and the electrochemical properties of the
ECMs. We investigated the influence of material specifications, such as
the thickness of the shell and degree of order, to tailor the material
property of the ECMs. The transmittance variation, cycling stability and
switch times of the films were also investigated. Finally, we identify the
correlation between the degree of order and electrochemical perfor-
mance. At 550 nm, the transmittance variation in the quasi-amorphous
porous SiO2@Fc(COCH3)2 film is 19%, whereas that in the ordered
porous film is 35%. The coloration and bleaching times of the quasi-
amorphous porous SiO2@Fc(COCH3)2 films are 17.1 and 4.5 s, respec-
tively, whereas those of the ordered films are 16.5 and 3.5 s, respec-
tively. Finally, the porosity of the ECMs were calculated by the finite-
element method. The calculated results agree with the literature data. It
found that, for ordered porous SiO2@Fc(COCH3)2 film, the porosity is
0.26, while the quasi-amorphous porous film became larger
(0.31–0.41). These characteristics together with the facile realization of
the EC nanoparticles array on any other substrates, provide interesting
perspectives for the applications (e.g., in fields of EC, sensing or smart
materials.) of the Fc-based adjustable pore systems presented in this
work.

2. Experiment

2.1. Materials

1,1′-Diacetylferrocene Fc(COCH3)2 was purchased from Sinopharm
Chemical Reagent Co., Ltd. The solvents, namely ethanol and di-
chloromethane, were dried using a solvent purification system
(Innovative Technologies Inc.), collected under vacuum using 4 Å mo-
lecular sieves, and stored under a nitrogen atmosphere.

ITO substrates (∼9Ω cm−2, 1 cm×4 cm) were cleaned succes-
sively in an ultrasonic bath for 20min and in a “piranha” bath (30%
H2O2, 70% H2SO4) for 20min at 70 °C, and then thoroughly rinsed with
deionized water and dried under a nitrogen flow.

2.2. Synthesis of SiO2@Fc(COCH3)2 nanospheres

First, the SiO2 nanospheres with a diameter of 185 nm were syn-
thesized through the standard Stöber method, which has been described
elsewhere [25]. The experimental details were as following: a mixture
containing 0.8 M of aqueous ammonium hydroxide (32%, Aldrich) in
deionized water and a mixture containing 0.2M of tetra-
ethylorthosilicate (TEOS, Aldrich) in ethanol (Aldrich, spectro-
photometric grade) were prepared. These mixtures were mixed at a
1:1 vol ratio under vigorous stirring at room temperature and then used
in a sol–gel reaction that was allowed to proceeded for 5 h. After cen-
trifuging (4000 rpm, 5min) and washing with distilled water, the SiO2

nanospheres were suspended in water. The size distribution of the na-
nospheres showed a standard deviation of< 5%.

Then, the SiO2 nanospheres was used as the core for further Fc
(COCH3)2 core growth by a simple chemical bath deposition [26,27]. In
brief, 1 wt% SiO2 suspension was prepared and ultrasound for 24 h
prior to use. Fc(COCH3)2 (0.003 g) was dissolved in ethanol (3ml)
through ultrasonication to produce a deep orange solution. Fc(COCH3)2
solution (0, 2, 4 and 6ml) was added into the SiO2 suspension (1ml)
under ultrasonication. After 30min, 0.5 ml of 0.1 wt% anionic surfac-
tant sodium dodecylbenzene sulfonate was doped into the mixture to
promote hydrodynamic instability [28]. In a standard procedure, the
mixture was allowed to stand overnight at room temperature. The
faintly orange nanospheres that have formed were collected via cen-
trifugation (4000 rpm, 5min) for the removal of excess Fc(COCH3)2 and
then washed with deionized water at least three times prior to use. Prior
to each usage, the precipitates were dispersed in water and sonicated to
form a homogenous solution.

2.3. Fabrication of porous SiO2@Fc(COCH3)2 film

The fabrication processes for porous SiO2@Fc(COCH3)2 films are
schematically illustrated in Scheme 1. The SiO2@Fc(COCH3)2 nano-
spheres were self-assembled on a cleaned ITO substrate assisted by
solvent evaporation. SiO2@Fc(COCH3)2 (0.01 g) was dispersed in a 1ml
solvent (deionized water, ethanol, and ethylene glycol). 250 μL of the
resulting dispersion was cast on a cleaned ITO substrate and then dried
for approximately 24 h in a desiccator. Films exhibiting a metallic luster
gradually formed as the solvent evaporated. For comparison, the pris-
tine Fc(COCH3)2 film on ITO was also prepared. Briefly, 250 μL of the
as-prepared Fc(COCH3)2 solution (0.003 g Fc(COCH3)2 dissolved in
3ml ethanol) was cast on a clean ITO substrate and then dried for
approximately 24 h in a desiccator.

2.4. Electrochemical measurement

Spectro-electrochemical measurements were recorded with a CHI-
660E electrochemical workstation (Shanghai Chenhua Instrument Co.
Ltd.) equipped with a fiber optic spectrometer (MAYA 2000-Pro, Ocean
Optics), using a three-electrode configuration consisting of a SiO2@Fc
(COCH3)2 film (working electrode), a platinum wire (counter elec-
trode), and a silver wire (reference electrode). Cyclic voltammetry (CV)
studies were performed utilizing a three-electrode configuration con-
sisting of a SiO2@Fc(COCH3)2 film (working electrode), a platinum
wire (counter electrode), and a Ag/AgCl (reference electrode).
Measurements were performed under quiescent condition with 1M
LiClO4 propylene carbonate as the supporting electrolyte. The CV
curves were recorded by scanning the potential from 0.5 V to −3 V at a
rate of 50mV s−1. All measurements were conducted at room tem-
perature.
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2.5. Characterization

The morphologies of the SiO2@Fc(COCH3)2 films were character-
ized using a field emission scanning electron microscope (SEM, Zeiss
Supra 55, 15 kV) and a high-resolution scanning transmission electron
microscopy (HRTEM, JEM-2100, 100 kV). Droplets of the dispersions
(5 μL) of were placed on small glass slides for visualization through SEM
and on copper grids for HRTEM measurements. Fourier transform in-
frared (FT-IR, VERTEX-70, Bruker) spectra were recorded from 4000 to
500 cm−1. The reflectance and transmittance spectra of SiO2@Fc
(COCH3)2 were measured using a UV–vis-NIR spectrophotometer
(Lambda-950, Perkin Elmer) with a wavelength range of 250–1000 nm.

3. Results and discussion

The morphologies of SiO2 and the SiO2@Fc(COCH3)2 nanospheres
were investigated through SEM and HRTEM. The results are shown in
Figs. 1 and 2. The surface of SiO2 is smooth observed and compact
without any defect (Fig. 1a), and the diameter of the SiO2 colloidal
spheres is 185 nm. After coating with Fc(COCH3)2 particles, the SiO2@
Fc(COCH3)2 nanospheres have retained spherical shapes (Fig. S1). The
diameter of SiO2@Fc(COCH3)2 nanosphere is about 195 nm (Fig. 1b).

The structure of the as-prepared nanospheres was further confirmed
from an HRTEM image in addition to SEM images (Fig. 2). The HRTEM
image shows that SiO2 has a perfectly compact structure (Fig. 2a). The
SiO2@Fc(COCH3)2 present a clear core-shell structure (Fig. 2b), and the
spherical SiO2 cores are uniformly coated with a compact Fc(COCH3)2
shell. The dark spherical regions and grey shells are considered to be
SiO2 cores and Fc(COCH3)2 shells, respectively. The shells have growth
through the consecutive precipitation of Fc(COCH3)2 particles and po-
sitively charged Fc(COCH3)2 particles on the negatively charged

surfaces of the SiO2 nanospheres. The chemical composition of the
SiO2@Fc(COCH3)2 core-shell nanostructures was analysed using an
energy-dispersive x-ray (EDX) spectrometer attached to a HRTEM. It
could be observed from the elemental-mapping of a single SiO2@Fc
(COCH3)2 nanosphere that the SiO2 core was well placed in the centre
of the shell (Fig. S2). The MAP also clearly confirms the existence of Fe
in the shell of nanospheres. Due to the strong hydrogen bonds inter-
action, Fc(COCH3)2 was uniform deposition on the surface of SiO2 na-
nospheres under ultrasonic field [29,30].

To confirm the formation of the SiO2@Fc(COCH3)2 and to identify
the reaction that has occurred between SiO2 and Fc(COCH3)2, the FT-IR
spectra of SiO2, Fc(COCH3)2 and the SiO2@Fc(COCH3)2 nanospheres
(Fig. 3) were compared. The strong eOH stretching vibration observed
at 3300–3700 cm−1 in the spectrum of the nanospheres indicate that
similar to SiO2 nanospheres, the as-prepared nanospheres possess nu-
merous surface hydroxyl groups. Compared with the peak at
3088 cm−1 of Fc(COCH3)2, a new peak at 2928 cm−1 appears in SiO2@
Fc(COCH3)2, which is assigned to the stretch vibration of CeH of fer-
rocene [31]. The peaks at 1100 and 947 cm−1 in the spectrum of SiO2

nanospheres are assigned to the symmetrical stretching vibrations of
siloxane (SieOeSi) and silanol group (SieOH). New peaks are observed
at 1084 and 935 cm−1 in the spectrum of the as-prepared nanospheres.
Moreover, in contrast to the characteristic ferrocenyl moiety peaks
observed at 3088, 1448, 1107 and 831 cm−1 in the spectrum of Fc
(COCH3)2, new peaks are observed at 2928, 1453, 1114 and 846 cm−1

in the spectrum of the as-prepared nanospheres. These peaks are at-
tributed to the formation of the Fc(COCH3)2 layer induced by hydrogen
bonds [32,33]. These results indicated that the as-prepared nano-
spheres consisted of SiO2 and Fc(COCH3)2 [34]. The initial and re-
sultant SiO2 nanospheres were designated as SiO2 and SiO2@Fc
(COCH3)2 respectively.

Scheme 1. Fabrication procedure of the SiO2@Fc(COCH3)2 nanospheres and porous ECMs.

Fig. 1. SEM images of SiO2 nanospheres (a) and SiO2@Fc(COCH3)2 nanospheres (b).
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The supersaturation concentration of Fc(COCH3)2 with respect to
the core SiO2 nanosphere was quantified to improve the shell thickness.
The relative volume V* was defined in accordance with the following
equation to quantify supersaturation:

=
∗

V
V

V Fc COCH

SiO

( )3 2

2

where VSiO2 and VFc COCH( )3 2 are the volumes of SiO2 colloidal solution
(1 wt%) and Fc(COCH3)2 solution (1%), respectively. Comparing the
SEM images of the SiO2 spheres with HRTEM images (Fig. 4b–d), shows
that as V* increases from 2 and 4 to 6, the average thickness of Fc
(COCH3)2 shell increases from 5 nm to approximately 20 nm. The cor-
responding reflectance spectra of the films fabricated using nano-
spheres with different shell thicknesses are shown in Fig. S3 [35]. The
reflectance peak red-shifts from 409 nm to 429 nm as the shell thickness
increases from 0 to approximately 20 nm. When V* > 6, Fc(COCH3)2
particles appear aggregation to some extent, indicating that Fc
(COCH3)2 is present in excessive (Fig. S4). Thus, the optimal V* is 4,
with which the shell is compact and no excess Fc(COCH3)2 is found. In
addition, the dried nanospheres powder is yellowish-brown in colour,
indicating that Fc-containing material is present in the nanosphere wall
[36].

Fig. 5(a and d) show the top view and cross-section view images of
the SiO2@Fc(COCH3)2 film self-assembled at 40 °C. The film has a
completely random arrangement and an FFT image reveals the presence
of a diffuse ring (Fig. 5a). When the temperature increased to 50 °C, a
perfect hexagonally ordered array is formed (Fig. 5b and e) [37,38].
The closely packed face-centered cubic (FCC) structure is the equili-
brium structure. However, a quasi-amorphous structure can also form
in equilibrium under different self-assembly conditions [39,40]. Fig. 5(c

and f) exhibit the top view and cross-section view images of pristine Fc
(COCH3)2 film. It can be found that the pristine Fc(COCH3)2 is dense
structure.

To evaluate the electrochemical properties of the quasi-amorphous
porous, ordered porous SiO2@Fc(COCH3)2 films and dense Fc(COCH3)2
film, the CV curves of the films were obtained over the potential region
of 0.5 V to −3 V at a scan rate of 50mV s−1 (Fig. 6) [39,40]. No ob-
vious redox peak is observed in the CV curve of the dense Fc(COCH3)2
film. This result indicates that nearly no injection/extraction of Li+ ions
has occurred. A pair of distinct redox peaks appears at −1.41 V/
−1.31 V and −1.39 V/−1.34 V in quasi-amorphous and ordered
porous SiO2@Fc(COCH3)2 films. The ordered SiO2@Fc(COCH3)2 film
shows significantly larger current densities than the quasi-amorphous
SiO2@Fc(COCH3)2 film and dense Fc(COCH3)2 films. This result de-
monstrates that proton insertion/extraction into the host lattice is fa-
cilitated at a given applied potential [41]. Furthermore, the anodic and
cathodic currents of the film shift to high potentials as the degree of
order of the array increases. The increase in anodic and cathodic cur-
rents indicates that the number of protons and electrons that have in-
corporated into the film increases. In turn, this behavior implies that
active material content of the film has increased during the procedure.

The anodic/cathodic peaks are assigned to the conversion between
reversible cycles for the ferrocenyl unit [40,42]. As expected, the
porous SiO2@Fc(COCH3)2 film exhibited electrochromic properties as a
result of the conductive Fc(COCH3)2 core in each film. As an example,
the color of ordered porous SiO2@Fc(COCH3)2 film changed from
transparent yellow to gray (Fig. S5). Thus, Fc is electrochemically
oxidized into ferricenium ions (Fc+), essentially Fe2+⇄ Fe3+ for the
coloration and bleaching states. The coloration process of the film
corresponds to the reduction reaction, Fe3++ e−→ Fe2+, whereas the
bleaching process is associated with the oxidation peak [43].

The negative in the order porous film, a smaller energy barrier must
be overcome for the reaction of Fc→ Fc+ to occur and that electro-
chemical activities and reaction kinetics have improved. The ordered
nanosphere arrangement would increase the real surface area available
for electrochemical reactions, and such an increase is important for
effective EC reactions [44].

To quantitatively compare the electrochromic performances of the
films, the visible and near-infrared transmittance spectra of the quasi-
amorphous porous, ordered porous SiO2@Fc(COCH3)2 films and dense
Fc(COCH3)2 film were obtained after the film electrodes were subjected
to 6 cycles of CV testing in 1M LiClO4 propylene carbonate electrolyte.
Fig. 7 shows the visible and near-infrared transmittance spectra of
quasi-amorphous porous, ordered porous SiO2@Fc(COCH3)2 films and
dense Fc(COCH3)2 film in their colored and bleached states. Fig. S6
shows the corresponding transmittance modulations ΔT (ΔT=Tb− Tc,
where Tb and Tc denote the transmittance in bleached and colored
states, respectively) of the resulting films. The ordered porous SiO2@Fc
(COCH3)2 film shows a larger ΔT than the quasi-amorphous porous and
dense films. At 550 nm, the transmittance variation exhibited by the

Fig. 2. a, b HRTEM images of SiO2 nanospheres and SiO2@ Fc(COCH3)2 nanospheres; c) mapping images and d) EDX analyse of SiO2@ Fc(COCH3)2 nanospheres.

Fig. 3. FT-IR spectra of a) SiO2 nanosphere powders, b) pure Fc(COCH3)2
powders, c) SiO2@Fc(COCH3)2 nanosphere powders.
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quasi-amorphous porous SiO2@Fc(COCH3)2 film is 19%, and that ex-
hibited by the ordered porous film is 35%. The loss in ΔT is consistent
with the decrease in the current density present in Fig. 6. The ordered
porous SiO2@Fc(COCH3)2 film exhibits larger transmittance

modulation because the combination of large active surface areas and
shorter Li+ diffusion distances for more effective Li+ intercalation.

The switching behaviors of the films were analysed by monitoring
film transmittance at 550 nm under the pulsed potential region of 0.5 V

Fig. 4. HRTEM images of SiO2@Fc(COCH3)2 nanospheres synthesized at different values of relative volume (V*). (a) pure SiO2 nanospheres. (b) V*= 2. (c) V*= 4.
(d) V*=6.

Fig. 5. Top-view SEM images of as-prepared quasi-amorphous porous (a), ordered porous SiO2@Fc(COCH3)2 films (b) and dense Fc(COCH3)2 film(c). The insets in (a
and b) are the corresponding FFT image. Cross-section SEM images of quasi-amorphous porous (d), ordered porous SiO2@Fc(COCH3)2 films (e) and dense Fc
(COCH3)2 film (f).
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and −2.5 V (Fig. 8). The corresponding chronoamperometric curves of
quasi-amorphous porous, ordered porous SiO2@Fc(COCH3)2 films in
the potential region of 0.5 V to−2.5 V were shown in Fig. S7. Temporal
response under alternating potentials could lead to the alternating in-
tercalation/de-intercalation of Li+ ions, resulting in bleaching/colora-
tion switching [45]. This phenomenon clearly demonstrates that the
ordered porous SiO2@Fc(COCH3)2 film exhibits sharp and distinct

transitions between their coloration and bleaching state, whereas the
quasi-amorphous porous film shows gradual transitions. This finding
indicates that ordered array films display considerably faster switch
times than the amorphous array films. Moreover, the porous films
display a considerably faster switch times and better cycle stability than
the dense film.

Switch times (tc for coloration and tb for bleaching) are defined as
the time required to reach 90% of a material’s full transmittance
change. Fig. 9 shows the in-situ transmittance response at 550 nm. For
the ordered porous SiO2@Fc(COCH3)2 film, the switch time is 3.5 s for
bleaching and 16.5 s for coloration. These switch times are significantly
faster than the quasi-amorphous porous film (4.5 s for bleaching and
17.1 s for coloration) and indicate that EC response can be accelerated
within the ordered porous SiO2@Fc(COCH3)2 film by facilitating the
rapidly diffusion of Li+ into and out of the film. This result suggests that
the suitable porosity of the SiO2@Fc(COCH3)2 structures plays an im-
portant role in fabricating ECMs with ideal electrochemical properties.

The influence of the porous structure on Li+ intercalation/de-in-
tercalation behaviors, though very complicated, may be summed up as
coming under three aspects. Firstly, core-shell structure reduce the
aggregative trend of Fc(COCH3)2 particles. Derived from the self-as-
sembly condition of the core-shell SiO2@Fc(COCH3)2, porous SiO2@Fc
(COCH3)2 exhibit two types of porous structure: interconnected por-
osity in ordered porous SiO2@Fc(COCH3)2 and disconnect space existed
in quasi-amorphous porous SiO2@Fc(COCH3)2 film [46,47]. The porous
films can decrease the Li+ diffusion difficulty, facilitating Li+ inter-
calation/de-intercalation process. Secondly, porous structure improves
Li+ intercalation/de-intercalation because they create more active sites

Fig. 6. The CV curves of quasi-amorphous porous, ordered porous SiO2@Fc
(COCH3)2 films and dense Fc(COCH3)2 film at a scan rate of 50mV s−1 (vs. Ag/
AgCl).

Fig. 7. Visible and near-infrared transmittance spectra of quasi-amorphous porous (a), ordered porous (b) SiO2@Fc(COCH3)2 films and dense Fc(COCH3)2 (c) film,
where V is switched between 0.5 V and −2.5 V.
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for Li+ to quickly Li+ intercalation/de-intercalation, minimizing the
effects of sluggish solid-state ion transport. Finally, the periodicity of
the ordered porous film is larger than quasi-amorphous porous film.
Such periodic porous is beneficial to effective electrical contact of
SiO2@Fc(COCH3)2 nanospheres with electrolyte. These results reflect
that the ordered array of the SiO2@Fc(COCH3)2 nanospheres exhibit
efficient EC activity. Therefore, the ordered porous structure demon-
strated some excellent micro-nanostructure enhanced properties in
electrochromism.

Pore systems of were further simulated on the basis of an SEM

image. In the simulation, several layers of ordered and quasi-amor-
phous structures were calculated. Furthermore, the porosities of the
films are solved numerically by the finite-element method. By using a
multiscale perturbation technique (0≤ R≤ 0.5, at R=0, the nano-
spheres are ordered array (Fig. 10a), otherwise are quasi-amorphous
array (Fig. 10b–f)) on array of the nanospheres in a unit cells, we obtain
the structural model and porosity of the films with different porous
system. Table S1 listed the values of relative porosity, which were ob-
tained by the known analytical equations [48–50]. The porosity of the
ordered porous SiO2@Fc(COCH3)2 film reaches 0.25, and that the

Fig. 8. Transmittance-time response curves of the quasi-amorphous porous (a), ordered porous SiO2@Fc(COCH3)2 films(b) and dense Fc(COCH3)2 film(c) obtained
by applying a pulsed potential region of 0.5 V and −2.5 V for 20 s at 550 nm.

Fig. 9. One single coloration–bleaching cycle of the quasi-amorphous (a), ordered porous (b) SiO2@Fc(COCH3)2 films obtained by applying a pulsed potential region
of 0.5 V and −2.5 V for 20 s at 550 nm.
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quasi-amorphous film became larger (0.31–0.41). The quasi-amorphous
SiO2@Fc(COCH3)2 film has a non-compact structure and poor chemical
stability, resulting in poor EC stability. Moreover, the order array film
exhibits better EC properties [51]. These findings indicate that EC re-
sponse can be accelerated in the ordered porous Fc(COCH3)2 film by a
low resistance of the ordered film due to the better effective contact of
SiO2@Fc(COCH3)2 nanospheres with the electrolyte. This result sug-
gests that appropriate porosity is crucial factor that determines the
electrochemical performance of the ECMs [52].

4. Conclusions

SiO2@Fc(COCH3)2 films with adjustable pore hierarchy were pre-
pared via evaporation induced self-assembly. Results demonstrate that
the porous system could be manipulated by the self-assembly tem-
perature. The electrochemical and EC properties of the quasi-amor-
phous and ordered porous SiO2@Fc(COCH3)2 films were compared
with those of the dense Fc(COCH3)2 film. The ordered films have su-
perior electrochemical and EC properties, i.e. larger transmittance
modulation, better cycle stability and higher switching speed than the
quasi-amorphous porous SiO2@Fc(COCH3)2 films. Moreover, the cycle
stability of the SiO2@Fc(COCH3)2 films with and without an ordered
array has considerably improved. The enhanced electrochemical per-
formance of the ordered porous SiO2@Fc(COCH3)2 film may be

attributed to the increased active surface areas, more effective contact
and shortened Li+ diffusion distances of the film. The proposed ap-
proach can be extended to the rational design of multifunctional ma-
terials that are useful for developing of high-performance smart mate-
rials.
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