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Abstract – An ion channel in a cell membrane offers a path of ion migration for perception
and communication in biology. Under this inspiration, in this paper, the hydrated ion channel
is introduced in a solid Nafion polyelectrolyte for electrochromic (EC) iontronic device based on
WO3. The hydrated ion channels can effectively regulate the coloration when gating the ion
migration and injection into the WO3. The coloration is characterized at different voltages in
time responses. A transmission change over 50% at 400 nm is realized. This offers a new route to
design functional EC iontronics that encoded the bio-mechanism.
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An electrochromic (EC) device is an important device that
can change its color under an applied electric potential.
The EC device has been widely exploited in optical appli-
cations, including the smart window, the flexible screen,
and efficient displays, etc. [1–6]. Among these EC tech-
niques, the one which uses WO3 as an essential coloration
material has been much studied, owing to its advances
in low cost, easy fabrication and good stability [7,8].
The color change of WO3 is the result of dual injec-
tion/extraction by electrons and cations, respectively. In
the coloration process, under an electric field on the EC
device, the cations and electrons are injected into WO3,
which changes its color from transparent to deep blue.
In the bleaching process, under a reverse electric field,
the cations and electrons are extracted, consequently, the
color in WO3 is bleached [9].

In a WO3-based EC device, the source of electrons
is provided by a transparent electrode, i.e., either ITO
or FTO. The cations are provided by a different elec-
trolyte material, including the liquid, the solid hydrogel
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and the rigid solid film. In the literature we find that
the polymer electrolyte offers good properties: easy pro-
cessing, mechanical strength, enhanced endurance and ro-
bustness [8,10–19]. Therefore, in this paper, we fabricate
a new type of EC iontronic device utilizing another poly-
mer electrolyte with hydrate ion channel to regulate the
coloration, which is inspired by the ion migration in a cell
membrane. We show the bio-inspired concept, investigate
the experimental technique to fabricate the layered poly-
electrolyte and characterize the coloration process.

Figure 1 shows the bio-inspiration concept. In a cell,
the membrane potential can be generated by ion trans-
port through the phospholipid bilayer, known as the ion
channel in fig. 1(a). The cell membrane potential offers
perception for tactile and auditory sensing [20,21]. We
incorporate this functional ion channel into the polyelec-
trolyte during the design of the EC device in fig. 1(b),
adding the bio-feature to regulate the coloration. Subject
to a voltage <5V, the protons, H+, migrate in the chan-
nel through the interface, then exchange with the protons
in WO3. Meanwhile, the electrons are injected into WO3

as well. Figure 1(c) sketches the process in the chemical

68001-p1



Bo Li et al.

Fig. 1: The bio-inspired design and concept of electrochromic (EC) iontronics. (a) The ion channel in a cell membrane. (b) The
hydrate ion channel in the polyelectrolyte of an EC device. (c) The coloration and bleaching reaction in WO3 during the
dual-injection process.

(A) (B)

(C)

Fig. 2: Characterization of the WO3 film. (a) The SEM image
of the double layered WO3 film (666.2 nm thickness). (b) The
transmission of the film. (c) The pre-charged WO3 film which
verifies its capability of electrochemical coloration.

reaction. Apparently, the ion channel provides a path for
effective ion migration for regulation and gating the chem-
ical reaction.

The synthesis of WO3 is provided in the materials and
method section. In fig. 2(a), SEM images characterize the
two-layered WO3 film with thickness of 666.2 nm. Fig-
ure 2(b) is the transmission of the WO3 film at the origi-
nal state. In fig. 2(c), by pre-charging the WO3 film in a
reservoir, the protons are installed in WO3. This process
verifies the coloration capability of WO3.

We use the Nafion film from Dupont Company as the
perfluorosulfonate polyelectrolyte. Nafion is a commer-
cial product known for its outstanding performance in
ion-exchange, and it has been used in fuel cells for ion
storage [22]. Owing to the cluster surrounded by fixed an-
ions, hydrate ion channels are naturally formed during the
synthesis for the motion of cations in the water environ-
ment [23]. A Nafion film has been employed in the study
of fuel cell batteries for its outstanding stability compared
to Li ion ones [11], as well as in the artificial muscle for a
biomimetic robot owing to the ion transportation [24–26].
Here, we employ the Nafion film to utilize its ion transport
in the nanochannel for EC coloration. In order to provide
a sufficient amount of cation for coloration, two types of
Nafion are available: a multi-layered membrane laminate
and a Nafion block, which are sketched in fig. 3(a). Due to
the contrast of the width of ion channel (10−10 m) and the
length of EC iontronics (10−2 m), in a commercially avail-
able Nafion film (117 series) whose thickness is 180 μm, the
ion channels are non-directionally distributed, but form a
3D path, thus the ion migration is not effectively delivered
to reach the interface [23,27,28]. However, by stacking
ultra-thin layered Nafion films (<1μm), the ion channels
are in parallel arranged and connected through the overall
membrane thickness. Therefore, we recasted and stacked
the ultra-thin Nafion polyelectrolyte on a well deposited
WO3 film.

To improve the cation concentration, the Nafion solu-
tion was condensed by mixing with a dimethylethylene-
diamine solution in a volume ratio of 4:1. The mixed
solution was heated at a temperature of 70 ◦C and stirred
at a rotation speed of 800 rpm for condensing. The volume
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Fig. 3: The ion channel path and fabrication of Nafion-based
polyelectrolytes. (a) Comparison of layered thin-Nafion films
and a Nafion block in ion channel distribution. (b) The con-
densed Nafion solution. (c) The optical transmission of ultra-
thin Nafion as a fully transparent polyelectrolyte. (d) The
thickness of the ultra-thin polyelectrolyte under different spin-
coating speed and time.

of the Nafion content after concentration is cal-
culated by Ccondense = Voriginal×5%

Vcondense
, where Ccondense is

the concentration of the condensed liquid, Voriginal is the
volume of the original Nafion solution, Vcondense is the
condensed volume, 5% is the concentration of the original
Nafion solution. The experimental design for condensa-
tion is listed in table S1 of the Supplementary Material
Supplementarymaterial.pdf (SM). The surface of the
Nafion membrane is characterized in fig. 3(b) to show the
channel size. When the concentration of the condensed so-
lution is greater than 20%, the agglomeration phenomenon
occurs during the concentration process and fails to form a
homogenous solution, which is also verified by a similar re-
port [29]. Therefore, we select the concentration of 20% in
the spin-coating process for recasting the ultra-thin film.

Then the solution was spin-coated for recasting. Fig-
ures 3(c) and (d) show the coating results. Each film
was heated at 80 ◦C for 10min. The spinning time and
speed affect the thickness of the Nafion film concurrently.
An ultra-thin Nafion film can be obtained at thickness
between 400 and 1000 nm. In fig. 3(c), 8 layers of Nafion
films, 1000 nm for each layer, were fabricated, which are
fully transparent in the visible range, with a transmission
up to 93.1%.

Fig. 4: Effect of the hydrate ion channel gating on the
coloration. (A) The corresponding coloration on and off.
(B) Characterization of the coloration. (C) The color stains
due to the residual cation in the WO3 film as the ion channel
is closed. (D) The coloration of EC iontronics in time response.

Fig. 5: The coloration at two loading times under 5 V.

In fig. 4(a), two EC iontronic devices were fabricated
with a 8-layer coated Nafion film as polyelectrolyte layer
on WO3 and covered with ITO on both surfaces. The
thickness for the WO3 and polyelectrolyte is 333 nm and
8μm. When the polyelectrolyte layer was completely dry
during the heating, the ion channel was closed and the
ions hardly migrated without water to exchange with pro-
tons in WO3, and the coloration was not triggered. With
water absorbed, the polyelectrolyte layer swelled, open-
ing its ion channels, and consequently the coloration was
realized. The EC iontronic devices change their color un-
der 4V voltage, showing a difference in transmission over
53.85% in fig. 4(b). The coloration can be bleached by
reversing the electric field. Through a repeated coloration
and bleaching cycle of 50 times, some color stains appear
within WO3 in fig. 4(c). This is due to the loss of water
in dry in the air as well. The ion channel is closed and
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Fig. 6: The coloration in the EC iontronics. Small surrounding panels: the characterization of the maximum transmission value
and wavelength in the coloration at different voltage. Big central panel: the maximum loading time for reaching a final color
state.

hinders the cation to return to the polyelectrolyte, and as
a consequence, the coloration stays. The stains of color are
fully erasable by water absorption. Figure 4(d) displays
the coloration process in time response.

After verifying that the ion channel can regulate the
coloration, in fig. 5, the process of coloration under a con-
stant voltage 5V was characterized for an example. In
fig. 5, the light transmissions of the EC iontronics were
measured at different time intervals (10 s, 20 s, 30 s, 40 s,
50 s), showing the process of coloration with a peak value
at a wavelength of 400 nm. In the two subplots of fig. 5,
two time intervals were selected at 10 s and 20 s respec-
tively, where the peak transmissions were recorded with
regards to the increasing voltage. It is significant that a
higher voltage promotes the coloration in the time domain,
and all the EC iontronics reached a stable state gradually.
Here we define the transmission of 47% as the final col-
oration state.

In fig. 6 (big central panel, top), under each voltage, the
peak value of transmission and the corresponding wave-
length were measured to characterize the coloration per-
formance. Surely, a higher voltage accelerates the mi-
gration of a cation through the polyelectrolyte film and
its insertion into the WO3 quickly. We use the trans-
mission at the final coloration state as a stop time Tc

for characterizing the color efficiency, and the values are

summarized in table S2 of the SM as well as in fig. 6
(big central panel, bottom). Through the curve fitting,
the effective coloration voltage can be expressed as U =
114.48 − 21TC + 1.19TC

2. This offers a control strategy
for coloration.

The EC device features a fast coloration owing to the
electrochemical reaction. An improvement has been made
in either the electrode for functional and transparent con-
duction, or the electrolyte for proton storage. In this
paper, Nafion is selected to provide a new media for host-
ing ion migration. Through the hydrated path of nano
channels in Nafion, the movement of the ions is regu-
lated for fast delivery to the interface of Nafion and WO3.
Due to the robustness of Nafion, this electrolyte has been
widely exploited in the application of fuel battery for sta-
ble lithium storage. For the EC device, the advantage of
Nafion is that it contributes to the stability of the col-
oration, which may extend the time duration of the open-
circuit memory effect.

In summary, inspired by the functional ion channel in
the cell membrane, an electrochromic (EC) iontronic de-
vice is designed and fabricated, by laminating ITO/WO3.
A polyelectrolyte, Nafion, is re-casted to form a nanoscale
hydrate ion channel. By stacking the thin layers of poly-
electrolyte films, the ion channels are connected and ori-
ented in a path, instead of forming a 3D complex map.
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The ion channel turns the coloration on/off by regu-
lating the ion migration through the interface, or their
stay within the WO3 layer as a coloration memory ef-
fect. A significant coloration is realized at different volt-
age levels. The effective coloration is characterized and
analyzed, for guidance of bio-inspired iontronics in optical
applications.
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