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Abstract
In this work, a voltage-heating actuated flexible solvatochromic film is developed using the composites of Nafion film-
nickel complexes with spray-coated silver nanowires (AgNWs). The nickel complexes, inside Nafion film through ion
exchange, serve as colorable components due to the coordination number change of water molecules in solvatochro-
mism. The color-changing process of the composites was characterized experimentally by adjusting the water content in
films, which exhibit distinct coloration properties from red to green with an absorbency shift (0.25–0.60 at 420–
550 nm). To achieve an electrical actuation, the electrothermal joule effect of AgNWs is studied to accelerate the hydro-
lysis of the nickel complexes. A mask patterned spraying process is developed to increase the adhesion between
AgNWs and Nafion film, which can be beneficial in a low (2–5 V) voltage-regulated coloration. This study provides a sys-
tematic investigation of flexible electrothermally responsive color-changing film of complex metal ions, the composite
film prepared from flexible smart materials and well-adhered electrodes have potential applications in the fields of adap-
tive camouflage, wearable display devices and e-skins.
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Rapid and active coloration in functional material is an
importance feature that can be implemented in vivid
display, camouflage, visible device and temperature-
controlled equipment.1–8 Among these techniques, dif-
ferent physical stimulus-responsive chromic have been
developed, such as electrochromism,9 thermochro-
mism,10 photochromism,11 and solvatochromism.12

Solvatochromism has a unique character by the absorp-
tion or emission spectrum of a substance in the vapor
state, exhibiting a solvent-dependent coloration.13–15

This mechanism can be further implemented into engi-
neering applications in sensor or actuator if an effective
regulation methodology is developed.16,17 Electrical

1Jiangsu Provincial Key Laboratory of Special Robot Technology, School

of Mechanical and Electrical Engineering, Hohai University, Changzhou,

China
2Shaanxi Key Lab of Intelligent Robots, School of Mechanical Engineering,

Xi’an Jiaotong University, Xi’an, China
3Multidisciplinary Nanotechnology Centre, College of Engineering,

Swansea University, Swansea, UK
*These authors contributed equally to this work.

Corresponding authors:

Yanjie Wang, Jiangsu Provincial Key Laboratory of Special Robot

Technology, School of Mechanical and Electrical Engineering, Hohai

University, No. 200, North Jinling Road, Changzhou Campus, Changzhou

213022, China.

Email: yj.wang1985@gmail.com

Bo Li, Shaanxi Key Lab of Intelligent Robots, School of Mechanical

Engineering, Xi’an Jiaotong University, 28 West Xianning Road, Xi’an

710049, China.

Email: liboxjtu@xjtu.edu.cn

Creative Commons CC BY: This article is distributed under the terms of the Creative Commons Attribution 4.0 License

(https://creativecommons.org/licenses/by/4.0/) which permits any use, reproduction and distribution of the work

without further permission provided the original work is attributed as specified on the SAGE and Open Access pages

(https://us.sagepub.com/en-us/nam/open-access-at-sage).

https://doi.org/10.1177/16878132221116484
https://journals.sagepub.com/home/ade
http://crossmark.crossref.org/dialog/?doi=10.1177%2F16878132221116484&domain=pdf&date_stamp=2022-08-25


actuation in chromic system by a voltage or a current is
a useful strategy that incorporating colorfully device
into mechatronic systems.18,19 Examples include a col-
orful artificial muscle,20 camouflage robot,21 flexible
visual indicator.22 The application of thermal manage-
ment technology determines the active solvochromic
performance during the preparation and demonstration
of related composite devices.23–26 Electrothermal actua-
tion through flexible electrodes and smart materials
enables the application of thermal management tech-
nology in color-changing displays.27,28

In this paper, we propose a methodology that inte-
grating the solvatochromic response in nickel complex
with electro-thermal actuation by fabricating aNafion
film composite. Nafion is a perfluorinated ion-exchange
polymer, Figure 1(a), with a short side chain terminated
by a sulfonic acid group. Long polymer backbones qua-
lify its mechanical strength, and short side chains pro-
vide ionic groups that react with some cation and form
channels.29 In addition, a mass of nanopores distribute
in the polymer matrix allow the formation of nanoscale
ionic channels (Figure 1(b)). The ion channels provide
passes for the ion exchange of cation in Nafion with
other solvatochromic metal-ligand, which incorporat-
ing solvatochromism in Nafion. We then sprayed sliver
nanowires (AgNWs) onto the surfaces of Nafion, to
achieve voltage-heating regulation by thermal evapora-
tion of solvent inside the Nafion. The porous property
of AgNWs offers a transparent appearance and do not
affect coloration by the coordination change of nickel
complexes with molecules.

We prepared nickel complexes as follows. Nickel
nitrate hexahydrate (J&K Chemical Inc., Beijing,
China) was treated by diketone and diamine ligands,

which were provided by acetone, acetyl acetone, and
tetramethylenediamine. The treated solution was ion
exchanged with sodium tetraphenylboron (NaBPh4)
and the final product was obtained after repeated puri-
fication, as shown in Figure 2(a). The complex has
strong ability of coordination with methanol molecules,
which can show color changes from red to blue-green.
Then, the solvatochromic Nafion membrane were
obtained by immersing in the methanol solution of
these salts for 48 h.

As shown in Figure 2(b), the nickel complex with
characteristic chemical structure contains diamine and
diketone ligands, which turns the complex into differ-
ent colors when immersed in different solutions.
Reversibility of color changes can be observed during
the process, which is based on the long-term stability of
the sample film. Table 1 records the discoloration effect
diagram of the solvent discoloration film after being
placed for a long time, and it can be seen that the sam-
ple has good maintenance of discoloration perfor-
mance. Here, we only use this film as a carrier, a red
color changing film obtained after vacuum drying can
coordinate with water molecules (vacuum drying, con-
stant temperature 90�C, 48 h). The nickel complexes in
color-changing film can be reconstructed by coordina-
tion with water molecules and produce rich color trans-
formation between red and green.

AgNWs were selected as electrodes due to low stiff-
ness, high transparency, and conductivity, which had
little effect on the color of film itself. This process
mainly utilizes the porous properties of Nafion mem-
brane materials and the overlapping properties of silver
nanowire materials. Adhesion can be formed between
the two materials to complete the attachment of surface
electrodes. A facile spraying process is developed as
shown in Figure 3.

The SEM image of the AgNWs/Nafion composite
film is displayed in Figure 4. The electrode layer of
AgNWs was deposited uniformly with networked dis-
tribution. The overlapping morphology of AgNWs
increases the current collecting area of the electrode,
which reduce the electrode resistance to about 30 O/h.
The diameter range of AgNWs we used is about 30–
100nm, and the length of some AgNWs can reach
4.27mm. The above properties enable the AgNWs to as
electrode for regulating solvatochromic film.

In order to evaluate the coloration, we firstly investi-
gated the water coordinate capacity of the film samples
and the change of its water content vs. time due to
dehydrating or hydrating in air by the weighing
method, (the environmental humidity was about 63%
RH in the lab). The solvatochromic film and the flex-
ible composite film were soaked in DI water for 8 h to
absorb water to a saturated state. After that, the sam-
ples were removed from DI water and cleaned the sur-
face moisture to be weighted. The transient masses mt

Figure 1. Structure of Nafion: (a) a ball-and-stick model of
polymer groups of Nafion molecular structure and
(b) nanopores and ionomeric channels of Nafion.
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at a time interval were recorded until the sample
reached an equilibrium state. The values at the initial
moment are set to the completely hydrated mass. Then
the films were vacuum dried at 80 degrees centigrade in
a drying oven for 8 h to sufficiently remove the internal
water. And we measured the transient mass mt in the
same way. Under this condition, the initial masses are
set as the dry mass md of solvatochromic film and flex-
ible composite film. The water content w can be calcu-
lated as,

w=
mt � md

md

ð1Þ

Based on equation (1), we got the water content of
the films from the initial saturated state or from the dry
state to equilibrium as shown in Figure 5. Twenty-two

points (S1–S11 and E1–E11) were selected respectively
as the conditions of the color change test.

The temperature and humidity measured at the ini-
tial point have a slight deviation, In Figure 5(a), the
absorption curve of solvatochromic film fast grows and
gradually reaches to equilibrium from 0 to 5400 s. The
water contents increased from 0% to 1.85% due to the
absorption of water. After 5400 s, the water content of
the solvatochromic film slowly increases to 2.1%. In
fact, there are three types of water involved in the coor-
dination state with the nickel complexes inside the sam-
ples, namely free water, loosely bound water and
freezing bound water, which depends on the bonding
level between the water molecule and the complexes.
During absorption process, the absorbed water mole-
cules coordinate with the nickel complexes, which result

Figure 2. Synthesis of nickel complex and coloration: (a) nickel complexes in solid and (b) scheme diagram of coordination process
of nickel complex in methanol solution.

Table 1. Fabrication of AgNWs/Nafion composite film.

1 day 1 week 2 weeks 1 month 2 mouths

Coloration

Discoloration

Figure 3. Fabrication of AgNWs/Nafion composite film.
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in color change of the sample. For the dehydration pro-
cess, the solvatochromic film presents a tendency from
sharply dropping to slow decrease and finally reach an
equilibrium state. The water content decreased from
12.75% to 4.09% (0 –5400 s), and then decreased to
4.01% (5400–10800 s). The sample experienced from
losing free water to the loss of bound water lost. From
Figure 5(b), the flexible composite film presents a simi-
lar result as solvatochromic film. During the absorption
process, the curve displays a liner increase from 0 to
10,800 s and then gradually reaches to the equilibrium.
During dehydration process, the decline slope of the
flexible composite film is smaller than that of the solva-
tochromic film, which exhibits a moderate decline. This
is probably attributed to the barrier property of porous
AgNWs layer on surfaces of the sample.

Through the relationship between the marked
moments and water content in Figure 5, we conducted

tests at a specified moment to observe the color change
of the sample in the air. The sample is placed on the
platform of the LED background light for better obser-
vation, and the color change process is recorded with
the camera backlit.

Figure 6(a) shows the optical images of the color
evolution of solvatochromic film during process of
absorption and dehydration, respectively. Each color
corresponds to the specific water content (S1–S11 and
E1–E11). During absorption process with the water
content from 0% to 2.01% (S1–S6), the color of the
film changed from red, orange, yellow to light green.
The solvatochromic film in fully dry state optically
appears red because of the planar quadrilateral crystal
configuration of the nickel complexes. When under-
going a coordination reaction with water molecules, the
crystal of nickel complexes will become a spatial octa-
hedral configuration, which appears optically red to

Figure 4. SEM image of a silver nanowire electrode.

Figure 5. The moisture content curves of (a) solvatochromic film and (b) flexible composite film.
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green. During the dehydration process with water con-
tent from 12.7% to 4.09% (S7-S11), the color presents
a slightly change. Excess water molecules do not change
the crystal structure of the nickel complex, or the crystal
of the nickel complex is unable to absorb extra water
molecules, which are stored in the Nafion matrix. In
fact, from S1 to S6, the solvatochromic film mainly
absorbs freezing bound water with loosely bound water
combined with nickel complexes, which resulting in a
change in crystal configuration. From S7 to S11, the
film mainly these waters, which has a relatively small
effect on the color change.

Figure 6(b) shows the color change process of the
flexible composite film with different water content. It
can be clearly observed that the flexible composite film
presents excellent color change effect similar to the sol-
vatochromic film due to the high transparency of the
AgNWs layer. In order to obtain good electrothermal

effect and high transparency, the surface resistance of
the AgNWs layer was set to about 20–40 O/h.
Meanwhile, from the figure that the coverage of the sil-
ver nanowires obscured the discoloration process of the
film to a certain extent, which is also the place where
the follow-up research needs a breakthrough.

The absorbance tests were carried on using the self-
made test platform as shown in Figure 7. After picked
up from the DI water and cleaned the surface water,
the sample was placed on glass plate. And the distance
was set to 20mm from the test plate to the LED side
light source. The sample were tested by Maya2000Pro
MAYP111232 and white incident light source.
Meanwhile, their absorption spectrum data were col-
lected and recorded by OceanView 1.6.5 and plotted in
Figure 8.

The abscissa in the spectrum is the wavelength l,
and the ordinate is the absorbance A. The water con-
tent of the sample was regulated, and the absorbance is
calculated by equation (2).

A=lg
l0

l1

ð2Þ

A is the absorbance, l0 and l1 are the intensity of the
incident light passing through the sample surface and
the intensity of the transmitted light passing through
the sample surface, respectively. The absorbance is
affected by factors such as temperature, humidity, and
the degree of coordination of the nickel complexes.
From the theory of chemistry, organic compounds can
absorb ultraviolet and visible radiation, and its absorp-
tion spectrum is produced by the transition of valence
electrons in the molecule. Figure 8 shows the absorp-
tion spectra of the solvatochromic film and electrochro-
mic film. The extracted and recorded spectrum belongs
to band spectrum rather than sharp line spectrum,
which is mainly due to the transition of electrons in the
molecule during the energy absorption process. The
dry state (0% of solvatochromic film and electrochro-
mic film) and saturated water state (12.7% of

Figure 6. Color change versus the water content of films:
(a) color change of solvatochromic film and (b) color change of
flexible composite film.

Figure 7. Absorbance spectrum experiment.
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solvatochromic film and 13.3% of electrochromic film)
of the films were selected to analyze color change pro-
cess, and four strong absorption peaks can be observed
at l1=474, l2=468, l3=468, and l4=469nm,
respectively. Under certain experimental conditions,
with the increase of water content, the absorbance of
the solvochromic film and the flexible composite film
at the maximum peaks decreased from 0.92, 1.23 to
0.57, 0.59, respectively. Usually, the absorption of light
by a substance is proportional to the concentration of
the substance. During the discoloration process, the
concentration of nickel ion complexes decreases due to
the water coordination reaction, resulting in a weaken-
ing of the substance’s absorption of light. It can be seen
that the as-prepared nickel ion complex groups play a
major role in absorbing light during the spectral mea-
surement. When an absorption peak appears in the
ultraviolet-visible region (200–700 nm) of the absorp-
tion spectrum, it indicates that the n–p* valence elec-
tron transition exists in the molecule and the molecule
contains heteroatomic unsaturated groups. The coordi-
nation reaction of nickel complexes with water mole-
cules leads to the generation of wave crests. In

addition, the absorption peak moves to the left along
the abscissa as shown in Figure 8 shows, which is called
a blue shift. According to the optical image of Figure
6, the blue shift corresponds to a change process of the
sample from red to light green. In Figure 8(b) and (d),
there is a very small blue shift, which can correspond to
the color of the solvatochromic film and flexible com-
posite film did not change significantly during the
process.

Figure 9(a) shows a patterned electrochromic results
of a flexible composite film under different voltage.
Both ends of the sample are clamped by Kelvin clamps,
and the DC power supply is used to adjust the voltage.
A relatively stable humidity environment (about 60%)
was selected for the color change display experiment,
and optical recording photos, electrical parameter
changes and thermal imager images during the color
change of the sample were respectively given. Original
AgNWs/Nafion flexible composite film was light green
in an indoor environment. The film gradually trans-
ferred to red with increasing voltage, the color turned
red obviously as the voltage changed from 2 to 4V. We
can see the most prominent color variance at 5V, and

Figure 8. Absorbance spectra of solvatochromic film and flexible composite film: (a) absorption of solvatochromic film,
(b) dehydration of solvatochromic film, (c) absorption of flexible composite film, and (d) dehydration of flexible composite film.
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there is no obvious damage on the AgNWs surface elec-
trode. Higher voltages would cause thermal damage to
the electrodes ending up in irreversible oxidation. The
surface current changed from 0 to 238mA to 210mA
also confirmed the thermal damage of the AgNWs.
Temperature of electrode and composite film increased
from 23.1�C to 79.7�C during discoloration process,
which is used to demonstrate the occurrence and com-
pletion of structural coordination reaction.

Figure 9(b) shows the transmittance of electrochro-
mic film after multiple electrochromic cycles. The trans-
mittance tested by 721 spectrophotometer increases

slowly from 21.3% to 22.4%. Good transmittance can
ensure that the electrochromic film has an excellent
color display effect. The slow curve rising rate confirms
stable sample performance and long material life.
Repeated use of the sample would cause degradation
and debonding of surface electrodes. We selectively
deposited silver nanowires on the surface of the film to
form a three-letter pattern as shown in Figure 9(c).
Each character in turn became red in a few seconds
when 4V voltage was applied. The patterning of elec-
trodes could potentially make voltage induced disco-
loration technology more applicable and provide some
supports for research in the field of flexible electronics
based on the satisfying performance exhibited in the
experiments (Figure 10).

In summary, we developed a fabrication of a flexible
solvatochromism based on Nafion film and nickel com-
plexes. A nickel complex was prepared, which could
coordinate with water molecules. When a nickel com-
plex molecule is coordinated with two water molecules,
its crystal configuration changes from red to light
green, then Nafion film was immersed in a methanol
solution containing nickel complexes to prepare the sol-
vatochromic film. The AgNWs/Nafion composite flex-
ible composite film was prepared by spraying AgNWs
on the surface of the solvochromic film and regulating

Figure 9. Electrochromic results of a 5 mm 3 20 mm AgNWs/Nafion composite film. (a) Discoloration of different voltages applied.
(b) The transmittance of electrochromic film after several cycles. (c) Discoloration after bonding the electrochromic film to a model.

Figure 10. Discoloration response and recovery time of
flexible composite films.
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the surface resistance of the electrode to be about 30O/
h. In order to better study the mechanism of color
change, we studied water content effect by absorbance
spectrum analysis. We revealed the effect between free
water, loosely bound water, freezing bound water, and
discoloration. Through comprehensive analysis of the
dehydration process and water absorption process, the
color of the solvatochromic film and electrochromic
film changed from red to green and gradually deepened
with the increase of water content from 0% to about
13%. The color change was characterized by absor-
bance spectroscopy, and the blue-shift phenomenon of
the wave peak with a width of about 5 nm verified the
coordination change process of the metal complexes.
demonstration was illustrated to validate the flexible
electrochromic display of the AgNWs/Nafion compo-
site film. The flexible composite film exhibits fast color-
changing response and patternable solvatochromism
under voltage gradient changes of 2–5V. In view of the
aforementioned performances, the electrothermal
response as well as active solvatochromics of ionomer
substrate containing nickel complexes under two elec-
trodes entail the entire composite device to be an candi-
date solution with appropriateness and superior
efficiency for adaptive camouflage, wearable display
devices and e-skins.

Material and method

Fabrication of the AgNWs AgNWs solution () was
diluted to the concentration of 0.5mg/ml and then
placed in spray gun. The nozzle of gun is about 15 cm
away from Nafion film. After spraying, the surface was
heated immediately so that AgNWs particles can
adhere firmly to surfaces. The distance between hot air
gun and film is controlled at around 10 cm, and the
temperature of hot air gun is set at 160 degree centi-
grade. Then the surface of color-changing film was
dried by moving hot air gun slowly and steadily. We
repeated the above procedures several times on sur-
faces of AgNWs/Nafion composite film until the resis-
tance of surface electrode decrease to 20–40O/h.
Finally, the sample was trimmed to prevent short cir-
cuit of upper and lower electrodes.
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