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Nanocomposite polymer films are prepared by using ultra-
sonic spray deposition (USD) technique through mixing
polymethyl methacrylate as matrix and fumed silica
nanoparticles as second phase in dimethyl carbonate solvent.
Annealing procedure improves the film uniformity and optical
transmission. The addition of fumed silica nanoparticles
impedes the transmission of the electrolyte films due to
agglomeration of fumed silica nanoparticles. Fortunately,
adding surfactant, cetyltrimethylammonium bromide, dis-
perses the fumed silica nanoparticles and retrieves the optical
transmission of nanocomposite polymer films to around 90%.
The hardness and elastic modulus of the nanocomposite poly-
mer films are better than the commercial bulk. The USD
deposited nanocomposite polymer film comprises of PMMA
and fumed silica nanoparticles is a promising candidate of
solid-state electrolyte for EC windows application. POLYM.
ENG. SCI., 00:000-000, 2019. © 2019 Society of Plastics Engineers

INTRODUCTION

Solid-state polymer film is an important component in systems
like electrochemical devices. They are promising candidates as
solid polymer electrolytes for lithium batteries and electrochromic
(EC) devices after adding lithium salt. Solid-state polymer films
have no or very limited problems with leakage or pressure-related
distortions compared with liquid state polymer. Additionally, they
have good contact with the electrodes, simple preparation in dif-
ferent forms and good mechanical as well as adhesive properties.
Moreover, their great thermal stability, low flammability, and the
ease of processing make them supreme materials as electrolyte.

Solid-state nanocomposite polymer based electrolytes include
solid polymers and composite materials which typically include
oxide nanoparticles. Figure 1 shows the schematic of the compos-
ite polymer electrolyte for EC window. These metrics consist of a
host polymer, a lithium salt, one or more aprotic solvents and
oxide nanoparticles. The motion of polymer side chains serves a
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lithium ion transport function. The lithium salt provides lithium
ions. The aprotic solvent is the media used to dissolve the lithium
salt. Oxide nanoparticles act as mechanical support for the electro-
lyte films. In addition, their presence serves to disrupt regular
polymer ordering, which facilitates polymer chain motion and
enhances ion transport.

Solid-state nanocomposite polymer electrolytes have been stud-
ied and methods are reported to improve mechanical stability. This
can be achieved by adding ceramic fillers to the host polymer
[1-10]. Many reports have results about PMMA-based polymer
electrolytes [2, 3, 7-9, 11-32]. PMMA has drawn a lot of attention
because it has been widely used for its stiffness and clarity in many
industrial applications. The evaluation of mechanical properties of
solid-state nanocomposite polymer electrolyte films is very impor-
tant for windows application. Load and depth sensing
nanoindentation are the most suitable methods to determine the
hardness, elastic modulus of thin films [33-35]. However,
nanocomposite polymer electrolyte films for EC windows applica-
tion also need high optical properties. Thus, a series of experiments
mainly including PMMA and fumed silica have been carried out.

There are many ways to prepare polymer electrolyte films such
as spin coating [2, 5], dip coating [8], and tape casting [1, 9, 12, 18,
26]. However, those processes are not suitable to apply into large
size window applications and for large-scale production of polymer
electrolyte films. The spin coating technique wastes too much
because it has only 2%—-3% chemical usage. This approach has limi-
tation on spin speed for large glass size and not good for inline pro-
duction. The dip coating approach is a slow process which is
difficult to overcome edge effect, and requires a reservoir of solution
for the substrate to be immersed in. Moreover, the volume of the
solution is far greater than the volume of the substrate and can lead
to a high quantity of solution wastage. Tape casting procedure can-
not make films below 10s of microns and patterning is not possible.

Authors’ team has been looking at the potential of ultrasonic
spray deposition (USD) for the large-scale production of EC
devices. There are lots of advantages of USD such as low cost,
high chemical usage, easy to adapt different chemistries into this
technique and operate under atmospheric pressure. In this study,
different percentages of PMMA and different percentages of
fumed silica in dimethyl carbonate (DMC) solution have prepared
and ultrasonic sprayed to produce nanocomposite thin films which
can be used as electrolyte after addition of lithium salt. Annealing
procedure was also studied to improve the optical property. Sur-
factant (cetyltrimethylammonium bromide [CTAB]) was added to
help for good dispersion of fumed silica nanoparticles. The thick-
ness and uniformity of the films are also studied in this work.
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FIG. 1. Schematic of the composite polymer electrolyte in EC window.
[Color figure can be viewed at wileyonlinelibrary.com]

Mechanical properties such as hardness and elastic modulus are
examined by nanoindentation.

EXPERIMENTAL
Preparation of Polymer and Nanocomposite Polymer Solution

Polymer solutions were prepared by dissolving polymethyl
methacrylate (PMMA, Aldrich, Mw: 996,000) in DMC (Aldrich)
through stirring several hours until clear solutions were formed.
Nanocomposite polymer solutions were prepared by adding poly-
mer and fumed silica (Aldrich, A200) and also stirred for several
hours until clear solutions were formed. CTAB (Aldrich) was
added with the same amount of fumed silica into the
nanocomposite solution if needed.

Preparation of Nanocomposite Polymer Films

The polymer solution or nanocomposite polymer solution was
transferred into a syringe and delivered to the ultrasonic spray
nozzle at a flow rate of 0.25 mL/min using Fluid Metering Inc.
VMP TRI Pulseless “Smoothflow” pump. The ultrasonic spray
system was obtained from Sono-Tek Corporation and consisted of
a model 8700-120 spray head that operated at a frequency of
120 kHz. The spray nozzle had a 0.230 in. diameter conical tip
and 0.015 in. diameter orifice that was fitted with the impact sys-
tem for gas-driven spray delivery. The atomized mist was
entrained in a stream of nitrogen whose flow rate was fixed at 6.9
slm using an electronic mass flow controller (Omega FMA 1818).
This aerosol was directed onto FTO-coated glass (TEC-15, Pil-
kington) positioned 5 cm below the nozzle under ambient condi-
tions. Before deposition, all substrates were cleaned with an
isopropanol-soaked clean-room wipe, blown dry with nitrogen,
and then placed in an oxygen plasma (800 mtorr, 155 W) for
5 min. Samples were mounted on a computer controlled stage
which rastered them through the deposition zone for desired spray
coats. Then the polymer or nanocomposite polymer films were
annealed on a hot plate at desired temperature [36, 37].

Optical Property Measurement

Optical transmission was evaluated by ultraviolet—visible spec-
troscopy (Stellernet SD200). The contribution of a clean fluorine-
doped tin oxide (FTO) substrate was background subtracted, so
that the reported optical response reflects only contributions from
the films.
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Mechanical Property Measurement

The elastic modulus and hardness were measured by using
MTS Nano Indenter XP with a Micro Start Technology,
Berkovich indenter (TB9818). The measurement mode is dis-
placement control and a silica chip (hardness: 72 GPa) as stan-
dard. The nanocomposite polymer films thickness is intention to
deposit 3 pm to avoid substrate effect.

Film Thickness Measurement

A profilometer, TENCOR P-10 surface profiler, is used to
measure the thickness of the nanocomposite films.

RESULTS AND DISCUSSION
Polymer Film Thickness and Transmission

For applying the USD method, three parameters including flow
rate, solution concentration, and spray coat layers can be con-
trolled individually. At a constant flow rate of 0.25 mL/min and
10 coats, it is found that the thickness of the PMMA film depends
linearly on the PMMA concentration (Fig. S1). For the same coat-
ing layers, the resulting polymer film thickness increases with
flow rate and films obtained from the higher PMMA concentra-
tion results in thicker film (Fig. S2). Under the same flow rate of
0.25 mL/min and spray coats, the thickness of the PMMA film is
proportion to the concentration of PMMA in the prepared solution
(Fig. S3). Next, the molecular weight of PMMA is changed from
996,000 to 120,000, the tendency of film thickness with respect to
spray coat, flow rate, and concentration is the same, as shown in
Figs. S4-S6. For the same spray coats, the thickness of PMMA
film is raised with flow rate and concentration (Fig. S4). Fixing
the flow rate, the final film thickness of PMMA is boosted with
spray coats and concentration (Fig. S5). The PMMA film thick-
ness is elevated with the concentration of PMMA if the flow rate
and spray coats are maintained the same (Fig. S6).

It is important to know the transmission of PMMA films after
USD if they are considered as candidates for EC windows applica-
tion. When the concentration of PMMA is increased from 0.25%,
0.5%, 0.75% to 1%, the transmission is decreased in order (Fig. S7).
In Fig. S8, the transmission shows degradation from around 80%
down to 60% (650 nm) when the PMMA (Mw: 120,000) films gain
more spray coats from 10 to 50 coats at constant concentration
(0.25%) and flow rate (0.25 mL/min). When the PMMA (Mw:
120,000) concentration is moved up to 0.5%, the transmissions of
the films have the same trend as those deposited from 0.25%, which
is reduced from around 80% to 60% (Fig. S9). Based on Figs. S9
and S6, the thicknesses of PMMA (MW:120,000) increase from
around 165 nm (0.25%) to 350 nm (0.5%) but the optical transmis-
sion do not change too much, which indicates the transmission has
little correlation with PMMA concentration (under 0.5%) for films
prepared from low molecular weight of PMMA.

The Annealing Effect on Polymer Films

To improve the transmission, we annealed the films at 300°C
which is the glass transition temperature of PMMA (Mw:
996,000) for 10 min. It can be found that the film thickness uni-
formity was improved along with the improvement of transmis-
sion. Figure S10 shows the film thickness prepared from 0.1%,
0.25%, and 0.5% PMMA (Mw: 996,000) solutions at 0.25 mL/
min with 10 coats before and after annealing at 300°C. It clearly
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FIG. 2. 0.5% PMMA (Mw: 996,000) transmission before 300°C. [Color fig-
ure can be viewed at wileyonlinelibrary.com]

shows that the thickness of films prepared from 0.1% and 0.25%
do not change much after annealing. However, a significant
decreased of PMMA films thickness at 0.5% PMMA concentra-
tion after annealing procedure, especially at the film with
0.25 mL/min flow rate compared with 0.5 mL/min. It also shows
PMMA (Mw: 996,000) films with 0.25% concentration and
10 spray coats have much less change after annealing (see
Fig. S11). This result demonstrates that PMMA (Mw: 996,000)
films with 0.25% concentration and 10 spray coats at 0.25 mL/
min have good film thickness stability because less stress
remained in the films and can lead to less deformation after
annealing process.

When films prepared from 0.5% PMMA solution with 50 coats
at a flow rate (0.25 mL/min) also exhibit an apparent thickness
reduction after annealing (see Fig. S12). The result indicates a
preferable USD parameter of PMMA (Mw: 996,000) is 0.25%
concentration, 10 spray coats, and 0.25 mL/min flow rate. The
uniformity of PMMA films also can be enhanced after annealing,
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FIG. 3. 0.5% PMMA (Mw: 996,000) transmission after 300°C. [Color figure

can be viewed at wileyonlinelibrary.com]
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FIG. 4. The transmission of 20 coats PMMA with different volume fractions
of A200. [Color figure can be viewed at wileyonlinelibrary.com]

and this situation can be seen more clearly at 0.1% concentration
with 0.5 mL/min and 0.5% concentration with 0.25 mL/min in
Fig. S11 and 0.1% concentration with 10 coats and 0.1% concen-
tration with 50 coats in Fig. S12.

The optical transmission of PMMA (Mw: 996,000) films with
0.1% concentration with different spray coats and flow rate before
(Fig. S13) and after annealing (Fig. S14) emphasize that the more
spray coats (50 coats) results in lower transmission (down to
around 60%). Fortunately, the transmission can be restored
through annealing method at 300°C and get back to above 80%.
The optical transmission of PMMA (Mw: 996,000) films with
0.25%, different spray coats and flow rate in the conditions of
before (Fig. S15) and after annealing (Fig. S16) also illustrate the
same conclusion as Figs. S13 and S14, an improved transmission
to 90%. Figure 2 is the transmission of films with 0.5% concen-
tration before annealing, and also eventually enhanced to 90%
after annealing (Fig. 3).

The Transmission and Thickness of Nanocomposite Polymer Films

Similarly, it is crucial to study the transmission and thickness
of nanocomposite polymer films. Figure 4 is the transmission of
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FIG. 6. The transmission of 20 coats PMMA with different volume fractions
of A200 and CTAB. [Color figure can be viewed at wileyonlinelibrary.com]

nanocomposite films with 5, 10, 15, 20, and 25 vol% of fumed
silica (A200) in 0.5% PMMA (Mw: 996,000) at flow rate of
0.25 mL/min and 20 coats. Figure S17 is the transmission of films
with same parameters as Fig. 4 but with 40 coats. Obviously, the
nanocomposite films with higher loading of fumed silica exhibit
lower transmission. Figure 5 is the nanocomposite film thickness
of 0, 10, and 20 vol% fumed silica in 0.5% PMMA (Mw:
996,000) at flow rate of 0.25 mL/min, 20 and 40 spray coats. The
addition of fumed silica does not change the thickness of
nanocomposite.

The reason why the addition of fumed silica reduces transmis-
sion is due to the aggregation of fumed silica in the
nanocomposite films. To avoid the aggregation, a surfactant
(CTAB) was added to help disperse the fumed silica
nanoparticles. The amount of surfactant is the same as fumed sil-
ica. Figure 6 is the transmission of 10, 15, 20, and 25 vol% of
fumed silica (A200) and CTAB in 0.5% PMMA (Mw: 996,000)
films at flow rate of 0.25 mL/min, and 20 spray coats. After
adding the surfactant, the transmission was increased from 80% to
90%. However, the film with 25 vol% fumed silica still has low
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FIG. 7. Film hardness of PLD PMMA and USD PMMA with different vol-
ume fractions fumed silica. [Color figure can be viewed at
wileyonlinelibrary.com]
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transmission, which is due to the inefficient dispersion of fumed
silica nanoparticles at high loading amount. The aggregations of
fumed silica block the transparency and reduce the transmission
of nanocomposite polymer films.

Mechanical Properties of Nanocomposite Polymer Films

The addition of fumed silica nanoparticles into PMMA matrix
improving the mechanical properties is due to the strong interac-
tion between PMMA and silica nanoparticles. The residual
hydroxyls on the fumed silica and carbonyl groups on the poly-
mer chains are the major source of these interactions. High sur-
face area of fumed silica nanoparticles also promote the
mechanical strength of nanocomposite films through existing huge
amount of hydrogen bonding among silica and PMMA [38].

Hardness and elastic modulus are two important mechanical
properties of polymer composite films. For the application of EC
windows, acting as an electrolyte of a window, the polymer elec-
trolyte need to have enough strength to resist the deformation.
Comparison of the hardness and elastic modulus with literature is
carried out. The PMMA films in this study are intended to be
deposited with better mechanical properties than commercial bulk
PMMA films [39]. Figure 7 displays the hardness of PMMA
Mw: 996,000) with different volume fraction fumed silica and
CTAB. The hardness of pure PMMA film is around 0.28 GPa and
there is no big improvement of hardness when we add fumed sil-
ica. Compare with pulsed laser deposited (PLD) PMMA film of
0.075 GPa [39], nanocomposite polymer films in this research
have pretty good hardness. The elastic modulus of our
nanocomposite polymer films are around 6.5 GPa as shown in
Fig. 8 and are much better than PLD PMMA films. Our hardness
and elastic modulus are also close to Mammeri’s work [40], hard-
ness, and elastic modulus of PMMA/SiO, hybrid films on glass
substrates around 0.5 and 7.6 GPa.

CONCLUSIONS

Thickness, transmission, and mechanical properties of
nanocomposite polymer films based on PMMA and fumed silica
nanoparticles deposited by using USD are studied. The film
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uniformity and transmission are improved by annealing at the
glass transition temperature of polymer host. The addition of
fumed silica hinders the transmission of films. Nanocomposite
polymer films with 90% transmission are produced by adding a
surfactant (CTAB) to help dispersing the fumed silica
nanoparticles. The mechanical properties investigations show the
nanocomposite polymer films exhibit superior hardness and elastic
modulus than commercial PMMA films. The nanocomposite poly-
mer film based on PMMA and fumed silica nanoparticles pre-
pared by USD is a promising candidate of solid-state electrolyte
for EC windows application.
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