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Abstract: Solid polymer electrolytes (SPEs) are vital components of fast appearing technology for energy
storage-conversion devices. Here, SPEs based on silver (Ag) and zinc oxide (ZnO) nanoparticles are prepared
by laser ablation in polylactic acid (PLA) at room temperature. The comparison study of PLA, PLA-ZnO,
PLA-ZnO/Ag, and PLA-Ag -based SPEs is conducted in pursuance of the electrical conductivity obtained from
electrochemical impedance spectroscopy (EIS) characterization. EIS provides comprehensive analyses, includ-
ing DC and AC conductivities, dielectric constant, and electrical modulus of the samples. Our results show that
PLA-ZnO exhibits an appreciable value of DC conductivity, which insignificantly decreases by Ag addition into
PLA-ZnO/Ag. This study suggests that PLA-ZnO remains stable by Ag incorporation; hence, PLA-ZnO/Ag

has a great potential as SPEs.
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I. INTRODUCTION

The development of polymer-based nanocomposites trans-
parent films with high electrical and thermal conductivities
has become a popular research topic for electronic devices [1].
Polylactic acid (PLA), in particular, has a great potential for
replacing petroleum-based polymers because of its thermo-
plastic nature, biodegradable and biocompatible characteris-
tics, mechanical strength, high elastic modulus, and easy pro-
cessing [2]. Moreover, the properties of PLA can be improved
by incorporating nano-sized carbon, metal, or semiconductors
materials that offer several unique features, such as electrical
conductivity, thermal stability, and mechanical reinforcement
[3-6].

Today, silver (Ag) nanomaterial is regarded as one of the
most appealing transparent electrodes due to its excellent con-
ductivity. However, Ag cannot stay stable for a long time
when exposed to air [7]. Zinc oxide (ZnO) nanoparticles is
a semiconductor compound exhibiting the electrical proper-
ties that can be modulated and optimized by controlling the
thickness or size of ZnO to be in nanoscale [8]. In typical, the
inclusion of Ag in the synthesis of ZnO nanostructures has
gained number of attention because of its unique structural,
electrical, and optical properties [8, 9].

Laser ablation of a solid target in liquids is a simple and re-
liable method for generating nanoparticles of almost any met-
als and semiconductors [10]. Zhao et al. [9] succeed to use

Ag plate and ZnO to synthesize ZnO/Ag by pulsed laser abla-
tion method in water. ZnO/Ag could form a unique core-shell
nanostructure and elaborate its optical and structures charac-
teristics. Anugrahwidya ef al. [11] also managed to use a
similar method reported in [9] with some modifications to ob-
tain ZnO/Ag nanoparticles. Referring to previous studies, so
far the preparation of ZnO/Ag by using laser ablation in PLA
solution has not been reported. PLA-ZnO/Ag transparent film
has great potential for solid polymer electrolytes (SPEs) ap-
plication, where PLA and ZnO/Ag have a role as host and
nanofiller, respectively. In the present study, transparent films
based on PLA-Ag, PLA-ZnO, and PLA-ZnO/Ag are prepared
by laser ablation. Hereinafter, their properties are charac-
terized by an EIS method to observe the electrical behavior,
including ionic conductivity, complex dielectric, and electric
modulus. All of those parameters are used to determine an
ideal candidate for SPEs applications.

II. METHOD

Dichloromethane (DCM, CH2Csy) and polylactic acid
(PLA, [C3H40.],,) were purchased from Sigma-Aldrich and
NatureWorks America, respectively. The used Ag plate
specifically has a thickness of 5 mm and size of 15 x 15 mm,
while the ZnO plate has a thickness of 5 mm and size of 10 X
15 mm.

ZnO/Ag nanoparticles were prepared using the similar
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FIG. 1: Synthesis scheme of the ZnO/Ag nanoparticles prepared by
laser ablation in PLA solution.
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FIG. 2: The photograph of transparent films.

method as reported in previous studies [9, 11] with some mod-
ifications. The synthesize procedure conducted by laser abla-
tion in PLA solution consists of three-steps with the exper-
imental set up shown in Fig. 1. In the first step, 2 mol%
PLA was prepared by dissolving 2 g PLA granules into 100
mL DMC solution using a hot plate magnetic stirrer at 90°C
and 1200 rpm for 30 minutes. For the second step, the laser
Nd:YAG was focused on the Zn plate to ablate it for 10 min-
utes to produce ZnO nanoparticles. The laser was setup at
the wavelength of 1064 nm, 100 mJ energy laser, and 160 us
pulsed duration. As for the last step, an Ag plate was ablated
by the same pulsed energy of laser for 5 minutes in the ob-
tained solution containing ZnO nanoparticles, which results
in ZnO/Ag nanoparticles. Ag nanoparticles were also synthe-
sized by the same method with the laser focused on Ag plate
for 5 minutes in 5 mL PLA. 10 ml PLA was then added to the
ablated solution. The resulted solution was stirred for 5 min-
utes and casted on a stainless Teflon. The formed transparent
film can be seen at Fig. 2. Characterization was carried out by
electrochemical impedance spectroscopy (EIS) to investigate
electrical conductivity of all samples.

III. RESULTS AND DISCUSSION

Electrical Conductivity study

The frequency dependent dielectric properties were studied at
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TABLE I: The values of ionic conductivity of PLA, PLA-Ag, PLA-
ZnO/Ag and PLA-ZnO.

No. Sample DC conductivity (S/cm)
1 PLA 4.354 x 10°

2 PLA-ZnO 9.773 x 103

3 PLA-ZnO/Ag 8.814 x 10*

4 PLA-Ag 6.820 x 10°

room temperature in the frequency range 10% - 10° Hz us-
ing LCR meter (HIOKI 3532-50). By measuring the complex
impedance (Z), the dielectric constant, dielectric loss, real and
imaginary electric modulus can be estimated.

The ionic conductivity of all films has been calculated from
the bulk resistance (Ry,) of the samples at room temperature
using Eq. (1) [12, 13].

t
opC = oy (1)
where opg, t, and A are DC conductivity (S/cm), thickness
(cm), and area (cm?) of the samples, respectively.

Table I summarizes the DC ionic conductivity of the sam-
ples, revealing that the conductivity of the PLA-based elec-
trolyte significantly increases with the ZnO addition, while
decreases by the Ag inclusion. This indicates that ZnO could
improve ions mobility between electrode and electrolyte inter-
face [14], whereas Ag has an effect to reduce it. PLA has the
lowest conductivity because of its insulating feature [15]. The
data also show that the ZnO/Ag coexistence plays an impor-
tant role to enhance charge carriers; thus increases the ionic
conductivity of the PLA-based electrolyte [16].

Fig. 3 shows the AC conductivity spectra of the samples,
which are divided by three regions. The first region is located
in low frequency (1.7 - 2 Hz) and attributed to the electrode
polarization. The second region is in intermediate frequency
(2 - 4 Hz) and related with longrange ion migration and DC
conductivity. The final region is at a high frequency dispersion
region (4 - 6 Hz); it is ascribed to the increased probability of
ion hopping from one site to another [14]. Based on previous
study done by Arya et al. [14], AC conductivity on the third
region can be identified as two processes to clearly explain the
ion hopping. The first process is correlated with a forward-
backward migration (wy,) and a forward migration (w > wy,)
in which ions may jump back to the initial chain (wy). The
second process describes a successful ion hopping to the new
chain of polymer (w > wy) [14, 17, 18].

The AC conductivity will increase with increasing fre-
quency, which is caused by ion activities in the electrode-
electrolyte interface. The low frequency region is known as
the busies phase when the charges and charge carriers are col-
lected in electrode-electrolyte interface, thus it will decrease
a relaxation process and enhance the dielectric constant [19].
The intermediate frequency is described as an ions diffusion
process, where ions may migrate from one chain to another,
hence, increases the relaxation process and decreases the di-
electric constant as the ions is getting started to pairs [20].
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FIG. 3: AC and DC conductivity of (a) PLA, (b) PLA-Ag, (c) PLA-ZnO/Ag, and (d) PLA-ZnO as a function of frequency.

As the result, in the final phase, the ions experience a pair-
ing effect and disperse to another electrode which could also
enhance the relaxation process with increasing frequency. As
shown in Fig. 3, the ionic conductivity enhancement are influ-
enced by ZnO nanoparticles addition. The conductivity runs
into decrement when PLA was added by Ag nanoparticles.
However, compare with the pure PLA, the Ag inclusion still
increases the PLA ionic conductivity. This indicates that the
added Ag is proportional to the resulted free ions in electrode-
electrolyte interface [21]. PLA-based polymer with ZnO ad-
dition also raise the ionic conductivity significantly, denoting
that ZnO results more free ions than Ag.

Dielectric study

We analyzed the complex dielectric constant having real and
imaginary parts at room temperature. The real part (¢'), also
known as dielectric constant) measures the ability of mate-
rial to stored electric charge, whereas the imaginary part (¢”)
represents dielectric loss or usually called as dissipation en-
ergy in the materials under an applied oscillating electric-field
[12, 22, 23]. The ¢’ and ¢” are described by Eqgs.(2) and (3),
respectively.

/ Zi

S S— 2
= W2+ 22) 2)
- Z: 3)

- WCO(Z? + Zrz)

where () is the vacuum capacitance which can obtained by
Co =€ A/l, € is the free space dielectric permittivity, [ is the
thickness, and A is the cross-section area of the capacitor.

Based on Fig. 4(a) and (b), we know that the ¢’ and ¢’ of
PLA have a similar phase from low to high frequency as that
explained in Fig. 3. The € value of PLA reach up to 6 X
10* to achieve the electrode polarization between electrode-
electrolyte interface, following the migration of ion with di-
electric loss that reach up to 3 x 10* to migrate the ions at
low frequency. The polarization and ion migration process
occur for a long frequency range following the ion diffusion
process. It is indicated with an available space between the
points of dielectric spectra [19, 20]. Afterwards, the disper-
sion process is found at high frequency, where its magnitude
reaches a saturation in the higher frequencys dispersive region
[18]. This is possibly caused by the molecular dipoles which
cannot stay constant with the rapidly changing field [23].

The dielectric spectra of PLA-ZnO are shown in Fig. 4(c)
and (d). The ZnO nanoparticle that has been embedded on
PLA enhances the dielectric constant and dielectric loss sig-
nificantly. According to AC conductivity spectra, PLA-ZnO
has a higher electrical conductivity. It indicates that the po-
larization and proliferation of large-mobile free ions occur in
electrolyte [21]. However, the shortterm saturation on low fre-
quencies reveals a fast-periodic reversal of the electric field
and reduces the ion diffusion. Furthermore, the ions will
disperse through the membrane and experiences a saturation
phase in higher frequencies. According to previous study [24],
Zn?** will improve the ionic transport of polymer electrolyte.
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FIG. 4: Dielectric constant (¢") and dielectric loss (¢”') spectra of PLA, PLA-Ag, PLA-ZnO/Ag, and PLA-ZnO as a function of logarithmic

frequency.
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ZnO would have the tendency to attract Zn>* cations from
the electrolyte regions; hence there is a possibility of the re-
versible reaction shown in Eq. (4).

Zn0 + Zn*t «— ZnO : Zn?* ()

These ZnO:Zn>* species form charge regions space that in-
duces local electric field and is responsible to the enhancement
of Zn?* ion mobility.

As shown in Fig. 4(e) and (f), the ¢’ and €¢” spectra of PLA-
ZnO/Ag show a similar pattern as that in PLA and PLA-ZnO.
The highest value are found at low frequency, indicating the
magnitude of polarization and dipole accumulation. Mean-
while, the fast saturation at high frequency signifies ion diffu-
sions and pairing effects that are accelerated by the presence
of Ag [14, 25, 26]. We found that the ¢’ and ¢” of PLA-Ag
have a short-term saturation at low frequency, as shown in Fig.
4(g) and (h). This phenomenon indicates that Ag addition in
PLA helps the ionic transport on PLA membrane to become
faster. We found a similar case in previous study by Shukur
et al. [26]. At higher frequencies, the periodic reversal of
the electric field occurs so fast that there is no ion diffusion
in the applied field [26, 27]. Then, the accumulation of ions
at the electrodeelectrolyte interface will decrease following a
progressive decrease in its magnitude in the high frequency at
€¢” spectra [26, 28].

Electric Modulus Study

The formalism that is helpful for study the conductivity relax-
ation occurring in polymer electrolytes is electrical modulus
[29]. In electric modulus representation, the contributions of
electrode polarization are ignored [12, 30]. The electric mod-
ulus has been calculated by Egs. (5) and (6) [23].

6/

/ . "
" _ €’ . ’
M" = aron = jwCoz (6)

where w is the angular frequency, and (| is the capacitance of
dielectric cell without SPEs.

Fig. 5 (a) and (b) exhibit both the frequency dependence
of real (M’) and imaginary (M) parts of electric modulus
of PLA at room temperature, respectively. The M’ values
at lower frequencies are quite small, implying the removal
of electrode polarization contribution [31]. The increase of
M’ with increasing frequency is expected due to the bulk ef-
fect [12]. Whereas in the imaginary part, the small value of
M" at low frequencies might be caused by the larger value of
capacitance associated with the electrode, resulted from the
large charge carriers accumulation at the electrodeelectrolyte
interface [30]. Thus, we can say that the busies condition is
caused by charge accumulation and diffusion [20]. At high
frequencies, welldefined peaks are obtained, signifying that
the relaxation process is induced by ions dispersion process
[12, 14, 20, 30]. We also confirm that ZnO is playing a key
role in the enhancement of the electrical activity. The elec-
tric modulus of PLA with ZnO addition reduces significantly.

These results have linearity with their dielectric results, as
shown in Fig. 5(c) and (d).

ZnO activities on PLA membrane give a large amount of
polarization on electrodeelectrolyte interface, thus will reduce
the relaxation at low frequency. It also yields a fast ion diffu-
sion and dispersion process on the M’ and M" spectra due to
Zn?* mobility [24]. Furthermore, electrical modulus activity
on PLA with ZnO/Ag addition can be seen in Fig. 5 (e) and
(f). A similar pattern on its spectra is shown by lower values in
low frequencies and high values in higher frequencies against
real (M') and imaginary (M") parts. A slight enhancement
of electrical modulus occurs in this sample, therefore the con-
ductivity relaxation and polarization as well as the ionic dif-
fusion become slower than that of the samples with ZnO ad-
dition. We conclude that Ag decreases the conductivity of
PLA based electrolytes. It indicates that the busies situation
at low frequencies are slightly decreased. However, the ionic
conductivity remains high and shows a low conductivity re-
laxation [12, 14, 20, 32].

In Fig. 5(g) and (h), we found the high electric modulus
in PLA with Ag nanoparticles addition, yet still has a similar
spectra. The M’ of PLA-Ag shows a higher bulk effect com-
pare with PLA. It is expected that PLA-Ag has a higher po-
larization than PLA at low frequencies or known as the busies
region. It is also confirmed by M”, which has a lower value
in low frequencies. This result is similar with the previous
studies [16, 21] in which Ag is embedded in chitosan-based
electrolyte. Referring to the studies on the properties of Ag as
filler of polymer electrolytes, we may say that Ag could give
more free charge ions within polymer chain and thus increase
the ionic conductivity [16]. Moreover, the peaks at high fre-
quencies are related by conductivity relaxation [32]. Despite it
can increase the conductivity, PLA with Ag addition remains
to have a lower dielectric properties than that of the PLA with
ZnO or ZnO/Ag addition.

IV. SUMMARY

PLA with Ag, ZnO/Ag, and ZnO addition has been suc-
cessfully synthesized by laser ablation. The EIS data point
out differences in ionic conductivity, complex dielectric, and
electric modulus among those three systems. The analyses
confirm that the electrical feature can be used to determine a
potential candidate for SPEs. Among the samples, PLA-ZnO
has the highest ionic conductivity. However, PLA-ZnO/Ag
has more potential as SPEs because the presence of Ag stabi-
lizes the system.
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