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ABSTRACT: We report on the application of cold
atmospheric-pressure plasmas to modify silica nanoparticles
to enhance their compatibility with polymer matrices.
Thermally nonequilibrium atmospheric-pressure plasma is
generated by a high-voltage radio frequency power source
operated in the capacitively coupled mode with helium as the
working gas. Compared to the pure polymer and the polymer
nanocomposites with untreated SiO,, the plasma-treated
SiO,—polymer nanocomposites show higher dielectric break-
down strength and extended endurance under a constant
electrical stress. These improvements are attributed to the
stronger interactions between the SiO, nanoparticles and the
surrounding polymer matrix after the plasma treatment. Our

1800 s

EBreakdown strength

Untreatedig,

-+Endurance

900s
29kV
4158
14.5kV
Control Untreated Plasma-
treated

method is generic and can be used in the production of high-performance organic—inorganic functional nanocomposites.
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B INTRODUCTION

The incorporation of inorganic nanoparticles into polymer
matrices is very promising to improve the properties of
organic—inorganic nanocomposites, which are considered very
attractive materials for the development of next-generation,
high-performance devices for numerous advanced applica-
tions.'™ One of these applications is high-voltage insulation,
where polymer-based organic—inorganic nanocomposites have
shown major advantages (e.g., flexibility, processability, good
performance, low weight, low cost, etc.) over the conventional
insulation materials.” SiO,, TiO,, and ALO; are among the
most-widely used inorganic nanoparticles to be filled in the
dielectric polymers. However, a common problem associated
with these nanoparticles is that they often tend to agglomerate
because of surface incompatibility between the inorganic fillers
and the polymer matrices. As such, the insulation performance
of these nanocomposites is often substantially degraded.
Using a coupling agent to modify the surface of nanoparticles
prior to mixing them with polymers has been attempted in both
laboratories and industries.® Grafting of organic groups (e.g,,
amine or silane) on the nanoparticle surfaces has been
demonstrated to improve the dispersion uniformity in the
polymer matrices.”'® However, the low surface reactivity of
these nanoparticles often inhibits strong interactions between
the nanoparticles and the surrounding polymers, resulting in
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unsatisfactory improvements of the properties of the nano-
composites.

To resolve these issues, here we use thermally non-
equilibrium, cold atmospheric-pressure plasmas to modify the
surface of the nanoparticle fillers. We show that the plasma-
surface reactions can effectively increase the surface energy and
the reactivity of these nanoparticles. This in turn results in a
better dispersity and stronger interactions with the polymer
matrices. Compared to their untreated counterparts, the
plasma-treated nanocomposites therefore attain higher dielec-
tric breakdown strength and also longer endurance under the
constant electrical stress. These results demonstrate a simple
yet effective technique to improve the physical and chemical
properties of the functional organic—inorganic nanocomposites,
thereby advancing their applications in many fields.

B EXPERIMENTAL SECTION

Materials. Hydrophobic fumed silica nanoparticles grafted with
dimethyldichlorosilane (DDS) were provided by Evonik Industries,
Germany. The nanoparticles had an average particle size of 16 nm and
a surface area of 110 m*/g. The epoxy resin (RX771C/NC) containing
bisphenol A diglycidyl ether (BADGE) was obtained from ROBNOR
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RESINS Ltd. The curing agent (ARADUR HY 1300 GB) consisted of
triethylenetetramine (TETA) was supplied by Huntsman Advanced
Materials. This thermoset epoxy resin has been widely used as
insulation materials in high-voltage applications."®
Atmospheric-Pressure Plasma Treatment. The surface mod-
ification of the as-received silica nanoparticles was carried out in a
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Figure 1. Setup of the atmospheric-pressure plasma reactor. The
bottom wall of the bottle serves as a dielectric barrier. During the
treatment, the nanoparticles were placed in the uniform plasma zone
and exposed to the plasma. Inset (top) shows the schematic of a coil
electrode placed 5 mm above the bottom of the glass bottle. Inset
(bottom) shows a real-time photograph of the plasma discharge.

custom-designed atmospheric-pressure plasma reactor (Figure 1).
Cold atmospheric-pressure plasma was generated by a 350 kHz radio
frequency (RF) power supply with a maximum S kV peak-to-peak
output. A tin-coated copper coil electrode was placed 2 mm above the
top of the nanoparticle layer. The ground electrode was placed under
the reactor to form a dielectric barrier discharge (DBD) structure.'
Helium was used as the working gas for the discharge. The plasma was
generated by a 4 kV peak-to-peak RF voltage (the voltage and current
waveforms are shown in Figure S1 in the Supporting Information).
Th;z povier density in the plasma region was estimated to be 60 mW/
cm’.

In each experiment, we have put 50 mg of the nanoparticles on the
bottom of the reactor. These particles formed an evenly distributed, 3
mm thick soft layer. As the outer diameter of the coil was close to the
diameter of the cylindrical reactor, the plasma zone generated by the
coil electrode can fully cover the whole surface of the nanoparticle
layer (also see the inset of Figure 1). We also observed that the plasma
can partially penetrate the thin nanoparticle layer and reach the
bottom layer of the nanoparticles during the experiments. Moreover,
the nanoparticles remained powder-like and no clear changes in the
morphology of the nanoparticle layer were found after the plasma
treatment. Occasionally, however, it was noted that the treated
particles tended to attach to the wall of the reactor.

To obtain a fairly uniform exposure, the nanoparticles were first
treated by the atmospheric-pressure plasma for 5 min; the plasma was
then stopped and the nanoparticles were stirred using a magnetic bar
for 10 s. This treatment-stirring process was repeated 6 times and the
total treatment time of the nanoparticles was 30 min.

Synthesis of Polymer Nanocomposites. First, 0.71 g of curing
agent was added into 1.79 g of epoxy resin to obtain a 4:10 weight
ratio. High-speed mechanical stirring was continuously performed to
obtain a uniform fluid. Due to the high viscosity of the fluid, 0.05 g of
SiO, nanoparticles were dispensed into the resin in three batches, with
an interval of 10 min. After being stirred for 40 min, the mixture was
degassed for 1 h under vacuum (<100 Pa) until no bubbles were
observed. The mixture was then poured into a premade cylindrical
mold. A tungsten needle with the tip curvature of 1.3 pm was
embedded vertically into the nanocomposites for testing the electrical
insulation performance (see Figure S2 in the Supporting Information).
After that, the mold was annealed at 40 °C for 2 h, followed by curing
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at room temperature for another 48 h. The fabricated nanocomposites
with untreated and plasma-treated SiO, were denoted as UTNCs and
PTNCs, respectively. Pure epoxy resin as a control sample was also
fabricated and denoted as PER.

Insulation Performance Tests. The partial discharge (PD)
characteristic is one of the most important parameters for evaluating
the performance of an insulation material as the development of PD
causes the degradation to the material and eventually leads to the
ultimate breakdown.” The PD measurements were performed using
OMICRON MPD600 PD detection unit with the measurement circuit
shown in Figure S3 in the Supporting Information. This circuit
included a 1000 pF blocking capacitor (C,,) and a detection impedance
(). The discharge-free detection system was powered by a high-
voltage power supply. Each sample was placed in a test cell filled with
insulation oil to avoid any unwanted surface discharge (see Figure S4
in the Supporting Information). The maximum voltage that could be
achieved in this system was 50 kV at S0 Hz.

In our measurements, a voltage was ramped from 0 V up until the
occurrence of an ultimate breakdown to obtain the inception voltage
and the dielectric breakdown strength of each sample. The PD
inception threshold was set as 10 pC. Additionally, an endurance test
under a sustained AC voltage was performed using the same circuit as
in the PD measurements, except that the frequency was adjusted to
300 Hz to speed up the aging effect as compared to the 50 Hz power
frequency. The applied root-mean-square (rms) voltage for the
endurance test Vg4, was 7.5 kV.

Material Characterizations. X-ray photoelectron spectroscopy
(XPS) spectra were obtained in both survey and narrow-scan modes
using the SAGE150 Compact ESCA System (SPECS) with a
monochromatic Mg Ka radiation at 1253.6 eV. The detected spot
size of the samples was 1 X 2 mm?* A Gaussian—Lorentzian (30/70)
product function was used for XPS peak deconvolutions. For sample
preparation, nanoparticles were first transferred onto a molybdenum
sheet, followed by dropping one drop of ethanol. Upon the drying of
ethanol, uniform and flat layers of both untreated and plasma-treated
nanoparticles were obtained with a good surface coverage. In this way,
the contribution from the silica nanoparticles in the XPS spectra was
minimized. Field emission scanning electron microscopy (FESEM)
images was obtained using a Zeiss Ultra Plus microscope with an
electron beam energy of 15 keV. For the SEM imaging, the
nanoparticle samples were prepared by directly placing them onto a
carbon adhesive tape. In contrast, the nanocomposite samples were
viewed by scraping the thin cross-section sheets from the bulk
material. Both samples were decorated with gold to prevent surface
charging in SEM observations.

Electric Field Simulation. To study the effect of nanoparticle
agglomeration on the uniformity of electric field in their vicinity, a
simulation was carried out using the Maxwell-2D software."”
Specifically, a sphere model was used as the agglomerated nano-
particles in the simulation. Spheres with different diameters were
placed in a homogeneous electric field to show the correlation between
the agglomeration size and the intensity of the distorted electric field.

B RESULTS AND DISCUSSION

Plasma-Treated Nanocomposites. Atmospheric-pressure
plasmas are widely used in surface modification and activation
on organic substrates as a variety of reactive species can be
generated at room temperature.lg’19 In our experiments, we
used the atmospheric-pressure plasma to modify silane-
functionalized SiO, nanoparticles. It was noted that nano-
particles were partially suspended in the plasma during the
process, an effect that was very similar to dusty plasmas where
the nonagglomeration is reached by electrical charging.”>*' We
expected that the Si—C and Si—O bonds in the surface silane
groups can be broken due to the energetic ions in the plasma.
This can further create activated surface sites to form chemical
bonds with the surrounding polymer matrix after the
nanoparticles were added into the polymer host.
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Figure 2 shows the Si 2p XPS spectra of both the untreated
and the plasma-treated SiO, nanoparticles. From this figure,
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Figure 2. Surface composition and morphology of the silica
nanoparticles. XPS spectra (dotted lines) with deconvoluted Si—O
and Si—C bonds are shown for (a) untreated and (b) plasma-treated

silica nanoparticles. Insets in (a) and (b) are the corresponding SEM
images of the untreated and plasma-treated nanoparticles, respectively.

one can see that the whole Si 2p spectrum has shifted from a
higher binding energy (BE), as in the case of the untreated
nanoparticles, to a lower BE after the plasma treatment. The
surface of untreated SiO, nanoparticles featured both Si—C and
Si—O bonds (see Figure SS in the Supporting Information).
Because of the presence of highly reactive species and energetic
particles (such as excited radicals, molecules, atoms, O, O*,0,%,
NO, etc.) in the atmospheric-pressure plasmas,'>**~>* the Si—
O and Si—C bonds were broken and free radicals on the surface
of nanoparticles may form.>>>* These functional and charging
groups could mitigate the surface charging effect of silica
nanoparticles, leading to a shift to the lower BE as observed in
the XPS spectra of the treated nanoparticles. The plasma
treatment may also result in the release of surface oxygen atoms
and the associated reduction of the Si—O bonds. Indeed, the
intensity of the XPS peak assigned to the Si—O bonds (BE
~107 V) has decreased by 20.7% after the plasma treatment
(Figure 2).

The SEM images of the untreated and treated SiO,
nanoparticles are also shown in the insets of Figure 2. It is
observed that the treated nanoparticles self-organized into
quasi-spherical agglomerates with diameters ranging from 10 to
100 ym. In contrast, no obvious morphological changes were
found in the untreated nanoparticles. The formation of the
agglomerates was most likely due to the increased surface
energy of the plasma-treated nanoparticles.”®

The synthesized nanocomposites were further investigated
when mixed with both untreated and plasma-treated silica
nanoparticles. The reaction between the epoxy resin BADGE
and the curing agent TETA to form the thermoset is depicted
in Figure S6 in the Supporting Information. However, after the
plasma-treated nanoparticles were added, a number of the
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TETA backbone nitrogen atoms turned to bond with the
activated surface silane groups of the adjacent SiO, particles.”
This resulted in the formation of Si—N bonds instead of the
commonly expected C—N bonds, i.e., the epoxide groups (in
the dashed boxes in Figure S6 in the Supporting Information)
were replaced by the nanofillers.

To validate the formation of these bonds, the C 1s peaks of
the pure epoxy resin (PER), untreated nanocomposite
(UTNC), and plasma-treated nanocomposite (PTNC) are
compared in Figure 3 and the concentrations of each chemical

(@) 1000 }
800 |
600 |
400 |
200
0
(b) 1000
800
600
400
200

CPS

CPS

(c) 1000 |
800 |
600 |
400 |
200

CPS

288

286 284
Binding Energy (eV)

282 280

Figure 3. Surface composition of the polymer nanocomposites. XPS
spectra (dotted lines) with deconvoluted C—N and C—C bonds are
shown for (a) PER, (b) UTNC, and (c) PTNC samples, respectively.

Table 1. C 1s Binding Energies (BE) and Surface
Concentrations from the XPS Spectra of the Pure Epoxy
Resin (PER), the Untreated Nanocomposite (UTNC), and
the Plasma-Treated Nanocomposite (PTNC) Samples

PER UTNC PTNC
BE concentration BE concentration BE concentration
(ev) (%) (ev) (%) (ev) (%)
283.9 Cc-C 35 283.5 Cc-C 31 283.6 C-C 57
285.3 C-N 65 284.9 C-N 69 285.2 C-N 43

bonds are presented in Table 1. From these results, one can see
that indeed the concentration of the C—N bond (around 285.7
eV) in the PER sample has decreased from 65% to 43% in the
PTNC sample. On the other hand, the UTNC sample had a
similar C—N concentration (69%) as in the PER sample,
implying that the reaction between the untreated nanofillers
and the polymer matrix was negligible. Besides, the N 1s peaks
of both UTNC and PTNC samples showed that only one peak
corresponding to the C—N bond was found in the UTNC
sample, whereas an additional peak corresponding to the Si—N
bond was observed in the PTNC sample (see Figure S7 in the
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Supporting Information). Furthermore, there was no apparent
difference in the dispersion uniformity between the epoxy resin
nanocomposites with the untreated and the plasma-treated
nanoparticles (Figure 4a,b). One can thus conclude that while

Figure 4. Surface morphology of polymer nanocomposites. Both (a)
UTNC and (b) PTNC samples show good dispersion uniformity in
the polymer matrices. Arrows in (a) and (b) point to the embedded
SiO, nanoparticles.

the plasma modification led to stronger interactions between
the nanoparticles and the polymer matrices, the nanoparticle
dispersion in the nanocomposites remained uniform.
Dielectric Properties. We then investigated the partial
discharge (PD) and the ultimate dielectric breakdown
phenomena which characterize the initial and final stage of
the dielectric fault process for insulation materials.*® Figure 5
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Figure S. Dielectric performance of the polymer nanocomposites. As
compared to the PER sample, both UTNC and PTNC samples show
significantly improved (a) PD inception and breakdown voltages and
(b) PD withstanding time.

shows the PD inception voltage, the breakdown voltage, and
the PD withstanding time against the ramped voltage for all
three samples. One can see that both UTNC and PTNC
samples showed a significant increase in their PD inception and
breakdown voltage as compared to those of the PER sample.
This result features the effectiveness of SiO, nanofillers in
improving the PD resistivity and the insulation strength.
Moreover, the UTNC showed a higher tolerance to the
electrical stress before the partial discharge occurred (21.4 kV),
whereas the PTNC revealed the highest dielectric breakdown
strength (29 kV). The slightly lower PD inception voltage of
PTNC as compared to that of UTNC is presently unclear and
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could be due to the unavoidable nonuniformities and
fluctuations during the sample preparation or electric testing
processes. The significantly increased dielectric breakdown
voltage of the PTNC sample is discussed in detail in the next
section.

To demonstrate the dynamics of the partial discharge process
from its inception to the ultimate breakdown stage in the
polymer nanocomposites, we also plotted the real-time PD
level and the applied ramp voltage in Figure 6. We found that
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Figure 6. Real-time PD level and the applied ramp voltage of the
polymer nanocomposites. The PD curves in (b) UTNC and (c)
PTNC samples show comb-like spectra with multiple peaks, whereas a
smooth, monotonically increasing curve is found in the (a) PER
sample.

the PD withstanding time of PER was only 415 s. However, this
time was extended to 900 s in the UTNC sample. A more
significant increase was observed in the PTNC sample where
the dielectric breakdown did not occur until 1800 s after the
PD inception (Figure Sb). In addition, it was noticed that the
PD level trends of the two nanocomposites (UTNC and
PTNC) exhibited comb-like spectra, whereas the PER sample
exhibited a smoother and monotonically increasing curve. This
indicated that the PD spikes of the nanocomposites were
intermittent and the PD level dropped to a very low value
shortly after a single spike, confirming the ability of the
produced polymer nanocomposites to recover against the
partial discharge.

The endurance test under a critical electrical stress
demonstrates the ability of insulation materials to retain a
normal performance before the ultimate breakdown. In our
samples, we also found that the endurance of the PTNC sample
was higher than that of the UTNC sample. The lifetime of the
PTNC sample was about 19 h, compared to only 14.7 h for the
UTNC sample (see Figure S8 in the Supporting Information).
Such a long endurance of PTNC may lead to a high stability
and lower the maintenance cost of the high-voltage insulation
nanocomposites. These results therefore demonstrated that the
simple atmospheric-pressure plasma treatment indeed effec-
tively improved the dielectric stability of the organic—inorganic
nanocomposites.

Mechanism and Simulation. We now address the
mechanism of the improved dielectric properties of the
plasma-treated SiO,-polymer nanocomposites. It is known
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that nanoparticle interfaces within a matrix play a very
significant role in various devices, such as solar cells.®!
However, carrier recombination on such interfaces is
detrimental in solar cells, whereas in insulating nanocomposites,
it is beneficial as more electrons recombine to weaken the
avalanche. The electrical treeing phenomenon, which deter-
mines the lifetime of an insulation material, is believed to be the
main reason responsible for the ultimate breakdown in the
needle-to-plane electrode geometry used in our measure-
ments.>> The process of electrical treeing is schematically
illustrated in Figure S9 in the Supporting Information. The
development of the electrical treeing involves the two phases:
the void formation and the tree propagation. The former is
generated in the vicinity of the tip of the needle electrode;
whereas the latter occurs when many gaseous tunnels propagate
toward the plane electrode. The ultimate dielectric breakdown
is then induced when any of the trees link the two electrodes.”

There are two possible routes to form gaseous voids (the first
phase of breakdown) in the nanocomposites: (1) air may
remain within the material during the fabrication, and (2)
gaseous byproducts generated in the process of polymer
degradation. In this work, the first route was excluded as we had
sufficiently degassed all the samples during the preparation
stage. Therefore, the generation of gaseous byproducts can be
attributed to the structural deformation of the polymeric
insulation upon electron degradation, as discussed in detail
below.

The electrons injected from the electrodes are accelerated in
the free volume by the applied electric field; this may deform
the polymer molecules.>® The energy gain of an electron in the
electric field is

W = eEl, 6))

where e is the electron charge, E is the magnitude of the applied
electric field, and [, is the mean free path of the electron before
it encounters a collision. The magnitude of the applied electric
field around the tip of the needle electrode can be derived
according to

2V

E= G @)

where r is the radius of the tip, d is the distance between two
electrodes, and V is the applied voltage across the specimen.
Taking the endurance test as an example, the maximum electric
field around the needle tip was 1.87 X 10° V/m.

Next, we justify the value of I, in the experiments. Although I,
can vary when inorganic nanoparticles were incorporated,
previous studies indicated that such variation was only within
+5% compared to the pristine polymer.**** Additionally, the
distribution of I, is found to be a combination of two Gaussian’s
functions (see Figure S10 in the Supporting Information),
which can be expressed as>*>¢~3

f(x) = ale—(x—ﬂl)z/lal2 + azg—(x—uz)z/llfz2 3)
where a; and a, are constants, y; and i, are the means, and o,
and o, are the standard deviations of the two individual
Gaussian functions, respectively. By fitting the curve with
parameters from Lim et al,*® one has a; = 0.014, a, = 0.005, &,
= 0.111, 0, = 0.548, and yt; = 0.6 and p, = 1.

Table 2 lists the existing bonds in the nanocomposites and
the corresponding bond dissociation energy (BDE).>>*
Apparently, the C—N bond has the lowest BDE (3.1 eV)
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Table 2. Chemical Bonds in the Epoxy Resin and Their
Corresponding Bond Dissociation Energy (BDE).*>*°

c-C C-0 C-N C-H
3.6 3.7 31 4.3

Si—N

bond dissociation energy (eV) 3.7

among all of them. We found that to break this C—N bond, I,
has to be larger than 1.6 nm according to eq 1. As shown in
Figure S10 in the Supporting Information, about 8.8% of the
total number of electrons have such mean free path. In contrast,
the incorporation of the plasma-treated SiO, nanoparticles
replaced the C—N bonds (3.1 eV) with the Si—N bonds (3.7
eV), leading to only 2.2% of the electrons with sufficient energy
to break the bonds (Figure $10). The polymer molecules in the
plasma-treated SiO, nanocomposites were therefore much
more stable than those in the pristine sample. Consequently,
the occurrence of the partial discharge was largely delayed,* as
evidenced in the endurance test (see Figure S8 in the
Supporting Information).

Once the initial gas voids are created, the tree “branches”
propagate rapidly throughout the nanocomposite. This
corresponds to the tree propagation stage in Figure S9 in the
Supporting Information. At this stage, a higher PD magnitude
of the PTNC than the UTNC was observed. This can be
explained by the combination of uniformly distributed
nanoparticles and a small number of microsized clusters in
the PTNC sample. To demonstrate this clearly, we simulated
the electric field distribution around SiO, nanoparticles of
different sizes (Figure 7). The results of this simulation show

High

Figure 7. Simulation of the vicinal electrical stress near particles with
different sizes in a homogeneous external electric field. Higher stress
regions are found at the opposite poles of the large agglomerate,
whereas no obvious distortion in the vicinal electrical field is observed
near the small nanoparticle.

that a particle of a larger size may lead to a higher partial
electrical stress compared to the stress induced by the smaller
ones. The overstressed regions could contribute to the
propagation of the electrical tree and lead to an increased PD
level. Since the origin of such effect was the unwanted
agglomeration and the weak interactions between the nano-
fillers and the polymer matrix, the plasma treatment of
nanoparticles before mixing them with the matrix shows a
promising solution to this significant problem.

B CONCLUSION

In summary, we have demonstrated that the cold atmospheric-
pressure plasma treatment is a practical, effective and
environmentally friendly method to improve the compatibility
and the characteristics of the interfacial region in organic—
inorganic polymer-based nanocomposite materials. This treat-
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ment produces stronger chemical bonds and also reduces the
presence of weak bonds within the synthesized nanocomposite,
while maintaining excellent dispersion uniformity of the
nanoparticles. As a result, significant improvements of the
dielectric insulation properties were found in a plasma-treated-
SiO,-filled epoxy resin nanocomposite even at a low nano-
particle loading rate. This method is generic and can be
beneficial to virtually any organic—inorganic nanocomposite
systems to provide higher mechanical strength, thermal
stability, electrical property, etc. As such, applications in a
wide range of fields, e.g, nanobiomedicine, food packaging,
organic electronics and optoelectronics, and development of
high-capacity energy storage devices, can benefit from this
reasonably simple, inexpensive, and environmentally friendly
technique.
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