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ABSTRACT: Graphene presents an extremely ultra-high
thermal conductivity, well above other known thermally
conductive fillers. However, graphene tends to aggregate
easily due to its strong intermolecular π−π interaction,
resulting in poor dispersion in the polymer matrix. In this
study, silver nanoparticles anchored reduced graphene oxide
(Ag/rGO) were first prepared using one-pot synchronous
reduction of Ag+ and GO solution via glucose. The thermally
conductive (Ag/rGO)/polyimide ((Ag/rGO)/PI) nanocom-
posites were then obtained via electrospinning the in situ
polymerized (Ag/rGO)/polyamide electrospun suspension
followed by a hot-press technique. The thermal conductivity
(λ), glass transition temperature (Tg), and heat resistance index (THRI) of the (Ag/rGO)/PI nanocomposites all increased with
increasing the loading of Ag/rGO fillers. When the mass fraction of Ag/rGO (the weight ratio of rGO to Ag was 4:1) fillers was
15%, the corresponding (Ag/rGO)/PI nanocomposites showed a maximum λ of 2.12 W/(m K). The corresponding Tg and
THRI values were also enhanced to 216.1 and 298.6 °C, respectively. Furthermore, thermal conductivities calculated by our
established improved thermal conduction model were relatively closer to the experimental results than the results obtained from
other classical models.

KEYWORDS: Ag/reduced graphene oxide (Ag/rGO), electrospinning, thermal conductivity, polyimide nanocomposites,
thermal conduction model

1. INTRODUCTION

Over the years, significant progress has been made toward
developing electronics and energy units such as light-emitting
diodes (LEDs), energy storage materials, organic solar cells, etc.
to satisfy their increasingly higher requirements.1−6 However,
quick heat accumulation but slow heat dissipation becomemajor
issues.7−9 For example, in the electronic fields, the International
Technology Roadmap for Semiconductors (ITRS) predicted
that the size of electronic devices would be 10 nm or less till
2020, and the generated heat from these high-performance chips
would be sharply increased.10

Recently, thermal conductivity has been investigated
extensively for polymer materials due to urgent requirements
of quick and effective heat dissipation, low thermal expansion,
anticorrosion, lightweight, etc.11,12 However, polymers generally
possess an intrinsic thermal conductivity (λ) less than 0.50 W/
(m K), much lower than that of ceramic or metallic materials.13

To improve the final λ values of polymers, an effective and
economical method is to introduce highly thermally conductive
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fillers to form composites.14,15 In recent years, single and/or
hybrid ceramics (such as boron nitride (BN),16 aluminum
nitride (AlN),17 silicon carbide (SiC),18 etc.) and metals (such
as copper (Cu),19 silver (Ag),20 aluminum (Al),21 etc.) have
served as fillers to enhance the λ values of polymers. Carbon
species (such as graphite,22 carbon nanotubes (CNTs),23

graphene,24 etc.) with relatively higher λ values are the most
widely employed fillers to obtain thermally conductive polymer
composites. However, excessively high loading of thermally
conductive fillers is commonly demanded to achieve relatively
high λ values, causing significant challenges such as poor
processing, deteriorated mechanical properties, higher density,
and cost.25,26

Graphene has attracted wide attention in both industry and
academia owing to its excellent thermal, electrical and
mechanical properties, etc.27−30 Herein, one of the most
remarkable properties of graphene is its extremely ultra-high
thermal conductivity and, in theory, the in-plane thermal
conductivity is reported to be higher than 5000W/(mK),31 well
above other known thermally conductive fillers. Therefore,
graphene is considered to be the most promising fillers to
improve the thermal conductivities of the polymer composites.
For example, Fang et al.32,33 successfully fabricated graphene
foam/polydimethylsiloxane composites, and the improved in-
plane λ value was 28.77 W/(m K) at 11.62 wt % graphene foam.
Song et al.31 reported a high in-plane λ value of 2.03W/(mK) in
the graphene/silicone rubber multilayered films at 2.53 wt %
graphene loading. However, graphene always tends to aggregate
easily due to its strong intermolecular π−π interaction, resulting
in poor dispersion in the polymer matrix.34

Many physical and chemical methods (such as functionaliza-
tion, ball milling, sonication, etc.) have been employed to
prevent the aggregation of graphene.35−37 However, these
techniques always result in inevitable structural damages and
mechanical property loss of graphene.38 Samulski et al.39 proved
that the aggregation of graphene could be effectively restricted
by introducing metal nanoparticles on the surface of graphene.
Metal nanoparticles, acting as “spacers”, maintained the single
layer structure of graphene, finally ensured its intrinsically
excellent properties. Meanwhile, it can also endow graphene
other unique properties exhibited by metal nanoparticles.
Several metal nanoparticles, such as platinum (Pt),40 nickel
(Ni),41 ferrum (Fe),42 silver (Ag), etc. had been successfully
decorated on the graphene surface. Among them, Ag has
received widespread attention due to its highest thermal and

electrical conductivity. Besides, the preparation process of Ag
nanoparticles is relatively easy. However, there is no related
report about the thermal conductivity of the Ag/graphene
composite fillers, let alone the thermally conductive polymer
composites filled with Ag/graphene composite fillers.
In this work, highly thermally conductive silver/reduced

graphene oxide/polyimide ((Ag/rGO)/PI) nanocomposites
were successfully designed and prepared using electrospinning
the in situ polymerized Ag/rGO/polyamide suspension
followed by a hot-press technique. Ag/rGO fillers with a
“point-plane” structure were first prepared using a “one-pot”
reaction by synchronous reduction of Ag+ and GO solution via
glucose. Ag nanoparticles acted as “spacers” to maintain the high
specific surface area and increase the cross-plane thermal
conductivity of rGO fillers. The ultraviolet-visible spectrum
(UV−vis), thermal gravimetric analyses (TGA), X-ray photo-
electron spectroscopy (XPS), X-ray diffraction (XRD), and
transmission electron microscopy (TEM) were performed to
analyze and characterize the structures and properties of the Ag/
rGO fillers. In addition, the mass ratio of rGO to Ag and the total
Ag/rGO fillers mass fraction affecting the λ values, thermal
stabilities, and mechanical properties of the (Ag/rGO)/PI
nanocomposites were also studied in detail. Moreover, an
improved thermal conductionmodel on the basis of the effective
medium theory (EMT) and Fourier law was also established to
calculate the theoretical λ values of the (Ag/rGO)/PI
nanocomposites.

2. MATERIALS PREPARATION
2.1. Materials. 4,4′-Oxydiphthalic anhydride (ODPA, AR, 99%)

was purchased from Sun Chemical Technology Co., Ltd., China. 4-[3-
(4-Aminophenoxy)phenoxy]aniline (APB, AR, 99%) was received
from Changzhou Sunlight Medicine Raw Material Co., Ltd., China. A
natural graphite flake (99.8%) was obtained from Alfa Aesar (China)
Chemistry Co., Ltd. with an average diameter of 325 mesh. Glucose (D-
glucose, AR, 198.17 g/mol) and AgNO3 (AR, 169.87 g/mol) were both
purchased from Guangdong Guanghua Sci-Tech Co., Ltd., China.
Tetrahydrofuran (THF, 99%) and N,N-dimethylacetamide (DMAc,
99%) were provided by Tianjin Tianli Chemical Co., Ltd. China.

2.2. Fabrication of the (Ag/rGO)/PI Nanocomposites.
2.2.1. Preparation of Ag/rGO Fillers. GO was first obtained from a
natural graphite flake based on a modified Hummers method.36 For a
typical procedure for decorating Ag nanoparticles on the surface of
rGO, 0.0945 g of AgNO3 was added into 10.5 mL of deionized water to
form silver ammonia solution, followed by mixing with 60 mL of
homogeneous GO aqueous dispersion (1 mg/mL). Then, 0.16 g of D-
glucose and 1 mL of EtOH were gradually added into the above

Figure 1. Schematic diagram of the fabrication of Ag/rGO fillers.
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mixture, and the mixture was treated at 140 °C for 6 h in the Teflon-
lined reaction vessel and cooled down to ambient temperature. Finally,
the mixture was filtered, washed, and dried for 24 h. Ag/rGO fillers with
different mass ratios of rGO to Ag nanoparticles (rGO:Ag = 1, 2, 3, 4, 5,
wt:wt) were fabricated by changing themass fractions of AgNO3. Figure
1 shows the schematic diagram of the preparation of the Ag/rGO fillers.
2.2.2. Fabrication of the (Ag/rGO)/PI Nanocomposites. The (Ag/

rGO)/PI nanocomposites were prepared in accordance with previous
work.36 Briefly, a quantity of Ag/rGO fillers was dispersed uniformly
under ultrasonic treatment for 30 min in 20 mL of a mixed solvent of
DMAc/THF (DMAc:THF = 3:2, wt:wt). The mixture was then
transferred to an anhydrous three-necked flask with a mechanical stirrer
and nitrogen atmosphere in an ice-bath. Then, 5 mmol of APB and 5
mmol of ODPAwere sequentially added into the above flask and stirred
for 3 h at 5 °C, to obtain a homogeneous (Ag/rGO)/polyamide
electrospun solution. After this, the (Ag/rGO)/polyamide electrospun
fibers were prepared via electrospinning technology with a voltage of 20
kV, receiving distance of 30 cm, and a rotation speed of 40 m/min,
followed by removing the residual solvent at 80 °C for 4 h, and then
treated with a thermal imidization procedure of 120 °C/1 h + 200 °C/1
h + 250 °C/1 h, to obtain the corresponding (Ag/rGO)/PI electrospun
fibers. Finally, the (Ag/rGO)/PI electrospun fibers were placed by
hand and then compacted at 320 °C and 10 MPa for another 40 min to
obtain (Ag/rGO)/PI nanocomposites.
2.3. Characterization. Ultraviolet-visible (UV−vis) spectropho-

tometer (BlueStar, LabTech) was used to characterize the absorption
spectrum of the samples over the wavelength of 200−900 nm, and the
test concentration was 0.05 mg/mL. X-ray photoelectron spectroscopy
(XPS, Kratos Axis Ultra DLD, UK) was performed to measure the
relative element content on the surface of the samples. X-ray diffraction
(XRD) patterns of the samples were tested using an XRD-7000
(Shimadzu, Japan) with Cu Kα radiation. Transmission electron
microscopy (TEM, Talos F200X, FEI) was performed to investigate the
level of exfoliation and dispersion of the samples. A scanning electron
microscope (SEM, VEGA3-LMH, TESCAN Corp., Czech Republic)
was employed to observe the surface morphologies of the samples. A
thermal constant analyzer instrument (Hot Disk TPS2200, AB Corp.,
Sweden) was used to measure the thermal conductivities of the samples
(20 mm × 20 mm × 2 mm) according to the standard of ISO 22007-2:
2008. A Fluke infrared thermal imager (Ti 450, Fluke) was used for the
thermal measurement on a plate at a constant temperature of 90 °C.
The dimension of all samples was 20 mm × 20 mm × 2 mm and the
distance between the sample and the infrared thermal imager was about
10 cm. The glass transition temperature (Tg) of the samples was
measured on a DSC1 (Mettler-Toledo Corp., Switzerland) with a
heating rate of 10 °C/min under a nitrogen atmosphere (flow rate of 50
mL/min). The decomposition temperatures of the samples were
measured by thermal gravimetric analyses (TGA, STA 449F3,
NETZSCH Corp., Germany) from 40 to 900 °C at a heating rate of
10 °C/min under an argon atmosphere (flow rate of 20 mL/min).
Nanoindentation tests were performed using a Nanoindenter (TI-980,
Hysitron) equipped with a Berkovich diamond tip to test the reduced
modulus and Brinell hardness of the samples. The maximum loading
force was 9 mN, the loading rate was 1.8 mN/s, and the holding time
was 2 s.

3. RESULTS AND DISCUSSION

3.1. Characterization of GO and Ag/rGO. Figure 1 shows
the schematic diagram of the preparation for the Ag/rGO fillers.
The oxygen groups on the surface of GO contribute to the
negatively charged surface, to provide initial active nucleation
sites and attach Ag+ due to electrostatic interaction. On one
hand, the hydroxyl groups on the surface of GO provide
phenolic protons, which can be further deprotonated to form
phenate anions. Such anions can contribute one electron to Ag+,
reducing it to Ag nanoparticles. On the other hand, Ag+ can
promote glucose oxidized to glucuronic acid in the presence of
ammonia and oxygen. Then, the introduction of glucuronic acid

results in the reduction of GO and can be further converted into
glucuronolactone. The addition of glucose can also promote the
Ag precursor being reduced to Ag, finally enable the growth of
Ag nanoparticles.43

The observed maximum absorption peak near 233 nm and an
unobvious absorption peak around 293 nm in GO, Figure 2a,

correspond to the π−π* electron transition (CC) and n−π*
electron transition (CO), respectively.44 For Ag/rGO, the
absorption peak at 233 nm presents a red shift to 258 nm. The
appeared new absorption peak at about 410 nm is mainly
ascribed to the absorption peak of Ag nanoparticles and its
surface plasmon resonance absorption.44 The red shift suggests
that GO has been reduced and the electronic conjugation
structure of graphene has been restored successfully.45

The main weight loss of GO from 100 to 300 °C, Figure 2b, is
mainly attributed to the decomposition of unstable oxygen
groups. In addition, the low weight loss from 400 to 1000 °C is
attributed to the decomposition of more stable oxygen groups.46

For Ag/rGO, the total weight loss is much less than that of GO,
and there is only 4% weight loss at 300 °C. No significant weight
loss was observed from 400 to 1000 °C. The reason is that the
removal of unstable oxygen groups is in favor of increasing the
thermal stability of Ag/rGO. Moreover, there are lots of
hydroxyl groups and carboxyl groups on the glucose oxidization
products, which can form hydrogen bonds with the oxygen
groups on the surface of rGO, to improve the thermal stability of
rGO.45 Besides, Ag nanoparticles on the rGO sheets can also
increase the final residues.
To investigate the mechanism of the Ag nanoparticles

decorating on the rGO, the interaction between the Ag and
rGO is studied using XPS, as shown in Figure 2c−f. Figure 2c
depicts the XPS full spectrum of GO and Ag/rGO. GO only

Figure 2.UV−vis, TGA, and XPS curves of GO and Ag/rGO fillers. (a)
UV−vis spectrum, (b) TGA, (c) the XPS full spectrum, and (d, e, f) the
XPS narrow spectrum.
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shows two peaks of C 1s and O 1s, and a new peak of Ag 3d
appears for Ag/rGO. Besides, Ag/rGO shows an obvious
increase in the C/O atomic ratio (13/1) in comparison to that of
GO (3/1), indicating a successful reduction of GO. The
observed two key peaks at 368.25 and 374.25 eV in Figure 2d
correspond to the metallic Ag0 3d5/2 and Ag

0 3d3/2,
47 indicating

the valence state of Ag0. It reveals that the Ag+ ions have been
reduced by glucose. Figure 2e,f presents the C 1s XPS spectra of
GO and Ag/rGO, respectively. The four peaks correspond to C-
C (∼284.6 eV), C-O (∼286.0 eV), CO (∼287.5 eV), and
C(O)O (∼289.0 eV).48 The corresponding peak intensities of
oxygen bonding (C-O, CO, C(O)O) in Ag/rGO are much
lower than those of GO, revealing the removal of oxygen groups.
The above analyses indicate that GO has been successfully
reduced by glucose, and only metallic Ag nanoparticles are
successfully decorated on the rGO.
Figure 3a presents the XRD patterns of GO and Ag/rGO. GO

has a feature diffraction peak at ∼11° (001) with a d-spacing of

0.79 nm, which is ascribed to the introduction of oxygen groups
on carbon nanosheets. For Ag/rGO, a diffraction peak at ∼26°
(002) with a d-spacing of 0.34 nm appears,49 consistent with
pristine graphene. It indicates that GO has been reduced
successfully and the obtained Ag/rGO possesses a perfect crystal
structure. In addition, XRD patterns of Ag/rGO also display
typical diffraction peaks at 38, 44, 64, and 77°, corresponding to
Ag (111), (200), (220), and (311) crystal face, respectively. No
observed Ag+ diffraction pattern in the XRD pattern of Ag/rGO
reveals only Ag on the surface of Ag/rGO fillers.
TEM images in Figure 3b show that the GO exhibits a

corrugated surface and flat edges, and also presents large flakes
with a few layers. Herein, the corrugation of GO is mainly
ascribed to the disruption of sp2 carbon by the introduction of
sp3 hybridized carbon during the oxidation procedure.50 Figure
3c presents the TEM image of Ag/rGO. rGO presents a
homogeneous and flat surface, whereas the corresponding edges
tend to scroll, to form ribbons with corrugation in some folded
regions. Ag nanoparticles with an average diameter of 90 nm are
well distributed on the rGO. The corresponding Ag/rGO fillers
present a strong diffraction ring (Figure 3d), indicating the
multiple crystals of Ag/rGO fillers.47

3.2. Characterization of Pure PI and (Ag/rGO)/PI
Electrospun Fibers. Morphologies of pure PI and (Ag/
rGO)/PI electrospun fibers are observed by SEM, shown in
Figure 4. All of the electrospun fibers are directionally arranged

and present a relatively uniform diameter. With increasing the
mass fraction of Ag/rGO fillers, the average diameter of the (Ag/
rGO)/PI electrospun fibers is decreased first and then increased,
but the direction disorder of the obtained (Ag/rGO)/PI
electrospun fibers becomes more apparent. The main reason is
that the introduction of Ag/rGO fillers increases the electrical
conductivity of the (Ag/rGO)/polyamide electrospun solution,
which is good for increasing the charge density and axial whip
instability of the jet, finally to decrease the diameter of (Ag/
rGO)/PI electrospun fibers.51 With further increasing the Ag/
rGO filler loading, the electrical conductivity of the (Ag/rGO)/
polyamide electrospun solution is greatly increased, and the flow
rate of the jet is also increased, which increase the diameter of
(Ag/rGO)/PI electrospun fibers and a more disordered fibers’
arrangement. Meanwhile, the solution viscosity is also increased
with increasing the Ag/rGO filler loading, resulting in an
increased diameter of the (Ag/rGO)/PI electrospun fibers.52 In
addition, with increasing the Ag/rGO filler loading, the beads
also appear on the (Ag/rGO)/PI electrospun fibers. The main
reason is that the axially symmetric tensor instability of the jet
increases with increasing the conductivity of the (Ag/rGO)/PI
electrospun solution, changing the radial direction and leading
to the formation of beads. Besides, the embedded Ag/rGO fillers
in or on the (Ag/rGO)/PI electrospun fibers can also result in
the formation of beads. In addition, the EDS analyses also
demonstrate the presence of Ag nanoparticles on the (Ag/
rGO)/PI electrospun fibers (insert in Figure 4e,f).

3.3. Properties of the (Ag/rGO)/PI Nanocomposites.
The mass ratio of rGO to Ag affecting the λ values of the (Ag/
rGO)/PI nanocomposites is presented in Figure 5. For a given
loading of Ag/rGO fillers (5 and 10 wt %), when the mass ratio
of rGO to Ag is 4:1, the corresponding λ value of the (Ag/rGO)/
PI nanocomposites reaches the maximum of 0.90 W/(m K) (5
wt %) and 1.54 W/(m K) (10 wt %), respectively. As shown in
Figure 6, with decreasing the mass fraction of Ag, the stack and
agglomeration of the rGO are significantly reduced, beneficial to

Figure 3. XRD patterns and TEM images of GO and Ag/rGO fillers.
(a) XRD, (b) TEM of GO, (c) TEM of Ag/rGO, and (d) SAED of Ag/
rGO.

Figure 4. SEM images of pure PI and (Ag/rGO)/PI electrospun fibers.
Insets in (e) and (f) are EDS testing.
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improving the thermal conductivities. In addition, the
corresponding average diameter of the Ag nanoparticles is also
reduced, and the distribution of the Ag nanoparticles on the
rGO is more uniform. Ag nanoparticles serve as “spacers”
between rGO, to maintain rGO with high specific surface area
and increase the thermal conductivities across the rGO plane.53

Figure 7a shows the mass fraction of Ag/rGO and rGO fillers
influencing the λ values of the (Ag/rGO)/PI (mass ratio of rGO

to Ag is 4:1) and rGO/PI nanocomposites. Continuous increase
in the λ values of the rGO/PI and (Ag/rGO)/PI nano-
composites can be observed with increasing the mass fraction of
rGO and Ag/rGO fillers. The λ of the (Ag/rGO)/PI
nanocomposites with 15 wt % Ag/rGO fillers reaches the
maximum value of 2.12 W/(m K), about 8 times as high as that
of pure PI (0.27 W/(m K)), also higher than that of rGO/PI
nanocomposites (1.51 W/(m K)). Besides, the (Ag/rGO)/PI
nanocomposites also have a higher λ value than that of the
previously reported λ value by introducing single Ag nano-
particles into the polymer.54 Interestingly, the corresponding λ
values of the (Ag/rGO)/PI nanocomposites are improved
sharply when themass fraction of Ag/rGO fillers exceeds 3 wt %.
It can be attributed to the formed thermally conductive paths
arising from sufficient Ag/rGO fillers in the (Ag/rGO)/PI
nanocomposites. Moreover, Ag nanoparticles also bridge the
gaps between the rGO and PI matrix and further benefit phonon
transportation, resulting in an obvious enhancement in λ values.
In addition, the aggregation of rGO can be effectively

restricted by introducing Ag nanoparticles. Besides, SEM images
of the fracture surfaces for the (Ag/rGO)/PI nanocomposites
(inserts in Figure 7a) also show that the Ag/rGO fillers are well
aligned and parallel to a specific direction. This benefits the
formation of an end-to-end structure of Ag/rGO networks and
thus gives relatively higher thermal conductivities.55 Figure 7b
presents the infrared thermograms of the (Ag/rGO)/PI
nanocomposites. The corresponding surface temperature
increases more rapidly with a relatively higher Ag/rGO loading,
indicating a higher heat dissipation ability. Such results
correspond well to the experimental results as shown in Figure
7a. Besides, the surface temperature distribution is relatively
uniform, indicating a macroscopic uniform distribution of the
Ag/rGO fillers.
Table 1 shows the reported λ values of the polymer

composites with diverse fillers.56−60 The (Ag/rGO)/PI nano-
composites show relatively higher λ values and thermal
conductivity enhancement (defined as (λcomposite − λmatrix)/
λmatrix) with a relatively lower mass fraction of fillers. The
primary reasons are summarized as follows. (1) Ag/rGO fillers
possess high λ value, Ag nanoparticles act as “spacers”, to
maintain rGO with a high specific surface area as well as ultra-
high thermal conductivity. (2) Ag nanoparticles bridge the rGO
gaps in the cross-plane direction, in favor of decreasing the
contact thermal resistance and increasing the cross-plane
thermal conductivity. (3) Ag/rGO fillers are well aligned with
the PI electrospun fibers, beneficial for forming an end-to-end

Figure 5. Mass ratio of rGO to Ag influencing on the λ values of the
(Ag/rGO)/PI nanocomposites.

Figure 6. TEM images of Ag/rGO fillers with different mass ratio of
rGO to Ag. (a) 1:0, (b) 1:1, (c) 2:1 (d) 3:1 (e) 4:1 (f) 5:1.

Figure 7.Thermal conductivities of the (Ag/rGO)/PI nanocomposites. (a)Mass fraction of Ag/rGO and rGO influencing on the λ values of the (Ag/
rGO)/PI and rGO/PI nanocomposites, respectively, (b) Infrared thermal images of (Ag/rGO)/PI nanocomposites.
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structure of Ag/rGO networks and finally resulting in relatively
higher thermal conductivities.61

To deeply understand the synergistic effect of Ag/rGO fillers
on enhancing the λ values of (Ag/rGO)/PI nanocomposites, an
improved thermal conduction model is established on the basis
of modified EMT and Flourier law in this work (detailed
information is shown in the Supporting Information). The λ
values obtained by our improved thermally conductive model
and equation (eq 1, from eq S10) and several classical models,
such as Maxwell, Russell, and Bruggeman model, are plotted in
Figure 8. It can be observed that the theoretical λ values

calculated by our improved thermal conduction model are
relatively closer to the experimental results compared with those
of the above traditional models, more suitable for the (Ag/
rGO)/PI nanocomposites.
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The DSC and TGA curves of pure PI and (Ag/rGO)/PI
nanocomposites (mass ratio of rGO to Ag is 4:1) are shown in
Figure 9 and the relevant data is shown in Table S1. TheTg value
of the (Ag/rGO)/PI nanocomposites increases with increasing
the Ag/rGO filler loading. The (Ag/rGO)/PI nanocomposites
with 15 wt % Ag/rGO have a maximum Tg value of 216.1 °C,
about 11 °C higher than pure PI (205.2 °C). Besides, the
corresponding glass transition zone becomes increasingly
inconspicuous. The main reason is that PAA molecular chains
present orientation and alignment during the electrospinning
process, and the free volume of PAAmolecules becomes smaller.
On the other hand, Ag/rGO might occupy some free volume
and limit the thermal motion of PAA molecular chains.62 With
increasing the Ag/rGO filler loading, the specific heat capacity of
the (Ag/rGO)/PI nanocomposites presents little change, and
the baseline from the DSC curve toward the endothermic
direction gets smaller and smaller accordingly.63

As seen from Table S1, in comparison to that of the pure PI
matrix, the thermal decomposition temperature (T5 and T30)
and the THeat resistance index (THRI) value64 of the (Ag/rGO)/PI
nanocomposites are greatly enhanced with increasing the Ag/
rGO filler loading. The corresponding THRI value of the (Ag/
rGO)/PI nanocomposites with 15 wt % Ag/rGO is enhanced
from 272.7 °C for the pure PI matrix to 298.6 °C. Besides, the
enhancement of the T5 value for (Ag/rGO)/PI nanocomposites
with 15 wt % Ag/rGO is 21 °C, higher than previous reports
about graphene/PI composites.65 The electrospinning process
can realize the Ag/rGO fillers coated on or embedded in the PI
electrospun fibers, in favor of forming a carbon layer network at

Table 1. Comparison in λ Values for Different Thermally Conductive Polymer Composites

filler composition and loading polymer matrix λ (W/(m K)) enhancement (%) reference

15 wt % Ag/rGO polyimide (PI) 2.12 685 our work
60 wt % Cu@rGO epoxy 1.40 450 ref 56
20 wt % SiO2@RGO epoxy 0.29 26 ref 57
20 wt % BN@GO epoxy 0.78 255 ref 58
20 wt % TrGO low density polyethylene (LDPE) 0.84 333 ref 59
20 wt % GNPs polycarbonate (PC) 1.76 350 ref 60

Figure 8. Experimental λ values of the (Ag/rGO)/PI nanocomposites
and theory λ values from our established and proposed improved
thermal conduction model, and classical Maxwell, Russell, and
Bruggeman models.

Figure 9. DSC and TGA curves of the pure PI matrix and (Ag/rGO)/PI nanocomposites. (a) DSC and (b) TGA.
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higher temperatures, finally inhibiting the effuse of decom-
position products.66

Figure 10 shows the nanoindentation results of pure PI and
(Ag/rGO)/PI nanocomposites (mass ratio of rGO to Ag is 4:1).
With increasing the Ag/rGO filler loading, the reduction
modulus (Er) and Brinell hardness (HB) of the (Ag/rGO)/PI
nanocomposites are increased first and then decreased. When
themass fraction of Ag/rGO fillers is 10 wt%, the relevant Er and
HB reach the maximum of 6.70 and 0.45 GPa, increased by 19.2
and 15.4%, compared with pure PI (Er = 5.62 GPa, HB = 0.39
GPa), respectively. The primary reason is that, with increasing
the Ag/rGO filler loading, the increasing carbon content of the
(Ag/rGO)/PI nanocomposites is in favor of increasing the
modulus and hardness for the (Ag/rGO)/PI nanocomposites.
In addition, Ag/rGO fillers possess excellent mechanical
properties and can bear the load and pin dislocation movement
of PI molecular chains during the deformation. However, the
layered structure of Ag/rGO fillers results in weak bonding
forces between rGO. With further increasing the Ag/rGO filler
loading, Ag/rGO fillers are much easier to stack and be piled up,
and probably form inner defects in the (Ag/rGO)/PI nano-
composites, resulting in the decreases of Er and HB values.67

4. CONCLUSIONS

Unique Ag/rGO fillers with the “point-plane” structure were
successfully fabricated by employing a “one-pot” method by
synchronous reduction of Ag+ and GO solution via glucose.
UV−vis, TGA, XPS, XRD, and TEM analyses indicated that Ag/
rGO fillers belonged to multiple crystals and Ag nanoparticles
with an average diameter of 90 nm were distributed on the
surface of rGO uniformly. The electrospinning process helped
the Ag/rGO fillers to align along the PI electrospun fibers, and
the Ag/rGO fillers were embedded in or on the PI electrospun
fibers. The λ, Tg and THRI values of the (Ag/rGO)/PI
nanocomposites were all increased with increasing the Ag/
rGO filler loading. When the mass ratio of rGO to Ag was 4:1,
and the total mass fraction of Ag/rGO fillers was 15 wt %, the
relevant λ value of the (Ag/rGO)/PI nanocomposites reached
the maximum of 2.12W/(mK), about 8 times as high as pure PI
(λ of 0.27 W/(m K)). Furthermore, the theoretical λ values
calculated by our improved thermal conduction model were
relatively closer to the experimental λ values compared with
those calculated from other classical models, more suitable for
the (Ag/rGO)/PI nanocomposites. In addition, the correspond-
ing Tg and THRI values of the (Ag/rGO)/PI nanocomposites
were also enhanced to 216.1 and 298.6 °C, respectively.
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