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The inter-particle interaction of graphene-based particles has a key effect on the structure and
rheological properties of graphene-based particle/polydimethylsiloxane composites.
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The structure and rheological properties of graphene-based particle (GP-x)/polydimethylsiloxane (PDMS)
composites are investigated as the surface oxygen content of graphene-based particle is varied, i.e., from
6.6% (GP-1) to 15.3% (GP-2), 25.5% (GP-3) and 43.1% (GP-4). Interestingly, the dispersion state of
graphene-based particles in PDMS does not change monotonically as increasing surface oxygen content.

The size of layered stacks and aggregates first decreases from GP-1 to GP-3 and then increases from GP-

3 to GP-4 as increasing surface oxygen content. The larger size of layered stacks and aggregates in GP-1

and GP-4 suspensions results from the strong inter-particle n—n and hydrogen bonding interactions. Under
weak shear, GP-1 and GP-4 form larger aggregates in PDMS, which align along vorticity direction,
inducing the negative normal stress differences (AN) of the composites. However, GP-2 and GP-3 do not
further aggregate under weak shear and the AN is almost zero. It is further inferred that the strong inter-
particle attractive interaction leads to the vorticity alignment of aggregates under weak shear.

1. Introduction

Polymer nanocomposites based on organic fillers, such as carbon
black and carbon nanotube, have been used to improve the
mechanical, electrical, thermal, and gas barrier properties of

polymers.'?  Recently,  graphene-based  particle/polymer
composites have received significant attention due to the dramatic
multifunctional property enhancements observed in these

systems.>*

In recent investigations, the most commonly used graphene-
based particle is graphene oxide (GO), which is derived from the
oxidation of graphite.” GO has many surface oxygen-containing
functional groups (e.g. carboxyl groups, hydroxyl groups), which
facilitate the dispersion of GO in polar polymers."® GO can be
reduced by chemical reductants, thermal shocking or microwave
irradiation to recover the high conductivity and mechanical
strength of graphite.”'' Due to the lack of surface functional
groups and strong inter-particle n- attractive interaction, reduced
graphene oxide or graphene generally disperses badly in
polymers.'>'* To avoid aggregation of reduced graphene oxide
platelets, GO was often dispersed in polymers and in situ reduced
by thermal treatment or reductants.®'*'> By controlling the
reduction condition or time, reduced graphene oxide with
different contents of surface oxygen-containing groups can be
obtained. To the best of our knowledge, the influence of surface
chemistry of graphene-based particles on the aggregation
structure of graphene-based particle/polymer composites has not
been well explored.

Understanding the rheological properties of
nanoparticle/polymer composites is of vital importance in
optimizing the processing method and broadening their
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applications. One of the surprising rheological phenomena
observed in soft condensed matter is the negative normal stress
differences (AN).”'?" This nonlinear transport property was
reported to be accompanied with die-shrinkage rather than die-
swell during extrusion processing of multiwall nanotube (MWNT)
composites.'” Recently, negative AN was reported in partially
reduced graphene oxide/polycarbonate composites.”’ In our
previous work, negative AN was observed in GO/low molecular
weight polydimethylsiloxane (PDMS) (below the critical
entanglement molecular weight M) composites.” However, the
rheological properties of highly reduced graphene oxide are still
lacking. More importantly, few studies have addressed the
influence of surface chemistry of graphene-based particle on the
rheological properties, especially AN, of polymer composites.®

In this work, graphene-based particles with different surface
chemistries were synthesized and then mixed with low molecular
weight (M,,) PDMS (below M,) by solvent mixing. The influence
of surface chemistry of graphene-based particles on the
dispersion state, linear viscoelasticity and nonlinear rheological
properties of graphene-based particle/PDMS composites is
systematically investigated. As a comparison, the influence of
molecular weight of PDMS (M,, > M.) on the structure and
rheological properties of graphene-based particle composites is
also explored and the results are provided in the electronic
supplementary information (ESI).

2. Experimental part

2.1 Materials and preparation of samples

Graphene oxide was synthesized from natural graphite
(Sinopharm Chemical Reagent Co., Ltd) by the modified

This journal is © The Royal Society of Chemistry [year]
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Hummer’s method® including two steps of oxidation, with 45
mL concentrated sulfuric acid per 20 g graphite and 12 h
oxidation time at 98 °C in the pre-oxidation step. The synthesized
graphene oxide suspension was diluted, centrifuged, washed with
distilled water and then dried, denominated as GP-4. GP-3 was
prepared by the classical modified Hummer’s method” with
oxidation time at 98 °C of 6 h and purified using the same
procedure with GP-4. GP-2 was prepared by dispersing GP-3 in
distilled water by sonication and chemically reducing GP-3 with
hydrazine hydrate.® After purification and drying, GP-2 was
thermally reduced in CVD oven by H, (30 mL/min) under the
protection of Ar (30 mL/min) at 1050 °C for 15 min, and the
obtained product was termed as GP-1.

Trimethyl-terminated polydimethylsiloxane (PDMS) with
molecular weight (M,) of 28,000 and 117,000 g/mol were
supplied from Alfa Aesar, termed as P28 and P117, respectively.
The critical entanglement molecular weight (M,) of PDMS was
reported to be ~31,000 g/mol.>* The results of graphene-based
particle/P117 are shown in the supporting information for
comparison.

Samples were prepared by following method. Graphene-based
particles were dispersed in tetrahydrofuran (THF, 0.5 wt %) by
stirring for 2 h followed by sonication for 12 h. PDMS dispersed
in the same solvent was mixed with different volume of
graphene-based particle suspension to get desired concentration
of graphene-based particle in PDMS. Then the mixtures were
stirred for 30 min, dried in the atmosphere for 6 h and further
dried in a vacuum oven at 40 °C for 20 h to remove residual
solvent.

2.2 Characterization

The morphology of original graphene-based particles was
observed by transmission electron microscope (TEM, JEM-1011)
at an accelerating voltage of 100 kV. The morphology of
graphene-based particle suspensions was also observed by TEM.

The surface element composition of obtained graphene-based
particles was characterized by X-ray photoelectron spectroscopy
(XPS) carried out on a VG ESCALAB MK II spectrometer using
an Al Ka exciting radiation from an X-ray source operated at 10.0
kV and 10 mA.

Thermal gravimetric analysis (TGA) was performed using TA
Instruments SDT Q600 at a heating rate of 10 °C/min under air
atmosphere.

Wide-angle X-ray diffraction (WAXD) experiments of
samples were carried out with a Rigaku model D max 2500 with
a Cu Ka radiation.

Small-angle X-ray scattering (SAXS) experiments were
carried out with the aid of a semiconductor detector (Pilatus 100K,
DECTRIS, Swiss) attached to a conventional Ni-filtered Cu Ka
X-ray source (GeniX3D Cu ULD, Xencos SA, France). The
wavelength of the X-ray radiation is 0.154 nm. The sample-to-
detector distance is 6000 mm, where the effective range of the
scattering vector ¢ (g = 4m/Asind, where 26 is the scattering angle
and 2 is the wavelength) is 0.02-0.2 A™'. Each SAXS pattern
obtained in the center of the sample was collected within 60 min;
background was corrected and normalized using the standard
procedure.

The microscopic dispersion state of graphene-based particles
in PDMS was observed by an Olympus BX-51 optical
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microscope. Optical observation under shear was carried out
using optical microscope equipped with a Linkam CSS-450
shearing cell. Optical micrographs were taken in the x-z plane
with flow along the x axis, a constant velocity gradient along the
y axis, and vorticity along the z axis. Samples were confined
between two parallel quartz plates separated by a fixed gap (150
um). The lower plate rotates at an angular speed that sets the
shear rate, =0v./dy , and a fixed point is used for observation.
The samples were sheared at constant shear rates for 2 min to
explore the structural change during shear. All the optical
observations were carried out at 25 °C.

Rheological measurements were performed on ARES G2 (TA
instruments, strain controlled rheometer) with 25 mm parallel-
plate and cone-plate geometries. Most of the experiments were
carried out with 25 mm parallel-plate geometry. Oscillatory strain
sweep experiments were conducted to determine the linear
viscoelastic region. Linear oscillatory frequency sweeps (0.05 to
100 rad/s) were performed at appropriate strain in the linear
region. Steady shear experiments were carried out in the shear
rate range of 0.01-100 s™'. The normal stress measured by
parallel-plate geometry is a difference of the normal stress
differences, AN= N—N, (N; and N, are the first and second
normal stress differences). To confirm the sign of Nj, a typical
sample is measured by cone-plate geometry. The normal stresses
measured by parallel-plate geometry (AN) and cone-plate
geometry (V) are very close (Fig. S1 in the ESI), indicating that
the value of N, is small and can be neglected in this work. The
condition for steady shear experiments was that the maximum
equilibration time for each data point was set to be 120 s, with a
sampling time of 10 s and a torque tolerance of 5%. Actually, the
steady state of torque value was reached within 80 s for all the
samples.'® All the experiments were conducted at 25 °C.

3. Results

3.1 Morphology and characterization of graphene-based
particles

Fig. 1 TEM images of GP-1 (a), GP-2 (b), GP-3 (c) and GP-4 (d).
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The morphology of graphene-based particles was observed by
TEM. As shown in Fig. 1, graphene-based particles are thin and
crumpled platelets where many corrugations are discernable,
implying that the reduction process does not affect the crumpled

s morphology of graphene-based particles. >’
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Fig. 2 XPS spectra (a), TGA curves (b) and WAXD patterns (c) of
graphene-based particles.
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To quantitatively elucidate the contents of oxygen atom on the

10 surface of graphene-based particles, the XPS spectra of samples
are analyzed as shown in Fig. 2a. The spectra show that the ratio
of C to O atoms is 14.2, 5.5, 2.9 and 1.3 for GP-1, GP-2, GP-3
and GP-4, respectively, which means that the surface oxygen
content of samples increases from GP-1 to GP-4. The higher
1s oxygen content is expected to be accompanied with more sp’
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carbon?® and more hydrophilic functional groups.’

The difference in surface chemistry of graphene-based
particles is also reflected in the thermal behaviors. In the TGA
curves (Fig. 2b), GP-1 starts to lose weight at about 490 °C,
which is mainly attributed to the carbon oxidation.’™®
Comparatively, there are two major loss of mass for GP-2, GP-3
and GP-4 particles. The weight loss at low temperature (< 200 °C)
results from the removal of oxygen containing groups, while the
weight loss at high temperature comes from the carbon
oxidation.>?*® As the carbon oxidation temperature decreases
from GP-1 to GP-4, it is apparent that the thermal stability
decreases with the increase of oxygen content of graphene-based
particles. Furthermore, the residue of all the graphene-based
particles is almost zero, suggesting the high purity.

WAXD allows us to detect the interlayer distance between
graphene-based particles. In WAXD patterns (Fig. 2c), original
GP-4 shows a diffraction peak at ~10.7° originating from the
interlayer (002) spacing (d = 0.82 nm) of graphene oxide sheets.”
GP-3 and GP-2 show two broad diffraction peaks at ~12.7° and
~25.5°, indicating some regularity of graphene oxide sheets with
less oxygen containing groups and graphite sheets,
respectively.>* With further decrease of the surface oxygen
content, a sharp diffraction peak at ~27.1° appears for GP-1,
corresponding to the interlayer (002) spacing of graphite (d =
0.33 nm).

3.2 Structure of graphene-based particle/PDMS composites
under static condition

WAXD was further used to probe the dispersion state of
graphene-based particles in PDMS. WAXD plots for original
graphene-based particle powders, graphene-based particle/P28
composites and neat P28 are shown in Fig. 3. For GP-1/P28
sample, the diffraction peak (~27.1°) of original GP-1 becomes
very weak and does not exhibit obvious sharpening with
increasing particle concentration, indicating the partial exfoliation
or intercalation of GP-1 particles.*® For GP-2/P28 and GP-3/P28
composites, the broad diffraction peak of graphite at ~25.5°
disappears, also indicating the partial exfoliation or intercalation.
However, as the broad diffraction peak of graphene oxide at
~12.7° is close to the amorphous diffraction peak of P28 at
~12.5°2" it is hard to fully estimate the dispersion of GP-2 and
GP-3 by WAXD. Similarly, the broad diffraction peak of GP-4
seems to disappear when dispersed in P28, however, the broad
diffraction peak of P28 may hide the existence of weak
diffraction peak of GP-4. Thus, it is also hard to estimate the
degree of exfoliation or intercalation of GP-4 only by WAXD.
High-resolution TEM images of graphene-based particle/P28
composites are shown in Fig. S2, which further suggest the partial
exfoliation of graphene-based particles.

We also did WAXD experiments for GP/P117 composites and
we found the similar results (shown in Fig. S3), indicating that
the exfoliation or intercalation of graphene-based particles may
be independent on the molecular weight of PDMS.

The structure of graphene-based particle/PDMS composites
was further explored by SAXS measurements. The scattering
curves are analyzed using the Beaucage's Unified Model”** to
extract relevant length scales and exponents. In systems without
distinct surfaces, the scattering intensity (/) often obeys a power
law in the magnitude of the scattering vector (¢) by I(q) ~ ¢ °.

This journal is © The Royal Society of Chemistry [year]
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For mass fractal objects, D is the fractal dimension of the scatter
(1 <D < 3). When D lies in the range of 4 > D > 3, the data can
be interpreted as scattering from surfaces. In this case, D = 6-D,
where D is the surface fractal dimension. In Fig. 4, the scattering
curves of graphene-based particle/P28 exhibit knee-like scattering
feature with a crossover at a g* that separates two power-law
regions (I ~ ¢ °) associated with two different fractal-like
morphologies, i.e., Dy, and Dy, for ¢ < g¢* and ¢ > g%,
respectively. The crossover features are reasonably associated
10 with the size of layered stacks (d = 2m/g*).**** Accordingly, the
size of layered stacks with a few platelets is 11.4, 7.0, 5.2 and 9.7
nm for GP-1, GP-2, GP-3 and GP-4 composites, respectively,
which non-monotonically changes with the surface oxygen —
content of graphene-based particles. The size of layered stacks is o
15 also found to be independent on the molecular weight of PDMS q (A )

(Fig. S4), which is similar with the results of WAXD. Fig. 4 SAXS profiles of 74 wt % graphene-based particle/P28
25 composites.
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suggests the surface fractal of GP-1 layered stacks with fractal

30 dimension (D,) of 2.54 (D, = 6-Dy;g).>> For GP-2, GP-3 and GP-

7 4wt YeGP-1 4 composites, the values of Dy, are 3.66, 3.48 and 3.49,

respectively, suggesting the surface fractal of samples with fractal

M dimensions of 2.34, 2.52 and 2.51.” But the Dy, of 2.99, 2.34

: : ! - ! - ! - ! - ! and 2.90 indicates the mass fractal of GP-2, GP-3 and GP-4

GP-2/P28 35 layered stacks.*? Tt should be noted that for polydisperse system,

the scattering related to big layered stacks may hide the presence
9.1 wt %GP-2 of thin graphene-based particles.36
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. . . . . Fig. 5 Optical micrographs of 1.0 wt % g
P28 40 composites. The scale bars are 150 pm.

The microscopic dispersion of graphene-based particles in
PDMS is observed by optical microscope on the length scale of
several to a few hundred of micrometers. Aggregates of
graphene-based particles are observed in all the composites, as

4s shown in Fig. 5. High-resolution micrographs taken under high

5 l 10 15 20 25 30 magnification times are shown in Fig. S5. It is observed that the
20 (° size of aggregates decreases from GP-1 to GP-3, and then
( ) increases from GP-3 to GP-4, which is consistent with the size

Fig. 3 WAXD patterns of GP-1/P28, GP-2/P28, GP-3/P28 and GP-4/P28 change of layered stacks determined by SAXS (Fig. 6). Similar
20 composites with 9.1 wt % and 7.4 wt % graphene-based particles, 5o phenomenon is also observed in graphene-based particle/P117

%raplller.lte-based particles and neat P28. The curves are vertically shifted composites (Fig. S6). Moreover, the size of aggregates of P28
or clarity.
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composites is slightly larger than that of P117 composites with
the same particle, which may result from the faster diffusion of
particles in lower viscosity matrix.’

3.3 Linear rheological
particle/PDMS composites

properties of graphene-based

Linear rheological results of polymer composites are used here to
study the dispersion and aggregation behaviors of particles under
static. Typical linear frequency sweep results of GP-2/P28
composites are shown in Fig. 6 as an example. The storage
moduli (G") of 3.8 wt % GP-2/P28 composites is lower than the
loss moduli (G") and both moduli are frequency dependent in the
experimental frequency range, indicating the liquid-like
behavior.>”** When the concentration of GP-2 is increased to 5.7
wt %, a plateau region of G' higher than G" at low frequency is
observed, suggesting the formation of weak network
structure.””*® Thus the critical concentration for the formation of

network (C;) of GP-2/P28 should be in the range of 3.8-5.7 wt %.

As the concentration of GP-2 is further increased, both G' and G"
increase and the frequency dependence of moduli decreases,
indicating the formation of enhanced network structure. The C,
of other graphene-based particle/P28 composites is determined by
similar method (Fig. S7), and the results are summarized in Table

1—8—3.8wt% G'
1——3.8wt% G"
1—h—5.7Wt% G'
10° 4 —2—5.7Wt% G"
—8—7.4wt% G'

=O="T7.4wt% G"

0t w0t
o (rad/s)

25 Fig. 6 Storage modulus (G') and loss modulus (G") versus frequency (@)

for GP-2/P28 composites.

To quantitatively determine the critical concentration for the
formation of network structure (m.), the plateau modulus is fitted
to equation: Gyo<(m—m.)*, where G is obtained at low frequency

30 (~ 0.12 rad/s), m is the mass fraction of particles and a is the

percolation exponent.*®* The details of fitting are shown in Fig.
S8, and the fitted results are shown in Table 1. The fitted m, is
consistent with C, estimated from G' and G" curves for
graphene-based particle/P28 composites. It is observed that m,

35 first increases from GP-1 to GP-3 and then decreases for GP-4.

Correlated with the dispersion state of graphene-based particle
suspensions, it is found that the larger sized aggregates lead to the
lower m, and the smaller sized aggregates induce the higher
me."* Accordingly, it is inferred that the networks of graphene-

40 based particle/PDMS composites are formed by the aggregates of

graphene-based particles.”**

4

o

Table 1 Critical concentration (C,) for the formation of network structure
in graphene-based particle/PDMS composites

Samples Cer (Wt %) *? me (Wt %) ° R®
GP-1/P28 3.8-5.7 44 0.996
GP-2/P28 3.8-5.7 5.0 0.985
GP-3/P28 9.1-10.7 10.0 0.993
GP-4/P28 2.0-3.8 22 0.994

“Estimated from G' and G" curves; * Obtained from linear fitting of logG,
versus log(m-m.);  The correlation coefficient of the linear fitting of
logG versus log(m-m.).

Fig. 7 shows the effect of surface chemistry of graphene-based
particles on the linear viscoelasticity of samples for the
concentration of graphene-based particles higher than m.. The
storage moduli of 10.7 wt % graphene-based particle/P28
composites decrease from GP-1 to GP-3, and increase again for
GP-4, which has the highest surface oxygen content. This is also
consistent with the size change of aggregates for different
graphene-based particles (Fig. 5). Similar trend is also found in
9.1 wt % graphene-based particle/P28 composites (Fig. S9). It is
commonly accepted that the dispersion state of particle has
obvious influence on the linear viscoelastic properties of
composites.”***! For the graphene-based particle/P28 composites
studied in this work, the larger sized aggregates induce the higher

o0 elasticity of the network.
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Fig. 7 Storage modulus (G") and loss modulus (G") versus frequency (w)
for 10.7 wt % graphene-based particle/P28 composites.

2

3.4 Structure of graphene-based particle/PDMS composites
under shear

The structure of graphene-based particle/PDMS composites
under shear is observed by optical microscope equipped with
shearing cell. Imaging the structure of samples with high
concentration of particles is quite difficult due to the strong
adsorption of graphene-based particles. Thus micrographs are
taken for samples with low concentration of particles. The
structure of 2.0 wt % GP-1/P28 composites under different shear
rates is displayed in Fig. 8. The aggregates of GP-1 interconnect
to form larger ones and exhibit some extent of vorticity alignment
in GP-1/P28 composites at low shear rates ( 7 =0.01 and 0.05 s™").
An internal hoop stress in the x-y plane leads to the elongation of
aggregates in the z axis and the contraction in the x-y plane.'”'®
However, at higher shear rates (7 = 0.5 and 1 s™"), the aggregates
are partially broken and align along the shear direction, which is

This journal is © The Royal Society of Chemistry [year]
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consistent with theoretical prediction that beyond a critical shear
rate additional contraction of the aggregates is impossible.**

Fig. 8 Structures of 2.0 wt % GP- 1/P28 compos1tes under d1fferent shear
s rates. The scale bars are 150 pm and the gap is 150 um. Photos are taken
after shearing for about 40 s.

The influence of surface chemistry of graphene-based particles
on the structure of graphene-based particle/P28 composites under
weak shear (7= 0.05 s™') is shown in Fig. 9. GP-1 and GP-4

10 form larger aggregates and have some degree of vorticity
alignment under weak shear in the composites. The detailed
micrographs of vorticity aligned structure are shown in Fig. S10.
However, GP-2 and GP-3 only form small aggregates and do not
exhibit obvious vorticity alignment behavior under weak shear,

1s which is supposed to result from the weak steric hindrance and
weak attractive interaction between small aggregates.
Pasquino et al. also reported the switch from flow alignment to
vorticity alignment when attractive interaction became more
important for spherical particle suspensions,* which is to some

20 extent consistent with graphene-based particle suspensions

investigated in this work.

Fig. 9 Structures of 2 0wt % graphene based partlcle/P28 compos1tes ata
shear rate of 0.05 s'. The gap is 150 pum and the scale bars are 150 pm.
25 Photos are taken after shearing for about 40 s.

At high shear rates, the aggregates of graphene-based particles
are partially broken and align along the shear direction (Fig. S11).
For high molecular weight P117 (M, > M,) composites, no
obvious structural change is observed in all the graphene-based

30 particle composites under weak shear (Fig. S12), which is also

40 low-shear-rate

45 aggregates,48

consistent with our previous work’ for higher oxygen content
GO/P117 composites (oxygen content is 33.6%).

3.5 Rheological properties
suspensions under shear

of graphene-based particle

35 The structural change under shear strongly affects the rheological

properties of graphene-based particle suspensions. Fig. 10 shows
the shear thinning of samples, which is inferred to be caused by
the alignment and disaggregation behaviors of graphene-based
particle aggregates under shear.”®*®*” It is interesting that the
viscosity of 10.7 wt % graphene-based
particle/P28 composites first decreases from GP-1 to GP-3
samples and then increases again for GP-4/P28 sample, which is
also consistent with the change of size of aggregates. It is well
known that the reinforcement effect is strong for large
thus for the composites with larger aggregates (GP-
1 and GP-4), the viscosity values increase more obviously.
Similar phenomenon is also observed in 9.1 wt % graphene-based
particle/P28 composites (Fig. S13). At higher shear rates, the
surface fracture of some graphene-based particle/PDMS

s0 composites is observed, thus those data are not shown.

] —=— GP-1/P28
10*4 —e— GP-2/P28

E —A— GP-3/P28
—v— GP-4/P28

10 WL ML | T ML | ML |
10° 10" 10°) 10' 10°
7(s)
Fig. 10 Viscosity () versus shear rate (7 ) for 10.7 wt % graphene-based
particle/P28 composites.

53 1004 "mmm
c | ]
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[ ]
./
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o ] —e—GP-2/P28
L —A— GP-3/P28
—-v— GP 4/P28
10° 10" 10° 10' 10

7(7)

ss Fig. 11 Normal stress differences (AN) versus shear rate (7 ) for 10.7

wt % graphene-based particle/P28 composites.

More interestingly, the sign of normal stress differences (AN)
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changes with increasing the surface oxygen content of graphene-
based particle for low molecular weight PDMS (M, < M,)
composites. As shown in Fig. 11, the sign of AN is negative for
composites with the lowest (GP-1) and highest (GP-4) surface
oxygen content, resulting from the vorticity alignment of larger
aggregates (Fig. 9).”%'"> However, the AN is almost zero for the
graphene-based particles with intermediate surface oxygen
content (GP-2 and GP-3) and no obvious vorticity alignment
behavior is observed (Fig. 9). Similar phenomenon is also
observed in graphene-based particle/P28 composites with 9.1
wt % graphene-based particles (Fig. S14). For GP-1 and GP-4
composites with much lower concentration of particles (but above
m,), slightly negative AN (~15 Pa) can still be found (Fig. S15).
For graphene-based particle/P117 composites, only positive AN is
observed (Fig. S16). Our previous work also observed positive
AN in GO (oxygen content of 33.6%)/P117 composites,” which is
consistent with the present work.

4. Discussion
4.1 Inter-particle interaction and polymer-particle interaction

Among these graphene-based particles, GP-1 has more sp*
electron contributing to the strongest inter-particle n-m attractive
interaction;'® comparatively, GP-4 has the strongest inter-particle
hydrogen-bonding interaction as a result of high content of
oxygen containing groups.”'® The n-m attractive interaction
between particles weakens with increasing surface oxygen
content.*® For the interaction between graphene and PDMS, many
experimental results have confirmed the existence of CH-n
interaction.>* However, the inter-particle hydrogen-bonding
interaction and m-m interaction (2-4 kcal/mol)® is proved to be
much stronger than the polymer-particle CH-n interaction (1.0
kcal/mol).>>*

4.2 Structure and rheological properties of composites under
static

In this work, the structure of graphene-based particle in PDMS is
strongly affected by surface chemistry of graphene-based
particles, as directly determined by TEM, WAXD, SAXS, optical
microscope and rheometer. Due to the conjugated sp* carbon, the
CH-r interaction between GP-1 particle and PDMS should be
strong. However, the aggregation of layered stacks confirms that
the CH-m interaction between GP-1 and PDMS is much weaker
than the m-m attractive interaction between GP-1.3%% With
increasing oxygen content on the surface of particles, the n-n
attractive interaction between particles is weakened due to the
decrease of conjugated sp’ carbon. Therefore, the dispersion is
better for GP-2 and GP-3 particles since the particle-polymer
attractive interaction dominates. Further increasing surface
oxygen content leads to much stronger hydrogen-bonding
interaction between particles (GP-4), thus large aggregates are
observed in GP-4/P28 composites.

4.3 Structure and rheological properties of composites under
shear

It is proposed that there are two stages in the aggregation process
of particles: collision between particles or between particles and
aggregates, and aggregates growth.* At the first stage of
aggregation, weak shear accelerates the collision and surface

=y
=)

=
=)

©
S

10

3

105

110

overlap of compressible aggregates. Potanin’s theoretical work
proposed that the capture efficiency decreases with increasing
aggregate size for the collision of two equal-sized aggregates of
spherical particles.” However, in this work, the larger sized
aggregates (diameter of 48.1 and 56.9 um for GP-1 and GP-4) are
prone to have higher capture efficiency phenomenally, while
small sized aggregates (diameter of 19.7 and 13.9 pm for GP-2
and GP-3) has much lower capture efficiency (the diameter
distribution of aggregates is shown in Fig. S17). This
contradiction indicates that the inter-particle attractive interaction
may dominate the capture efficiency in this work.

At the second stage of aggregation, the aggregate grows and
the upper limit of aggregate growth under weak shear is as a
function of inter-particle bond energy U: Rla~(p y )%
YexpU / (2f -3)kT , where R is the radius of aggregates, a is the
radius of sphere, ¢ is the volume fraction of particle, y is the
shear rate, f is the fractal dimension of aggregate (1.9-2.0 for
three dimensional space), U is the inter-particle bond energy, and
kT is the Boltzmann factor.” For the graphene-based particles
used in this work, the effective attraction interaction between GP-
1 particles and between GP-4 particles is much larger than that
between GP-2 particles and between GP-3 particles due to the
hydrogen-bonding interaction in GP-4 and n-r interaction in GP-
1. Therefore, the relative value of U is inferred to be Ugp.;, Ugp.
4> Ugp.a, Ugp.3, thus the relative value of R/a for GP-1 and GP-4
should be larger than that for GP-2 and GP-3, which may further
result in the strong vorticity alignment for GP-1 and GP-4
aggregates and the negative AN.

At higher shear rates, for compressible aggregates, theoretical
work predicted a critical fractal dimension corresponding to a
critical shear rate, above which any contraction of aggregates is
impossible.** In this work, high shear rate leads to the breakup of
aggregates of graphene-based particles,”® resulting in the almost
zero AN.

5. Conclusions

The impact of surface chemistry of graphene-based particles on
the structure and rheological properties of graphene-based
particle/PDMS  composites is investigated. Under static,
graphene-based particles with different surface oxygen contents
are partially exfoliated in PDMS, forming some layered stacks
(evidenced by WAXD and SAXS measurements). Moreover,
aggregates are observed in graphene-based particle suspensions.
The size of both stacks and aggregates first decreases (from GP-1
to GP-3) and then increases (from GP-3 to GP-4) with increasing
surface oxygen content, owing to the strong =m-m attractive
interaction between GP-1 particles and strong hydrogen-bonding
attractive interaction between GP-4 particles. More interestingly,
the surface chemistry of graphene-based particles strongly affects
the structural change of suspensions under shear and then affects
the rheological properties. For particles with strong inter-
attractive interactions (GP-1 and GP-4), large aggregates form
and then the low-shear-rate viscosities of composites are higher
than those for particles with weak inter-attractive interactions
(GP-2 and GP-3). Subsequently, vorticity banding is found for
GP-1 and GP-4 samples, as a result of the elongation of
aggregates in z axis and the contraction in x-y plane under shear,
which leads to the negative AN under shear. However, for
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particles with weak inter-attractive interactions (GP-2 and GP-3),
no apparent aggregation, vorticity banding or negative AN is
observed. This is because the weaker inter-particle energy
induces lower capture efficiency when two aggregates contact.
We hope this work will be helpful for manipulating the structure
and rheological properties of graphene-based composites for
desirable usage, which may also provide some useful
experimental data for the improvement of theoretical work.
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