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Abstract. Comparative investigations are reported on poly(N-isopropylacrylamide) (PNIPA) gels of various carbon nanotube
(CNT) and graphene oxide (GO) contents synthesized under identical conditions. The kind and concentration of the incor-
porated carbon nanoparticles (CNPs) influence the swelling and stress-strain behaviour of the composites. Practically inde-
pendently of the filler content, incorporation of CNPs appreciably improves the fracture stress properties of the gels. The
time constant and the swelling ratio of the shrinkage following an abrupt increase in temperature of the swelling medium
from 20 to 50 °C can be adjusted by selecting both the type and the amount of nanoparticle loading. This offers a means of
accurately controlling the deswelling kinetics of drug release with PNIPA systems, and could be employed in sensor appli-
cations where fast and excessive shrinkage are a significant drawback. Both CNTs and GO enhance the infrared sensitivity
of the PNIPA gel, thus opening a route for the design of novel drug transport and actuator systems. It is proposed that the in-
fluence of the CNPs depends more on their surface reactivity during the gel synthesis rather than on their morphology. One
of the important findings of this study is the existence of a thermally conducting network in the GO filled gels.
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1. Introduction such as weak mechanical strength, which restricts
Smart hydrogels display a marked response under applications involving repetitive loading. Composite
changes in certain external factors [1, 2] such as com-  hydrogels that incorporate nanoparticles in the ma-
position of the solvent mixture [3], pH [4], temper-  trix may offer a solution. Nanoparticles can either be
ature [5], photons, electric or magnetic fields [6]. Their ~ physically trapped within the hydrogel matrix or
softness, biocompatibility, excellent swelling prop-  cross-linked into the network structure by surface
erties and ability to deform reversibly, make them functionalities, resulting in nanocomposite materials
desirable as vehicles for controlled drug delivery [7, that possess not only improved mechanical strength
8], sensors [9] or actuators [10]. Poly(N-isopropy-  but also well-defined optical, thermal, electronic,
lacrylamide) (PNIPA) based hydrogels are among  magnetic, etc. properties [13].

the most studied temperature-responsive systems, as  The outstanding mechanical and conductive proper-
they exhibit a volume phase transition around 34°C, ties of carbon nanoparticles (CNPs), together with their
close to the temperature of the (human) body. This  unique structure and low density, place them among
property can be of use in biomedical applications the most common fillers. Carbon nanofiber and car-
[11, 12]. These systems nevertheless have drawbacks, bon nanotubes (CNT) [14-20] as well as graphene
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and its derivatives [21-24], mainly graphene oxide
(GO), have attracted marked interest in the last few
years. In biomedical applications, however, the un-
certainty surrounding the toxicity of CNTs [14]
could affect choices of nanocarbon filler. GO, by
contrast, is reported to be non-toxic and highly bio-
compatible [14].

In addition to mechanical reinforcement, the strong
light absorption of nanocarbons can add new func-
tional sensitivity to composite gels [25]. Fast re-
versible optical response has been observed under
near infrared (NIR) laser excitation in CNT [26, 27]
and GO [25] containing composite PNIPA hydrogels.
NIR irradiation causes strong warming of the GO
composite gels, while in hydrogels without GO no
heating is observed [25].

CNP containing composite systems have been wide-
ly investigated in the recent years. In most cases, a syn-
ergetic effect is clearly observed upon incorporation
of nanofillers into a polymer matrix, although in cer-
tain cases negative synergy has been reported. The
preparation process and the type of carbon filler used
determine the interactions between the filler particles
as well as between the fillers and the polymer matrix
[28]. Investigations regarding CNT [29-31] and GO
[32—-34] containing PNIPA based composite systems
show improved mechanical properties (elastic mod-
ulus and compressive strength). As these gels were in-
vestigated with a variety of cross-link densities and/or
with different co-monomers, as well as diverse con-
ditions of synthesis, it is not possible to evaluate the
effects of the different nanoparticles.

In this paper we describe results from CNT and GO
containing PNIPA gels synthesized under identical
conditions. This allows a direct comparison of the
macroscopic (swelling and stress-strain behaviour)
and microscopic (scanning electron microscopic)
properties of these systems. The application related
performance of these composites is characterized by
their infrared sensitivity and the kinetic response of
their volume after an external temperature jump.

2. Materials and methods
2.1. Carbon nanoparticles
Typical images of the CNPs investigated are shown
in Figure 1. The dispersibility of the CNTs in aque-
ous medium was improved by oxidizing commercial
multi-wall CNT (external diameter: 10-20 nm,; length:
10-30 pm according to the supplier) produced by
Chengdu Organic Chemicals Co. Ltd. (Sichuan,
China) in concentrated HNO3 (65%, Merck) (3 hours,
110°C) in accordance with the procedure (including
purification) of ref [35]. The oxidation process had
practically no effect on the external diameter of the
CNTs. The C/O ratio of the CNT (from X-ray pho-
toelectron spectroscopy XPS) and the surface area
Sget (determined from low temperature nitrogen ad-
sorption applying the Brunauer-Emmett-Teller model)
were respectively 11.2 and 221 m%/g.

Graphene oxide (GO) was obtained from natural
graphite (from Madagascar) by the improved Hum-
mer method [36]. The pristine GO suspension was
purified by successive centrifugation (Jouan BR4i
Multifunction Centrifuge, Thermo Scientific, USA;

b)

Figure 1. High resolution transmission electron microscopy (HRTEM) images of oxidized CNT (a) and GO (b)
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5000 min~") and thorough washing with 1 M HCI
and doubly distilled water. The stock suspension con-
tained 0.2 w/w% GO. The C/O ratio and Sggr meast
respectively.

2.2. Gel synthesis

The PNIPA polymer gel was synthesised from N-iso-
propylacrylamide (NIPA) monomer (Tokyo Chemi-
cal Industry Co., LTD., Tokyo, Japan) and N,N'-
methylenebisacrylamide (BA) cross-linker (Sigma
Aldrich) in aqueous medium with nominal molar
ratio of [NIPA]/[BA] = 150 at 20°C by free radical
polymerization. The reaction was initiated by am-
monium persulphate (APS, Sigma Aldrich) and
N,N,N'N' tetramethylethylenediamine (TEMED,
Fluka). A detailed description is given elsewhere
[37]. All chemicals were used as received except
NIPA, which was recrystallized from toluene-hexane
mixture prior to the synthesis. 2 mm thick films and
10x10 mm isometric cylinders were cast. Doubly dis-
tilled water was used in all experiments, including
both synthesis and dialysis.

To obtain composite gels the aqueous CNP suspen-
sion of the required concentration was mixed with
the precursor solution. For the CNT containing com-
posites ultrasonication was used to ensure homo-
geneity of the dispersion. Gels with >20 mg GO/g
NIPA content were prepared by adding in succession
solid NIPA and BA to the GO suspension. The reac-
tion medium was stirred in an ice-bath for 15 min after
addition of each component. The precursor suspen-
sions were polymerised and purified in the same way
as the nanoparticle-free PNIPA gel. No external field
was applied. The films were stored in the swollen state
for later use, unless mentioned otherwise.

2.3. Scanning electron microscopy (SEM)

Dialysed gel films fully swollen at room temperature
were frozen in liquid nitrogen and broken immediate-
ly (Figure 2) prior to lyophilization (Scanvac Cool-
safe freeze dryer, Lynge, Denmark; 7 =25 °C, p =
1072 mbar, 24 hours). After coating with metal alloy
(atomic ratio Au:Pd = 1.5:1), SEM images were taken
with a Hitachi SU6600 analytical variable pressure
scanning electron microscope equipped with a ZrO/W
Schottky field emission electron source and an en-
vironmental secondary electron detector (Hitachi
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Figure 2. Preparation of gel films for SEM observation. The
upper cartoon shows how the film was broken
prior to freeze-drying. The lower cartoon shows
how the sample was fixed on the SEM sample
holder and gives the tentative thickness of the wall
and bulk regions, respectively.
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Ltd., Tokyo, Japan). The size distribution of the pores
was determined from 80—100 data for each sample.

2.4. Macroscopic characterisation

To determine the equilibrium swelling degree m/my
(where m and m are the mass of the swollen and the
dry gel sample, respectively), 7 mm diameter discs
cut from the dialysed swollen film were dried to con-
stant mass in a desiccator over concentrated H,SOy,
and then re-swollen to equilibrium in excess water
at 20.0+0.2°C.

Stress-strain studies were performed on fully swollen
isometric (10x10 mm) gel cylinders with an IN-
STRON 5543 (INSTRON, Norwood, USA) mechan-
ical testing equipment at ambient temperature. Sam-
ples were compressed until fracture, in steps of
0.1 mm in the small deformation region (<10% of
their initial height) and in steps of 0.5 mm thereafter.
The relaxation time and force threshold was 4x4 s
and 300 N, respectively. The elastic modulus was de-
termined by the method of Horkay and Zrinyi [38]
in the small deformation region.

2.5. Kinetics of temperature induced phase
transition

Prior to the measurements disks of 13 mm diameter
were cut from the swollen film and kept at 20+0.2 °C
for 2 days to allow them to reach equilibrium. The
samples were then plunged into a water bath at
50«1 °C. The shrinkage induced by the thermal shock
was recorded photographically by monitoring the di-
ameter D of the disks. D values are given as the aver-
age of five different measurements read from the im-
ages by JMicroVision software and compared to the
initial diameter Dy of the fully swollen gels.
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2.6. IR sensitivity

The surface of 10x10 mm swollen gel films, placed
on a glass plate, was exposed to a CO, laser beam
(wavelength: 10.6 um, power: 0.500 W, spotsize:
15 mm). Thermal maps were recorded at ambient
conditions as video files by a Testo 890 thermal im-
aging camera (Testo, Alton, UK) for 30 seconds prior
to the irradiation, then during the 2 minute period of
laser exposure. After irradiation the cooling of the
gels was monitored for 2.5 minutes. During the irra-
diation the gel samples collapsed in a circular zone
of 5 mm around the centre of the incident beam. The
temperature of the irradiated gels was determined as
the average temperature of 20 positions within this
zone.

3. Results and discussion

3.1. Characterization

When CNPs were incorporated the transparent PNIPA
gel became either brown (with GO), or black (with
CNT). In CNT@PNIPA gels macroscopic hetero-
geneity due to aggregation can be observed (Figure 3).
A ‘wall region’ and an ‘inner region’ are clearly dis-
tinguishable in the images (not shown here). Typical
SEM images of both regions are displayed in Fig-
ure 4. In pure PNIPA films these two regions are very
similar: wide amorphous pores separated by thin poly-
mer walls. In the composite samples the morphology
depends on the type of CNP. Both with CNT and GO
the wall and inner regions, respectively, are signifi-
cantly different, indicating that the orientation of the
CNPs might be influenced by interaction with the
wall. Nevertheless, the heat transfer during the freezing
process may also lead to layer formation. In the com-
posite gel cylinders further morphological differ-

12CNT@PNIPA

ences developed along the axis, as a consequence of
sedimentation during gelation, particularly with CNT.
The pore size distributions of the CNT containing
composites are not very different from pure PNIPA.
By contrast, the influence on the pore structure of
the GO content is unmistakably stronger (Figure 5).
Interestingly, the effect at lower GO content is more
marked.

On comparing the swelling degree and the elastic
modulus of the hydrogels significant differences ap-
pear between the two sets of composites (Figure 6).
CNT reduces the swelling degree slightly but mo-
notonically, possibly in part due to the loss of vol-
ume occupied by the carbon. CNT has practically no
effect on the elastic modulus of these gels.

A more pronounced, non-linear, effect is observed in
the GO composites. Even 15 mg GO/gnipa content
caused an abrupt drop by ca. 33% in the swelling de-
gree. Further increase of the GO content has no ob-
servable effect on the swelling (Figure 6a). Such be-
haviour arises when the concentration of filler parti-
cles reaches the percolation threshold. The elastic
modulus increases monotonically in the whole con-
centration range examined (Figure 6b). A similar ob-
servation has been reported by Fan et al. [39] for
sodium alginate/polyacrylamide (PAM) hydrogels
with comparable GO content (0.5-5 w/w%). PNIPA
systems with significantly higher cross-link ratio and
1-10 w/w% GO content exhibit a contrary trend
[34]. Figure 6c illustrates the influence of water con-
tent on the modulus. Incorporation of the CNPs sub-
stantially improves the compressive strength of the
gels (Figure 6d). CNT@NIPA gels tolerate greater de-
formation before they break, while GO@PNIPA gels
withstand higher stress at smaller deformation. The

10GO@PNIPA

Figure 3. Digital optical microscopic images of the lyophilized cross section of the lyophilised gel films
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Wall region

Inner region

12CNT@PNIPA

Figure 4. SEM images of CNP@PNIPA gel films dried in cryogenic conditions. Scale bar 50 pm.

effect of loading on the compressive strength with
both fillers is plotted in Figure 6e. When GO is incor-
porated the compressive strength in PNIPA gels in-
creases by almost an order of magnitude, and is in-
dependent of GO content; with CNT@NIPA gels the
enhancement is slightly smaller.
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3.2. Deswelling kinetics

On immersion in warm water disks of CNT@NIPA
and GO@NIPA samples immediately turn white, sim-
ilarly to pure PNIPA. Figure 7 shows that the pres-
ence of CNPs appreciably modifies the kinetic re-
sponse of the PNIPA gel. During the temperature-



Manek et al. — eXPRESS Polymer Letters Vol. 10, No.8 (2016) 710-720

100 100
PNIPA 12CNT@PNIPA
80+ 80
Z 60 % 60
(= c
[0) [0
3 3
g g
o 40+ o 404
20+ 204
0 = T T 0
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Pore diameter [um] Pore diameter [um]
100 100
10GO@PNOPA 50GO@PNOPA
80 80
£ g
g 60 & 604
[= c
(] [0
=] =]
g g
& 40 & 404
20 20
0 - r T T T T 0 y——_— r
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Pore diameter [um] Pore diameter [um]

Figure 5. Pore size distribution of the bulk of CNP@PNIPA gel films dried in cryogenic condition
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Figure 6. Mass swelling degree in pure water at 20 °C (a) and elastic modulus (b) of composite gels. Solid lines are guides

for the eye. Correlation of modulus and swelling degree (c). Stress-strain curves (d). Compressive strength of com-
posite gels (e).

jump the behaviour of the composite gels is strongly  curves were fit to a modified exponential decay func-
affected by both the quality and quantity of the CNPs.  tion shown in Equation (1):
To quantify the effects the experimental shrinkage- (LY
D _(D ()
= +Ae (1)
Do~ \ Do Jin

715



Manek et al. — eXPRESS Polymer Letters Vol. 10, No.8 (2016) 710-720

100 iy
24CNT@PNIPA
— 80
= v| 12CNT@PNIPA
[a) i| BCNT@PNIPA
Ia)
60+
s36| SCNT@PNIPA
% PNIPA
40 . - -
1 10 100 1000
a) Time [s]

100+
a
. 'h&'t!.'ﬂ“‘e’ s ate 2GO@PNIPA
= B i | 20GO@PNIPA
&
a 50GO@PNIPA
l 0. 5| PNIPA
g1 :
40 ; ; . e
10 100 1000 10000
b) Time [s]

Figure 7. Deswelling kinetics of CNT@PNIPA (a) and GO@PNIPA (b) at 50 °C. Note the order of magnitude difference in
range of the x-axis scales. Symbols are experimental data, continuous lines are fits to Equation (1).

where (D/Dy)sn is the final relative diameter, 4 is a
pre-exponential constant and 7 is the time constant of
the overall volumetric thermal response. The results
are listed in Table 1. The shrinkage curve of the pure
PNIPA could be fit by a compressed exponential
function (p > 1), indicating possible jamming behav-
iour, with a time constant in good agreement with
previous observations [40]. The time constants of the
CNT@PNIPA systems are shorter, i.e., CNT slightly
accelerates the response of the pure PNIPA gel [40].
(D/Dy)sin correlates with the CNT content: higher
loading results in more limited shrinkage. The value
of exponent p decreases systematically and signifi-
cantly with increasing CNT loading, a sign that
deswelling becomes more complex at higher CNT
concentrations (Table 1). In 24CNT@PNIPA (the
highest CNT content tested) stretched exponential
behaviour (p > 1) was found, characteristic of multiple
relaxation processes with different timescales.

Whereas 2000 s was largely sufficient for the relax-
ation of CNT@PNIPA composites, a timeframe of
even an order of magnitude longer was insufficient for

Table 1. Fitting parameters of the temperature induced phase
transition from Equation (1)

D
Sample (E)ﬁn :‘ ’ P R?
%] (%] [s]
PNIPA 51.4 47.5 334 | 2.14 ]0.995
3CNT@PNIPA 55.6 43.2 348 | 2.58 |0.997
6CNT@PNIPA 71.0 29.1 211 | 1.60 | 0.990
[12CNT@PNIPA 76.3 25.4 241 | 1.15 | 0.987
24CNT@PNIPA 84.9 16.0 259 10.721 | 0.971
2GO@PNIPA 90.5 9.5 1437 | 0.266 | 0.932
20GO@PNIPA 76.5 23.7 1470 | 0.412 | 0.994
50GO@PNIPA 342 60.1 | 53762 | 0.286 | 0.992

(D/Dy)sin: relative diameter, 4: pre-exponential factor; z: time con-
stant of deswelling response; p: exponent; R%: coefficient of deter-
mination
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the GO@PNIPA gels (Figure 7). For the GO@PNIPA
samples the values of the fitting parameters (Table 1)
can be used only for qualitative comparisons, as the
absence of a measured asymptotic value of (D/Dy)sin
makes the fitting parameters uncertain. It can never-
theless be concluded that, unlike CNT, the lowest GO
content has the strongest effect on deswelling kinetics.
Substantial slowing down of the thermal response is
observed at all three concentrations (Figure 8),
which resembles the effect of increased cross-linking
density in pure PNIPA gels [40]. All curve fits yielded
a stretching parameter p < 1, indicating multiple
processes.

3.3. IR sensitivity

Recent experimental and theoretical studies found
that the presence of network structure increases ther-
mal diffusivity in PNIPA gels compared to pure water.
It was also observed that latent heat influences ther-
mal diffusivity [41].

Carbon materials including nanoparticles are known
for their high IR absorption. As expected [25-27],
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Figure 8. Average temperature values of PNIPA composites
during IR laser exposure
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Figure 9. Temperature (7) profile of PNIPA composites upon IR laser exposure (#: observation time) at 20 °C (a, b), temper-

ature profile of pure PNIPA with error bars (c)

addition of both CNT and GO results in enhanced IR
sensitivity (Figures 8 and 9). The doped systems, how-
ever, display significant differences according to the
type and concentration of nanoparticle incorporated.
Fast shrinkage on exposure to IR laser irradiation,
and quick recovery of the gels after exposure is ob-
served in all cases. During the exposure the gel sam-
ples collapse in a circular zone of diameter 5 mm cen-
tred around the incident beam. The measured tem-
perature fluctuations may be attributed to the low ther-
mal conductivity of the gel, even in the presence of
CNPs (Figure 9a and Figure 9b). In both sets of sys-
tems a monotonic correlation was found between the
nanoparticle content and the temperature of the sam-
ple, but with different trend. In the CNT@PNIPA sys-
tems the temperature rise in the gels with increasing
CNT concentration was proportionally higher (Fig-
ure 8). Incorporating a small amount of GO into
PNIPA resulted in the same enhanced response as
CNT@NIPA with a similar CNT content, but further
addition of GO systematically reduced the effect.

3.4. Discussion

The differences observed between the effects of the
two different types of CNPs may stem more from
their chemical behaviour than their geometrical shape.
Multiwall carbon nanotubes contain Russian doll-
like concentric tubes consisting of graphite like car-
bon arrays. The outermost cylinder is decorated with
O-containing surface functional groups, but their con-
centration is relatively low. Therefore the functional
groups do not significantly modify the aromatic
graphitic structure. That is, during the PNIPA syn-
thesis, the reactivity of the CNTs present in the rad-
ical polymerization is modest. However, as their sur-
face is predominantly hydrophobic, they tend to ag-
gregate, even after intense ultrasonication. GO, by

contrast, is composed of a few strongly damaged
graphene sheets richly decorated with O. The delo-
calised electron system is therefore severely disrupt-
ed and most of the electrons are localised as C=C
double bonds, which are reactive in radical reactions.
The hydrophilic surface also ensures good dispersibil-
ity. Owing to their surface chemistry, the GO platelets
are well distributed in the polymerisation medium,
which allows them to form a percolating GO net-
work, consisting of hubs that are each covalently
linked to several polymer chains; this outcome is less
probable with the CNT aggregates. This difference in
behaviour affects the response of the loaded gels dur-
ing the swelling and stress-strain observations. While
GO units build up to form an interpenetrating net-
work that is strongly connected to the polymer chains,
the CNTs act as ‘free’ aggregates. Increasing the CNT
content increases the number of aggregates in the pre-
cursor solution. Hydrophilic GO forms bulky, ran-
domly oriented GO clusters only at high concentra-
tions.

The difference in electron structure also leads to the
different heat conductivity and IR absorption per-
formance of the gels when the two CNPs are present.
At low concentration CNT has only a limited influ-
ence on the deswelling kinetics. Although increasing
the CNT content may improve the heat conductivity,
higher amounts of CNT filler delay the relaxation
and increase the time constant. The chains must relax
in the vicinity of more and more aggregates. Also,
with CNTs, the higher their amount in the gel the
greater is their IR absorption.

In the GO@PNIPA systems, the complexity of the
deswelling process is reflected by the p <1 relation
that appears already at the lowest concentration. Sev-
eral process may superimpose: i) increasing the GO
units increases the number of potentially reactive
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double bonds with no increase in the NIPA and BA
concentration; ii) at a certain threshold concentration
the GO platelets percolates and forms a connected
interpenetrating network; iii) overall gel collapse is
a slow process that requires ordering or stacking of
the platelets. The strong IR absorption at low GO
concentration and weaker absorption at high concen-
tration than with CNT is further evidence of its con-
nected network structure. In spite of the lower intrin-
sic thermal conductivity of GO, its percolating net-
work inside the gel conducts heat more efficiently
from the polymer matrix into the substrate than do
the isolated CNT clusters [42].

4. Conclusions

Incorporation of CNT and GO into PNIPA hydrogels
produces different effects on the behaviour of the hy-
brids. Apart from influencing the porous morpholo-
gy of the composites, their effect on the swelling de-
gree and the elastic modulus shows a different trend.
The elastic modulus of PNIPA gel is enhanced by
GO, while the swelling degree of the GO@PNIPA
systems decreases significantly. By contrast, the
swelling and mechanical properties of CNT@PNIPA
composites are similar to those of pure PNIPA. Both
types of particle substantially enhance the fracture
stress tolerance of the PNIPA hydrogel.

Significant differences are observed in the thermal
response of the two systems. The time constant and
swelling ratio of the temperature-induced shrinkage
can therefore be adjusted by selecting the type and
amount of nanoparticle loading. This could provide
a means for accurately controlling deswelling kinet-
ics, e.g., in the drug release profile of PNIPA sys-
tems. This capacity could also be employed in sensor
applications, where fast and excessive shrinkage can
be a significant drawback. Both CNT and GO en-
hance the infrared sensitivity of the PNIPA gel, thus
opening a route for constructing novel drug transport
and actuator systems. The novelty of the present find-
ings is to show that the influence on the gel behav-
iour of CNT and GO is different. This difference
stems both from their different chemical reactivity
during the gel synthesis and from their different
geometry. In the one case the CNTs aggregate into
separate clusters, while in the other the GO disperses
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in the gel to form a percolating, thermally conduct-
ing, network.
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