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We developed a facile technique to produce ethylene glycol based nanofluids containing graphene
nanosheets. The thermal conductivity of the base fluid was increased significantly by the dispersed
graphene: up to 86% increase for 5.0 vol % graphene dispersion. The 2D structure and stiffness of graphene
and graphene oxide help to increase the thermal conductivity of the nanofluid. The thermal conductivity
of graphene oxide and graphene in the fluid were estimated to be ~4.9 and 6.8 W/mK, respectively.
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1. Introduction

Graphene is a flat monolayer of sp?-bonded carbon atoms
tightly packed into a honeycomb lattice. It has attracted much at-
tention due to the two-dimensional structure, exceptional physical
and chemical properties [1]. Graphene has exhibited some unusual
electrical, mechanical and thermal behaviors, such as very high
carrier mobility [2], long-range ballistic transport at room tem-
perature [3], quantum confinement in nanoscale ribbons [4], and
single-molecule gas detection sensitivity [5]. Therefore, graphene
has various potential applications [6].

Balandin et al. discovered that graphene exhibited far bet-
ter thermal conductivity than carbon nanotubes [7]. Their results
opened a new window to graphene applications in heat manage-
ment of high-power electronics. It is an important discovery, and
then in the following years theoretical and experimental investiga-
tions about the heat transfer properties of graphene have become
one of the hot topics of physics. Balandin et al. proposed a model
for the lattice thermal conductivity of graphene in the framework
of Klemens approximation [8]. The phonon mean free path was
about 775 nm near room temperature [9]. They calculated the
phonon thermal conductivity of single-layer graphene at room-
temperature to be in the range of 2000-5000 W/m K depending on
the flake width, defect concentration and roughness of the edges
[10,11]. The nonequilibrium molecular dynamics method was used
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to investigate thermal conductivity of graphene nanoribbons with
different edge shapes, and the results indicated the strong length
dependence of thermal conductivity [12]. The evident thermal rec-
tification for asymmetric nanoribbons was found [13]. Striolo et
al. applied molecular dynamics simulations to investigate the ther-
mal boundary resistance at the graphene-oil interface [14]. They
found that the Kapitza resistance at the graphene sheet-liquid oc-
tane interface was reduced by appropriately functionalizing the
graphene sheet. The heat transfer study of graphite nanoplatelet-
epoxy composites showed that few graphene layer was an efficient
filler for the thermal conductivity enhancement of epoxy compos-
ites [15]. Some recent theoretical work shows that the interfacial
resistances to heat transfer (Kapitza resistances) are responsible for
the lower-than-expected thermal conductivity of nanocomposites
[16,17], and much work should be done to reduce the Kapitza re-
sistances.

In contrast to the theoretical study of the thermal conductiv-
ity of graphene, the experimental work about the heat transfer
property of graphene-based materials is rare. One of the impor-
tant factors restricting the implication of graphene is that graphene
is incompatible with the matrix. The excellent performance of
nanocomposites depends not only on the intrinsic properties of
the nanofiller, but also on the compatibility between nanofiller
and matrix. Up to date, chemical methods for the production
of graphene are scalable [18], while the reduction of exfoliated
graphene oxide nanoplates in water results in their irreversible
coagulation, which makes dispersion within a matrix at the in-
dividual sheet level impossible [19]. The direct dispersion of hy-
drophobic graphite or graphene sheets in polar solvents without
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the assistance of dispersing agents has generally been considered
to be a great challenge [20]. One of the important parts in the
work is to enhance the compatibility between graphene and the
matrix.

In the past decade, nanofluids have attracted much attention
due to their considerable increase in thermal conductivity com-
pared with the base fluids [21,22]. In our previous work [23],
we investigated the heat transfer property of ethylene glycol (EG)
based nanofluids containing graphene oxide nanosheets (GON),
and the results demonstrated that graphene oxide was a good ad-
ditive to enhance the thermal conductivity of the base fluid. It is
no doubt that graphene will have higher thermal conductivity than
graphene oxide, therefore it will be very interesting to study the
thermal transport properties of graphene-based nanofluids, and
to explore how much it improves in thermal conductivity com-
pared with graphene oxide-based nanofluids. In this work, we de-
signed a simple method to prepare hydrophilic graphene, and then
we obtained the ethylene glycol nanofluids containing graphene
nanosheets (GN-EG nanofluids). The heat transfer properties of the
nanofluids were investigated.

2. Experimental details

The two-step method was used to prepare the graphene
nanofluids. The first step is to prepare hydrophilic graphene,
and then the graphene would be dispersed in ethylene glycol.
First, graphite oxide was obtained through a modified Hummer's
method as described elsewhere [24]. Then graphite oxide could
be readily exfoliated as individual graphene oxide sheets by ul-
trasonication in ethanol solution. Graphene oxide was electrically
insulating, and it could be converted back to conducting graphene
by chemical reduction. Unfortunately, the chemically converted
graphene sheets obtained through chemical reduction precipitated
as irreversible agglomerates owing to their hydrophobic nature.
The graphene agglomerate prepared by the usual method is very
hard, even its volume is much smaller than its parent material
graphite. The resulting graphene agglomerate is not soluble or
redispersable in water or other polar solvents, making further pro-
cessing difficult. We found that a small change in synthetic process
could greatly enhance the dispersion of graphene. Before reduced
by hydrazine, the graphene oxide ethanol solution was mixed with
the dispersant sodium dodecylbenzebesuefonate (SDBS). During
the hydrazine reduction of graphene oxide sheets, the brown-
colored dispersion turned black. Then the reduced mixture was
washing five times by ethanol to remove the dispersant. The ob-
tained dry graphene was loose black powder like ashes, would fly
in the air. Its size was much larger than graphite with the same
weight. The obtained graphene could be easily redispersed in polar
solvent with a short sonication of less than 5 min. The graphene
nanofluids was prepared by the following method: the fixed qual-
ity of graphene with different volume fractions (¢: 0.01-0.05, ¢ is
the volume fraction of GNs) was dispersed in EG. The volume frac-
tion of the powder was calculated from the weight of dry powder
using the density of graphite (2.62 g/cm3) and the total volume
of the suspension. The mass fractions for ¢ =0.01, 0.02, 0.03, 0.04
and 0.05 are 2.32, 4.58, 6.79, 8.93 and 11.03 wt¥%, respectively.
The nanofluid mixture was stirred and sonicated using ultrasonic
washing machine. Graphene oxide ethanol solution is brown, while
the graphene solution is black.

The size and morphology of graphene nanosheets were exam-
ined by using transmission electron microscopy (TEM, JEOL 2100F).
The TEM samples were prepared by dispersing the powder prod-
ucts in alcohol by ultrasonic treatment, dropping the suspension
onto a holey carbon film supported on a copper grid, and drying it
in air. AFM images were taken on a MultiTask AutoProbe CP/MT
Scanning Probe Microscope (Veeco Instruments, Woodbury, NY).

Imaging was done in tapping mode using a V-shape ‘Ultralever’
probe B and nominal tip radius 10 nm (Park Scientific Instru-
ments, Woodbury, NY). The diluted graphene alcohol solution was
dropped onto the freshly cleaved mica. After the mica was dry, the
graphene was imaged. Fourier transform infrared (FT-IR) spectra
were obtained using Bruker vertex 70 with KBr method. A ther-
mogravimetric analyzer (TG-DTG, Netzsch STA 449C) was used for
thermogravimetric analysis (sample mass: about 15.0 mg; atmo-
sphere, flowing dry nitrogen). A transient short hot-wire (SHW)
technique was applied to measure the thermal conductivities of
the nanofluids in the temperature range of 10 to 60°C [25]. In ad-
dition to hot-wire system, a temperature-controlled bath was used
to maintain different temperatures of nanofluids during the mea-
surement process. The experimental apparatus was calibrated by
measuring the thermal conductivity of deionized water, and the
accuracy of these measurements was estimated to be within +1%.
In the thermal conductivity measurements, the vessel containing
the tested sample was placed in a temperature-controlled bath and
a thermocouple inside the vessel was used to monitor the sample
temperature.

3. Results and discussion

Corrugation and scrolling are intrinsic to the 2D graphene
membrane [26]. Fig. 1 shows the corrugation clearly not only at the
edge of the graphene but also in the middle of the nanosheets, and
graphene nanosheets were folded and coiled. It is also highly pos-
sible that the folded or curved area will disappear and the sheet
will become smooth in the fluid due to the absence of the ex-
ternal force to hold it. The size of graphene is in the range of
0.2-2 pm. HRTEM image of the graphene illustrated the graphitic
lattice clearly (Fig. 1d), and the interplanar distance was measured
to be 0.43 nm, corresponding to the spacing of the (002) plane.
The diffraction dots were indexed to the hexagonal graphite crystal
structure. Most graphene nanosheets exist in style of thin few-layer
graphene, and it was confirmed by noncontact mode atomic force
microscopy (AFM). The cross-sectional view of the typical AFM im-
age of the graphene (Fig. le, f) indicated that the thickness of
graphene sheet was in the range of 0.7-1.3 nm.

Fourier transform infrared (FT-IR) spectroscopy and thermal
analysis were conducted to confirm the formation of graphene. The
graphene oxide showed the typical FT-IR absorption peaks at 1726,
1630 and 1180 cm™!, corresponding to the vibration of C=0, O-H
and C-0-C, respectively. While for the reduced graphene, almost
all these peaks were invisible except the largely reduced vibration
peak of C=0 (Fig. 2a). There appears a new peak at 1568 cm™!,
which is attributed to the aromatic C=C group [27]. Graphene ox-
ide was thermally unstable, and when it was heated, it would lose
much weight, largely because of the elimination of absorbed water
and the pyrolysis of the labile oxygen-containing functional groups.
For the thermo-gravimetric (TG) analysis of the reduced graphene
(Fig. 2b), it was found that reduced graphene displayed different
thermal behaviors from that of graphene oxide. There was no ob-
vious rapid decomposition process below 430 °C, and the mass loss
may be due to the absorbed water or gas molecules. Therefore
the FT-IR and TG analysis provided solid evidence to explain that
graphene oxide was reduced to graphene, and there are traces of
unreduced oxygen-containing functional groups. It should be noted
that surfactants (SDBS) used before the graphene oxide sheets are
reduced are helpful in promoting stabilization. The possible sta-
bility mechanism is that: there is a weak non-covalent bond in-
teraction between SDBS and graphene via w-m interactions [28].
During the reduction progress, the absorbed SDBS prevented the
agglomeration of graphene. Due to the absorb interaction, SDBS
cannot be removed completely during the rinse, and it is helpful
in promoting the dispersion stability of graphene in polar solvents.
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Fig. 1. TEM and AFM images of as-prepared graphene nanosheets. (a) bar 0.5 pm; (b) bar 200 nm, graphene wave in the middle; (c) bar 100 nm, graphene coiled at the edge;
(d) HRTEM image of the graphene; (e) a tapping mode AFM image of graphene nanosheets, and (f) the height profiles in selected location.

Although nanofluids are used at various temperatures, thermal
conductivity data for nanofluids as a function of temperature are
lacking. Some groups have reported that there is a strong tem-
perature dependence of thermal conductivity enhancement [29,
30], and they attributed the facts to the Brownian motion of the
suspended nanoparticles and the micro-convection caused by the
Brownian motions. However some researchers have reported the
contrary results [31]. Therefore it is necessary to study the influ-
ence of temperature on the thermal conductivity enhancement of
the nanofluids. Fig. 3a showed the thermal conductivity of 2.0 vol %
and 5.0 vol% GN-EG nanofluids with the temperature range from
10 to 60°C. The results illustrated that the temperature has little
influence on the thermal conductivity enhancement, and the ther-
mal conductivity of the nanofluids tracked that of the base fluid,
and the enhancement ratios were almost constant in the tested
temperature range, which was similar to the conclusion of Timo-
feeva [31] and Chen [32].

Fig. 3b depicted the thermal conductivity enhancement of GN-
EG nanofluids as a function of loading at 30°C. In the work,

k and ko represent the thermal conductivity of the nanofluid and
base fluid, respectively, and (k — ko)/ko is the thermal conductiv-
ity enhancement ratio. For comparison, the thermal conductivity
enhancement of GON-EG nanofluids was presented in Fig. 3b. It
was seen that graphene was a good additive to enhance the ther-
mal conductivity of the base fluid, and there was an approximate
linear relationship between the enhancement ratio and volume
fraction. When the loading was 5.0 vol%, the enhancement ratio
was up to 86%, much larger than those containing metallic oxide
and graphene oxide [23]. When graphene oxide was the additive
with the volume fraction 5.0%, the enhancement ratio was 61%.
Therefore the thermal conductivity enhancement ratio of GN-EG
nanofluids was 1.42 times as that of GON-EG nanofluids.

Heat conduction mechanisms in nanofluids have been exten-
sively scrutinized in the past decades to explain some experi-
mental observations of their enhanced thermal conductivity. In
the recent years, more and more evidences support the clustering
mechanism. For example, Zhu et al. observed the clustering and
alignment of Fe304 nanoparticles, and they attributed the higher
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Fig. 2. The FT-IR and TG analysis of as-prepared graphene nanosheets (GNs) and
graphene oxide nanosheets (GONs). (a) FT-IR spectra analysis; (b) TG analysis.

thermal conductivity of nanofluids to them [33]. The concepts of
the thermal conductivity of aggregates and the effective volume
fraction of aggregates were introduced into the Maxwell model to
explain the experimental data [34]. Gao et al. [35] designed an
experiment to explore the mechanism of thermal conductivity en-
hancement in nanofluids suggesting that clustering held the key
for the thermal conductivity enhancement. Nanoparticles in the
base fluids have the tendency to form clusters, and maybe clus-
tering presents the major contributions to the high thermal con-
ductivity of nanofluids. According to the prediction by Hamilton
and Crosser [36], when the particle-to-liquid conductivity ratio of
a suspension was above 100, the particle shape had a substantial
effect on the effective thermal conductivity of the suspension. Gao
et al. found that the adjustment of the nanoparticles shape was
helpful to achieve appreciable enhancement of effective thermal
conductivity [37]. Graphene itself is two-dimensional, and it has a
very high aspect ratio and stiffness. These properties are helpful
for the outstanding of thermal properties of GN-based nanoflu-
ids [15]. One unique feature of the GN-based nanofluids is that
graphene has the largest surface area compared with nanotube and
nanoparticle-based nanofluids due to the 2D structure of graphene.
This means the graphene sheet will have significantly larger con-
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Fig. 3. The thermal conductivity and enhancement ratios of the nanofluids (a) the
thermal conductivity of GN-EG nanofluids at different temperatures (the dash line is
used to guide eyes); (b) the thermal conductivity enhancement ratios as a function
of loading at 30°C.

tact area/interface with the base fluid, therefore the contact re-
sistance (Kapitza resistance) at the graphene-fluid interface will
be reduced significantly. This will help improve the effective ther-
mal conductivity of the nanofluid. With the same volume fraction,
graphene sheets will extend more in space due to its 2D structure
in comparison with nanoparticles and nanotubes. This large space
extension will help transfer thermal energy. As a consequence, the
thermal conductivity of the sheet itself plays an important role in
thermal conductivity improvement. This partly explains why the
GN-based nanofluid has a higher thermal conductivity increase
than the nanofluids containing spherical nanoparticles.

Researchers from over 30 organizations worldwide completed a
benchmark study on the thermal conductivity of nanofluids [38],
and the results demonstrated that the experimental data were in
good agreement with the effective medium theory developed for
dispersed particles by Maxwell in 1881 and generalized by Nan et
al. [39]. According to Nan’s model, the resulting effective thermal
conductivity of the composite for completely misoriented ellip-
soidal particles is expressed as

k=k03+¢[2ﬁn(1_L“)+ﬂ33(1_L33)], 1)

3 —@@2B11L11 + B33lzz)
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where L;; and ¢ are the geometrical factor and the volume fraction
of particles, respectively. B;; is defined as:

_ kp — ko
- ko + Li,'(kp — ko) ’

where k, is the thermal conductivity of the ellipsoidal particles.
For graphene and graphene oxide, the aspect ratio is very high,
so L1 =0 and L33 = 1. Based on Eq. (1) using least square fit-
ting of the experiment data, we obtained the in-plane thermal
conductivity of graphene oxide and graphene at 4.9 + 0.6 and
6.8 £ 0.8 W/mK, respectively. It should be noted that the thermal
conductivity calculated here by Nan’s model has taken the matrix-
additive interface contact resistance into consideration. In Eq. (1),
the predicted thermal conductivity of composite is sensitive to the
small change of thermal conductivity of the additive when it is
2D flake material. On the other hand, it is difficult to determine
the thermal conductivity of nanoparticles from nanoparticle-based
nanofluid thermal conductivity.

It was found that the thermal conductivity of graphene oxide
and graphene estimated from the effective-medium approximation
(Eqg. (1)) is much lower than the intrinsic thermal conductivity of
large-area graphene measured by Balandin et al. [7]. Graphene (or
graphene oxide) prepared by the chemical method has a large size
range from 0.2 pm to 2 pm, and the sizes of many graphene (or
graphene oxide) nanosheets are much smaller than the phonon
mean free path determined by the size of graphene. The ther-
mal conductivity of graphene is limited by its size [40]. In ad-
dition, the thermal conductivity of chemically reduced graphene
may be far below that of graphene due to the defects caused by
the strong oxidization of graphite. The defects would never recover
completely through the chemical or thermal reduction [41]. Our
FT-IR analysis also confirmed that there were traces of unreduced
oxygen-containing functional groups in the reduced graphene, al-
though our reducing conditions were very rigorous. Schwamb et al.
measured the thermal conductivity of reduced graphene oxide, and
the samples exhibited a thermal conductivity only in the range of
0.14-2.87 W/mK [42]. The oxidized chemical structure introduced
lattice defects which hinder thermal transport and promote dif-
fusion effect. It should be noted that the property of graphene is
influenced greatly by the preparing process, and its electrical con-
ductivity is tunable in a large range [43]. Therefore the large ther-
mal conductivity deviation among experiments by different groups
is reasonable, and it strongly depends on the synthesis method.
Second, theoretical calculation [10] demonstrated that the ther-
mal conductivity of graphene depended strongly on the size of
graphene, the edge roughness and concentration of defects. For the
prepared reduced graphene, the nanosheets are always folded and
coiled, which may influence the thermal conductivity greatly. The
size of graphene prepared by this method was not large (in the
rage of 0.2-2 yum) due to the strong oxidation and ultrasonic exfo-
liation during the preparing process. Third, the trace of dispersant
molecules absorbed on the surface of graphene may significantly
promotes phonon scattering, and it has negative influence on the
thermal conductivity of graphene. The GN-based nanofluids have
better thermal transport than graphene oxide-based nanofluids.
Graphene oxide consists of sp2-hybridized carbon atoms and sp>-
hybridized carbons bearing hydroxyl and epoxide functional groups
on either side of the sheet. The extensive presence of saturated sp>
bonds and oxygen atoms makes graphene oxide non-conducting,
and hinders the thermal transport and promotes phonon scatter-
ing effects.

Bii (2)

4. Conclusions

In summary, we presented a simple method to prepare hy-
drophilic few-layer graphene, and the prepared graphene has good

compatibility with polar base fluids. The graphene sheet always
exists in the state of corrugation and scrolling with its thickness
in the range of 0.7-1.3 nm. The FI-IR and TG analysis confirmed
that the graphene oxide was reduced to graphene. The GN-EG
nanofluids showed substantial thermal conductivity increase over
the base fluid. The temperature had little influence on the ther-
mal conductivity enhancement. When the loading is 5.0 vol%, the
enhancement ratio of thermal conductivity for GN-EG nanoflu-
ids was up to 86%, 42% higher than that of GON-EG nanofluids.
The two-dimensional geometry, high aspect ratio and stiffness of
graphene and graphene oxide are helpful to the outstanding ther-
mal transport property of the pertaining nanofluids. The thermal
conductivity of graphene oxide and graphene were estimated to be
4.9 4+ 0.6 and 6.8 + 0.8 W/mK, respectively. The size of graphene
(or graphene oxide) used in this work is not very large, and many
of them are much smaller than the phonon mean free path of
graphene. This is one of the main reasons for the low thermal
conductivity of the prepared graphene (or graphene oxide). In ad-
dition to the size of the graphene sheets, Kapitza resistance limits
the measured thermal conductivity of graphene nanofluids. The ex-
tensive presence of saturated sp? bonds and oxygen atoms makes
graphene oxide non-conducting, and hinders the thermal trans-
port and promotes phonon scattering. For the reduced graphene,
the unsaturated and conjugated carbon atoms are restored, and
it in turn improves electrical and thermal conductivity. On the
other hand, defects in graphene caused by the strong oxidization
of graphite, its small size and rough edge, and trace of dispersant
molecules absorbed on the graphene surface significantly promote
phonon scattering and reduce its thermal conductivity.
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