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A hybrid nanostructure consisting of 1D carbon nanotubes and 2D graphene was successfully
synthesized. Nanofluids were made by dispersing the hybrid nanostructure in deionized (DI) water and
ethylene glycol (EG) separately, without any surfactant. Later the thermal conductivity and heat
transfer coefficient of the nanofluids were experimentally measured. Meanwhile, multiwalled carbon
nanotubes (MWNT) were prepared by catalytic chemical vapor deposition (CCVD), and hydrogen
exfoliated graphene (HEG) was synthesized by exfoliating graphite oxide in a hydrogen atmosphere.
The hybrid nanostructure (-MWNT+{-HEG) of functionalized MWNT (f-MWNT) and
functionalized HEG (f-HEG) was prepared by a post mixing technique, and the sample was
characterized by powder X-ray diffraction, Raman spectroscopy, field emission scanning electron
microscopy and transmission electron microscopy. Thermal conductivity of the nanofluids was
measured for different volume fractions of f-MWNT+{-HEG at different temperatures. The hybrid
nanostructure dispersed in the DI water based nanofluid shows a thermal conductivity enhancement of
20% for a volume fraction of 0.05%. Similarly, for a Reynolds number of 15 500, the enhancement of
the heat transfer coefficient is about 289% for a 0.01% volume fraction of -MWNT+{-HEG.

1. Introduction

Owing to their unique properties, like high surface area, high
mechanical strength and high thermal and electrical conduc-
tivity, 2D graphene and 1D multiwalled carbon nanotubes
(MWNT) find applications in sensors,'? storage,** and energy.’
Synthesizing high quality material in large quantities is one of the
limitations for commercializing the use of these materials.
Novoselov et al® first prepared graphene by micro-mechanical
cleavage. Even though one can get single layer graphene, the
quantity of graphene obtained by this method is very low. Gra-
phene has also been synthesized by other techniques like vacuum
exfoliation,” thermal exfoliation,® chemical exfoliation,® chemical
vapor deposition,’® hydrogen exfoliation'! efc. Similarly, there
are different techniques for the synthesis of MWNT like chemical
vapor deposition (CVD), laser ablation, and arc melting.'>*
Recently, researchers have succeeded in making a new hybrid
nanostructure which is a mixture of MWNT and graphene. This
hybrid nanostructure has been used in supercapacitors,'’ trans-
parent conductors,'® and as an electrode material for lithium ion
batteries.!”” One of the main advantages of hybrid materials is
that they combine the merits of their constituents, thereby
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performing better than any of the individual constituents. A
Monte Carlo computational model reveals the existence of
a novel 3D carbon material, consisting of parallel graphene
layers stabilized by vertically aligned carbon nanotubes (CNT) in
between the graphene planes. In the case of the MWNT and
graphene hybrid material, MWNT help to avoid stacking of
graphene sheets, thereby increasing the surface area.'
Nanomaterials dispersed in base fluids are called nanofluids.
Choi, Eastman and co-workers'®! coined the term nanofluid.
The conventional fluids like deionized (DI) water and ethylene
glycol (EG) have low thermal conductivity compared to solid
materials. In order to improve the efficiency of a cooling system,
one has to use highly thermally conductive fluids. MWNT and
graphene have high thermal conductivity in their solid form.?*2?
There are reports on the enhancement of thermal properties by
the use of nanomaterials in conventional base fluids.'®?***
Recently, Yu et al. have shown an enhancement in thermal
conductivity of a nanofluid containing graphite oxide.*® In our
previous work we have shown an enhancement in the thermal
conductivity of thermally exfoliated graphene dispersed DI water
and EG based nanofluids.?® Another important factor which
affects the efficiency of a nanofluid is the convective heat transfer
coefficient. Ding et al.*” reported an enhancement in the heat
transfer coefficient of 350% for nanofluids containing 0.5 wt.%
carbon nanotubes. Park et al®® highlighted that a graphene/
graphitic oxide nanosheet (GON) dispersed water based nano-
fluid can be exploited to maximize the critical heat flux (CHF)
most efficiently by building up a characteristically ordered
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porous surface structure, which occurs due to its self-assembling
characteristic that results in a geometrically changed critical
instability wavelength.

In the present work, a hybrid nanostructure (f-MWNT+{-
HEG) was synthesized by a post-mixing technique. Further, the
hybrid nanostructure was used for synthesizing nanofluids by
dispersing it in DI water and EG. The thermal conductivity and
heat transfer properties of these nanofluids were measured. The
graphene used in the present study was synthesized by the
hydrogen exfoliation technique by which large quantities of
graphene can be synthesized. The MWNT were synthesized by
catalytic chemical vapor deposition (CCVD). Before mixing, the
MWNT and HEG were functionalized separately by acid treat-
ment. The thermal conductivity and heat transfer measurement
of nanofluids were done for different volume fractions of
f-MWNT+{-HEG in DI water and EG as base fluids. Heat
transfer studies were carried out using an home-made setup.

2. Experimental
2.1. Materials and methods

Graphite (99.99%, 45 pm) was purchased from Bay Carbon, Inc
USA. All other reagents, sulfuric acid, nitric acid, potassium
permanganate (KMnQy), sodium nitrate, ethylene glycol and
hydrogen peroxide (H,O,), were analytical grade. DI water was
used throughout the experiment.

Synthesis of MWNT has been described elsewhere.? In short,
they were synthesized using CCVD using an alloy hydride
catalyst. Acetylene gas was used as the carbon precursor and was
allowed to pass through the furnace at around 700 °C. An inert
atmosphere was maintained inside the furnace throughout the
experiment to avoid oxidation of the catalyst and also as a carrier
gas for the hydrogen and acetylene. Several purification proce-
dures were adopted in order to purify the as grown MWNT.
After purification by oxidation in air and acid treatment, the
MWNT were washed with deionized water until the pH became
neutral. The sample was then filtered and dried at 80 °C.

Graphite oxide (GO) was prepared from graphite using the
Hummers method.?® Briefly, 2 g of graphite was treated with
46 ml of sulfuric acid in an ice bath. 1 g of sodium nitrate was
added slowly to the above solution, followed by the addition of
6 gm of potassium permanganate. The mixture was left at room
temperature for some time and a specific quantity of water was
added to the mixture. After 15 min, the suspension was treated
with hydrogen peroxide. The mixture was filtered and the filter
cake was washed with a copious quantity of DI water. Lastly, the
suspension was again filtered and dried in a vacuum oven at
40 °C for 8 h. Graphene was synthesized by exfoliating dried
graphite oxide in a hydrogen atmosphere.’* In short, GO was
kept in a tubular furnace which was flushed with Ar for 15 min.
At around 200 °C hydrogen was allowed in for a period of 1 min.
The resulting hydrogen exfoliated graphene was named HEG.

The as-synthesized HEG was not soluble in water because
during exfoliation the oxygen containing functional groups were
removed from the sample making it hydrophobic. In order to
make it hydrophilic, HEG was functionalized with concentrated
H,SO,4) : HNOs in the ratio 3 : 1. The acid treatment was done
by ultrasonicating the sample in the acid medium for 3 h, and the

mixture was further washed several times with DI water, filtered
and dried in a vacuum. The same procedure was adopted for
functionalizing the MWNT. The hybrid nanostructure was
prepared by mixing equal amounts of f-MWNT and f-HEG in
a specified volume of water after functionalization. Further, the
solution was ultrasonicated for 1 h and stirred for 24 h. The final
mixture was filtered, dried and used for making nanofluids.

The samples were characterized with various techniques.
Powder X-ray diffraction (XRD) studies were carried out using
a PANalytical X’PERT Pro X-ray diffractometer with nickel-
filtered Cu Ko radiation as the X-ray source. The pattern was
recorded in the 26 range of 5° to 90° with a step size of 0.016°.
The Raman spectra were obtained with a WITEC alpha 300
Confocal Raman spectrometer equipped with an Nd:YAG laser
(532 nm) as the excitation source. Field emission scanning elec-
tron microscopy (FESEM) and transmission electron micros-
copy (TEM) images were taken using FESEM, FEI QUANTA
and JEOL TEM-2010F instruments, respectively. The nanofluid
was prepared by dispersing a known amount of nanohybrid in
the base fluid with the help of an ultrasonicator. Ultrasonication
was done for a period of 30-45 min. The thermal conductivity of
the nanofluids was measured using a KD2 Pro thermal property
analyzer (Decagon, Canada). The probe sensor used for these
measurements was 6 cm in length and 1.3 mm in diameter. In
order to study the temperature effect on the thermal conductivity
of the nanofluids a thermostat bath was used.

The convective heat transfer mechanism was studied using an
home-made setup. A schematic and photograph of the setup is
shown in Fig. 1. It consists of a flow loop, a heat unit, a cooling
part, and a measuring and control unit. The flow loop includes
a pump with a flow control valve system, a reservoir, a collection
tank and a test section. A straight stainless steel tube with 108 cm
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Fig. 1 Schematic (top) and photograph (bottom) of the fabricated heat
transfer set up.
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in length was used as the test section. The whole test section was
heated by a copper coil linked to an adjustable DC power supply.
There was a thick thermal isolating layer surrounding the heater
to obtain a constant heat flux condition along the test section.
Four T-type thermocouples were mounted on the test section at
axial positions in mm of 298 (T'1), 521 (T2), 748 (T3) and 858 (T4)
from the inlet of the test section to measure the wall temperature
distribution. Further, two T-type thermocouples were inserted
into the flow at the inlet and exit of the test section to measure the
bulk temperatures of nanofluids.

3. Results and discussion
3.1. XRD and Raman analysis

The crystallinity of the samples was studied using X-ray
diffraction. Fig. 2A shows the XRD of f-MWNT, f-HEG and f-
MWNT+{-HEG. The - MWNT show a sharp but wide peak at
~26.7°, corresponding to the (002) plane of carbon.! For f-HEG
there is a very broad peak ranging from ~18° to ~30° which
indicates the amorphous nature of graphene.'* But in the case of
f-MWNT+{-HEG, the peak broadens initially like f-HEG and
then forms a wide but sharp peak, like -MWNT. The XRD of
f-MWNT+{-HEG shown in Fig. 2A is similar to that reported by
Fan et al.*® The crystal structure of the hybrid nanostructure is
a mixture of -MWNT and f-HEG.

Fig. 2B shows the Raman spectrum of -MWNT, f-HEG and
f-MWNT+{-HEG. The peaks around 1340 cm~' and 1560 cm™!
are due to the D-band and G-band respectively. The sp? vibra-
tion of the carbon atoms in the material results in the charac-
teristic G-band, as exhibited by most carbon based materials.'*-!
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Fig. 2 (A) The X-ray diffractogram and (B) Raman spectra of
f-MWNT, f-HEG and f-MWNT+{-HEG, respectively.

The D-band can be due to defects, disorder and impurities
present in the material. This peak mainly suggests sp®> hybridi-
zation of carbon atoms. In the case of functionalized carbon
materials, the intensity of the D-band increases compared to that
in the unfunctionalized material. During functionalization, an
epoxy or a hydroxyl group is transformed from a planar sp*
hybridized state to a distorted sp*-hybridized geometry.® This
leads to an increase in the intensity of the D-band for f-HEG due
to the disorder induced in the graphene sheet in the form of
functional groups, folding, edges efc. In the case of -MWNT,
there is a small shoulder peak near the G-band at ~1603 cm™".
The G- and D-bands are broad in the case of f-HEG. A universal
observation is that higher disorder in graphite leads to a broader
G-band, as well as to a broad D-band of a higher relative
intensity compared to that of G-band.** In the case of -MWNT
+f-HEG, the shoulder peak of -MWNT merges with the broad
peak of f-HEG. Table 1 shows the G- and D-band positions and
the Ip/lg ratio of f-MWNT, f-HEG and f-MWNT+{-HEG after
Lorentzian fitting. Ip is the intensity of D-band and Ig is the
intensity of G-band. The G-band and D-band positions of
f-MWNT+{-HEG are intermediate between those of -MWNT
and f-HEG. The Ip/Ig ratio of -MWNT and f-HEG is higher
than that in unfunctionalized MWNT and HEG. This indicates
an increase in the number of smaller MWNT and graphene
domains. The Ip/lg ratio of f-MWNT+{-HEG also lies between
f-MWNT and f-HEG. This further confirms that -MWNT
+f-HEG is a hybrid of -MWNT and f-HEG. (More details of
the Raman data analysis are given in the ESIf).

3.2. Electron microscopy study

The surface morphology and structural studies of the MWNT,
HEG and f-MWNT+{-HEG were carried out by FESEM and
TEM, respectively. The corresponding images are shown in
Fig. 3A-F. From the FESEM image of the MWNT shown in
Fig. 3A, it is clear that there are no other impurities on the
surface of the purifitd MWNT. The FESEM image of HEG
(Fig. 3B) shows a wrinkled morphology, which is expected for
any exfoliated graphene. The surface morphology of f-MWNT
+f-HEG is shown in Fig. 3C. f-MWNT and f-HEG are homo-
geneously mixed in the hybrid nanostructure. Fig. 3D shows
a TEM image of the MWNT. The outer diameter of the MWNT
is around 30-40 nm. Fig. 3E clearly shows the wrinkled
morphology and folding at the planar and edge portions of the
graphene sheets. The TEM image (Fig. 3F) of -MWNT+{-HEG
shows the mixture of f-MWNT and f-HEG.

3.3. Thermal conductivity of the nanohybrid

The thermal conductivity of different volume fractions of the
nanofluids were measured at different temperatures. Fig. 4A

Table 1 Position of G- and D-band along with their intensity ratios for
f-MWNT, f-HEG and -MWNT+{-HEG

Sample G-band position D-band position Ip/lg
f-MWNT 1568 cm™! 1339 cm™! 0.9907
f-HEG 1599 cm™! 1366 cm™! 1.008
-MWNT+{-HEG 1589 cm™! 1357 cm™! 0.9927
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Fig. 3 FESEM (A-C) and TEM (D-F) images of MWNT, HEG and
f-MWNT+{-HEG, respectively.

shows the thermal conductivity of the hybrid nanostructure in DI
water. Error bars are also shown along with the data points. The
thermal conductivity of DI water increases with increasing
volume fraction. The percentage enhancement in thermal
conductivity was calculated using the relation ((k — ko) x 100)/
ko, where ‘ky’ is the thermal conductivity of base fluid and ‘%’ is
that of nanofluid. The enhancement in thermal conductivity for
volume fractions 0.005% and 0.05% is ~9% and ~20%, respec-
tively. The thermal conductivity of the nanofluid increases with
increasing temperature also. For a 0.005% volume fraction at
30 °C the enhancement is ~9% and at 50 °C the enhancement is
~12%. For a 0.05% volume fraction the enhancement is ~20% at
30 °C and ~80% at 50 °C. A similar trend is observed for all the
volume fractions. The enhancement in thermal conductivity is
better than that reported by Beck et al.3® for a 5% volume frac-
tion of CNT in water and by Xie et al.** for Al,O5. Fig. 4B shows
the thermal conductivity of the -MWNT+{-HEG dispersed EG
based nanofluid for different volume fractions at different
temperatures. The EG based nanofluids did not show much
enhancement in thermal conductivity for low volume fractions.
For a 0.05% volume fraction the EG based nanofluid showed an
enhancement of hardly 1% at 30 °C and ~3% at 50 °C. An
enhancement of ~2% is observed for a volume fraction of 0.08%
at 30 °C and an enhancement of ~6% at 50 °C. To minimize error
in the measurement eight readings were taken at each tempera-
ture for a particular volume fraction, and the average of these
values was taken as the thermal conductivity at that temperature.

The trend in enhancement suggests that thermal conductivity
can be further increased by increasing the volume fraction. To
test this assertion, we carried out thermal conductivity
measurements for higher volume fractions (0.1% and 0.2%) of
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Fig. 4 Thermal conductivity of f-MWNT+f-HEG dispersed in (A) DI
water and (B) EG based nanofluids for different volume fractions at
different temperatures.

f-MWNT+{-HEG, at room temperature. Surprisingly, the
enhancement in thermal conductivity was comparable to that of
the 0.05% volume fraction, even though we could completely
disperse the hybrid nanostructure both in DI water and EG.
Further work in this direction is being carried out.

3.4. Convective heat transfer

The heat transfer coefficient (%) is a macroscopic parameter
describing heat transfer when a fluid flows across a solid surface
maintained at different temperature, and is not a material
property. The convective heat transfer coefficient is defined as

h = gi(Ty(x) — T«(x)) (D

where x represents axial distance from the entrance of the test
section, ¢ is the heat flux, T is the measured wall temperature,
and T} is the fluid temperature decided by the following energy
balance:

Tf = Tin + E(x)/(MCp) (2)

where ¢, is the heat capacity, M is the mass flow rate and E(x) is
the energy at position x. Eqn (2) is based on an assumption of
zero heat loss through the insulation layer.

E(x) = (Total energy x x)/length of the tube 3)

Mass flow rate can be calculated using the relation,

This journal is © The Royal Society of Chemistry 2011
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M = udp 4)

where u is the velocity of flow, 4 is the area of cross section and p
is the density of fluid. Reynolds number (Re) is defined as
Re = puD/u and the Prandtl number is defined as Pr = v/, where
w is the fluid dynamic viscosity, » is the fluid kinematic viscosity
and « is the fluid thermal diffusivity.

3.4.1. Validity of the experimental setup with DI water. To
check the reliability and accuracy of home-made experimental
setup, systematic measurements were carried out using DI water.
The validity of the experimental setup was tested for both
laminar and turbulent flow. The experimental results obtained
for laminar and turbulent flow were correlated with the well
known Shah correlation®® and Dittus—Boelter®® equation,
respectively, under the constant heat flux boundary condition.

The Shah correlation is given as
D
RePr— |=33.3
( Pr X)

D\ /3
1.953 | RePr—
< ePr X>
Nu = %)
4.364 + 0.0722Re Pr D RePr D <33.3
. . X Y .

where Nu is the Nusselts number. The experimental values are in
reasonably good agreement with the Shah equation, as shown in
Fig. 5a. The same is also observed for other laminar flow rates.
For a high Reynolds number, the Dittus—Boelter equation is
given below:

Nu = 0.023Re*Pr®* (6)

(a) = Experimental
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]
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Fig. 5 Validity of the experimental heat transfer setup for (a) low flow
rate and (b) high flow rate using water.

As shown in Fig. 5b, the good agreement between the experi-
mental results and the calculated values for water reveals that the
precision of the experimental system is good. The uncertainty of
the experimental system is less than 8%.

3.4.2. Convective heat transfer of -MWNT+-HEG. Heat
transfer experiments were conducted for different volume frac-
tions of -MWNT+f-HEG dispersed water based nanofluids for
different flow rates (Reynolds numbers). For water based
nanofluids the Reynolds numbers used were 4500, 8700 and
15 500, which model turbulent flow. The experiments were con-
ducted for a constant input heat flux. The volume fractions
chosen for the study were 0.005% and 0.01%. Fig. 6 shows
a graph of the calculated heat transfer coefficient versus the axial
distance for different Reynolds numbers for 0.005% (green solid
line) and 0.01% (red dashed line) volume fractions. The results of
the heat transfer of DI water (blue dotted lines) is also shown, for
comparison purposes. The triangle represents Re = 4500, circle
represents Re = 8700 and star represents Re = 15 500. The error
in the measurement is less than 5%. For all the samples studied,
the graph suggests that the heat transfer coefficient increases with
increasing Reynolds number. Another observation is that the
heat transfer coefficient decreases with increasing axial distance
i.e. it decreases when going away from the starting point of the
heat section. Theoretically, at the entrance of the heat section the
boundary line thickness is zero. So, the heat transfer coefficient
should be infinity here. The boundary layer increases with axial
distance until fully developed, after which the boundary layer
thickness and hence the convective heat transfer coefficient is
constant.

At a constant Reynolds number, the heat transfer coefficient
increases with an increasing volume fraction of f-MWNT+f{-
HEG. Out of the three curves, the 0.01% volume fraction shows
the highest heat transfer coefficient. The trend is same for the
circle (O) and star (%) values too. For DI water based nano-
fluids (Fig. 6), it is evident that the heat transfer coefficients are
high compared to that of the base fluid. The heat transfer coef-
ficient increases with increasing volume fraction. The percentage
enhancement in heat transfer was calculated using the relation

DI water

600 - ..

400 - _ e oo

3

30 40 50 60 70 80 90
Axial distance (cm)

T

=

200

Fig. 6 Heat transfer measurement of -MWNT+{-HEG dispersed water
based nanofluid for volume fractions of 0.005% and 0.01%. The blue
dotted lines, green solid lines and red dashed lines are for water alone,
and the 0.005% and 0.01% volume fractions, respectively. Re = 4500 (A),
Re = 8700 (O) and Re = 15 500 (3%).
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[h (x) — hy(x)] x 100/h(x), where h(x) and h,(x) are the heat
transfer coefficients for the base fluid and nanofluid at distance x.
At the heat test section entrance for Re = 4500, the enhancement
in the heat transfer coefficient is ~181% and ~264% for 0.005%
and 0.01%, respectively. At the end of the heat test section, the
enhancement is ~166% and ~206% respectively for volume
fractions 0.005% and 0.01%. For Re = 15 500, the enhancement
at the entrance is ~259% for 0.005% and ~294% for 0.01%
volume fractions. At the exit, the enhancement is ~178% and
~289% respectively for 0.005% and 0.01% volume fractions.

Similar studies have also been carried out for EG based
nanofluids. Fig. 7 shows the graph corresponding to volume
fractions 0.005% and 0.01% for different Reynolds numbers
(Re = 250, 550, 1000). The flow is laminar in nature. Here too
blue dotted lines, green solid lines and red dashed lines represent
EG alone, 0.005% volume fraction and 0.01% volume fraction
respectively. Triangle (A), circle (A) and star (%) correspond to
Re = 250, 550 and 1000, respectively. The trend in results is
similar to what has been observed in the case of DI water based
nanofluids. The heat transfer coefficient increases with volume
fraction as well as the Reynolds number. At the heat test section
entrance for Re = 250, the enhancement in the heat transfer
coefficient is ~273% and ~392% for 0.005% and 0.01%, respec-
tively. At the exit of heat section the enhancement is ~207% and
~239% respectively for volume fractions 0.005% and 0.01%. For
Re = 1000, the enhancement at the entrance is ~616% for 0.005%
and ~697% for 0.01% volume fractions. At the end portion the
enhancements is ~467% and ~672% respectively for 0.005% and
0.01% volume fractions. Even though the enhancement in
thermal conductivity is low for EG based nanofluids, the heat
transfer coefficient is very high. The thermal conductivity and
heat transfer coefficient of the f-MWNT+f-HEG hybrid nano-
structure dispersed nanofluids are higher than that of the
f-MWNT and f-HEG dispersed nanofluids.?*-*’

The high thermal conductivity and heat transfer coefficient of
f-MWNT+{-HEG dispersed DI water and EG based nanofluids
can be attributed to the high aspect ratio of -MWNT and
f-HEG. In powder form, MWNT act like spacers between gra-
phene layers which prevents the restacking of graphene, but in
solution MWNT may act as good connectors between the
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Fig. 7 Heat transfer measurement of f-MWNT+{-HEG dispersed
ethylene glycol based nanofluid for volume fractions of 0.005% and
0.01%. Blue dotted lines, green solid lines and red dashed lines are for EG
alone, and the 0.005% and 0.01% volume fractions, respectively.
Re =250 (A), Re = 550 (O) and Re = 1000 (3%).

graphene sheets. (A pictorial representation is given in the ESIY)
Moreover, as mentioned already, the hybrid nanostructure has
a high surface area which helps more particles to come in contact
with the liquid. When the volume fraction increases, the particle—
particle contact also increases which aids in the continuous flow
of heat. The enhancement in heat transfer is not only due to the
enhancement in steady state thermal conductivity, but also due
to the high surface area of nanomaterials, particle rearrange-
ments and variation in the thermal boundary. It is anticipated
that results will be more or less the same whichever synthesis
procedure is adopted for making the graphene and MWNT
hybrid nanostructure. More experiments are needed for a better
understanding of the heat transfer mechanism.

4. Conclusion

A hybrid nanostructure (F-MWNT+{-HEG) has been synthe-
sized and characterized by different experimental techniques.
This hybrid nanostructure has been successfully dispersed in DI
water and EG without any surfactant due to the proper func-
tionalization of the hybrid nanostructure. The thermal transport
properties for different volume fractions of the nanofluids have
been systematically studied. The thermal conductivity and heat
transfer coefficient increases with an increasing volume fraction
of the hybrid nanostructure. At a particular concentration of
hybrid nanostructure, the thermal conductivity increases with
increasing temperature. Similarly, the heat transfer coefficient
increases with an increase in Reynolds number. The high thermal
conductivity and heat transfer coefficient values of -MWNT+{-
HEG dispersed nanofluids suggest that the nanofluids are
potential candidates for coolant applications.
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