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al conductivity of nanofluid-based
ethylene glycol containing Cu nanoparticles
decorated on a Gr–MWCNT hybrid material†

Pham Van Trinh,*a Nguyen Ngoc Anh,a Bui Hung Thang,a Le Dinh Quang,a

Nguyen Tuan Hong,b Nguyen Manh Hong,c Phan Hong Khoi,b Phan Ngoc Minhabc

and Phan Ngoc Hong*ac

In this study, nanofluid based ethylene glycol (EG) containing Cu nanoparticles decorated on a Gr–MWCNT

hybrid material (Gr–MWCNT/Cu) was synthesized successfully for the first time via a chemical reduction

method. The SEM, HRTEM, FTIR and XRD studies revealed that Cu nanoparticles with an average diameter

of 18 nm were well decorated on the surface of both MWCNTs and graphene sheets. The nanofluids

containing Gr–MWCNT/Cu material showed good stability and a maximum thermal conductivity

enhancement of 41% at 60 �C for the nanofluid containing 0.035 vol% material compared to EG alone.

The enhancement is due to the combination of the high thermal conductivity of graphene, CNT and Cu

nanoparticles as well as the higher surface area of the Gr–MWCNT/Cu hybrid structure. Experimental

results of thermal conductivity were evaluated using different theoretical models, amongst which the

Hamilton–Crosser model was found suitable for predicting the thermal conductivity of the nanofluid.
1. Introduction

Currently, modern electronic devices integrated in numerous
nano-sized components normally generate a large amount of
heat while operating, which leads to the deterioration of
performance or even destruction of the structure of the device.
Therefore, reducing the working temperature is a key step to
improve the performance and help these devices to be operated
at high power for a long time. Among the several proposed heat
transfer solutions, heat transfer uids have been receiving great
attention from scientists, engineers andmanufacturers, etc. due
to both cost-effectiveness and fast heat exchange.1 Conventional
uids such as water, ethylene glycol (EG), oil, etc., are usually
used as heat transfer uids. However, they have not shown
sufficient capability to be employed in devices working at high
power due to their poor thermal performance. Several attempts
have been made to improve the heat transfer ability of
conventional uids. By adding solid particles into uid, the
thermal transfer performance could be enhanced2,3 and,
recently, a new class of uids, called nanouids (NFs),
emy of Science and Technology, 18 Hoang

Vietnam. E-mail: trinhpv@ims.vast.vn;

1

nt, Vietnam Academy of Science and

iay Distr., Hanoi, Vietnam

ology, Vietnam Academy of Science and

iay Distr., Hanoi, Vietnam

tion (ESI) available. See DOI:
containing nano-sized particles, such as Ag, Cu, Ni Al2O3, Fe3O4,
CuO, TiO2, have shown even shown better thermal transfer
performance.4,5 Since the discovery of carbonaceous materials
with very high thermal conductivity, such as carbon nanotubes
(CNT), graphene, graphene oxide (GO),6 several hundred studies
concerning carbonaceous materials-based NFs have been con-
ducted and presented.7–12 These demonstrate that a signicant
thermal conductivity enhancement of NFs was obtained both in
theoretical and in experimental studies. In addition, graphene
decorated by metallic or ceramic particles for nanouid appli-
cation has also been presented. Baby and Sundara reported that
using silver nanoparticles and copper oxide decorated on gra-
phene sheets for EG based nanouids can show a thermal
conductivity enhancement of up to 14% and 23%, respectively,
compared with EG-based uid.13,14 Recently, graphene–CNT
hybrid material has been successfully synthesized and is found
to exhibit great promise for several applications.15–17 In the
hybrid structure, CNTs not only act as pillars in between the
graphene sheets and avoid the stacking of graphene sheets, but
also increase the total surface area. The advantage of this
structure is that it helps improve the properties, such as elec-
trical conductivity, thermal conductivity and mechanical
strength, of the hybrid material.14 Baby et al. reported that using
the Gr–CNT hybrid material decorated with silver (Ag) nano-
particles could improve the thermal conductivity of the nano-
uid.18 However, silver (Ag) is quite expensive, and hence it is
difficult to prepare the nanouid for the industrial applications
cost-effectively. In this context, copper (Cu) could be a prom-
ising material for replacing Ag due to Cu being cheaper than Ag
This journal is © The Royal Society of Chemistry 2017
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and having high thermal conductivity. To the best of our
knowledge, there is no study yet reported on the enhanced
thermal conductivity of nanouid-based ethylene glycol using
Cu nanoparticles decorated on Gr–CNT hybrid material
(Gr–CNT/Cu) as a heat transfer solution.

Thus, in this study, we present the synthesis of Cu nano-
particles decorated on a Gr–MWCNT hybrid material via
a chemical reduction technique and application of this material
in EG as a nanouid. The thermal conductivity of the obtained
nanouids has been characterized via the thermal hot plate
(THP) method and compared with theoretical models.
2. Experimental procedure
2.1. Materials

Graphite rods with 99.99% purity purchased from Sigma-
Aldrich were used as electrodes to synthesize graphene sheets.
Multi-walled carbon nanotubes (MWCNTs) with an average
diameter of around 20 nm and 10 mm in length were produced
by a chemical vapor deposition (CVD) process using Fe/CaCO3

as the catalytic material.19 Ethylene glycol (EG, 98%) supplied by
Xilong Chemical Co., Ltd. (China) was used as the base uid.
Sulphuric acid (H2SO4, 98%) and nitric acid (HNO3, 68%)
supplied by Xilong Chemical Co., Ltd. (China) were used for the
functionalization process. Copper(II) sulfate pentahydrate salt
(CuSO4$5H2O, 99.5%) purchased from Shanghai Aladdin Bio-
Chem Technology Co., Ltd. (China) was used as a precursor
for synthesizing copper nanoparticles. Sodium borohydride
(NaBH4, 99%) and ascorbic acid (98%) purchased from
Shanghai Aladdin Bio-Chem Technology Co., Ltd. (China) were
used as reducing and antioxidant agent. Sodium hydroxide
(NaOH, >98%, Xilong Chemical Co., Ltd. (China)) was used to
Fig. 1 Schematic synthesis of ethylene glycol based Gr–MWCNT/Cu na

This journal is © The Royal Society of Chemistry 2017
control the pH. Tetrahydrofuran (THF) and ethanol purchased
from Xilong Chemical Co., Ltd. (China) were used to clean the
samples.

2.2. Nanouid preparation

A schematic synthesis of the nanouid is depicted in Fig. 1.
First, graphene sheets synthesized by a plasma-assisted elec-
trochemical exfoliation process20 were functionalized with
carboxyl groups (–COOH) via treatment in the mixture of acids
(HNO3 : H2SO4, 1 : 3) at 70 �C for 5 h under continuous
magnetic stirring, cleaned by distilled water and dispersed in
EG by ultrasonication for 30 min to make Gr–COOH solution
with concentration of 0.3 g L�1. A typical process for MWCNT–
OH preparation was presented in an earlier report.21 MWCNTs
were functionalized with carboxyl groups (–COOH) by treatment
in the mixture of acids (HNO3 : H2SO4, 1 : 3) at 70 �C for 5 h,
then cleaned by distilled water and dried in a vacuum for 24 h.
Dried MWCNTs–COOH were suspended in SOCl2 solution and
stirred for 6 h at 60 �C to obtain MWCNTs–COCl. The solution
was ltered, washed with THF and distilled water. The
MWCNT–COCl powder obtained aer the cleaning process was
mixed with EG and stirred for 8 h at 120 �C. Aer treatment with
EG, the solution was cleaned using THF and distilled water. The
obtained powder was dispersed in EG via ultrasonication for
30min to prepare MWCNT–OH solution with a concentration of
0.3 g L�1. The Gr–MWCNT hybrid material solution with 1 : 1
volume fraction ratio of Gr and MWCNT was prepared by mix-
ing the Gr–COOH and MWCNT–OH solutions.

To prepare Gr–MWCNT/Cu hybrid material, a desired
amount of CuSO4 (0.1 M) solution was added into the Gr–
MWCNT hybrid solution under continuous stirring to get
4 vol% Cu loading. Aer 30 min, a solution of ascorbic acid
nofluid.

RSC Adv., 2017, 7, 318–326 | 319
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(0.1 M) was added into a solution of Gr–MWCNT/Cu2+ under
strong stirring for 30 min. Aer that, a reducing solution con-
taining a mixture of NaBH4 and NaOH was added to the
previous solution. Aer completion of the reduction process,
the solution was ltered and washed with distilled water.
Calculated amounts of Gr–MWCNT/Cu were dispersed in
ethylene glycol by ultrasonication for 45 min under ice water to
obtain nanouids with different concentration of 0.005, 0.015,
0.025 and 0.035 vol%. The samples were denoted NF1, NF2, NF3
and NF4 corresponding to nanouids containing 0.005, 0.015,
0.025 and 0.035 vol% of Gr–MWCNT/Cu hybrid material
concentration, respectively.
Fig. 2 FTIR spectrum of Gr–COOH, MWCNT–OH and Gr–MWCNT/
Cu material.
2.3. Characterization

The morphology of the samples was characterized by eld
emission scanning electron microscopy (FESEM, Hitachi S4800)
and high resolution transmission electron microscopy
(HRTEM, Jeol JEM 2100). XRD patterns were recorded on a XRD
Bruker D8 Endeavor equipped with Cu-Ka radiation in a 2q
range from 10� to 90� with a step size of 0.01�. The FTIR spectra
of samples were measured in the range from 500 to 4000 cm�1

using a Shimadzu IR Prestige21 spectrometer. The stability of
the nanouid was investigated using a Malvern ZS Nano
S analyzer (London, UK). The thermal conductivity (K) of the
nanouids wasmeasured using anHTL-04 thermal conductivity
meter (Eternal Engineering Equipment Ltd., India) in the range
from 30 �C to 60 �C according to the principal of the guarded
hot plate (GHP) method. According to the supplier, the HTL-04
apparatus has a maximum uncertainty of �2%. To validate the
measurement technique, the thermal conductivity of ethylene
glycol was measured at a temperature of 30 �C and compared
with the reference value of 0.253 W m�1 K�1.22 The measured
thermal conductivity of 0.249 W m�1 K�1 is in good agreement
with the reference value within �2%. The experimental thermal
conductivity values of nanouids were the average of
15 measurements for each nanouid. The measurements were
conducted under the same environmental conditions, such as
temperature, humidity, etc.
3. Results and discussion

Fig. 2 presents a typical FTIR spectrum of Gr–COOH, MWCNT–
OH and Gr–MWCNT/Cu hybrid material. For Gr–COOH, some
typical bands are shown such as nOH ¼ 3426 cm�1, nC]O ¼ 1718
cm�1, nHbonded(C]O) ¼ 1638 cm�1, nC]C ¼ 1580 cm�1, and nC–O

¼ 1080 and 1365 cm�1.23,24 The existence of the band for C]O
bonding vibration in the carboxyl group located at 1718 cm�1

conrmed that Gr–COOH were successfully prepared due to
oxidation resulting from nitric and sulfuric acid treatment.25

For the MWCNT–OH spectrum, bands similar to Gr–COOH
were also detected, but the typical bands for the O–H stretching
vibration mode show higher intensity than those of the Gr–
COOH. Normally, aer the hydroxyl treatment process with EG,
the nC]O at 1718 cm�1 will disappear due to the displacement
reaction.25 The existence of the C]O stretching vibration mode
with very small intensity in the MWCNT–OH spectrum
320 | RSC Adv., 2017, 7, 318–326
indicated that a part of the carboxyl functional group still
remained together with the hydroxyl group in CNT–OH. This
could be due to the reaction time for hydroxyl treatment being
shorter than that in the usual report.21 However, this could be of
benet in attaching the Cu nanoparticles on the sidewalls of the
MWCNTs. In the FTIR spectrum of the Gr–MWCNT/Cu hybrid
material, in addition to the typical bands of nOH ¼ 3426 cm�1,
nHbonded(C]O) ¼ 1638 cm�1, nC]C ¼ 1580 cm�1, and nC–O ¼ 1080
and 1365 cm�1, a peak at 1738 cm�1 ascribed to C]O stretching
vibrations of the ester carbonyl group could result from the
reaction between hydroxyl functional groups of MWCNT–OH
and carboxyl functional groups of Gr–COOH.26 In comparison
with the carboxyl functional group, the peak for C]O stretching
of the ester is shied to higher wavenumber and located in the
range from 1735 to 1750 cm�1.27 In addition, the absorption
band observed at 580 cm�1 is associated with the Cu–O
stretching vibrations related to the presence of Cu nano-
particles.28 In comparison with Gr–COOH andMWCNT–OH, the
FTIR spectrum of Gr–MWCNT/Cu shows the disappearance of
the C]O vibration of the carboxyl group and the appearance of
other absorption bands at lower wavenumber. This could be
due to symmetric and asymmetric stretching of O–C–O,
revealing the conjugation of nanoparticles to the Gr and
MWCNT via bridging interactions.29,30

Fig. 3 shows the XRD patterns of Gr–MWCNT and Gr–
MWCNT/Cu materials. The XRD pattern of Gr–MWCNT hybrid
material shows some typical peaks of graphite at 26.18�, 43.04�,
54.38� and 77.48� corresponding to (002), (100), (004) and (110)
planes, respectively. For the XRD pattern of Gr–MWCNT/Cu
material, in addition to the typical peak of graphite at 2q ¼
26.3� corresponding to the reection on the (002) planes, some
peaks of Cu were detected at �43.192�, 50.300� and 73.888�

corresponding to (111), (200), and (220) planes, respectively. In
addition, there are no representative peaks of CuO phases
detected, indicating that no oxidation phases were formed in
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 XRD pattern of Gr–MWCNT/Cu material.
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the sample during the chemical reduction process. Therefore,
the use of the ascorbic acid solution as reducing and antioxi-
dant agent could restrict the formation of oxidation phases; this
is also in agreement with other reports.31,32 Moreover, using
Scherrer's formula for the typical peaks, an average crystallite
size for the Cu nanoparticles was estimated as 16.5 nm. From
both FTIR and XRD studies, it was demonstrated that Cu
nanoparticles were successfully decorated on Gr–CNT hybrid
material by the chemical reduction technique.

Fig. 4 shows the FESEM images of Gr–MWCNT/Cu material;
the images show that MWCNTs were connected or intercalated
between graphene sheets. These intercalations are of benet in
reducing the stacking of graphene sheets and increase both the
effective surface area and the effective thermal conductivity
of the material. Moreover, the Cu nanoparticles with uniform
size are well decorated on the surface of graphene sheets and
MWCNTs. According to Baby et al. the existence of functional
groups on the surface helped to promote good interaction
of these nanoparticles with graphene sheets and MWCNTs, in
which they act as nucleation sites for Cu nanoparticles.18 The
formation of Cu nanoparticles is described by the following
reaction.
Fig. 4 SEM images of Gr–MWCNT/Cu material (a) low magnification an

This journal is © The Royal Society of Chemistry 2017
Cu(NO3)2 + 2NaBH4 ¼ Cu + 2NaNO3 + H2 + 2BH3 (1)

Fig. 5a is an HRTEM image at low magnication of Gr–
MWCNT/Cu material to investigate the morphology and size
distribution. This image shows that Cu nanoparticles are well
decorated on the surface of both MWCNTs and graphene
sheets. However, at certain positions, Cu nanoparticles are not
only in individual form but also in aggregated forms. Fig. 5b
and c are the HRTEM images at high magnication of Gr–
MWCNT/Cu material obtained aer the ultrasonication process
to disperse in EG solution. The results showed that Cu nano-
particles still appeared on the surface of the MWCNTs or gra-
phene sheets. Combining these results with the FTIR result
(existence of Cu–O stretching vibrations at 580 cm�1) allows us
to conclude that Cu nanoparticles were grown and chemically
bonded on the MWCNTs and Gr surfaces through the func-
tionalized groups. In addition, the measurement of the lattice
constant of the nanoparticles indicated that the d spacing was
about 0.209 nm, which is in good agreement with the (111)
lattice spacing of Cu metal.33 The histogram of Cu particle size
calculated from HRTEM data is shown in Fig. 5d. The average
particle size was about 18 nm, slightly larger than that of the
crystallite size (16.5 nm) calculated from the XRD using the
Scherrer equation. This is also in agreement with the reports
about the comparison of nanosize determination by different
methods, wherein it was demonstrated that the good agreement
only applied to small nanocrystals in the size range below
10 nm.34,35

To validate stability, the prepared nanouids were charac-
terized by a zeta potential analyser. The stability of dispersion
can be estimated using the value of the zeta potential. The
nanouid is physically stable with a zeta potential more nega-
tive than �30 mV or more positive than +30 mV, while poor
stability shows a value below 20 mV.36,37 In this study, the
average potential values for nanouids were measured to be
�52.9, �47.5, �47.2 and �42.7 mV corresponding to NF1, NF2,
NF3 and NF4, respectively. From the results, it is clearly
conrmed that the nanouids have good stability. It is well
known that the stability of nanouids could be improved using
some chemical techniques, such as surfactant addition, surface
treatment, and pH changing. In this case, the functional groups
(–COOH, –OH) attached on the surfaces of both graphene and
d (b) higher magnification.

RSC Adv., 2017, 7, 318–326 | 321
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Fig. 5 (a–c) HRTEM images of Gr–MWCNT/Cu material and (d) histogram of particle size distribution.
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MWCNTs via chemical treatments improved the dispersion as
well as the stability of the nanouids.

The thermal conductivity of the obtained nanouids with
different concentrations as a function of different temperatures
is shown in Fig. 6. The results show that the thermal conduc-
tivity of the nanouid depends on the concentration of Gr–
MWCNT/Cu material and the measured temperature. For each
Fig. 6 Comparison of thermal conductivity of nanofluids with
different temperatures.

322 | RSC Adv., 2017, 7, 318–326
measured temperature from 30 �C to 60 �C, the nanouid
containing a higher concentration of Gr–MWCNT/Cu material
has higher thermal conductivity and the thermal conductivity
increases as the temperature increases for each nanouid. The
increase of thermal conductivity is nonlinear both with
temperature and with volume fraction and is consistent with
other literature reports.13,38 According to Baby et al., the
linearity/nonlinearity of thermal conductivity strongly depends
on the nature of the nanoparticle as well as the base uid.13

When volume fraction increases or the distance or mean free
path of nanoparticles decreases due to the percolation effect,
increasing the frequency of lattice vibration, it leads to
enhanced thermal conductivity of the nanouid.13 The
enhancement in thermal conductivity with increasing temper-
ature could be explained according to the report by Li and
coworkers.39 Li et al. reported that the change of nano additives
agglomeration and viscosity with temperature along with
Brownian motion are important factors to describe the
temperature dependence of the thermal conductivity of nano-
uids.39 According to Li, a temperature increase would lead to
the following effects: (i) decrease in the agglomeration of nano
additives in the nanouid by the reduction of the nano additive
surface energy, (ii) improvement in the Brownian motion by the
reduction of viscosity.39 It is well known that the Brownian
motion provides a key mechanism for thermal conductivity
enhancement of nanouids.40 Therefore, the thermal conduc-
tivity of nanouids increases with increasing temperature.
This journal is © The Royal Society of Chemistry 2017
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The enhancement percentage of the thermal conductivity is
calculated using the following eqn (2):

% K ¼
�
Knf � Kbf

Kbf

�
� 100% (2)

where Kbf is the thermal conductivity of the base uid (EG) and
Knf is that of the nanouid.

Thermal conductivity enhancement increases as the Gr–
MWCNT/Cu concentration in the nanouid increases. For
example, at a xed temperature of 30 �C, nanouid NF4 has
about 17% enhancement compared to that of nanouid NF1 at
only 4%. The enhancement of thermal conductivity at different
temperatures was also considered. Nanouid NF1, containing
0.005 vol% Gr–MWCNT/Cu concentration, shows only 4%
enhancement at 30 �C and 10% at 60 �C, whereas, NF4 with
0.035 vol% Gr–MWCNT/Cu concentration shows an enhance-
ment of 17% at 30 �C and about 41% at 60 �C. In comparison,
the thermal conductivity enhancement of nanouid containing
Gr–MWCNT/Cu material is higher than most results reported
earlier using the same level of concentration (Table 1). For
graphene-based EG nanouid, Baby et al.,42 Selvam et al.36 and
Lee et al.45 reported enhancements of 7%, 21% and 32% at
volume fractions of 0.05, 0.5 and 4 vol% Gr loading, respec-
tively. Amuch higher enhancement up to 86%was also reported
by Yu et al., in which the nanouid contained a very high
concentration of 5 wt% graphene oxide.41 Baby and Sundara
recently developed Ag and CuO decorated graphene-based
nanouids and reported enhancements up to 14% and 23%,
respectively, at a very low concentration.13,14 Several reports on
using CNT for nanouids have been developed and re-
ported.49–53 For example, Harish et al. reported an enhancement
Table 1 Summary of experimental results on thermal conductivity of EG

Ref. Material type
Base
uid

Mat
conc

This work Gr–CNT/Cu hybrid materials EG 0.00
18 Ag decorated MWNT–HEG hybrid EG 0.00
14 Silver nanoparticles decorated graphene EG 0.00
42 Exfoliated graphene based nanouids EG 0.00
43 Graphene–CNT hybrid EG 0.01
13 Copper oxide decorated graphene

(CuO/HEG)
EG 0.01

36 Graphene nanoplatelets EG 0.5 v
41 Graphene oxide nanouid EG 2–5
44 Alkaline graphite oxide EG 0.00
45 Graphene nanoplatelets EG 0.5–
46 Nitrogen doped graphene–MWCNT EG 0.00
47 Al2O3 nanoparticles EG 0.5–

CuO nanoparticles EG 0.5–
Cu nanoparticles EG 0.1–
Al nanoparticles EG 0.1–

48 Nanodiamond–nickel EG 3.01
49 SWCNT EG 0.2 v
50 Treated MWCNTs EG 1 vo
51 SWCNT EG 2.5 v
52 Functionalized MWCNT EG 0.03
53 Ag decorated MWNT EG 0.03

Au decorated MWNT EG 0.03

This journal is © The Royal Society of Chemistry 2017
up to 14.8% for SWNT/EG nanouids at 0.2 vol%.49 Chen et al.
reported an enhancement up to 17.5% for treated MWNT/EG
nanouids at 1 vol% concentration. A signicant thermal
conductivity enhancement of up to 40% at a very low concen-
tration (0.03 vol%) of functionalized CNT has been reported by
Aravind.52 The enhancement was attributed to the better
dispersion and stability of CNT using chemical treatment.52

Several studies on using Gr–CNT hybrid material for nanouids
have been carried out and reported.18,43,46 The results showed
the promise of the hybrid material for enhancing the thermal
conductivity at much lower concentrations. Shende et al.46 re-
ported an enhancement of 15.1% at 0.03 vol% for nitrogen-
doped graphene–MWCNT/EG-based nanouids. Aravind and
Ramaprabhu also reported an enhancement up to 24% for
a nanouid containing a low concentration of 0.04 vol% Gr–
CNT hybrid material.43 From the above discussion, it is clearly
conrmed that our material is very efficient for enhancing the
thermal conductivity of nanouid compared to pure graphene
or CNT nanouids. This is attributed to the synergistic effect of
high thermally conducting individual components, such as
graphene sheets, CNTs and Cu nanoparticles. The incorpora-
tion of both graphene and MWNT into a hybrid material can
effectively make use of the excellent thermal properties of both
species, as presented by Aravind and Ramaprabhu.43 In addi-
tion, according to Baby et al. the addition of Cu nanoparticles
and CNTs will not only help to prevent the stacking of graphene
sheets, but also increase the overall surface area in the nano-
uid and subsequently the thermal conductivity of the nano-
uids will be enhanced.18

To evaluate the thermal conductivity of nanouids, several
theoretical models could be applied to predict and compare
based nanofluids

erial
entration

Measurement
technique Temperature Enhancement

5–0.035 vol% GHP method 30–60 �C 10–41%
5–0.04 vol% THW method 25–50 �C 1–20%
5–0.05 wt% THW method 25–70 �C 3–14%
5–0.056 wt% THW method 25–50 �C 4–7%
1–0.04 vol% THW method 25–50 �C 13.7–24%
–0.007 wt% THW method 20–50 �C 17–23%

ol% THW method 30 �C 21%
wt% THW method 10–60 �C Up to 86%
8–0.138 vol% THW method 25 �C 2.4–6.5%
4 vol% LAMBDA system 10–90 �C Up to 32%
5–0.03 vol% Hot disk thermal 25–50 �C Up to 15.1%
3 vol% THW method 20–50 �C 14–32%
3 vol% THW method 20–50 �C 9–25%
3 vol% THW method 20–50 �C 8–36%
3 vol% THW method 20–50 �C 4–27%
wt% THW method 20–60 �C Up to 13%
ol% THW method 20–60 �C Up to 14.8%
l% THW method 5–65 �C Up to 17.5%
ol% THW method 25–50 �C Up to 20%
vol% THW method 30–70 �C Up to 40%
vol% THW method 30–50 �C Up to 11.3%
vol% THW method 30–50 �C Up to 10%
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Fig. 7 Experimental and calculated thermal conductivity ratio as
a function of volume concentrations at 30 �C according to several
theoretical thermal conductivity models.
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with the experimental results. The classical models such as
Maxwell and Hamilton–Crosser are well known to predict the
thermal conductivity of well-dispersed uids containing solid
particles.54 Maxwell's model was used to predict the thermal
conductivity of uids containing nano-/micro-sized particles at
low volume fractions,55 whereas for the Hamilton–Crosser
model, a modication of Maxwell's model, the empirical shape
factor n ¼ 3/j for spherical and cylindrical medium shapes was
taken into account.56 The models depend on the thermal
conductivity of the particles, base uid and the volume fraction
of the particles. In addition to the classical models, some
modern theoretical models that depend mainly on the particle
concentration have been proposed such as Pak and Cho's
model, Bhattacharya's model, etc. Pak and Cho's model was
proposed as a thermal conductivity model under the assump-
tions that the enhancement effect is mainly the effect of the
dispersion of nanoparticles in base uids.57 Bhattacharya's
model is a dynamic model based on combining the thermal
conductivities of base uids and nanoparticles by replacing
with effective contribution of the particles.58

In our study, the Maxwell model, Pak and Cho's model,
Bhattacharya's model and the Hamilton–Crosser model were
employed to predict the thermal conductivity ratio between
nanouid and base uid (Knf/Kbf). The abovementioned theo-
retical models are formulated as follows:

Maxwell's model55

Knf

Kbf

¼ Khm þ 2Kbf þ 2f
�
Khm � Kbf

�
Khm þ 2Kbf � f

�
Khm � Kbf

� (3)

Pak and Cho's model57

Knf

Kbf

¼ 1þ 7:47f (4)

Bhattacharya's model58

Knf

Kbf

¼ fKhm

Kbf

þ ð1� fÞ (5)

Hamilton–Crosser model56

Knf

Kbf

¼ Khm þ ðn� 1ÞKbf � ðn� 1Þf�Kbf � Khm

�
Khm þ ðn� 1ÞKbf þ f

�
Kbf � Khm

� (6)

where, Knf, Khm and Kbf are the thermal conductivities of the
nanouid, Gr–MWCNT/Cumaterial and base uid, respectively,
f is the volume fraction of the hybrid material, and n (¼6) is the
empirical shape factor for akes.56 The thermal conductivity of
Gr–MWCNT/Cu material was estimated using the rule of
mixture model59 with the following equation:

Khm ¼ fGrKGr + fCNTKCNT + fCuKCu (7)

where fGr, fCNT and fCu are the volume fractions of graphene,
MWCNT and Cu, respectively. KGr (z2000 W m�1 K�1),6 KCNT

(z1500 W m�1 K�1)6 and KCu (z401 W m�1 K�1) are the
thermal conductivities of graphene, CNT and Cu, respectively.
324 | RSC Adv., 2017, 7, 318–326
Employing eqn (7), the thermal conductivity of Gr–CNT/Cu
material is estimated of 1696 W m�1 K�1. Applying the ob-
tained values from the eqn (3)–(6), the thermal conductivity
ratio of nanouids is calculated and plotted as shown in Fig. 7.

The results estimated from Maxwell's model, Pak and Cho's
model and Bhattacharya's model do not match with our exper-
imental results. This is because the abovementioned models do
not take into account the effect of the thermal interface resis-
tance between the hybrid material and base uid and are only
applied for spherical particles.54 Only the Hamilton–Crosser
model is probably suitable for predicting the thermal conduc-
tivity ratio of our nanouid due to the fact that Hamilton–
Crosser's model could be applied not only for spherical particles
but also for other shapes. In our case, by the assumption that Cu
nanoparticles and MWCNTs were decorated completely on the
graphene sheets Gr–MWCNT/Cu material could be only
considered as ake shapes with the empirical shape factor of 6
for calculation. The obtained results from Hamilton–Crosser's
model nearly match with the experimental results. In fact, the
decoration of MWCNTs and Cu particles on the surface of each
graphene sheet was conrmed via SEM and HRTEM studies and
discussed in the above sections.
4. Conclusion

In conclusion, the nanouid-based ethylene glycol containing
Cu nanoparticles decorated on Gr–MWCNT hybrid material is
synthesized successfully via a chemical reduction method. Cu
nanoparticles with an average diameter of 18 nm were well
bonded on the surface of both MWCNTs and graphene sheets.
Nanouids show good stability due to the functional groups
attached on surfaces of both graphene sheets and MWCNTs.
The enhancement is obtained in all nanouids and maximum
enhancement of 41% was observed at 60 �C for nanouid
containing 0.035 vol% Gr–MWCNT/Cu hybrid material. The
This journal is © The Royal Society of Chemistry 2017
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enhancement is due to the synergistic effect of high thermally
conducting graphene sheets, CNTs and Cu nanoparticles as well
as the high surface area of the Gr–MWCNT/Cu structure.
Experimental results of the thermal conductivity were evaluated
using theoretical models and the Hamilton–Crosser model is
the most suitable for predicting the thermal conductivity of our
nanouid using the empirical shape factor of akes.
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