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hydrophobic micro ripples via p–
p stacked pop-up reduced graphene oxide
nanoflakes for extended critical heat flux and
thermal conductivities†

Ravi Kumar Cheedarala * and Jung Il Song*

We report the synthesis of thermally heated pop-up reduced graphene oxide (Pop-rGO) and its nanofluid

(Pop-rGO-Nf) in DI water for extended critical heat flux (CHF) in a nucleate pool boiling experiment. When

Pop-rGO-Nf is boiled over a nichrome (NiCr) wire heater the CHF values were increased up to 132%, 156%,

and 175% with increasing concentrations of 0.0005 vol%, 0.001 vol%, and 0.005 vol% at heat fluxes of q00 ¼
264 333 kWm�2, 339 202 kWm�2, and 327 895 kWm�2, respectively, because of the higher surface area of

430 m2 g�1. We also found a decrease in the CHF value from 0.05 vol% (175%) to 0.01 vol% (153%) for Pop-

rGO-Nf due to the nanofluid concentration reaching the saturation point. After nucleate pool boiling, the

developed Pop-rGO-Nf built-up layer on the NiCr wire surface showed regular p–p stacking with novel

micro-rippled structures having uniform nanocavities and nanochannels. The nanocavities strongly

helped vapor bubbles to escape from the NiCr wire surface. In addition, the nanochannels were formed

by hydrogen bonding of adjacent carboxyl groups of each Pop-rGO nanosheet. The surface

hydrophobicity of the built-up layers increased with the increase of the concentration of the Pop-rGO-

Nfs, and the surface morphology, roughness average (Ra) and hydrophobicity were determined using FE-

SEM, AFM and contact angle (CA) analysis. In our present investigation, during and after the nucleate

CHF experiments with Pop-rGO-Nfs, for the first time, we obtained a higher CHF value of 175% at

0.01 vol% and a higher CA of 118� obtained at 0.05 vol%, due to the increase in surface hydrophobicity

and the novel micro-rippled structures. We anticipate that the present results suggest that pool boiling

employing Pop-rGO-Nf can dissipate the critical heat flux of electronic chips to a greater extent,

allowing the enhancement of the cooling performance in existing two-phase heat transfer devices.
1. Introduction

Nanouids (Nfs) have great importance within current research
in scientic and industrial elds due to their unprecedented
properties such as high surface area for heat transfer between
the particles and the base uids, high dispersion stability with
superior Brownian motion of particles, reduced particle clog-
ging, and tunable high thermal conductivity and wettability.1

Nfs are a colloidal mixture of nanoparticles in base uids, and
they are one of the best alternatives to enhance critical heat ux
(CHF).2 The CHF is a process of vigorous heat transfer that
occurs with a phase change from liquid to vapor in a pool of
initially quiescent liquid. To date, various Nfs, including Al2O3,3

TiO2,4 ZnO2,5 CuO,6 Fe3O4,7 Au,4 Ag,8 CNTs9 and graphenes6,10

have been investigated in order to enhance the CHF through
angwon National University, Changwon,
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tion (ESI) available. See DOI:

hemistry 2019
nucleate boiling heat transfer (BHT). The BHT method is used
in nuclear power plants, in electric chip cooling, in air condi-
tioners, and in refrigerators. BHT is characterized by the heat
ux (W m�2) and wall temperature (�C) of the surface of the
heater during vapor bubble generation from the surface of the
wire.11 The CHF phenomenon is complex, difficult to under-
stand, irreversible, and unpredictable; thus, many studies have
tried to analyze CHF conditions for thermal systems in order to
avoid encountering dangerous situations such as increases in
the wall temperature by vapor cover and the breaking of wires
etc.12 Researchers have tried many times to increase CHF for
effective and safer heat transfer using improved heater-surface
wettability and morphology such as in micro/nano-structured
heater surfaces.13 The enhancement of CHF is related to the
build-up of a deposition layer of nanoparticles during the
boiling of Nfs. In order to determine CHF, some scientists have
alternatively showed that the morphology of the deposition
layer improved both surface wettability and capillarity.14 Thus,
changing the microstructure and physicochemical properties of
the surface during boiling is one of the important factors in
RSC Adv., 2019, 9, 31735–31746 | 31735
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CHF enhancement. Many reports have shown that surfaces with
deposited nanoparticles have signicantly greater wettability
than bare surfaces.15 In addition, previously our group has re-
ported the experimental study of hydrophilic CuO–chitosan
(CS) nanouid templates for extended CHFs and achieved up to
79% using 0.06 wt% CuO–CS NF.16 In light of these results, we
therefore started with the idea for the present work, which is to
enhance CHF by choosing a pop-up reduced graphene oxide
nanouid (Pop-rGO-Nf) for better thermal conductivity and self-
stacking characteristics to form a more advantageous rippled
structure to increase CHF.

Graphene oxide (GO) has attracted great interest because of its
unique physical properties that arise from its single layer thick
planar sheet assembled with sp2 bonded carbon atoms in a hexag-
onal two dimensional (2D) lattice structure.16–25 Few layered GO
structures have been attractive for heat transfer applications
because of their higher thermal conductivity maximum up to 3000–
5300 W m�1 K�1.26 Reduced graphene oxide (rGO) is commonly
prepared from GO by chemical and thermal routes.27,28 We adapted
this method with minor modications to generate reduced gra-
phene oxide as Pop-rGO from GO at ambient conditions. The
resulting Pop-rGO showed a high surface area of 430 m2 g�1 in the
Brunauer Emmett Teller (BET) test.29–31 Recently, Ahn et al. investi-
gated a three-dimensional rGO foam to prevent heater surface
failure during boiling heat transfer using a colloid on a rectangular
sheet.14,15 In another study, Baby et al. reported the synthesis and
transport properties of dispersed metal oxide-decorated graphene
Nfs for thermal conductivity enhancement up to 28% using
0.05 vol% of CuO decorated graphene in DI water.33 These studies
only focused on thermal conductivity rather than CHF enhance-
ment. However, all of these methods used a higher vol% of Nfs to
obtain the enhanced CHF values. Despite the urgent need for the
development of alternative graphene-based Nfs that are environ-
mentally benign, mild and cost-effective methods remain
a challenge.

In order to overcome the above challenges in enhancing
CHF, we introduce for the rst time a Pop-rGO-Nf in DI water.
Here, self-stacked 3D-networked Pop-rGO nanosheets contain-
ing regular nanochannels and a well-organized micro/nano
morphological structured network by a self-stacking phenom-
enon at the basal planes and hydrogen bonding at the adjacent
carboxylic acids are used.31 We use four different Pop-rGO-Nfs,
which are 0.0005, 0.001, 0.05 and 0.01 vol%, for the CHF
nucleate pool boiling experiments. An enhanced CHF value of
up to 175% was observed for 0.005 vol% of Pop-rGO-Nf, which is
signicantly greater than that of other commercial and
graphene-based Nfs. To our knowledge, no research has been
published to date on nucleate pool boiling CHF experiments
using Pop-rGO-Nf, with the exception of a few reports con-
cerning xGraphene Nano Particles (xGNPs) and rGO/GO
mixtures as Nfs, Scheme 1.

2. Experimental
2.1. Materials and characterization

All reagents used in the experiments were of analytical grade
and were used without further purication. High-purity natural
31736 | RSC Adv., 2019, 9, 31735–31746
graphite (99%, average size of 200 mm) was purchased from
Infrazone, Korea. The sodium nitrate (NaNO3), sulfuric acid
(H2SO4), hydrogen peroxide (H2O2), potassium permanganate
(KMnO4) solutions, and other reagents were purchased from
Aldrich Chemical Co., USA and were used as received. The
various functional groups present on the GO and Pop-rGO
sheets were measured using a Nicolet 6700 infrared spectro-
photometer over the spectral range of 4000–400 cm�1. Diffrac-
tion data were acquired with a Rigaku high-power X-ray
diffractometer. Laser Raman Spectroscopy (LRS) studies were
carried out using a WITec Micro-Raman system using a 532 nm
helium–neon laser source. TEMmeasurements were performed
on a JEOL high-resolution transmission electron microscope
with an acceleration voltage of 200 kV; specimens were prepared
by depositing a drop of the sample dispersion onto 300 mesh
carbon-coated Cu grids. The morphologies of the specimens
were determined by FE-SEM using a Hitachi cold FE-SEM at 10
kV. CHF experiments used a commercial cylindrically shaped
nickel–chrome wire (nichrome, 80/20). The images of the
Multimode V AFM microscope (VEECO, US) were treated by
a attening algorithm using the Nanoscope soware and the
surface roughness average (Ra) was calculated using the
instrument's vendor soware. The hydrophobicity of the
nichrome wire surface was determined on the basis of the
contact angle (CA) of the water droplet using the sessile drop
method of 0.5 mL volume (Goniometer, DSA100; KRUSS GmbH,
Hamburg, Germany).

Thermal conductivity was measured at room temperature
using the Lambda system (Nietzsche, Germany). In this tran-
sient hot wire system, a thin platinum wire was suspended in
the base liquid using a vertical, cylindrical glass container. The
platinum wire had a diameter of 76.2 mm. The hot wire served as
an electrical resistance thermometer. The platinum wire was
further coated by a thin electrical insulation layer of epoxy. The
transient hot wire method measured the temperature and time
response of the platinum wire in response to electrical pulses. A
Wheatstone bridge heated the platinum wire and simulta-
neously measured its resistance. The thermal conductivity was
then calculated using Fourier's law. The electrical resistance of
the platinum wire changed in proportion to temperature vari-
ation. Thermal conductivity was estimated by the slope of the
straight line between the temperature and the time. The tran-
sient hot wire system was calibrated with deionized water at
room temperature.
2.2. Preparation of the thermally modied pop-up reduced
graphene oxide (Pop-rGO)37,38

In an empty 400 mL beaker, we suspended 200 mg of dried GO
sheets [ESI†]. Then, the beaker was covered with aluminum foil
that had many punched pores made by a needle. We put the
beaker on a muffle furnace at 450 �C for 15 min. The resulting
highly porous black pop-up reduced GO oppy powder (Pop-
rGO, �110 mg) was collected aer cooling and used as such
for our nucleate pool boiling experiments. The preparations of
graphene oxide (GO) and reduced graphene oxide (rGO) are
reported in the experimental part of the ESI.†18,19
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Schematic illustration of built-up micro ripples from p–p stacked Pop-rGO-Nfs for extended critical heat flux (CHF).
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2.3. Nucleate pool boiling CHF experiments

A schematic illustration of the experimental apparatus is shown
in Fig. 1. The pool boiling apparatus consisted of the main pool
containing the working uid, the nichrome wire heater, and the
data acquisition system. The main pool consisted of a 200 �
100 � 200 mm rectangular Pyrex glass bath containing 3 L of
working uid. The bath was placed on a hot plate (DAIHAN, HP-
30D, 2 kW) for heating and for maintaining the working uid at
the saturated conditions. The bath was sealed using a Teon
cover, whereby a reux condenser was installed to prevent loss
of the working uid due to evaporation and to maintain
atmospheric pressure. The nichrome wire heater, which was
0.2 mm in diameter and 79.2 mm in length, was submerged in
the working uid and arranged horizontally by suspending it
under tension between the two cylindrical 40 mm-diameter
stainless steel electrodes. All the wires used were cleaned to
remove any residual dust or contamination on the surface. The
electrodes were mounted on the Teon cover and connected to
a direct current (DC) power supply (Sorensen, 60 V/500 A). A
data acquisition system (DAQ) (Agilent, 34970A) was employed
to measure the voltage applied to the wire heater, and a 1 U

resistor (�0.001 U) in series with the heater was used to
measure the current as a resistance reference. This resistor was
cooled and maintained at 10 �C using a constant temperature
bath (Jeiotech, RW-3040G).

The working uids were preheated on the hot plate for 2 h
for degassing prior to the experiments and were kept in the
This journal is © The Royal Society of Chemistry 2019
saturated conditions under atmospheric pressure during the
experiments. The heat ux applied to the wire continuously
increased at a rate of 50 kW m�2 min�1 until the CHF was
reached. When the CHF was reached, the temperature of the
wire increased rapidly, causing it to melt. The CHF was calcu-
lated as follows:

qCHF ¼ VmaxImax/A (1)

Vmax and Imax are the voltage and current immediately prior to
the wire melting, and A represents the heat-transfer area of the
heater (nichrome wire). The experimental uncertainty was
determined using this equation.
3. Results and discussion

For the preparation of Pop-rGO, the GO powder was placed in
a beaker, covered with a punched aluminum foil, and put into
a muffle furnace at 450 �C for 15 min in ambient conditions.
Aer 5 minutes, the brown GO started popping up and trans-
formed into black oppy Pop-rGO powder. The as-prepared Pop-
rGO sheets were examined by FE-SEM and TEM, and the results
are shown in Fig. 2. It can be seen that the Pop-rGO powder was
separated into individual sheets with a regular porous structure,
and this exhibited a typical regular crumpled multi-folds
morphology with free-owing air gaps, as shown in Fig. 2a
and b. The porous multi-folds appeared because the GO sheets
strongly popped-up by thermal treatment for a specied period
RSC Adv., 2019, 9, 31735–31746 | 31737
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Fig. 1 Schematic illustration of the pool boiling CHF experimental apparatus.
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of time. The Pop-rGO was shown to have a high surface area
(432 m2 g�1) due to its highly porous nature.38 The TEM image
further explained the thickness of the Pop-rGO layered sheets at
the nanoscale. Fig. 2c and the high-resolution image represent
the nanostructure of the Pop-rGO, as seen in Fig. 2d, and the
multi-layered Pop-rGO sheets were shown to have higher
surface hydrophobicity than the layered Pop-rGO sheets, due to
the increasing sheet thickness by p–p stacking between each
individual sheet. These results have been evidenced by the CAs
on the wire surface aer the pool boiling experiments, as shown
in Fig. 3.
3.1. Extended critical heat ux (eCHF)

Built-up monolayers on the wire surface inuence the nucle-
ation site density and departure diameter that helps a bubble to
develop and grow.12 The deposition of nanoparticles as a nano
or microlayer on the heating wire surface can enhance signi-
cantly the critical heat ux values by changing the surface
morphologies. CHF enhancement can be explained by
increasing the wettability and roughness of the wire surface. We
tested various nanouids, including Al2O3, CuO, CuO–GO, GO,
C–rGO, xGNP, and Pop-rGO-Nfs, on their ability to enhance the
CHFs. Among these, Pop-rGO-Nf exhibited superior CHF values
at a particular concentration. Fig. 3 and Table 1 (ESI†) show the
pool boiling CHF experimental data along with the data of the
prediction model. Kandlikar's prediction model is well-known
in the literature for pool boiling experiments that incorporate
surface morphology, bubble growth, and contact angle param-
eters. The contact angle is an alternative way to quantify the
31738 | RSC Adv., 2019, 9, 31735–31746
wettability of the deposited surface.32 Thus, the porous built-up
rippled microstructures increase the effective contact area on
the surface of the heating wire, and this also signicantly
contributes to reducing the contact angle on its surface.

Signicant heat ux enhancement can be expected on the
novel porous micro-rippled structures on the wire surface for
Pop-rGO-Nfs in the pool boiling experiment, as shown in Fig. 1
and eqn (1). The heat ux was obtained at values of q00 ¼ 226 134
kW m�2, 264 333 kW m�2, 339 202 kW m�2, 327 895 kW m�2

and 1 098 470 kWm�2 for 0.0005 vol%, 0.001 vol%, 0.005 vol%,
and 0.01 vol%, respectively, of Pop-rGO-Nfs and in DI water at
a given constant resistance of 3.3594106 ohms, as seen in
Fig. 3a. The heat ux was increased gradually by increasing the
concentrations of the Pop-rGO-Nfs with respect to DI water.
Furthermore, the micro-rippled structures promoted the
hydrophobicity and heat ux up to when the saturation point
was reached for Pop-rGO-Nf (0.001 vol%), and declined the heat
ow between the working uid and the heat source by
improving the thickness of the p–p stacking on the wire
surface.

The novel micro-rippled structures were shown to be
hydrophobic in nature, with higher contact angles and extended
CHF values. For our CHF studies, we used 0.0005 vol%,
0.001 vol%, 0.005 vol%, and 0.01 vol% of Pop-rGO-Nfs in DI
water. The enhancement in CHF was increased up to 132%,
156%, and 175% from 0.0005 vol%, 0.001 vol%, and 0.005 vol%,
respectively, of Pop-rGO-Nfs in DI water and their correspond-
ing CAs were 85�, 92�, and 105�, respectively, as shown in
Fig. 3b. The rational decline in CHF enhancement was observed
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 FE-SEM images of (a) p–p stacked Pop-rGO individual sheets with air gaps; (b) few-layered Pop-rGO bundles; (c) few-layered Pop-rGO
sheets, and (d) the Pop-rGO TEM image.
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when Nf concentrations were greater than 0.001 vol%, in
particular 0.05 vol% of Pop-rGO-Nf provided a CHF enhance-
ment of up to only 153%. The Pop-rGO lm on the built-up wire
surface consisted of uniform long rippled structures and
domains. In addition, the rippled structures had nano-scale
cavities, and they provided capillarity to facilitate continuous
vapor formation, while the large pores maintained a high
permeability, which allowed both penetrations of liquid into the
pores of the Pop-rGO lm and the escape of vapor bubbles from
the Pop-rGO lm. Therefore, the porous structure of the Pop-
rGO lm improved the migration of the departing vapor
bubbles and the liquid impeded the development of a vapor
blanket, which could degrade both CHF and HTC, inside the
porous structure of the Pop-rGO lm. The results indicate that
pool boiling employing a Pop-rGO lm can dissipate the heat
ux to a greater extent, allowing the enhancement of the cooling
performance in existing two-phase heat transfer devices. Due to
this fact, our results suggested that the Pop-rGO-Nfs showed
that their CHF enhancement was increased maximally up to
132%, 156%, and 175% from 0.0005 vol%, 0.001 vol%,
0.005 vol%, respectively, and that their CHF values decreased
with higher concentrations, as well as showing an increase in
hydrophobicity. Moreover, the addition of Pop-rGO lm
texturing can permit the downsizing of devices and could
accommodate further miniaturization of electronics, assuming
This journal is © The Royal Society of Chemistry 2019
that the cooling performance of next-generation electronics is
similar to that of those currently in use. Similarly, when results
were obtained from ZrO2, Al2O3 and CNTs in DI water nano-
uids, the CHF decreased with increasing concentration.

Next, we examined the enhancement of CHF using other
nanouids such as CuO, Al2O3, CuO–GO, GO, C–rGO, and xGNP-
Nfs. The CHF enhancement with GO and C–rGO-Nfs followed
a similar trend to Pop-rGO-Nf. In contrast, the CuO, CuO–GO, Al2O3

and xGNP Nfs showed higher CHF values with higher concentra-
tions due to an increasing of hydrophilicity on the surface, and they
showed lower CAs, as these particular Nfs followed Kandlikar's
prediction model.32 In particular, the metal oxide Nfs followed
a similar trend in CHF increments, for example, Al2O3, CuO, CuO–
GO and xGNP-Nfs had increased CHF values with increased
concentration, at the same time as their CAs were reduced. This
indicates further that when the deposition layer on the wire surface
is increased, the hydrophilicity also increases during nucleate pool
boiling. However, in the case of modied graphene oxide based Nfs
(i.e. GO, C–rGO and Pop-rGO-Nfs), the CHF initially increased up to
a certain concentration and then decreased due to reaching the
saturation point of both nucleate heat ux and CHFs. The charac-
teristic features of various commercially available nanouids were
determined aer CHF and TC experiments. Mainly, the contact
angles were determined using a sessile drop method to conrm
whether the built-up nanolayer was hydrophilic or hydrophobic on
RSC Adv., 2019, 9, 31735–31746 | 31739
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Fig. 3 (a) Nucleate heat flow of Pop-rGO-Nfs on the NiCr wire surface and (b) comparison between the experimental data of various Nfs and the
prediction model data of the pool boiling experiments.
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the wire surface, in agreement with the literature cited examples, as
shown in Table 1. More importantly, the mechanism of the critical
heat ux is explained by the schematic representation with suitable
references and our previous work in Section 1 of the ESI.†16
3.2. Contact angle analysis of the surface following Pop-rGO
deposition

Aer pool boiling, we found that the Pop-rGO layer was
deposited with a special morphology onto the wire surface,
rather than with a smooth surface morphology. This is
31740 | RSC Adv., 2019, 9, 31735–31746
a signicant difference to 3D self-assembled porous rGO and
GO structures reported in the literature. The interaction
between the Pop-rGO nanoakes has a strong inuence on the
morphology of the deposited structure. The repulsive forces
between molecules are related to the activation between nano-
akes that can have an inuence on the morphology. It is
impossible to distinguish the differences between the upside
and downside of the heating wire in the test pool in terms of the
deposition of nanoakes. This means that the formation of the
nanoake surface coating is mainly attributed to the nucleation
This journal is © The Royal Society of Chemistry 2019
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Table 1 Pool boiling CHF values of various nanofluids and contact
angles

Sl. no. Nf in DI water Conc.a vol% CHFb (%) CAc (�)

1 Bare NiCr wire 72
2 Al2O3 0.0005 64 46

0.001 76 35
0.005 89 26
0.01 110 18

3 CuO 0.0005 56 82
0.001 81 84
0.005 99 78
0.01 115 69

4 CuO–GO 0.0005 84 95
0.001 92 88
0.005 102 75
0.01 120 63

5 xGNP 0.0005 38 58
0.001 41 50
0.005 45 38
0.01 55 32

6 GO 0.0005 125 61
0.001 150 72
0.005 140 75
0.01 130 79

7 C–rGO 0.0005 23 78
0.001 36 86
0.005 53 95
0.01 29 101

8 Pop-rGO 0.0005 132 85
0.001 156 92
0.005 175 105
0.01 153 118

a Before the CHF experiments, all of the nanoparticles were dispersed in
DI water and sonicated for 1 h. b CHF enhancement experiments were
performed on a commercially available cylindrically shaped nickel-
chrome wire (nichrome 80/20). c Contact angle (CA) measurements
were performed using the sessile drop method using 0.5 mL on the
wire surface.
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of vapor bubbles on the cylindrical wire and is not due to the
gravitational sedimentation of the Pop-rGO nanoakes. Kim et
al. have reported the signicant ower and patch-like
morphological structures on the wire surface from
various vol% of Al2O3 Nf during pool boiling.36 In our case, the
nucleation bubbles start from the coating of nanoakes onto
the heater wire, nourished within the short time period when
the nucleate pool boiling experiments begin. Next, the surface
morphology is changed by various nano to micro-scaled nano-
akes being dispersed in the Nfs, but the nature of the material
of the heater is not changed. In addition, the characteristics of
the nanoake surface coating are highly dependent on the
concentration of the Nfs, as shown in Fig. 4. In the case of the
Pop-rGO-Nf with the lowest particle concentration, 0.0005 vol%,
the surface shows only a nominal change, as seen in Fig. 4d, e,
and f. The continuous wave-like rippled structures are formed
on the wire surface due to aggregation of Pop-rGO single sheets,
exclusively at 0.001 vol%, 0.005 vol% and 0.01 vol% of Pop-rGO-
Nfs at a heat ux of q00 ¼ 264 333 kWm�2, 339 202 kW m�2 and
327 895 kW m�2, respectively. This indicates that the self-
assembly of few-layered Pop-rGO sheets has been constructed
This journal is © The Royal Society of Chemistry 2019
by a built-up layer of stacking interactions through benzene
localized sextets at basal planes and by aggregations from van
der Waals forces. When we used a higher concentration of
0.05 vol% of Pop-rGO-Nf dispersion, the height of the rippled
structures on the wire surface increased, in order to obtain
a high roughness average. However, as the concentration
increased, the surface deposition of the nanoakes thickened
and micro-ripples were formed on the heating wire surface due
to the accumulation of Pop-rGO nanoakes. It is clearly sug-
gested that for the formation of a rippled network on the wire
surface by p–p stacking interactions, we need a specic vol% of
Pop-rGO-Nf dispersion, as shown in Fig. 4h, k, and n. Regular
channels were also found between each two long rippled
structures that may be the chelation of adjacent carboxylic acid
functional groups from individual Pop-rGO sheets through the
formation of hydrogen bonds, as shown in Fig. 4i, l, and o.

Subsequently, we investigated the wettability and contact
angles (CAs) through the surface hydrophobicity by the built-up
layers of Pop-rGO-Nfs, compared against the bare nichrome
wire as a control. The advancing angles were determined by the
sessile dropping method using 0.5 mL of DI water. The bare
wire surface showed the CA at 72� and the built-up rippled
structures from few-layers to multi-layers of the Pop-rGO
nanoakes deposited on the wire surface presented CAs at
82�, 90�, 105� and 118� with 0.0005 vol%, 0.001 vol%,
0.005 vol%, and 0.01 vol% of Pop-rGO-Nf dispersions, respec-
tively, as seen in the inset images of Fig. 4a–c, d–f, g–i, j–l and
m–o. The surface hydrophobicity was gradually increased by
aggregation of ordered porous p–p stacked layer-by-layer Pop-
rGO nanoakes with a height of �5 to 8 microns, shown in
Fig. 4a. In addition, the thickness of the micro-ripples gradually
increased with increasing vol%, evidencing further that the p–p
stacking interactions were strongly endured on the wire surface
during the CHF experiments, as shown in Fig. 4b, e, h, k, and n.
The superior hydrophobicity (CA of 118�) was achieved at
0.01 vol% of Pop-rGO-Nf dispersion, which, on the deposited
built-up layer, can show the high intensity of multi-layered
ripples with regular p–p stacking interactions, as seen in
Fig. 4n. Furthermore, we also investigated the conrmation of
the Pop-rGO micro-ripples aer the CHF experiments using FE-
SEM images, see Section 2 of the ESI.†
3.3. AFM

Atomic force microscopy (AFM) was used to analyze topological
variations of the bare nichrome wire surface and of the Pop-
rGO-Nf deposited wires, as shown in Fig. 5. The bare wire
surface revealed a smooth surface with an average surface
roughness (Ra) of 1.3 nm shown in Fig. 5a. The 0.0005 vol% of
Pop-rGO-Nf led to the formation of several irregular crests and
troughs on the coated wire surface and the Ra value was
�15.07 nm, as shown in Fig. 5b. The surface revealed Ra values
of 60.47, 254.47, and 329.80 nm for 0.001 vol%, 0.005 vol%, and
0.01 vol%, as shown in Fig. 5c–e, respectively. These novel
rippled structures consisted of regular nanocavities due to the
regular layer-on-layer network through the p–p stacking inter-
actions. In addition, nanocavities were found on the rippled
RSC Adv., 2019, 9, 31735–31746 | 31741
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Fig. 4 FE-SEM images of built-up Pop-rGOmicro-ripple layers and their corresponding contact angles (CAs): bare wire (a–c); 0.0005 vol% (d–f);
0.001 vol% (g–i); 0.005 vol% (j–l); 0.05 vol% (m–o).
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structures that represent the hydrogen bonds of carboxylic acids
at the edges of the Pop-rGO nanoakes. However, the nano-
cavities strongly helped to dissipate the air bubbles generated
31742 | RSC Adv., 2019, 9, 31735–31746
during nucleate pool boiling and could stabilize the CHF values.
The Ra results further support the increase in hydrophobicity of
the wire surface that was determined by the CA results (Fig. 4).
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Atomic force microscopy (AFM) images (left), three-dimensional (3D) images (upper right), and surface cross-sectional profiles (lower
right) of (a) a bare nichrome wire (Ra � 1.3 nm), and (b) 0.0005 vol% (Ra � 15.07 nm), (c) 0.001 vol% (Ra � 60.47 nm), (d) 0.005 vol% (Ra � 254.47
nm), and (e) 0.01 vol% (Ra � 329.80 nm) Pop-rGO-NF coated nichrome wires.
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3.4. FTIR, Raman, XRD, and TGA

Fig. 6a shows that the FT-IR spectra of GO, C–rGO and Pop-rGO
are in good agreement with the literature examples. The
stretching vibrational bands of the OH (hydroxyl), CO
(carbonyl), COOH (carboxylic acid), and COC (epoxy) functional
groups of GO appear at 3415, 1726, 1624, 1425 and 1085 cm�1,
respectively. The as-prepared chemically reduced GO (rGO)
showed characteristic bands at 3323, 1732, 1560 and 1210 cm�1,
which correspond to the OH, CO, C]C groups, respectively. In
the case of Pop-rGO, it showed characteristic vibrational bands
at 3293 cm�1 for the OH group, 2923 cm�1 for the CH and CH2

groups, 1653 cm�1 and 1572 cm�1 for the CO group, and
1215 cm�1 for the C]C group.34 These results conrm the
presence of carboxylic acid groups adjacent to the Pop-rGO
sheets, and these characteristic bands are shied to
3293 cm�1 and 1572 cm�1 as broad bands.37

In addition, the as-prepared GO exhibited two remarkable
Raman peaks at about 1345 cm�1 and 1590 cm�1, correspond-
ing to the well-dened D and G bands, respectively, as shown in
Fig. 6b. The G band is related to the E2

g vibrationmode of the sp2

carbon and domains can be used to explain the degree of
graphitization, whereas the D and 2D bands are associated with
structural defects and partially disordered structures of the sp2

domains. Aer reduction of GO by the thermal heating method,
the as-prepared Pop-rGO sample had a G peak at 1584 cm�1 and
a D peak at 1354 cm�1, whereas the D, G and 2D peaks for rGO
were at 1348 cm�1, 1591 cm�1, and 2691 cm�1, respectively.
Notably, the three peaks of the Pop-rGO were slightly blue-
shied compared to those of the C–rGO. In our investigation,
the ID/IG ratio of the as-prepared Pop-rGO showed a signicant
decrease in comparison to the previously reported rGO. In the
This journal is © The Royal Society of Chemistry 2019
case of GO, the ID/IG ratio was 0.97 and, aer the thermal
heating method, the ratio for the as-prepared Pop-rGO was 0.74,
compared to the ratio of the control C–rGO. We concluded that
the production of Pop-rGO from GO by reduction with the
thermal heating method had a little healing effect in compar-
ison to the control rGO.35 Furthermore, the intensity of the 2D
peak at 2708 cm�1 increased for the highly exfoliated Pop-rGO,
compared with rGO that showed better graphitization and no
charge transfer due to the absence of impurities.

These FT-IR and Raman results suggested the formation of
both rGO and semi-exfoliated Pop-rGO, and also the formation
of sp2 carbon networks during the reduction process. In addi-
tion, the sp2 planar carbon–carbon systems can support
strongly the p–p stacking interactions of the Pop-rGO sheets,
which can convert into a 3D micro-rippled network on the wire
surface during the pool boiling experiment.

The interlayer distances of the as-prepared GO and Pop-rGO
before and aer pool boiling were conrmed by XRD in Fig. 6c,
and the as-prepared GO showed a 2 peak at 9.8�, indicating that the
graphite was fully oxidized into GO with an interlayer distance of
8.20 Å.35 The XRD pattern of Pop-rGO showed typical broad 2 peaks
with the polyhydrocarbon template at 21.7�, indicating that the
interlayer distance was 4.75 Å. The shi of the XRD pattern of GO at
9.8� to the second peak of Pop-rGO at 21.7� suggested that the Pop-
rGO was well reduced. The interlayer distance of Pop-rGO was 4.75
Å, which was larger than that of graphite powder (3.34 Å). Aer pool
boiling, the Pop-rGO was deposited as micro-ripple structures onto
the wire surface. The deposited layer on the wire surface was peeled
off and submitted for XRD analysis. The XRD pattern of Pop-rGO-
MR showed a typical broad peak of two peaks with the poly-
hydrocarbon template at 22.5�, indicating that the interlayer
distance was 4.92 Å. These differences can be attributed to the well-
RSC Adv., 2019, 9, 31735–31746 | 31743
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Fig. 6 (a) FT-IR, (b) Raman, (c) XRD, and (d) TGA analysis of Pop-rGO, C–rGO and GO.
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ordered 3D structures of the Pop-rGO micro-rippled sheets within
the polyhydrocarbon template. Aer the pool boiling experiment,
the two peaks of the Pop-rGO micro-rippled sheets were shied
from 21.7� to 22.5�, suggesting that Pop-rGO was further reduced
due to self-stacking and the removal of air pockets within the
nanolayers of Pop-rGO at elevated temperatures.

The quality of the as-prepared Pop-rGO was examined by TGA.
The TGA plots of GO, rGO and Pop-rGO are shown in Fig. 6d. In the
GO sample, themajor weight loss occurred between 100 and 170 �C,
indicating the release of CO, CO2 and water vapor from the most
labile functional groups, such as hydroxyl and epoxy, during
pyrolysis. At temperatures below 880 �C the total weight loss was
about 40.5%. In contrast, the C–rGO sample showed higher thermal
stability than GO. The weight loss was in three steps: 4% of weight
loss at �200 �C, 12% of weight loss at 572 �C, and the weight loss
was about 18% at 900 �C. This major loss of mass could be attrib-
uted to the presence of a high amount of polyhydrocarbon on the
as-prepared C–rGO, whereas aer thermally heating the GO, the
total weight loss of the as-prepared Pop-rGO was only 16%. This
minor mass loss can be attributed to the absence of most oxygen
functional groups.35
3.5. Thermal conductivity (TC)

Graphene has the very high thermal conductivity of 900–5000 W
m�1 K�1 in the 2D planar directions. Therefore, we obtained TC
values from the well-ordered Pop-rGO-Nf lms deposited during
31744 | RSC Adv., 2019, 9, 31735–31746
nucleate pool boiling. Balandin, et al. reported the superior TC
values of single-layered GO by studying the Raman G peak
frequency on the excitation laser power.39 The Pop-rGO lmmay
strongly affect the temperature variation underneath the
bubbles and inhibit the formation of dry regions by dissipating
heat from any local hotspots to neighboring wet regions of
lower temperature, resulting in delaying the drying-out process
of the microlayer. Therefore, it could delay the onset of the CHF
behavior. In our present work, the effect of TC and the
concentration of nanouids on the CHF enhancement was
investigated, whereby the TC values of the GO, rGO, xGNP and
Pop-rGO Nfs were measured in DI water at room temperature
(�25 �C) at various concentrations ranging from 0.0005 vol% to
0.01 vol%. The TC values increased with increasing concentra-
tions, as shown in Fig. 7, and we obtained the highest TC value
for Pop-rGO-Nfs compared to the other Nfs in DI water.
Recently, J. D. Renteria et al. reported the highest TC values for
rGO free-standing lms at various temperatures.40 These results
are in good agreement with our research results from the TC
values of Pop-rGO-Nf. In detail, the 0.0005 vol%, 0.001 vol%,
0.005 vol%, and 0.01 vol% of Pop-rGO-Nfs showed corre-
sponding higher TC values of 1092, 1096.5, 1101.8 and 1103.7,
respectively. These values are double the TC value of DI water.
The higher TC values may be attributed due to higher surface
area and regular stacking interactions of Pop-rGO-Nf. Finally,
we investigated the TCs of GO, rGO, CuO–GO and xGNP Nfs and
their TC values were lower than that of Pop-rGO-Nf.
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Thermal conductivities of various nanofluids.
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4. Conclusion

We have demonstrated highly porous Pop-rGO nanoakes ob-
tained from GO through a thermal heating process. Aer heat
treatment, GO was reduced to Pop-rGO porous nanoakes and
this was conrmed by FT-IR, XRD, and TGA. Pop-rGO was very
compatible with DI water on the nanoscale level to prepare Pop-
rGO-Nfs due to availability of edge centered carboxylic acid
groups. We applied Pop-rGO-Nfs for the rst time in nucleate
pool boiling experiments, resulting in the achievement of
higher CHF values, thereby providing higher thermal conduc-
tivities and critical heat uxes. Aer the nucleate pool boiling
experiments, the built-up surface appeared as novel micro-
rippled structures. In addition, when increasing the Pop-rGO-
Nf concentrations, the CHF values, heat ux and contact
angles also increased. In particular, the Pop-rGO-Nf with
0.005 vol% showed a superior CHF value of 175% with
a 105�CA. The obtained CHF value is far superior to that of the
existing graphene-based Nfs in the literature. The CHF is 153%
using 0.01 vol% of Pop-rGO-Nf, and this strongly indicates the
reaching of the saturation point and the deposited built-up
micro-rippled surface showed higher surface hydrophobicity
with a CA of 118�. The advantage of the highly hydrophobic
surface is that it can strongly support the harvesting of water
bubbles even on hot surfaces. The novel rippled structures were
conrmed by FE-SEM through p–p stacking interactions of the
Pop-rGO nanoakes, which were deposited on the wire surface,
and their height and width were further determined by FE-SEM
and AFM analyses. Next, the regular nanoscale cavities on the
rippled structures provide capillarity to facilitate continuous
vapor formation, while the large pores maintain a high
permeability, and this allows both the penetration of liquid into
the pores and the escape of vapor from the Pop-rGO-Nf built-up
surface. The present results suggested that pool boiling using
Pop-rGO-Nf can dissipate the critical heat ux of electronic
chips to a greater extent, allowing the enhancement of cooling
performance in existing two-phase heat transfer devices.
Moreover, the addition of Pop-rGO-Nf texturing can permit the
This journal is © The Royal Society of Chemistry 2019
downsizing of devices and could facilitate further miniaturiza-
tion of electronics, assuming that the cooling performance of
next-generation electronics is similar to that of those currently
in use. Based on the present encouraging results, we are
currently further exploring the next generation of high-
performance high-CHF nanouids from low-cost materials.
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