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Wereport a novel boiling heat transfer (NBHT) in reduced graphene oxide (RGO) suspended in water (RGO
colloid) near critical heat flux (CHF), which is traditionally the dangerous limitation of nucleate boiling heat
transfer because of heater failure. When the heat flux reaches the maximum value (CHF) in RGO colloid
pool boiling, the wall temperature increases gradually and slowly with an almost constant heat flux, contrary
to the rapid wall temperature increase found during water pool boiling. The gained time by NBHT would
provide the safer margin of the heat transfer and the amazing impact on the thermal system as the first
report of graphene application. In addition, the CHF and boiling heat transfer performance also increase.
This novel boiling phenomenon can effectively prevent heater failure because of the role played by the
self-assembled three-dimensional foam-like graphene network (SFG).

ecently, there has been much interest in graphene, which is composed of a single layer of carbon atoms in a
hexagonal lattice, because of its extreme electrical and thermal properties' . The lattice thermal conduc-
tivity of graphene has been studied by theoretical and experimental investigations; e.g., the phonon thermal
conductivity of single-layer graphene at room temperature is in the range of 2000-5000 W/m*K, depending on
the flake width, defect concentration, and roughness of the edges’. This excellent thermal conductivity is very
attractive for heat-transfer applications. However, studies of heat transfer applications using graphene have not
yet been reported in the literature. Among the many heat transfer methods, phase-change heat transfer from
liquid to vapor, known as boiling heat transfer, is the most efficient, since latent heat has a large capacity. Boiling
heat transfer is used in nuclear power plants, electric chip cooling, air conditioners, and refrigerators. Boiling heat
transfer is characterized by the heat flux (W*m™?) and wall temperature (°C) of the heater surface during vapor
bubble generation. However, there is a limitation for boiling heat transfer, called the maximum heat flux, boiling
crisis, or critical heat flux (CHF, W-m™?), which is a dangerous phenomenon in thermal systems. When CHF
occurs, it occurs suddenly over a short time scale, and cannot be stopped. The wall temperature increases very
rapidly because the vapor covers the entire heater surface, instantly blocking heat transfer and leading to failure of
the heater material. The CHF phenomenon is complex, difficult to understand, irreversible, and unpredictable; thus,
many studies have tried to predict CHF conditions for thermal systems to avoid encountering a dangerous situation.
There have been many attempts to increase the CHF point for effective and safer heat transfer by using improved
heater-surface wettability*'?, nanofluids as the working fluid'*"', and micro/nano-structured heater surfaces'’ .
Here, we report a novel boiling heat transfer phenomenon when using reduced graphene oxide (RGO)
suspended in water (RGO colloid), which is eliminated the sudden and rapid increase of wall temperature at
CHF, and enhanced both CHF and boiling heat transfer (BHT). During boiling in the RGO colloid, a self-
assembled three-dimensional (3D) interconnected foam-like graphene layer (SFG) and base graphene multi-
layer (BGL) are formed on the heater surface. This induces the novel boiling heat transfer phenomenon (NBHT),
providing assurance of a highly efficient and safe boiling heat transfer mode. The mechanisms for this phenom-
enon are explained by examination of the heating method, and by conducting ad-hoc tests and a surface
investigation, including high-speed visualization of the boiling phenomenon.
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Figure 1| Boiling characteristics of RGO colloid and time history of the heat flux and wall temperature on the SiO, heater. (a) Boiling curve,
which is characterized by the heat flux and wall temperature, shows the water and RGO colloid boiling. At the maximum heat flux (CHF), the wall
temperature in water boiling increases rapidly, however, it in RGO colloid boiling increases very slowly. (b) Wall temperature of RGO colloid boiling
increases very slowly with time after heat flux reaches the CHF. The margin of time can provide the assurance of more effective and safer heat transfer

condition near CHF.

Results

The 0.0005-wt% RGO colloid is prepared (Supplementary Fig. S1a).
The RGO flakes are characterized by transmission electron micro-
scopy (TEM) and atomic force microscopy (AFM) observations
(Supplementary Fig. S1b, ¢, d). Over 90% of the RGO flakes are
observed as a monolayer. The size of the suspended RGO flakes in
water measured by AFM is 0.5-1.0 pm. A steady-state heat flux is
applied on the heater surface (SiO, with a Pt-film heater) at 50- and
100-kW+m™? increments at the saturated condition of atmospheric
pressure (Supplementary Fig. S2, S3). During water boiling, CHF
occurs at a heat flux of 800 kW'm™ and a wall temperature of
150°C (Figure la). The wall temperature increases suddenly to
300°C within just 2 seconds. When the heat flux and wall temper-
ature reach maximum heat flux (CHF) during boiling heat transfer,
the heat transfer regime changes rapidly from nucleate boiling to film
boiling, followed by CHF and the transition boiling regime
(Supplementary Fig. S4). However, during RGO colloid boiling,
the wall temperature starts to increase slowly at a heat flux of
1420 kW-m™ and a wall temperature of 150°C. It takes nearly 170
minutes to reach a wall temperature of 320°C, eliminating the sud-
den temperature increase, which is found during water boiling. The
time scale of the wall temperature increase at and after CHF differs
significantly for water boiling and RGO colloid boiling (Figure 1b).
The more interesting result is the 80% increase in both the CHF and
BHT during the NBHT.

We first observe the NBHT and determine the reason for it
through an investigation of the heater surface. SEM and optical
microscopy observations of the heater surface indicates a porous
layer of RGO flakes, known as a self-assembled three-dimensional
foam-like graphene layer (SFG) (Fig. 2a). According to Ahn et al.”,
nucleate boiling in RGO colloid provides a base graphene multilayer
(BGL) and an SFG sequentially as the heat flux increases (Fig. 2b).
The BGL is formed in the heat flux range of 100-400 kW -m™>. The
RGO flakes are stacked neatly along the substrate by the movement
of the triple line (liquid-vapor-solid) during bubble growth
(Supplementary Fig. S5, $6). As the heat flux increases, more bubbles
are generated faster, and these merge together, forming a large mush-
room. The SFG is formed as a result of the merging of small bubbles
by downward suppression at nucleation sites, and the pore size of
SEG is strongly dependent with the heat flux; smaller pore size as
higher heat flux**. The BGL and SFG are formed by nucleate boiling

can be represented by the simple schematic diagram, which is sup-
ported by side-view SEM observations (Fig. 2b). We investigate the
alignment of the RGO flakes of the BGL and SFG through TEM and
magnified SEM observations (Fig. 2¢). The junction of the SFG also
consisted of well-aligned RGO flakes. In addition, we confirm forma-
tion and effect of SFG on various substrates as heaters such as metal
(copper) during the nucleate boiling in RGO colloid (Supplementary
Fig. 7). In this case, we observe the same phenomenon at the max-
imum heat flux: the wall temperature increased slowly. In addition,
we use an ad-hoc test to confirm the role of only the BGL and SFG.
After pre-coating the copper heater with the SFG, followed by nucle-
ate boiling with a heat flux of 1200 kW*m™ in RGO colloid, the
RGO colloid is removed from the pool chamber and the water is
boiled. This validates that it was only the role of the BGL and SFG
that eliminated the sudden wall temperature increase at the max-
imum heat flux, and only nucleate boiling in RGO colloid can form
the BGL and SFG with pores that were 5-10 pum in size. The SFG is
observed on the copper heater before and after the ad-hoc test
(Supplementary Fig. S8). Thus, it is concluded that the SFG could
be formed on various substrates and leads the NBHT. Next, we
investigate the reason of the NBHT through the boiling visualization,
because the relation among liquid, vapor, and surface affects strongly
the boiling heat transfer and CHF. Since 0.0005-wt% RGO colloid is
not transparent, the bubbles on the heater cannot be visualized. Thus,
we visualized water boiling on an SFG-coated copper heater by using
a high-speed camera at 1000 frames per second. Water boiling on the
bare copper heater was visualized before, at, and after CHF (Fig. 3a).
A thin macrolayer is formed beneath the large bubble mushroom at a
heat flux of 1400 kW-m™>. A dry patch, which is a large dry area on
the surface due to imbalance of liquid supply and vaporization, is
formed at the center of the heater surface beneath the bubble at a heat
flux of 1504 kW m™ (CHF). The vapor film from the edge of the
heater extends to the center of the heater and connected with the dry
patch, so that finally the vapor film covers the entire heater surface.
This suggests that the dry patch may play a role in the formation of a
hot/dry spot just before CHF. Once the vapor covers the heater
surface entirely, the surface temperature increases suddenly because
of the thermal resistance of the vapor, since conduction heat transfer
is not dominant through a vapor film*>**. Water boiling on the SFG-
coated copper heater is also visualized during film boiling and during
the novel boiling heat transfer phenomenon (Fig. 3b). A dry patch is
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Figure 2 | Self-assembled three-dimensional foam-like graphene network (SFG) and Base graphene multi-layer (BGL) formation through nucleate
boiling. (a) Scanning Electron Microscope (SEM) and optical magnified view of the SFG. After RGO colloid boiling, the surface characteristics

of RGO coatings are investigated by SEM. (b) schematic diagram and side-view of the BGL and SFG (c) RGO flakes of the BGL and SFG are well aligned
through the top-view and side-view of SEM, Transparent Electron Microscope (TEM) view at the junction of SFG and the side of BGL, and the magnified
top-view of SEM.

observed when the wall temperature starts to increase slowly ataheat  consistency with many micro-sized pores prevents CHF from being
flux of 1700 kW-m™?, but it does not grow larger, and nucleate triggered. First, we consider how the BGL and SFG can spread the
boiling is maintained despite a wall temperature of 209°C. heat during nucleate boiling. The effective thermal conductivity of

dry graphene foam was measured by Pettes et al.>* and found to be
Discussion much smaller than that of the dense layer that formed adjacent to the
We suggest that the SFG serves two major roles: it spreads the heat of ~ surface in our BGL beneath the SFG. Based on the results of Shin and
the SFG and BGL during nucleate boiling, and its saturated porous  Kaviany®, it seems likely that the thermal conductivity interface
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Figure 3 | Boiling visualization on clean and RGO flakes pre-coated copper heaters before, at, and after CHF. (a) Water boiling on a clean copper
heater. Before CHF, a large mushroom of vapor is formed on an entire heater. At CHF, the large dry patch (spot) is observed in the large mushroom.
At the edge of heater, the vapor film goes into the large dry path and meets with the large dry patch. Finally, the vapor film covers the entire heater. A film
boiling is developed with the rapid wall temperature increase. (b) Water boiling on RGO flakes pre-coated copper heater. At the CHF, the wall
temperature starts to increase slowly and the large dry patch can be observed in the large mushroom. Even though the wall temperature reaches to 209°C,
the nucleate boiling is still maintained with the large dry patch in the large mushroom, contrary to the film boiling development in water boiling on a clean

copper heater.

between the graphene flakes in the foam and in the BGL is controlled
by forces stronger than van der Waals forces (e.g., covalent bonds).
Therefore, the BGL should have an effective thermal conductivity
that is one or two orders of magnitude higher than that of the gra-
phene foam. According to Jang et al.*, the estimated thermal con-
ductivity of the graphene multilayer is 110-1100 W-K™'*m™",
depending on its thickness. As a graphene multilayer on a silicon
substrate increases in thickness from 1-100 nm, its thermal conduc-
tivity increases. In the present study, the effective thermal conduc-
tivity of the 50- to 100-nm-thick BGL is thought to be at least one
order of magnitude higher than that of the SiO, substrate. Thus, the
BGL beneath the SFG can spread the heat, thereby preventing the dry
patch from increasing in size.

Second, we consider how the BGL and SFG prevent CHF from
being triggered due to its saturated porous consistency with many
micro-sized pores. Fukusako et al?” described transition and film
boiling on a liquid-saturated porous bed. They plotted the boiling
curve for a porous medium without CHF; neither the wall temper-
ature nor heat flux could maintain a steady state and both gradually
increased. They postulated that transition boiling with a nucleate and
film boiling consists of a wetted surface and vapor film conditions.
The boiling characteristics show a gradual increase with time.
However, the conditions were not the same as those of the present
study, which included a zero superheat at the onset of nucleate boil-
ing (ONB) and transition boiling starting at a low heat flux.
Transition boiling on the porous medium could be the reason for
the phenomenon observed in the present study, although our porous
medium was in a saturated-liquid condition. In addition, Dhir and
Liaw*® proposed a unified analytical model of nucleate and transition
pool boiling. CHF, nucleate boiling, and film boiling are determined
by the vapor (dry) and liquid (wet) fraction, which can be the same
regardless of whether the liquid is able to wet the heater surface. They
postulated that transition boiling may be unified by the fraction of
nucleate boiling versus film boiling. This means that our observed
boiling phenomenon in RGO colloid can be explained by the larger
contribution of nucleate boiling during transition boiling, which
delays the transition of the boiling regime. This can also support

the nucleate boiling that is observed at a wall temperature of 300°C
(Fig. 3b). Finally, Berenson® postulated that the roughness (peak to
peak) of the heater surface influences transition boiling, when the
nucleate boiling transitions into film boiling after reaching CHF.
Transition boiling is a combination of unstable film boiling and
unstable nucleate boiling existing alternately at any given location
on the heater surface. The roughness provides the liquid a chance to
meet the solid heater surface because of the instability of the vapor
film. The measured roughness of the SFG was 5.9-10.5 pum, which
was more than that of the SO, (2 nm)/copper heater (212 nm) sur-
face (Supplementary Fig. S9). Recently, Kwark et al'® reported that
the nanofluids boiling should be defined as the transient state,
because the nanoparticles are deposited more as the boiling time
increasing. They showed that the wall temperature increases slowly
with the constant heat flux and increasing the boiling time, because
the nanoparticles coating layer is thicker and plays a role with the
thermal resistance. Thus, we tried to conduct and compare the
alumina-nanofluids boiling with RGO colloid boiling. In alumina-
nanofluid with 0.001 wt.% (same with RGO colloid concentration),
there is no transient boiling. (Supplementary Fig. 10) In RGO colloid
boiling, there is a transient boiling as similar with the previously
reported result by Kwark et al.', however, completely different with
NBHT, because the time scale of increasing the wall temperature and
the given condition such as the heat flux are different. In alumina-
nanofluids boiling with higher concentration of 0.01 wt.%, there is a
transient boiling. Thus, we could conclude that the NBHT near the
CHEF is a different phenomenon with the transient state.

Next, we investigate why the CHF in RGO colloid boiling increases
compared to that of water boiling on a bare heater. A BGL is formed
at a low heat flux, suggesting that the maximum heat flux might be
determined by the role of the BGL. Even though an SFG is formed at a
high heat flux, the BGL still remains at the bottom of the graphene
structure (Supplementary Fig. S5, S6). First, the enhancement of
thermal conductivity by the BGL may increase the CHF, affecting
the thermal activity®, which as a function of thermal conductivity,
thermal capacity, density, and thickness of the heater surface mater-
ial could affect the CHF as follows™":
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S=0+/ phchkh (1)

where S, 6, pj, ¢y, and ky, are the thermal activity, heater characteristic
dimension, density, specific heat, and thermal conductivity of the
heater material, respectively. The much-improved thermal activity
(S) resulting from the BGL compared to that on the SiO, substrate
can increase the CHF by delaying the formation and growth of the
hot/dry spot®. Near CHF, depletion of the liquid under the large
bubble mushroom leads to the creation of local dry spots, where
temperatures rise rapidly under the influence of the imposed heat
flux. The rate of this rise in temperature is moderated by the ability of
the underlying structure to locally absorb and/or conduct heat to
parts of the heater that are still experiencing nucleate boiling. If the
heater is very thin or has poor thermal properties, CHF occurs soon
after the formation of dry spots on the heater surface. However, if the
heater is thick and has good thermal properties, the heater success-
fully absorbs and conducts heat away from local dry spots, thus
keeping the dry-spot temperature from exceeding the critical re-
wet temperature. For such high S, the heater may be able to sustain
the sequential formation and extinction of many dry spots, relying on
subsequent re-wetting of the surface to locally cool the surface back
to the nucleate boiling regime®'. This mechanism of high S can also
explain the NBHT.

Second, we investigate the surface wettability of the BGL and SFG,
which are hydrophobic and hydrophilic, respectively (Supplemen-
tary Fig. S11). Kandlikar®> developed a CHF model with surface
wettability; improved surface wettability increased CHF as follows:

k-
(o))"

where f, ¢, hy, pi, pg 0, and g are the contact angle of the substrate,
the oriented angle, the latent heat, the density of the liquid, the
density of the gas, the surface tension, and the force of gravity,
respectively. The enhanced wettability of the BGL can explain the
increase in the CHF during RGO colloid boiling. Since the BGL is
formed at the bottom of the stacked RGO layers, the water should

1/2
Y
Qe =hgpy” 4 (1+cosp)cosp

(2)

a Growing - - - -

b

0 sec

contact the hydrophobic SFG. However, the hydrophobic SFG works
against increasing the maximum heat flux (Supplementary Fig. $12).
This implies that the wettability is not sufficient to explain the CHF
enhancement during RGO colloid boiling. During contact angle
measurements, however, we find that water can be absorbed into
the BGL and SFG. Even though graphene is a hydrophobic material
in nature, the carboxyl group (-COOH) on the surface of the RGO
flakes (Supplementary Fig. S13) may play a hydrophilic role. The
water absorption of the BGL is faster than that of the SFG because
the carboxyl group is partially more folded. During water absorption
into the BGL and SFG, the contact angle at the triple point became
smaller. This indicates that the BGL and SFG play a role with the
porous medium, which can be saturated by water. As the wet area
increasing, the water (liquid) has more chance to contact the liquid
between the pores of the porous medium. Water absorption into the
BGL and SFG can explain CHF enhancement, by supplementing
liquid via capillary flow''*". According to Kaviany®, the vapor
thickness (J,) and the two-phase length () of a porous medium
are the main parameters that determine the CHF during boiling on a
liquid-saturated porous medium (Supplementary Fig. S14). He
showed that 0, tends to infinity when the forces of viscosity and
gravity exactly balance. Then, the capillary pressure and saturation
gradients in the porous medium become zero and finally CHF
occurs. This means that the balance between drag and capillary forces
in the liquid-saturated porous medium of the BGL and SFG may
affect CHF enhancement. In addition, according to Liter and
Kaviany™, CHF can increase to five times the viscous-drag liquid
choking limit. It seems reasonable to suggest that the CHF enhance-
ment on the BGL and SFG layers provided by RGO colloid boiling is
the result of improved surface wettability, the dynamics of the con-
tact angle during water absorption, and the liquid-saturated porous
medium following water absorption into the BGL and SFG. We use
an environmental scanning electron microscope (E-SEM) for further
investigation of the SFG water absorption phenomenon. At7.5 mbar
and 10°C with 100% humidity, heterogeneous condensation from
the environment forms water droplets by cooling process into 1°C
(Fig. 4a). With time, the water droplets are absorbed into the pores of
the SFG, as shown in the dotted red circle (Fig. 4a). Then, a water
droplet starts to regrow on the wetted pore. Here, we reverse the

360 sec 480 sec 600 sec

60 sec

30 sec

Figure 4 | Water absorption phenomenon on the BGL and SFG. (a) Environmental Scanning Electron Microscope (E-SEM) observation of water
absorption on the SFG. In the initial stage, there are many small water droplets generated environmentally. As the water droplet growing with time, the
lots water droplets in the red-dot circle are absorbed into the SFG. (b) Water droplet at the interface between a water droplet and the junction of the SFG.
As the water droplet reducing with time, the wetted junction of the SFG can be observed in the red-dot circle. This triple line movement shows pinning
characteristics and it means the wetted junction exhibits hydrophilic property.
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condition to observe the triple line behavior in evaporation process.
We highlight the interface between the water droplet and the SFG
pore, where a curved water interface formed at the junction of the
SEG, showing hydrophilic characteristics (Fig. 4b). We postulate that
the carboxyl groups on the SFG structure are activated by contact
with water so that it makes the surface to be hydrophilic and the triple
line to advance slowly, resulting in water absorption phenomena.
The wetted SFG interface may explain the water absorption into
the SFG, supporting the increase in the maximum heat flux by liquid
absorption®. In addition, the water absorption and the wetted junc-
tion of the SFG provide strong evidence for the role of the liquid-
saturated porous medium in the transition boiling of our observed
the NBHT.

Methods

RGO colloid preparation. The RGO colloid was synthesized from natural graphite
powder using a two-step chemical process: first, the graphite oxide was produced
from graphite powder using a modified Hummers method; and second, the RGO
colloid was formed from the graphene oxide (GO) colloid®**. The first step was an
oxidation process of the graphite*®*”. Two grams of graphite (<45 pm, Aldrich) and
1 g of sodium nitrate (Aldrich) were mixed with 50 ml of sulfuric acid (ACS 95-98%,
Alfa Aesar) at low temperature (<10°C). Vigorous stirring was maintained to ensure
reactions in all experiments. Six grams of potassium permanganate (Aldrich) were
added, and the solution was allowed to react at low temperature for 30 min, followed
by 2 hat 35°C. Then, 100 ml of distilled water (DI water) were added very slowly for
10 min, and the solution was allowed to react further at less than 95°C for 30 min to
give a brown solution, the graphite oxide. The solution was mixed with 40 ml of
hydrogen peroxide solution (36 ml of DI water + hydrogen peroxide solution

(30 wt%, Aldrich)), and a membrane filtration process was applied twice to

remove residual salts and acids. After filtration, the graphite oxide cake was
freeze-dried to keep it in powder form for convenience. The second step was the
reduction process of the graphene oxide (GO) colloid with hydrazine®. First,

0.25 g of the synthesized graphite oxide powder were suspended in 500 ml of DI
water to give 0.05-wt% dispersion. The graphite oxide was exfoliated by
ultrasonication (Fisher Scientific Sonic Dismembrator, Model 500, 400 W, 20 kHz,
30% amplitude) for 1 h to prepare the GO colloid. The colloid was mixed with

3.5 pl of ammonia solution (28-30 wt%, Samchun) and 0.5 pl of hydrazine solution
(35 wt%, Aldrich) at 95°C for 1 h; the colloid turned from brown to black, the RGO
colloid. The ammonia was used to control pH for stable dispersion of the RGO flakes
in the colloid.

Pool-boiling experiment. The pool boiling experimental apparatus consisted of a
boiling pool and a test heater (S2, S7). First of all, the boiling pool was a rectangular
aluminum vessel having visualization window of polycarbonate. The volume was
about 4 L and the water inside was heated and maintained at saturated condition by
an emerged cartridge heater installed on the side wall. In the boiling experiments, the
water level was maintained from vaporization by a reflux condenser on the top of the
pool. The condenser was opened to atmosphere, so that the inside of pool could be
maintained at saturation condition in atmospheric pressure. Next, we used two types
of test heater; the silicon heater and the copper heater. Their specific characteristics
are explained as following.

The silicon heater in the experiment was a 25 mm X 20 mm X 0.475-mm silicon
wafer. The sidewall was insulated with polyether-ether-ketone (PEEK). The surface
was mirror-polished, and on its opposite (bottom) side, a 15 mm X 10-mm platinum
(Pt) pattern was deposited for joule heating. Four wires were connected to the Pt
pattern to supply power and measure the voltage. A reference resistance was
employed in series in the power circuit to measure the current, and its temperature
was maintained at 10°C by a constant-temperature bath (JEIO TECH). The applied
heat flux was calculated from the voltage and current at the heating area of the Pt
pattern, as follows:

VI
1774

The wall temperature was measured from the resistance of the Pt pattern; this was
calibrated between 100 and 150°C. Before the boiling experiment, the working fluid
was heated by a cartridge heater, which was immersed in the pool for 2 h for
degassing. In the experiment, the heat flux was applied to the silicon heater by an
alternating current (AC) power supply (120 V, 8.5 A) and increased to 100 kW/m?
after 2 min for steady-state data gathering. Starting at 100 kW/m?, the heat flux was
increased in 10-kW/m? steps to observe the ONB. When the CHF occurred, the heat
flux was maintained, and the novel boiling heat transfer phenomenon was observed.
The copper heater in the experiment was a 10-mm-diameter cylindrical high-grade
copper (99.999%) block. The sidewall was insulated with PEEK, similar to the silicon
heater. The wall temperature was measured by a thermocouple inserted in the center
of the copper block near the surface. The heat was transferred by conduction from a
heating section with 5 kW of power; the heat section consisted of the conducting
copper block and ten cartridge heaters with an individual maximum power of 500 W.
The bottom of the copper heater cylinder was in contact with the heated section, and
changes in the contact resistance between the two due to thermal expansion were

prevented by a spring system under the heated section. The applied heat flux was
calculated as follows:

where k is the conductivity of copper, AT is the difference in the center temperature
data near the contact in the heated section, and Ax is the distance from the temper-
ature measuring point, 7 mm. Similar to the case of the silicon heater, the working
fluid was heated by a cartridge heater that was immersed in the pool for 2 h for
degassing before the boiling experiment. In the experiment, the heat flux was applied
to the copper heater by contact with the heated section, and the rate of heat generation
in the heated section was controlled by a silicon-controlled rectifier (SCR) unit (IPM3
9900 M). The response to control was slow due to the heat capacity of the heated
section, so the heat flux could be increased continuously by assuming a quasi-steady
state. When CHF occurred, the input condition to the SCR unit was maintained to
observe the novel boiling heat transfer phenomenon.

High-speed visualization. A visualization technique using a high-speed camera was
adopted to observe the novel boiling heat transfer phenomenon on the SFG pre-
coated copper surface and to compare it with the CHF phenomenon on a bare copper
surface. The pre-trigger function of the high-speed camera (Redlake MotionXtra HG-
100K) was suitable for taking images of the CHF phenomenon. A 1000-W
incandescent light source was installed opposite the camera to provide backlighting
for the high-speed images. The images were focused on the heater surface and the tails
of the bubble coalescences, and shot at a rate of 1000 frames per second.

Characterization. A high-resolution FE-SEM (JEOL JSM-7401F) was used to
observe the geometrical characteristics of the RGO flake layer that coated the surface.
Front and side view images of the surface were obtained at various magnifications
from 500X to 50000X in LEI and SEI modes. The electrons were accelerated with
5 kV, 20 pA, under less than 1 mPa of pressure, and the resolution was 1 nm. The
high-resolution [S]TEM (JOEL JEM-2200FS, with image Cs-corrector) was used to
analyze the deposition pattern of RGO flakes in the BGL and SFG structures formed
by nucleate boiling. Unlike the SEM analysis, a 100-nm-thick sample was prepared for
the TEM analysis by a focused ion beam (FIB) (Helios, Pegasus). First, the RGO-
coated surface was coated with 200 nm of titanium by electron (E)-beam deposition
to prevent damage from the FIB process. Then, the sample was sliced and lifted up in
the perpendicular direction to a 1-nm thickness using the FIB. The TEM images were
obtained with up to 1,000,000 X magnification. The electrons were accelerated with
200 keV, and the resolution was 0.1 nm. The E-SEM (Quanta200) was used to
investigate the water absorption phenomenon on the BGL and SFG structured
surface. Front and tilted views of the surface were observed with 1000X and 5000X
magnifications. The phenomenon was observed by controlling the condensation
process. Initially, the specimen was at steady state under saturated conditions (100%
humidity) at 7.5 mbar and 10°C. Then, the condensation process was induced by
rapidly cooling the specimen from 10°C to 1°C. Droplet growth and the water
absorption phenomenon were observed during the condensation process. The
electron was accelerated with 25 kV, 5 pA, under E-SEM mode, and the resolution
was 1.5 nm. The detailed morphology and specimen height were investigated using
AFM (Nanoscope IIIa, Digital Instrument Inc.) and Raman spectra were acquired
using a commercial Raman spectroscope (Alpha 300R, WITEC) equipped with a 532-
nm diode laser. Both the AFM and Raman studies were conducted at the Nanoscale
Materials Research Laboratory at POSTECH. The contact angle was measured using a
digital single-lens reflex (DSLR) camera (Nikon D7000). A 1-pl sessile DI water
droplet on the BGL and SFG structure was observed under natural light and room
temperature/atmospheric pressure conditions. The observations were continued
until the droplet completely dried out. The bonding state and work function of each
film were investigated using X-ray photoemission spectroscopy (XPS). The resistivity
of each film was measured by the four-point probe method (Keithley Model 2000).
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