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ABSTRACT: Water vapor condensation is commonly ob-
served in nature and routinely used as an effective means of
transferring heat with dropwise condensation on nonwetting
surfaces exhibiting heat transfer improvement compared to
filmwise condensation on wetting surfaces. However, state-of-
the-art techniques to promote dropwise condensation rely on
functional hydrophobic coatings that either have challenges
with chemical stability or are so thick that any potential heat
transfer improvement is negated due to the added thermal
resistance of the coating. In this work, we show the
effectiveness of ultrathin scalable chemical vapor deposited
(CVD) graphene coatings to promote dropwise condensation
while offering robust chemical stability and maintaining low
thermal resistance. Heat transfer enhancements of 4× were
demonstrated compared to filmwise condensation, and the robustness of these CVD coatings was superior to typical
hydrophobic monolayer coatings. Our results indicate that graphene is a promising surface coating to promote dropwise
condensation of water in industrial conditions with the potential for scalable application via CVD.
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Graphene is a two-dimensional material composed of
carbon atoms arranged in a hexagonal lattice that has

received significant attention since 2004 due to its unique and
remarkable physical properties.1 Prominent examples of the
applicability of graphene include electronic device intercon-
nects due to high charge carrier mobility,2 transparent
electrodes for solar cell devices,3 and membranes for water
desalination.4 Graphene has also been used in thermal
management applications due to its ability to improve device
thermal conductivity and spread heat.5 However, with graphene
being a relatively new material, many applications have not yet
been thoroughly explored.
One such application is the promotion of dropwise

condensation. In typical industrial systems, condensed vapor
forms a thin liquid film on the condenser surface due to the
high surface energy associated with the majority of industrial
heat exchanger materials (i.e., clean metals and metal oxides).
This mode, known as filmwise condensation, is not desired due
to the large thermal resistance to heat transfer.6 Conversely, on
low surface energy materials, the condensed vapor forms
discrete liquid droplets. During this dropwise mode of
condensation, droplets roll off at sizes approaching the capillary
length (∼2 mm for water) and clear the surface for
renucleation, commonly resulting in 5−7× higher heat transfer
performance compared to filmwise condensation.7

Dropwise condensation is typically achieved by functionaliz-
ing the condenser surface with a hydrophobic coating, for
example, a fluorocarbon monolayer, wax, or polymer.7a,8

Monolayer coatings (∼1 nm thick) of long-chain fluorocarbons
or fatty acids can induce hydrophobicity with negligible added
thermal resistance but are often not robust, that is, chemically
stable, over extended periods of time and therefore unsuitable
in industrial applications.7a,9 Thicker polymer coatings (>1 μm)
such as PTFE have shown the potential to maintain robust
hydrophobicity, but typically have a large thermal resistance
that can negate the heat transfer enhancement gained by
promoting dropwise condensation.7a More recently developed
methods such as initiated chemical vapor deposition (iCVD)
and plasma enhanced chemical vapor deposition (PECVD)
have been used to grow ultrathin (<40 nm) conformal polymer
coatings with success in achieving dropwise condensation.9b,10

However, the durability of iCVD and PECVD coatings requires
further characterization due to limited extended testing to
assess mechanical wear and chemical stability for long-term
condensing applications.
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Meanwhile, graphene displays hydrophobic behavior,11 and
its inert chemical nature and demonstrated mechanical strength
suggest that it will resist degradation under typical condenser
conditions.3,12 Furthermore, the thermal resistance of a
graphene coating is well-characterized13 and is negligible in
condensation applications (see Supporting Information,
Section S2), and it can be applied relatively scalably via
CVD.14 Although graphene was initially suggested to have
complete wetting transparency,15 its hydrophobic nature has
since been elucidated through careful experimental, numerical,
and theoretical analysis.11,16 Past work15 also proposed
graphene coatings to promote dropwise condensation, but
the results of the experimental analysis did not show the
expected improvement in heat transfer compared to filmwise
condensation. The presence of noncondensable gases in the
experimental setup not only reduced the improvement gained
by promoting dropwise condensation to 30−40% as opposed to
500−700% but also resulted in reported condensation heat
transfer coefficients 3 orders of magnitude lower than typical
values without noncondensable gases.7a Furthermore, the
mechanism for the dropwise condensation behavior was
attributed to the “transparent” graphene layer protecting the
copper from oxidation and preserving the intrinsic hydrophobic
behavior of copper, while it has been demonstrated that copper
is actually intrinsically hydrophilic17 like other high-surface-
energy materials.18

In this work, we demonstrated the uniform coating of high-
purity (>99.99%) copper with graphene by both low and
atmospheric pressure CVD. Both the low-pressure CVD
(LPCVD) and the atmospheric pressure CVD (APCVD)
graphene were single-layer. Subsequently, we experimentally
demonstrated a 4× higher heat transfer coefficient for dropwise
condensation of water on copper coated by graphene (both
LPCVD and APCVD) compared to filmwise condensation on
bare copper, which is in good agreement with theoretical
models used for each case. The robustness of these graphene
coatings was compared to a long-chain fluorocarbon monolayer
commonly used to promote dropwise condensation, where 100
°C steam was condensed on both samples continuously. The
fluorocarbon monolayer coating degraded completely in under
12 h, while for the graphene coatings, dropwise condensation

was observed over a two-week span without showing signs of
degradation. These results suggest that graphene is a robust and
nonreactive coating material that enhances condensation heat
transfer by promoting dropwise condensation.
The copper samples used as substrates for graphene CVD

were high purity tubes (>99.99%, OD = 1/4 in., McMaster-
Carr) and sections of sheet metal (>99.99%, thickness = 0.032
in., McMaster-Carr). Prior to the CVD process, the copper
samples were sonicated in acetone, triple-rinsed with deionized
water, submersed in 2.0 M hydrochloric acid, again triple-rinsed
with deionized water, and finally treated for 10 min with argon
plasma (Harrick PDC-001), which removes hydrocarbons via
physical bombardment.19 This process was also used to clean
the bare copper samples for characterization of filmwise
condensation under ideal conditions because past work has
shown that bare copper exhibits filmwise condensation during
continuous condensation.20

The CVD processes were then performed on the copper
samples at both low and atmospheric pressure in a 1 in. quartz
tube furnace. For both processes, the furnace was heated to
1000 °C, and hydrogen gas (with a flow rate of 10 sccm) for
the LPCVD process and argon gas (with a flow rate of 500
sccm) for the APCVD process flowed over the samples for 30
min prior to graphene growth. Methane gas was then
introduced and the synthesis of graphene was performed over
30 min at 1.9 Torr and atmospheric pressure for the LPCVD
(with a flow rate of H2/CH4 = 70/4 sccm) and APCVD (with a
flow rate of Ar/CH4 = 500/3 sccm) coatings, respectively.21

Finally, the samples were cooled to room temperature under
hydrogen (10 sccm)/argon gas (500 sccm) for LPCVD/
APCVD and then exposed to laboratory air (i.e., nonfiltered).
While exposure to air leaves the possibility for contamination,
the difference in wettability is expected to be negligible across
different laboratory environments as indicated in past work18b

(Further characterization specifically for graphene contami-
nation under several different environments is an important
topic and should be investigated in future research).
We characterized the samples using field-emission scanning

electron microscopy (Zeiss Ultra-Plus) to determine the surface
morphology, shown in Figure 1. Copper grains are visible on
both the LPCVD and APCVD surfaces, and it was observed

Figure 1. Field emission scanning electron microscopy images for (a,b) the low-pressure CVD graphene coating and (c,d) the atmospheric pressure
CVD graphene coating on high-purity (>99.99%) copper substrates. During growth, the native copper oxide layer is reduced by H2 gas at high
temperature, and the underlying copper forms pronounced grains. Upon exposure to CH4 at 1000 °C, graphene islands nucleate and grow over the
surface until colliding with other islands. The copper grains remain visible. (e) Representative Raman spectra for the CVD graphene layers after
transfer to a silicon substrate, obtained with a confocal Raman microscope using a 532 nm laser, demonstrate the presence of single-layer graphene
for both CVD methods. (f) Optical characterization of the graphene transferred onto a transparent substrate indicated that both the LPCVD and
APCVD graphene were predominately single-layer.22
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that the graphene covered the entire surface of the copper.
(The absence of visible copper grains on the bare copper
surface is attributed to not heating the bare copper to 1000 °C
as is required during graphene CVD.) Further characterization
of the samples was conducted with Raman spectroscopy using a
confocal Raman microscope with a 532 nm laser. Representa-
tive Raman spectra for the CVD graphene coatings after
transfer onto a silicon substrate are shown in Figure 1e, where
the ratio of 2D/G peaks (4−5×) and the full width at half-
maximum of the 2D peak (25−30 cm−1) demonstrate the
presence of single-layer graphene for both CVD methods.
Optical characterization of the CVD graphene after transfer
onto a transparent substrate (see Supporting Information) was
also performed to study the graphene thickness over a larger
area than the Raman laser spot size (Raman spot size is ∼1 μm

while the transmittance measurement spot size is ∼5 mm). The
optical characterization indicated that both the LPCVD and
APCVD graphene were predominately single-layer.22

We determined the surface wetting properties for water by
goniometric characterization, where the advancing and receding
contact angles in Figure 2 describe the surface wettability.23

Both the advancing and receding contact angles need to be
considered to determine the force that holds a droplet
stationary on an inclined condensing surface against the force
of gravity, which directly affects droplet departure size and
condensation heat transfer.24 The average advancing/receding
contact angles were 87 ± 5°/64 ± 5° for the LPCVD graphene
and 93 ± 5°/56 ± 5° for the APCVD graphene, determined
from six points on each sample using a piezoelectric picoliter-
scale droplet dispenser microgoniometer (Kyowa MCA-3) with

Figure 2. Representative images of (a) advancing and (b) receding contact angles of water on LPCVD graphene grown on a high-purity copper
substrate, obtained by goniometric measurement. A histogram of droplet departure size during water condensation on LPCVD graphene is shown in
(c). The advancing and receding contact angle for water on APCVD graphene are shown in (d) and (e), respectively, and a histogram of droplet
departure size during water condensation on APCVD graphene is shown in (f). The average droplet departure diameter during water condensation
on APCVD graphene is 2.8 ± 0.1 mm compared to 2.4 ± 0.1 mm on LPCVD graphene, suggesting a slightly higher expected condensation heat
transfer coefficient on LPCVD graphene than on APCVD graphene.

Figure 3. Photographs of a clean high-purity copper condenser tube (a) under vacuum and (b) undergoing filmwise condensation of deionized and
degassed water vapor in the experimental vacuum chamber. Similarly, photographs of the graphene-coated high-purity copper condenser tubes are
shown under vacuum and undergoing dropwise condensation of water with the LPCVD graphene coating in (c,d) and the APCVD graphene coating
in (e,f).
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the receding contact angle obtained during droplet evaporation
and observed to exhibit constant receding contact angle
behavior.25 The contact angle hysteresis was attributed to
sporadic defects on the surface, possibly at graphene grain
boundaries. The droplet departure size during water vapor
condensation, defined as the diameter at which droplets begin
to slide down the condenser wall, is shown in Figure 2c,f. The
average droplet departure diameters were 2.4 ± 0.1 mm on
LPCVD graphene compared to 2.8 ± 0.1 mm on APCVD
graphene, suggesting that the condensation heat transfer
coefficient on LPCVD graphene will be slightly higher than
on APCVD graphene as droplets shed at smaller sizes and
refresh the surface for renucleation. The contact angle on the
clean bare copper surface was ∼0° with no distinction between
advancing and receding.
We experimentally obtained the overall heat transfer

performance of the graphene-coated copper tubes in a
controlled vacuum chamber. Prior to condensation experi-
ments, the vacuum chamber was evacuated to a pressure of P <
1.0 Pa to eliminate the presence of noncondensable gases,
which have been shown to severely degrade condensation heat
transfer performance.26 Water vapor was then introduced from
a canister of degassed, deionized water attached to the vacuum
chamber. The copper tube temperature was regulated by an
internal chiller water flow loop which was isolated from the
interior of the vacuum chamber, and the heat transfer through
the tube wall was determined as a function of the chiller water
flow rate and chiller water temperature at the tube inlet and
outlet. As the copper tube was chilled internally, water vapor
within the chamber condensed on the outer tube surface. The
water vapor pressure within the chamber was maintained at
values ranging from 2 to 5 kPa (corresponding to saturated
water temperatures of 17 to 33 °C), which are typical for
industrial condenser applications.27

Photographs of condensation on the exterior tube surfaces
are shown in Figure 3. The bare copper tube underwent
filmwise condensation of water vapor regardless of the
temperature difference between the tube and the surrounding
water vapor due to the spreading nature of water on clean
copper (Figure 3a,b). The LPCVD (Figure 3c,d) and APCVD
(Figure 3e,f) graphene coated tubes have visible graphene
layers when dry (Figure 3c,e), and these coated tubes exhibited
dropwise condensation over the full range of experimental
conditions.
The overall heat flux, determined by the change in sensible

heat of the chiller water, was obtained along with the log mean
temperature difference (LMTD) between the chiller water and
the temperature corresponding to the pressure of the
surrounding water vapor for the bare copper (diamonds),
LPCVD graphene (squares), and APCVD graphene (circles)
(Figure 4a). The overall heat flux increased monotonically with
the LMTD, where the local slope of this curve represents the
overall heat transfer coefficient. Figure 4b shows the
condensation heat transfer coefficient extracted from the
overall heat transfer coefficient (see Supporting Information)
as a function of vapor pressure while holding the super-
saturation S = Pvapor/Psat(Twall) constant (S = 1.2). The
theoretical predictions (dashed curves) were obtained from
the droplet growth and distribution model for the graphene-
coated condensers and from the Nusselt model for filmwise
condensation on the bare copper condenser and were in good
agreement with the experimental data (for model derivation
and parameters, see Supporting Information). The assumption

of uniform wall temperature for the models was justified
because the temperature variation in the chiller water from the
inlet to outlet of the sample was over an order of magnitude
less than the temperature difference from the sample to the
surrounding vapor. The condensation heat transfer coefficient
for the LPCVD and APCVD graphene coated copper tubes
(∼60 ± 20 kW/m2K) was 4× greater than that measured for
filmwise condensation on bare copper (∼15 ± 9 kW/m2K).
Note that the dropwise condensation heat transfer coefficient
decreases at low subcooling because the interfacial heat transfer
coefficient becomes a major resistance to heat transfer,7a,8e,28

while the filmwise condensation heat transfer coefficient
increases at low subcooling as the film becomes thinner;6

consequently, while a 4× enhancement was expected for the

Figure 4. Water condensation heat transfer performance for the
copper tubes with and without graphene coatings. The graphene-
coated condensers exhibit dropwise condensation, while the bare
copper undergoes filmwise condensation. Overall surface heat flux (q″)
is shown as a function of the steady state experimental chiller-water-to-
vapor log mean temperature difference (ΔTLMTD) in (a), where the
slope of the data trend represents the overall heat transfer coefficient,
that is, the combination of the chiller water flow, copper tube,
graphene coating (for coated tubes), and condensation heat transfer
coefficients. (b) Experimental (points) and theoretical (dashed curves)
steady-state condensation heat transfer coefficient (hc), which includes
graphene coatings where applicable, shown as a function of
surrounding saturated vapor pressure (Pv). Error bars indicate the
propagation of error associated with the fluid inlet and outlet
temperature differential (±0.05 K) and pressure measurement
(±2.5%). Theoretical predictions were obtained from the droplet
growth and distribution model for the graphene-coated condensers
with droplet departure size as an input parameter (for model
derivation and parameters, see Supporting Information) and from
the Nusselt model for filmwise condensation on the bare copper
condenser.
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subcooling range used to characterize the heat transfer
coefficient in the present work (3.5−5 K), the typically
reported 5−7× heat transfer coefficient enhancement7a would
be realized at higher subcooling (over ∼10 K, see Supporting
Information, Section S9).
The error for the condensation heat transfer coefficient was

determined by propagating uncertainties associated with the
chiller water thermocouples and mass flow meter, the pressure
sensor inside the chamber, the sample surface area, and the
Gnielinski correlation for heat transfer from the chiller water
bulk to the internal surface of the sample. Since the
condensation heat transfer coefficient, hc, is not simply a
function of a product of powers, the error must be determined
from the first partial derivatives of hc with respect to its
components along with the uncertainties of its components
(described in detail in the Supporting Information, Section S5).
In addition to improved condensation heat transfer by

promoting dropwise condensation, graphene coatings also
exhibit inert chemical behavior and excellent mechanical
strength, which are expected to result in improved resistance
to routine wear during condensation and provide a robust
alternative to current state-of-the-art dropwise functionalization
coatings. For direct comparison, a monolayer coating of
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (TFTS) was ap-
plied to a clean copper sample and, along with the graphene-
coated samples, underwent an accelerated endurance test that
consisted of continuous condensation of 100 °C steam. The
TFTS coating was applied via vapor-phase deposition, where
the copper substrate was cleaned as described for the graphene
CVD, but oxygen plasma was substituted for argon plasma. The
copper substrate was then placed in a desiccator immediately
following the oxygen plasma treatment along with a vial
containing 2 mL of TFTS. The desiccator was evacuated with a

vacuum pump for 90 s, after which the sample was left in the
TFTS vapor for 10 min. The sample was then removed from
the desiccator, solvent rinsed, and dried with a clean nitrogen
stream. The advancing/receding contact angles were 120 ± 5°/
82 ± 5° on the TFTS-coated copper sample as fabricated.
The endurance test was performed in a controlled positive-

pressure continuous condensation chamber (see Supporting
Information, section S7). The samples were cooled to a surface
temperature of 95 ± 1 °C and exposed to a continuous supply
of 100 °C steam provided from a reservoir of degassed,
deionized water. Initially, dropwise condensation was observed
on both the LPCVD and APCVD graphene coated samples and
the TFTS-coated sample (first column of Figure 5). However,
the TFTS coating degraded noticeably within the first 30 min
of testing with decreased advancing and receding contact angles
observed, and completely transitioned to filmwise condensation
within 12 h (Figure 5c), likely due to stripping of the coating by
oxidation (X-ray photoelectron spectroscopy (K-Alpha)
revealed that only 3% of the originally observed atomic percent
of fluorine, a primary component of TFTS, remained on the
surface after the continuous condensation experiment).9c,29

Conversely, the LPCVD- and APCVD-graphene coated
samples both sustained dropwise condensation for over 2
weeks with no signs of degradation when the experiments were
discontinued (Figure 5a,b). Additionally, these graphene
coatings can be altered to multilayer graphene or even
single-/multilayer graphene composites30 without drastic effect
on the heat transfer (because the added thermal resistance is
negligible, see Supporting Information Section S2) and can
thus potentially be tailored to better prevent oxidation if it
poses a problem. Further discussion on graphene’s chemical
robustness is presented in the Supporting Information, Section
S8.

Figure 5. Time-lapse images of continuous condensation of 100 °C steam on (a) LPCVD, (b) APCVD, and (c) TFTS coatings on high-purity
copper samples. The robust promotion of dropwise condensation by the graphene coatings is investigated over 2 weeks without showing signs of
degradation, in contrast with the TFTS coating, which degraded and transitioned to filmwise condensation in less than 12 h.
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While graphene offers a robust coating material to promote
dropwise condensation on industrial metals, it is not a likely
candidate to induce superhydrophobic behavior on micro- and
nanostructured materials due to its relatively low advancing and
receding contact angles compared to fluoropolymer coatings
typically used for this application. While this eliminates the
ability of graphene-coated surfaces to promote jumping droplet
condensation,31 the improvement in heat transfer coefficient of
4× provided by dropwise-promoting graphene coatings
compared to filmwise condensation outweighs the marginal
additional increase of 30−40% gained by jumping droplet
condensation compared to dropwise condensation. Another
potential limitation of these graphene coatings is their inability
to induce dropwise condensation in systems that use low-
surface-tension working fluids such as pentane; these fluids are
expected to exhibit low contact angles and spread on graphene-
coated surfaces, resulting in filmwise condensation.
This study demonstrates that graphene CVD coatings are a

viable method to promote dropwise condensation of water in
industrial conditions with a demonstrated improvement in heat
transfer performance of 4× compared to clean industrial metals
and superior robustness compared to state-of-the-art dropwise-
promoting monolayer coatings as demonstrated under
continuous condensation of 100 °C steam. This result promises
significant energy savings in applications such as water
harvesting, thermal management, industrial power generation,
and building heating and cooling.
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S1. ESEM Characterization 

The nucleation and initial growth of water droplets on graphene CVD surfaces were studied with 

an environmental scanning electron microscope (ESEM, Carl Zeiss EVO 50).  A bare copper 

sample which had been annealed at 1000 °C under hydrogen in the CVD chamber but then 

removed without graphene growth was also examined as a control.  The contact angles 

determined for the graphene CVD surfaces with microgoniometric characterization were 

confirmed with the ESEM, as shown in Figure S1. 

 

 

Figure S1. ESEM images of condensation on (a) LPCVD graphene on copper, (b) APCVD 

graphene on copper, and (c) bare copper after annealing in hydrogen.  The advancing contact 

angles of droplets on the graphene-coated copper were approximately 90 degrees, while the 

advancing contact angle on the bare copper was much lower, resulting in a film as condensation 

continued. 

 

S2. Thermal Resistance of Graphene Compared to Substrate 

The thermal resistance of a graphene coating is negligible compared to the resistance of the 

metal surface used to separate the condenser section from the chiller water in a heat exchanger.   

The thickness for a copper condenser tube wall used in practice is on the order of tCu ≈  0.5 mm,1 

and copper has a thermal conductivity of kCu ≈  400 W/m-K.  Meanwhile, the thickness for a 

single-layer graphene coating is approximately tGr ≈  0.5 nm, and graphene has a thermal 

conductivity in the transverse direction of kGr ≈  0.1 W/m-K.2  Finally, the expected graphene 

contact resistance for graphene is on the order of Rc,Gr ≈  10-8 m2-K/W.3  Taking the ratio of 

thermal resistance through the copper tube to resistance through the graphene sheet yields: 
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𝑅𝐶𝑢

𝑅𝐺𝑟
=

𝑡𝐶𝑢/𝑘𝐶𝑢

𝑡𝐺𝑟/𝑘𝐺𝑟 + 𝑅𝑐,𝐺𝑟
≈  80 ≫ 𝑢𝑛𝑖𝑡𝑦 (S1) 

 

This indicates that the thermal resistance of the metal is much greater than that of the graphene 

CVD coating, even when considering the thinnest condenser walls widely commercially 

available and the highest reported values for graphene thermal resistance and contact resistance.  

For the present study, thicker condenser walls were used which resulted in a thermal resistance 

ratio of 𝑅𝐶𝑢/𝑅𝐺𝑟 > 100. 

 

S3. Condensation Chamber Setup 

The custom environmental chamber used for this work (Kurt J. Lesker) consists of a stainless 

steel frame with a door (sealed with a rubber gasket), two viewing windows, and apertures for 

various components. Resistive heater lines were wrapped around the exterior of the chamber 

walls to prevent condensation at the inside walls and then insulated on the exterior walls. The 

output power of the resistive heater lines was controlled by a voltage regulator (Variac). Two 

insulated stainless steel water flow lines (Swagelok) were fed into the chamber via a KF flange 

port (Kurt J. Lesker) to supply cooling water to the chamber from a large capacity chiller 

(System III, Neslab). 

 

A secondary stainless steel tube line was fed into the chamber via a KF adapter port that served 

as the flow line for the incoming water vapor supplied from a heated steel water reservoir. The 

vapor line was wrapped with a rope heater (60 W, Omega) and controlled by a power supply 

(Agilent). The vapor reservoir was wrapped with another independently-controlled rope heater 

(120 W, Omega) and insulated to limit heat losses to the environment. The access tubes were 

welded to the vapor reservoir, each with independently-controlled valves. The first valve 

(Diaphragm Type, Swagelok), connecting the bottom of the reservoir to the ambient, was used to 

fill the reservoir with water. The second valve (BK-60, Swagelok), connecting the top of the 

reservoir to the inside of the chamber, provided a path for vapor inflow. K-type thermocouples 

were located along the length of the water vapor reservoir to monitor temperature. 
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A bellows valve (Kurt J. Lesker) was attached to the chamber to serve as a leak port between the 

ambient and inside of the chamber. In order to monitor temperatures within the chamber, K-type 

thermocouple bundles were connected through the chamber apertures via a thermocouple feed 

through (Kurt J. Lesker). To provide electrical connections inside the chamber for LED lighting 

and electric field generation, insulated copper electrical wires were connected through the 

chamber apertures via an electrical feed through (Kurt J. Lesker). A pressure transducer (925 

Micro Pirani, MKS) was attached to monitor pressure within the chamber. The thermocouple 

bundles and the pressure transducer were both electrically connected to an analog input source 

(RAQ DAQ, National Instruments), which was interfaced to a computer for data recording. A 

second bellows valve (Kurt J. Lesker) was integrated onto the chamber for the vacuum pump, 

which brought down the chamber to vacuum conditions prior to vapor filling. A liquid nitrogen 

cold trap was incorporated along the line from the chamber to the vacuum which served to 

remove any moisture from the pump-down process and ultimately assist in yielding higher 

quality vacuum conditions. A tertiary bellows valve (Kurt J. Lesker) was integrated on a T fitting 

between the vacuum pump and liquid nitrogen reservoir to connect the vacuum line to the 

ambient to release the vacuum line to ambient conditions once pump down was achieved. In 

order to visually capture data, a digital SLR camera (Canon EOS 50D) was placed in line with 

the 5” viewing windows on the chamber. The schematic of the exterior of the environmental 

setup is depicted in Figure S2a.  Images of the front and rear of the experimental setup are shown 

in Figures S2b and c, respectively. 
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  Figure S2. (a) Schematic of experimental setup (not to scale). (b) Image of the experimental 

setup shown from the front (high speed camera and data acquisition system not shown). (c) 

Image of the experimental setup from the rear of the chamber showing the cooling water inlet 

and outlet and water vapor reservoir.  Reprinted with permission from Reference 4.  Copyright 

2012 American Chemical Society.4 

 

The setup used to run experiments inside the chamber is shown in Figure S3. Stainless steel 

bellows tube lines (1/4”, Swagelok) were connected to the external water flow lines (Figure S2c). 

T-connection adapters (Swagelok) with bore through Ultra-Torr fittings (Swagelok) were used to 

adapt K-type thermocouple probes (Omega) at the water inlet and outlet.  

 

The graphene-coated copper tube test sample consisted of a 6.35 mm diameter tube, which was 

connected via a Swagelok compression fitting onto the T-connection. Chilled water flows 

through the inlet bellows tube, along the inside of the tube sample and through the outlet. Two 

supports were used to hold the sample and the entire configuration in place. Two separate pieces 

of insulation were embedded with K-type thermocouple leads and used for wet bulb temperature 

measurement during experimental runs.  A third thermocouple was placed beside the sample to 

measure the reference temperature inside the chamber. 
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  Figure S3. (a) Schematic of experimental setup inside the chamber (not to scale). (b) Image of 

the experimental setup inside the chamber showing a tube in place for testing.  Reprinted with 

permission from Reference 4.  Copyright 2012 American Chemical Society.4 

 

 

S4. Condensation Procedure 

For each experimental trial, a set of strict procedures was followed to ensure consistency 

throughout the experiments. The first step of the process was to turn on the voltage regulator to 
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heat up the environmental chamber walls, which prevented condensation on the chamber walls. 

Simultaneously, the water vapor reservoir was filled with approximately 3.5 liters of DI water 

(99% full) using a syringe through the vapor release valve. After opening the vapor inflow valve 

and closing the vapor release valve, the rope heater around the water vapor reservoir was turned 

on with the heater controller set to maximum output (120 W). Then the rope heater connected to 

the vapor inflow valve was turned on. The temperature of the water reservoir was monitored with 

the installed thermocouples; the temperature at the top of the reservoir was higher than that of the 

middle/bottom of the reservoir due to the water thermal-mass present at the middle/bottom 

section. Hence, we ensured that the regions of the water reservoir of higher thermal capacity 

were brought to a sufficiently high temperature for boiling. During the boiling process, 

aluminum foil was placed on the bottom surface of the inner chamber to collect any of the water 

leaving the vapor inflow line. Once boiling was achieved and all thermocouples on the reservoir 

were > 95˚C for at least 10 minutes, the vapor inflow valve was closed. The excess water that 

spilled inside the chamber during de-gassing of the reservoir was removed. 

 

In order to install the samples onto the rig (Figure S3), the Swagelok female adapters at the ends 

of the tube samples were connected to the 90 degree male elbow connecters on the rig. Before 

installing the entire sample setup in the chamber, all adapters/connecters were tightened to 

ensure that there were no leaks that could affect vacuum performance. The setup was then placed 

on top of the steel supports and the bellows tubes (for the water inflow/outflow) were connected 

to the water lines. Then the insulating wet bulb wick was placed near the sample and in contact 

with the bottom surface of the chamber. 

 

The next step was to begin the vacuum pump-down procedure. Initially, the liquid nitrogen cold 

trap was filled to about half capacity. The ambient exposed valves connecting the chamber and 

the vacuum pump were both closed and the valve connected to the liquid nitrogen cold trap was 

opened. The vacuum pump was then turned on, initiating the pump-down process. The pressure 

inside the chamber was monitored during the pump-down process. This process took 

approximately one hour in order to achieve the target vacuum conditions (0.5 Pa < P < 1 Pa). 

The experimental operating pressure of non-condensable was set to be a maximum of 0.25% of 

the operating pressure. Non-condensable gas content of above 0.5% (pressure) was shown to 
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significantly degrade performance during dropwise condensation.5 In our experiments, extreme 

care was taken to properly de-gas the vacuum chamber and water vapor reservoir prior to 

experimental testing. In addition, the chamber leak rate was characterized prior to each run in 

order to estimate the maximum time available for acquiring high fidelity data with non-

condensable content of less than 0.25%. 

 

The setup of the water flow-loop is described as follows: the Neslab water pump reservoir was 

filled and turned on to a flow rate of 5 L/min (0 < ΔTLMTD < 15 K). The flow rate was monitored 

with the flow meter integrated in the inflow water line. In order to bring the chilled water into the 

flow loop and to the tube sample, the external chilled water lines were opened. 

 

Prior to beginning experiments, the camera was turned on for visual imaging of the sample 

during condensation. Afterwards, the rope heater around the water reservoir was turned off and 

the vapor inflow valve was slowly turned open until the operating pressure was reached. Steady 

state conditions were typically reached after 2 minutes of full operation. 

 

S5. Heat Transfer Coefficient and Error Propagation 

An energy balance was applied to the tube sample to determine the overall condensation heat 

transfer by calculating the change in enthalpy of the chiller water flowing inside the tube: 

 

 𝑄 = �̇�𝑐𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) (S2) 

 

where Q is the overall condensation heat transfer rate, �̇� is the chiller water mass flow rate, 𝑐𝑝 is 

the chiller water specific heat, and Tin and Tout are the tube inlet and outlet temperatures, 

respectively.  The temperature difference between the chiller water and vapor far from the tube 

sample was also determined, represented here as the log mean temperature difference (LMTD) to 

account for the change in temperature of the chiller water along the tube length: 

 

 
∆𝑇𝐿𝑀𝑇𝐷 =

(𝑇𝑣 − 𝑇𝑖𝑛) − (𝑇𝑣 − 𝑇𝑜𝑢𝑡)

ln (
𝑇𝑣 − 𝑇𝑖𝑛

𝑇𝑣 − 𝑇𝑜𝑢𝑡
)

 
(S3) 
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where Tv is the temperature of the surrounding vapor far from the tube sample (Tv = Tsat(Pv)).  

From the overall condensation heat transfer and the log mean temperature difference, the overall 

heat transfer coefficient, �̅�, was determined: 

 

�̅� =
𝑄

𝐴∆𝑇𝐿𝑀𝑇𝐷
=

�̇�𝑐𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)

𝐴∆𝑇𝐿𝑀𝑇𝐷
 (S4) 

 

where A is the surface area of the outer tube surface (A = 2πrL, where r = 3.175 mm, L = 8.71 

cm).  Note that the overall heat transfer coefficient is a function of only the product of 

experimentally measured parameters raised to powers.  Therefore, the error associated with �̅� is 

calculated as follows: 

 

 𝐸𝑈 = �̅�√(
𝐸�̇�

�̇�
)

2

+ (
𝐸(𝑇𝑜𝑢𝑡−𝑇𝑖𝑛)

(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)
)

2

+ (
−𝐸𝐴

𝐴
)

2

+ (
−𝐸∆𝑇𝐿𝑀𝑇𝐷

∆𝑇𝐿𝑀𝑇𝐷
)

2

 (S5) 

 

The condensation heat transfer coefficient can be extracted from �̅� by considering a series of 

thermal resistances that sum to �̅� and isolating the resistance associated with condensation: 

 

 
1

�̅�𝐴
=

1

ℎ𝑖𝐴𝑖
+ 𝑅𝑡 +

1

ℎ𝑐𝐴
 (S6) 

 

Rearranging to evolve explicitly for hc: 

 

 ℎ𝑐 = (
1

�̅�
−

𝐴

ℎ𝑖𝐴𝑖
− 𝑅𝑡𝐴)

−1

 (S7) 

 

where Ai is the surface area on the inner surface of the tube (Ai = 2πriL), Rt is the thermal 

resistance of the tube (Rt = ln(r/ri)/(2πkt), kt is the tube material thermal conductivity), and the 

internal heat transfer coefficient, hi, is determined from the Gnielinski correlation for pipe flow: 
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 ℎ𝑖 = (
𝑘𝑖

2𝑟𝑖
)

(𝑓/8)(𝑅𝑒 − 1000)𝑃𝑟

1 + 12.7(𝑓/8)1/2(𝑃𝑟2/3 − 1)
 (S8) 

 

 𝑓 = (0.790 ln 𝑅𝑒 − 1.64)−2 (S9) 

 

 𝑅𝑒 =
𝜌𝑣(2𝑟𝑖)

𝜇
 (S10) 

 

where f is the friction factor, Re is the Reynolds number, Pr is the Prandtl number, ρ is the chiller 

water density, ki is the chiller water thermal conductivity, and µ is the chiller water dynamic 

viscosity.  Solving for hi and substituting into the above Equation S7 allows for determination of 

hc.  As hc is not a simple function of a product of powers, the error is determined as a function of 

the first partial derivatives of hc with respect to its components. 

 

 𝐸ℎ𝑐
= ℎ𝑐

√(
𝜕ℎ𝑐

𝜕ℎ𝑖
𝐸ℎ,𝑖)

2

+ (
𝜕ℎ𝑐

𝜕�̅�

𝐸𝑈

�̅�
)

2

 (S11) 

 

 
𝜕ℎ𝑐

𝜕ℎ𝑖
=

−(𝐴/𝐴𝑖)�̅�2

(ℎ𝑖 − (𝐴/𝐴𝑖)�̅� − 𝑅𝑡𝐴�̅�ℎ𝑖)2
 (S12) 

 

 
𝜕ℎ𝑐

𝜕�̅�
=

ℎ𝑖
2

(ℎ𝑖 − (𝐴/𝐴𝑖)�̅� − 𝑅𝑡𝐴�̅�ℎ𝑖)2
 (S13) 

 

The error in �̅� was determined in Equation S5 and the error in hi was estimated as 10% 

associated with the Gnielinski correlation.6  Table S1 below summarizes the uncertainty 

associated with each experimental measurement. 
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Table S1. Uncertainties corresponding to experimental measurements. 

Experimental Measurement Uncertainty 

Chiller water temperature difference (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) 0.05K 

Saturated vapor pressure (Pv) 1% 

Saturated vapor temperature (Tv) Tsat(1.01(Pv))-Tsat(Pv) 

Chiller water mass flow rate (�̇�) 2% 

Sample surface area (𝐴) 2% 

Gnielinski correlation heat transfer coefficient (ℎ𝑖) 10% 

 

 

S6. Modeling of Heat Transfer Coefficient 

To model dropwise condensation, hc,d was obtained by incorporating the individual droplet heat 

transfer with droplet size distribution:7  

 

ℎ𝑐,𝑑 =
𝑞"

∆𝑇
=

1

∆𝑇
(∫ 𝑞(𝑅)𝑛(𝑅)𝑑𝑅

𝑅𝑒

𝑅∗
+ ∫ 𝑞(𝑅)𝑁(𝑅)𝑑𝑅

�̂�

𝑅𝑒

) (S14) 

 

𝑞(𝑅) =

𝜋𝑅2 (∆𝑇 −
2𝑇𝑠𝑎𝑡𝜎

𝑅ℎ𝑓𝑔𝜌𝑤
)

1
2ℎ𝑖𝑛𝑡(1 − cos 𝜃) +

𝑅𝜃
4𝑘𝑤 sin 𝜃 +

1
𝑘𝐻𝐶 sin2 𝜃

(
𝑘𝑃𝜑

𝛿𝐻𝐶𝑘𝑃 + ℎ𝑘𝐻𝐶
+

𝑘𝑊(1 − 𝜑)
𝛿𝐻𝐶𝑘𝑤 + ℎ𝑘𝐻𝐶

)
−1 (S15) 

 

where q” is the steady state dropwise condensation heat transfer rate per unit area of the 

condensing surface, ΔT is the temperature difference between the saturated vapor and sample 

outer surface (ΔT = (Tsat(P) – Ts)), R* is the critical radius for heterogeneous nucleation (R* = rc),8 

Rc is the droplet coalescence radius, q(R) is the individual droplet heat transfer (Equation S15), 

n(R) is the non-interacting droplet size distribution,7 N(R) is the coalescence dominated droplet 

size distribution,7, 9 R is the droplet radius, σ is the condensate surface tension, hfg is the latent 

heat of phase  change, ρw is the condensate density (liquid water), θ is the droplet contact angle, 

hint is the interfacial heat transfer coefficient,10 kw is the condensate thermal conductivity, kHC is 

the hydrophobic coating thermal conductivity, φ is the  structured surface solid fraction (equal to 

one for the flat surfaces considered here), h is the structured surface height (equal to zero for flat 

surfaces), and δHC is the hydrophobic coating thickness (≈ 1 nm).8  The first integral in Equation 

S14 represents the heat flux component from droplets smaller than the coalescence length scale 
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(R < Re), where direct growth by vapor accommodation at the liquid-vapor interface dominates 

and  neighboring droplet coalescence is absent. The second integral represents the component of 

the heat flux from droplets growing mainly by coalescence with other droplets (R > Re). These 

two components contribute to the total surface heat transfer per unit area (q”). For the graphene-

coated surfaces, the model results were obtained using experimentally determined droplet 

departure radii Ȓ (ȒLPCVD = 2.4 mm, ȒAPCVD = 2.8 mm) and contact angles, and assuming an 

effective nucleation density N from previous ESEM studies of condensation.11 

 

To model filmwise condensation on the smooth Cu tubes, the Nusselt model was used:6, 10 

 

ℎ𝑐,𝑓 = 0.729 (
𝑔𝜌𝑤(𝜌𝑤 − 𝜌𝑣)𝑘𝑤

3ℎ′𝑓𝑔

𝜇𝑤(2𝑟)∆𝑇
)

1/4

 (S16) 

 

ℎ𝑓𝑔
′ = ℎ𝑓𝑔 + 0.68𝑐𝑝,𝑙∆𝑇 (S17) 

 

where g is the gravitational acceleration (g = 9.81 m/s2), ρv is the water vapor density, µw is the 

condensate dynamic viscosity, h’fg is the modified latent heat of vaporization accounting for the 

change in specific heat of the condensate, and cp,l is the condensate specific heat.6, 10 

 

An example of the dropwise and filmwise heat transfer coefficients as a function of condenser 

subcooling yielded from the above models is plotted in Figure S4 under typical experimental 

conditions.  The dropwise condensation heat transfer coefficient decreases at low subcooling 

because the interfacial heat transfer coefficient becomes a major resistance to heat transfer.5b, 12  

Meanwhile, the filmwise condensation heat transfer coefficient increases at low subcooling as 

the film becomes thinner at low heat fluxes13 (note that, although the heat transfer coefficient is 

increasing, the heat flux is decreasing).  Furthermore, the Nusselt theory used for filmwise 

condensation does not consider the interfacial heat transfer coefficient, which would decrease the 

heat transfer coefficient at low subcooling in competition with the increase due to the thinner 

film.  This results in the dropwise and filmwise heat transfer coefficients approaching each other 

as subcooling decreases.   
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In the present study, the condenser subcooling ranged from ≈ 1.5-6 K, with the experimentally 

measured heat transfer coefficients shown in Figure 4b obtained at condenser subcooling ranging 

from 3.5-5 K while varying vapor pressure (the horizontal axis) and maintaining the 

supersaturation, S = Pvapor/Psat(Twall), constant over the range of data.  The experimentally 

determined heat transfer coefficient enhancement of 4x for dropwise condensation on graphene-

coated tubes compared to filmwise condensation is in excellent agreement with the model shown 

in Figure S4 in the 3.5-5 K subcooling range where the experimental measurements were taken.  

Note that, at higher subcooling over ≈ 10 K, the typically reported 5-7x heat transfer coefficient 

enhancement5b for dropwise compared to filmwise condensation would be realized. 

 

Figure S4. Plot of model results for filmwise and dropwise condensation heat transfer coefficient 

as a function of condenser subcooling, keeping the condenser temperature constant at 15.5 ̊C (Psat 

=  1780 Pa) and varying the surrounding saturated water vapor temperature from 16 to 35.5 ̊C 

(Psat = 1840 to 5860 Pa).  The secondary (right) vertical axis is the ratio of dropwise to filmwise 

condensation heat transfer coefficients. 

 

 

S7. Robustness Characterization Setup and Operation 

The robustness of the graphene coatings was characterized in a controlled positive-pressure 

continuous condensation chamber, shown in Figure S5.  The robustness characterization setup is 
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a thermosiphon with the samples located at the condenser section, where they are observed 

periodically to monitor degradation.  A 1/4” thick borosilicate window was fit on a stainless steel 

chamber, and the 3/4"x3/4” square copper samples being tested are secured to the interior surface 

of the back wall of the chamber.  The exterior of the back wall was in thermal contact with a 

Peltier cold stage with 100W cooling capacity.  A separate reservoir filled with degassed, 

deionized water was located 0.5 m below the chamber.  Heaters on the exterior of the reservoir 

raised the water temperature to above 100 °C, and the resulting vapor then traveled through a 

supply line up to the chamber, where it condensed on the chamber walls and also escaped 

through a check valve rated for 0.1 psig due to the overpressure from boiling in the reservoir.  

The condensed vapor transported to the bottom of the chamber, where it collected until it flowed 

under the influence of gravity back to the reservoir. 

 

To eliminate noncondensable gases (NCGs) from the system before operation, the water in the 

reservoir was boiled vigorously while the chamber was heated by the Peltier stage and also 

externally by a hot air gun to prevent condensation on the chamber walls and the subsequent 

trapping on NCGs in a diffusion boundary layer.  This purge step was carried out until the 

system contains nearly pure saturated water/vapor.  After the purge process, the system was 

constantly maintained at positive pressure to prevent NCGs from reentering.  The system was 

overpressurized by boiling slightly more water than is condensed, resulting in water leaving the 

check valve and signifying that the system is at > 0.1 psig.  Once the system had reached this 

steady operating condition, the Peltier stage was switched to cooling mode, where in the present 

study the samples were cooled to a surface temperature of 95±1 °C and exposed to a continuous 

supply of 100 °C steam, as determined by thermocouples mounted in the system.  The durability 

of the graphene-coated samples is shown to be comparable to the highest-quality polymer CVD 

coatings.14 
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  Figure S5. Schematic of experimental robustness characterization setup, which is comprised of 

a thermosiphon operating between a hot reservoir and a cold condenser section where the 

samples were imaged periodically to monitor degradation. 

 

S8. Comparison with Previous Work on Graphene Robustness 

The LPCVD and APCVD graphene coated samples both sustained dropwise condensation for 

over two weeks with no signs of degradation when the experiments were discontinued.  This 

result agrees with past work that demonstrates experimentally that destruction of a graphene 

coating does not occur by oxidation below 400 ̊C15 and that graphene prevents oxidation of 

copper surfaces and is an excellent passivation layer.16  However, subsequent literature states that 

this passivation is only valid for short times (hours), after which the coatings can fail due to 

oxidation of copper at graphene grain boundaries.17  These experiments were conducted at 185-

250 ̊C, above our condenser surface temperature of ≈ 95 ̊C; accordingly, a thermally activated 

oxidation process would be expected to take longer for our lower-temperature test.  Regardless, 

over two weeks, we did not observe oxidation or degradation in our experiments, which agrees 

with the studies which show that oxidation is mitigated. 

 

S9. Graphene Transfer to Transparent Substrate 

The graphene was transferred to a transparent substrate by the electrochemical delamination 

transfer process.18  This process removes the need for Cu etchant to detach the graphene from the 
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Cu, which consequently avoids the large quantity of etchant waste from the relatively thick Cu 

sample on which the graphene was grown.  After the graphene growth, poly(methyl 

methacrylate) (PMMA) (950 PMMA A9, Micro Chem, mixed with anisole (99%, Alfa Aesar) 

1:1 by volume) was spun on one side of the graphene/copper substrate. After baking at ~75 ℃ 

for 5 minutes, the substrate was cathodically polarized at –5 V, and an aqueous solution of 

NaOH (10 mM) was employed as an electrolyte in the electrochemical process. Hydrogen 

bubbles emerged at the graphene/Cu interfaces due to the reduction of water and detached the 

graphene film from the Cu foil. The graphene/PMMA was then placed on top of the transparent 

substrate.  The PMMA layer was removed by annealing the substrate at 500 ℃ in a hydrogen 

(700 sccm) and argon (400 sccm) mixture for two hours. 

 

S10. Graphene Coating Cost Estimate 

The cost of the graphene coatings is estimated here for the lab-scale production procedure.  The 

costs used are conservative; moving to industrial scale fabrication, process optimization, and 

using less conservative cost estimates is expected to reduce the price by several orders of 

magnitude.  The gas prices at the lab scale are (for 300 ft3 per cylinder, prices obtained from 

airgas.com on 12 February 2015): 

 

Gas Cylinder Price ($) Volumetric Gas Price ($/m3) 

Argon (Ultra High Purity) 81.08 9.55 

Hydrogen (Ultra High Purity) 140.24 16.52 

Methane(Ultra High Purity) 323.11 38.06 

 

Prescribing the gas consumption according to the CVD process detailed in the manuscript, and 

assuming that 10 tube condenser samples of the geometry used in the present study are being 

coated simultaneously for a total external surface area of 0.0174 m2, the overall prices for gases 

for the CVD process are summarized as: 

 

LPCVD 

  
APCVD 

  Flow phase 1 H2 10 sccm Flow phase 1 Ar 500 sccm 

Time phase 1 30 min Time phase 1 30 min 

Flow phase 2 H2 70 sccm Flow phase 2 Ar 500 sccm 

Flow phase 2 CH4 4 sccm Flow phase 2 CH4 3 sccm 

Time phase 2 30 min Time phase 2 30 min 
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Flow phase 3 H2 10 sccm Flow phase 3 Ar 500 sccm 

Time phase 3 120 min Time phase 3 120 min 

H2 total consumed 3600 cm
3
 H2 total consumed 90000 cm

3
 

CH4 total consumed 120 cm
3
 CH4 total consumed 90 cm

3
 

H2 total consumed 0.0036 m
3
 H2 total consumed 0.09 m

3
 

CH4 total consumed 0.00012 m
3
 CH4 total consumed 0.00009 m

3
 

      Gas total price 0.064 $ Gas total price 0.863 $ 

Gas price per area 3.69 $/m
2
 Gas price per area 49.66 $/m

2
 

 

Taking the power required to heat the furnace as the maximum furnace power of 800W for the 1-

inch diameter tube furnace (Thermo Scientific Lindberg/Blue M Tube Furnace C2) over the 

operating period of 1.5hr including a 0.5-hour ramp period yields the cost of electricity: 

Furnace power 0.8 kW 

Heating time 1.5 hr 

Energy consumed 1.2 kWh 

Price of electrical energy 0.12 $/kWh 

Total price of electricity 0.144 $ 

Electricity price per area 8.29 $/m
2
 

 

Therefore, summing the price per area of electricity and gas consumption, the lab-scale non-

optimized costs for CVD graphene coatings are $11.98/m2 for LPCVD and $57.95/m2 for 

APCVD. 
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