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ABSTRACT: We report a type of copper-based ultrathin
nickel nanocone films with high-efficiency dropwise con-
densation heat transfer (DCHT) performance, which can be
fabricated by facile electrodeposition and low-surface-energy
chemistry modification. Compared with flat copper samples,
our nanosamples show condensate microdrop self-propelling
(CMDSP) function and over 89% enhancement in the DCHT
coefficient. Such remarkable enhancement may be ascribed to
the cooperation of surface nanostructure-induced CMDSP
function as well as in situ integration and ultrathin nature of
nanofilms. These findings are very significant to design and
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develop advanced DCHT materials and devices, which help improve the efficiency of thermal management and energy

utilization.
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Vapor—liquid phase change heat transfer is a type of
ubiquitous energy transport way, which is widely used in
many fields such as power generation, waste heat utilization, air
conditioning, and thermal management&.1 Currently, how to
endow metal materials with higher dropwise condensation heat
transfer (DCHT) coefficient via surface nanoengineering have
attracted great interest because of their extremely important
academic and commercial values.””” Compared with filmwise
condensation, dropwise condensation is a type of more efficient
heat transfer mode because discrete condensate drops have far
lower thermal resistance than continuous liquid films and can
release far more bare surface sites for performing more cycles of
nucleation, growth and depar‘cure.s_10 However, condensate
drops on the usual flat metal surfaces still have relatively higher
thermal resistance, slower renewal frequency, and lower density
because they cannot shed off under gravity until growing into
the millimeter scale. Recent studies indicated that the DCHT
coefficient can be enhanced by a type of innovative condensate
microdrop self-propelling (CMDSP) surfaces,”” which can
realize the efficient self-departure of small-scale condensate
microdrops via coalescence-released excess surface energy
without requiring external forces such as gravity and steam
shear force." " For example, Miljkovic et al. reported that the
DCHT coefficient can be enhanced ~30% by the in situ §rowth
of CMDSP CuO nanoplate films on copper surface.” Very
recently, Hou et al. demonstrated that the DCHT coeflicient
can be enhanced up to ~63% by the smart design of a bionic
CMDSP silicon nanoneedle structure inserted with patterned
micropillars, which tops are coated by hydrophilic silica so as to
increase the density and growth rate of condensates.® However,
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such hybrid structure cannot be in situ integrated into metal
surfaces, restricted by top-down nanofabrication technologies.
Therefore, it is very significant to explore new metal-based
nanofilms with higher DCHT coeflicient using a facile, cheap,
and scalable method.

Here, we report a type of copper-based nickel nanocone films
with high-efficiency DCHT performance, which can be
achieved by in situ electrodeposition combined with low-
surface-energy chemistry modification. Compared with the flat
copper samples, our nanosamples own remarkable high-density
self-renewal ability to small-scale condensate microdrops.
Thermal characterizations indicate that the nanosamples exhibit
over 89% enhancement in the DCHT coeflicient. Such
remarkable enhancement may be ascribed to the cooperation
of the surface nanostructure-induced CMDSP function as well
as the in situ integration and ultrathin nature of nanofilms. The
former can greatly reduce the thermal resistance of condensate
drops themselves and increase their renewal frequency and
density, whereas the latter can avoid the apparent increment of
thermal conduction resistance. These findings are significant to
design and develop advanced DCHT nanomaterials and
devices, which help improve the efficiency of thermal
management and energy utilization.

Figure la shows a representative SEM side-view of the as-
prepared copper-based nickel nanocone films (for synthesis
details, see Experimental Section in the Supporting Informa-

Received:  April 15, 2015
Accepted: May 26, 2015
Published: May 26, 2015

DOI: 10.1021/acsami.5b03264
ACS Appl. Mater. Interfaces 2015, 7, 11719-11723


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b03264

ACS Applied Materials & Interfaces

¢ Ni
¢ Cu substrate

—_
-~ —_ =~

- o (=)

- (=) N

= K N

- = -

> *

Intensity (a.u.) T

40 50 60 70 80
2 Theta (degree)

Figure 1. Typical (a) SEM side-view and (b) XRD pattern of the as-
prepared copper-based ultrathin nickel nanocone films. The inset in a
shows the structure parameters of a simplified nanocone, where h, is
the thickness of nickel layer, h, is the heights of nickel nanocone, and
d, and d, are the base diameter and tip diameter of the nanocone,
respectively.

tion). It is evident that the nanocones “stand” on a nickel layer
with thickness of ~130 nm (k,), which uniformly covers on the
surface of copper substrates. These nanocones have an average
diameter of ~160 nm at the base (d,), whereas their sharp tips
have an average diameter of ~50 nm (d,). Their average height
and apex angle are ~400 nm (h,) and ~33°, respectively.
Figure 1b shows a typical XRD pattern of the as-prepared
nanocone films. Evidently, these nanocones are made of pure
nickel without other impurities. Three diffraction peaks near 45,
52, and 76° can be indexed as the crystal face (111), (200), and
(220) of face-centered cubic nickel (see JCPDS File No.
040850). Because of the ultrathin nature of the as-prepared
nanocone films, the signal intensity of nickel detected is
apparently weaker than that of copper originating from the
substrates.

After low-surface-energy modification, the nanocone films
show typical superhydrophobicity for deposited macroscopic
big-scale water drops (Figure S1 in the Supporting
Information) and condensate microdrops. Figure 2a shows a
microscopic optical image of a spherical condensate microdrop
on the nanosample surface. Its contact angle is 164.3 + 2.6°.
No doubt that the solid—liquid contact area and interface
adhesion between the suspended microdrozp and the nano-
sample surface should be extremely low."’ ™" To explore the
self-transport ability of condensate microdrops on the nano-
sample surfaces, we placed them on a vertical cooling stage with
substrate temperature of ~2 °C, ambient temperature of ~26
°C, and relative humidity of ~90%. Evidently, adjacent
condensate microdrops can self-remove via their mutual
coalescence (Figure 2b), triggered by direct condensation
growth. Figure 2c shows a trajectory of a merged microdrop
ejecting from the nanosample surface. Our previous studies
have revealed that the tip-like nanostructures with extremely
low interface adhesion can minimize the dissipation of

Figure 2. (a) Optical image of a spherical condensate microdrop on
the nanosample surface, showing a static contact angle of ~161°. (b)
Optical top-views showing coalescence-induced condensate microdrop
self-departure on the vertical nanosample surface. (c) Overlapped
optical side-view showing the trajectory of a merged microdrop
ejecting from the nanosample surface. (d) Time-lapse optical images
showing distinct condensation events on the vertical nanosample (left)

and flat (right) sample.

coalescence-released weak surface energy so as to ensure the
efficient self-departure of condensate microdrops.'” As a result,
the nanosample surface can always maintain high-density self-
renewal of small-scale condensate microdrops during the whole
condensation process (as shown in the left of Figure 2d),
whereas condensate drops on the flat copper surfaces only can
shed off under gravity until they grow into the millimeter scale
(right of Figure 2d). Clearly, reducing the departure sizes of
condensate drops from the millimeter scale to the micrometer
can greatly shorten their residence period and release more
surface sites for performing more cycles of nucleation, growth
and departure.

To quantify and highlight the dropwise condensation
property of our nanosamples at the microscale, we further
analyze the drop number distribution of residence microdrops
with diameters (d) of <10 ym, 10—50 gm and 50—100 ym
(Figure 3a). Microdrops with d < 10 ym dominate on the
nanosample surface, occupying over 80% during the whole
condensation process despite presenting slight fluctuation
(Figure 3a, top panel); microdrops with d = 10—50 ym (d >
50 pm) can form after ~300 s (~700 s), occupying S—10%
(<5%). In contrast, the diameters of condensate drops on the
flat surface can rapidly increase over 100 ym within shorter
duration (~400 s) and the number of condensate microdrops
can gradually reduce with the time extending (Figure 3a,
bottom panel). Compared with flat surface, our nanosamples
can efficiently control the departure sizes of condensate drops
at the microscale, especially below 10 pm, during the whole
condensation process. As a result, the nanosample surface can
always maintain higher microdrop density (Figure 3b),
presenting an average of ~3.14 X 10° mm™2 In sharp contrast,
the density of condensate drops on flat surfaces is apparently
lower and gradually declines with the time extending. Clearly,
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Figure 3. (a) Drop number distribution of condensate microdrops
with diameters (d) of <10, 10—50, and S0—100 um on the vertical
nanosamples (top) and flat samples (bottom) varied with time. (b)

Density of condensate drops on the nanosamples (red) and flat
samples (black) varied with time.

the copper-based nickel nanocone films own remarkable
CMDSP function.

In principle, such copper-based nickel nanocone film with
CMDSP function should possess high-efficiency DCHT
performance. Generally, the DCHT coefficient can be
measured by a custom-tailored setup (details see Figure S2 in
the Supporting Information). Figure 4a shows a measuring
principle diagram. To ensure one-dimensional axial steady-state
heat transfer model, we inserted a fin-integrated cylindrical
copper block (Figure S3 in the Supporting Information) into a
Teflon insulator that divides a steel chamber into a
condensation chamber (right) and a cooling chamber (left).
Via regulating the pressure (P) of saturated vapor (with the
corresponding temperature, T,) and the temperature of coolant
(with a fixed flow rate), we can measure the temperature
gradient (VT) within copper block using equidistant
thermocouples, which can be used for calculating the surface
temperature (T). As a result, the DCHT coefficient (k) of the
samples can be obtained by the equation h = kVT/AT, where k
is the thermal conductivity of copper and AT is the degree of
wall subcooling (i.e., the difference between T, and T). Figure
4b shows the DCHT coeflicient of the nanosamples and
contrast flat samples under varied P while fixing AT = 1.3 + 0.1
K. The DCHT coefficient of the nanosample is apparently
higher than that of the flat samples and can increase with the
increase of P. The calculated enhancement factors, defined as
(Moano — Maat)/haay are ~1.1 (as P = 4 kPa), ~1.06 (as P = 5.54
kPa), ~0.95 (as P = 7.00 kPa) and ~0.89 (as P = 9.58 kPa),
respectively. Clearly, the DCHT coeflicient of copper surfaces
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Figure 4. (a) Principle diagram of measuring the dropwise
condensation heat transfer (DCHT) coefficient. (b) DCHT
coefficients (h) of the nanosamples (red) and contrast flat samples
(green) under varied saturated vapor pressure (P).

can be enhanced over 89% via the in situ growth of nickel
nanocone films.

Why does such a copper-based nickel nanocone film own
high-efficiency DCHT performance? We suppose that this may
be ascribed to the following three reasons. First, our
nanosample can realize efficient self-removal of small-scale
condensate microdrops. With the departure sizes of condensate
drops reducing from the millimeter scale to the micrometer, the
thermal resistance of residence drops themselves can be greatly
reduced. Second, the efficient self-removal of condensate
microdrops means faster renewal frequency of residence
drops and more releasable bare surface sites for performing
more cycles of nucleation, growth, and departure, which are
also very beneficial to enhance the DCHT coeflicient per unit
area and time. In sharp contrast, condensate drops on the flat
surfaces not only have higher thermal resistance but have lower
renewal frequency and density, which are highly disadvanta-
geous to the efficient transport of latent heat released from
steam condensation. Third, the in situ integration and ultrathin
nature of functional nanofilms are also crucial to ensure the
high-efficiency DCHT.>* It is well-known that the introduction
of nanofilms inevitably brings about additional thermal
conduction resistance for metal materials. Compared with the
usual adhesion way of adopting thermal conductive glues, the in
situ integration way can effectively reduce interface thermal
resistance between the nanofilm and the metal substrate. In
addition, our ultrathin nanofilms with thickness of merely ~500
nm may avoid the apparent increment of thermal conduction
resistance. Clearly, it is just the cooperation of these effects that
endow the copper-based nickel nanocone films with superior
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DCHT performance. Note that it is extremely difficult to
capture the microscopic mass-transfer details during the
thermal characterization process and the high-resolution
imaging of microdrop-nanostructure interactions in the
ambient condition is still useful to reveal the nanostructure
effects on the DCHT enhancement.

In conclusion, we report a type of copper-based ultrathin
nickel nanocone films with high-efficiency DCHT performance,
which can be achieved by facile electrodeposition combined
with low-surface-energy chemistry modification. Such superior
performance may be ascribed to the cooperation of surface
nanostructure-induced CMDSP function as well as in situ
integration and ultrathin nature of nanofilms. The former can
greatly reduce the thermal resistance of condensate drops
themselves and increase their renewal frequency and density
while the latter can avoid the apparent increment of thermal
conduction resistance. These findings are significant to design
and develop advanced DCHT nanomaterials and devices,
which help improve the efficiency of thermal management and
energy utilization. Our method is promising to be evolved into
a type of industry-compatible technologies applicable to metal-
based surface nanoengineering in a facile, inexpensive, and
scalable way. In addition, the ultrathin nickel nanocone films
may be multifunctional because they can find a variety of
nanotechnological applications, e.g., moisture self—cleaning:g,23
antifrosting,m_27 electrostatic energy heurvesting,28 anticorro-
sion,”” and used as conventional superhydrophobic coatings
referring to macroscopic drops.’
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Experimental Section, ideal superhydrophobicity to macro-
scopic water droplets (Figure S1), schematic of the custom
design condensation heat transfer characterization setup
(Figure S2), optical image and outline dimension drawing of
a copper block (Figure S3), the recorded heat flux varied as the
degree of surface subcooling (Figure S4), the crucial parameters
during the condensation heat transfer measurements (Table
S1). The Supporting Information is available free of charge on
the ACS Publications website at DOI: 10.1021/acsa-
mi.5b03264.
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