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A comparative study of oxidation methods to create Cu surfaces with controlled wettability
is reported. Micro/nanostructures of Cu oxides are formed on Cu substrates using different
chemical and thermal oxidation methods. The morphology and wetting characteristics of
the resulting surfaces are characterized using atomic force microscopy, scanning electron
microscopy, X-ray diffraction, and contact angle measurements. Chemical oxidation in
alkali solutions can form uniform copper oxide layers with high roughness factors without
causing thermal stress problems that often hamper thermal oxidation. By combining chemi-
cal oxidation with a hydrophobic coating, a wide range of wettability control is demon-
strated from superhydrophilic (6, <10°) to superhydrophobic (6, >170°). Superhydrophilic
CuO layers uniformly formed on Cu powder and Cu micropost wick surfaces lead to sig-
nificant improvement in the capillary and heat transfer performance compared with compa-
rable unoxidized Cu wicks. The present work motivates further studies to exploit the
benefits of nanostructured Cu surfaces in various phase change heat transfer applications.

Keywords: wetting; cupric oxide; oxidation; capillary; wick; superhydrophilic

1. Introduction

Previous studies [1-3] have identified surface wettability as one of the key factors affecting
phase change heat transfer. Significant enhancement in the critical heat flux, for example, has
been reported for Cu plates coated with superhydrophilic TiO, layers in both pool boiling [2]
and water jet impingement cooling experiments [3]. The performance of wicks in heat pipes
can also benefit from enhanced wettability. The heat transfer capacity of heat pipes is often
determined by the capillary limit, where the sum of liquid and vapor pressure drops exceeds
the maximum capillary pressure of the wick. The capillary limit for a heat pipe in horizontal
orientation is approximately given as [4]:
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The combination of the fluid properties is called the merit number. The second factor (K/R.g)
represents the capillary performance determined by the geometry and wettability of the wick.
Here, K is the permeability and R is the effective pore radius. The capillary performance
can be enhanced by using low surface energy liquids such as methanol, but the merit number
of most well-wetting liquids is often an order of magnitude smaller than that of water.

Localized hydrophobic regions on an otherwise hydrophilic surface may also be beneficial
for certain phase change heat transfer applications as they facilitate controlled nucleation and
growth of vapor bubbles. Enhanced nucleate boiling in early stages of boiling has been
reported on hydrophobic [5,6] and superhydrophobic surfaces [7]. Sustained bubble nucle-
ation at superheat below 2K was observed on a superhydrophobic surface with a contact
angle approximately 150° [7]. A previous study of bubble-based microactuators also reported
that localized hydrophobic regions allow reduction in the superheat required for reliable bub-
ble nucleation [6].

Although previous studies demonstrated the benefits of enhanced wetting for phase change
heat transfer applications, major challenges still lie in developing practical heating surfaces
with high wettability, high thermal and temporal stability, low parasitic thermal resistance, and
low fabrication cost. TiO,-based coatings used in previous heat transfer studies [2,3], for
example, gradually lose their superhydrophilicity in the absence of UV irradiation [8].

As described by the Wenzel [9] and Cassie—Baxter [10] models, the wettability of a sur-
face can be tuned by changing its morphology as well as surface energy. In the Wenzel
regime, a liquid fills the grooves of a rough surface, which reduces the effective contact angle
according to the following equation:

cos 0, = rcos 0;. (2)

In the Cassie regime, gas pockets are formed underneath a liquid drop, effectively forming a
composite surface made of the gas and the solid. The apparent contact angle is then governed
by the chemical heterogeneity of the surface as:

cos 0, = fycos 05 + (1 — f;) cos .. (3)

Copper is one of the most attractive structural materials for heat transfer applications due to
its high thermal conductivity, favorable processing properties, and relatively low price. Water
is the most common operating liquid due to its high enthalpy of vaporization, ease of han-
dling, and low price. The wettability of water on copper surfaces, however, is relatively poor.
The static contact angle of water droplets on air-exposed Cu often exceeds 70°.

Thermal or chemical oxidation of Cu is a convenient way to alter both its surface energy
and morphology. Recent studies reported the synthesis of various cupric oxide (CuO) nano-
structures with different morphologies, such as sharp needle-like nanowires [11,12], nanobelts
[13], nano-rods and ribbons [14—16], and 3D flower-like networks [17] using chemical oxida-
tion schemes. Thermal oxidation is another route to synthesize micro- and nanostructures of
copper oxides. At heating temperatures below 260 °C, Cu,O layers are typically formed on
pure Cu substrate [18,19]. For heating temperatures between 400 and 700 °C, CuO nanowires
of 10-200 nm in diameter are synthesized [20,21].

In the present article, we report our comparative study of copper oxidation methods. We
perform detailed characterization of the surface morphology and wettability of copper oxide
structures formed by different thermal and chemical oxidation methods. We demonstrate the
ability to tune the wettability of Cu surfaces from superhydrophilic to superhydrophobic. A
selected oxidation scheme is applied to form superhydrophilic Cu wick structures to demon-
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strate that their capillary and heat transfer performance is significantly improved compared to
comparable unoxidized wicks.

2. Experimental procedure

We used commercially available copper foils (99.9% purity, 0.8 mm thickness, and
2 cm X 2 cm size) as starting substrates. Each substrate was polished with 200, 400, 600, 800,
and 1200 grit sandpapers and alumina particles of 1 um diameter. The substrate was cleaned
in an ultrasonic bath with acetone for 20 min and rinsed with deionized (DI) water. The sub-
strate was then dipped into a 2.0 M hydrochloric acid solution for 30s to remove preexisting
oxide layers, rinsed with DI water, and dried in a nitrogen blow.

For chemical oxidation processes, each clean copper substrate was immersed in a hot
alkali solution. After a specific time, the specimen was removed from the solution, rinsed in
deionized water five times, and dried in a nitrogen blow for characterization. Table 1 lists the
detailed information on different alkali solutions used in the present study. To distinguish
oxide micro/nanostructures obtained from the different alkali solutions, we label them as Type
I, II, and III oxide nanostructures, respectively. For thermal oxidation processes, Cu substrates
were heated under atmospheric conditions using a hot plate (for the temperature range of
150-250°C) or a box furnace (for the temperature range of 400-800 °C).

The surface morphology and roughness of the oxide micro- and nanostructures were char-
acterized using contact mode atomic force microscopy (AFM) (PSIA, XE-100) and scanning
electron microscopy (SEM) (Hitachi, S4700). X-ray diffraction (XRD) measurements were
also performed to determine the chemical compositions of the oxide layers. The static contact
angle of a water droplet (4 uL) on each oxidized specimen was measured using a goniometer
(First Ten Angstroms, FTA 4000A). Droplets were placed on three different spots on each
sample and the image analysis was repeated five times at each spot.

3. Results and discussion
3.1. Morphology of CuO nanostructures

Figure 1 shows the SEM images of Types [-III CuO nanostructures. In the case of Type I
CuO (Figure 1(a) and (b)), a thin (~200nm) Cu,O layer initially covers the substrate and
then sharp CuO nanostructures start to grow after approximately 1 min on the Cu,O interme-
diate layer. A dense array of sharp CuO nanostructures covers the entire surface at approxi-
mately 5min. The oxide growth rate significantly slows down to an almost negligible level
after that the CuO layer passivates the copper surfaces [22]. The XRD result (Figure 2, Type
I) shows a strong CuO peak originating from the oxide nanostructures and a weak Cu,O peak
originating from the underlying thin Cu,O layer. The height of the oxide nanostructures is

Table 1. Chemical composition and temperature of the alkali solutions used in the chemical oxidation
processes.

Type I [11] Type 1I [12] Type III [17]
NaClO, 375¢g l6g NH4OH aqueous solution 10mM-1M
NaOH S5g lg
Na;PO, - 12H,0 10g -
DI water 100 mL 100 mL

Temperature 95°C 70°C 60°C
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Figure 1. SEM images of CuO nanostructures, (a) and (b) Type I after 1 min (a) and Smin (b) of
oxidation; (c) and (d) Type II after 1 min (c) and 3 min of oxidation (d); and (e) and (f) Type III after
100 min in 60 mM (e) and 8 h in 1 M (f) of aqueous NH4,OH solutions.

~1um after approximately 5Smin of growth, which is consistent with previous results
obtained using the galvanostatic reduction method [23].

By changing the chemical composition of a hot alkali solution, we can grow oxide micro/
nanostructures of different morphologies. Type II CuO nanostructures (Figure 1(c) and (d))
have a similar shape as Type I CuO nanostructures, but their height (~200 nm) is about five
times smaller. Type II CuO nanostructures grow uniformly over the entire exposed Cu surface
for approximately 3 min. After that, no discernible additional growth is observed in SEM
measurements.

3D hierarchical oxide structures (Type III) are synthesized in an NH4OH solution heated
at 60°C. At this and higher temperatures, Cu(OH), is first formed and then converted into
CuO. The tested range of NH4OH concentrations (10 mM—1 M) in the present study is much
wider than the range reported in the previous study [17]. At the lowest concentration
(10mM), only 2D nanosheet arrays are formed. When the concentration is increased to
60 mM, spherical 3D hierarchical structures start to form (Figure 1(e)). At still higher concen-



Downloaded by [University of California, Los Angeles (UCLA)] at 11:16 18 April 2013

Journal of Adhesion Science and Technology 5

(11D1) (Zg ) O Cu
e Cuo
o Cu,0
e (002)
3 '(111}
- (112) |
2 \ J\ Y Type I
w
< | W
2 (002) I
£ e (111) (112) ||
) °
(110) 10“}1
20 30 40 50 60 70
20 (Degree)

Figure 2. XRD patterns of Type I and III copper oxide structures formed using chemical oxidation
methods.

trations (Figure 1(f)), the oxide structures become thicker and their morphology become more
complex as copper ions can reach the supersaturation level for nucleation in much shorter
times [17]. Unlike Type I or II oxide structures, we do not observe any apparent self-limiting
behavior. Increasing the oxidation time leads to further increases in the thickness and
complexity of the oxide structures. The XRD result (Figure 2, Type III) confirms that Cu
(OH), is converted into CuO during the oxidation process.

In order to compare the above chemical oxidation schemes with more conventional ther-
mal oxidation schemes, clean copper substrates were thermally oxidized at different tempera-
tures for different times in the air. Equation (4) shows the chemical reactions involved in
thermal oxidation.

4Cu + O; — 2Cu,0

2Cu,0 + 0, — 4CuO. (4)

In the initial stage of thermal oxidation, a Cu,O layer first grows. Only when the Cu,O
layer reaches a critical thickness and the heating temperature is over ~260 °C, a CuO layer is
formed. The critical thickness was measured to be between 90 and 300 nm [19,20].

For one set of copper samples, we heated the samples at relatively low temperatures
(150-250°C) for different times (10 min—4h). Under these conditions, only Cu,O layers are
formed. Figure 3 shows the surface topography after 1h of heating at different temperatures.
Changes in rms roughness during the thermal oxidation processes are shown in Figure 4. The
surface roughness was measured using AFM on three different spots for each sample and the
error bars represent the standard deviations. Higher heating temperatures result in larger Cu,O
grains, increasing the rms roughness.

Another set of samples was heated at temperatures ranging from 400 to 700 °C. As shown
in Figure 5, CuO nanowires start growing on top of initially formed Cu,O layers after
approximately 1h of heating at 400 °C. Previous studies [20] reported that the heating temper-
ature and time determined the diameter and length of nanowires, respectively. When the heat-
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Figure 3. Surface topography of (a) polished copper before heating; (b—d) Cu,O layer thermally grown
for 1h at 150 °C (b), 200 °C (c), and 250 °C (d). Color map represents z-level.
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Figure 4. Changes in the rms roughness during thermal oxidation. Copper oxide layers grown at high
temperature (250 °C) over 120 min were partially peeled off from the substrates.

ing temperature is raised to 800 °C, significant growth in oxide grains is observed (Figure 5
(d)). Due to large thermal stress, copper oxide layers thermally grown at such elevated tem-
peratures can readily peel off from the substrates, limiting their use in practical applications.
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Figure 5. SEM images of CuO nanowires synthesized through thermal oxidation at (a) 400 °C for 1h,
(b) 500°C for 1h, (c) 500°C for 4h, and (d) 800 °C for 4 h.
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Figure 6. Static contact angles measured on Cu surfaces thermally oxidized at different temperatures.
Copper oxide layers grown at high temperature (250 °C) over 120 min were partially peeled off from the
substrates.

3.2. Contact angle of water droplets on micro/nanostructured cu surfaces

Figure 6 shows changes in the static contact angle for the samples thermally oxidized at tem-
peratures 150-250°C for 10 min—4 h. By varying the heating temperature and time, we can
modify the contact angle from approximately 90°—15°. When the copper substrates are oxi-
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Figure 7. Static contact angles measured on Cu surfaces chemically oxidized in the alkaline solutions
listed in Table 1.

dized at relatively low temperatures (150 °C), the increase in surface roughness is rather mod-
erate (see Figure 3). The decrease in contact angle is mainly due to the high surface energy
of the copper oxides. At higher heating temperatures, increase in the surface roughness leads
to further decrease in the contact angle.

Figure 7 shows the static contact angles for the chemically oxidized Cu surfaces. The con-
tact angle decreases from approximately 90°-6° after Smin of oxidation for Type I CuO
nanostructures and to approximately 25° after 3 min of oxidation for Type II CuO nanostruc-
tures. For Type III oxide layers formed in a 1 M NH4OH solution for 8 h, the droplet spreads
instantaneously over the sample surface due to their extremely high roughness factor.

When combined with a thin (<50 nm) hydrophobic coating, such as that of Teflon®, the
Cu oxide nanostructures can also provide extreme hydrophobicity as the wetting mode
changes from the Wenzel to the Cassie regime. A 2% (by weight) Teflon amorphous fluoro-
polymer resin (Du Pont Polymers, Inc.) was first dissolved in a FC 40 solvent (3 M). The
solution was spin coated on the oxidized Cu surfaces at 3000 rpm for 30s and then baked at
180°C for 10min to evaporate the solvent. The sharp needle-like structures of Type I CuO
lead to extreme nonwetting characteristics (6, >170°) by trapping air pockets underneath a
water droplet. We note that such hydrophobic coatings may induce morphology changes,
especially for Type II CuO structures whose length scale is of the order of 200 nm.

3.3. Integration into wicks

Based on our comparative study, Type I CuO nanostructures were selected for integration into
wicks for potential applications in heat pipes and other heat exchangers that utilize phase
change heat transfer. Type III nanostructure, despite its high wettability, is deemed ill-suited
for integration into complex microporous wick structures as the associated oxidation process
is not self-limiting, making it difficult to control the resulting oxide thickness.

The unique needle-like morphology of Type I CuO provides extreme wettability to Cu
surfaces without introducing significant parasitic thermal resistance. When Type I CuO nano-
structures are integrated onto the surface of the wicks, a thin (<200 nm) Cu,O layer forms
first and sharp needle-like CuO nanostructures are separately grown on this layer (see Figure 1
(a) and (b)). The thermal resistance of the thin continuous underlayer is estimated to be of
the order of 107’ m?K/W, which is orders of magnitude smaller than the overall thermal
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resistance in typical pool boiling conditions. Since the oxidation process is quasi-self-limiting,
we can form uniform Type I CuO oxide layers over complex microstructures.

We demonstrated the integration of Type I CuO nanostructures into Cu powder and
microfabricated post wicks. The powder wicks were fabricated by sintering Cu powder of
diameter approximately 60 um and the micropost wicks were microfabricated using the elec-
trochemical deposition technique [24].

Figure 8 shows that one can indeed form uniform Type I CuO nanostructures over the
entire surface of the monolayer powder and the micropost wicks. Due to the extreme wetta-
bility of the CuO nanostructures, poorly wetting copper wicks are turned into superhydrophil-
ic wicks. To characterize the capillary performance of these wicks, we performed capillary
rate of rise experiments [24—26] before and after integrating CuO nanostructures. A wick sam-
ple is oriented perpendicular to the horizontal surface of a liquid reservoir and slowly lowered
using a z-stage. Once the bottom of the wick touches the reservoir surface, the liquid rises
along the wick due to a finite capillary pressure gradient. The liquid rise can be described by
balancing among the capillary force, the viscous force, and the gravity.

201, ¢

- xg—i— X (5)
Rar K'ar T PE"

The measured liquid rise history is fitted using Equation (5) to determine the capillary perfor-
mance parameter K/R.g. The results are summarized in Figure 9. Each measurement was
repeated multiple times and the error bars represent the standard deviations. A small effective
pore radius R leads to high capillary pressure, but it also decreases the permeability K. The
ratio K/R.¢ captures the trade-off between these two competing effects. Methanol is used as a

Figure 8. SEM images of nanostructured Cu wicks: (a) monolayer powder wick and (b)
microfabricated post wick.
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test liquid for the unoxidized wicks since no self-initiated capillary rise is observed with
water due to its high contact angle on bare Cu surfaces. To facilitate comparison with the oxi-
dized wicks, the results obtained with methanol were converted into equivalent values for
water (labeled as ‘prediction’ in Figure 9) using the measured contact angle (Res = p/cos 0).

Figure 9 shows that the capillary performance (for water) is enhanced by almost an order
of magnitude compared with the bare wick for both the monolayer powder and the micropost
wicks. For these nanostructured wicks, the wicking performance with water is approximately

Y. Nam and Y.S. Ju

equal to the performance with methanol.

(a)

KIRggs (x 10°)

KIRggf (x 10°)

Figure 9. Capillary performances (K/R.g) before and after nanostructuring: (a) monolayer powder
wicks and (b) microfabricated post wicks. Methanol and water were used as test liquids. For the
unoxidized wicks, the results obtained with methanol were converted into equivalent values for water

and labeled as ‘prediction.’
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Figure 10. The photograph of the vacuum system used for the heat transfer performance tests (top)
and the schematic of the wick sample with an installed heater chip (bottom).

In order to quantify the benefits of nanostructured superhydrophilic surfaces in phase
change heat transfer, evaporative heat transfer performance tests were conducted on microfab-
ricated wick samples before and after integrating the CuO nanostructures. Figure 10 shows
the vacuum chamber used in the tests and the schematic of the tested wick samples. Cooling
water from a thermal bath (Thermoscientific, RTE 7) is circulated around the chamber to
precisely maintain the temperature inside the chamber. Vacuum feed-throughs are integrated
into the chamber to connect the thermocouple wires and heater lead wires to a data acquisi-
tion system and power supply (Agilent, N5752A). The voltage drop across the heater is mea-
sured using a separate pair of sensing wires using a multimeter (Keithley, model 2000). To
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Figure 11. Heat flux as a function of the wick superheat (7., — 7,) before and after the surfaces of the
microposts are nanostructured. In the label, D, (post diameter, pm), D, (post spacing, pm), and f; (solid
fraction).

mitigate difficulties in controlling the liquid fill charge [27,28], we placed the wick sample
perpendicular to the water reservoir. The wick sample is self-saturated via capillary force,
which prevents flooding of the wick surface.

A thin-film heater of size 5mm X 5mm was fabricated on a silicon substrate of 100 um
thickness. The heater chip was soldered to the backside of the wick sample as a heat source.
The thermal resistance of the solder interface between the heater chip and the sample was
measured to be 5 x 1077 m? K/W using the transient hot disk technique [29].

We determined the temperature of the heater from its electrical resistance and also from
readings of a small (36 AWG) K-type thermocouple bead bonded to the heater surface using
a high thermal conductivity epoxy (Omega, Omegabond 101). From the heater temperature,
the wall temperature of the wick (7,) was determined using numerical simulations accounting
for heat spreading within the substrate and the heater chip. Further experimental details are
provided in a separate publication [29].

Figure 11 shows the heat transfer performance before and after the nanostructuring. At
low heat fluxes (<25 W/cm?), the heat transfer performance stays approximately the same
even after the nanostructuring. This suggests that the parasitic thermal resistance associated
with the CuO layers is indeed negligible. At higher heat fluxes, the heat transfer performance
of the nanostructured wick samples exceeds that of the bare Cu wick samples as the
improved capillary performance delays partial dry out. The critical heat flux is enhanced by
over 70%, consistent with the significant increase we observed in the capillary performance.
These results suggest that the benefits of nanostructured superhydrophilic surfaces may out-
weigh the potential drawbacks, i.e. parasitic thermal resistance of the oxide layers.

4. Summary and conclusion

We compare the oxidation methods for controlling the morphology and wetting characteristics
of copper surfaces. The ability to achieve wide ranges of wettability, from superhydrophilic
(0,<10°) to superhydrophobic (6,>170°), is demonstrated. Quasi-self-limiting behavior
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allows us to integrate CuO nanostructures into complex microstructures, including monolayer
powder and micropost wicks, using a simple wet chemical process. The unique morphology
and high surface energy of the CuO nanostructures turn poorly wetting Cu wicks into super-
hydrophilic wicks without introducing significant parasitic thermal resistance. The CuO nano-
structuring significantly enhances both capillary and heat transfer performances. Our work
suggests a promising approach to enhancing phase change heat transfer performance by fully
benefiting from the high merit number of water without sacrificing the capillary performance.

Nomenclature

Ay (cross-sectional) area of wick (m?)
D¢ post spacing (pm)

D, post diameter (um)

fs area fraction of solid

g gravitational acceleration (m/s?)
hig latent heat of vaporization (J/kg)
Legr effective length of heat pipe (m)
K permeability (m?)

Ohmax maximum heat transfer capacity (W)
r roughness factor

Tp pore radius (m)

Resr effective radius (m)

tc calculated time (s)

m measured time (s)

T, vapor temperature (°C)
Tw wick temperature (°C)

X liquid rising height (m)

Greek symbols

€ porosity

¢ orientation angle (°)

I liquid viscosity (Pas)

m figure of merit (W/m?)

0. contact angle of composite surface (°)
0s contact angle of smooth surface (°)

0a apparent contact angle (°)

p density (kg/m®)

Olg liquid—gas (vapor) surface tension (N/m)
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