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Simultaneously achieving drag reduction and capillary evaporation enhancement is highly desired

but challenging because of the trade-off between two distinct hydrophobic and hydrophilic wettabil-

ities. Here, we report a strategy to synthesize nanoscale biphilic surfaces to endow exceptional drag

reduction through creating a unique slip boundary condition and fast capillary wetting by inducing

nanoscopic hydrophilic areas. The biphilic nanoporous surfaces are synthesized by decorating hydro-

philic functional groups on hydrophobic pristine multiwalled carbon nanotubes. We demonstrate that

the carbon nanotube-enabled biphilic nanoporous surfaces lead to a 63.1% reduction of the friction

coefficient, a 61.7% wetting speed improvement, and up to 158.6% enhancement of capillary evapo-

ration heat transfer coefficient. A peak evaporation heat transfer coefficient of 21.2 W/(cm2�K) is

achieved on the biphilic surfaces in a vertical direction. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4901962]

Solid-liquid interfacial characteristics such as interfacial

wettability, surface roughness, and the presence of micro/nano

bubbles govern fluid flow and heat transfer. Hydrophobic

surfaces can reduce friction owing to the interfacial slip-

page,1–3 while nanotextured superhydrophobic surfaces inevi-

tably trap gas as a lubricant in nanopores, resulting in a

significant drag reduction owing to the shear-free boundary

conditions between the liquid and gas.4 However, hydropho-

bic surfaces exhibit poor capillarity since they cannot form

concave menisci.5 On the other hand, nucleate boiling can be

enhanced using hydrophobic surfaces via augmenting nuclea-

tion site density. The small pinning forces of vapor bubbles on

hydrophobic surfaces can substantially increase the bubble de-

parture frequency.6 Nonetheless, an earlier transition from nu-

cleate boiling to film boiling on hydrophobic surfaces results

in low critical heat fluxes (CHFs).7 For example, carbon nano-

tubes (CNTs) can reduce friction,8 enhance boiling,9–14 and

evaporation,15,16 but enhancements are limited by their intrin-

sic hydrophobicity, which prohibits the generation of favor-

able capillarity.

Hydrophilic surfaces, which contain a large amount of

concave menisci with small radii, are superior to generating

capillary forces to improve liquid spreading3 during boiling/

evaporation heat transfer processes. Superhydrophilic surfaces

can promote nucleate boiling and thin film evaporation

through augmenting the wetting areas.17,18 However, hydro-

philic surfaces can induce higher flow resistance because of

the induced non-slip boundary conditions owing to the com-

plete wetting characteristics when compared to hydrophobic

ones. Additionally, bubble departure on the hydrophilic

surfaces can be retarded by the high pinning forces on the

contact line and the nucleation cavities suffer from flooding.19

To achieve superior fluid flow and heat transfer rate dur-

ing nucleate boiling and evaporation, hybrid surfaces consist-

ing of both hydrophilic and hydrophobic features are highly

desirable because the composite surface wettability is supe-

rior to liquid spreading by generating favorable capillarity

and maintaining low friction.20,21 Although these composite

surfaces with microscale hydrophilic and hydrophobic areas

have been developed to enhance capillary flow22,23 and boil-

ing heat transfer,22,24 they can neither impact the nanoscopic

slip length nor effectively reduce the pinning forces

governed by the contact line.25 CNT-enabled hydrophobic-

hydrophilic nanoporous surfaces have been shown to sub-

stantially enhance nucleate boiling in our previous study by

tuning surface wettability at nanoscale.19 However, a system-

atic exploration of drag reduction and capillary evaporation

enhancement on such a type of biphilic nanoporous surfaces

is still lacking.

In this study, the biphilic nanoporous surfaces, which are

synthesized by creating hydrophilic functional groups on the

hydrophobic pristine CNTs in the defected areas, are used to

reduce flow friction and to enhance capillary evaporation.

Such functionalized multiwalled CNTs (FMWCNTs) devel-

oped in this work exhibit the advantages of both hydrophobic

and hydrophilic characteristics. Commercialized 8–15 nm-

O.D. multiwalled CNTs (MWCNTs, Cheaptubes Inc.,

Cambridgeport, Virginia, USA) (Fig. 1(a)) were oxidized in

concentrated nitric acid to grow carboxyl and hydroxyl func-

tional groups on the defect areas (i.e., vacancies).19 Then, the

biphilic CNTs were dispersed in the isopropyl alcohol with

the aid of high power ultrasonic horn disruption. Amphiphilic

Nafion was added to primarily improve the dispersion as a

surfactant and strengthen the bonding between functionalized

MWCNT (FMWCNT) wires and the substrate.3 The locations
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of the functional groups on the biphilic MWCNT wires and

bundles can be traced using positive charged platinum ions

(Fig. 1(b)).3 Platinum nano-particles loaded on defect areas

where functional groups grow indirectly indicate the distribu-

tion of hydrophilic areas.26

Drag reduction and capillary evaporation are experimen-

tally studied in a single microchannel and membrane-

enhanced microchannels (MEMs), respectively.3 The flow

resistance is studied in a single microchannel (Height, width,

and length: 0.15 mm, 5.5 mm, and 26 mm) with the biphilic

nanoporous coatings on the bottom surface (Fig. 2(a)). The

pressure drop, Dp, in the microchannel, which is defined as

Dp¼ pin� pout, is measured using a differential pressure

transducer (Omega
VR

), where pin and pout are the inlet and out-

let pressures (Fig. 2(a)).3 Friction coefficient in the bare and

biphilic nanoporous microchannels are 0.31 and 0.19 at a

Reynolds number of 200, respectively, yielding a 63.1%

reduction of the friction coefficient (Fig. 2(b)). The biphilic

nanoporous surfaces can trap nanobubbles inside hydrophobic

pores and result in a significant drag reduction owing to the

nanoscale gas-liquid slip boundary.27

Wetting speed and capillary evaporation are experimen-

tally studied in MEMs. The MEMs is fabricated by diffusion-

bonding a single-layer 1509 m�1 copper woven meshes with a

wire diameter of 56 lm (Belleville Wire Cloth Co., Inc.) on a

straight microchannel array (Height, width, and length:

0.25 mm, 0.25 mm, and 20 mm) (Fig. 1(c)).28 The wick and

heating areas are 1 cm2. During the evaporation test, the

biphilic MEMs are positioned in the vertical direction with

the center of the heating block 15 mm away from water level.3

The well-dispersed mixtures of amphiphilic Nafion and

biphilic MWCNTs were deposited on MEMs by an ultrasonic

spray coater, yielding MEMs with hierarchical porosity and

biphilicity.

The wetting speeds of water in the horizontal MEMs

without and with the biphilic nanoporous surfaces are meas-

ured by a high speed camera linked to a microscope. The wet-

ting speeds is significantly increased to 26.2 cm/s in the

biphilic coated MEMs (Figs. 3(a)–3(d)) from 16.2 cm/s in the

bare copper MEMs (Movies 1 and 2),3 accounting for a

61.7% higher liquid spreading speed. Unlike the non-wettable

CNT-coated MEMs, the biphilic coatings can still be wetted

and generate a large capillary force to spread liquid, resulting

in a rapid capillarity-enhanced wetting phenomenon. In short,

we demonstrate that the biphilic nanoporous surfaces can sig-

nificantly reduce friction (Fig. 2(b)) by inducing slip boundary

conditions. Moreover, they can maintain great capillarity-

enhanced liquid spreading (Figs. 3(a)–3(d)).

To examine the effect of the unique wettability of the

biphilic nanoporous surfaces on phase-change heat transfer,

capillary evaporation on the MEMs with three different types

of coatings (i.e., superhydrophilic ALD SiO2, hydrophobic

MWCNTs, and biphilic nanoporous coatings) is experimen-

tally studied. The effects of wettability on evaporation are

evaluated and comprehensively compared to understand

enhancement mechanisms. The apparent contact angles are

FIG. 1. Characteristics of the biphilic nanoporous coated MEMs. (a)

Hydrophobic pristine MWCNTs. (b) The biphilic nanoporous with both

hydrophobic and hydrophilic wetting features where hydrophilic functional

groups are grown on hydrophobic pristine CNTs. (c) Micro-XCT (x-ray

computed tomography) image of MEMs. (d) The biphilic nanoporous coat-

ings on the copper wire surface.

FIG. 2. Characterization of drag reduc-

tion on the biphilic nanoporous surfaces

in a single microchannel. (a) Pressure

driven flow through the microchannel

with partially wetting surfaces, Pin-inlet

pressure, and Pout-outlet pressure (sup-

plementary material).3 (b) Flow resist-

ance measurement through the single

microchannel with the biphilic coatings.

FIG. 3. Capillary wetting in MEMs with and without the biphilic nanopo-

rous coatings. (a) and (b) Wetting speed in the biphilic nanoporous coated

copper MEMs. (c) and (d) Wetting speed in the bare copper MEMs.

191611-2 Dai et al. Appl. Phys. Lett. 105, 191611 (2014)
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measured (Fig. 4(a)). According to the liquid distribution

and flow characteristics on the bare MEMs, the capillary

evaporation in MEMs can be divided into three regions

(Figs. 4(b) and 4(c)).21 Region I (0–11.2 W/cm2) is domi-

nated by nucleate boiling and oscillating flows; region II

(11.2–57.2 W/cm2) is governed by static wetting and thin

film evaporation; and region III (57.2–152.2 W/cm2) is deter-

mined by nucleate boiling, capillary wetting, and thin film

evaporation.

Compared to the bare MEMs, all three types of coatings

aforementioned can enhance the heat transfer coefficient

(HTC) significantly (Fig. 4(b)). Though the degree of

enhancements varies in all three regions, the biphilic nanopo-

rous surfaces overall outperform other types of coatings.

In region I, HTCs of 7.0 W/(cm2�K) on the bare MEMs,

8.8 W/(cm2�K) on the intrinsically superhydrophilic ALD

SiO2, and 18.1 W/(cm2�K) on the biphilic nanoporous coatings

are achieved at a heat flux of 28.9 W/cm2, indicating 105.6%

and 158.6% enhancements compared to the ALD-coated SiO2

and bare ones. In region II, thin film evaporation dominates

heat transfer after fluid oscillations are suspended. The deter-

iorated liquid supply results in partial dryout on these surfaces

with spatially uniform wettability, lowering HTCs. However,

the biphilic nanoporous coatings can still maintain great wet-

ting conditions (Figs. 4(c) and 4(e)) and a higher HTC of

9.8 W/(cm2�K) compared to the 5.8 W/(cm2�K) obtained on

the bare one at a heat flux of 57.1 W/cm2 owing to the supe-

rior liquid spreading enabled by the hybrid wettability.

Enhancement mechanisms of capillary evaporation are

more complicated in region III. In the high heat flux region,

HTC rises from 7.5 W/(cm2�K) on the bare MEMs to

10.5 W/(cm2�K) on the pristine CNT coatings at a heat flux

of 104.3 W/cm2. The maximum HTC on ALD SiO2 coatings

is 14.2 W/(cm2�K) at a heat flux of 151.7 W/cm2, which

reflects an increase of 61.4% compared to the bare MEMs.

The maximum HTC of 13.5 W/(cm2�K) on the 80 nm-thick

biphilic nanoporous coating is achieved at a heat flux of

168.7 W/cm2 (Fig. 4(b)), which is an increase of 53.4% over

the bare MEMs because of the enhanced thin film evapora-

tion resulting from the the superhydrophilic ALD SiO2 coat-

ings.17 The intrinsically hydrophobic MWCNTs augmented

the nucleation site density and surface areas, yielding

enhanced nucleate boiling and thin film evaporation. Not sur-

prisingly, the poor wettability substantially reduced CHF.

Apparently, more nucleation sites can be activated with

increasing superheat according to the nucleate boiling theory

on the biphilic nanoporous coatings and lead to higher

HTC.6 We also compared our results with an evaporation

study on biporous wicks with similar sample size and working

conditions (i.e., 1 cm2 heating area and 1.5 cm2 wick area in

vertical direction with 10 mm away from the water level to the

center of heating area).20 In the high heat flux region, the peak

HTC of the present 80 nm biphilic MEMs is 13.4 W/(cm2�K),

resulting in 22.9% higher than 10.9 W/(cm2�K) based on the

heating area, which is 50% smaller than the wick area.

The thickness effect of the biphilic nonporous coatings

on HTCs was experimentally studied since it affects nuclea-

tion site densities, surface areas, and fluid spreading. Figures

4(d) and 4(e) show the thickness effect in a range of the coat-

ing thickness from 80 nm to 1600 nm (Figs. 4(d) and 4(e)).

FIG. 4. Capillary evaporation on the

biphilic nanoporous MEMs. (a) Surface

wettability of plain copper surfaces on

various types of coatings. (b) Capillary

evaporation curves. (c) Heat flux-heat

transfer coefficient (HTC) curves. (d)

Thickness effect of the biphilic nanopo-

rous coatings on capillary evaporation.

(e) Thickness effect of the biphilic

nanoporous coatings on the HTC.

191611-3 Dai et al. Appl. Phys. Lett. 105, 191611 (2014)
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The conformal superhydrophilic ALD SiO2 coatings can

enhance wetting conditions and thin film evaporation as

demonstrated in our earlier work.17 Even though the 80 nm-

thick biphilic nanoporous surface provide more nucleate cav-

ities than the conformal ALD coatings, it still underperforms

ALD SiO2 coatings due to the additional thermal resistance

(Figs. 4(c) and 4(e)). For the 400 nm-thick coatings, a signifi-

cantly larger amount of cavities would be activated in the

biphilic nanoporous coatings compared to ALD SiO2 coat-

ings. The HTC dramatically increases with the heat flux

higher than 142.8 W/cm2 because of a higher nucleation site

density.6 The overall maximum HTC of 21.2 W/(cm2�K) is

achieved at a heat flux of 163.1 W/cm2 on the 400 nm-thick

biphilic nonporous coatings, an increase of 133.0% over the

bare MEMs (Fig. 4(e)) and 94.5% over the biporous wick.20

However, HTC downturn shows up with the further increase

of coating thickness. For example, 1600 nm-thick biphilic

nanoporous coatings even underperform 80 nm-thick coat-

ings (Figs. 4(c) and 4(e)). Specifically, when the heat flux is

less than 118.3 W/cm2, liquid supply is abundant even on

1600 nm-thick coatings, yielding an enhanced HTC due to

the augmented nucleation site densities. But when the heat

flux is higher than 118.3 W/cm2, HTC starts to decrease until

approaching CHF conditions. It appears that the thermal re-

sistance is getting higher because the non-wetted porous

layer becomes thicker, which cannot be overcome by the

enhanced nucleate boiling and evaporation that only occur in

the wetted areas. This indicates that an optimal coating thick-

ness to maximize HTC exists.

To further investigate the HTC enhancement mechanisms,

visualizations of capillary flow and bubble dynamics on the

bare, superhydrophilic ALD SiO2, and biphilic nanoporous

coated MEMs are conducted. Enhanced wetting conditions are

maintained on both the superhydrophilic ALD SiO2 and

biphilic nanoporous coated MEMs,3 but the biphilic nanopo-

rous coatings can form a large amount of partially wetting cav-

ities, which can enhance nucleate boiling.3 As experimentally

validated, the superheat on the biphilic nanoporous coatings is

substantially reduced to 0.6 �C (Fig. 4(b)). In addition, the

biphilic nanoporous surfaces dramatically increase the oscillat-

ing flows and advection (Movies 3 and 4)3 owing to the sus-

tainable wettability, which considerably enhances the liquid

spreading and therefore HTC. Visualization study shows that

both nucleate boiling (Fig. 5(a)) and oscillating frequency (Fig.

5(b)) are substantially increased. Figures 5(c) and 5(d) also

illustrate that the both nucleation site density and bubble

growth-collapse frequency increase after applying the biphilic

nonporous coatings (Movies 3 and 4),3 which confirms that the

HTC enhancement on the biphilic nanoporous surfaces primar-

ily results from enhanced nucleate boiling, advection, and thin

film evaporation in region III.

Surface wettability affects CHF of capillary evaporation.

CHF drops from 151.7 W/cm2 on the bare MEMs to

120.3 W/cm2 on the pristine CNT coated surfaces (Figs.

4(b)) due to the reduced capillarity. Superhydrophilic ALD

SiO2 coatings are also incapable of improving CHF because

the enhanced capillary force is balanced by the increased

flow friction as shown in our previous study.17 However, the

biphilic nonporous coatings can increase CHF to 171.7 W/

cm2 from 151.7 W/cm2 on the bare MEMs (Fig. 4(b)).

Compared to the biporous wicks,20 the CHF on the biphilic

nanoporous coatings is 141.7% higher. The biphilic nonpo-

rous coatings can enhance the overall liquid supply and delay

CHF conditions in two aspects: hydrophobic areas can effec-

tively reduce the flow resistance while hydrophilic functional

groups induce capillarity-enhanced liquid spreading. In addi-

tion, during the evaporation heat transfer process, the

biphilic nanoporous surfaces can reduce the size of vapor

bubble and increase the bubble growth and collapse fre-

quency (Movie 3),3 which intensifies fluid oscillations and

hence improving liquid supply and CHF.

In summary, the biphilic nanoporous coatings enabled

by the FMWCNTs are demonstrated to enhance both heat

and mass transport. The flow drag is considerably reduced

FIG. 5. Mechanism of enhanced capil-

lary evaporation on the biphilic MEMs.

(a) The total number of visible bubbles

in active channels with the biphilic

nanoporous coatings, Mc�mb. Mc is the

number of visible bubbles in a single

active channel, and mb is the number of

active channels. Nc�nb is for bare

MEMs. (b) The total oscillating fre-

quency, Mc�fN, in the biphilic MEMs;

Mc is the number of active channels,

and fN is the frequency of fluid flow in

a single active channel. Nc�f is for bare

MEMs. (c) The total number of visible

bubbles in active channels, Mc�mb in

the high heat flux region. Nc�nb is for

bare MEMs. (d) Bubble growth and col-

lapse frequency, fN,gc. fgc is for bare

MEMs.
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through the slip boundary conditions induced by trapping

gas lubricants. Liquid spreading is improved owing to the

reduced friction and the generation of capillary forces. The

partially wetting nanoporous coated MEMs exhibited

enhanced capillary evaporation performances in both HTC

and CHF. The increased HTC primarily results from the

improved wetting areas, intensified oscillating fluid flow,

and augmented nucleate boiling; while the improved CHF

primarily benefits from the drag reduction and increased

bubble growth-collapse frequency.
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