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Abstract: The superior capillary wicking capability of hiechical surfaces
determined by the capillary pressure and viscosstance plays a critical role in
developing the high-efficient thermal managementiads. In this study, a novel
chemical oxide method for fabricating the in-siticra/nanocrystal structures on the
Cu substrates with prominently improved capillaricking capability is proposed.
Single scaled and hierarchical structures can bectted, and the capillary wicking
capability of the hierarchical structures exhilithie much higher wicking coefficient
than that of the single scaled structures. The wgckoefficient on the nanosheet and
micro-flowers (NSMF) hierarchical surface was meaduas 3.77 mmJsS, which
indicates a maximum improvement of 146.4 % compa#wesingle scaled structures.
NSMF structure can provide two-tier pores for sjtbening the capillary pressure
driven by the nanoscale pores and reducing th@wsscesistance driven by the micro
pores. It is worth noting that the ultrafast widagian the hierarchical surface is useful
in creating extremely effective thermal managemsydgtems and advanced heat
exchangers.

Keywords. Capillary wicking; In-situ micro/nanocrystals; é#archical structure;
Liquid circulation; Surface morphology
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Nomenclature Abbreviations

| wicking distanc, [mm] NG nanogras

Pcap capillary pressul NGMP nanograss and mic-petal
K permeability NGMF nanograss and mic-flowers
tt time, [s. NSMF nanosheets and mic-flowers
w wicking coefficient, [mm/°-9 Greek symbols

R dynamicliquid wicking front, [mm] o surface tensic, [N/m]

Rc contact lin,, [mm] 0 contact angl

Rt inner diameter, [mn I ViSCosity

Vinitial initial volume of water, L] 0 thicknes

Hinitia initial height of water, [mn & porosity

Feap capillary forct

Friction frictional force

Rgeometry  geometry curvature of the liqu

Aarea cros«-sectional are

C1 empirical constal

C2 empirical constal

B1 empirical constal

P perimeter of dynamic wicking liquid fro

1. Introduction

Capillary wicking on the hierarchical micro/nanaustures which has been used in
the numerous promising applications including thrermmanagement [1-10],
microfluidics [11-17] and water harvesting [18-2fs attracted significant attention.
Due to the microelectronic devices with miniatutiga and integration, efficient
thermal management with a high heat flux removallimnited dissipation space
becomes a big issue that need to be resolved.inBdikeat transfer with huge latent
heat is a promising approach for solving the abmestioned difficulty. It is
important that the liquid replenishing is a cruci@ctor that determines the
enhancement of the thermal performance. Therefaoijng structures has been used
to promote the boiling heat transfer, which canntean the heated surface wet at
ultra-high heat flux due to the wicking liquid foeplenishing to the dry-out space,
delaying the occurrence of heat transfer determmaand the critical heat flux (CHF)
[23-27].

Wicking is the term used to describe the spreadingroplets or propagation of
2
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liquid in a thin film under the influence of capitly pressure, which has been shown
to be strongly correlated with surface morphologyl aoughness [28]. Until now,
three categories of wicking structures have beenliesi: microscale structures,
nanoscale structures and hierarchical micro/nangtsires. As stated, the capillary
wicking performance of the wicking structures with single length scale is
determined by the capillary pressure to viscousstasce ratio. The wicking
microstructures, including microchannels [29-33jcmopillars [34-43], micropores
[44-46] possess the high permeability but low dapil pressure due to the large
length scale pores. To investigate the dynamicsiigfoscale liquid propagation in
micropillar arrays, Alhosani et. al [39] discoverdht the ration of pillar height to
edge-to-edge spacing has a substantial impacteomitroscopic motion of the liquid
front. When compared to wicks made of single mes@éen et. al [46] discovered
that a multilayer composite micromesh wick with and fine meshes
demonstrates a considerable improvement in wickiagability. As comparisons,
nanoscale wicking structures including nanowire- 587, nanopillar [51-54], nanorod
[55], nanotube [56, 57] and nanochannel [58-60] paovide a higher capillary
pressure and a lower permeability. Shim et. al f¢dhd that the aligned nanowires
with strengthened capillary wicking has an enhangeting coefficient compared to
the random nanowires. It was reported that the iwiclkcoefficient on the aligned
nanowires increases as the increasing of the heigthite aligned nanowires. Poudel
[60] et. al investigated the nanochannel’s wickimgperties and noted the presence of
wicking- and evaporation-dominant regimes. Theoadly, the wicking is initially
controlled by surface tension and viscous forceh wiconstant supply of liquid from
the droplet in the wicking-dominant regime, whileetwicking is controlled by
hydrodynamic dissipation in the evaporation-domirragime.

Moreover, the hierarchical structures composed l# tmicrostructures and
nanostructures have also been proposed to enheogitking capability. To date,
hierarchical structures have been reported inctudimanowires with nanocactuses
[61], micropillars with nanorods [62], nanopillargth nanowires [63], micropillars
with nanopores [64, 65], micromesh with nanostnety3, 66, 67], nanowires with
microgrooves [68]. The hierarchical structures havgreater capacity for wicking
because of the increased capillary pressure dittayethe nanostructures and the
decreased viscous resistance governed by the rnicctges. For instance, Lee et. al
[61] proposed a novel hierarchical nanowire arrayisich consists of copper
nanowires covered with dense copper oxide nanc®estto enhance the capillary
wicking. By this hierarchical structure, more int&mowire pore sizes can be
provided on the nanocactuses to increase the vgatapabilities. Rokoni et. al [62]
the spacing and heights of the hierarchical ZnOormas and Si micropillars play a
critical role in improving wicking capability. Byontrolling the spacing and heights
of this hierarchical structure, wicking improvemean be adjusted. Wang et. al [63]
proposed a three-dimensional hierarchical nandstres composed of the nanopillars
and ZnO nanowires which can increase the surfae®, &acilitating the liquid flow.
Wicking dynamics could be significantly improved ediio the existence of the
nanowires on the larger pillars, while the viscoesistance could be improved

3
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because the length of nanowires approaches halfljatent pillar spacing, resulting
in the obstruction of the liquid flow. For reducitite viscous resistance produced by
the nanoscale structures, Zuruzi et. al [65] dertnatex] a new wicking structure
employing nanostructured titania grown on titaniomeropillars, which can maintain
the liquid flow channel for reducing viscous resiste, leading to the improved
capillary speed. However, Zheng et. al [64] foumak the spreading slow down due to
the inhibition of the nanopores with larger degtbr further improving the wicking
capability, Alhosani et. al [66] designed a hiehacal micro-meshes with
nanostructures which can simultaneously improvestiréace wettability and reduce
the viscous dissipation to obtain an outstandingking performance. Furthermore,
the impact of the working fluid, surface shape, amgmber of layers on the
nanostructured micromesh surface were also inastigby Wang et. al [67]. It was
discovered that the interlayer microchannels in tiayker plain and fluoridated
screens can be used to generate low-resistancepiddwvays, enabling the liquid
spread. Differing from the above conventional hielecal structures, Chun et. al [68]
proposed the use of hierarchical nanowired surfacgsinterconnected V-grooves as
liquid transport channels, which can produce sapeapillary pressure driven by the
nanowires and reduced viscous resistance caustnt fiyterconnected V-grooves.

As a result, the capillary pressure and viscoustae simultaneously limit the
capillary wicking ability of single-scaled strucés: As reported, hierarchical designs
can greatly improve wicking performance, but gredteus needs to be placed on
capillary pressure and viscous resistance that revarge impact on wicking
efficiency. In this study, we propose a novel Cmpound hierarchical structures with
superior wicking capability, which has been usedigmnificantly enhance the pool
boiling heat transfer [69, 70]. However, the enlemnent mechanism of this
hierarchical structures on capillary wicking hast t@en revealed. There is no
experimental research to investigate the capillargking of the Cu compound
hierarchical structures. This Cu compound hieraadhstructures in this paper are
fabricated by the chemical oxidation method, whiate easy to be prepared
comparing to the conventional hierarchical strussurDiffering from the above-
mentioned conventional hierarchical structureshis paper, the microscale structures
synthesize from the natural growth of the nanoss#édectures. The enhancement
mechanism of this hierarchical Cu compound strectm the capillary wicking is
discussed in this study, which is valuable in pdowgy a novel fabrication method for
manufacturing the hierarchical structures with sigpewicking structures and
providing a direction of the hierarchical structirdesign with outstanding capillary
wicking capability.

2. Experimental sections

2.1 Surface fabrication

In this study, cleaning, chemical alteration andwan drying are the three primary
phases manufacturing of boiling surfaces. The whatepper surfaces
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(20mmx 20mmx 3nm) were polished with 2000 grid SiC sandpaper foraenyg the
impurities and remaining the smooth of the surfadesmove residues, the ultrasonic
acetone solution was used to clean the polishepgercgurfaces for 15 min. Then, the
polished surfaces were rinsed with the ultrasotih@amol and DI water for 10 min,
respectively. Finally, these copper surfaces weaegdl in an oven and heated at®5
for 120 min.

Figure 1 shows the surfaces chemical modification process growing the
hierarchical micro/nano structures on the coppéiasas. The experiment materials,
sodium hydroxide (NaOH, AR; 96.0%) and ammonium persulfate ((N#$50s, AR,
98.0%) were purchased from the Sinopharm ChemiealgBnt Co., Ltd. A 100 ml
aqueous solution containing 2.5 NBOH and 0.1 M (NB>S0s was prepared in a
250 ml glass beaker for generating different mizaob structures on copper surfaces.
The dried and polished copper surfaces were platedhe two solutions at the room
temperature for 3 min, 30 min, 60 min and 120 nmaspectively. The reaction
conditions are summarized irable 1. Besides using the reaction time of 3 min, 30
min, 60 min and 120 min, the same hierarchicalcttines can also be formed using
the reaction time of 15 min, 20 min and 90 minpesdively. In addition, different
structures can be synthesized through changingehetant concentration (1.25 M
NaOH and 0.05 M (NH2S0sg). Under the circumstance, comparing with the
structures synthesized by the reactant concemsati@5 M NaOH and 0.1 M
(NH4)25:08), four types of the same typical hierarchical cfinees can be formed. A
few minutes later, the initial colorless solution the glass beaker became
increasingly blue. In 3, 30, 60 and 120 minutes,fttm on the Cu substrate changed
from the light-blue colour to the black colour. &ftthe chemical modification in the
beaker, the fabricated copper surfaces were rinsgdDI| water and placed into the
vacuum oven for heating at 80 to remove the residual solution. After the chemica
modification and vacuum drying, blue or dark bludoar appeared on the copper
surface.

Table 1. Reaction conditions and results for the oxidabba copper substrate

Molar ration of NaOH Concentration of NaOH

Sample no. t0 (NH4)2S,0s (M) (M)

Reaction time (min)

1 3

30

251 2.5
60

A W N

120
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solution

Figure 1. Chemical modification process of copper surfaces.
2.2 Droplet spreading test system

Figure 2a shows the schematic diagram of the droplet spngaekperiment. The
droplet spreading test system consists of a migrmge pump, a lifting platform, a
light source and a high-speed camera system. Inefperiment, 1ul DI-water
droplets obtained from the micro syringe pump wekeased on the surfaces of
samples. To observe the wicking phenomenon, a $pgled camera (Phantom, VEO
410) was set to record 1 s at 1000 fps for capgutire droplet spreading process.
High-speed photos were used to examine and calquré propagation as the droplet
hit the surface. Here, it should be noted thatrntherosyringe was positioned 3 mm
away from the boiling surface in order to minimimestakes brought on by the effects
of gravity and inertia when dropping droplets otite boiling surfaceskigure 2b
shows the droplet spreading and wicking on the @talchical surfaces. The droplet
spreads over the Cu surfaces when the liquid isbietbinto the micro/nanostructured
layers and wicked into the space formed by therlaxted micro/nanostructures. A
dynamic wicking liquid front spreads forward aheafdthe contact line due to the
capillary wicking effect.Figure 2c shows the captured image of droplet spreading
and wicking. Rs represents the capillary wicking radius (from eento dynamic
wicking liquid front) andR. represents the droplet spreading radius (from ceate
contact line). The wicking distandeis the distance betwedR and Rc. Through
analyzing the high-speed images used with Imageftiare, the wicking distance
with time was measured. To evaluate the wickingabdjpy of micro/nanostructures,
the Washburn approach which balances the capilpapssure and the viscous
resistance is widely utilized, where the wickingstdhce is proportional to2.
Therefore, the model to predict the wicking disearms a function of time can be
obtained as follows [35, 36, 47]:

l = /”%tzwx/f 1)

whereP,,, is the capillary pressurg, is the permeability, which are affected by the
surface morphology. However, the permeabiityand capillary pressurg.,, are
difficult to be directly measured for the hieradli surface structuresW =
(2Peap/K)Y? is the wicking coefficient, which represents thigking capability [35].
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According to Eqg. (1), we can predict that the highking coefficient can be obtained
from the high capillary pressure correspondinghtlow viscous resistance.

High-speed camera

\r D g
Light source 5‘
Shelf —_— \
Microsyringe

e Computer

Boiling surfacei . :

-l Lifting platform

Contact Tine Capillary wicking radius R,
(Static droplet l/)oundary) u—Lb
Dynamic wicking // : :
liquid front / Spreading 13612 R,
/ !
/ :

AT

iWickinjg distance /

R,

Figure 2. (a) Droplet spreading experimental setup (b) Setiienof droplet
spreading and wicking (c) Captured image of drogppeeading and wicking

2.3 Water absor ption test system

As illustrated inFigure 3, a capillary tube with an inner diametét)(of 1 mm
filled with water of 2 = 0.2uL from the bottom was placed above the surface.iWhe
contacting with the surface, the height of watethi@ capillary tube can reduce due to
the absorption of the micro/nanostructures on thdase. By using high-speed
camera, the change of liquid leveh and the wicking process can be recorded and
calculated. The initial height of waterhknit and thereby the initial volume of water is

\/initial = nRzHinitial (2)
while the volume of water with the time is
V = 1R*H (3)

Therefore, the absorbed volume of water is
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Figure 3. Water absorption experiment
2.4 Morphology characterization methods

Scanning electron microscopy (SEM, Sirion 200, Fherica) and atomic force
microscopy (AFM, Dimension Edge, Bruker) techniguese used to clearly identify
the surface morphology properties the surface megh of the Cu hierarchical
micro/nanocrystals. The contact angle was meadweal contact angle meter (DSA
25S, KRUSS, German) under atmosphere pressure.ul @roplet DI water was
dropped on the Cu surfaces, and the contact angiebe measured.

3. Results and discussions

3.1 Surfaces mor phology characteristics

Figure 4 shows the SEM images of Cu substrate, NG, NGMPMR@Gnd NSMF.
As shown inFigure 4a, after polishing process, the flat surface carobgerved on
the Cu substrate. As shown kingure 4b, after the Cu substrate immersing into the
solutions for 3 min, the interesting nanograssdtaéNG) can be observed on the Cu
substrate. During the growth process of the narssgoa the substrate, nanograss tips
can be intertwined with each other, resulting & fitrmation of the micro-petals. And
the nanograss and micro-petals (NGMP) coexist erstistrate almost half and half,
as illustrated inFigure 4c. Thereby, increasing the immersion time to 30 ntire,
micro-petal shaped structures can be formed omanegrass, as depictedkigure
4c. With this immersion time, the size of the nanggras almost unchanged, and the
micro-petals grow bigger with a dimeter of 2 ~ush and covers the Cu substrate
more uniformly with the nanograss forests undermthé-urther increasing the
immersion time to 60 min, the micro-petals on trenagrass synthesized to the
micro-flowers (NGMF), covering the Cu substrateshewn inFigure 4d. Compared
with the above hierarchical NGMP, the NGMF has demanograss lying under the

8



245  synthesized micro-flowers with dimeter of aboutudh, as shown inFigure 4d.
246  Furthermore, the magnified SEM image of a micravlo illustrates that the
247  thickness of the flower petals is approximately rsfi (Figure 4d). In comparison
248  with the magnified SEM images of the nanongrassigure 4b, ¢ andd, more
249  nanograss tips can be synthesized to the microeflevand nanograss are stacked
250  firmly on the substrate, as depictedFigure 4d. The nanograss forests grow on the
251  Cu substrate, exhibiting a large amount of thelig holes under the micro-petals
252 and micro-flowers, as seen kiigure 4b andc. Further increasing immersion time to
253 120 min, the SEM image of this hierarchical struetus composed of small
254  nanosheets and micro-flowers (NSMF), as showrFigure 4e. With sufficient
255  reaction time, the thick sheets were formed by riaaoneedles under the micro-
256  flowers.

Nanograss

Nanograss

-

" Microflower. ' Nanosheet
- ~—gie 41

A

257

258 Figure4. SEM images of (a) Cu (b) NG (c) NGMP (d) NGMF SMF.
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X-ray diffraction (XRD) analysis is used to detenmithe structure and phase of the
samples. The XRD patterns of Cu substrate candmded on the various samples,
which can imply that the substrate contains sokelgubic Cu phase with lattice
reasonable parameters of a = b = ¢ = 3.615 A (JC&D& 04-0836), as shown in
Figure 5a, b, ¢, d ande. The diffraction peaks of Cu(OHjrom the Cu substrate can
be indexed, as shown Figure 5b. The derived parameters, a = 2.949 A, b = 10.590
A, ¢ = 5.256 A, are consistent with the valuestia titerature: a = 2.947 A, b =
10.5930 A, ¢ = 5.2564 AFigure 5c exhibits the observed diffraction peaks of
Cu(OH) and CuO with standard parameter. Al$ogure 5d illustrates that the
observed diffraction peaks can be indexed to mamodCuO (JCPDS card 48-1548).
As shown inFigure 5e, the diffraction peaks of XRD pattern are consisteith those
of monoclinic CuO (JCPDS card 48-1548). Therefdne, main component of NG
and NGMP is Cu(OH)and CuO, respectively. Also, the main componemMiGMF
and NSMF is CuO with abundant reaction time.

Figure 6 shows the AFM images which can exhibit the surfexmgraphy and
roughness of Cu, NG, NGMP, NGMF and NSMF structuise to the polishing
process, the untreated Cu surface exhibits a flafase. Also, the chemical
modification causes surfaces to gradually geneas@ increase rough nanoscale
features. The surface roughness of the Cu, NG, NGMPMF and NSMF is 1.07
um,60.52 nm, 329.45 nm, 353,56 nm and 388.84 nmeotiwely.
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b Cu l"
= . ‘ w
s |d Cu0 Cu0 | I — i
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& |u Hm
4 Cu(OH), Cu ‘I ‘ [
L 5 CuO CuO | NGMP |
E & J\/'\-"‘- ‘-‘AMM\‘ |t v : WP MI“I‘\I""WM
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Figure 5. XRD images of the samples (a) Cu (b) NG (c) NG[PNGMF (e)
NSMF
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Figure 6. AFM images of (a) Cu (b) NG (c) NGMP (d) NGMF (¢pMF

3.2 Wetting property of various Cu compound surfaces

As shown inFigure 7a, the untreated Cu surface exhibits the hydroptyliwith
the contact angle of 47°, and the contact anglenlbasignificant change with time.
However, the wettability on Cu hierarchical suragecluding NG, NGMP, NGMF
and NSMF has been enhanced with contact andl& as shown ifrigure 7b, c, d
ande. As a result, following treatment, the contactlasgf the four samples reduced.
With respect to the NG, NGMP, NGMF and NSMF surfacehen the droplets touch

the surface, the droplets can be absorbed intarilceo/nanostructures on the Cu
11
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substrate. Finally, the droplets can be absorbedptaiely, resulting in the contact
angle of 0°. Moreover, due to the diversity of aod morphology and properties,
different dynamic evolution time of contact angéde observed on the NG, NGMP,
NGMF and NSMF surfaces.
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Figure 7. Dynamic evolution of contact angle on (a) CuNi§ (c) NGMP (d)
NGMF (e) NSMF.

3.3 Capillary spreading of Cu hierarchical structures

Figure 8 shows the high-speed camera images of dynamidngakn the Cu, NG,
NGMP, NGMF and NSMF surfaces. As shownHigure 8, with respect to the NG,
NGMP, NGMF and NSMF surfaces, according to the amotf the dynamic wicking
liquid front and static droplet boundary, synchrasispreading stage and capillary
spreading stage can be observed. At the initiacleymous spreading stage, the
dynamic wicking liquid front and contact line caorward together, while the
dynamic wicking liquid front can move ahead of thentact line at the capillary
spreading stage. This indicates that water dromlats be quickly absorbed by the
micro/nanostructures on the NG, NGMP, NGMF and NS#Races. Nevertheless,
with respect to the Cu surface, no significant sgjien between the dynamic wicking
liquid front and contact line can be observed. Tikigttributed to the fact that no
absorbed micro/nanostructures can drive the liquiion on the Cu substrate.

12
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Figure 8. High-speed camera images of dynamic wicking aioua samples.

Figure 9 shows the dynamic droplet radi on the NG, NGMP, NGMF and NSMF
surfaces. When touching the surfaces, due to the lzapillary pressure at the initial
synchronous spreading stage, the liquid can sprapdly through the wicking
structures. The transient liquid wicking front risgtes @R¢/dt) of all the four Cu
hierarchical structures decreases as a functiothefincrease of the wicking front
radius. This is attributed to the fact that thecwiss resistance will increase while the
capillary pressure maintains unchanged when expgrtiie dynamic liquid wicking
front at the initial stage. The images show an epgaendency that each sample has
a large wicking radius during the extremely shariet period. At any given time
during the first stage, the wicking radius of NSNéFgreater than that of the other
structures. For example, the wicking radius on NSME = 0.05 s is 3.544 mm,
40.7 %, 13.3 % and 28.5 % larger than that on NGMR, NGMF, respectively. The
hierarchical Cu compound structures including NGMBMF and NSMF exhibits a
higher wicking speed than single nanoneedle forédter 0.5 s, due to the improved
viscous resistance, the wicking distance rate dsegk as the increase of spreading
time.
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Figure 9. Dynamic liquid wicking fronRs

Figure 10a, b, c andd illustrate the variation of the liquid wicking fmbradiusRs
and contact line radiuR.. Two stages can be observed in the droplet sprgadi
process: synchronous spreading and capillary sprgath synchronous spreading
stage, thézr andR. spread together. In capillary spreading stagedyimamic wicking
liquid front advance well ahead of the contact limecause the dynamic wicking
liquid front further increase while the contactedinremains unchanged. For the NG,
NGMP and NGMF structures, the dynamic wicking ldjdront begins to spread
ahead of the contact line after the time reach@s §.according to the occurrence of
different slopes oRs and R; with the log-log plots. It is obvious that ti follows
the power-law behavidRs =< t" during the capillary spreading process. As illaistd,
the NSMF can enter into the capillary spreadingestaarlier than the other surfaces,
indicating that the NSMF has the strongest capiltgoreading velocity. In special, the
exponent valuess of the power-law fittings oRs on the Cu hierarchical surfaces are
0.216, 0.122, 0.136 and 0.184, respectively.
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Figure 11 shows the wicking coefficient as a function of sugiare root of time on
the whole Cu hierarchical structures in the inilé s. A good liner fit between the
wicking distance and square root of time can beeolesl, which has been expressed
by the Equation (1). In obvious, comparing with th&s, NGMP and NGMF
structures, the NSMF exhibits the largest wickimgfticient of 3.77 mmA>. The
wicking coefficient of the NG, NGMP and NGMF is 3,51.73 and 2.13 mn?/3
respectively. In addition, the hierarchical struetsincluding NGMP, NGMF and
NSMF has the larger wicking coefficient than thegé-scaled NG structure. A
possible explanation is the single-scaled poresspacings provided by the NG
structure can decrease the ratio of capillary pmesand viscous resistance. While the
hierarchical structures can provide the strengttiesapillary pressure driven by the
nanostructures and the reduced viscous resistaneendby the microstructures,
resulting in the enhancement in wicking coefficiamt the hierarchical structures
NGMP, NGMF and NSMF.
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365 3.4 Mechanism of the enhanced wicking on Cu hierarchical structures

366 The capillary force on the micro/nanostructures tedfrictional force of the water
367 can both control how much water is transported iwithem. The capillary force and
368 frictional force can be expressed as below:

369 F_=CR 0CcostA,,, =CAP, A, . (5)

cap 1" geometry

— — de
370 I:friction - BllUURf - 1IURf T (6)

371  whereAPcyp is the capillary pressure,is the surface tension of the liquiyeometry IS

372  the geometry curvature of the liquifljs the contact anglé\area is the cross-sectional
373 area,Rr is the dynamic wicking liquid frony is the viscosityCi, C> andB: is the

374 empirical constantsFigure 12a shows the schematic diagram of water spreading
375 related with the capillary force and frictional ¢deron the surface, which can display
376 the Equation (5) and (6). The capillary pressuréwben the spacing of the
377  micro/nanostructures can govern the capillary fqrdep), which can be calculated
378  as follows:

379 F,, =AP, x A, =AP_Pd = AP, 271R, J¢ (7)

380 whereP is the perimeter of the dynamic wicking liquid ritpo is the thickness of
381  micro/nanostructures; is the porosity of micro/nanostructures. At théiah stage,
382 the capillary force is the dominate force, muclyéarthan the frictional force, which
383 can drive the contact line and dynamic wicking itjéront forward together with
384 great speed, forming the synchronous spreading.nVihe synchronous spreading
385 stage transforms to the capillary spreading st#ge,capillary force and frictional
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386 force are balancedr{yp = Friction). According to thé=igure 9c, d, e andf, theRs andt
387 are in good agreement with the expressioR:of< t". As the spreading time increases,
388 the frictional force is larger than the capillanrde Ecap < Friction), and the dynamic
389  wicking liquid front continues to spread with deased velocity. Ultimately, due to
390 the limited volume of water droplet, the liquid spding will disappear.

391 As shown inFigure 12b andf, on the single-scaled NG surface, due to the dense
392  nanograss with narrow spacing or small pores faemaansport, the friction (viscous
393 resistance) is enlarged. As comparisons, duringgtioeith process, the tips of the
394 nanograss can be sticked together, forming theonspietals and micro-flowers on the
395 tips, as well as grooves on the bottom, as shovgare 12c, d, g andh. With this
396  groove structure, friction can be reduced, watmndport through the channel in terms
397 of the grooves with about 5 ~ 1dn diameter. In addition, the NSMF has the
398 micropores which are stacked by the micro-flowdssirated inFigure 12e andi,
399 resulting in the rapid water transporting in thi¢giéh stage. Therefore, when the water
400  droplet first contacts the NGMP, NGMF and NSMF auds, the vertical capillary
401  wicking will absorb the water vertically, while thehannel composed of the
402  microstructures with large dimensions can proviue ftow path with low resistance
403  for water transporting. Therefore, more absorbddme and faster absorbed velocity
404  of water can be observed at the initial stage.

405 Further increasing the spreading time, as abovetioresd, the frictional force is
406 larger than the capillary force, leading to therdased absorbed velocity of water.
407  Differing from the NGMP, NGMF and NSMF surfacesgthG surface has the
408  single-scaled spacing between the nanograss faupitg the stable capillary force
409  and frictional force, which can drive the water plet forward and water absorbing at
410 a stable speed. On the contrast, when the watetedrepreading enters the capillary
411  spreading stage, the horizontal capillary forceypla role as the dominate force for
412  driving the water froward, resulting in the dynamwecking liquid front advancing
413  ahead of the contact line. As shownHFigure 12d and h, the nanongrass on the Cu
414  substrate intertwines with each other, which makenthe obstruction of the water
415  transport at the horizontal, resulting in the sevd® due to the limited capillary force
416  and strengthened frictional force comparing wite tRGMP and NSMF surfaces.
417  With regarding to the NGMP surface, the spacingsvéen the adjacent nanongrass
418  provide the capillary force for water transportinghile the grooves can serve as the
419  flow channel for water transporting with low frigtial force, as shown iRigure 12c
420 andg. This means that the NGMP can drive the wateraging with a larger distance
421 compared with the NGMF due to the low frictionalde. As comparisons, the NSMF
422  also can provide the flow channel for water tramgpwhile the microchannels
423  resulting from the stacked micro-flowers is largart the grooved={gure 12e andi).
424  Thereby smaller frictional force can be producethathorizontal direction during the
425  water spreading process compared with the NGMP. nhikde, the interlaced
426  nanosheets on the bottom can produce strengthapdthoy force due to the smaller
427  spacing distance between the adjacent nanoshekish wan produce the stronger
428  capillary pressure for driving the water transpétérein, the NSMF can drive the
429  water droplet with a largest distance because @fhigher capillary force and lower
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Overall, smaller spacing can produce the largeillaap pressure and viscous

resistance, while the larger spacing can produeesthaller capillary pressure and
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viscous resistance [50]. The NG and NGMF with srggaled spacing has the worse
water penetration, while the NGMF and NSMF with thstaled spacing has the
better penetration. As shown KFigure 12e, we achieve an improved hierarchical
structure (NSMF) for enhancing capillary wickingpedility. The rapid synchronous
spreading results from the micropores between nflomer clusters with reduced
frictional force. While the capillary pressure pided by the nanosheets on the Cu
substrate can drive the water forward. Through rhiero-channel with reduced
frictional force produced by micro-flowers, the wematan be driven much farther than
the other hierarchical surfaces. In general, coatimn of the micropores between
micro-flower clusters for synchronous spreadingiasheets for providing capillary
pressure and micro channels for wicking liquid towf the NSMF can increase
wicking coefficient, resulting in lowers viscoussigance and encourages capillary
wicking.

3.5 Water absorption of Cu hierarchical structures

Figure 13 shows the water absorption on the Cu, NG, NGMPMR&nd NSMF
surfaces as time increases. In obvious, the hedfjhwater in the capillary tube
remains unchanged on the Cu substrate, indicatetgQu substrate cannot absorb the
water. Furthermore, the height of the water insidiehe other capillary tubes is
decreasing, exhibiting the NG, NGMP, NGMF and NSMliffaces absorb the water
well. Furthermore, the capillary tube of the NSMa&shhe lowest height of the water
among the whole samples, which indicates the battnabsorption performance.

Figure 14 shows the absorbed volume of water and heightabémin the capillary
tube as a function of time. The NSMF exhibits theyést absorbed volume of water
with 0.294uL at 0.5 s, which is 68 %, 26.2 % and 44.8 % highan the NG, NGMP
and NGMF, respectively. As illustrated, the NG hhe lower absorbed volume
velocity than the other hierarchical structurethim initial 0.1 s. Liquid spreads on the
NG, only attributed to the nanograss, while hidnaral structures NGMP, NGMF and
NSMF has the larger spacing or pores for liquidvflat the initial stage, leading to the
faster absorbed volume velocity. Furthermore, theranchical structures NGMP,
NGMF and NSMF has the different absorbed volumeaigt when the spreading
time reaches 0.2 s, which may be caused by thegofriexisted in the structures, by
which the absorbed volume velocity decreases.

19



0 ms 100 ms 200 ms 300 ms 400 ms 500 ms

1 mm
——

469

470 Figure 13. Water absorption on (a) Cu (b) NG (c) NGMP (d)Mi(e) NSMF
20



471

472
473

474

475
476
477

478
479
480
481
482
483

484
485
486
487
488

489
490

0.20 535 0.30

NG o Absorbed volume V., NGMP O Absorbed volume V.
a Height of water in capillary tube H Height of water in eapillary tube f
0.25
0.1 Ty
5 i
0.20
2 g
o 3
g B e 05
-] £ 2 i)
° 0.10 = 5o =
3 £ 1
: ER g
8 2 =
2 =
= £ 0.10 -
' Z
0.05 - <
0.05
0.00 sona” . . . . ! 5.05 0100 popoog” | 1 . .
00 0.1 02 03 04 05 ) 00 01 0.2 0.3 04 05
Time (s) Time (s)
0.25 5.05 0.30 =
. ] ) | NSMF o Absorbed volume ¥, o0 i
c NGMF = Absorbed volume ¥, Height of water in capillary tube H oo
Height of water in capillary tube 4 1 500 i _o?
0.25 - 2
0.20 |-
a = 020
cl 3 020 =
2 015} 2 i
g £E z
2 T3 £
g 201 g g
= I H
£ 010 8 £ El
4 ot ] Z
z g8 2 010 )
0.0
0.05
,,‘-‘n
0.00 a2 s L L L L 4.7¢ 0.00 A L L L L L
0.0 0.1 02 03 04 05 0.0 0.1 0.2 0.3 0.4 0.5

Time (s) Time (s)
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4. Conclusions

In this paper, four Cu compound structures arei¢ated and the effect of surface
morphology on capillary wicking capability is intggmted. The main conclusions
have been drawn based on experiments:

() In-situ micro/nanocrystal structures on Cu subssravith prominently improved
wicking capacity is fabricated by the chemical @tidn method. The NG
structure has the single-scale pores for enhanthiegcapillary wicking. The
NGMP, NGMF and NSMF possess the nanograss layaamosheet layer lying
on the intrinsic Cu substrate, and the micro-petahicro-flower layer on the top,
resulting in the enhanced capillary wicking.

(2) The wettability experiments show that the oxidattogatment can significantly
increase the surface hydrophilicity. In additiorffestent surface morphology and
roughness result in different surface wettabilapd hemi-wicking phenomenon
can occur on the NG, NGMP, NGMF and NSMF becausectitical contact
angle is larger than the apparent contact angle.

(3) The results of the droplet spreading experimentiicate that the wicking
capability of the hierarchical structures is supeto wicks consisting of single-
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scale nanograss. The rapid capillary wicking coffit of 3.77 mmf° on the
NSMF hierarchical layers can be obtained. Thidtisbaited to the combination of
fine pores and large liquid channels that enablesxcellent comprehensive
wicking capability on the in-situ hierarchical wick

(4) A possible mechanism has been proposed to explaen role of surface
morphology for enhancing water transport. The wmtéro petal or inter-micro
flower pores can serve as the major pathway watewlation on the nanograss or
nanosheet layers. Meanwhile, the viscos resistensignificantly affected by the
surface chemistry and the pore size of the maserial

Acknowledgements

This research is financially supported by Natiodaly Research and Development
Program (N0.2022YFE0198800), and National Natucai®&e Foundation of China
(No. 52076139).

Reference

[1] R. Wen, X. Ma, Y.-C. Lee, R. Yang, Liquid-VapBhase-Change Heat Transfer on Functionalized
Nanowired Surfaces and Beyond, Joule, 2(11) (2238Y-2347.

[2] R. Wen, S. Xu, D. Zhao, L. Yang, X. Ma, W. Lit,-C. Lee, R. Yang, Sustaining enhanced
condensation on hierarchical mesh-covered surfiaggnal Science Review, 5(6) (2018) 878-887.
[3] R. Wen, S. Xu, Y.-C. Lee, R. Yang, Capillaryisam liquid film boiling heat transfer on hybrid
mesh wicking structures, Nano Energy, 51 (2018)333.

[4] X. Qiu, H. Yang, M. Dejam, S.P. Tan, H. Adidhza, Experiments on the Capillary
Condensation/Evaporation Hysteresis of Pure Flaiud Binary Mixtures in Cylindrical Nanopores,
The Journal of Physical Chemistry C, 125(10) (28802-5815.

[5] X. Li, S. Wang, R. Wen, X. Ma, R. Yang, Liqufdm boiling enabled ultra-high conductance and
high flux heat spreaders, Cell Reports Physicadi@a, 3(3) (2022).

[6] R. Gimenez, G. Soler-lllia, C.L.A. Berli, M.@ellino, Nanopore-Enhanced Drop Evaporation:
When Cooler or More Saline Water Droplets EvapoFatster, ACS Nano, 14(3) (2020) 2702-2708.

[7] H. Zhang, Z. Guo, Near-junction microfluidic @ing for GaN HEMT with capped diamond heat
spreader, International Journal of Heat and Maassfer, 186 (2022).

[8] R. Liu, Z. Liu, Self-pumping ultra-thin film esporation on CNT-embedded silicon nitride nanopore
membrane, Nano Research, 15(3) (2021) 1725-1729.

[9] L. Gong, Y.-P. Xu, B. Ding, Z.-H. Zhang, Z.-QHuang, Thermal management and structural
parameters optimization of MCM-BGA 3D package motigiernational Journal of Thermal Sciences,
147 (2020).

[10] J. Li, Y. Zhao, J. Ma, W. Fu, X. Yan, K.F. Rap N. Miljkovic, Superior Antidegeneration
Hierarchical Nanoengineered Wicking Surfaces foriliBp Enhancement, Advanced Functional
Materials, 32(8) (2021).

[11] H. Jarrett, M. Wade, J. Kraai, G.L. RorrerXAWang, H. Tan, Self-powered microfluidic pump
using evaporation from diatom biosilica thin filnMicrofluidics and Nanofluidics, 24(5) (2020).

22



530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573

[12] A. Piovesan, T. Van De Looverbosch, P. Verbgve. Achille, C. Parra Cabrera, E. Boller, Y.
Cheng, R. Ameloot, B. Nicolai, 4D synchrotron micrmography and pore-network modelling for
direct in situ capillary flow visualization in 3Dripted microfluidic channels, Lab Chip, 20(13) (202
2403-2411.

[13] B. Ma, J. Chi, C. Xu, Y. Ni, C. Zhao, H. LiWearable capillary microfluidics for continuous
perspiration sensing, Talanta, 212 (2020) 120786.

[14] C. Achille, C. Parra-Cabrera, R. Dochy, H. Gualvski, A. Piovesan, P. Piron, L. Van Looy, S.
Kushwaha, D. Reynaerts, P. Verboven, B. Nicolal,aimmertyn, D. Spasic, R. Ameloot, 3D Printing
of Monolithic Capillarity-Driven Microfluidic Devies for Diagnostics, Adv Mater, 33(25) (2021)
e2008712.

[15] M.S. Khan, D. Kannangara, G. Garnier, W. Shegffect of liquid droplet impact velocity on liquid
wicking kinetics in surface V-grooves, Chemical Emgring Science, 66(23) (2011) 6120-6127.

[16] W. Li, Y. Joshi, Capillary-Assisted EvaporatiBoiling in PDMS Microchannel Integrated with
Wicking Microstructures, Langmuir, 36(41) (2020)113-12149.

[17] Y. Ye, Y. Zhao, J. Cheng, M. Li, C. Huang, Rps fabrication and characterisation of Issed
capillary-driven microfluidic devices, Micro & Nano Letters3(12) (2018) 1682-1687.

[18] J. Xu, T. Li, J. Chao, S. Wu, T. Yan, W. Li, Bao, R. Wang, Efficient Solar-Driven Water
Harvesting from Arid Air with Metal-Organic Framevks Modified by Hygroscopic Salt, Angew
Chem Int Ed Engl, 59(13) (2020) 5202-5210.

[19] X. Gou, Z. Guo, Hybrid Hydrophilic-HydrophobfuO@TiO2-Coated Copper Mesh for Efficient
Water Harvesting, Langmuir, 36(1) (2020) 64-73.

[20] Y. Hu, Z. Fang, X. Wan, X. Ma, S. Wang, S. Fah Dong, Z. Ye, X. Peng, Carbon nanotubes
decorated hollow metabrganic frameworks for efficient solar-driven atrpbsric water harvesting,
Chemical Engineering Journal, 430 (2022).

[21] H.G. Andrews, E.A. Eccles, W.C. Schofield,. BRdyal, Three-dimensional hierarchical structures
for fog harvesting, Langmuir, 27(7) (2011) 3798-380

[22] C. Li, Y. Liu, C. Gao, X. Li, Y. Xing, Y. Zheg, Fog Harvesting of a Bioinspired Nanocone-
Decorated 3D Fiber Network, ACS Appl Mater Intedacl11(4) (2019) 4507-4513.

[23] G. Chen, M. Jia, S. Zhang, Y. Tang, Z. WanglPmiling enhancement of novel interconnected
microchannels with reentrant cavities for high-powtectronics cooling, International Journal of Hea
and Mass Transfer, 156 (2020).

[24] J.Y.H. Goh, Y.M. Hung, M.K. Tan, Extraordingrienhanced evaporation of water droplets on
graphene-nanostructured coated surfaces, Intenadtiournal of Heat and Mass Transfer, 163 (2020).
[25] H. Moghadasi, H. Saffari, Experimental studynacleate pool boiling heat transfer improvement
utilizing micro/nanoparticles porous coating on gepsurfaces, International Journal of Mechanical
Sciences, 196 (2021).

[26] C. Park, T. Kim, Y.-I. Kim, A. Aldalbahi, M. Bfe Hatshan, S. An, S.S. Yoon, Pool boiling
enhancement using hierarchically structured ZnCowines grown via electrospraying and chemical
bath deposition, Applied Thermal Engineering, 13721).

[27] Y. Zhang, X. Ma, Z. Zhu, L. Duan, J. Wei, Gril heat flux prediction model of pool boiling hiea
transfer on the micro-pillar surfaces, Case Studidhermal Engineering, 28 (2021).

[28] R.N. Wenzel, RESISTANCE OF SOLID SURFACES TGEWIING BY WATER, Industrial &
Engineering Chemistry, 28(8) (1936) 988-994.

[29] D.E. Kim, S.C. Park, D.I. Yu, M.H. Kim, H.S.i&, Enhanced critical heat flux by capillary driven

23



574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617

liquid flow on the well-designed surface, AppliedyBics Letters, 107(2) (2015).

[30] H. Kim, H.S. Ahn, H.J. Kwak, M.H. Kim, D.E. K, Boiling crisis controlled by capillary
pumping and viscous friction: Liquid penetrationd¢h and dry spot diameter, Applied Physics Letters
109(24) (2016).

[31] G. Bamorovat Abadi, M. Bahrami, A general foaicapillary rise equation in micro-grooves, Sci
Rep, 10(1) (2020) 19709.

[32] J. Li, G. Zhu, D. Kang, W. Fu, Y. Zhao, N. [kibvic, Endoscopic Visualization of Contact Line
Dynamics during Pool Boiling on Capillarpctivated Copper Microchannels, Advanced Functional
Materials, 31(4) (2020).

[33] C. Zhang, F. Yu, X. Li, Y. Chen, Gravity—cdpily evaporation regimes in microgrooves, AIChE
Journal, 65(3) (2018) 1119-1125.

[34] R. Wang, K. Jakhar, D.S. Antao, Unified ModegjiFramework for Thin-Film Evaporation from
Micropillar Arrays Capturing Local Interfacial Effes, Langmuir, 35(40) (2019) 12927-12935.

[35] R. Xiao, R. Enright, E.N. Wang, Prediction ampkimization of liquid propagation in micropillar
arrays, Langmuir, 26(19) (2010) 15070-15075.

[36] R. Xiao, E.N. Wang, Microscale liquid dynamiagsd the effect on macroscale propagation in
pillar arrays, Langmuir, 27(17) (2011) 10360-10364.

[37] S.J. Kim, M.-W. Moon, K.-R. Lee, D.-Y. Lee, ¥. Chang, H.-Y. Kim, Liquid spreading on
superhydrophilic micropillar arrays, Journal of iélivlechanics, 680 (2011) 477-487.

[38] S.J. Kim, J. Kim, M.-W. Moon, K.-R. Lee, H.-Xim, Experimental study of drop spreading on
textured superhydrophilic surfaces, Physics ofdduR5(9) (2013).

[39] M.H. Alhosani, T. Zhang, Dynamics of MicrosealLiquid Propagation in Micropillar Arrays,
Langmuir, 33(26) (2017) 6620-6629.

[40] J. Kim, M.-W. Moon, H.-Y. Kim, Capillary risén superhydrophilic rough channels, Physics of
Fluids, 32(3) (2020).

[41] S. Ravi, R. Dharmarajan, S. Moghaddam, Measarg of Capillary Radius and Contact Angle
within Porous Media, Langmuir, 31(47) (2015) 12952859.

[42] S.R. Krishnan, J. Bal, S.A. Putnam, A simphalgtic model for predicting the wicking velocity i
micropillar arrays, Sci Rep, 9(1) (2019) 20074.

[43] S. Ravi, D. Horner, S. Moghaddam, A novel nogtifor characterization of liquid transport
through micro-wicking arrays, Microfluidics and Natuidics, 17(2) (2013) 349-357.

[44] B. Dai, K. Li, L. Shi, X. Wan, X. Liu, F. Zhay L. Jiang, S. Wang, Bioinspired Janus Textilehwit
Conical Micropores for Human Body Moisture and That Management, Adv Mater, 31(41) (2019)
e1904113.

[45] S. Poudel, A. Zou, S.C. Maroo, Evaporation Bryrics in Buried Nanochannels with Micropores,
Langmuir, 36(27) (2020) 7801-7807.

[46] G. Chen, D. Fan, S. Zhang, Y. Sun, G. ZhongWang, Z. Wan, Y. Tang, Wicking capability
evaluation of multilayer composite micromesh widks ultrathin two-phase heat transfer devices,
Renewable Energy, 163 (2021) 921-929.

[47] D.I. Shim, G. Choi, N. Lee, T. Kim, B.S. Kintj.H. Cho, Enhancement of Pool Boiling Heat
Transfer Using Aligned Silicon Nanowire Arrays, A@®pl Mater Interfaces, 9(20) (2017) 17595-
17602.

[48] C.K. Wemp, V.P. Carey, Heat transport for ewapng droplets on superhydrophilic, thin,
nanoporous layers, International Journal of HedtMass Transfer, 132 (2019) 34-51.

24



618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661

[49] H. Dai, R. Ding, M. Li, J. Huang, Y. Li, M. &vor, Ordering Ag nanowire arrays by spontaneous
spreading of volatile droplet on solid surface, Bep, 4 (2014) 6742.

[50] X. Chen, J. Chen, X. Ouyang, Y. Song, R. XuJiBng, Water Droplet Spreading and Wicking on
Nanostructured Surfaces, Langmuir, 33(27) (2010166707

[51] R. Xiao, K.-H. Chu, E.N. Wang, Multilayer ligsh spreading on superhydrophilic nanostructured
surfaces, Applied Physics Letters, 94(19) (2009).

[52] T.B. Nguyen, D. Liu, M.l. Kayes, B. Wang, N.ahin, P.W. Leu, T. Tran, Critical heat flux
enhancement in pool boiling through increased rémgeion nanopillar array surfaces, Sci Rep, 8(1)
(2018) 4815.

[53] T.T. Mai, C.Q. Lai, H. Zheng, K. Balasubramamj K.C. Leong, P.S. Lee, C. Lee, W.K. Choi,
Dynamics of wicking in silicon nanopillars fabrieatwith interference lithography and metal-assisted
chemical etching, Langmuir, 28(31) (2012) 1146571114

[54] B.S. Kim, H. Lee, S. Shin, G. Choi, H.H. CHaterfacial wicking dynamics and its impact on
critical heat flux of boiling heat transfer, Api€hysics Letters, 105(19) (2014).

[55] J.G. Fan, Y.P. Zhao, Spreading of a water kéttogn a vertically aligned Si nanorod array sugfac
Applied Physics Letters, 90(1) (2007).

[56] H.S. Ahn, G. Park, J. Kim, M.H. Kim, Wickingnd spreading of water droplets on nanotubes,
Langmuir, 28(5) (2012) 2614-2619.

[57] Y. Huang, Q. Chen, R. Wang, Visualization st capillary-spreading behavior of liquid droplet
in vertically aligned carbon nanotube array, Inéional Journal of Heat and Mass Transfer, 120 &p01
1055-1064.

[58] F.H. Kriel, R. Sedev, C. Priest, Capillarylifi§g of Nanoscale Channels and Surface Structure,
Israel Journal of Chemistry, 54(11-12) (2014) 13532.

[59] S. Poudel, A. Zou, S.C. Maroo, Droplet Evapioraon Porous Nanochannels for High Heat Flux
Dissipation, ACS Appl Mater Interfaces, 13(1) (2p2853-1860.

[60] S. Poudel, A. Zou, S.C. Maroo, Wicking in CseSonnected Buried Nanochannels, The Journal of
Physical Chemistry C, 123(38) (2019) 23529-23534.

[61] J. Lee, Y. Suh, P.P. Dubey, M.T. Barako, Y.nN€apillary Wicking in Hierarchically Textured
Copper Nanowire Arrays, ACS Appl Mater Interfaces(1) (2019) 1546-1554.

[62] A. Rokoni, D.O. Kim, Y. Sun, Micropattern-cantled wicking enhancement in hierarchical
micro/nanostructures, Soft Matter, 15(32) (2019&56529.

[63] Z. Wang, J. Zhao, A. Bagal, E.C. Dandley, @ldham, T. Fang, G.N. Parsons, C.H. Chang,
Wicking Enhancement in Three-Dimensional Hierarahidanostructures, Langmuir, 32(32) (2016)
8029-8033.

[64] D. Zheng, C.H. Choi, G. Sun, X. Zhao, Supekivig on Nanoporous Micropillared Surfaces,
ACS Appl Mater Interfaces, 12(27) (2020) 30925-3093

[65] A.S. Zuruzi, H.C. Gardner, A.J. Monkowski, N.®lacDonald, Tailored nanostructured titania
integrated on titanium micropillars with outstargliwicking properties, Lab Chip, 13(12) (2013) 2414-
2418.

[66] M.H. Alhosani, H. Li, A.S. Alketbi, Q. Guan,.Alili, T. Zhang, Enhanced Liquid Propagation and
Wicking Along Nanostructured Porous Surfaces, AdeahEngineering Materials, 23(7) (2021).

[67] Y. Wang, Y. Lin, G. Yang, J. Wu, Flow Physio$ Wicking into Woven Screens with Hybrid
Micro-/Nanoporous Structures, Langmuir, 37(7) (202289-2297.

[68] J. Chun, C. Xu, Y. Zhang, Q. Li, R. Wen, X. Mgast Capillary Wicking on Hierarchical Copper

25



662
663
664
665
666
667
668

669

Nanowired Surfaces with Interconnected V-Groovesplications for Thermal Management, ACS
Applied Nano Materials, 4(5) (2021) 5360-5371.

[69] VY. Im, C. Dietz, S.S. Lee, Y. Joshi, Flowekki CuO Nanostructures for Enhanced Boiling,
Nanoscale and Microscale Thermophysical Engineefii(8) (2012) 145-153.

[70] S. Xie, M. Jiang, H. Kong, Q. Tong, J. Zhaa) &xperimental investigation on the pool boiling of
multi-orientated hierarchical structured surfadagernational Journal of Heat and Mass Transfe4, 16
(2021).

26



