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Abstract: The superior capillary wicking capability of hierarchical surfaces 18 
determined by the capillary pressure and viscous resistance plays a critical role in 19 
developing the high-efficient thermal management devices. In this study, a novel 20 
chemical oxide method for fabricating the in-situ micro/nanocrystal structures on the 21 
Cu substrates with prominently improved capillary wicking capability is proposed. 22 
Single scaled and hierarchical structures can be fabricated, and the capillary wicking 23 
capability of the hierarchical structures exhibits the much higher wicking coefficient 24 
than that of the single scaled structures. The wicking coefficient on the nanosheet and 25 
micro-flowers (NSMF) hierarchical surface was measured as 3.77 mm/s0.5, which 26 
indicates a maximum improvement of 146.4 % compared to single scaled structures. 27 
NSMF structure can provide two-tier pores for strengthening the capillary pressure 28 
driven by the nanoscale pores and reducing the viscous resistance driven by the micro 29 
pores. It is worth noting that the ultrafast wicking on the hierarchical surface is useful 30 
in creating extremely effective thermal management systems and advanced heat 31 
exchangers.  32 
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Nomenclature Abbreviations 

l wicking distance, [mm] NG nanograss 

Pcap capillary pressure NGMP nanograss and micro-petals 

K permeability NGMF nanograss and micro-flowers 

tt time, [s] NSMF nanosheets and micro-flowers 

W wicking coefficient, [mm/s0.5] Greek symbols 

Rf dynamic liquid wicking front, [mm] σ surface tension, [N/m] 

Rc contact line, [mm] θ contact angle 

Rt inner diameter, [mm] μ viscosity 

Vinitial initial volume of water, [μL] δ thickness 

Hinitial initial height of water, [mm] ε porosity 

Fcap capillary force   

Ffriction frictional force   

Rgeometry geometry curvature of the liquid   

Aarea cross-sectional area   

C1 empirical constant   

C2 empirical constant   

B1 empirical constant   

P perimeter of dynamic wicking liquid front   

 40 

1. Introduction 41 

Capillary wicking on the hierarchical micro/nano structures  which has been used in 42 
the numerous promising applications including thermal management [1-10], 43 
microfluidics [11-17] and water harvesting [18-22] has attracted significant attention. 44 
Due to the microelectronic devices with miniaturization and integration, efficient 45 
thermal management with a high heat flux removal in limited dissipation space 46 
becomes a big issue that need to be resolved.  Boiling heat transfer with huge latent 47 
heat is a promising approach for solving the above-mentioned difficulty. It is 48 
important that the liquid replenishing is a crucial factor that determines the 49 
enhancement of the thermal performance. Therefore, wicking structures has been used 50 
to promote the boiling heat transfer, which can maintain the heated surface wet at 51 
ultra-high heat flux due to the wicking liquid for replenishing to the dry-out space, 52 
delaying the occurrence of heat transfer deterioration and the critical heat flux (CHF) 53 
[23-27]. 54 

Wicking is the term used to describe the spreading of droplets or propagation of 55 
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liquid in a thin film under the influence of capillary pressure, which has been shown 56 
to be strongly correlated with surface morphology and roughness [28]. Until now, 57 
three categories of wicking structures have been studied: microscale structures, 58 
nanoscale structures and hierarchical micro/nano structures. As stated, the capillary 59 
wicking performance of the wicking structures with a single length scale is 60 
determined by the capillary pressure to viscous resistance ratio. The wicking 61 
microstructures, including microchannels [29-33], micropillars [34-43], micropores 62 
[44-46] possess the high permeability but low capillary pressure due to the large 63 
length scale pores. To investigate the dynamics of microscale liquid propagation in 64 
micropillar arrays, Alhosani et. al [39] discovered that the ration of pillar height to 65 
edge-to-edge spacing has a substantial impact on the microscopic motion of the liquid 66 
front. When compared to wicks made of single meshes, Chen et. al [46] discovered 67 
that a multilayer composite micromesh wick with coarse and fine meshes 68 
demonstrates a considerable improvement in wicking capability. As comparisons, 69 
nanoscale wicking structures including nanowire [47-50], nanopillar [51-54], nanorod 70 
[55], nanotube [56, 57] and nanochannel [58-60] can provide a higher capillary 71 
pressure and a lower permeability. Shim et. al [47] found that the aligned nanowires 72 
with strengthened capillary wicking has an enhanced wicking coefficient compared to 73 
the random nanowires. It was reported that the wicking coefficient on the aligned 74 
nanowires increases as the increasing of the height of the aligned nanowires. Poudel 75 
[60] et. al investigated the nanochannel’s wicking properties and noted the presence of 76 
wicking- and evaporation-dominant regimes. Theoretically, the wicking is initially 77 
controlled by surface tension and viscous forces with a constant supply of liquid from 78 
the droplet in the wicking-dominant regime, while the wicking is controlled by 79 
hydrodynamic dissipation in the evaporation-dominant regime. 80 

Moreover, the hierarchical structures composed of the microstructures and 81 
nanostructures have also been proposed to enhance the wicking capability. To date, 82 
hierarchical structures have been reported including: nanowires with nanocactuses 83 
[61], micropillars with nanorods [62], nanopillars with nanowires [63], micropillars 84 
with nanopores [64, 65], micromesh with nanostructures [3, 66, 67], nanowires with 85 
microgrooves [68]. The hierarchical structures have a greater capacity for wicking 86 
because of the increased capillary pressure dictated by the nanostructures and the 87 
decreased viscous resistance governed by the microstructures. For instance, Lee et. al 88 
[61] proposed a novel hierarchical nanowire arrays which consists of copper 89 
nanowires covered with dense copper oxide nanocactuses to enhance the capillary 90 
wicking. By this hierarchical structure, more inter-nanowire pore sizes can be 91 
provided on the nanocactuses to increase the wicking capabilities. Rokoni et. al [62] 92 
the spacing and heights of the hierarchical ZnO nanorods and Si micropillars play a 93 
critical role in improving wicking capability. By controlling the spacing and heights 94 
of this hierarchical structure, wicking improvement can be adjusted. Wang et. al [63] 95 
proposed a three-dimensional hierarchical nanostructures composed of the nanopillars 96 
and ZnO nanowires which can increase the surface area, facilitating the liquid flow. 97 
Wicking dynamics could be significantly improved due to the existence of the 98 
nanowires on the larger pillars, while the viscous resistance could be improved 99 
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because the length of nanowires approaches half of adjacent pillar spacing, resulting 100 
in the obstruction of the liquid flow. For reducing the viscous resistance produced by 101 
the nanoscale structures, Zuruzi et. al [65] demonstrated a new wicking structure 102 
employing nanostructured titania grown on titanium micropillars, which can maintain 103 
the liquid flow channel for reducing viscous resistance, leading to the improved 104 
capillary speed. However, Zheng et. al [64] found that the spreading slow down due to 105 
the inhibition of the nanopores with larger depth. For further improving the wicking 106 
capability, Alhosani et. al [66] designed a hierarchical micro-meshes with 107 
nanostructures which can simultaneously improve the surface wettability and reduce 108 
the viscous dissipation to obtain an outstanding wicking performance. Furthermore, 109 
the impact of the working fluid, surface shape, and number of layers on the 110 
nanostructured micromesh surface were also investigated by Wang et. al [67]. It was 111 
discovered that the interlayer microchannels in multilayer plain and fluoridated 112 
screens can be used to generate low-resistance flow pathways, enabling the liquid 113 
spread. Differing from the above conventional hierarchical structures, Chun et. al [68] 114 
proposed the use of hierarchical nanowired surfaces with interconnected V-grooves as 115 
liquid transport channels, which can produce superior capillary pressure driven by the 116 
nanowires and reduced viscous resistance caused by the interconnected V-grooves. 117 

As a result, the capillary pressure and viscous resistance simultaneously limit the 118 
capillary wicking ability of single-scaled structures. As reported, hierarchical designs 119 
can greatly improve wicking performance, but greater focus needs to be placed on 120 
capillary pressure and viscous resistance that have a large impact on wicking 121 
efficiency. In this study, we propose a novel Cu compound hierarchical structures with 122 
superior wicking capability, which has been used to significantly enhance the pool 123 
boiling heat transfer [69, 70]. However, the enhancement mechanism of this 124 
hierarchical structures on capillary wicking has not been revealed. There is no 125 
experimental research to investigate the capillary wicking of the Cu compound 126 
hierarchical structures. This Cu compound hierarchical structures in this paper are 127 
fabricated by the chemical oxidation method, which are easy to be prepared 128 
comparing to the conventional hierarchical structures. Differing from the above-129 
mentioned conventional hierarchical structures, in this paper, the microscale structures 130 
synthesize from the natural growth of the nanoscale structures. The enhancement 131 
mechanism of this hierarchical Cu compound structure on the capillary wicking is 132 
discussed in this study, which is valuable in providing a novel fabrication method for 133 
manufacturing the hierarchical structures with superior wicking structures and 134 
providing a direction of the hierarchical structures’ design with outstanding capillary 135 
wicking capability. 136 

2. Experimental sections 137 

2.1 Surface fabrication 138 

In this study, cleaning, chemical alteration and vacuum drying are the three primary 139 
phases manufacturing of boiling surfaces. The whole copper surfaces 140 
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( 20 20 3mm mm mm× × ) were polished with 2000 grid SiC sandpaper for removing the 141 
impurities and remaining the smooth of the surfaces. To move residues, the ultrasonic 142 
acetone solution was used to clean the polished copper surfaces for 15 min. Then, the 143 
polished surfaces were rinsed with the ultrasonic ethanol and DI water for 10 min, 144 
respectively. Finally, these copper surfaces were placed in an oven and heated at 65℃ 145 
for 120 min.  146 

Figure 1 shows the surfaces chemical modification process for growing the 147 
hierarchical micro/nano structures on the copper surfaces. The experiment materials, 148 
sodium hydroxide (NaOH, AR, ≥ 96.0%) and ammonium persulfate ((NH4)2S2O8, AR, 149 
98.0%) were purchased from the Sinopharm Chemical Reagent Co., Ltd. A 100 ml 150 
aqueous solution containing 2.5 M NaOH and 0.1 M (NH4)2S2O8 was prepared in a 151 
250 ml glass beaker for generating different micro/nano structures on copper surfaces. 152 
The dried and polished copper surfaces were placed into the two solutions at the room 153 
temperature for 3 min, 30 min, 60 min and 120 min, respectively. The reaction 154 
conditions are summarized in Table 1. Besides using the reaction time of 3 min, 30 155 
min, 60 min and 120 min, the same hierarchical structures can also be formed using 156 
the reaction time of 15 min, 20 min and 90 min, respectively. In addition, different 157 
structures can be synthesized through changing the reactant concentration (1.25 M 158 
NaOH and 0.05 M (NH4)2S2O8). Under the circumstance, comparing with the 159 
structures synthesized by the reactant concentrations (2.5 M NaOH and 0.1 M 160 
(NH4)2S2O8), four types of the same typical hierarchical structures can be formed. A 161 
few minutes later, the initial colorless solution in the glass beaker became 162 
increasingly blue. In 3, 30, 60 and 120 minutes, the film on the Cu substrate changed 163 
from the light-blue colour to the black colour. After the chemical modification in the 164 
beaker, the fabricated copper surfaces were rinsed with DI water and placed into the 165 
vacuum oven for heating at 60 ℃ to remove the residual solution. After the chemical 166 
modification and vacuum drying, blue or dark blue colour appeared on the copper 167 
surface.  168 

Table 1. Reaction conditions and results for the oxidation of a copper substrate 169 

Sample no. 
Molar ration of NaOH 

to (NH4)2S2O8 (M) 
Concentration of NaOH 

(M) Reaction time (min) 

1 

25:1 2.5 

3 

2 30 

3 60 

4 120 
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 170 

Figure 1. Chemical modification process of copper surfaces. 171 

2.2 Droplet spreading test system 172 

Figure 2a shows the schematic diagram of the droplet spreading experiment. The 173 
droplet spreading test system consists of a micro syringe pump, a lifting platform, a 174 
light source and a high-speed camera system. In the experiment, 1 μl DI-water 175 
droplets obtained from the micro syringe pump were released on the surfaces of 176 
samples. To observe the wicking phenomenon, a high-speed camera (Phantom, VEO 177 
410) was set to record 1 s at 1000 fps for capturing the droplet spreading process. 178 
High-speed photos were used to examine and capture liquid propagation as the droplet 179 
hit the surface. Here, it should be noted that the microsyringe was positioned 3 mm 180 
away from the boiling surface in order to minimize mistakes brought on by the effects 181 
of gravity and inertia when dropping droplets onto the boiling surfaces. Figure 2b 182 
shows the droplet spreading and wicking on the Cu hierarchical surfaces. The droplet 183 
spreads over the Cu surfaces when the liquid is imbibed into the micro/nanostructured 184 
layers and wicked into the space formed by the interlaced micro/nanostructures. A 185 
dynamic wicking liquid front spreads forward ahead of the contact line due to the 186 
capillary wicking effect. Figure 2c shows the captured image of droplet spreading 187 
and wicking. Rf represents the capillary wicking radius (from center to dynamic 188 
wicking liquid front) and Rc represents the droplet spreading radius (from center to 189 
contact line). The wicking distance l is the distance between Rf and Rc. Through 190 
analyzing the high-speed images used with Image J software, the wicking distance 191 
with time was measured. To evaluate the wicking capability of micro/nanostructures, 192 
the Washburn approach which balances the capillary pressure and the viscous 193 
resistance is widely utilized, where the wicking distance is proportional to t1/2. 194 
Therefore, the model to predict the wicking distance as a function of time can be 195 
obtained as follows [35, 36, 47]: 196 

� = ������
	 
 = �√
 (1) 197 

where ��� is the capillary pressure, � is the permeability, which are affected by the 198 
surface morphology. However, the permeability �  and capillary pressure ��� are 199 

difficult to be directly measured for the hierarchical surface structures. W = 200 
(2Pcap/K)1/2 is the wicking coefficient, which represents the wicking capability [35]. 201 
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According to Eq. (1), we can predict that the high wicking coefficient can be obtained 202 
from the high capillary pressure corresponding to the low viscous resistance.  203 

 204 

Figure 2. (a) Droplet spreading experimental setup (b) Schematic of droplet 205 
spreading and wicking (c) Captured image of droplet spreading and wicking 206 

2.3 Water absorption test system 207 

As illustrated in Figure 3, a capillary tube with an inner diameter (Rt) of 1 mm 208 
filled with water of 2 ± 0.2 μL from the bottom was placed above the surface. When 209 
contacting with the surface, the height of water in the capillary tube can reduce due to 210 
the absorption of the micro/nanostructures on the surface. By using high-speed 211 
camera, the change of liquid level ∆h and the wicking process can be recorded and 212 
calculated. The initial height of water is Hinit and thereby the initial volume of water is  213 

2
initial t initialV R Hπ=                                                                                                           (2) 214 

while the volume of water with the time is  215 

2
tV R Hπ=                                                                                                                     (3) 216 

Therefore, the absorbed volume of water is  217 
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2 2
t initial tV R H R Hπ π= −                                                                                                  (4) 218 

 219 

Figure 3. Water absorption experiment 220 

2.4 Morphology characterization methods 221 

Scanning electron microscopy (SEM, Sirion 200, FEI, America) and atomic force 222 
microscopy (AFM, Dimension Edge, Bruker) techniques were used to clearly identify 223 
the surface morphology properties the surface roughness of the Cu hierarchical 224 
micro/nanocrystals. The contact angle was measured by a contact angle meter (DSA 225 
25S, KRUSS, German) under atmosphere pressure. A 2 μL droplet DI water was 226 
dropped on the Cu surfaces, and the contact angles can be measured. 227 

3. Results and discussions 228 

3.1 Surfaces morphology characteristics 229 

Figure 4 shows the SEM images of Cu substrate, NG, NGMP, NGMF and NSMF. 230 
As shown in Figure 4a, after polishing process, the flat surface can be observed on 231 
the Cu substrate. As shown in Figure 4b, after the Cu substrate immersing into the 232 
solutions for 3 min, the interesting nanograss forests (NG) can be observed on the Cu 233 
substrate. During the growth process of the nanograss on the substrate, nanograss tips 234 
can be intertwined with each other, resulting in the formation of the micro-petals. And 235 
the nanograss and micro-petals (NGMP) coexist on the substrate almost half and half, 236 
as illustrated in Figure 4c. Thereby, increasing the immersion time to 30 min, the 237 
micro-petal shaped structures can be formed on the nanograss, as depicted in Figure 238 
4c. With this immersion time, the size of the nanograss is almost unchanged, and the 239 
micro-petals grow bigger with a dimeter of 2 ~ 4 μm and covers the Cu substrate 240 
more uniformly with the nanograss forests under them. Further increasing the 241 
immersion time to 60 min, the micro-petals on the nanograss synthesized to the 242 
micro-flowers (NGMF), covering the Cu substrate, as shown in Figure 4d. Compared 243 
with the above hierarchical NGMP, the NGMF has denser nanograss lying under the 244 
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synthesized micro-flowers with dimeter of about 4 μm, as shown in Figure 4d. 245 
Furthermore, the magnified SEM image of a micro-flower illustrates that the 246 
thickness of the flower petals is approximately 50 nm (Figure 4d). In comparison 247 
with the magnified SEM images of the nanongrass in Figure 4b, c and d, more 248 
nanograss tips can be synthesized to the micro-flowers and nanograss are stacked 249 
firmly on the substrate, as depicted in Figure 4d. The nanograss forests grow on the 250 
Cu substrate, exhibiting a large amount of the slit-like holes under the micro-petals 251 
and micro-flowers, as seen in Figure 4b and c. Further increasing immersion time to 252 
120 min, the SEM image of this hierarchical structure is composed of small 253 
nanosheets and micro-flowers (NSMF), as shown in Figure 4e. With sufficient 254 
reaction time, the thick sheets were formed by the nanoneedles under the micro-255 
flowers.   256 

 257 

Figure 4. SEM images of (a) Cu (b) NG (c) NGMP (d) NGMF (e) NSMF. 258 
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X-ray diffraction (XRD) analysis is used to determine the structure and phase of the 259 
samples. The XRD patterns of Cu substrate can be recorded on the various samples, 260 
which can imply that the substrate contains solely a cubic Cu phase with lattice 261 
reasonable parameters of a = b = c = 3.615 Å (JCPDS card 04-0836), as shown in 262 
Figure 5a, b, c, d and e. The diffraction peaks of Cu(OH)2 from the Cu substrate can 263 
be indexed, as shown in Figure 5b. The derived parameters, a = 2.949 Å, b = 10.590 264 
Å, c = 5.256 Å, are consistent with the values in the literature: a = 2.947 Å, b = 265 
10.5930 Å, c = 5.2564 Å. Figure 5c exhibits the observed diffraction peaks of 266 
Cu(OH)2 and CuO with standard parameter. Also, Figure 5d illustrates that the 267 
observed diffraction peaks can be indexed to monoclinic CuO (JCPDS card 48-1548). 268 
As shown in Figure 5e, the diffraction peaks of XRD pattern are consistent with those 269 
of monoclinic CuO (JCPDS card 48-1548). Therefore, the main component of NG 270 
and NGMP is Cu(OH)2 and CuO, respectively. Also, the main component of NGMF 271 
and NSMF is CuO with abundant reaction time. 272 

Figure 6 shows the AFM images which can exhibit the surface topography and 273 
roughness of Cu, NG, NGMP, NGMF and NSMF structures. Due to the polishing 274 
process, the untreated Cu surface exhibits a flat surface. Also, the chemical 275 
modification causes surfaces to gradually generate and increase rough nanoscale 276 
features. The surface roughness of the Cu, NG, NGMP, NGMF and NSMF is 1.07 277 
μm,60.52 nm, 329.45 nm, 353,56 nm and 388.84 nm, respectively. 278 

 279 

Figure 5. XRD images of the samples (a) Cu (b) NG (c) NGMP (d) NGMF (e) 280 
NSMF 281 
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 282 

Figure 6. AFM images of (a) Cu (b) NG (c) NGMP (d) NGMF (e) NSMF 283 

3.2 Wetting property of various Cu compound surfaces 284 

As shown in Figure 7a, the untreated Cu surface exhibits the hydrophilicity with 285 
the contact angle of 47°, and the contact angle has no significant change with time. 286 
However, the wettability on Cu hierarchical surfaces including NG, NGMP, NGMF 287 
and NSMF has been enhanced with contact angle ≈ 0°, as shown in Figure 7b, c, d 288 
and e. As a result, following treatment, the contact angles of the four samples reduced. 289 
With respect to the NG, NGMP, NGMF and NSMF surfaces, when the droplets touch 290 
the surface, the droplets can be absorbed into the micro/nanostructures on the Cu 291 
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substrate. Finally, the droplets can be absorbed completely, resulting in the contact 292 
angle of 0°. Moreover, due to the diversity of surface morphology and properties, 293 
different dynamic evolution time of contact angle can be observed on the NG, NGMP, 294 
NGMF and NSMF surfaces. 295 

 296 

Figure 7. Dynamic evolution of contact angle on (a) Cu (b) NG (c) NGMP (d) 297 
NGMF (e) NSMF. 298 

3.3 Capillary spreading of Cu hierarchical structures 299 

Figure 8 shows the high-speed camera images of dynamic wicking on the Cu, NG, 300 
NGMP, NGMF and NSMF surfaces. As shown in Figure 8, with respect to the NG, 301 
NGMP, NGMF and NSMF surfaces, according to the motion of the dynamic wicking 302 
liquid front and static droplet boundary, synchronous spreading stage and capillary 303 
spreading stage can be observed. At the initial synchronous spreading stage, the 304 
dynamic wicking liquid front and contact line can forward together, while the 305 
dynamic wicking liquid front can move ahead of the contact line at the capillary 306 
spreading stage. This indicates that water droplets can be quickly absorbed by the 307 
micro/nanostructures on the NG, NGMP, NGMF and NSMF surfaces. Nevertheless, 308 
with respect to the Cu surface, no significant separation between the dynamic wicking 309 
liquid front and contact line can be observed. This is attributed to the fact that no 310 
absorbed micro/nanostructures can drive the liquid suction on the Cu substrate. 311 
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 312 

Figure 8. High-speed camera images of dynamic wicking on various samples. 313 

Figure 9 shows the dynamic droplet radii Rf on the NG, NGMP, NGMF and NSMF 314 
surfaces. When touching the surfaces, due to the large capillary pressure at the initial 315 
synchronous spreading stage, the liquid can spread rapidly through the wicking 316 
structures. The transient liquid wicking front rise rates (dRf/dt) of all the four Cu 317 
hierarchical structures decreases as a function of the increase of the wicking front 318 
radius. This is attributed to the fact that the viscous resistance will increase while the 319 
capillary pressure maintains unchanged when expanding the dynamic liquid wicking 320 
front at the initial stage. The images show an apparent tendency that each sample has 321 
a large wicking radius during the extremely short time period. At any given time 322 
during the first stage, the wicking radius of NSMF is greater than that of the other 323 
structures. For example, the wicking radius on NSMF at 
 = 0.05 s is 3.544 mm, 324 
40.7 %, 13.3 % and 28.5 % larger than that on NG, NGMP, NGMF, respectively. The 325 
hierarchical Cu compound structures including NGMP, NGMF and NSMF exhibits a 326 
higher wicking speed than single nanoneedle forests. After 0.5 s, due to the improved 327 
viscous resistance, the wicking distance rate decreased as the increase of spreading 328 
time.  329 
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 330 

Figure 9. Dynamic liquid wicking front Rf 331 

Figure 10a, b, c and d illustrate the variation of the liquid wicking front radius Rf 332 
and contact line radius Rc. Two stages can be observed in the droplet spreading 333 
process: synchronous spreading and capillary spreading. In synchronous spreading 334 
stage, the Rf and Rc spread together. In capillary spreading stage, the dynamic wicking 335 
liquid front advance well ahead of the contact line because the dynamic wicking 336 
liquid front further increase while the contact line remains unchanged. For the NG, 337 
NGMP and NGMF structures, the dynamic wicking liquid front begins to spread 338 
ahead of the contact line after the time reaches 0.05 s according to the occurrence of 339 
different slopes of Rf and Rc with the log-log plots. It is obvious that the Rf follows 340 
the power-law behavior Rf ∝ tn during the capillary spreading process. As illustrated, 341 
the NSMF can enter into the capillary spreading stage earlier than the other surfaces, 342 
indicating that the NSMF has the strongest capillary spreading velocity. In special, the 343 
exponent values nf of the power-law fittings of Rf on the Cu hierarchical surfaces are 344 
0.216, 0.122, 0.136 and 0.184, respectively.  345 
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 346 

Figure 10. Variation of the liquid wicking front radius Rf and contact line radius Rc 347 
on the (a) NG (b) NGMP (c) NGMF (d) NSMF 348 

Figure 11 shows the wicking coefficient as a function of the square root of time on 349 
the whole Cu hierarchical structures in the initial 0.5 s. A good liner fit between the 350 
wicking distance and square root of time can be observed, which has been expressed 351 
by the Equation (1). In obvious, comparing with the NG, NGMP and NGMF 352 
structures, the NSMF exhibits the largest wicking coefficient of 3.77 mm/s0.5. The 353 
wicking coefficient of the NG, NGMP and NGMF is 1.53, 1.73 and 2.13 mm/s0.5, 354 
respectively. In addition, the hierarchical structures including NGMP, NGMF and 355 
NSMF has the larger wicking coefficient than the single-scaled NG structure. A 356 
possible explanation is the single-scaled pores or spacings provided by the NG 357 
structure can decrease the ratio of capillary pressure and viscous resistance. While the 358 
hierarchical structures can provide the strengthened capillary pressure driven by the 359 
nanostructures and the reduced viscous resistance driven by the microstructures, 360 
resulting in the enhancement in wicking coefficient on the hierarchical structures 361 
NGMP, NGMF and NSMF. 362 
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 363 

Figure 11. Wicking coefficient of NG, NGMP, NGMF and NSMF 364 

3.4 Mechanism of the enhanced wicking on Cu hierarchical structures 365 

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

1 2coscap geometry area cap areaF C R A C P Aσ θ= = ∆           (5) 369 

1 1
f

friction f f

dR
F B UR B R

dt
µ µ= =             (6) 370 

where ∆Pcap is the capillary pressure, σ is the surface tension of the liquid, Rgeometry is 371 

the geometry curvature of the liquid, θ is the contact angle, Aarea is the cross-sectional 372 
area, Rf is the dynamic wicking liquid front, μ is the viscosity, C1, C2 and B1 is the 373 
empirical constants. Figure 12a shows the schematic diagram of water spreading 374 
related with the capillary force and frictional force on the surface, which can display 375 
the Equation (5) and (6). The capillary pressure between the spacing of the 376 
micro/nanostructures can govern the capillary force (∆Pcap), which can be calculated 377 
as follows: 378 

2cap cap area cap cap fF P A P P P Rδε π δε= ∆ × = ∆ = ∆          (7) 379 

where P is the perimeter of the dynamic wicking liquid front, δ is the thickness of 380 
micro/nanostructures, ε is the porosity of micro/nanostructures. At the initial stage, 381 
the capillary force is the dominate force, much larger than the frictional force, which 382 
can drive the contact line and dynamic wicking liquid front forward together with 383 
great speed, forming the synchronous spreading. When the synchronous spreading 384 
stage transforms to the capillary spreading stage, the capillary force and frictional 385 
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force are balanced (Fcap = Ffriction). According to the Figure 9c, d, e and f, the Rf and t 386 
are in good agreement with the expression of Rf ∝ tn. As the spreading time increases, 387 

the frictional force is larger than the capillary force (Fcap < Ffriction), and the dynamic 388 
wicking liquid front continues to spread with decreased velocity. Ultimately, due to 389 
the limited volume of water droplet, the liquid spreading will disappear. 390 

As shown in Figure 12b and f, on the single-scaled NG surface, due to the dense 391 
nanograss with narrow spacing or small pores for water transport, the friction (viscous 392 
resistance) is enlarged. As comparisons, during the growth process, the tips of the 393 
nanograss can be sticked together, forming the micro-petals and micro-flowers on the 394 
tips, as well as grooves on the bottom, as shown in Figure 12c, d, g and h. With this 395 
groove structure, friction can be reduced, water transport through the channel in terms 396 
of the grooves with about 5 ~ 10 μm diameter. In addition, the NSMF has the 397 
micropores which are stacked by the micro-flowers illustrated in Figure 12e and i, 398 
resulting in the rapid water transporting in the initial stage. Therefore, when the water 399 
droplet first contacts the NGMP, NGMF and NSMF surfaces, the vertical capillary 400 
wicking will absorb the water vertically, while the channel composed of the 401 
microstructures with large dimensions can provide the flow path with low resistance 402 
for water transporting. Therefore, more absorbed volume and faster absorbed velocity 403 
of water can be observed at the initial stage. 404 

Further increasing the spreading time, as above-mentioned, the frictional force is 405 
larger than the capillary force, leading to the decreased absorbed velocity of water. 406 
Differing from the NGMP, NGMF and NSMF surfaces, the NG surface has the 407 
single-scaled spacing between the nanograss for producing the stable capillary force 408 
and frictional force, which can drive the water droplet forward and water absorbing at 409 
a stable speed. On the contrast, when the water droplet spreading enters the capillary 410 
spreading stage, the horizontal capillary force plays a role as the dominate force for 411 
driving the water froward, resulting in the dynamic wicking liquid front advancing 412 
ahead of the contact line. As shown in Figure 12d and h, the nanongrass on the Cu 413 
substrate intertwines with each other, which may make the obstruction of the water 414 
transport at the horizontal, resulting in the smaller Rf due to the limited capillary force 415 
and strengthened frictional force comparing with the NGMP and NSMF surfaces. 416 
With regarding to the NGMP surface, the spacings between the adjacent nanongrass 417 
provide the capillary force for water transporting, while the grooves can serve as the 418 
flow channel for water transporting with low frictional force, as shown in Figure 12c 419 
and g. This means that the NGMP can drive the water spreading with a larger distance 420 
compared with the NGMF due to the low frictional force. As comparisons, the NSMF 421 
also can provide the flow channel for water transport, while the microchannels 422 
resulting from the stacked micro-flowers is large than the grooves (Figure 12e and i). 423 
Thereby smaller frictional force can be produced at the horizontal direction during the 424 
water spreading process compared with the NGMP. Meanwhile, the interlaced 425 
nanosheets on the bottom can produce strengthened capillary force due to the smaller 426 
spacing distance between the adjacent nanosheets, which can produce the stronger 427 
capillary pressure for driving the water transport. Herein, the NSMF can drive the 428 
water droplet with a largest distance because of the higher capillary force and lower 429 
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frictional force. 430 

 431 

Figure 12. (a) Schematic diagram of capillary force and frictional force related with 432 
the water spreading; Illustration of water spreading on (b) NG (c) NGMP (d) NGMF 433 

(e) NSMF; SEM images of (f) NG (g) NGMP (h) NGMF (i) NSMF 434 

Overall, smaller spacing can produce the larger capillary pressure and viscous 435 
resistance, while the larger spacing can produce the smaller capillary pressure and 436 
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viscous resistance [50]. The NG and NGMF with single-scaled spacing has the worse 437 
water penetration, while the NGMF and NSMF with multi-scaled spacing has the 438 
better penetration. As shown in Figure 12e, we achieve an improved hierarchical 439 
structure (NSMF) for enhancing capillary wicking capability. The rapid synchronous 440 
spreading results from the micropores between micro-flower clusters with reduced 441 
frictional force. While the capillary pressure provided by the nanosheets on the Cu 442 
substrate can drive the water forward. Through the micro-channel with reduced 443 
frictional force produced by micro-flowers, the water can be driven much farther than 444 
the other hierarchical surfaces. In general, combination of the micropores between 445 
micro-flower clusters for synchronous spreading, nanosheets for providing capillary 446 
pressure and micro channels for wicking liquid to flow, the NSMF can increase 447 
wicking coefficient, resulting in lowers viscous resistance and encourages capillary 448 
wicking. 449 

3.5 Water absorption of Cu hierarchical structures 450 

Figure 13 shows the water absorption on the Cu, NG, NGMP, NGMF and NSMF 451 
surfaces as time increases. In obvious, the height of water in the capillary tube 452 
remains unchanged on the Cu substrate, indicating that Cu substrate cannot absorb the 453 
water. Furthermore, the height of the water inside of the other capillary tubes is 454 
decreasing, exhibiting the NG, NGMP, NGMF and NSMF surfaces absorb the water 455 
well. Furthermore, the capillary tube of the NSMF has the lowest height of the water 456 
among the whole samples, which indicates the best water absorption performance.  457 

Figure 14 shows the absorbed volume of water and height of water in the capillary 458 
tube as a function of time. The NSMF exhibits the largest absorbed volume of water 459 
with 0.294 μL at 0.5 s, which is 68 %, 26.2 % and 44.8 % higher than the NG, NGMP 460 
and NGMF, respectively. As illustrated, the NG has the lower absorbed volume 461 
velocity than the other hierarchical structures in the initial 0.1 s. Liquid spreads on the 462 
NG, only attributed to the nanograss, while hierarchical structures NGMP, NGMF and 463 
NSMF has the larger spacing or pores for liquid flow at the initial stage, leading to the 464 
faster absorbed volume velocity. Furthermore, the hierarchical structures NGMP, 465 
NGMF and NSMF has the different absorbed volume velocity when the spreading 466 
time reaches 0.2 s, which may be caused by the friction existed in the structures, by 467 
which the absorbed volume velocity decreases. 468 
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 469 

Figure 13. Water absorption on (a) Cu (b) NG (c) NGMP (d) NGMF (e) NSMF 470 
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 471 

Figure 14. Absorbed volume of water and height of water in capillary tube (a) NG 472 
(b) NGMP (c) NGMF (d) NSMF 473 

4. Conclusions 474 

In this paper, four Cu compound structures are fabricated and the effect of surface 475 
morphology on capillary wicking capability is investigated. The main conclusions 476 
have been drawn based on experiments: 477 

(1) In-situ micro/nanocrystal structures on Cu substrates with prominently improved 478 
wicking capacity is fabricated by the chemical oxidation method. The NG 479 
structure has the single-scale pores for enhancing the capillary wicking. The 480 
NGMP, NGMF and NSMF possess the nanograss layer or nanosheet layer lying 481 
on the intrinsic Cu substrate, and the micro-petal or micro-flower layer on the top, 482 
resulting in the enhanced capillary wicking. 483 

(2) The wettability experiments show that the oxidation treatment can significantly 484 
increase the surface hydrophilicity. In addition, different surface morphology and 485 
roughness result in different surface wettability, and hemi-wicking phenomenon 486 
can occur on the NG, NGMP, NGMF and NSMF because the critical contact 487 
angle is larger than the apparent contact angle. 488 

(3) The results of the droplet spreading experiments indicate that the wicking 489 
capability of the hierarchical structures is superior to wicks consisting of single-490 
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scale nanograss. The rapid capillary wicking coefficient of 3.77 mm/s0.5 on the 491 
NSMF hierarchical layers can be obtained. This is attributed to the combination of 492 
fine pores and large liquid channels that enables an excellent comprehensive 493 
wicking capability on the in-situ hierarchical wicks. 494 

(4) A possible mechanism has been proposed to explain the role of surface 495 
morphology for enhancing water transport. The inter-micro petal or inter-micro 496 
flower pores can serve as the major pathway water circulation on the nanograss or 497 
nanosheet layers. Meanwhile, the viscos resistance is significantly affected by the 498 
surface chemistry and the pore size of the materials. 499 
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