
1SCIENTIFIC REPORTS | 7: 10465  | DOI:10.1038/s41598-017-10791-3

www.nature.com/scientificreports

Microscale Liquid Transport in 
Polycrystalline Inverse Opals across 
Grain Boundaries
Q. N. Pham1, M. T. Barako1,2, J. Tice2 & Y. Won1

Delivering liquid through the void spaces in porous metals is a daunting challenge for a variety of 

emerging interface technologies ranging from battery electrodes to evaporation surfaces. Hydraulic 

transport characteristics of well-ordered porous media are governed by the pore distribution, 

porosity, and morphology. Much like energy transport in polycrystalline solids, hydraulic transport 

in semi-ordered porous media is predominantly limited by defects and grain boundaries. Here, we 

report the wicking performances for porous copper inverse opals having pore diameters from 300 to 
1000 nm by measuring the capillary-driven liquid rise. The capillary performance parameter within 
single crystal domain (Kij/Reff = 10−3 to 10−2 µm) is an order of magnitude greater than the collective 

polycrystal (Keff/Reff = ~10−5 to 10−3 µm) due to the hydraulic resistances (i.e. grain boundaries between 

individual grains). Inspired by the heterogeneity found in biological systems, we report that the 

capillary performance parameter of gradient porous copper (Keff/Reff = ~10−3 µm), comparable to that 

of single crystals, overcomes hydraulic resistances through providing additional hydraulic routes in 

three dimensions. The understanding of microscopic liquid transport physics through porous crystals 

and across grain boundaries will help to pave the way for the spatial design of next-generation 

heterogeneous porous media.

Porous materials are used as active surfaces that require energy transport through a solid and energy exchange 
across a large solid-�uid interfacial surface area. �e rational design of porous media is o�en employed to create 
unique combinations of thermal, electrical, and �uidic transport for performance breakthroughs in applications 
ranging from electrode-electrolyte interfaces in batteries1, 2 to capillary-fed heat pipes and vapor chambers3–5. �e 
microstructure of capillary-fed porous media has traditionally been amorphous, meaning that the pore distribu-
tion is irregular with no well-de�ned unit cell6–12. Due to the lack of crystalline order in these porous media, it is 
more challenging to accurately predict �uidic transport and precisely tune structural characteristics. �ese media 
also present enormous hydraulic resistance due to the highly tortuous networks between pores. Other porous 
materials used for capillary-fed wicking such as silicon pillars possess highly ordered microscale features13–15. 
However, such traditional microfabricated structures exhibit limitation in structural material choices and mod-
ulation of three-dimensional features. More recent approaches leverage template-assisted self-assembly nano-
fabrication16–18 to create novel architectures of crystalline and semi-crystalline porous media. Nanofabrication 
through templating provides tunability of the pore morphology (i.e. porosity, distribution of pore sizes, and struc-
tural arrangement) and is o�en an inherently scalable technique. Despite the self-assembly of well-ordered tem-
plates at small length scale (10 µm), such materials are o�en semi-ordered due to uncontrollable defects that form 
between crystalline domains at larger length scale, creating porous media with polycrystalline characteristics19.

Inverse opals (IOs)20–27 are crystalline porous medium consisting of uniform pore size arranged in periodic 
order and have been used in a wide range of applications, including photonic crystals21–23, battery electrodes24, 

25, sensors28, 29, and thermo�uidic systems such as micro�uidic heat exchanger11, 12, 26, 27. During self-assembly of 
sacri�cial spheres, the “necks” between adjacent spheres in the template become the interconnected windows 
between the pores, the “via”, to create a continuous, �uid-permeable network of pores. Due to the combination of 
periodicity, interconnectivity, and sub-micron pore sizes20, IOs possess both high permeability and large surface 
area-per-volume that are ideal for mass and heat transfer. �e �uidic transport through regular unit cells consist-
ing of pores in a close packing arrangement can be easily predicted using �nite element models with symmetric 
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boundary conditions26, 30 (Fig. 1a). However, uncontrollable defects within such periodic array of pores inhibit 
normal mass �ow to cause deviation from predicted transport phenomena. �e inversion of the cracks within the 
opal template becomes an impermeable solid feature in the IO a�er the electrodeposition31 (see Supplementary 
Fig. S1), causing signi�cant hydraulic resistance in �uid transport as illustrated in Fig. 1b.

In this study, we investigate the capillary-driven �ow in both single crystal domains and polycrystalline cop-
per IOs that have well-de�ned structure-property relations due to the hexagonal-packed pores. �e capillaries 
of single crystal domains are compared to those of polycrystalline transport, which are governed by individual 
domains separated by distinct “grain boundaries.” �is work establishes fundamental insights toward understand-
ing, predicting, and engineering hydraulic transport through monoporous (i.e. uniform pore size and spatial 
distribution) crystalline IOs by revealing the e�ect of hydraulic resistance associated with crystalline defects on 
micro�uidic transport. Furthermore, we extend the understanding of liquid delivery through heterogeneous (i.e. 
spatially-varying pore size) porous media32, 33 in the presence of crystalline defects.

Crystalline Copper Inverse Opals. Crystalline copper IOs are fabricated by employing a templated elec-
trodeposition technique (see Methods). In brief, sacri�cial polystyrene spheres are self-assembled using vertical 
deposition, and electrodeposited copper �lls the void volume between the spheres. Removal of the templated 
spheres reveals a copper IO containing a periodic arrangement of pores. �e pore diameters of copper IOs are 
selected from 300 nm to 1000 nm to investigate the pore size e�ects on capillary wicking (as seen in Fig. 1a). 
Representative scanning electron microscope (SEM) images of the various pore diameters are shown in Fig. 2.

During vertical deposition of self-assembled spheres, cracks form as the opal crystal dries and shrinks34, 35. 
While opals possess well-ordered pore arrangement at small length scale, formation of defects disrupt pore pack-
ing at larger scale19, 36. When electrodeposition occurs, cracks in the template result in solid copper barriers 
that separate crystalline grain domains with an impermeable wall-like structure, de�ned as a grain boundary in 
this study. Previous simulation models and studies that are used to predict mass transport37 through crystalline 
porous media o�en assume no structural defects. Here, we report the capillary performance of both within single 
crystals and polycrystals as well as the errors of predictive modeling due to crystalline defects.

Capillary Performance of Monoporous Copper Inverse Opals. In wicking dynamics, the capillary 
force scales inversely with pore diameter while viscous resistance scales inversely with the square of pore diameter 
Dpore

37. �e capillary force is de�ned as hydrostatic-driven pressure in transporting liquid and can be calculated 
using the Young-Laplace capillary equation 4σcosθ/Dpore, where σ is the surface tension and θ is the static contact 
angle that measures the wetting tension on the surface. Based on Darcy’s Law, the viscous pressure is a function 
of wicking material parameters, and the �ow rate is related to the evaporation mass �ux of the system. Assuming 
constant wick design parameters, the viscous resistance is plotted in relation to the capillary force in Fig. 1a. �e 
balance between capillary force and viscous resistance results in a net capillary performance known as the per-
meability K. �e permeability values of the porous medium are also separately computed using computational 
�uid dynamics (CFD) simulation models (see Supplementary Fig. S2 for calculation details). �is computation 
gives us the correlation of porosity φ to permeability K = Dpore

2 (0.07φ2−0.0539φ) for 78% < φ < 92%. In order to 
account for the nonuniform annealing e�ects of self-assembled spheres, the maximum and minimum φ are used 
to determine the upper and lower limit of permeability, respectively, as indicated in the blue band in Fig. 1a. �e 

Figure 1. Fluid transport physics in single crystals and polycrystalline inverse opals governed by pore 
morphologies and grain boundaries. (a) Fluid transport parameters of capillary forces (solid orange line), 
viscous resistance (dashed red line), and permeability range (�lled blue band) for varying pore diameter Dpore 
and porosity φ. �e red dashed circle indicates that the capillary and viscous resistance values can be interpreted 
with the pressure drop on the le� y-axis. (b) Illustration of wall-like “grain boundaries” between crystalline 
gains. Such grain boundaries inhibit �uid �ow by causing hydraulic resistance in the pathway, resulting in 
lower capillary performance of polycrystals. �e investigation of each individual crystalline grain enables the 
estimation of capillary performance of single crystals.
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computed range of permeability demonstrates the interdependent wicking mechanisms of permeability, capillary, 
and viscous resistance pressure on pore morphologies such as porosity and pore sizes.

To evaluate the e�ect of pore diameter on the wicking capability of the porous structures, monoporous copper 
IOs are �rst examined using rate-of-rise of a propagating liquid front (Fig. 3 and Supplementary Movie). �e key 
�gure of merit in determining the wicking capability is based on the capillary performance parameter, which is 
de�ned as the ratio of permeability to e�ective capillary pore radius K/Re�. �e capillary performance K/Re� can 
be calculated from the capillary rise height h and the corresponding time t using Washburn dynamics38. When 
considering the balance of capillary driving forces and viscous resistance while neglecting the e�ect of gravity, the 
capillary rise height h is expressed as:

σ

φµ
=h

K

R
t

2

(1)eff

2

where µ is viscosity of the liquid, and K is the permeability. �e e�ective pore radius Re� = 0.5Dporecos−1θ where 
θ is the static contact angle. In order to estimate the wicking capability of the polycrystalline sample, the liquid 
propagated height is averaged over the width of the sample yielding the e�ective capillary rise he� as indicated in 
Fig. 4a. �e calculated e�ective capillary performance parameter for polycrystalline Ke�/Re� ranges from ~10−5 
to 10−3 µm where Ke� is the e�ective permeability (Fig. 5a). �e calculated values of polycrystalline IOs are much 
lower than its theoretical value for single crystal as computed using our CFD models and �nite element method 
(FEM)12. �is might be attributed to the e�ects of “grain boundary defects”. �e microscale wall-like structures 
at the grain boundary cause additional hydraulic resistance in the permeable pathway, sometimes halting liquid 
rise but is o�en observed to eventually continue across the boundaries with assistance from neighboring wetted 
domains (Fig. 4b).

�e transport physics of crystalline porous material in the absence of grain boundaries establishes a physical 
upper bound of transport for a given morphology and requires a separate analysis by examining liquid rise in 
individual crystalline domain. �erefore, we map each crystalline grain as ij, such that subscript i and j rep-
resents the rows and columns where the grain is located, respectively. Once the liquid rise is observed in the 
individual grain, its propagating height hij is followed until the full length of the grain has been reached with 
time tij (see Fig. 4a,b). �e capillary performance parameter of these individual grains Kij/Re� ranges from 10−3 
to 10−2 µm, such that Kij represents the single crystalline permeability. �e values of Kij/Re� for single crystalline 
grains are consistently larger than Ke�/Re� for polycrystalline samples as plotted in Fig. 5a. �ese two capillary 
rates have approximately an order of magnitude di�erence because of the hydraulic resistance from the structural 

Figure 2. Representative scanning electronic microscope images of crystalline copper inverse opals. �e 
periodicity of the crystalline pores with pore diameters of 300, 600, and 1000 nm is shown from the (a–c) 
top and (d,e) cross-sectional view. �e schematic inset in (a) illustrates the via within each pore as the 
interconnected window between adjacent pores, allowing �uid to permeate throughout the porous matrix. All 
scale bars are 2 µm.
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Figure 3. Visualization of capillary wicking tests. (a) A schematic for the experimental set-up of the capillary 
wicking. �e propagated liquid rises as a function of time which is captured with a camera and then plotted. (b) 
A representative plot of a typical measured wicking height h from a copper IO with a pore diameter of 1000 nm. 
�e dashed line is the numerical trend estimated using Darcy’s Law. (c) Time evolution images of a copper IO 
wicking up deionized water. �e blue line is a guide for the e�ective wicking height he� starting from the average 
of the meniscus’s top edge.

Figure 4. Visualization and illustration of micro�uidic transport in polycrystalline inverse opals showing 
individual grain domains and grain boundaries. (a) A still photo of a vertically placed copper IO wicking up 
liquid from a reservoir. Due to grain boundary defects, propagated height through each grain column varies 
across the width of the sample. �e average of the general propagated height is determined as the e�ective 
capillary rise he�. See Supplementary Movie for the details. (b) �e illustration of individual grain domains 
and grain boundaries. �e capillary rise hij within individual grain ij can also be obtained as a function of time 
tij. �e observation suggests that the wicked liquid can transverse around the micro-obstruction defects. (c) 
Microscopic image showing individual crystalline domains separated by a set of transverse and longitudinal 
grain boundaries. �e scale bar is 100 µm.
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defects. �e values of Kij/Re� from experimental measurements and CFD calculations show a good agreement. 
For instance, the Kij/Re� of 1000 nm pore diameter ranges from 10−3 to 10−2 µm, which gives us the permeability 
Kij of 10−15 to 10−14 m2 while CFD calculations compute a permeability K of 10−15 to 10−14 m2 for varying porosity 
(decided by the annealing conditions). With increasing pore diameters from 300 to 1000 nm, the capillary perfor-
mances for both single crystalline and polycrystalline samples also increase.

In this calculation, only grains of i = 1 (i.e. domains that are in contact with the meniscus region) are calcu-
lated in order to accurately compare the Kij/Re� values of di�erent pore diameters. By wicking �uid directly from 
the reservoir, the grains that are in contact with the meniscus transport liquid in the absence of grain boundaries 
so that the only hydraulic resistance present is within the grain domains. As the �uid is pulled across multiple 
structural defects with increasing wicking height, the overall hydraulic resistance increases with the number of 
defects that must be overcome. Additional transverse boundaries may restrict the wicking �ow of the liquid from 
its supply source and thus, negatively a�ecting the resulting capillary rates of individual grains of i≠1. Still, the 
large variance of capillary performance parameter is observed between individual grains, which may be attrib-
uted to at least two in�uencing factors, which include 1) porosity variation between the individual grains and 2) 
porosity variation near the vicinity of grain boundary defects.

�e porosity φ is a critical factor in determining the overall permeability of the porous matrix as shown 
in Fig. 1a. �e porosity of the IOs can be roughly controlled through modulation of the opal template with 
fabrication parameters such as annealing temperature26, 39, 40. �e porosity values can be calculated with the 
quanti�cation of the normalized via diameter Dvia/Dpore through post-image processing and are shown to be 
comparable within the range of previous IO porosity measurements12, 19, 30 (the statistical distributions of our 
porosity calculation are presented in the Supplementary Fig. S3). In our calculation method for the porosity of 
IOs, we assume that the sintering of spheres occurs isotropically, spheres self-assemble into close-packed crys-
talline arrangement, and spheres remain perfectly round. Based on our assumptions, we expect the accuracy of 
our correlation will deviate when porosity is signi�cantly higher than the crystalline-packing of spheres (~74%). 
�e capillary performance parameters of the individual crystalline grains are plotted with respect to their corre-
sponding porosities in Fig. 5b, which displays a general trend of increasing capillary performance with porosity. 
�e presence of porosity variations between individual single crystal grains due to the nonuniform annealing 
conditions explains the large variance in the capillary performance parameters in Fig. 5a. �e vertical error bars 
in Fig. 5b represent those variations. In order to explain the nonuniformity in porosity across an individual single 
crystal grain, the normalized via diameter are collected at di�erent locations. When examining the via closest 
to the grain boundary, it is revealed that the via diameters are o�en small or sometimes nonexistent, deemed 
as the “edge e�ect”. �e lack of pore interconnectivity around grain boundary is caused by the disruption of the 
crystalline packing near a propagated crack. �e drying of the opal �lm further tightly packs the spheres inward 
toward the domain center and loosely packs the spheres near a grain boundary. For instance, the via of 300 nm 
pore diameter samples are examined near a grain boundary as well as toward the center of the grain domain. �e 
average via diameter increases by ~10% moving away from the grain boundaries, which results in a 1% increase 
in the overall porosity, indicated by the horizontal error bars in Fig. 5b. We �nd not only that the wall-like struc-
tures provide hydraulic resistance to �uid passing over them, but the areas around grain boundaries also present 
regions of lower �uid permeability, contributing to the edge e�ect of slowing or even halting the �ow of �uid. In 
this process, smaller pore diameter samples have preferentially smaller grain sizes, contributing to the higher 
density of grain boundaries (see Supplementary Fig. S3). �is observation suggests the capillary performance 
of smaller pore diameters is dominated by edge e�ects. Another observed phenomenon that may contribute to 
the disparity between the experimental and numerical values of porosity and permeability is the assisted capil-
lary e�ect from adjacent grain domains. When examining the hydraulic transport within each individual grain 
domain, we observe that laterally neighboring domains would occasionally assist a wicked �uid on overcoming 

Figure 5. �e key �gure of merit, the capillary performance parameter (de�ned as K/Re�), for both single and 
polycrystalline. (a) �e capillary performance parameter of the individual crystalline grains of 10−3 to 10−2 µm 
(�lled markers) is superior to that of polycrystalline samples ranging 10−5 to 10−3 µm (un�lled markers). (b) 
�e capillary performance parameter of single crystalline grains as a function of porosity φ. �e dashed lines are 
predictions from the CFD calculations.
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a transverse grain boundary to continue its transport (see Supplementary Movie). We expect the interplayed 
wicking behaviors from bordering domains can o�en a�ect �uid propagation, which may cause variation within 
our experimental measurements. �e microscopic hydraulic interaction between nearby grain domains presents 
an investigation of interest for future study. Taken altogether, mass transport through engineered porous media 
is primarily inhibited by morphological defects, including both grain boundaries and low-quality regions near 
grain boundaries. Improvements in templated porous media for capillary applications will bene�t from reducing 
defect density through increasing the template quality.

Multilayered Copper Inverse Opals with Graded Pores. �is study provides the fundamental knowl-
edge in the wicking performance of single crystalline monoporous copper IOs, which motivates further investigation 
of the transport physics through three-dimensional heterogeneous porous material. Inspired by the heterogeneity in 
biological transport systems, such as mammalian cardiovascular networks and plant veins (see Fig. 6a,b), heteroge-
neous porous material is suggested to possess multiple length scale pores for optimized mass and �uid transport41, 42. 
Although several studies demonstrated the fabrication of rationally-designed heterogeneous porous crystals32, 43, 44, 
those methods utilized complicate processing and were limited by a precise control over opal �lms.

In this work, we successfully demonstrate gradient copper IOs by using a simple and reliable layer-by-layer 
growth and report the capillary performance of such gradient IO structure (Fig. 6c). Gradient multilayered opals 
with crystalline packing orthogonal to the substrate plane are attained through repeated convective vertical depo-
sition to stack multiple layers with di�erent sphere sizes. �e gradient samples used in the capillary measurement 
show stratus composites of the individual monoporous layer of 300, 600, and 1000 nm diameter pores with each 
layer ~7–10 µm in thickness. �e results reveal that capillary performance parameter of gradient IOs is approxi-
mately within the range of 0.6–1.1 × 10−3 µm (see Supplementary Fig. S4). �is Ke�/Re� value is comparable to that 
of the best single crystal monoporous IOs (i.e. for 1000 nm pore diameter, a range of Kij/Re� = 0.1–1.1 × 10–3 µm, 
see Fig. 5a) and is also superior to polycrystalline IOs by an order of magnitude. �e enhanced wicking perfor-
mance may be contributed to the multilayering of IOs, which provides alternative and parallel liquid pathways to 
circumvent a defective region as illustrated in Fig. 6d. �e layer-by-layer deposition of pores also suppress these 

Figure 6. Heterogeneous porous materials in biological transport systems and gradient inverse opals. 
Multilength scales of porous network as seen in (a) plant leaf and (b) stem cross-section (imaged using 
environmental SEM) are used to emanate novel porous media with heterogeneous structural characteristics. 
(c) Biologically-inspired gradient IOs that are layered with increasing pore diameters. �e grain boundaries 
remain within their respective crystal plane providing the three-dimensionally spatial staggering of the grain 
boundaries. (d) �e illustration of spatially-varying grain boundaries shows alternative �ow pathways in three 
dimensions, contributing to the enhancement in the e�ective capillary performance.

http://S4
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defects to mainly remain within their respective crystal plane and stagger at di�erent regions for parallel pathways 
to exist.

�e enhanced wicking performance of gradient copper IO demonstrates it as a nanoarchitecture with poten-
tials to push beyond the defect-limited transport of polycrystalline porous media for applications in vapor cham-
bers and heat pipes. Within gradient porous structures, the smaller pores provide strong capillary force that is 
advantageous for wicking liquid to hot spots near the substrate while the larger pores provide ventilation paths 
for the evaporated vapor to escape. Since cracks and defects along domain boundaries in opal �lms and IOs are 
commonly observed during the self-assembly, drying, and sintering processes, the hydraulic resistance caused 
by these local defects places an upper limit on the capillary performance of polycrystalline IOs. �is study shows 
that layering multiple �lms of IOs can further enhance the wicking capability of these porous media by providing 
alternative �ow pathways in three dimensions. In addition to this, the fabrication approach of copper gradient IOs 
presented in this work o�ers a new nano- and micro-architecture that provides advantageous wicking capability 
that can be used for developing the next-generation micro�uidic and thermal management devices.

Conclusion
In this work, we report the capillary performance parameters of both single crystalline and polycrystalline inverse 
opals with the aim to elucidate the e�ects of grain boundaries on liquid transport through porous media. Single 
crystalline copper IOs exhibit an order of magnitude higher capillary performance parameters, independent 
of the pore diameters, compared to polycrystalline copper IOs due to the dominant hydraulic resistances from 
the grain boundaries. Inspired by the heterogeneity in biological transport systems, we then study the capillary 
performance of multilayered IOs having vertically graded pore sizes. �ese “gradient” IOs possess capillary per-
formance parameters that are of the same order of magnitude as single crystal grains, which may be attributed 
to the additional pathways in three dimensions for �uid to circumvent planar defect regions and thus providing 
low-resistance parallel hydraulic pathways. Further work is needed to elucidate the microscopic mechanisms of 
�uid �ow across these grain boundaries. �e fundamental physics of liquid transport in polycrystalline IOs with 
observable grain boundaries and defects aims to incite future predictive models for wicking capabilities of this 
relatively new category of rationally designed and optimized porous media.

Methods
Copper Inverse Opal Preparation and Surface Treatment. Monoporous and gradient copper IOs 
are fabricated using sacri�cial template vertical deposition45–47 and electrodeposition method (see Supplementary 
Fig. S5). Titanium and gold with thickness of 20 and 80 nm, respectively, are sputtered onto silicon wafer through 
shadow mask with patterns of 7 mm × 5 mm rectangles, which are used as the working substrate. A self-assembled 
monolayer is formed on the gold surface a�er surface functionalization in 1 mM of aqueous sodium 3-mercap-
to-1-propanesulfonate for at least 24 hours. �e substrates are then rinsed and immersed in suspended colloidal. 
�e suspension is produced from monodisperse polystyrene colloids (Sigma Aldrich) diluted in deionized water 
with mass concentration varying from 0.04 to 0.6% w/v. By placing a hot plate underneath the well, the colloidal 
suspension evaporates at a controlled temperature of 55 ± 1 °C, con�rmed with thermocouple at the base of the 
well. As the solvent evaporates, the capillary force at the surface meniscus pulls colloidal particles to the substrate for 
self-assembly of crystalline opals. �e number of deposited opal layer is strongly governed by the changes in colloi-
dal concentration, which is adopted in the study to tune opal thickness (see Supplementary Fig. S6).

To fabricate gradient IOs, the deposited opal �lm is allowed to dry and immersed in a suspension of another 
arbitrary sphere size, as further explained in Supplementary Fig. S5. �is subsequent colloidal deposition is used 
to stack an additional layer of di�erent sphere sizes and can be repeated to fabricate the desired gradient opal 
structure. A�erward, opal template �lm is annealed in a furnace oven for 5 hours at 97 ± 1 °C, monitored by a 
thermocouple attached to supporting copper base plate for uniform heating of the samples. �e annealing pro-
cess ensures adequate permeability of copper IOs since sintering the sacri�cial polystyrene sphere causes them to 
coalesce, increasing the sphere-to-sphere contact area and thus, wider necking windows between the neighboring 
pores within the copper IOs. Copper is then electroplated to in�ltrate the matrix of opals using potentiostatic 
electrodeposition (BioLogic). �e thickness of the deposited copper correlates to the electrodeposition time, 
which can be controlled to obtain the desired number of IO layers. �e templated polystyrene spheres are dis-
solved through immersion in a bath of tetrahydrofuran. �e etchant traverses throughout the porous structure 
to remove polystyrene spheres through the interconnected windows between spheres. �e sample is then rinsed 
with deionized water and con�rmed with SEM imaging.

Surface Wettability of Copper Inverse Opals. �e wicking performance of the nanoscale structures is 
inherently in�uenced by the wettability of the surface. Surface wettability can be assessed by the contact angle 
pro�le of a sessile drop on solid surface. In this process, we utilize a pneumatic dispensing system to discharge 
droplets with volumes of ~10 nL to measure the surface energy of the copper IOs, which have pore diameters 
in the ranges of nanometers. A high-speed camera (100,000 fps) captures the discharge, and an imbedded so�-
ware processes and tabulates the droplet contact angle on the solid surface. Approximately 10 measurements 
are obtained for IOs of di�erent pore diameters. Our initial contact angle measurements of deionized water on 
the copper IOs reveal a hydrophobic surface (~140°). �us, in order for porous copper medium to be viable for 
wicking application, the microporous copper must be further treated to lower the surface energy. In our study, the 
copper IOs are functionalized in 1 mM of aqueous sodium 3-mercapto-1-propanesulfonate for at least 24 hours. 
�e surface contact angle is then remeasured, revealing a hydrophilic surface (~30–40°) ideal for micro�uidic 
transport and assessing capillary wicking performance. �e measured contact angle is used in equation (1) to 
calculate the Re� in this study.

http://S5
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Capillary Rise Measurement. �e capillary wicking is measured by slowly lowering an IO sample into 
a reservoir of DI water using a motorized z-stage. �e reservoir remains vapor saturated by enclosing the top 
container with para�lm that has a thin slit to let the sample through, in order to minimize evaporation from the 
inverse opal samples. Once the IOs are close enough to the liquid reservoir surface, a contact meniscus rapidly 
latches onto the substrate through wetting, during which further lowering of the z-stage is stopped and the time 
for the wicking experiment starts (i.e. t = 0 s). A camera with 120 fps captures the rate of propagation of the liquid 
front through the porous medium (refer to Fig. 3 for experimental set-up). Image frames of interest are analyzed 
using MATLAB so�ware to convert the still captures into black-and-white images with appropriate thresholds. 
ImageJ so�ware is then used to measure the propagated height from the top of the meniscus to the edge of the liq-
uid front, conducting approximately 40 measurements across the sample. A width of the IO sample is prede�ned 
by the gold pattern on the substrate while SEM con�rms that the thickness of the IOs remain relatively consistent 
for accurate wicking comparison.

Data Availability. All data generated or analyzed during this study are included in this published article (and 
its Supplementary Information �les).

References
 1. Jin, L., Huang, X., Zeng, G., Wu, H. & Morbidelli, M. Conductive framework of inverse opal structure for sulfur cathode in lithium-

sulfur batteries. Sci. Rep. 6, 1–8 (2016).
 2. Zhang, H., Yu, X. & Braun, P. V. �ree-dimensional bicontinuous ultrafast-charge and -discharge bulk battery electrodes. Nature 

Nanotech. 6, 277–281 (2011).
 3. Li, C. & Peterson, G. P. Evaporation/boiling in thin capillary wicks(II)—E�ects of volumetric porosity and mesh size. J. Heat 

Transfer. 128, 1320–1328 (2006).
 4. Semenic, T. & Catton, I. Experimental study of biporous wicks for high heat �ux applications. Int. J. Heat Mass Transfer. 52, 

5113–5121 (2009).
 5. Cai, Q. & Chen, C. Design and test of carbon nanotube biwick structure for high-heat-�ux phase change heat transfer. J. Heat 

Transfer. 132, 52403–52410 (2010).
 6. Leong, K. C., Liu, C. Y. & Lu, G. Q. Characterization of sintered copper wicks used in heat pipes. J. Porous Mat. 4, 303–308 (1997).
 7. Annamalai, M. & Dhanabal, S. Experimental studies on porous wick �at plate heat pipe. International Refrigeration and Air 

Conditioning Conference, West Lafayette, Indiana, USA, 12–15 July, pp. 2193–2201 (2010).
 8. Weibel, J. A., Kim, S. S., Fisher, T. S. & Garimella, S. V. Carbon nanotube coatings for enhanced capillary-fed boiling from porous 

microstructures. Nanoscale and Microscale �ermophysical Engineering. 16, 1–17 (2012).
 9. Weibel, J. A., Kim, S. S., Fisher, T. S. & Garimella, S. V. Experimental characterization of capillary-fed carbon nanotube vapor 

chamber wicks. J. Heat Transfer. 135, 21501–21508 (2013).
 10. Barako, M.T. et al. �ermal conduction in nanoporous copper inverse opal �lms. Fourteenth Intersociety Conference on �ermal 

and �ermomechanical Phenomena in Electronic Systems (I�erm), Orlando, FL, 736–743 (2014).
 11. Palko, J. W. et al. Approaching the limits of two-phase boiling heat transfer: High heat �ux and low superheat. Appl. Phys. Lett. 107, 

253903–253908 (2015).
 12. Dusseault, T. J. et al. Inverse opals for �uid delivery in electronics cooling systems. IEEE Intersociety Conference on �ermal and 

�ermomechanical Phenomena in Electronic Systems (I�erm): 2014 IEEE Intersociety Conference, Orlando, Florida, USA, 750–755 
(2014).

 13. Xiao, R., Miljkovic, N., Enright, R. & Wang, E. N. Immersion condensation on oil-infused heterogeneous surfaces for enhanced heat 
transfer. Sci. Rep. 3 (2013).

 14. Ranjan, R., Patel, A., Garimella, S. V. & Murthy, J. Y. Wicking and thermal characteristics of micropillared structures for use in 
passive heat spreaders. CTRC Research Publication, Paper 164 (2012).

 15. Liu, T. & Kim, C.-J. Turning a surface super-repellent even to completely wetting liquids. Science. 346, 1096–1100 (2014).
 16. Rycenga, M., Carmargo, P. H. C. & Xia, Y. Template-assisted self-assembly: A versatile approach to complex micro- and 

nanostructures. So� Matter. 5, 1129–1136 (2009).
 17. Yin, Y., Lu, Y., Gates, B. & Xia, Y. Template-assisted self-assembly: A practical Route to complex aggregates of monodispersed 

colloids with well-de�ned sizes, shapes, and structures. J. Am. Chem. Soc. 123, 8718–8729 (2001).
 18. Lee, J. W., Lee, J., Kim, C., Cho, C.-Y. & Moon, J. H. Facile fabrication of sub-100 nm mesoscale inverse opal �lms and their 

application in dye-sensitized solar cell electrodes. Sci. Rep. 4, 1–7 (2014).
 19. Hatton, B. et al. Assembly of large-area, highly ordered, crack-free inverse opal �lms. Proc. Natl. Acad. Sci. USA. 107, 10354–10359 

(2010).
 20. Mishchenko, L. et al. Patterning hierarchy in direct and inverse opal crystals. Small. 8, 1904–1911 (2012).
 21. Raimundo, D. S., Hatton, B., Kolle, M. & Aizenberg, J. Self-assembled polystyrene micro-spheres applied for photonic crystals and 

templates fabrication. J. Integrated Circuits and System 1, 39–43 (2006).
 22. Rengarajan, R., Jiang, P., Larrabee, D., Colvin, V. & Mittleman, D. Colloidal photonic superlattices. Phys. Rev. B. 64, 205103–205107 

(2001).
 23. Johnson, N. P., McComb, D. W., Riche, A., Treble, B. M. & De La Rue, R. M. Synthesis and optical properties of opal and inverse opal 

photonic crystals. Synthetic Metals. 116, 469–473 (2001).
 24. Kim, O. et al. Ordered macroporous platinum electrode and enhanced mass transfer in fuel cells using inverse opal structure. Nature 

Commun. 4 (2013).
 25. Kim, D. Y. et al. An electrochemically grown three-dimensional porous Si@Ni inverse opal structure for high-performance Li ion 

battery annodes. J. Mater Chem A. 2, 6396–6401 (2014).
 26. Zhang, C. et al. Characterization of the capillary performance of copper inverse opals. IEEE Intersociety Conference on �ermal and 

�ermomechanical Phenomena in Electronic Systems (I�erm): 2016 IEEE Intersociety Conference, Las Vegas, Nevada, USA, 
1035–1039 (2016).

 27. Barako, M. T. et al. Quasi-ballistic electronic thermal conduction in metal inverse opals. Nano Lett. 16, 2754–2761 (2016).
 28. Barry, R. A. & Wiltzius, P. Humidity-sensing inverse opal hydrogels. Langmuir. 22, 1369–1374 (2006).
 29. Hong, W. et al. Full-color CO2 gas sensing by an inverse opal photonic hydrogel. Chem. Commun. 48, 8229–8231 (2013).
 30. Ngo, I. & Chan, B. Permeability of microporous wicks with geometric inverse to sintered particles. Int. J. Heat and Mass Transfer. 98, 

298–302 (2016).
 31. Li, H. & Marlow, F. Solvent E�ects in Colloidal Crystal Deposition. Chem. Mater. 18, 1803–1810 (2006).
 32. Zheng, X. et al. Bio-inspired Murray materials for mass transfer and activity. Nat. Commun. 8, 1–9 (2017).
 33. Holtzman, R. E�ects of pore-scale disorder on �uid displacement in partially-wettable porous media. Sci. Rep. 6, 1–10 (2016).
 34. Hartsuiker, A. & Vos, W. L. Structural properties of opals grown with vertical controlled drying. Langmuir. 24, 4670–4675 (2008).



www.nature.com/scientificreports/

9SCIENTIFIC REPORTS | 7: 10465  | DOI:10.1038/s41598-017-10791-3

 35. Shorlin, K. A., de Bruyn, J. R., Graham, M. & Morris, S. W. Development and geometry of isotropic and directional shrinkage-crack 
patterns. Phys. Rev. E. 61, 6950–6957 (2000).

 36. Armstrong, A. & O’Dwyer, C. Arti�cial opal photonic crystals and inverse opal structures: Fundamentals and applications from 
optics to energy storage. J. Mater. Chem. C. 3, 6109–6143 (2015).

 37. Dullien, F. A. L. Porous Media: Fluid Transport and Pore Structure, 2nd ed (Academic Press, 1992).
 38. Nam, Y., Sharratt, S., Byon, C., Kim, S. J. & Ju, Y. S. Fabrication and characterization of the capillary performance of superhydrophilic 

Cu micropost arrays. J. Microelectromechanical system. 19, 581–588 (2010).
 39. Zhang, C. et al. Tailoring of permeability in copper inverse opal for electronic cooling applications. ASME International Electronic 

Packaging Technical Conference and Exhibition. San Francisco, CA, USA (2015).
 40. Zhang, Y. S., Regan, K. P. & Xia, Y. Controlling the pore sizes and related properties of inverse opal sca�olds for tissue engineering 

applications. Macromol. Rapid Commun. 34, 485–491 (2013).
 41. Brodribb, T. J., Field, T. S. & Jordan, G. J. Leaf maximum photosynthetic rate and venation are linked by hydraulics. Plant Physiology. 

144, 1890–1898 (2007).
 42. Slewinski, T. L., Zhang, C. & Turgeon, R. Structural and functional heterogeneity in phloem loading and transport. Front. Plant Sci. 

4, 1–11 (2013).
 43. Huang, H. et al. Controlled gradient colloidal photonic crystals and their optical properties. Colloids and Surfaces A: Physiochem. 

Eng. Aspects. 428, 9–17 (2013).
 44. Yan, Q., Teh, L. K., Shao, Q., Wong, C. C. & Chiang, Y.-M. Layer transfer approach to opaline hetero photonic crystals. Langmuir. 24, 

1796–1800 (2008).
 45. Cai, Z., Liu, Y. J., Teng, J. & Lu, X. Fabrication of large domain crack-free colloidal crystal heterostructures with superposition 

bandgaps using hydrophobic polystyrene spheres. Appl. Mater. Interfaces. 4, 5562–5569 (2012).
 46. Karuturi, S. K. et al. Gradient inverse opal photonic crystals via spatially controlled template replication of self-assembled opals. 

Nanoscale. 3, 4951–4954 (2011).
 47. Kubrin, R. et al. Bottom-up fabrication of multilayer stacks of 3D photonic crystals from titanium oxide. Appl. Mater. Interfaces. 8, 

10466–10476 (2016).

Acknowledgements
This work was sponsored by the Water-Energy Nexus and the School of Engineering at the University of 
California at Irvine (UC Irvine). Q.N.P. is thankful for the �nancial support from the UC Irvine Mechanical 
and Aerospace Engineering Department Graduate Fellowship. �e characterization was performed at the Irvine 
Materials Research Institute at UC Irvine. Authors acknowledge the modeling support from Kimia Montazeri.

Author Contributions
Y.W. proposed and supervised the project, Q.N.P. prepared the materials and conducted the experiments, Q.N.P. 
and M.T.B analyzed the results, Q.N.P., M.T.B, and Y.W. wrote the manuscript. All the authors participated in 
discussions of the research.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-10791-3

Competing Interests: �e authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© �e Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-10791-3
http://creativecommons.org/licenses/by/4.0/

	Microscale Liquid Transport in Polycrystalline Inverse Opals across Grain Boundaries

	Crystalline Copper Inverse Opals. 
	Capillary Performance of Monoporous Copper Inverse Opals. 
	Multilayered Copper Inverse Opals with Graded Pores. 
	Conclusion

	Methods

	Copper Inverse Opal Preparation and Surface Treatment. 
	Surface Wettability of Copper Inverse Opals. 
	Capillary Rise Measurement. 
	Data Availability. 

	Acknowledgements

	Figure 1 Fluid transport physics in single crystals and polycrystalline inverse opals governed by pore morphologies and grain boundaries.
	Figure 2 Representative scanning electronic microscope images of crystalline copper inverse opals.
	Figure 3 Visualization of capillary wicking tests.
	Figure 4 Visualization and illustration of microfluidic transport in polycrystalline inverse opals showing individual grain domains and grain boundaries.
	Figure 5 The key figure of merit, the capillary performance parameter (defined as K/Reff), for both single and polycrystalline.
	Figure 6 Heterogeneous porous materials in biological transport systems and gradient inverse opals.


