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Enhanced Capillary-Fed Boiling in Copper Inverse  
Opals via Template Sintering

Chi Zhang, James W. Palko, Michael T. Barako, Mehdi Asheghi, Juan G. Santiago,  
and Kenneth E. Goodson*

Capillary-fed boiling of water from microporous metal surfaces is promising 
for low thermal resistance vapor chamber heat spreaders for hot spot man-
agement. Vapor transport through the void spaces in porous metals enables 
high heat fluxes at low evaporator superheat. In this work, the critical heat 
fluxes of capillary-fed boiling in copper inverse opal (IO) wicks that consist of 
uniform pores with 3D periodicity is investigated. Template sintering is used 
to enlarge the “necks”, or hydraulic vias, that bridge adjacent IO pores of 
diameters from 0.6 to 2.1 µm. The enhanced neck size increases the hydraulic 
permeability for vapor extraction by an order of magnitude, and subsequently 
the CHF from 100 to 1100 W cm−2. Modeling of the boiling limit accounts 
for the vapor pressure drop through an IO wick using Darcy’s law at a given 
bubble departure rate. This work links the effect of wick structure design on 
the boiling crises phenomenon in microporous surfaces and demonstrates 
material capabilities for ultrathin and low superheat thermal management 
solutions for high-power-density electronic devices.
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to reduce the transport resistance associ-
ated with the heat supply, liquid replen-
ishing, and vapor removal.[2,3,5–11] Passive 
microporous structures depend on cap-
illary pressure to supply liquid to the 
phase-change surface where the working 
fluid evaporates. The low thermal resist-
ance characteristics of such two-phase 
operating mechanisms are enabled by the 
latent heat exchange at nearly constant 
evaporator temperatures.

The maximum heat flux that can be 
sustained by a microporous metal struc-
ture before dry out is generally limited 
either by insufficient capillary-driven 
working fluid delivered to the evapo-
rator (the “capillary limit”) or by vigorous 
boiling in the microstructure that forms a 
vapor blanket inside the porous film (the 
“boiling limit”).[5,12] To extend the utility of 
microporous surfaces at higher fluxes, an 

efficient wick design requires maximizing the capillary driving 
pressure, which is inversely proportional to feature size, while 
minimizing the flow resistance for vapor extraction, which 
scales inversely with the square of feature size. This require-
ment, together with the goal to operate at large wicking lengths, 
often limits the downscaling of feature sizes employed in tradi-
tional capillary-driven porous structures such as sintered copper 
particle wicks for electronic cooling.[2,13–15] With the increasing 
demand for unique form factors and ultrathin (≈100 µm thick-
ness) vapor chambers for compact electronic devices[16] and the 
desire to accommodate high heat fluxes (>1 kW cm−2) at low 
superheat (<20 °C),[17,18] optimized porous wick structures are 
of particular interest.

Inverse opals (IOs) are ordered porous media that consist 
of uniform pores arranged periodically to form a fluid perme-
able structure[19,20] shown in Figure 1. The regular order of 
these porous structures makes it feasible to accurately predict 
the fluid transport property using single unit cell analyses and 
also to fine tune the structural features such as pore diameter[21] 
and porosity.[4] Copper IOs are fabricated by electrodepositing 
metal into a crystalline close packing of polymer spheres. Pore 
diameter of the template spheres determines the surface area 
for interfacial transport, but it is the smaller “necks” connecting 
adjacent pores (see Figure 1a inset) that control fluid transport 
and determine the total hydraulic resistances. By sintering the 
spheres in the template, the diameter of the connecting “necks” 
can be controlled, providing tunable permeability spanning 

Inverse Opals

1. Introduction

Microporous metals are promising for applications that require 
simultaneous transport of fluid through the pore space and 
heat conduction through the matrix to a surface where they 
interact.[1–5] Microporous metals feature high specific surface 
area, high thermal and electrical conductivities, and high den-
sity of interconnected fluid-permeable pores. They are common 
as wick structures in two-phase thermal management systems 
such as heat pipes and vapor chambers due to their potential 
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Figure 1. a–f) Representative SEM images of copper IOs with template sintering time varying from 20 to 120 min. Statistical analysis of neck diameter 
distribution shows an enlargement in neck diameters as sintering time increases, illustrating the effect of template sintering on IO morphology. The 
schematic inset in (a) illustrates the necks in each pore as interconnected windows between neighboring pores, which serve as the fluid pathway in 
this microporous matrix.
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more than an order of magnitude.[22,23] The high permeability 
combined with high capillary pressure enabled by the micron-
level pore sizes makes IOs desirable evaporator structures for 
capillary-driven boiling.

While microporous copper wicks with random-packed 
pores have demonstrated the potential of heat dissipation over 
1 kW cm−2 using a capillary liquid feed,[19] systematic studies 
are needed to directly link the effect of wick structure design 
on capillary-driven boiling performances. To better understand 
boiling crisis in microporous surfaces, precise control of the 
wick structures and accurate prediction of their thermophysical 
properties are critical. In this work, we investigate the enhance-
ment in critical heat fluxes (CHFs) of capillary-fed boiling in 
copper IOs that have well-defined structure-property relations 
owing to the hexagonal-packed pores. Template sintering is uti-
lized to improve the IOs permeability by over an order of mag-
nitude with boiling CHF increasing from 100 to 1100 W cm−2. 
We analyze the IO morphology using scanning electron micros-
copy (SEM) and use its structural periodicity to predict vapor 
pressure drop through the porous matrix for a given bubble 
departure rate. Both the capillary limit and boiling limit for the 
maximum heat fluxes sustained by the IO wicks in capillary-fed 
boiling are calculated and compared with experimental CHF 
values. The IO experimental structures are designed to show 
the effect of hydraulic resistance associated with vapor extrac-
tion on boiling.

2. Results and Discussion

2.1. Inverse Opal Structure with Template Sintering

We fabricate copper IO wicking structures via a templated elec-
trodeposition method (see Figure S1, Supporting Information 
for the fabrication process flow).[20,21] Monodispersed poly-
styrene spheres of 5.2 µm diameter self-assemble into a sac-
rificial template using sedimentation, and template sintering 
at 104 °C is used after sphere crystallization to increase the 
bonded area of neighboring spheres. Copper is electrodepos-
ited to fill the void volume in an inverse replica of the template. 
Removal of the templated spheres in an organic solvent (such 
as tetrahydrofuran) exposes the periodic arrangement of spher-
ical pores of 5.2 µm diameter in the copper IOs.

The pores in IOs are interconnected through smaller necks 
that are defined by the bonded area of sacrificial spheres as a 
result of template sintering. During sintering, the bonded area 
between adjacent polystyrene particles grows with time. Conse-
quently, the interconnected neck bridging neighboring pores of 
the IO structure enlarges as template sintering time increases. 
We vary the template sintering time from 20 to 120 min in incre-
ments of 20 min to tailor the permeability of the IOs and to inves-
tigate the hydraulic resistance effects on capillary-fed boiling. To 
evaluate this effect of template sintering on IO morphology and 
permeability, we statistically analyze neck diameters (i.e., dn) 
from more than ten SEM images taken at different locations of 
each IO sample. Representative SEM images and distributions 
of “neck” diameters of IOs sintered for various times are shown 
in Figure 1. Owing to their well-ordered pore arrangement, the 
permeability of IOs for a given neck diameter can be predicted 
using finite element models applied to a unit cell with symmetric 
boundary conditions. The permeability and porosity values of the 
IOs scaling with neck diameter are computed utilizing computa-
tional fluid dynamics (CFD) simulation models and are shown in 
Figure S2 in the Supporting Information. To further verify per-
meability enhancement of IO structures through template sin-
tering, we perform capillary rate-of-rise experiments[20–24] to char-
acterize the wicking performance of IO samples and determine 
the hydraulic permeability based on liquid propagation rate, as 
detailed in Supporting Information. Template sintering proves 
to be an effective approach for tailoring the IO fluidic transport 
property, with permeability increasing by over an order of magni-
tude (as summarized in Table S1, Supporting Information).

2.2. Heat Transfer Enhancement of Capillary-Fed Boiling

We pattern thin (22 ± 1 µm thick) IO structures into a bridge area 
(2.0 × 0.27 mm) that connects with two electrical contact pads, sup-
ported by a glass substrate (thermal conductivity < 1 Wm−1 K−1) 
to minimize conduction heat losses (Figure 2a). The active IO 
bridge serves as both a resistive temperature detector (RTD) and  
a heater.[19,25] This configuration allows us to measure wall super-
heat with high spatial accuracy due to the proximity of the RTD 
to the evaporation/boiling interface. A four-point measurement 
is utilized to monitor the power input of the active area and the 
resistance of the RTD. During the measurement, distilled water 
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Figure 2. Capillary-driven boiling experiments using volumetrically Joule heated copper IO evaporators with passive liquid delivery. a,b) Top view 
images of patterned copper IO bridge as active wicking area. Glass substrate next to the IO active area is roughened using laser ablation to deliver 
water to the evaporator edges. c) Schematic of boiling experiment from side view showing passive liquid delivery from static liquid pool.
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from reservoirs on either side of the heated region wicks laterally 
into the pores of IOs under capillary driving forces. The IO strip 
is resistively heated by driving current through the copper IO and 
vaporizing the liquid into air ambient (Figure 2c). As we increase 
the heating current, the IO active area temperature increases, 
which in turn gives rise to more intense boiling and a higher 
heat dissipation rate. When the heat dissipation rate matches the 
power density input, the IO active region reaches a steady state. 
The response time of the IO evaporator is measured to be within 
a few seconds during experiments due to its small thermal mass, 
and we collect heat flux versus evaporator temperature data at 
least 30 s after steady states are reached.

Figure 3 shows the boiling curves for IO samples with template 
sintering time varying from 20 to 120 min, as well as representa-
tive images of the active IO evaporator at different power density 
inputs. We observe a significant decrease in evaporator thermal 
resistance once boiling is initiated. Bubble formation, growth, 
coalescence, and departure from the heated surface comprise 
the boiling process in the microporous IOs. Over 1200 W cm−2 
total power density can be dissipated by capillary-driven boiling 
in IOs at a superheat of ≈12 °C. Superheat at maximum heat dis-
sipation (i.e., CHF) varies by less than 1 °C for IO samples with 
different template sintering time (hence different neck diam-
eters), as the pore diameter of IO remains roughly constant 
under different sintering conditions. We consider conduction 
heat losses not due to water boiling using dry measurements 
(identical setup but no liquid feeding) of IO samples, as shown in 
Figure 3(a). The heat loss is found to be proportional to the tem-
perature rise of the sample with proportionality constant of (8.26 ± 
0.03) × 10−3 W °C−1. This corresponds to a parasitic heat loss of 
≈130 W cm−2 at maximum evaporator temperature (≈112 °C). We 
therefore subtract this heat loss not due to water phase change 
from the measured power density input in later discussions.

2.3. Modeling of Critical Heat Flux in Capillary-Fed Boiling

To quantify the boiling CHF in IOs, we first compute the capil-
lary limit of boiling by balancing the viscous pressure drops and 

capillary pumping pressures for lateral liquid supply. We then 
develop a model for boiling limit in IOs by analyzing the viscous 
pressure drops associated with vapor extraction through the evapo-
rator film to elucidate the geometrical parameters affecting boiling. 
By comparing both predictions with experimental data, we could 
determine the critical hydrodynamic aspects of the microporous 
wick structures to couple the hydrodynamic and thermal analyses.

2.3.1. Capillary Limit

The rate of liquid supply determines the capillary limit of 
boiling in IOs. The maximum viscous pressure drop of lat-
eral liquid propagation at a given heat flux q″ due to fluid flow 
through the porous matrix from the edge to centerline of the 
active area is estimated as[19]
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where Kl is effective liquid permeability of the IO matrix, µl is 
liquid dynamic viscosity, hfg is latent heat of vaporization, ρl is 
liquid density, δ is IO thickness, and leff is the effective wicking 
length, set equal to half of the active area width (i.e., 0.135 mm) 
as liquid is feeding from both sides of the IO active region. Kl is 
lower than intrinsic permeability K of the IO wick due to partial 
blockage of pores by vapor.  As an estimate of the maximum 
amount of liquid that can be delivered by the wick we will here 
set Kl to K. Capillary driving pressure available from the porous 
structure is related to its pore diameter by Young–Laplace equa-
tion as[12]

p
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where dp is pore diameter (i.e., 5.2 µm), θ is static contact angle, 
σ is liquid surface tension, reff is effective feature size set to  
dp/(2cosθ).[12] We expect partial dryout of the IO evaporator 
when the viscous pressure drop of liquid exceeds the capillary 
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Figure 3. Boiling curves and representative series of images for bubble nucleation in IOs. a) Total measured power density dissipation versus active 
IO region temperature for capillary-fed boiling of IO samples and for conduction without liquid feeding (black dash line). Template sintering time of 
IO samples is varied from 20 to 120 min. b) Image series of the IO active region at different power inputs during boiling. Bubble nucleation, growth, 
coalescence, and liquid ejection events are observed.
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driving pressure sustained by the porous matrix, which leads to 
liquid starvation for continuous boiling. Therefore, by equating 
Equation (1) to Equation (2), we derive the predicted CHF due 
to capillary limit to be

σ ρ δ θ
µ

′′ =
8 cos

cap,CHF
fg l

l p eff
2q

Kh

d l
 (3)

2.3.2. Boiling Limit

Nucleation of vapor bubbles is initiated on evaporator sur-
faces at wall temperatures higher than the saturation tem-
perature. As additional vapor accumulates in the porous 
medium, bubbles begin moving up across the thickness of 
evaporator, accompanied by viscous pressure drop imposed 
by the porous matrix, shown in Figure 4. Rao and Bal-
akrishnan[26] proposed that the vapor pressure at wall super-
heat ΔT = Twall − Ts should balance the viscous pressure loss 
through the porous wick at a given bubble departure rate 
below CHF in pool boiling experiments. Here we follow a 
similar assumption and estimate the increase of vapor pres-
sure Δpv over ambient at wall superheat ΔT with the Clausius– 
Clapeyron equation,[27,28] which denotes the pressure–temper-
ature relation along phase boundaries
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where Δv is specific volume difference of the phase transition, ρl 
is liquid density, ρv is vapor density, Ts is the saturation tempera-
ture. As vapor formed in the pores starts moving up, the viscous 
pressure drop due to vapor upward movement can be estimated 
using Darcy’s law. Bubbles nucleated at the base of wick need 
to travel the largest distance before exiting the wick, thus the 
maximum viscous pressure drop of vapor is estimated as

µ δ∆ =v
v

v
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K
U  (5)

where µv is vapor dynamic viscosity, Uv is vapor velocity, δ is 
IO wick thickness. Here, Kv is the permeability characterizing 
vapor transport. For the purpose of estimating boiling limit, 
we will describe Kv as a*K where a is a dimensionless fitting 
parameter less than unity which accounts for partial blockage of 
pores by the liquid. This parameter can be interpreted approxi-
mately as the ratio of active vapor generation area to total wick 
area. Based on heat and mass transfer conversion, the vapor 
velocity can be given by

ρ
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Combining Equation 4 to Equation 6, we arrive at the critical 
heat flux accounting for vapor extraction as
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In Figure 5a, we plot the capillary limit (Equation 3) and boiling 
limit (Equation 7) of IO as a function of neck diameter, which 
is a direct result of template sintering conditions. The boiling 
limit corresponds to a best fit of experimental data with a = 0.1 
in Equation 7. This suggests that at maximum heat fluxes, 
roughly 10% of the total IO wick area is active for vapor trans-
port. In Figure 5(b), we plot both the capillary limit and boiling 
limit of IO as a function of wicking length (leff) for different 
neck diameters and IO film thickness of δ = 22 µm. Scaling 
analysis shows that boiling limit for CHF is independent of 
wicking length, while the capillary limit scales inversely with 
leff

2. Boiling limit predicts the upper limit of heat fluxes that 
a porous wick can sustain by assuming liquid adjacent to the 
heated surface is blocked by vapor film during aggressive 
boiling. In contrast, capillary limit accounts for liquid trans-
port limitation to the heated surface through porous structures, 
and as a result, it is dependent on fluid routing configura-
tions such as wicking distances. By examining the intersec-
tion points of the capillary limit and boiling limit, we define a 
critical wicking length, lcri, for capillary-driven boiling in IOs, 
below which boiling heat transfer performance is not limited by 
liquid delivery (capillary) capability, but rather by vapor depar-
ture impedance imposed by the drag of wick matrix. For IO 
film thickness of δ = 22 µm and vapor relative permeability of 
a = 0.1 at maximum heat fluxes, the critical wicking length is 
determined to be ≈540 µm.

Due to the rapid increases in both the capillary limit and the 
boiling limit as the neck diameter increases, Figure 5 suggests 
that to maximize boiling heat transfer the IO structures having 
larger neck radii (hence higher permeability) should be pur-
sued. This is further illustrated in Figure 5a, where the predicted 
capillary limit (red dash line) and the boiling limit (green dash 
line) for CHF of IOs are plotted as a function of neck diameter, 
which is a direct result of template sintering conditions. The pre-
dicted capillary limit is over an order of magnitude higher than 
the measured CHF values, which corroborates with the trend 
shown in Figure 5b indicating that the capillary transport limita-
tion is alleviated by the short transport length (i.e., leff = 135 µm) 
of working fluid over the active area in the experiments. The 
boiling limit, on the other hand, shows good agreement with 
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Figure 4. Schematic of boiling in copper IO porous structure. The 
microporous evaporator consists of spherical pores of uniform diameter 
dp that are interconnected via necks of diameter dn to form flow pathways. 
The vapor formed in the pores starts to move up as more and more 
vapor accumulates in the porous matrix. The IO porous medium imposes 
hydraulic resistances to the upward movement of vapor, leading to vapor 
pressure drop.
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our experimental CHF values by fitting a vapor relative per-
meability of a = 0.1. We note that as neck diameter increases 
from 0.6 to 2.1 µm, the CHF of IOs increases from 100 to 
1100 W cm−2 owing to a significant increase in IO permeability 
(from 1.5 × 10−14 to 2.7 × 10−13 m2). Therefore, we suggest that 
continuous vapor transport exiting the microporous evaporator 
plays a key role in capillary-driven boiling with wicking lengths 
below lcri. The maxi mum heat flux input sustained by IOs here 
is not limited by insufficient capillary suction but rather by 
vapor saturation and blanketing within the porous matrix which 
impedes continuous liquid delivery to the phase-change surfaces.

The CHF predictions due to capillary and boiling limits pre-
sented in Figure 5b provide a necessary design tool for capillary-
fed boiling in IO structures. Once the structure thickness, pore 
diameter, and neck diameter are specified, the critical wicking 
length lcri can be determined and be utilized to optimize boiling 
heat transfer. For evaporator geometries with wicking length 
higher than lcri, hierarchical or multiscale IO structures can 
be explored to decouple viscous pressure drops and capillary 
driving forces of the working fluid, in addition to improving 
porous evaporator permeability. Whereas for wicking length 
lower than lcri, approaches to improving boiling limit should 
be taken, which potentially include increasing IO permeability 
and reducing evaporator thickness. Although very thin evapora-
tors can achieve very high boiling limit, they concurrently act to 
increase the viscous pressure drop for lateral liquid transport. 
Therefore, careful consideration of the evaporator structure is 
required for overall boiling performance improvement.

Although we demonstrate enhanced capillary-driven boiling 
using water as the working fluid, IO wicks developed in this 
work can also apply to liquid–vapor phase-change devices using 
dielectric fluids, such as R245fa and Pentane. Based on the 
boiling models of IOs, we expect a lower CHF with dielectric 
liquids due to their low surface tension and low latent heat of 
vaporization compared to water. However, dielectric working 
fluids offer increased reliability by minimizing corrosion and 

are favorable in systems where close vicinity to electrical com-
ponents is required.

3. Conclusion

In conclusion, we investigate the enhancement in CHFs of 
capillary-fed boiling in copper IOs with template sintering 
modification. As sintering time increases, necks connecting 
adjacent pores enlarge by a factor of 4 and are accompanied 
by an order of magnitude increase in both the permeability of 
the porous matrix and the CHF. We model the boiling limit of 
IOs using Darcy’s law for vapor viscous pressure drop within 
the porous structure at a given wall superheat to decide the 
maximum boiling heat flux. The predicted boiling limit agrees 
with experimental CHF values, whereas the calculated capillary 
limit is over an order of magnitude higher than experimental 
data. These findings suggest that vapor transport departing 
the microporous evaporator plays a key role in capillary-driven 
boiling at short wicking lengths adopted in this work. The 
ability to dissipate high heat fluxes (e.g., 1200 W cm−2) at low 
superheat (≈12 °C) using microstructure of 5.2 µm feature size 
demonstrated here is most directly applicable to localized hot 
spot cooling with extremely high heat fluxes as seen in radio 
frequency amplification, high electron mobility transistors, and 
other high power density electronic systems. To extend this 
performance to larger areas, future work will focus on utilizing 
heterogeneous structures to facilitate vapor extraction while cir-
cumventing the capillary limitations.

4. Experimental Section
Inverse Opal Structure Fabrication: Copper IO structures were 

fabricated via template sedimentation and copper electrodeposition. A 
10 nm thick titanium adhesion layer and a 50 nm thick gold seed layer 
were evaporated onto glass substrates using a shadow mask with layouts 
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Figure 5. a) Critical heat flux measured for IO samples with template sintering time varied from 20 min to 120 min (at an interval of 20 min). The error 
bar of heat flux is determined by the applied heat flux increment close to the CHF. The error bar of neck diameter denotes the distribution of neck 
sizes due to potential nonuniform template sintering, and is equal to the standard deviation of neck diameter distribution measured for each sample. 
The green dash line corresponds to the best fit of vapor relative permeability a to the experimental data. Capillary limit (red dash line) and boiling limit 
(green dash line) predicted for capillary-driven boiling of water on IOs are shown for comparison. b) Capillary limit and boiling limit as a function of 
wicking length (leff) for different neck diameters and IO film thickness, δ = 22 µm. The intersection points of capillary limit and boiling limit determine 
the critical wicking lengths to prevent liquid starvation in boiling. CHF for IO samples with wicking lengths below the critical point is limited by vapor 
transport exiting the evaporator. All calculations done with dp = 5.2 µm and ΔT = 12 K.
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of active bridge area connected by two contact pads. The gold seed layer 
later served as the working electrode during copper electrodeposition. 
Functionalized self-assembled monolayers were formed on gold by 
immersing substrates in sodium 3-mercapto-1-propanesulfonate 
solution (1 × 10−3 m) overnight. After rinsing with deionized water, the 
substrates were submerged in suspended colloidal solution (4% w/v) 
of monodispersed polystyrene spheres (Thermal Fisher Scientific) of 
5.2 µm diameter. As the solvent in the colloidal solution evaporated, 
colloidal particles sedimented on the substrates forming self-assembled 
crystalline opals. Dry opal templates were sintered in a furnace at 
104 ± 1 °C, with two thermocouples monitoring the supporting plate 
temperature for substrate uniform heating. Sintering time varies 
from 20 to 120 min for different samples to tune the bonded neck 
area between neighboring polystyrene particles, and hence tailor 
the hydraulic permeability of the IO structures. Afterwards, copper 
was electrodeposited into the voids of template using potentiostatic 
deposition, of which the deposition time controls the resulting copper 
IO thickness. After copper plating, polystyrene templates were dissolved 
in tetrahydrofuran to release the open pores in IO structures. SEM 
imaging was performed on all samples to confirm the microstructures.

Permeability Simulation of Inverse Opals: A CFD model was developed 
using COMSOL Multiphysics (version 5.2) to compute the porosity and 
permeability of an IO unit cell with a fixed pore diameter (dp = 5.2 µm) 
and varying neck diameters (0.1 < dn/dp < 0.45). The representative 
IO unit cell was created by inverting face centered cubic unit cell 
with pores overlapping to form fluid permeable pathway. The no-slip 
condition was applied to all pore surfaces, with a symmetric boundary 
condition imposed on the lateral surface of the unit cell. When a 
pressure difference was enforced between the inlet and outlet, liquid 
velocity profiles were numerically solved using the continuity equation 
and steady-state Navier–Stokes equations. A Reynolds number of 0.1 
was used in this study, which corresponds to laminar flow regime. 
According to the velocity profiles, the average flow velocity at the outlet 
was calculated and Darcy’s law was used to determine the permeability. 
A mesh-size dependent test was further performed to confirm that 
velocity calculations were unaffected by the number of mesh elements. 
Tetrahedral mesh type was utilized for the entire fluid domain.

Heat Transfer Characterization: Copper IO structure was volumetrically 
Joule heated by supplying a current to the active region. Heating current 
was evaluated from voltage measurement across a current sensing 
resistor. Voltage across the IO active region was also measured, and the 
total dissipated power equaled the product of the measured active region 
voltage and heating current. The ratio of IO active region voltage over 
heating current provided the active region resistance, which was utilized 
to determine the evaporator temperature by resistance thermometry 
and calibrated to T-type thermocouples prior to the experiments, as 
detailed in Figure S4 in the Supporting Information.

Surface Wettability of Copper Inverse Opals: As oxidation and 
hydrocarbon absorption can change the surface wettability of 
copper when exposed to air,[29,30] each sample was rinsed with dilute 
(0.5 m) hydrochloric acid followed by plasma cleaning (Harrick Plasma 
PDC-32G) prior to testing. The static contact angle was measured 
to be ≈40°–50° using a deionized water droplet of 2 µL, suggesting a 
hydrophilic surface. The experimental contact angle was applied later to 
calculate the capillary pressure of IOs in this study.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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