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ABSTRACT: Microporous metals are used extensively for applications that
combine convective and conductive transport and benefit from low resistance to
both modes of transport. Conventional fabrication methods, such as direct
sintering of metallic particles, however, often produce structures with limited fluid
transport properties due to the lack of control over pore morphologies such as the
pore size and porosity. Here, we demonstrate control and improvement of
hydraulic permeability of microporous copper structures fabricated using template-
assisted electrodeposition. Template sintering is shown to modify the fluid
transport network in a manner that increases permeability by nearly an order of
magnitude with a less significant decrease (∼38%) in thermal conductivity. The
measured permeabilities range from 4.8 × 10−14 to 1.3 × 10−12 m2 with 5 μm
pores, with the peak value being roughly 5 times larger than the published values
for sintered copper particles of comparable feature sizes. Analysis indicates that the
enhancement of permeability is limited by constrictions, i.e., bottlenecks between
connecting pores, whose dimensions are highly sensitive to the sintering conditions. We further show contrasting trends in
permeability versus conductivity of the electrodeposited microporous copper and conventional sintered copper particles and
suggest these differing trends to be the result of their inverse structural relationship.
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■ INTRODUCTION

Microporous metals are utilized in a large range of applications,
including active and passive heat exchange technologies,1−7

battery electrodes,8,9 electrochemical sensors,10,11 and liquid
and vapor phase catalysis.12,13 The need to simultaneously
transport fluid through the pore space and energy or charge
through the matrix to a surface where they interact is a
common requirement across these applications. Microporous
metals feature high specific surface area,14 high thermal15,16

and electrical8,15 conductivity, and good interconnectivity of
pores.17 This desirable combination of properties, thus, makes
them well suited for use as porous wicking structures in two-
phase thermal management systems such as heat pipes18 and
vapor chambers19 due to their potential to minimize the
transport resistances associated with heat conduction, liquid
delivery, and vapor removal. The porous wicks serve the dual
purpose of transporting working fluid through capillary-driven
flow, while simultaneously supplying heat flow to extended
phase-change surfaces. The maximum capillary-limited heat
flux sustained by heat pipes and vapor chambers is reached
when the viscous pressure drop in the wick structure exceeds
the available capillary pressure generated by the porous wick.20

The thermal conductance of the wick itself plays an important

role in facilitating heat spreading and maximizing the thermally
accessible area of the phase-change interface. Therefore, when
designing high-performance passive electronic cooling devices,
wick structures that combine the advantages of high capillary
pressure, high permeability, and low thermal resistance are of
particular interest.
A number of previous studies reported sintered screen

meshes,21,22 open-cell metal foams,23,24 and linear grooves and
channels25 as wick structures for capillary-driven heat ex-
changers. However, the limited capillary performances of these
materials have restricted the maximum sustainable heat fluxes
to less than 200 W cm−2 and resulted in gravitational-
dependent operation. As small feature sizes are desired to
increase the capillarity of the wick, many studies have used
sintered copper powders26−28 (particle diameter ranging from
tens of microns to submillimeter) as wicks to improve
capillary-limited heat flux up to ∼600 W cm−2. Sintering of
metal powders, however, typically requires high temperatures
(550−950 °C) and tightly controlled ambient conditions.20
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Due to the large distribution of copper particle sizes,
nonspherical particle shapes, and the semiconsolidated nature
of the sintered beds, precise control over pore morphologies
and ultra-thin wick form factors (e.g., <100 μm thick) proves
to be challenging.20,29,30 For a fixed particle size range, the
permeability of sintered copper powders does not show a clear
trend with sintering conditions, which is indicative of random
variability in particle size and shape.20

Metal electrodeposition around a sacrificial template offers
an alternative approach to the fabrication of high capillary
pressure wick structures at low temperatures (<110 °C), while
simultaneously allowing for elaborate control over pore
morphology and wick thickness of the final microstruc-
ture.8,9,15,31 Template-assisted microporous structures are
prepared by assembling colloidal spheres, depositing metals
in the gaps, and then selectively removing the template leaving
structures with spherical pores.32 Due to precise tunability of
template self-assembly,16,17,33−35 pore sizes ranging from tens
of nanometers to a few microns are readily controlled,34,36

which brings benefits of high surface area and high capillarity
to two-phase heat exchange applications.
To improve the fluid transport properties of microporous

structures, we incorporate template sintering as a strategy to
modulate the size of circular “necks” that bridge the adjacent
spherical pores of the microstructure, as shown in Figure 1.
During template heating, polystyrene spheres with a 5 μm
averaged diameter merge with neighboring particles accom-
panied by a gradual increase in their contacting areas. The
coalescence of the two adjacent spherical particles at elevated
temperatures driven by surface diffusion, grain boundary
diffusion, and/or a combination of both mechanisms have
been discussed extensively in previous studies.37−40 This
diffusion controlled process results in an overall template

densification and an associated decrease in the void volume at
elevated temperatures.39,41 The decreased void volume in the
template then translates to an increased void volume fraction
(i.e., porosity) and interconnected nature of inverse structures.
Previous investigations have demonstrated the feasibility of

tailoring the hydraulic permeability of microporous copper
structures by applying annealing processes to the initial
polymer template.42 However, there is a need for a theoretical
model that directly links the template fabrication parameters to
the permeability of microporous copper structures. To better
design materials that target the specific and often competing
thermofluidic properties required in complex heat transfer
systems, a more complete understanding of the fluid and
thermal characteristics of template-sintered microporous
copper structures is essential. In this work, we present both
modeling and experimental results to reveal the effect of
template sintering on the thermophysical properties of
microporous copper structures. Permeability is measured
using a flow geometry through the in-plane direction of the
thin films with a focus on the impact of template sintering
parameters. We analyze the changes in neck (i.e., contacting
area between the adjacent pores) diameters of the microporous
copper structures via scanning electron microscopy (SEM) and
attribute the enhancement in permeability to an increase in
neck sizes directly resulting from initial template sintering.
Furthermore, we measure the electrical conductivity of the
microporous structures tuned by template sintering and
examine the correlation of changes in permeability and thermal
conductivity with template modification. We show this
correlation to differ markedly from that observed in traditional,
directly sintered copper powders, and provide an explanation
for this difference based on the underlying inverse micro-
structures of these two material classes.

Figure 1. Schematic illustration of the method used to prepare electrodeposited microporous copper with template sintering modulations. (a) Self-
assembly of colloidal spheres of 5 μm averaged diameter that creates point contacts with adjacent particles. (b) Bonded areas (not shown) between
neighboring spheres are enlarged during template sintering due to particle coalescence, accompanied by macroscopic template densification. (c)
Electrodeposition of copper in the interstitials of the sintered template. (d) Selective dissolution of the polystyrene template in an organic solvent
bath results in fluid-permeable microporous structures.
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■ EXPERIMENTAL METHOD
We prepare working electrodes for copper electrodeposition by
sputtering a titanium adhesion layer (10 nm) followed by a gold seed
layer (50 nm) on 2 cm × 2 cm square silicon substrates. Polystyrene
spheres with an averaged diameter of 5 μm are synthesized via
dispersion polymerization,43 and self-assemble into random-packed
structures using drop-casting.17,42

We sinter the assembled polymer templates at temperatures of 95,
103, and 110 °C (±0.5 °C) in a furnace (Fisher Scientific Isotemp),
which is maintained at the targeted sintering temperature for various
periods of time (referred to as “sintering time”). Over the entire
heating process, the temperature of sintering is monitored closely by
two T-type thermocouples attached to the sample substrates. After
the sintering process, a small drop of ethanol (5 μL) is wicked into the
sintered template before immersing it in an aqueous electrolyte
solution (0.6 M CuSO4 + 5 mM H2SO4) for copper electro-
deposition. We utilize a three-electrode poly(tetrafluoroethylene)
electrolytic setup16 with a 1.2 cm × 1.2 cm electrodeposition area in
the center of silicon substrates. Copper is electrodeposited to infiltrate
the sintered template using potentiostatic deposition for 40 min,42

which yields microporous copper structures with a thickness of 20 ± 1
μm.
Permeability Measurements. We measure the in-plane

permeability of microporous copper structures using a plastic
manifold pressed onto the microporous copper films (see, Supporting
Information S1 and S2).44 Steady pressure drops of air flow imposed
by the manifold traversing the porous film are measured at various
flow rates, and linear regression of pressure drop to flow rate
determines the permeability (as shown in Figure S4). In the Darcy
regime where inertial and compressibility effects are negligible,
permeability K of a porous structure is defined as

K f
Q
A

L
P P( )in out

μ=
− (1)

here, Q (m3 s−1) is the volumetric flow rate supplied to the
microporous structure, μ (Pa·s) is air viscosity, A (m2) is the cross-
sectional area of the flow pathway within the porous medium, L (m)
is the distance between which the pressure drop occurs, and f is a
scaling factor that accounts for flow fringing compared to a nominal
one-dimensional flow geometry (see Supporting Information S2).
Pressure drops for the imposed flow rates are less than 15 kPa,
resulting in negligible compressibility effects. The maximum Reynolds
number for the flows measured (based on the nominal 5 μm pore
size) is less than 0.03, which also verifies the laminar flow regime.
Inertial effects are negligible for gas flows in porous media in this
regime.45

Porosity Measurements. The polystyrene template sintering at
elevated temperatures is accompanied by template densification (i.e.,
a decrease void volume in template) with increasing sintering time,
which later translates to an increased void volume fraction (i.e.,
porosity) and interconnected nature of the inverse structure. It is thus
of interest to characterize the dependence of porosity on sintering
parameters. The porosity of the microporous copper structure is
calculated using a differential mass method as

V
V

m

A d
1

/V

T

Cu Cu

s s
ε

ρ
= = −

(2)

here, VT is the bulk or total volume of the microporous copper film
and VV is the volume of void-space in the porous medium. The mass
of copper, mCu, is the differential mass of the sample substrate prior
and after copper electrodeposition. The area of the microporous
copper structure, As, and the thickness, ds, are obtained using a
profilometer (Bruker Dektak 150).
Conductivity Measurements. Electrical conductivity of the

microporous copper structures is measured using a standard four-
point probe method. Serpentine paths are patterned with laser cutting
(Figure S5) to improve measurement sensitivity from the same
samples sintered at 103 °C. With a width of ∼1 mm and a total length

of ∼2.5 cm, each sample has a resistance on the order of ∼0.1 Ω.
Since the copper layer is over 300 times thicker than the titanium/
gold seed layer, conductance contribution of the seed layer proves to
be negligible. By measuring the exact geometric dimensions of the
serpentine pattern, we can directly calculate the electrical conductivity
σ as

L
R wd

s

s s s
σ =

(3)

here, Rs is the measured resistance of the serpentine pattern sample, Ls
and ws are the total length and width of the serpentine conductive
path, whereas ds is the thickness of the copper thin film. Electrical
conductivity is averaged over at least six measurements for each
sample.

We further derive thermal conductivity (k) from electrical
conductivity (σ) using the Wiedemann−Franz law,46 which denotes
the ratio of the electronic contribution of the thermal conductivity of
a metal to its electrical conductivity is proportional to temperature

k
LT

σ
=

(4)

The Wiedemann−Franz law correlating thermal and electrical
conductance of metal microstructures with characteristic dimensions
higher than ∼200 nm is satisfied at room temperatures.47

Experimental Lorenz number L of copper is given as 2.23 × 10−8

W Ω K−2.46 Direct thermal and electrical characterization of copper
inverse opal structures using a similar copper electrodeposition
method has shown good consistency with the Wiedemann−Franz
law.15

■ RESULTS AND DISCUSSION
Figure 2 shows the plot of measured permeability as a function
of template sintering time for different sintering temperatures.
The microporous copper structure without template

sintering modification presents an enormous hydraulic
resistance (K ∼ 10−14 m2) due to highly disconnected internal
pores. In contrast, the microporous copper structures with
template sintering modifications show significant improvement
in measured permeability by almost 2 orders of magnitude,

Figure 2. Permeability versus template sintering time for microporous
copper structures at sintering temperatures of 95 °C (black markers),
103 °C (blue markers), and 110 °C (red markers). Uncertainties in
permeability values are evaluated based on 90% confidence intervals
for the linear fit of pressure drop to flow rate. Uncertainties for
samples with template sintered at 95 °C are smaller than the symbol
size.
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owning to the consistent growth of neck diameters with
sintering time. In particular, template sintering at temperatures
higher than the glass transition temperature of polystyrene (Tg
∼ 100 °C) markedly promotes efficiency for permeability
modulation by decreasing annealing time from days to tens of
minutes. This is mainly due to the reduction of polystyrene
viscosity above Tg that facilitates sphere coalescence.41 It
should also be noted that upper limits of template sintering
conditions (time and temperature) exist to maintain desirable
structural continuity of the microporous copper films, as gas
evolution and pore closure of templates are usually
encountered at aggressive sintering temperatures or for
extensively long periods.39,41

We analyze the enhancement of porous copper permeability
via template sintering by identifying the enlargement of
circular necks that connect spherical pores with one another
in this microstructure. As flow resistance scales inversely with
the square of the fluid path diameter, “bottlenecks” along the
flow would dominate the total flow rate. It is thus reasonable to
analyze the permeability of our porous copper structure by
characterizing the narrowest constrictions encountered by the
flow, which are the necks between connecting pores. This
bottleneck assumption has been utilized by Despois and
Mortensen48 for the permeability of open-cell microcellular
materials, which showed good agreement with the exper-
imental data for low-density metal foams. Although bottleneck
diameters in these metal foams were not directly quantified
due to the random nature and nonspherical shape of the
necks,48 for our porous copper structure with spherical pores,
we can carefully examine the circular necks owning to our fine
control over the microstructure facilitated by the template-
assisted fabrication method. We statistically measure neck
diameters (number of necks sampled >200) from SEM images
taken at more than 10 random locations of each samples, and
generate the distribution of neck diameter as shown in Figure 3
and Table 1. Assuming that the necks dominate the flow
resistance, we directly correlate permeability with a micro-
scopic neck diameter dn as (see Supporting Information S6 for
detailed derivation)

K
d

d4
n
3

p

ε
π

=
(5)

where ε is the porosity of the porous copper structure, dp is the
averaged pore diameter.
Figure S8 features the porosity measurement results of

microporous copper structures with the template sintered at
103 °C. As expected, the longer the sintering time, the denser
the sacrificial polystyrene template, the higher the porosity of a
porous copper sample. We compare the experimental
permeability data for microporous copper samples with
template sintered at 103 °C with predictions using the
bottleneck model in eq 5, shown in Figure 4. This model
underpredicts permeability values when using the mean neck
diameters, with the difference being less than 45% of the
experimentally measured values for the four samples plotted.
We note that the distribution of neck diameters accounts
primarily for this discrepancy, as necks with diameters larger
than average would significantly reduce the flow resistance (ΔP
∼ 1/dn

3), leading to a higher measured permeability value.
Furthermore, if such larger necks were to randomly connect
with one another, then in the microporous structure
percolating fluid pathways are formed, which act as flow
“shortcuts” and can effectively enhance the permeability. This
is especially true for samples that have undergone more
aggressive template sintering, as evidenced by structural

Figure 3. Enhancement of porous copper permeability via template sintering is analyzed by identifying the enlargement of circular necks that
connect spherical pores with one another in the copper microstructures. (a−d) Representative SEM images of microporous copper samples with
the template sintered at 103 °C for 30, 60, 90, and 120 min, respectively. The growth of interconnected necks (dark circles) bridging the adjacent
pores allows fluid to permeate through the porous matrix. (e−h) Histograms of neck diameter distribution of the corresponding porous copper
samples (a−d) are obtained by statistically sampling more than 200 neck diameters from SEM images taken at more than 10 random locations of
each samples. All scale bars are 5 μm.

Table 1. Characteristics of Template-Sintered Microporous
Copper Samples Shown in Figure 3

Figure 3
sintering
condition

permeability K
(m2)

averaged neck
diameter dn

(μm)

standard
deviation of
dn (μm)

a 103 ± 0.5 °C
30 min

1.15 × 10−13 2.17 0.17

b 103 ± 0.5 °C
60 min

4.21 × 10−13 2.76 0.18

c 103 ± 0.5 °C
90 min

5.27 × 10−13 3.17 0.24

d 103 ± 0.5 °C
120 min

9.86 × 10−13 3.86 0.30
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discontinuity observed using SEM (such as Figure 3d). To
account for the nonuniform neck diameter distribution, the
maximum and minimum dn from the statistical analysis are
used to estimate the upper and lower limit of permeability
values, respectively, as indicated in the filled red band in Figure
4. The computed range demonstrates the strong dependence
of permeability on pore morphologies such as the neck
diameter and porosity of the microporous structures.
Thermal conductivity values for samples with template

sintered at 103 °C are shown in Figure S9, and results are
plotted as a function of porosity. In general, the thermal
conductivity decreases as the sintering time increases, opposite
to the permeability trends. The sample sintered at 103 °C for
120 min shows a 37.7% reduction for thermal conductivity
compared to the sample sintered for 30 min (also at 103 °C),
while the permeability increases by ∼9 times (shown in Figure
2). Direct thermal conductivity measurements using a 3ω
method on porous copper of a higher (i.e., 0.74) and a lower
(i.e., 0.53) porosity have been performed,15,16 with thermal
conductivities measured to be 62 and 170 W m−1 K−1,
respectively. The results of thermal conductivity calculations in
the present work lie within the range of these thermal
measurements.
Effective medium theory is widely used to model the

composite properties of porous media, where the geometric
arrangement and the composition of the components are
commonly considered. In the case of porous copper, due to the
tortuosity of the three-dimensional conduction pathway, the
length of the conduction pathway is subsequently increased.15

This macroscopic bending of current leads to further reduction
in conductivity in addition to solid volume fraction scaling, as

described by Maxwell for conduction in a binary porous
medium with a uniform arrangement of spherical pores49,50

i
k
jjj

y
{
zzz

i
k
jjj

y
{
zzz

2
3

2 2
2eff,Maxwell Cu Cuσ σ σ ε

ε
= Φ

− Φ
= −

+ (6)

The experimental data in this work show agreement with the
Maxwell’s model to be within 15%, as shown in Figure S9.
On the basis of dimensional analysis, the permeability of a

porous medium is proportional to the square of its character-
istic dimension, typically taken as the averaged particle or pore
size.51 This has been demonstrated numerically for both the
sintered particle wicks and inverse wicks.45 To compare porous
structures of vastly different feature sizes, we normalize
permeability using the particle/pore diameter such that the
normalized permeability (K* = K/d2) is only dependent on the
porosity of the structures. Figure 5 shows a correlation of the

derived thermal conductivity versus normalized permeability
for the porous copper structures formed with templates
sintered for varying times. For a fixed pore size of 5 μm,
template modification allows variation of permeability over
approximately an order of magnitude with relatively modest
changes in thermal conductivity (from 116 to 72 W m−1 K−1).
For comparison, Figure 5 also shows the thermal conductivity
versus normalized permeability reported in the literature for a
number of different porous copper structures formed by direct
sintering of copper particles,20 which are widely employed as
porous wicks in thermal management devices. These sintered
copper structures of different particle sizes all show a far
stronger negative correlation between thermal conductivity
and permeability at a fixed particle diameter range. Sintering of
copper powders can effectively increase the thermal con-
ductivity from 15 to 92 W m−1 K−1, but normalized
permeability only varies within a small range (less than a
factor of 3) for a given particle size. This difference between
electrodeposited microporous copper and sintered copper can
be understood based on the structural modifications that occur

Figure 4. Permeability of microporous copper scaling with porosity
for samples with template sintering temperature of 103 °C. As the
sintering time of opal template increases, the permeability of the
resulting inverse structures improves accompanied by an increase in
porosity. The bottleneck model (using the averaged neck diameter
values) underpredicts permeability values, with the difference being
less than 45% of the experimentally measured values. The bottleneck
model computed using the maximum and minimum neck diameters
analyzed for each sample is plotted in the filled red band, which
indicates the upper and lower limit of the predicted permeabilities.

Figure 5. Thermal conductivity and normalized permeability of
template-sintered microporous copper in comparison with sintered
copper powder.20 Normalized permeability is given by K* = K/d2,
where d is the averaged particle or pore diameter. The pore diameter
of the microporous copper in this work is 5 μm, while particle
diameters for sintered copper wicks are 10, 38−75, and 75−106 μm,
respectively.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b03774
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b03774/suppl_file/am8b03774_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b03774/suppl_file/am8b03774_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b03774


during the sintering of the template particles used to define the
microporous copper compared to the copper particles, which
directly comprise the sintered copper structures.
As the sacrificial template is sintered, the bonded area

between the adjacent spheres increases. This translates to
wider necks bridging neighboring pores in the resulting
electrodeposited copper, reducing the area along the flow
paths that are obstructed by the thin membrane defining the
neck, but less strongly affecting the solid filaments of the
structure along which conduction occurs (Figure 1d). In
contrast, the directly sintered particle compacts result in the
inverse structure relying on particle−particle contact for
conduction. Sintering in these structures will increase the
particle contact area, with a concomitant increase in thermal
conductivity but relatively small changes in permeability, which
is controlled by the interstices between the particles.
The scaling of normalized permeability with porosity of

porous media is dependent on structural morphologies. In
Figure 6, we compare our results for template-sintered porous

copper structures with permeability measurements reported for
sintered copper particles and metal foams. As the sintering
temperature or time increases, the copper particles under
direct sintering become more closely arranged, which in turn
decreases the porosity. This effect, however, is reversed for
template-sintered microporous wicks, which show an increas-
ing porosity with the sintering time. The normalized
permeability of sintered copper particles under different
sintering conditions stochastically vary within a small range,
suggesting that improving the hydraulic transport capability of
sintered copper structures predominantly rely on increasing
the averaged copper particle size, as plotted in Figure S10.
Template-sintered microporous copper, however, offers

tunable permeability in a broad range (e.g., K* ranging from
0.004 to 0.04) at a given pore size with template sintering
modifications. In addition, the attainable permeability of
microporous copper with template sintering is shown to be
substantially greater than that of sintered particle wicks of
similar feature sizes. Such improvement in normalized
permeability is comparable to that of metal foams, which
also feature an open-pore configuration albeit with much larger
pore diameters (typically hundreds of microns to a few
millimeters). High porosities of metal foams, however, result in
less superior thermal conductivities. As small feature sizes of
porous media provide advantageous capillary pressure and
specific surface area, template-sintered microporous copper
structures featuring micron-level pore sizes, high hydraulic
permeability and thermal conductivity are extremely appealing
for two-phase thermal management systems.

■ SUMMARY AND CONCLUSIONS
We report the capability of tailoring the hydraulic permeability
of microporous copper structures by optimizing the template
sintering process. This template modification allows more than
an order of magnitude increase in permeability associated with
the widening of necks between the adjacent pores of the
structure. Using this approach, permeabilities are observed to
be an order of magnitude larger than those for directly sintered
powder-based porous metals with similar feature sizes. The
increase in permeability for porous copper with template
modification is accompanied by a much smaller decrease in
conductivity (e.g., ∼40%). This behavior is in sharp contrast to
that of traditional powder-based porous metals, which show a
strong increase in conductivity with sintering but a small
decrease in permeability. We attribute these trends to the
approximately inverse relationship between the geometries of
these materials.
The ability to tune permeability with the minimal effect on

conductivity provides a useful design parameter for electronic
cooling systems using porous metals, and is complementary to
the minimal control offered by powder-based materials for
fixed feature sizes. The fabrication method also offers
significant advantages in terms of low temperature processing
(∼100 °C) and the ability to produce thin films (e.g., <20
μm). These capabilities enable enhanced performance in a
number of applications such as thermofluidic heat exchangers
and two-phase electronic cooling.
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