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Three-dimensional (3D) hierarchical nanoporous Cu (3DHNP-Cu) is synthesized using a combination of
direct ink writing (DIW) based 3D printing, thermal sintering, and chemical dealloying of Mn-Cu alloys.
Through tuning processing conditions such as ink composition and cooling rate (after sintering), with
consideration of Mn loss during sintering, 3DHNP-Cu with fully bicontinuous nanostructures and negli-
gible residual Mn can be produced after dealloying. The 3DHNP-Cu is comprised of structural features
that span seven orders of magnitude, where DIW digitally controls macroscale porous features, thermal
sintering and degradation of the binding polymer determines microscale porous features, and dealloying
gives rise to nanoscale pores.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Due to their high surface area-to-volume ratio and unique size-
dependent properties, three dimensional (3D) bulk nanoporous
metals are promising materials for various applications such as
(electro)catalysis [1-4], battery electrodes [5-7], fuel cells [8,9],
supercapacitors [10,11], sensors and actuators [12-14]. A common
method to manufacture 3D bulk nanoporous metals is by dealloy-
ing, the selective leaching of the most chemically active phase in
a parent alloy. Various dealloying strategies have been used de-
pending on the reactivity of the system: (a) Less reactive systems
such as nanoporous Au, Pt, Ag, Cu, Sn, and Ni are commonly made
in aqueous media through conventional free corrosion dealloying
[12,15-18], or during electrolytic dealloying where an external bias
voltage is used to remove the sacrificial phase [19-23], (b) Reac-
tive and refractory nanoporous materials such as nanoporous Ti,
Sb, Mo, and Nb are usually produced through free corrosion by
metallic melt, a leaching process where a molten metal is used
to selectively extract the most reactive component in a parent al-
loy, leveraging differences in enthalpy of mixing between the al-
loy elements and the molten metal [24-30], (c) Sacrificial ele-
ments with high vapor pressure can also be removed by ther-
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mal evaporation [31,32]. (d) Finally, for several energy applica-
tions such as non-aqueous alkali and alkaline earth metal batter-
ies, non-precious, oxide-free 3D nanoporous materials are needed.
In this case, dealloying is carried out in inert environments and
non-aqueous solutions. For instance, Sieradzki and Chen demon-
strated electrolytic dealloying in non-aqueous electrolyte with Li*
as the working ion [33]. Recently, Corsi et al. demonstrated the
fabrication of ultrafine, oxide-free 3D bulk nanoporous Al from Al-
Mg parent alloys for on-demand hydrogen production by hydroly-
sis in neutral water [3,34]. These efforts suggest the possibility to
use dealloying to manufacture 3D bulk nanoporous materials with
nearly any practical element. Moving forward, a topic that is not
yet mastered is the development of 3D bulk nanoporous materi-
als with multiple length scale structures. Various strategies have
been proposed, such as a two-step dealloying route to make a
bulk nested-network of nanoporous gold [35], a single-step deal-
loying route layered nanoporous metals using parent alloys with
engineered defects [12], and single-step dealloying route to hierar-
chical bulk nanoporous metals using parent alloys with dual-phase
structures [3,4]. In recent years, laser-based additive manufactur-
ing has been employed to manufacture macroporous alloys, which
can be dealloyed to introduce a second level of porosity [36-38].
In particular, Zhang et al. [37] used selective laser melting (SLM)
to print a Cu-Mn alloy, and dealloyed it to produce 3D hierarchical
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nanoporous Cu (3DHNP-Cu) with an average pore size of ~140 nm.
Although viable to produce 3DHNP-Cu, SLM based methods require
high energy and operation costs. While the macroscale pores were
controlled by the printing process, the microscale pores formed
accidentally by micro-cracking through thermal residual stresses
during SLM [37]. The rapid and highly localized heating and cool-
ing along with the moving melt pools during SLM induce ther-
mal residual stresses, which often cause distortion or even micro-
cracking of the parts [39]. Such destructive stresses are often site
and geometry specific, and the complex thermo-physical process of
laser-powder interaction makes this process control and optimiza-
tion difficult.

Here we introduce a novel approach to fabricating well-
controllable 3DHNP-Cu via a 3-step process: (i) direct ink writing
(DIW) based additive manufacturing of Mn and Cu bi-materials; (ii)
thermal sintering of these materials to produce 3D Mn-Cu alloy
architectures; (iii) dealloying of the Mn-Cu alloy in aqueous hy-
drochloric acid (HCI) solution to form self-supporting bulk 3DHNP-
Cu architectures. The eventual 3DHNP-Cu is comprised of pores on
multiple length scales: macroscopic pores of 0.1-1 mm built by the
DIW process, micrometer-sized pores of 1-10pum formed due to
the evaporation of solvents and the degradation of the polymer
binder during sintering, and nanoscale pores of 10-100 nm by deal-
loying.

DIW is an emerging low-cost additive manufacturing technique
that enables 3D printing of materials into complex architectures
with high fidelity. During DIW, structures are built layer-by-layer
through filamentary deposition of colloidal particle or polymer-
based inks [40]. A key step of this technique is the development of
inks with the appropriate rheological properties so they can flow
through a fine-tipped micro-nozzle to form continuous filaments
under constant pressure or displacement rate and solidify upon ex-
iting to retain their shape. In this study, building upon our recent
work on 3DHNP-Au [38], we developed an ink formulation com-
prised of Mn and Cu micro-powders, solvents, and polymer binder.
The Mn-Cu bi-material inks were prepared by mixing pure ele-
mental powders of Mn and Cu (APS 10um, >99.6%, Alfa Aesar)
with a PMMA-PnBA bi-block co-polymer binder and organic sol-
vents of Tetrahydrofuran (THF) and 2-Butoxyethanol. Two different
inks with overall compositions of Mn;3Cusg (at.%) and MnggCuyg
(at.%) were prepared. The volumetric ratio of metal powders to
binding polymer in the ink was kept at 7:3. The inks show a typical
shear thinning characteristic with an appropriate viscosity range of
10-103 Pa-s that facilitates DIW (Fig. S1). To create 3D architec-
tures, we loaded the ink into a syringe-barrel (Nordson EFD) and
pressurized the printhead to deposit ink through a tapered noz-
zle onto a planar alumina substrate under digital control. Samples
of 5mm x 5mm x 1.2mm were printed with an individual layer
height of 150pum at a printing speed of 5mm/s. Larger samples
were also printed for demonstration (Fig. 1). The as-printed parts
consisted of discrete Mn and Cu particles bound by the block co-
polymer. To form homogeneous Mn-Cu alloy architectures, multi-
step heat treatment of the printed samples was carried out in an
OTF-1200X tube furnace (MTI Corporation) to a peak temperature
of about 0.95T;,,, where Ty, is the equilibrium melting temperature
of the specific alloy composition and is estimated to be 1223K
and 1292K for MnyyCusg and MnggCuyg, respectively [41,42]. The
samples were first heated to 373K for 1 h to remove the THF sol-
vent and subsequently heated to 493K for 1 h to evaporate the 2-
Butoxyethanol. Afterwards, they were heated to 693K for decom-
position of the polymer binder, followed by final sintering at 1173 K
and 1239K for MnyyCusg and MngyCuyq, respectively for 15 h. The
heating rate between each step was 5K/min. Based on Fick's Law,
the diffusion length L=(2D-t)!/2, where D is the diffusion coeffi-

cient and t is time. D~1.02 x 10~4 e(~200K mol™V/RT) 12 s~1 for
the Mn-Cu system, where R is the ideal gas constant and T is the
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Fig. 1. Evolution of the structural features at different length scales in the 3DHNP-
Cu throughout the processing steps. (A-B) Schematic illustrations of DIW of bi-
material inks composed of Cu and Mn mixed powders, polymer binder, and sol-
vents. DIW digitally dictates the macroscale porosity. (C) Thermal sintering leads
to alloying of Mn and Cu, evaporation of the solvents, and decomposition of the
polymer binder to yield microscale porosity. (D) Dealloying step selectively removes
Mn to yield the nanoscale porosity. Optical images of the mm-cm scale multilayer
woodpile-like architectures at different states of as-printed (E), sintered (F), and
dealloyed (G). The scale bars in (E-G) are 10 mm. SEM images are shown depict-
ing the structural evolution after printing, thermal sintering, and dealloying steps
for (H-]) the scale bars are 100 um, for (K-L) the scale bars are 20um and for (M)
the scale bar is 400 nm.

sintering temperature [43]. Using these values, we can quantitively
estimate the diffusion lengths for Mn in Mn;qCusg and MnggCuyg
to be 117 um and 202 um, respectively, both are an order of mag-
nitude greater than the ink particle size of ~10pum. As such, a
homogeneous alloy can be achieved after sintering. Upon comple-
tion of sintering, samples were either water-quenched or furnace-
cooled. The sintered 3D Mn-Cu alloy architectures were subse-
quently dealloyed for 91.5 h in 0.1IM HCI plus 12.5 h in 4M HCL
This two-stage chemical dealloying was used to prevent initial col-
lapse in high concentration media by slowly dealloying the sample
in 0.IM HCI to a state where the bubble formation was steady to
prevent damage and to avoid severe coarsening of the nanostruc-
tures in low concentration media via impractically long dealloying
time by switching to 4M HCI to remove Mn quickly [44].

The morphology and chemical composition of the samples were
characterized using a Magellan 400 field emission scanning elec-
tron microscope (SEM, FEI) equipped with energy-dispersive X-ray
spectroscopy (EDS). The crystal structures of the sintered samples
were confirmed by X-ray diffraction (XRD). To quantitatively con-
firm the average nanopore size within the dealloyed 3DHNP-Cu,
small-angle X-ray scattering (SAXS) was performed at the Penn
Dual Source and Environmental X-Ray Scattering facility that can
probe length scales from 1A to 570 nm [45].

3DHNP-Cu samples were synthesized by the successive pro-
cedures of DIW, thermal sintering, and dealloying (Fig. 1). The
3DHNP-Cu exhibits a hierarchical structure that spans seven orders
of magnitude - from centimeters to nanometers. The macroscopic
pores are controlled by the DIW process and is hence the most
deterministic in its morphology and spatial distribution. The reso-
lution of the macroscopic features is defined by the filament size,
which is on the order of 100pum in the present study (Fig. 1H-]).
This minimum feature size depends on both the ink particle size
and the rheology, and may be reduced if smaller particles (e.g.
nanoparticles) are used. The micrometer-sized pores in the range
of ~1-10pm arise from solvent evaporation and decomposition of
the polymer binder (Fig. 1K-L). The distribution and morphology
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Fig. 2. SEM images of the nanoporous structure of dealloyed 3DHNP-Cu with different starting ink compositions and cooling rates after sintering. (a) MnyCusq, furnace-
cooled; (b) MnyoCusg, water-quenched; (c) MngyCuyo, furnace-cooled; (d) MnggCuyg, water-quenched. Scale bar: 400 nm. These images clearly show the effect of cooling rate
on final morphology. Both furnace-cooled samples showed a coarsened microstructure with highly non-smooth and discontinuous ligaments. The water-quenched samples

showed smooth and bicontinuous nanopores after dealloying.

Table 1
Composition (at.%) and processing conditions of all considered samples.

Ink composition Cooling condition Composition after sintering

Surface composition after dealloying Interior composition after dealloying

Mnj;Cusq Furnace-cooled Mnsq Cuyg
Mn7oCusg Water-quenched MnsgCuyg
MngoCuyo Furnace-cooled Mn76Cuyy
MnggCuyg Water-quenched Mny;Cuys

MﬂsCUgs Mn7Cu93
Mn;3Cugy Mn,Cugg
Cu Cu

Cu Cu

of these microscale pores may be tuned by adjusting the volume
fractions of the solvents and polymer binder provided that an ap-
propriate viscosity with a shear-thinning characteristic is met to
maintain the printability of the ink [46]. These macro- and mi-
croscopic pores can facilitate high mass-transport throughout the
3DHNP-Cu to expedite reaction kinetics [37].

Thermal sintering produces a homogeneous Mn-Cu alloy from
the constituent Mn and Cu micro-particles (Fig. 1K-L) and the
subsequent dealloying process creates nanoscale pores of ~60nm
(Fig. 1M). The morphology of these nanoscale pores is typi-
cally affected by dealloying conditions, such as dealloying media
and time [44]. Here, we reveal that under identical dealloying
conditions, the starting ink composition and the cooling rate post-
sintering of the Mn-Cu alloy also significantly impact the resultant
nanoscale morphology of the 3DHNP-Cu (Fig. 2). Specifically, for
furnace-cooled Mn7oCusp and MnggCu, the nanoscale ligaments
after dealloying were drastically coarsened and became highly
non-smooth and discontinuous (Fig. 2a and c), which reduced
the reactive surface area. For water-quenched Mn;oCusy and
MngCuyg, smooth and bicontinuous nanoscale pores were evident
after dealloying (Fig. 2b and d). From Fig. 2, it is clear that the
cooling rate significantly affects the morphology of the nanostruc-
tures whereas the effect of starting ink composition is more subtle
and will be discussed later. From statistical analysis of the pore
distribution with Image], the nano-ligament size of the water-

quenched MnyyCusg and MngyCuyg was approximately 80 nm and
66 nm, respectively. More interestingly, further chemical compo-
sition analysis via EDS revealed considerable residual Mn for both
furnace-cooled and water-quenched Mn;¢Cu3y samples (Table 1).
To understand the underlying origin, we examined the composition
of the as-sintered MnyyCusq alloy and surprisingly found that the
compositions deviate from the nominal composition of Mn;qCusg
by a remarkable loss of ~55% and ~45% Mn, i.e. Mns;Cuyg and
MnsgCuyy, for the furnace-cooled and water-quenched samples,
respectively (Table 1). It is widely recognized that for dealloying
of a binary alloy, the more reactive element should be at least 60
at. % to achieve nearly complete dealloying [47]. Otherwise, the
residual reactive element will be less accessible during dealloying,
as it does not form a percolating network within the alloy [48], as
in the case of the sintered Mn;,Cusg here. Mn is a volatile metal
with high vapor pressure at elevated temperatures, and adding
extra Mn is often used to compensate the evaporation-induced
loss in heating of Mn-containing alloys [49]. Here, for the nom-
inal MnggCuyo ink, MnsCuy4 and Mny;Cuy; were measured for
the furnace-cooled and water-quenched samples after sintering,
respectively. Such compositions are appropriate towards complete
dealloying with marginal Mn residue (Table 1). In order for Mn
to evaporate, a directional diffusion from interior of the sample
towards the outer surface is required. However, the activation
energy of diffusion of Mn increases greatly at the composition
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Fig. 3. XRD patterns of all considered Mn-Cu alloys after sintering. All the sam-
ples have a y-MnCu fcc phase with some minor MnO phase. The furnace-cooled
Mn;oCuzg sample shows a secondary Mn phase as the low cooling-rate allowed
some Mn to precipitate out during furnace-cooling.

of MnggCuyo [50] and thus there is far less Mn available at the
immediate surface of the sample for evaporation to take place.
The different potency in Mn evaporation of different alloy compo-
sitions suggest that the starting ink composition indirectly impacts
the eventual morphology in local regions, in which the electrolyte
accessibility is hindered. In addition, it is worth noting that while
the furnace-cooled MngyCuyy sample was fully dealloyed, the
resulting nanoscale ligaments are less refined than those of the
water-quenched MngyCuyq (Fig. 2¢ and d). This is likely attributed
to prolonged grain growth during cooling that leads to a coarser
microstructure in the furnace-cooled sample.

To explore the structural and phase evolution after sinter-
ing, XRD was performed. Based on the phase diagram of MnCu
(Fig. S2), a secondary Mn phase forms for adequately slow cool-
ing rates. Such a solid-state phase transformation is related to the
competition between the thermodynamic driving force and the ki-
netic barrier to phase decomposition into pure Mn. From the XRD
patterns, we found that water-quenching prevents the formation of
pure Mn in both Mn;oCu3y and MngyCuyg samples (Fig. 3). How-
ever, a noticeable amount of secondary Mn phase was detected in
the furnace-cooled Mn;yCusg, while the furnace-cooled MngyCusyg
was single-phase FCC MnCu (Fig. 3). This may again be attributed
to increased activation energy for diffusion at higher Mn contents
in the Mn-Cu alloy system [50]. A higher activation energy reduces
the kinetic favorability for secondary phases to form, as Mn is less
likely to precipitate from the solid solution. In addition, some MnO
was identified for all considered samples (Fig. 3), suggesting oxi-
dation of the samples during thermal sintering despite continuous
flow of protective argon.

From the above considerations, the 3DHNP-Cu fabricated from
dealloying of the water-quenched MngyCu,q shows both desirable
morphology and composition. SAXS, a reciprocal space technique
that provides statistically representative information about feature
sizes from ~1 to 100nm [45,51] was performed to further quan-
tify the morphology of the nanoscale pores in this sample. The
SAXS patterns of 3DHNP-Cu and dense Cu foil are compared in
Fig. 4, SAXS intensity vs. q. Here, q = 4msin(0)/A, where 20 is the
angle between the incident beam and the scattered waves mea-
sured at the detector, and A is the wavelength of the X-rays. The
data extend to a g-value of approximately 10-3 A-1, nearing our

l m==Dense Cu Foil

== 3DHNP-Cu
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10 --—-TS Fit
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=

Fig. 4. SAXS patterns of 3DHNP-Cu and dense Cu. The SAXS pattern of the dense
Cu shows a straight line with no noticeable peaks, whereas that of the 3DHNP-Cu
shows a peak at a g-value of approximately 0.005 A-1. We fit the 3DHNP-Cu data
to the Teubner-Strey model with a constant background, yielding a ligament-to-
ligament distance d of ~150 nm.

instrument’s resolution (~600nm in real space). Clearly, the pat-
tern of the dense Cu shows a straight line, indicating an absence of
repetitive or quasi-repetitive nanostructure. In contrast, the SAXS
pattern of the 3DHNP-Cu shows a peak at approximately 0.005 A~
(highlighted by the arrow in Fig. 4). To ascertain a characteristic
size for these ligaments, we fit the pattern of 3DHNP-Cu in the
region 0.004 A-! <q< 0.08 A-! with the Teubner-Strey model
(with a constant background) [45,52], the black dashed curve in
Fig. 4. The model’s fit parameters, the ligament-to-ligament dis-
tance d and correlation length &, were determined to be d=1527 A
(~150nm), and £ = 447 A (~45nm). Since d is a measure of the
ligament-to-ligament distance, the average ligament and pore di-
ameters can be calculated if the nano-pore void fraction is known.
Although we have not measured this, we estimate it to be be-
tween 50 and 65%, corresponding to a nano-ligament size of 75
and 54nm, respectively. This result agrees well with the SEM
images of the nanopore morphology (Fig. 2D). The presence of
these nanoscale pores significantly increases the surface area of the
3DHNP-Cu and provide more active sites to participate in catalysis
of relevant reactions.

In this work, we developed a novel method to produce 3DHNP-
Cu by DIW of Mn-Cu alloys, thermal sintering, and dealloying.
This approach allows control of the 3D structure of Cu over mul-
tiple length scales. In our approach, DIW enables digital control
of the macroscale porosity and geometry, thermal sintering pro-
duces homogeneous alloys with microscale pores via thermal evap-
oration of solvents and degradation of the binding polymer, and
dealloying introduces nanoscale pores into the system. In addi-
tion, we revealed that both volatilization of Mn during sintering,
and rate of cooling should be considered carefully, as they play
critical roles in alloy composition and phase formation, which af-
fects the nanoscale pore morphology of the resultant 3DHNP-Cu af-
ter dealloying. This work provides a pathway for creating 3DHNP-
Cu and widens the design toolbox for 3D printing of hierarchical
nanoporous metals for myriad applications.
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