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Abstract

Nanostructured multi-principal element alloys (MPEAs) have been explored as next-generation
engineering materials due to unique mechanical and functional properties which have significant
advantages over traditional dilute alloys. However, the practical applications of nanostructured
MPEAs are still limited due to the lack of scalable processing approaches to prepare a large
quantity of nanostructured MPEAs, as well as lack of an efficient pathway for high-throughput
discovery of better functional nanostructured MPEAs within their vast compositional space.
Here we tackle these challenges by presenting an integrated approach by combining
direct-ink-writing-based additive manufacturing, solid-state sintering, and chemical dealloying
to manufacture hierarchically porous MPEAs. The hierarchical structure is comprised of macro-
and micro-scale pores introduced via extrusion printing and polymer decomposition during
sintering, as well as nanoscale pores formed via chemical dealloying. The macro- and
micro-scale pores allow efficient dealloying of a large mass of material as the diffusion length
that the corroding medium must penetrate remains at the scale of the ligaments formed after
sintering (~10 pum), despite the large volume of the 3D-printed samples. In addition, this
integrated approach enables versatile control of the alloy composition via precisely tuning the
ratio of elemental powders in the starting ink, thus offering a pathway for high-throughput
discovery of novel functional MPEAs. As a case study, multiscale macro/micro/nanoporous
NiFeMn MPEAs with three different compositions were investigated as catalysts to reduce the
overpotential of oxygen evolution reaction (OER), where NiFeMn-based electrocatalysts
display composition-dependent performance such that the overpotential measured at a current of
05A g_l for OER increases in the order of NisgFe,oMn 3 < NigsFesMn g < NizgFesMng.
This introduced manufacturing process offers new opportunities for scalable fabrication and
rapid screening of nanostructured multi-component complex alloys.
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1. Introduction

In recent years, multi-principal element alloys (MPEAs) with
earth-abundant elements are gaining an increasing attention
in the fields of corrosion resistance, (electro)catalysis, med-
ical application, among others [1-3]. These alloys also show
impressive properties of high ductility [4], interesting deform-
ation behavior [5] and superior fatigue resistance [6]. MPEAs
are a class of metal alloys based on random mixing of multi-
principal elements that exhibit improved mechanical and func-
tional properties over traditional dilute alloys [7—14], which
often have only one or two major elements doped with other
minor elements [15-17]. Nanostructuring of MPEAs in the
form of nanoparticles, nanoporous materials, and nanowires
[18, 19] can provide additional unique advantages including
a large specific surface area which improves reaction rate in
(electro)catalysis [20, 21]. Despite these advantages, nano-
structured MPEAs suffer from two distinct challenges which
limit their practical applications. First, most synthesis meth-
ods for nanostructured materials are limited to production of
thin films or ribbons that are difficult to scale up and expensive
to implement at commercial levels [22-25]. For instance, the
typical production of nanoporous metals is based on chem-
ical dealloying [26-28], where the dealloying time becomes
impractically long for bulk materials compared to thin films.
An overlong dealloying time results in a more coarse por-
ous structure, eroding the nanostructure and thus reducing the
chemically active surface area [29, 30]. Therefore, dealloying
a large mass of material is not practical by existing technolo-
gies. The second challenge arises due to the vast compositional
space encompassed by MPEAs [31-36]. The multi-principal
element nature of MPEAs offers an enormous material design
space to explore new compositions at the central region of
the phase diagram [37, 38]. While this new design paradigm
provides a unique opportunity to discover novel materials, it
also presents a significant challenge as the number of candid-
ate compositions is too large to study in a reasonable amount
of time. Thus, researchers need to explore new workflows to
expedite fabrication and property screening of MPEAs with
different compositions [39]. To date, many methods to pro-
duce MPEAs for exploration of functional properties involve
using complex precursor materials such as oxides or using tra-
ditional synthesis methods such as arc melting to produce spe-
cific alloys, which require lengthy processing times for prepar-
ing and studying each individual composition [7, 40, 41].
This work presents a novel integrated approach towards
preparation of nanostructured MPEAs by combining mater-
ial extrusion-based 3D printing (or direct ink writing, DIW),
solid-state sintering, and chemical dealloying to achieve a
series of hierarchically porous MPEAs. DIW is an additive
manufacturing method which enables 3D printing of archi-
tected structures where the size of macroscale channels/pores

can be digitally engineered [42, 43]. After printing, heat
treatment of the printed MPEA structures enables removal
of polymer binder and solvents as well as thermal sintering
of the metal particles, during which the dimension and con-
centration of microscale porosity (~10 pm) can be engin-
eered via controlling the degree of sintering or densification.
Lastly, nanoscale porosity is introduced via chemical dealloy-
ing of the sintered MPEA structure, during which the excess
sacrificial element is selectively dissolved into the corrod-
ing medium. The presence of macro/micro-scale hierarch-
ical structure after DIW and sintering allows chemical deal-
loying to produce nanoscale pores in a large mass of 3D
MPEA architectures within a short dealloying time, owing
to the reduced diffusion length of corroding medium com-
pared to their dense counterparts. In addition, our integrated
approach is capable of controlling the composition by using
elemental powders with different ratios in the starting ink,
thus enabling the efficient search for better functional MPEASs
in the vast compositional space. As an illustration of this
approach, we prepared multiscale macro/micro/nanoporous
NiFeMn MPEAs with three different compositions and tested
them as oxygen evolution reaction (OER) electrocatalysts.
This system utilizes relatively cheap elements compared to
most OER catalysts which rely on expensive precious metals
[44]. We show that OER performance of our catalysts was
composition-dependent, such that the overpotential measured
at a current of 0.5 A g~! for OER increases in the order of
Ni53F629M1’113 < Ni64F€26MH10 < Ni76F618M1’16. This work
presents a new avenue for high-throughput discovery as well
as highly scalable production of nanostructure MPEA func-
tional materials.

2. Materials and methods

2.1. DIW of elemental powders

DIW is a low-cost method of additive manufacturing that
allows for 3D printing of materials into a vast array of geo-
metries with high resolution. When utilizing DIW, samples
are constructed in a layer by layer fashion via deposition of
filaments made of particulate suspensions [45]. These suspen-
sions typically contain micron-sized particles dispersed homo-
geneously within a solution of organic solvents and a dissolved
polymer binder. An element of this method involved formulat-
ing inks with suitable shear-thinning rheological properties.
These properties allow the ink to flow smoothly through a
narrow-tipped nozzle (200 pm) when a shear force is applied
which guarantees the formation of continuous filaments main-
tained by steady pressure or displacement rate. Then, once
these filaments exit the nozzle these inks can retain their shape
and dry rapidly due to the evaporation of volatile solvents. The
rheology of the ink is adjusted by tuning the particle to binder
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ratio. In this study, we expand upon our recent results relating
to 3D hierarchically nanoporous Cu [46], the NiFeMn ternary
MPEA inks were formulated by combining separate powders
of Ni, Fe, and Mn (APS 10 pm, >99.6%, Alfa Aesar) with
a PMMA-PnBA bi-block copolymer which acted as a binder
and organic solvents of 2-butoxyethanol and tetrahydrofuran
(THF). The binder polymer was dissolved in the THF and
2-butoxyethanol mixture, and then the metal powders were
added to produce the initial ink. To demonstrate the versatility
of compositional design within DIW-based additive manufac-
turing technique, we synthesized three ternary MPEA inks pre-
pared with different overall compositions of Ni;4Fe;sMngg (at.
%), Nilee15Mn73 (at. %), and Ni9F61 1MII3() (at. %) The ink’s
volumetric ratio of metallic powder to binding polymer was
maintained at 65:35 for all the inks presented in this work. The
inks exhibit the expected shear-thinning characteristic with a
suitable range of viscosity of 10°~10° Pa - s that enables the
DIW process (figure 1). For 3D structure fabrication, the ink
is loaded into a syringe-barrel (Nordson EFD) and deposited
onto a planar alumina substrate by pressurizing the printhead
with compressed air to direct the ink through a tapered nozzle
with a 200 pm tip diameter under digital control. As the ink
was extruded through the nozzle, the THF rapidly evaporated,
leaving behind solid filaments after deposition. Woodpile lat-
tice structures measuring S mm X 5 mm x 3 mm were fabric-
ated with a layer height of 0.15 mm and 0.5 mm hatch spacing
between tracks at a scan rate of 10 mm s~'. We also produced
larger samples for visualization (figure 2). Samples in the as-
printed state consisted of individual Fe, Mn, and Ni particles
held together thanks to the block copolymer.

2.2. Thermal sintering of metal particles

To form chemically homogeneous NiFeMn ternary MPEA
architectures, a heat treatment protocol utilizing multiple
heating steps was executed in an OTF-1700X furnace (MTI
Corporation) to a maximum temperature of 1100 °C. The pro-
cess began with heating the samples to 100 °C for 1 h to volat-
ilize residual THF followed by heating to 220 °C for 1 h to
remove the 2-Butoxyethanol solvent. The samples were then
heated to 420 °C to decompose the polymer binder, and finally
sintered at 1100 °C for 15 h to consolidate and alloy the metal
powders. A constant heating rate of 5 °C min~! was used
between each processing step and was carried out under an
ultrahigh-purity Ar atmosphere to avoid oxidation during sin-
tering. Samples were finally furnace-cooled to room temperat-
ure. We are able to calculate the expected diffusion length for
complete sintering of each element by using Fick’s Law [47].
The diffusion length is given by the equation: L = (2D-1)"/?,
where D is the diffusion coefficient and ¢ is the sintering
time. While diffusion within a ternary MPEA system can be
difficult to estimate without extensive simulation, the diffu-
sion coefficient for the binary systems of Mn—Ni, Mn—Fe, and
Ni-Fe has been previously reported. We can use these res-
ults to estimate the diffusion lengths of each pair of elements
within the sintered ternary MPEA samples. Specifically, for
Mn-Ni, the diffusion constant was reported by Yokota et al as

2 x 10713 m?s~! at 1050 °C [48]. Based on Hedge et al the
inter-diffusivity of Mn—Fe can be estimated as 2.5 x 10~'3
m2s—! [49]. Finally, Million et al reported the diffusion con-
stant for Ni-Fe as approximately 1 x 10~#m?s~! at 1100 °C
[50]. Using these values for the diffusion constants and con-
sidering the sintering time (15 h) in this study, we can estim-
ate the diffusion lengths in the sintered samples for the Mn—
Ni, Mn-Fe and Ni-Fe binary systems as 147 pm, 164 um,
and 33 um, respectively. These calculated values are at least
three times larger than the initial particle size of the elemental
powders (approximately 10 pm) used for starting ink prepar-
ation. Therefore, we expect to achieve a homogeneous alloy
after sintering.

2.3. Chemical dealloying

Nanoporous materials can be synthesized by chemical
dealloying, which involves selectively removing the most
reactive elements of a parent alloy using an appropriate cor-
roding medium, leading to the formation of nanoscale voids
and nanoscale struts known as ligaments. In the case of Ni-
Fe-Mn system, the corroding medium used for chemical deal-
loying was a 1 M solution of ammonium sulfate, and the deal-
loying time was 4 d. The solution was refreshed every 24 h
to maintain a high dealloying rate. During this process, Mn
and Fe, which are both more active than Ni, were gradually
removed from the alloys. Since Mn dissolves more readily than
Fe in ammonium sulfate, its decrease in atomic content is more
prominent than the decrease in Fe content. After dealloying,
we washed the samples using deionized water and vacuum-
dried them at room temperature.

2.4. Material characterization

A JEOL 7500 F scanning electron microscopy (SEM) which
had an energy dispersive spectroscopy (EDS) sensor was used
to analyze the microstructure and elemental composition of
the as-sintered and dealloyed samples. The bulk composition
of these materials is further investigated using inductively
coupled plasma optical emission spectroscopy (ICP-OES). X-
ray diffraction (XRD) spectra were measured via a Rigaku
Miniflex powder diffractometer (Cu x-ray source, operated at
40 kV/15 mA) with 0.02° step size and a 3° min~' scan-
ning rate to analyze phase constitutions in the sintered and
dealloyed samples. A ternary phase diagram of NiFeMn was
also generated using FactSage to help understand the expec-
ted phase transformation during sintering. Small-angle x-
ray scattering (SAXS) was performed at the Dual Source
and Environmental x-ray Scattering facility at University of
Pennsylvania with detection limited to sizes between 1 A and
570 nm in order to probe the nanoscale pores as well as obtain
an estimation of the average nanopore size [51-53].

2.5. Electrocatalytic OER

To investigate the electrocatalytic OER performance of
multiscale macro/micro/nanoporous NiFeMn ternary MPEAs
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as a case study, a slurry-type electrode was prepared by break-
ing up the 3D printed structure into powder form and mix-
ing the micro/nanoporous NiFeMn ternary MPEA powders
with conductive carbon powder and a polyvinylidene fluoride
binder (mass ratio 7:2:1), the mixture was dried under vacuum
at room temperature. The samples were crushed into a slurry
to improve the diffusion kinetics of reactant/products during
electrochemical testing as diffusion through the printed fila-
ments is sluggish. Cyclic voltammetry (CV) was carried out in
1 M NaOH solution, with the slurry NiFeMn ternary MPEA
as the working electrode, a Pt wire as the counter electrode,
and Hg/HgO (1 M NaOH filling electrolyte) as the reference
electrode. The scan rate was 1 mV s~!. A galvanostatic OER
stability test was carried out under the same condition men-
tioned above. A constant stirring of 300 rpm was also applied
during the stability test to facilitate the mass transport of elec-
trolyte species. All of the measured potentials were converted
to a scale relative to a reversible hydrogen electrode (RHE)
utilizing the following equation:

E (versus RHE) = E (versus Hg/HgO) + 0.140 V + 0.0591 V * pH.
ey

3. Results and discussion

3.1. Synthesis of multiscale NiFeMn structure

The viscosity of the NiFeMn MPEA inks depends strongly
on the volume fractions of polymer binder and solvents used.
Adding the solvents ensured the homogeneous mixing and for-
mulation of NiFeMn inks with gel-like behavior that exhib-
its suitable printability. Figure 1 presents the rheological
properties of a typical NiFeMn MPEA ink used for print-
ing lattice geometries in this work. Figure 1(a) shows that
the apparent viscosity of the ink falls as the applied shear
rate increases. This result shows that the ink exhibits shear-
thinning properties, which allows the ink to flow continuously
when shear stress is applied while retaining the filamentary
shape after exiting from the nozzle with release of the shear
stress. Figure 1(b) shows the elastic (G’) and viscous (G")
moduli of the ink plotted versus the applied shear stress. The
elastic modulus is also known as the storage modulus, which
represents the capacity of a fluid to store elastic energy. In
contrast, the viscous modulus illustrates the ink’s capacity
to dissipate energy during deformation, which describes the
viscous response of the material. Once the shear stress act-
ing on the ink reaches above 100 Pa, the elastic modulus
decreases such that it drops beneath the loss modulus, and
the ink exhibits liquid-like properties and can readily flow
out of the nozzle. Once the ink leaves the nozzle tip, it stops
experiencing any shear stress, and thus the elastic and vis-
cous moduli are restored which makes the ink act like a solid.
Additionally, the rapid evaporation of the volatile organic
solvents allows the ink to dry rapidly and ensures the polymer
binder to hold the metal powders together. These properties
ensure that the extruded filaments can retain their shape after
exiting the nozzle.

Additively manufactured hierarchical NiFeMn MPEA
samples were synthesized by DIW, the samples were dried
overnight and subsequently subjected to solid-state thermal
sintering, and dealloying, as shown in figure 2. The archi-
tected ternary MPEAs exhibit a hierarchical structure that
spans several orders of magnitude—from centimeters to nano-
meters. The macro- and meso-scale pores are designed by
a robot-controlled DIW process and therefore, these large
pores exhibit a highly controlled shape and spatial distribu-
tion. These features are printed with a high resolution that is
defined by the printed filament diameter. This filament dia-
meter is about 150-250 pm, as shown in figures 2(h)—(j). It is
possible to further refine this feature size by reducing the ink
particle size (e.g. using nanoparticle instead of micron-sized
particles), shrinking the nozzle size (200 pum for this study)
and tuning the ink rheology. Within this hierarchical struc-
ture, micrometer-sized pores ranging from ~1-10 um, res-
ult from the volatilization of the solvent and polymer binder
decomposition (figures 2(k) and (1)). The microscale pore dis-
trbution can be adjusted by varying the solvents to polymer
binder volumetric ratios as long as the ink maintains a viscos-
ity and a shear-thinning characteristic that is suitable to retain
the ink’s printability [54]. The macro-, meso-, and micro-scale
pores, measured from multiple SEM images, enhance mass
transport throughout the ternary MPEA catalysts, accelerat-
ing reaction kinetics [55]. Thermal solid-state sintering con-
verts the constituent Mn, Ni, and Fe micro-particles into a
homogeneous NiFeMn alloy (figures 2(k) and (1)), while the
later dealloying process generates nanoscale pores of around
10 nm (figures 2(m) and (n)). The nanopores in this work
show a smooth and bicontinuous morphology throughout the
entire 3D-printed structure. The morphology of these nano-
scale pores is normally governed by the dealloying conditions,
including the type of dealloying media and the duration of the
process [56]. SAXS is used to quantitatively measure the aver-
age pore diameter, to be discussed in section 3.2.

Thus far, chemical dealloying is often carried out by
immersing a material in the form of thin film or ribbon inside a
corrosive medium to selectively leach the most reactive com-
ponents of an alloy [57]. Thin films or ribbons are used to min-
imize the dealloying time since the medium must penetrate
the entire sample to form a complete 3D nanostructure. As
a result, only a small amount of dealloyed nanostructured/n-
anoporous material can be obtained [58]. Traditionally manu-
factured bulk samples can provide larger amounts of material,
however, these samples require much longer dealloying time
which leads to coarsening of the nanostructures, resulting in
decreased surface area [59-62]. Thus, a facile design of the
bulk sample is necessary in order to enhance the dealloying
efficiency. The 3D-printed multiscale NiFeMn MPEA struc-
tures shown in this study allow accelerated dealloying effi-
ciency for scalable manufacturing of nanoporous materials as
the diffusion length that the corroding medium must penet-
rate remains at the scale of the ligaments formed after poly-
mer burnout and sintering (~10 pm, figure 2(k)). This diffu-
sion length is comparable to many thin films or ribbons and
hence allows a large sample mass of the printed architecture
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Figure 1. Log-log plots of (a) measured viscosity vs. the shear rate, (b) elastic (G), and viscous (G”) modulus plotted against shear stress

of a typical NiFeMn ink.

to be dealloyed in a geometrically compact form while keep-
ing a similar length scale for diffusion. Thus, the DIW pro-
cess illustrated here offers a unique opportunity to rapidly
scale the production of nanoporous materials while maintain-
ing a practically short dealloying time for the retention of the
desired nanoporous structure.

To properly dealloy the sintered NiFeMn MPEA speci-
mens, the constituent metal particles must be fully alloyed
to ensure that the more reactive elements (Mn and Fe) form
a percolating network throughout the structure. This network
enables the corroding medium to find a continuous pathway to
travel through the entire structure [63]. If the alloying process
is incomplete due to insufficient sintering temperature or time,
the Mn and Fe atoms cannot fully disperse through the struc-
ture and consequently areas with lower concentrations of Mn
and Fe will not be included in the percolation network, leading
to reduced chemically active specific area of the nanoporous
network. It is well known that the kinetics of atomic diffusion
depend strongly on the heat treatment temperature [64]. Thus,
the sintering temperature must remain high enough that the
diffusivities of the Mn, Ni and Fe atoms are above a threshold
where alloying and atomic dispersion can occur throughout
the 3D-printed architecture while below the melting temperat-
ure of the alloy compositions to ensure the 3D-printed struc-
ture remains intact after sintering. Figure 3 shows the ternary
phase diagram of NiFeMn at 1100 °C and at 25 °C generated
via FactSage. It is seen that a single-phase face-centered cubic
(FCC) solid solution is expected at 1100 °C for the considered
ternary MPEAs. At 25 °C, we note that a triple phase struc-
ture is predicted including a body-centered cubic (BCC) solid
solution, a complex BCC solid solution and a Mn3Ni inter-
metallic phase. It should be noted that these phase diagrams
indicate the expected phases at equilibrium, meaning the sin-
tering needs be held long enough at 1100 °C to ensure the
complete formation of the FCC solid solution. Once the sin-
tering process is completed, the samples are furnace-cooled,
but no secondary phases were observed to form in this work

(figure 4). The lack of secondary phase is likely due to the slow
diffusion kinetics of the atoms at lower temperatures which
prevents the decomposition of the metastable FCC phase at
low temperatures. Previously, many MPEAs have been shown
to form metastable solid solutions with high thermal stability
owing to the sluggish diffusion within such systems [65, 66].

The phase constituents of the three considered ternary
MPEAs were further confirmed by XRD. Figure 4 illustrates
the XRD profiles of all three NiFeMn MPEAs before and after
dealloying. These results indicate that a single-phase FCC
solid solution [67] is indeed present after sintering with no sec-
ondary phases or pure elemental phases, implying that the ele-
mental particles were fully alloyed and that the samples were
suitable for chemical dealloying. Figure 4 also shows a signi-
ficant broadening of the peaks after dealloying which is due to
the nanoscale features within the structure [68], but the FCC
crystal structure is still maintained. As previously discussed,
a common trait among many MPEAs is the sluggish diffusion
kinetics that help suppress the precipitation of thermodynam-
ically more stable (or energetically more favorable) phases at
lower temperatures, and thus such systems often appear as
metastable solid solutions at room temperature [66]. It is there-
fore unsurprising that the FCC structure remains stable during
dealloying as the procedure was carried out at room temper-
ature, which would prevent fast atomic rearrangement that is
necessary to form new phases.

3.2. Composition investigation and morphology
characterization

The inherent multi-principal element nature of MPEA systems
endows an enormous compositional space for alloy design.
One important goal of this work is to illustrate the flex-
ibility offered by the DIW to accelerate the pace of alloy
exploration. By adjusting the composition of the ink, we can
readily achieve MPEAs with different compositions after sin-
tering of the ink. Furthermore, the different sintered MPEA
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Figure 2. Development of features at various length scales in the 3D-printed hierarchically porous NiFeMn MPEAs during processing of
these samples. (a)—(b) Schematic representation of direct writing of inks made from mixed particles of Mn, Ni, and Fe elemental powders,
along with a polymer binder as well as organic solvents. DIW precisely controls the macroscale and mesoscale porosity. (c) Thermal
solid-state sintering results in the alloying of Ni, Fe, and Mn powders, the volatilization of organic solvents, and the decomposition of the
polymer binder to produce microscale porosity. (d) The dealloying step dissolves Mn and Fe components in the alloy to create the nanoscale
porosity. Optical images depict multilayer woodpile-like architectures at mm-cm scales in various states: as-printed (e), sintered (f), and
dealloyed (g). SEM images reveal the structural evolution at different stages—printing, thermal sintering, and dealloying—across multiple

length scales: 100 pm scale (h)-(j), 10 pm scale (k)—(1), and 10-100 nm scale (m)—(n).

compositions lead to different compositions after dealloying,
as seen in table 1, which presents the sintered and dealloyed
NiFeMn MPEA compositions measured via both EDS and
ICP. It should be noted that the minor discrepancy in alloy
composition of the sintered and as-printed alloys may arise
from the slight losses of some elements due to vaporiza-
tion during sintering. Both measurement methods are in good
agreement. The EDS results were averaged from 3 different
regions in each sample, while the ICP results indicate the over-
all composition of each sample. Notably, a larger initial Mn
content in the sintered NiFeMn MPEAs tends to result in a
lower Mn content after dealloying. This is because a higher
Mn content leads to higher exposure of Mn atoms to the cor-
roding medium. Fe reacts much more slowly with the corrod-
ing medium than Mn does, and Ni does not react at all. Since
more Mn atoms are within the structure, they form a more

interconnected network that provides favorable paths for the
penetration and transport of the corroding medium. Therefore,
when Mn content is higher, the rate of dealloying is signific-
antly increased. The faster dealloying induces a lower residual
Mn content after the same dealloying time.

SAXS is a reciprocal space technique which offers rep-
resentative insights into nanoscale feature sizes [69, 70], and
was performed to confirm the nanoscale features after deal-
loying, as shown in figure 5. During SAXS, the nanoscale
features in the material scatter the incident x-ray beam and
are represented by a peak in the scattering plot. Generally,
nanoporous structures yield a broad peak, because there is a
distribution of pore sizes and ligament sizes throughout this
material, with the most prominent structure size being rep-
resented by g-value associated with the maximum intensity
of the peak. The SAXS pattern of the as-sintered NiFeMn
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Figure 4. XRD patterns of as-sintered Ni;sFej9Mngg, NigFe;sMn77, and NigFe;7Mn74 MPEAs and the corresponding dealloyed
NisgFeoMn;3, NigsFeosMnjg, and NizgFejsMng MPEAs. The FCC phase is identified based on previously reported XRD patterns of the

NiFeMn system [67].

MPEAs before dealloying clearly shows a straight line, as
seen in the representative sample of NigFe;sMny;. The other
two as-sintered NiFeMn MPEAs exhibit similar SAXS pat-
terns and are not shown. This straight-line SAXS patten
indicates an there is no repeating nanostructure. In contrast,
the SAXS spectra of the three considered dealloyed samples
show a peak at ¢ ~ 0.075 A=, 0.065 A, 0.055 A~! for
NigsFeosMnyg (red curve), NisgFe,oMni3 (blue curve), and
NizgFejgMng (black curve), respectively. The position of this
peak in the g-space can be modified to a characteristic size (d)

in real space, namely the ligament-to-ligament distance, utiliz-
ing the equation [51-53]: d = 1.23 x (27/q). The NissFe1sMng
peak thus yields an average ligament-to-ligament distance of
d ~ 14 nm. The mean diameter of the ligaments and pores are
around half of the ligament-to-ligament distance, specifically
it measured to be 7 nm. Figure 6 shows SEM and TEM images
of the dealloyed NiysFe ;sMng. Here, the nanoporous structure
of the sample can be clearly resolved, and the average pore
diameter is approximately 5—-10 nm, which agrees well with
the estimated value based on the SAXS data.
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Table 1. Average chemical compositions of the sintered and dealloyed NiFeMn MPEA samples.

As-printed nominal

composition Condition Method Ni (at. %) Fe (at. %) Mn (at. %)
Sintered EDS 15 19 66
. ICP 10.0 21.9 68.1
NiisFeisMneg EDS 58 29 13
Dealloyed ICP 62.6 24.6 12.8
Sintered EDS 9 17 74
. ICP 8.4 18.6 73.0
Nii2FeisMnzs EDS 64 26 10
Dealloyed ICP 63.0 275 95
Sintered EDS 8 15 77
. ICP 8.6 11.9 79.5
NigFeiMngo EDS 76 18 6
Dealloyed ICP 76.3 18.5 52

- Before dealloying NigFe,sMn,,
= Dealloyed NisgFe,oMn,;
= Dealloyed NigsFesMn,,
== Dealloyed Ni,sFe,;Mn,

Intensity (a.u.)

T L]
102 q (A1) 1%
Figure 5. SAXS patterns of the NiFeMn samples before and after
dealloying. NigFe;sMn77 alloy was used to represent the NiFeMn
ternary MPEAs before dealloying. The other two ternary MPEAs
show similar patterns and are not shown here. The profile for the
sample before dealloying shows a straight line, while the dealloyed
samples for the three considered NiFeMn ternary MPEAs all show a
peak near a g-value of 0.075 A=!,0.065 A~!, 0.055 A~! for
NigsFergMnj (red curve), NisgFeyoMny3 (blue curve), and
NizcFegsMng (black curve), respectively.

3.3. Case study: compositional effect on electrocatalytic
OER performance

To illustrate the feasibility of our integrated approach to tune
the composition of MPEAs and how this can be applied
in high-throughput material discovery, here we show a case
study on the compositional effect of hierarchically porous
NiFeMn MPEAs towards electrocatalytic OER performance.
Figure 7(a) shows the CV curves of the three dealloyed
NiFeMN MPEA catalysts. Despite the compositional vari-
ance, they share a similar feature by exhibiting a pair of redox
peaks between 1.35-1.55 V vs. RHE, followed by a positive

oxidation current at higher potentials. The redox peaks are
known to be a conversion between Ni*t and Ni*t with the
following reaction [44, 71]:

Ni(OH), + OH™ > NiOOH + H,0 + ¢~ )

Due to the higher Ni content, the peak current of
dealloyed NijgsFe;gMng MPEA is higher than the other
two NiFeMn MPEA catalysts. The positive current bey-
ond 1.55 V vs. RHE corresponds to OER on NiOOH sur-
faces. Previous studies have shown that a Ni:Fe ratio of
2:1 exhibits the optimal OER performance [44]. As shown
in figure 7(a) inset, the overpotential required to achieve a
current of 0.5 A g~! for OER (thus subtracting the cur-
rent contribution from Ni?* oxidation) increases in the order
of NisgFesoMny3 < NigsFexsMnjg < NizgFejgMng, with
NisgFey9Mn 3 exhibiting an overpotential of ~330 mV which
is similar to or lower than many catalysts that utilize the costly
IrO,-based electrodes [72]. Our results suggest that the OER
performance improves as the composition approaches a Ni:Fe
ratio of 2:1, which is consistent with the results from the
literature [44]. The intrinsic activity of electrocatalysts, irre-
spective of their thickness and mass loading, can be further
examined by their Tafel slopes [73]. Figure 7(b) shows that at
the initial stage of OER, the NisgFe,oMn ;3 and NiggFeysMng
MPEAs exhibit a similar Tafel slope of ~90 mV dec!,
which is much lower than NijsFe;sMng (~150 mV dec™!).
We speculate that the similar Tafel slopes for NisgFeyyMn3
and NiggFeysMnjo arise from their similar bulk composi-
tions (Nigr ¢FerscMnjng vs. NigszoFey75Mng s measured by
ICP as shown in table 1). The higher Tafel slope value for
Nis¢Fe1sMng also confirms its inferior intrinsic activity as it
has a composition furthest from the optimal ratio, in accord-
ance with the CV results in figure 7(a).

Finally, we investigated the stability of the electrocatalyst,
an essential aspect in evaluating OER since many catalysts suf-
fer from performance degradation over time due to catalyst
surface reconstruction, lattice oxygen evolution, dissolution,
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Figure 6. Typical morphology of dealloyed NiFeMn MPEA in the c

ase of NizgFe ;gsMng. (a) and (c) are low-magnification SEM and TEM

images, respectively. (b) and (d) are respective high-magnification SEM and TEM images of highlighted yellow regions in (a) and (c).
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Figure 7. (a) CV tests of NiFeMn MPEA electrocatalysts with different compositions in 1M NaOH at 1 mV s~!. Inset shows the
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overpotential to achieve 0.5 A g_l OER activity increases in the order of NisgFeyoMni3 (blue) < NigaFeosMnjg (red) < NizgFejsMng
(black). (b) Tafel plots derived from CV curves in (a). Tafel slope increases in the order of NisgFeyoMn;3 (blue) =~ NigsFesMnjg
(red) < NiysFegMng (black), suggesting the higher intrinsic catalytic activity as Ni:Fe ratio approaches an optimal value of 2:1.

among others [74]. Figure 8 shows the stability test of the rep-
resentative NigsFe,Mn g MPEA catalyst in 1 M NaOH solu-
tion under moderate (25 mA cm~2) and high (100 mA cm™?)
current densities: under 25 mA cm™2, a stable overpotential
of 500 mV was recorded for 20 h, while under 100 mA cm ™2,

the overpotential started from 900 mV and dropped down to
850 mV after 20 h. Despite the relatively large overpotential,
the electrocatalyst did not show a sign of degradation after 20 h
when the experiment was intentionally stopped, suggesting its
stable performance towards OER applications.
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Figure 8. OER stability test of a representative NiFeMn
(NigsFexsMnjo) MPEA catalyst in 1 M NaOH solution. The
electrocatalyst achieves a current density of 25 mA cm™2 and

100 mA cm~2 over 20 h at an overpotential of 500 mV (green) and
850 mV (black), respectively.

4. Conclusions

In summary, this work provides a new pathway to acceler-
ate both the discovery and the production of novel multiscale
MPEAs. The integrated processing framework of DIW-based
additive manufacturing, followed by thermal sintering and
chemical dealloying, is used to produce hierarchically por-
ous NiFeMn MPEAs using pure elemental particles as the
starting raw materials. The use of elemental particles allows
a flexible control of the MPEA compositions to be synthes-
ized and tested simultaneously by simply adjusting the stoi-
chiometric ratios of the constituent particles in the ink. This
versatility allows accelerated exploration of the vast compos-
itional space of MPEAs, as exemplified in this work by the
considered three representative compositions. In addition, the
methodology outlined in this work offers a means to rap-
idly and efficiently prepare large quantities of dealloyed nan-
oporous materials due to the hierarchical nature of the 3D-
printed and sintered architectures. The macro- and meso-scale
printed channels allow the dealloying corroding medium to
spread throughout the printed structure. The microscale pores
and filaments after controlled sintering enable the diffusion
length (i.e. distance corroding medium must traverse to com-
plete the dealloying process) to remain small even as the
sample size and mass are large. Such a process stands in
contrast to the typical dealloying of thin films or ribbons,
where the entire sample thickness must remain on the order of
microns to ensure reasonable dealloying times. Composition-
dependent OER performance was investigated as a case study,
while we hope this technique can be extended beyond OER
to many other compositionally complex alloy systems for
electrochemical reactions as well as high-throughput mater-
ial discovery. For instance, future studies will also explore

multicomponent metal catalysts for hydrogen evolution reac-
tions and oxygen reduction reactions towards a myriad of
renewable energy applications.

5. Future perspectives

The design principle of an (electro)catalyst, especially when
gas-phase reactants/products are involved such as OER, ORR,
and HER, mainly follows two key factors: the intrinsic
activity of the catalyst, and the mass transport kinetics of
the architecture. In the former case, MPEAs with earth-
abundant elements have emerged as a promising alternat-
ive to novel metals based on Au, Pt, Pd, etc. In the lat-
ter case, nanostructured materials with multi-level porosity
provide improved molecular diffusion as well as high surface
area. Nevertheless, these two categories are rarely linked, and
methodologies to develop multiscale MPEA (electro)catalysts
are not well-established. This study combines DIW addit-
ive manufacturing with chemical dealloying to provide a
facile synthesis approach towards multiscale NiFeMn MPEAs
with porosity ranging from 10 nm scale to 100 ym scale.
Furthermore, as evidenced from the OER case study, the
tailored composition of the NiFeMn MPEAs has impact on
the catalytic activity.

Moving forward, we anticipate that this integrated
approach, when combined with machine-learning-based sim-
ulation, can be utilized for exploring the vast compositional
space of MPEAs. This is of great importance since the
composition-performance relationship is often non-linear,
complicated by the underlying phases and microstructures
of the MPEAs, thus necessitates a comprehensive and high-
throughput materials discovery.
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