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ABSTRACT

Mechanical alloying has been repeatedly demonstrated as an effective means to create unique struc-
tural materials, but it is comparatively rare that functional alloys are produced. Multi-phase functional
alloy production is demonstrated with an oxide-dispersed Ni—Cu catalyst. These catalyst particles are
designed to form porosity and catalyze carbon nanofiber deposition in situ, which results in a six-fold
increase in deposition rate over traditional preparation methods. This technique serves as atemplate

for many other systems possible with MA.
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Solid state foaming and catalysis are combined using mechanical alloying. A six-fold increase in
catalytic activity is achieved using a simple process that can be applied to other systems.

Introduction

Microstructural control through mechanical alloying
(MA) is routinely used to create useful properties in
diverse metallic and composite systems [1-3]. Structural
properties and applications have been thoroughly studied
for decades [4], but functional applications are relatively
rare. Thermoelectric materials [5-7], chemically active
materials [8,9] (especially for hydrogen storage [10,11]),
and reactive milling for in situ control and creation of
energetic materials [12,13], such as carbides [14,15], are
prominent examples. The diversity of these studies illus-
trates the unique capability and broad reach of nonequi-
librium and nanoscale alloy development.

Catalysis is another important discipline that MA may
provide unique strategies in. Applications may include
direct chemical conversion r the production of other
nanomaterials, such as depositing carbon nanofibers
(CNFs) [16]. CNFs are related to more well-known car-
bon nanotubes (CNTs), but they may exhibit a wider
range of fiber diameter, crystallinity, and morphology.
Recent CNF research has focused on functional appli-
cations and composite properties [17], but there are still

central questions regarding the mechanisms of their for-
mation. In a recent review of catalytic deposition meth-
ods [18], Lu et al. note that promising results have been
realized using bimetallic and multimetallic catalysts for
higher deposition rates and longer lifetime, but signifi-
cant work remains to achieve cost-effective production.
Ni-Cu alloys are among the most promising for this
purpose [19-23].

In a recent report [24], MA was used to create Ni 30
at% Cu feedstock (known as Ni 400 alloy or Monel) for
carbon nanofiber (CNF) catalysis with enhanced catalytic
activity while also reducing process complexity over
chemical precipitation methods. Because MA resulted in
particle dimensions of 10 s of microns, surface break-up
to form the nanoscale particles needed for CNF deposi-
tion is a rate-limiting step. If surface area or microstruc-
tural factors can be enhanced, it is expected that deposi-
tion can be accelerated. To that end, solid state foaming by
oxide reduction has also been recently demonstrated to
produce microscale and nanoscale porosity and ultrafine
grain size in this alloy [25]. By combining the capabil-
ity of MA to produce nanostructured functional alloys
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and fine dispersions of insoluble phases, we demonstrate
that catalysis and solid state foaming may be united in
an oxide-dispersed Ni-Cu alloy powder. The individual
particles can be foamed and then catalyze the deposi-
tion of CNFs in a single, continuous process. Even in
rudimentary form at laboratory scale, this technique is
capable of producing a catalyst for kilogram-per-hour
carbon nanofiber production. This approach represents
a significant departure from current processes, but more
importantly, it exemplifies the broader possibilities in
multifunctional materials through MA.

Experimental

Nickel-copper and nickel-copper oxide (CuO) powders
were prepared using a modified Spex 8000M cryogenic
high-energy ball mill with a ball-to-powder mass ratio
of 10:1. Each milling run consisted of 5g of powder in
a 7:3 ratio of Ni:Cu or Ni:CuO, or a 70:28:2 ratio of
Ni:Cu:CuO. Herein these alloys will be referenced as 0%
oxide, 30% oxide, and 2% oxide, respectively. The start-
ing powders used to make the alloys were nickel (99.8%,
< 1um), copper (99%, <75um) and copper (II) oxide
(98%, <10pm). All alloys were milled for 1 hr under
constant liquid nitrogen cooling (—196°C). All powders
were handled and stored in a glove box under argon
(< 1lppm O, < lppm H;0). Reactions were per-
formed in a 50 mm diameter, single zone tube furnace
(Across International). Ethylene (chemically pure) and
forming gas (5% H; in Ar) were controlled by MKS
G-series mass flow controllers to achieve a 4:1 ratio
(CyH4:H3) during reactions. Nitrogen (99.9999%) was
used to purge the furnace before and after reactions
were performed. Reaction was conducted at 450, 500,
and 550°C for 1hr, and reaction durations were varied

A

between 5 and 120 min at 550°C. Catalytic activity was
measured by percent mass gain as a result of carbon
deposition (i.e. g carbon/g catalyst x100). Reaction rates
were determined by averaging three or more samples
processed under the same conditions. The deposition
products and microstructural development of the parti-
cles were assessed by focused ion beam (FIB) sectioning
and scanning electron microscopy (SEM) using a Zeiss
Auriga 60 Crossbeam SEM/FIB.

To assess changes in porosity at the reaction tempera-
tures, the as-milled powders were compacted uniaxially
into 3mm pellets at a pressure of 2 GPa. Three com-
pacts of each composition, approximately 50 mg each,
were measured before and after annealing at 450, 500,
550°C for 1h in a reducing atmosphere (5% H; in Ar).
Volumetric density was determined using the measured
mass (& 0.0001 g) and volume (& 0.01 mm for diameter
and height). The change in porosity was determined by
subtracting the final relative density from the initial (as-
compacted) density to isolate porosity resulting from the
foaming process. Error bars for foaming and deposition
results represent one standard deviation from the mean.

Results and discussion

In Figure 1(A), the 0% and 30% oxide samples show
similar deposition rates at each temperature, but the 2%
oxide sample shows a marked increase at 550°C, where
the deposition rate exceeds the others by a factor greater
than 1.5. The other two alloys also outperform ‘tradi-
tional’ Ni-Cu catalysts [20] having a maximum efficiency
of about 1600%/hr (i.e. 1.2 g carbon after 1.5hr using
50 mg catalyst) under similar conditions. During a 1 hr
deposition, the same alloy created by MA (i.e. 0% oxide)
is more than 3.5 times more efficient (~ 6000%/hr),
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Figure 1. (A) Carbon deposition quantities for each sample after 1 hr under 4:1 C;Ha:H; at listed temperatures, and (B) increase in

porosity after 1 hr under 5% H; (bal. Ar) at listed temperatures.
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Figure 2. (A) Total carbon deposition and (B) carbon deposition rates measured for samples at reaction times shown. All reactions

performed at 550°C under 4:1 C;Hy4:H,.

and 2% oxide is more than six times more efficient
(~10,000%/hr). Specifically, 5 mg of catalyst produces as
much as 500 mg of carbon in an hour (~ 74,000% volume
increase).

The increase in catalytic efficiency is mirrored by the
development of porosity, as shown in Figure 1(B), where
the 2% oxide alloy is the only one to show appreciable
porosity change. The ~ 5% porosity at 550°C in ‘pure’
Ni-Cu alloy is attributed to native oxide mixed within it,
and in the 30% oxide alloy, the higher percentage of oxide
may hinder pore expansion because of the concurrent
pinning and strengthening effect it has on the matrix.

The deposition kinetics are shown in Figure 2. The
total deposition quantity, shown in Figure 2(A), reveals
similar performance from all three alloys up to 30 min
of reaction. After 60 min, the 2% oxide alloy is signifi-
cantly more active and maintains a higher activity until
the maximum time of 240 min. It is notable that the reac-
tion rates of all three alloys eventually reach similar levels,
as shown in Figure 2(B). This indicates the factors lead-
ing to the enhanced deposition are temporal, and in this
particular system, it is expected that the catalyst rapidly
disintegrates, thus allowing many catalytic particles to
become active simultaneously. Many smaller particles
can increase the deposition rate, but they also deacti-
vate more quickly [26]. In all samples, deposition will be
a balance between surface break-up and catalyst deac-
tivation. The 0% oxide samples are the most consistent,
indicating that these processes are happening steadily as
the particles slowly disintegrate.

Although supported catalysts, especially those pro-
duced from thin films, may be treated through anneal-
ing or other processes to control particle size [27],
surface break-up preempts CNF formation in coarse-
grained materials, and the CNF deposition process can

be designed to prevent sintering in metallic powders [28].
Break-up has been studied in Ni [29,30], and it is gen-
erally attributed to carbon accumulation at crystalline
defects and subsequent stress build-up and fracturing of
grains from the surface. Reports of CNF deposition on
‘traditional,” reticulated Ni foam [31-33] follow this basic
mechanism, but the catalyst here is distinctly different in
form and structure.

Figure 3 shows that CNF deposition results in dis-
integration of the catalyst particles after only 5min of
reaction time, where the variation in porosity, the break-
up of the particles, and the formation of fibrous structures
can be seen. The 0% oxide (Figure 3(A)) and 30% oxide
(Figure 3(C)) samples do not have prominent poros-
ity, though there are nanoscale pores visible at higher
magnification in the 30% oxide sample (Figure 3(D)).
Microscale porosity is distributed throughout the 2%
oxide sample (Figure 3(B)).

The kinetics and microstructures shown in Figures 2
and 3, respectively, indicate an increase in deposition rate
commensurate with an increase in porosity. Even if all
porosity is not readily accessible, as the reaction pro-
gresses, the disintegration of the catalyst particles contin-
ually exposes more pores. Porosity is expected to develop
beyond the 5 min snapshot provided here, but the rapid
increase in carbon volume and disintegration of particles
makes it untenable to study the interface.

The presence of a surfactant is known to reduce parti-
cle size during milling [34], which would increase specific
surface area. In prior work [24], the deposition process
on MA Ni-Cu catalyst was found to be independent
of particle size in similar microscale powders. The 30%
oxide sample would have the smallest particle size due to
oxide particles coating metallic surfaces so that fracture is
favored over welding. Since, it does not have the highest
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Figure 3. Carbon deposition after 5 min on Ni-Cu catalysts containing (A) 0% oxide, (B) 2% oxide, and (C) 30% oxide. (D) magnified view

of boxed area in (C). Reactions conducted at 550°C with 4:1 C;Hg:H,.

deposition rate, particle size alone is not a primary factor
in deposition rate.

Because surface break-up is required, factors con-
tributing to it will control the deposition rate. Microstruc-
turally, the pure Ni-Cu alloy [24] and the 2% oxide
[25] have been found to possess nanoscale and ultra-
fine grains after milling, but only the 2% oxide alloy
retains them at the reaction temperature. Also, the 2%
oxide alloy forms significant porosity, thereby enhanc-
ing available surface area for reaction and break-up. The
increased reactivity, then, is consistent with a defect-
mediated growth mechanism due to enhanced diffusivity
in nanocrystalline materials [35] that is aided by in-situ
pore formation. Therefore, this multifunctional alloy sys-
tem allows one-step processing to be used to form and
utilize a complex microstructure for efficient catalysis as
shown schematically in Figure 4.

The nearest metal-oxide materials to those used here
are Ni-MgO and Ni-Cu-MgO [22,23] where MgO is a
catalyst support, not a distributed phase. This represents
the first report of in-situ pore development to enhance
catalytic activity for CNF deposition, but CNFs have also
been used to enhance the surface area and otherwise add
functionality to ‘traditional’ metal foams. For example,
work on the immobilization of a washcoat of CNFs on
a preserved bulk Ni foam with pores that are 100s of
microns has been reported [31,32]. CNFs deposited on

Break-Up
& Growth

As-Milled Deposition

(oxide dispersed)

Foamed

time 2

Figure 4. Schematic representation of the multifunctional alloy
created through mechanical alloying. A single alloy is designed to
serve multiple purposes through in-situ transformation.

these foams were found to be strongly anchored as long
as catalyst disintegration was minimized.

The primary application of this powder is accelerated
CNF deposition, but the same processing strategy can
be applied for diverse functional purposes. For instance,
nanostructured catalytic powder may be consolidated
to create large-scale metallic foams by traditional solid
state foaming methods, as recently reviewed [36], and
used for electrodes, filtration, and other functional
designs. The CNFs produced also have diverse appli-
cations, especially as free-standing nanofibrous aerogel
materials [37]. These centimeter-scale aerogels require
rapid deposition to be efficiently produced within three-
dimensional molds. Smaller catalyst quantities are bene-
ficial to achieve a nearly pure carbon structure (i.e. less



than 0.01 vol% catalyst), or if the catalyst is beneficial to
the function of the material, a high catalyst load may be
used.

This work demonstrates that MA can be used to pro-
duce materials that provide multiple functionalities dur-
ing processing and application. Although other strategies
may be employed to achieve similar ends (e.g. using cat-
alytic nanoparticles), the simplicity and versatility of this
approach may be useful in other aspects as well. The
enabling feature of this technique is that nonequilibrium
and nanoscale distributions can be efficiently achieved,
and the evolution of those features during later process-
ing can be controlled to create unique properties. This
principle is well known in other applications of MA,
especially in thermal stabilization by phase formation or
segregation [38], but here we suggest there are diverse
opportunities to tailor functional properties by similar
processing, especially in catalytic applications.

Conclusion

A Ni 30 at% Cu catalyst was prepared by MA with 0, 2, or
30% CuO additions. By judicious selection of oxide con-
tent and processing, the catalyst particles could be made
porous, with a commensurate increase in CNF deposition
rate. All alloys performed better than comparable catalyst
prepared by ‘traditional’ co-precipitation methods, with
the 2% oxide sample reaching a peak deposition rate of
10,000% mass gain (g carbon/g catalyst) per hr. This rep-
resents an increase in efficiency of more than six times
that of a co-precipitated alloy, and more than 1.5 times
higher than the 0% and 30% MA alloys. The increased
efficiency in all cases is attributed to efficient surface
break-up facilitated by a refined microstructure, but the
2% oxide sample is further enhanced by the formation of
porosity (~20%) during deposition. CNFs have multiple
uses as a stand-alone material and when applied to metal-
lic surfaces, but the use of MA to create multifunctional
alloys can provide a unique method to meet even more
diverse applications.
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