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Abstract: Porous metals with a large surface-to-volume ratio, light weight, and excellent electrical/thermal
conductivity have attracted much attention. In this study, Niy-Al;., alloys were prepared by mechanical alloying and
sintering. Thereafter, porous nickel (Ni) foams were fabricated through chemically de-alloying the aluminum (Al)
from the Ni,Al;, alloys using a sodium hydroxide (NaOH) solution. The phase compounds and microstructure of
the nanoporous nickel have been investigated using X-ray diffraction (XRD), scanning electron microscopy
combined with energy dispersive spectroscopy (SEM-EDX). SEM images revealed that porous Ni foams with
approximately 40 nm pore diameter and 100 nm ligament length were obtained from the dealloying of the Ni, Al

alloys.
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1. INTRODUCTION

Porous materials only started to be used in engineering
applications at the very beginning of the 20" century [1]. Metal
foams are a new class of materials and have been used as car
body structures, optical systems, biomedical implants, space
applications, light weight conformal pressure tanks, electrodes
for batteries, and many other applications in small scale.
Nanoporous materials possess many good properties including
high surface area, ultra-low density, high strength to weight ratio,
and good characteristics of electrical and thermal conductivity
[2-5]. In addition, it can be used for catalytic, gas sensing, and
mechanical applications [6,7]. In terms of the description from
the International Union of Pure and Applied Chemistry (IUPAC)
[8.9], porous materials can be considered into three types by
their pore size: microporous (pore size <2 nm), mesoporous (2
nm < pore size > 50 nm) and macroporous (pore size > 50 nm).
In this definition, nanoporous metal foam is a three dimensional
structure consisting of interconnected metallic particles or
filaments which has not less than 50% porosity. Nanoporous
metal foams having these characteristics show the low relative
density (Densitysoam/Densitypui), enhanced plasmatic behavior
and high surface area [10].

Nanostructured nickel is a potentially low-cost alternative
to precious-metal catalysts for electrochemical energy storage

systems [11]. The benefit of employing a nanoporous Ni is an
electronic band structure that promotes the reaction of interest
and a specific high surface area to maximize reagent contact.
The high surface area of porous metals allows the electrolyte to
access more of the metal, resulting fast charge/discharge
characteristics. However, nickel is typically used as the positive
electrode, being one of few materials that can withstand repeated
cycling and the associated volumetric changes. Nanoporous
nickel foam can be obtained by the alkaline leaching of
aluminium from Ni-Al Raney nickel [12], chemical vapor
deposition (CVD) [13-15], electrodeposition [16], dealloying
[17,18], powder metallurgy technique [15], and so on. However,
these processes were found to be imperfect due to limitations of
controlling the pore sizes and relative density which are
important for the properties of metallic foams [19,20].
Dealloying has been selected as the fabrication process for
nanoporous nickel in this study, due to numerous merits such as
easy handling and simple instrumental setup. The morphology
and chemical nature of the as-prepared nanoporous Ni have been
characterized using SEM and EDX; crystallinity and phase
information were obtained by XRD.

2. MECHANISM OF DEALLOYING

Dealloying can be interpreted as a reaction-diffusion
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process, where the less noble metal in a solid solution is
dissolved at the solid/liquid interface to an acid or alkaline
solution, leaving behind a porous residue. For dealloying to
occur, the two elements of a binary alloy must have sufficient
different equilibrium potentials, allowing the active one to
dissolve away while the other remains intact [21].

Nickel Powder

slowly disappears as dealloying is processed. It indicates that the
dealloying rate gradually decreases. The reaction practically
stops when all Al is dissolved in the NaOH solution. The Ni
atoms remained during chemical dealloying stable because of Ni
does not react with NaOH.
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Fig. 1: Schematic diagram of the fabrication process of nanoporous nickel foam.

Two important parameters should be considered for the
experimental observation on the dealloying. One is the parting
time, limiting concentration of the inert component in an alloy.
In general, dealloying does not occur above the limiting
concentration. The critical potential (£,) is the other important
factor for the dealloying process, marking the transition from
alloy passivity planar to the rapid formation of pores [21,22].
Therefore, dealloying usually refers to selective dissolution at a
potential above the critical potential. However, microscopic
observations at an atomic-scale by means of scanning tunneling
microscopy (STM) have revealed that selective dissolution also
occurs bellow E,, although the dissolution rate is relatively slow
[23].

Niy Al alloys have been used as starting materials as
earlier mentioned. However, aluminum does not react with
water under normal circumstances, as an impermeable
protective layer composed of aluminum hydroxide either forms
within a second or is already in place. The formation of a
protective layer is prevented with the addition of sodium
hydroxide. With the production of aluminates (Al(OH),), the
amphoteric (capable of acting as either an acid or a base)
aluminum hydroxide AI(OH); goes into solution as follows;

2 Al + 6 H;O—2Al (OH); +3H,, (1)
2Al (OH) 5 + 2NaOH— 2Na* + 2[Al (OH) ,] ) @)
2Al() +2NaOH + 6 H,0—2Na" + 2[Al (OH) )] ()*3Hzq  (3)

During these reactions, Al atoms in Ni-Al intermetallic
compound are continuously dissolved into the solution and

hydrogen (H,) bubbles come out of the sample surface. The
bubble is rapidly emerged at the beginning of the dealloying; it

3. EXPERIMENTAL

Ni-Al alloys having composition of NisgAlsg, NigAlge, and
NizoAlo (Wt % hereafter) were prepared by powder metallurgy.
Elemental Ni and Al powders (both with a purity of 99.7% and
particle size 40 um) were used as starting materials (Australian
metal powders suppliers Pty Ltd.). The metal powders with
mentioned compositions were ball milled (Retsch PM 400) of 10
h at 200 rpm with 20:1 ball to powder ratio. Thereafter, the
mixture was green compacted at 400 MPa and sintered.

The sintering was carried in two steps in GERO Vacuum
furnace. The first step was performed at 550 °C holding for 5 h;
and the second step was carried out at 1050 °C and holding for 5
h and rested in furnace cooling. Finally, the sintered Ni,Aly.x
alloys were dealloyed in a handmade cell for 5 h in a 5M NaOH
electrolyte at 60 °C. The procedure is illustrated in Fig. 1. The
morphologies and chemical compositions of the samples were
examined with a scanning electron microscope combined with
energy-dispersive X-ray spectrometer (SUPRA 40VP, Zeiss).

X-ray diffraction patterns were obtained by using Cu Ka as
the radiation source. The diffraction patterns were recorded over
a 20 range from 30 to 60° at a step size of 0.02°.

4. RESULTS AND DISCUSSION

Figure 2 shows the XRD patterns of the sintered samples
before dealloying. The patterns confirm the formation of Ni-Al
intermetallic phases. The crystallographic parameters of
intermetallic phases have been shown in Table 1. The patterns
indicate the formation of AlzNi and Al3Ni, in the sintered alloys.
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However, other intermetallic phases such as Al,Ni and
Al,Niz have also been formed. Inspection of the XRD spectra
(Fig. 2) reveals that the diffraction peaks for the samples with
higher Ni composition are broader.
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Fig. 2 XRD patterns of Ni,Al;«alloys before dealloying.
Table 1 Crystallographic parameters of the Ni,Al;«alloys.
Sample (%wt)  Compound 20(deg) h k | dA° FWHM (deg) Crystalline size (nm)
43.64 1 3 1 207 0.30 28.72
AlNi 45.32 2 3 0 19 0.30 28.89
NisgAlsg 47.23 1 2 2 192 0.50 17.39
45.15 0 1 2 200 0.20 42.90
Al;3Ni; 44.87 1 1 0 201 0.20 42.86
43.64 1 3 1 207 0.20 42.67
Al3Ni 45.32 1 1 2 199 0.20 42.92
NigoAlgo 47.23 1 2 2 192 Unmeasurable N/A
45.25 0 1 2 200 0.25 34.14
Al;Ni, 44,97 1 1 0 201 Unmeasurable N/A
45.22 3 0 1 200 0.40 21.45
NizoAlg Al3Ni 43.55 1 3 1 207 Unmeasurable N/A

47.13 1 2 2 192 0.40 21.61
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The broadening width can be converted to the crystallite
thickness by Scherrer’s equation as follows;

T = K/ (B cost) 4)

where, T = the mean size of the ordered (crystalline) domains,
which may be smaller or equal to the grain size, and B = full
width at half maximum (FWHM). K = 4 dimensionless shape
factor depends on crystallite shape (0.6 to 0.9), 1 = X-ray
wavelength (1.5046 A°) and & = Bragg angle. The XRD pattern
of the Ni,Aly exhibits a superimposed of sharp crystal peaks.
These crystal peaks match with (131), (230), (122), (110), (112),
and (301) crystal planes of AlzNi and (012), and (110) crystal
planes of Al3Nis,, respectively.

The crystal size of the NispAlsg alloy is ranging from 17.39
nm to 42.90nm. In addition, the crystal size of the NigAlg alloy
is ranging from 34.14 nm to 42.67 nm, whereas the crystal size
of NigyAlqg alloy is less than 22 nm which is shown in Fig. 3 (a).
The crystal size of the compounds Al3Ni and Al;Ni, have been
reduced with increasing the content of Ni in the alloys as shown
in Fig. 3 (b). However, the crystal size of the compound Al;Ni,
is larger than the AlzNi. Although the phase constitution is the
same in the three Ni-Al alloys, the size and amount of the Al3Ni
and AlNi, phases are different and depend upon the alloy
composition. These compounds had the significant influence on
the dealloying process and formation of nanoporous Ni foam.
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Fig. 3: (a) Variation of crystal size of the alloys, and (b) comparison of
crystal size of the Al;Ni and Al;Ni,.
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From the EDX spectrum presented in Fig. 4, we can see that
there are three basic types of peaks such as oxygen (O), Ni and
Al after 5 h dealloying. Ni peaks formed at 0.84, 7.40, and 8.14
keV X-ray energy. The O and Al spectrums have appeared
corresponding to 0.24 keV and 1.50 keV X-ray energy,
respectively. The presence of oxygen in EDX data ensures the
oxide formation. It is assumed that that these oxide products
were Al,O3 and NiO.
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Fig. 4: EDX spectrums of nanoporous Ni obtained after 5 h dealloying.

Figure 5 shows the SEM images of dealloyed Ni,Al;,
alloys. There were hardly any pores in nanoscale observed in the
dealloyed NisgAlsy and NigAlgg alloys.

Although NizAlz, shows nanoporous structure, as shown in
Fig. 5(c), a substantial amount of Al remains after dealloying
which was proved by EDX spectrums as shown in Fig. 4, and
EDX data in Table 2.

Table 2: EDX data for elemental analysis after 5 h dealloying

Alloy Element Weight%  Atomic %
Al 51.29 69.62
NisoAlso Ni 48.71 30.38
0 3.79 7.79
NisAlgo Al 58.08 70.83
Ni 38.14 21.38
Al 67.02 81.55
NisoAlzo Ni 32.98 18.45

Moreover, it has been reported that the residual Al cannot
be removed but asymptotically reaches a limit at exhaustively
long etching or dealloying time (up to 100 h) [24,25]. It is known
that the evolution of porous structure during dealloying involves
etching of less noble (LN) element coupled with coarsening of
more noble (MN) element by surface diffusion. Surface
diffusion of MN element along alloy interfaces plays a key role
in the formation of nanoporous metal [26]. It has been reported
that the surface diffusivity D of metal atoms can be given by
the following equation:

Di=[d]* k7/32yta* (5)
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Hnm

Fig. 5: SEM images of dealloyed Ni,Al, alloys: a) NiseAlsg, b) NisAlg, and c) NizgAlyq.

Where & is Boltzmann constant (1.3806 x 102 J K%), tiis
the dealloying time, 7 is the dealloying temperature, y is the
surface energy (yx;= 2.00 J m? [27]), dy is the ligament length,
and a is lattice parameter (ay;=3.5238x10° m). The calculated
Dy at 60 °C for 5 h dealloying time is 2.7826x10™"" which is
smaller than the reported by Qiu et al. [28]. The complete
leaching out of Al was not observed. Therefore, the surface
diffusivity of Ni can be improved by increasing the dealloying
temperature, or by decreasing dealloying time. In contrast, high
temperature also promotes Ni dissolution in strong alkali and
leads to destruction of nanoporous Ni.

5. CONCLUSIONS

The use of porous metals has generated much excitement in
the field of energy storage and other fields. In this study,
fabrication of nanoporous Ni foam was attempted by dealloying
the aluminum from NiggAlsg, NigAlge, and NisgAlyg alloys made
by powder metallurgy. Nanoporous Ni structure was observed
on the surface of NigAl; alloy after dealloying in a handmade
cell using a NaOH solution at 60 °C; whilst there was hardly any
pore at nanoscale observed in the dealloyed NispAlsy and
NigAlgo alloys. The pore and ligament size of the nanoporous Ni
is approximately 40 and 100 nm, respectively. EDX data
suggested that there was still residue aluminum remained in the
nanoporous Ni foam.
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