
Journal of Catalysis 281 (2011) 300–308
Contents lists available at ScienceDirect

Journal of Catalysis

journal homepage: www.elsevier .com/locate / jcat
A quantitative investigation of the structure of Raney-Ni catalyst material
using both computer simulation and experimental measurements

N.C. Barnard a, S.G.R. Brown a,⇑, F. Devred b, J.W. Bakker b, B.E. Nieuwenhuys b, N.J. Adkins c

a Materials Research Centre, College of Engineering, Swansea University, Singleton Park, Swansea SA2 8PP, United Kingdom
b Leiden Institute of Chemistry, Leiden University, Einsteinweg 55, 2333 CC Leiden, The Netherlands
c IRC in Materials Processing, The University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom

a r t i c l e i n f o
Article history:
Received 12 November 2010
Revised 7 May 2011
Accepted 10 May 2011
Available online 15 June 2011

Keywords:
Monte Carlo simulation
Raney-nickel catalysts
Spray-atomisation
0021-9517/$ - see front matter � 2011 Elsevier Inc. A
doi:10.1016/j.jcat.2011.05.010

⇑ Corresponding author. Fax: +44 (0)1792 295676.
E-mail address: s.g.r.brown@swansea.ac.uk (S.G.R.
a b s t r a c t

This paper describes combined experimental techniques and numerical modelling of the surface condi-
tion of activated nanoscopic Raney-nickel catalysts produced via leaching of spray-atomised NiAl precur-
sor powders. Results of off-lattice Metropolis and lattice kinetic Monte Carlo models compare favourably
to experimentation quantifying the surface of Raney-nickel catalysts in terms of both surface area and the
surface distribution of residual aluminium left over from the leaching process. Predicted surface areas
from the kinetic Monte Carlo simulations are shown to be in good agreement with BET measurements
from nitrogen physisorption for catalyst materials prepared from two different NiAl precursor alloys. Sur-
face aluminium concentrations predicted by Metropolis Monte Carlo simulations are also in agreement
with X-ray photoelectron spectroscopy results and in addition predict an absence of Al–Al bonding at
the surface.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction tion of the surface of both starting alloys and the resulting
Raney-type nickel catalysts are prepared by removing alumin-
ium from a Ni–Al alloy using a sodium hydroxide solution [1–3].
This activation process is of crucial importance for the structure
and properties of Raney-type nickel catalysts. However, the struc-
ture and composition of the starting alloy also play an important
role in the performance of the final catalyst [4–8]. To our knowl-
edge, combined numerical modelling and experimental measure-
ments concerning the leaching process for Raney-type nickel
catalysts has not been reported earlier.

In this paper, two separate Monte Carlo models are used and
compared to experimental measurement. The first, a lattice kinetic
Monte Carlo model, attempts to predict the nano-porous structure
of the so-called ‘spongy’ nickel produced during leaching of Ni–Al
alloy. The second, an off-lattice Metropolis Monte Carlo model,
uses this predicted structure to attempt to describe the likely nat-
ure of the surface of the Raney-Ni catalyst in terms of surface seg-
regation of residual Al atoms. In order to correlate the model with
experimental data, bulk analysis (inductively coupled plasma opti-
cal emissions spectroscopy) and surface analysis (X-ray photoelec-
tron spectroscopy and BET) were performed on catalysts prepared
from spray-atomised starting alloy. The surface of the catalyst
(where the catalytic reactions occur) is of particular interest. Holm
and Storp, in 1976, were the first to use XPS for the characterisa-
ll rights reserved.
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Raney-type catalysts [8]. Since then published XPS data have pro-
vided conflicting results. These discrepancies could be caused by
differences in experimental procedures or in the interpretation of
the results, yet the most likely explanation is the variation of start-
ing alloys used by different research groups. A major point of dis-
cussion is the chemical state of the Ni and Al at the catalyst surface.
It has been claimed that Ni and Al are in the metallic state in acti-
vated catalysts [9–14]. However, it has also been reported that
next to metallic Ni, oxidic Ni is present in activated catalysts. In
the latter, aluminium is generally claimed to be in an ionic state
at the surface [15–20].

In this study, simulation of the leaching process is presented
using a combination of kinetic Monte Carlo [21] and Metropolis
Monte Carlo [22] methods with periodic boundary conditions. In
parallel, X-ray photoelectron spectroscopy, bulk analysis and BET
measurements are performed to correlate simulation results with
experimental data.
2. Numerical models

In this section, the details of the numerical models used and
their controlling parameters are described. First, the kinetic Monte
Carlo (kMC) method is covered with reference to its use of Arrhe-
nius relationships, attempt frequencies used, interatomic poten-
tials, the time-stepping algorithm and finally the activation
energies arising from the model. The advantages and limitations
of the kMC approach then serve to introduce the Metropolis Monte
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Fig. 1. Loss of aluminium during the first 300 s of leaching for dissolution attempt
frequencies of 1016, 1017 and 1018 s�1 for NiAl3 and Ni2Al3 simulations, where the
diffusion attempt frequency is constant at 1013 s�1 in all cases. The vertical bars at
10 s and 300 s are experimental measurements taken from Ref. [26]. The circles
represent a volume fraction weighted average for the 1017 s�1 case.

Fig. 2. Predicted area per weight evolution over time for the full leaching process
(3 h) for dissolution attempt frequencies of 1016, 1017 and 1018 s�1 for NiAl3, where
the diffusion attempt frequency is constant at 1013 s�1 in all cases.
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Carlo (MMC) model. General descriptions of these two techniques
are widely available in the literature, e.g., [21,22].

2.1. Kinetic Monte Carlo method

In order to simulate the time evolution of the leaching of a
Raney-Ni structure, a kinetic Monte Carlo method is used [23,24].
The model is based on work by Erlebacher et al. [25] who used this
technique to model the leaching of silver from a Au–50 at.% (atom-
ic percent) Ag alloy, examining the evolution of nano-porosity. For
NiAl alloys, two key processes are assumed to be taking place dur-
ing leaching, namely adatom diffusion (Ni or Al) and Al dissolution.
These processes are assumed to occur at known rates that serve as
the inputs for the model. For both diffusion and dissolution, a bond
breaking model is used. The activation barrier that an atom with
coordination number n must exceed to either diffuse or dissolve
is the sum of the bond energies of all of its neighbouring atoms,
nEb, and both diffusion and dissolution of adatoms are assumed
to proceed at a rate described by the following Arrhenius relation-
ships, respectively:

kdiff
n ¼ vdiff exp � nEb

kBT

� �
ð1Þ

kdiss
n ¼ vdiss exp � nEb

kBT

� �
ð2Þ

where kdiff
n is the rate constant for diffusion of an adatom (Ni or Al),

kdiss
n is the rate constant for dissolution of an adatom (Al only), vdiff

and vdiss are the frequency factors for adatom diffusion and Al dis-
solution respectively, n is the number of bonds, kB is the Boltzmann
constant, T is absolute temperature (K). The pre-exponential factors
for these processes are expected to be about 1013 s�1. For all leach-
ing simulations, a constant temperature of 353 K is used to match
the experimental leaching temperature and simulations are run
for 180 min to match the experimental procedure.

The potential barrier for dissolution is located near the surface,
the rate of dissolution depends on the potential, and this depen-
dence is expected to be described by the conventional Butler
–Volmer equation [26]. Here, we include the potential-related fac-
tor into the pre-exponential factor, and with this modification, the
pre-exponential factor becomes apparent and may be appreciably
higher than 1013 s�1. As the accurate value of the transfer coeffi-
cient in the Butler–Volmer equation is lacking, we simply postulate
that the apparent potential factor is 1017 s�1 based on numerical
results described below.

2.2. Attempt frequencies and the kMC model

In the spirit of a combined modelling/experimental paper, a
pragmatic approach has been taken to determine the value of vdiss

used in the model. Since this kMC model is confined to a fixed com-
putational lattice, it does not simulate the grain boundaries/lattice
defects. Also the effects of any reaction products are not included.
In reality, polycrystalline structures are present and some authors
have also proposed a fragmentation mechanism of such a structure
during leaching [27]. In order to choose a value for vdiss, with which
to obtain realistic kinetics of dissolution, published measurements
of the rate of removal of Al from precursor material as a function of
time are used. The vertical bars in Fig. 1 show measured Al content
after 10 s and 300 s of leaching for two different commercial 50–
50 Ni/Al wt.% alloys [28], i.e., corresponding to a Ni–Al 68.5 at.%
alloy. It can be seen from Fig. 1 that removal of Al via leaching
has effectively finished after 10 s. Fig. 1 shows the predicted re-
moval rates of Al for NiAl3 and Ni2Al3 phases, simulated separately,
for values of vdiss of 1016, 1017 and 1018 s�1. First of all, it can be
seen from this figure that the effect of the choice of vdiss on the
leaching of Ni2Al3 phase is very small. Assuming typical propor-
tions of NiAl3, Ni2Al3 and Al phases of 33, 62 and 5% respectively
[29] and assuming all of the Al phase dissolves immediately, a vol-
ume fraction weighted average can be calculated for the amount of
Al in the material as a function of time. It can be seen that choosing
a value of vdiss = 1017 s�1 the weighted average percentage of Al is a
good match to the experimental measurements.

Although dissolution of Al occurs very quickly in practice, the
leaching procedure is carried out for 3 h to ensure removal of reac-
tion products. During this time, coarsening of the structure occurs
via atomic diffusion. Fig. 2 shows the effect of the value of vdiss on
the coarsening of the structure for NiAl3 phase. A very steep initial
rise in surface area followed by a slower decrease with time is pre-
dicted. From this figure, it can be seen that although there are ini-
tial differences in the very early stages, the final predicted surface
area of the leached material is relatively insensitive to vdiss and the
same effect is found to be true for the Ni2Al3 phase. In contrast, it
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would be expected that the time-dependent coarsening of the
structure is much more dependent on vdiff and this is found to be
the case in simulations. In this work, a value of vdiff of the order
of the Debye frequency is used because it has previously been used
very successfully in surface-diffusion driven simulations of mor-
phological evolution, e.g., [30–32]. Although these latter references
concern behaviour in ultra high vacuum more recent studies inves-
tigate other environments [33–37].
2.3. Interatomic potentials and the kMC model

The atomistic model potentials used, Eb, are based on the work
carried out in [38], which involved a mathematical transformation
between atomic volume and a local variable function. In this work,
potential parameters were determined by fitting energy surfaces
resulting from full-potential linear combination of muffin-tin orbi-
tals (LMTO) total-energy calculations to density functional theory
(DFT) calculations. The interatomic potentials used were calculated
via:

Eb ¼ EðxÞ=N � 1
2

Xnn

i–j

wsisj
ðrijÞ ð3Þ

where x is the atomic volume, N is the total number of atoms, si is
the reference lattice system and rij is the interatomic distance. The
form given in [38] for the first term in Eq. (3) is used, in addition to
the parameterized form for the pair interactions, w, using
w0 = �0.330, �0.375 and �0.138 eV for Ni–Ni, Ni–Al and Al–Al
bonds, respectively. Atomistic potentials were calculated over the
number of nearest neighbour atoms, nn [39], and in the present
model, it is assumed that the crystal is without any type of lattice
defect, and the role of any reaction products is not included. Within
the current model, vacancy formation and surface relaxation are not
considered, and it is acknowledged that a more sophisticated model
of atomic bonding could be of benefit, e.g., effective-medium theory
[40], embedded atom method [41] or Finnis–Sinclair (F–S) type
many-body potentials [42]. However, experimental data with
which to compare more complicated models, especially in the early,
vigorously agitated stages of leaching, are not currently available. In
situ leaching experimentation carried out at the ILL (Institut Laue-
Langevin, Grenoble, France) by other workers associated with the
current project has been carried out to provide further detail on
the precise leaching processes occurring in these materials [G.N.
Iles, F. Devred, U. Dahlborg, G. Reinhart, M. Calvo-Dahlborg, B.E. Nie-
uwenhuys, In situ studies of the leaching process in Al–Ni alloys, ILL
Experimental Report 5-25-156, January 2009, ILL: D20 – high inten-
sity powder diffraction]. However, the data are yet to be analysed in
more detail and will be published in the near future.

The surface diffusion of both elements during leaching means
that the final nanoscopic spongy nickel structure is not ‘revealed’
but ‘constructed’ during leaching by diffusion of Ni adatoms. Eqs.
(1) and (2a) ensure that atoms with fewer bonds are more likely
to dissolve or diffuse. Adatoms either already present in, or diffus-
ing to, lower energy sites (i.e., sites of higher coordination number)
will tend to become less likely to diffuse further. In this way, Ni
adatoms tend to cluster together at surfaces that are increasingly
exposed during Al dissolution, thus building up a nanoscopic
structure.
2.4. Time stepping and the BKL algorithm in the kMC model

Knowledge of the rates of all permitted transitions allows the
time increment for any iteration of the model to be calculated. This
has been done using the well-known Bortz–Kalos–Lebowitz (BKL)
algorithm to determine the evolution of the spongy nickel on an
event-by-event basis. For completeness, a brief description of the
algorithm is provided here.

1. Set elapsed time to zero; t = 0.
2. Determine all possible transition states and calculate the cumu-

lative function, Ri ¼
Pi

j¼1kj for i = 1, . . . , N, total number of tran-
sitions. The total number of transitions is all possible adatom
diffusion/dissolution events.

3. Get a uniform random number, u e (0, 1].
4. Find the event to carry out, i, for which Ri�1 < uR < Rj.
5. Find all transitions and associated rates, ki that have changed

due to the transition.
6. Get another random number, u e (0, 1].
7. Update the time with t = t + DT, where DT = �log(u)/R.
8. Return to step 2.

In this paper model results for leaching of the NiAl3 phase are
presented. To carry out a simulation, a 3D computational domain
is created containing Ni and Al atoms in atomic proportions 1:3
in an AuCu3 structure (a computationally convenient approxima-
tion of the NiAl3 structure [43]). Initially a cubic region of material
is created, all faces of which are considered to be exposed to con-
centrated NaOH solution. The BKL algorithm is then applied with
the result that Al atoms are progressively removed (at a rate that
decreases with time). Simultaneously, adatom diffusion of Ni
results leads to the development of a nano-porous structure.

2.5. Activation energies and the kMC model

Before proceeding further, the activation energies associated
with dissolution and diffusion events are considered. In transition
state theory terms, the diffusion rates of Ni and Al atoms and the
dissolution rates of Al atoms will depend on lateral interactions
in the activated and ground states [44], and these rates are
expected to vary according to different arrangements of atoms. It
should be noted that the rates of diffusion and dissolution depend
on the metal–metal interactions in the ground and activated states
and that these interactions for these processes are very different.

In a real system, the jump rates associated with diffusion/disso-
lution events will be widely distributed whereas in the kMC model
this distribution is much smaller. In order to evaluate the parame-
ters used in the model, we now focus on the particular activation
energies dominating diffusion/dissolution events in the model. In
the BKL algorithm, all possible adatom diffusion/dissolution events
contribute to the cumulative function, R, and each will have an
associated activation energy nEb (BKL algorithm step 2) that will
vary depending on their local neighbourhood. For both adatom dif-
fusion and dissolution events, the governing activation energy will
be the one associated with the particular event that is carried out
(BKL algorithm step 4). Fig. 3a and b shows the activation energies
governing adatom diffusion and dissolution steps for the first 2.5 s
and 300 s of simulated leaching of NiAl3. Outputted at regular
intervals, each point is the mean value of activation energy for
either diffusion or dissolution processes occurring over the previ-
ous 100 sampling steps. From this figure, it is clear that the activa-
tion energy governing diffusion is several times smaller than that
governing dissolution.

From Fig. 3b, the activation energy for dissolution generally lies
in a range of 100–120 kJ mol�1; although once the bulk of Al has
been removed, the computed values become more scattered as dis-
solution events become more infrequent, an effect which is exag-
gerated by the relatively small number of atoms in the model.
Fig. 3a shows the activation energy governing dissolution early
on in the leaching simulation is as low as 65 kJ mol�1, and for
the first 2 s, a fairly steady 100 kJ mol�1 prevails. This is consistent
with experimentally measured activation energies ranging from 42
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Fig. 3. Calculated activation energies for adatom diffusion (lower series) and Al
dissolution (upper series) during leaching of NiAl3 (dissolution attempt frequency
1017 s�1 and diffusion attempt frequency 1013 s�1) for (a) the first 2.5 s of
simulation and (b) the first 300 s of simulation.
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to 103 kJ mol�1 for a range of binary NixAly alloys, where an
increase in activation energy with increasing Ni content was
observed [45]. Referring to Fig. 3b, it is noted that the activation
energies for dissociation are higher than those for diffusion simply
because the apparent pre-exponential factor for dissociation is
much higher than the pre-exponential factor for diffusion. In real-
ity, the difference is also related to the difference in the dynamics.

For adatom diffusion, the governing activation energy is more
tightly centred on a value of 45 kJ mol�1. Antczak and Ehrlich
[46] provide a comprehensive review of published surface diffu-
sion data, derived from both experimental and numerical methods
for a variety of metals. For the case of Ni on (1 0 0), Ni surface dif-
fusion values reported range from 45 to 125 kJ mol�1. The value
calculated from the kMC model is at the lower end of this range,
but in our model, coarsening occurs mainly by edge/step diffusion
that will be easier compared to diffusion across a 2D plane. Thus
for adatom diffusion and Al dissolution, the governing activation
energies in the model are reasonable when compared to published
data.
2.6. Metropolis Monte Carlo model

The advantage of the kMC approach is its ability to simulate
leaching over times comparable to industrial practice. However,
in the kMC model, only dissolution and surface diffusion occur that
permits considerably less computational effort because only sur-
face atoms are considered in the simulation. However, it does rep-
resent a significant computational simplification because diffusion
of Al atoms from the interior to the surface is ignored. To provide
some justification for this approach, it is known that Al dissolution
occurs rapidly, and coarsening of the structure by surface diffusion
will be dominated by edge diffusion, both processes occurring
much faster than diffusion in the interior. The coarsening of the
structure itself will also reveal unleached Al atoms at the surface
where they can dissolve.

To overcome the limitations of the kMC model and to investi-
gate possible segregation effects where atoms move between
internal and surface sites, a Metropolis Monte Carlo model, de-
scribed below, is employed. In contrast to the kMC model, the
Metropolis model includes anisotropy in the pair–pair interactions
but makes the assumption that coarsening of the structure has be-
come negligibly slow.

In order to address the experimental observations that leached
Raney-Ni catalytic powders composed of <10% aluminium and can
possess 30–50% metallic aluminium at the surface, a Metropolis
Monte Carlo (MMC) modelling approach has been adopted. The
MMC algorithm differs from the kinetic Monte Carlo method
(kMC) in that it attempts to determine the minimum energy for
a system, but without reference to time. The kMC technique has
been used to simulate the time evolution of nano-porous struc-
tures during leaching. In contrast, the MMC technique is used here
to determine the lowest energy configuration for these computed
structures in terms of optimum interatomic spacings and distribu-
tion of atomic species.

The general MMC algorithm is described widely in the litera-
ture, e.g., [47]. Here, it is used in the isothermal-isobaric ensemble.
The number of atoms, N, temperature (300 K) and pressure are
fixed. The number of each kind of atom (Ni or Al) is also fixed.
Two types of trial are performed.

(1) Random displacement of each atom in the computational
domain from its current position. The magnitude of this displace-
ment is of the order 0.003 Å. Once each atom has been displaced;
the decision on acceptance of the new configuration is based on
the standard Metropolis method:

Pr ¼ exp
�DU

kT

� �
ð4Þ

where kT is the Boltzmann factor and DU is the potential energy dif-
ference. If the probability Pr is greater than unity, the new configu-
ration is accepted. Otherwise it is still accepted with a probability of
Pr.

(2) An atom is exchanged with another atom selected at ran-
dom. The decision on acceptance of the change is also according
to Eq. (4) above.

After all atoms in the simulation have undergone several of
these steps, the lattice parameter of one box direction, [0 0 1],
[0 1 0] or [1 0 0], is selected at random and altered. Random
changes in lattice parameter of up to 1 Å are used. The probability,
Pr, of acceptance of such an alteration is given by:

Pr ¼ exp
�ðDU þ PDV � NkT ln VÞ

kT

� �
ð5Þ

Here, V is the volume of the box, and P is pressure (assumed to be
zero). This acceptance criterion is based on the standard Metropolis
method in Eq. (4) [48].

These trials are repeated until the system effectively reaches a
steady state where the cohesive energy per atom and the predicted
lattice parameters converge and the surface concentration of Al do
not change with further trials. While several data sets have been
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made available to model NiAl alloys, we choose the tight-binding
(TB) second-moment approximation (SMA) approach adopted by
Papanicolaou et al. [49]. This TB-SMA approach defines the total
energy of the system (U in Eq. (4)) as

U ¼ �
XN

i¼1

X
j–i

Aab exp �pab

rij

rab
0

� 1

 !" # 

�
X
j–i

n2
ab exp �2qab

rij

rab
0

� 1

 !" #( )1=2
1
A ð6Þ

Here, the first term is a pair-potential repulsive term, and the sec-
ond term corresponds to the band-structure term. N is the total
number of atoms, rij is the distance between atoms i and j of the spe-
cies a and b, respectively (a and b stand for Al or Ni) and the sum j is
extended up to fifth neighbours. Numerical values of the constants
A, n, p, q and r0 are given in [49]. MMC simulations of this type have
been carried out in the past to investigate the surface configurations
of isolated nano-clusters of NixAly alloys, e.g., [48]. Using this
data set, the cohesive energy per atom converges to �4.176 eV the
predicted lattice parameters converge to 0.344 nm.

In summary, a kMC model is used to generate a nano-porous
structure that aims to be representative of real as-leached spongy
nickel. The predicted 3D arrangement is then used as a reference
structure upon which different proportions of Ni and Al atoms
can be placed. While maintaining the numbers of Al and Ni atoms
constant, the MMC algorithm repeatedly swaps Al and Ni atoms
whilst also adjusting the overall lattice parameters to compute
the lowest energy configuration for the given atomic arrangement
and relative proportions of Al and Ni atoms. No further diffusion or
leaching occurs during the MMC simulation. The MMC model is
thus used in a similar manner to published work on isolated sphe-
roidal nano-clusters of different compositions [48]. The important
difference here is that the simulation is carried out on a non-sphe-
roidal cluster. The effectiveness of using this two-stage approach is
discussed later. Simulations were performed on standard 2.66 GHz
PCs. A complete kMC/MMC simulation on a grid with 2003 atoms
would take approximately 500 h. The MMC simulation presented
here required 3 � 107 iterations (�1000 per atom) for convergence,
where each Monte Carlo step is equivalent to a sampled event. This
is extended to 8.6 � 107 in the case of the kMC model described in
this paper, which corresponds to approximately 2500 Monte Carlo
steps per atom.

3. Experimental

3.1. Preparation of the catalysts

Alloy atomised powders Ni–Al 68.5 at.% were received from
CERAM. The atomisation process used to prepare the starting alloy
is described elsewhere [4]. Starting powders were treated with an
excess of an aqueous 20 wt.% sodium hydroxide solution. This ex-
cess of concentrated sodium hydroxide (more than 10 wt.%) is re-
quired to avoid the precipitation of Bayerite (Al2O3�H2O), which
can block the pores of the catalyst by covering the nickel surface
[2]. The powder was slowly introduced into the sodium hydroxide
solution at 50 �C. Due to the exothermic reaction, the temperature
increased quickly to around 80 �C, which was kept constant during
the reaction. The sodium hydroxide was removed after the desired
reaction time, and the resulting powders were washed in distilled
water. The leaching process is complete after 3 h of reaction. In or-
der to study surface composition as function of the leaching time,
the leaching process was interrupted after 30 min and 90 min by
washing the powder with distilled water until no more hydrogen
gas evolves. To avoid exposure to air, the different samples were
kept immersed in water prior to the characterisation experiments.
In order to study the influence of particle size of the initial ato-
mised alloy on surface composition, various ranges of grain sizes
were used.

3.2. Inductively coupled plasma optical emission spectroscopy

Elemental analysis of the various catalyst was performed by
ICP-OES (inductively coupled plasma optical emission spectros-
copy) using a Varian Vista-MPX. For that purpose, 0.05 g of
powder was dissolved in a 6% solution of nitric acid and the solu-
tion was diluted by a factor of 1000 with distilled water before
measurements.

3.3. X-ray photoelectron spectroscopy

The Raney-type Ni catalyst samples were dried under a protec-
tive atmosphere. The XPS analysis was performed with an ESCALAB
MKII (VG scientific) system equipped with a dual anode X-ray
source (Mg/Al) and a spherical analyzer. The instrument was set
at a constant analyzer pass energy of 50 eV, and Al Ka1,2 radiation
with a photon energy of 1486.6 eV was used for excitation. The
electrons emitted by the sample were detected at an angle of 45�
with respect to the sample surface. Spectra were recorded of the
Ni 2p, Ni 3s, Al 2p, Al 2s, photoelectron lines with a step size of
0.1 eV. The Ni 2p3/2 binding energy of metallic Ni (852.80 eV)
was used as an internal reference. The carbon C 1s peak (285 eV)
was used as internal reference in order to correct for the shift in
binding energy due to charging of the sample. The surface compo-
sition of the catalyst was determined from the integrated intensity
of the Ni 3s, Al 2s photoelectron lines by adopting the elemental
sensitivity factors [50,51]. CasaXPS software was used to deconvo-
lute the recorded spectra.

3.4. BET measurements

BET surface areas of the catalysts were measured by N2 physi-
sorption at �196 �C with an automatic Qsurf M1 analyzer (Thermo
Finnigan). A special cell was designed to dry the Raney-type nickel
catalysts by evacuating the liquid. Prior to each measurement, the
catalyst was degassed for 3 h in helium at 150 �C to remove the ad-
sorbed impurities. For each measurement, at least three points
were taken to calculate the total surface area of the samples.
4. Results and discussion

4.1. XPS qualitative analysis

Fig. 4 shows the Ni 2p region of Raney-type nickel catalyst pre-
pared from Ceram Ni–Al 75 at.% 106–150 lm. This spectrum is rep-
resentative of all various homemade catalysts prepared. After
correcting for sample charging, the position of the Ni 2p3/2 emis-
sion line was observed at 852.8 eV, corresponding to Ni0. The Ni0

2p1/2 emission line was observed at 870 eV, which is in good agree-
ment with the doublet separation of 17.2 eV reported in the liter-
ature [50]. The peak at 858 eV is attributed to the typical
metallic Ni satellite. Due to the presence of this satellite, it is hard
to conclude on the complete absence of nickel oxide that should
appear between 854 and 855 eV, but its presence would be not
be significant.

The spectra comprising the Al 2s and the Ni 3s area are given in
Fig. 5. In this figure, the catalyst surface was also analysed at var-
ious leaching times (Fig. 5c) and various particle sizes of the start-
ing alloy (Fig. 5a). A broad band at approximately 120 eV can be
seen, which indicates the presence of Al3+ [50] for shorter leaching
time (30 min and 90 min). The emission line measured at 117.6 eV



Fig. 4. Ni 2p area of Raney-type nickel catalysts: Ni in metallic state.

Table 1
Surface composition of Raney-type nickel catalysts prepared from
atomised powders (CERAM) after various leaching times and using
different initial particle sizes.

Particle size of
starting
alloy (Ni–Al 68.5 at.%)
(lm)

Leaching time
(min)

At.%
Ni

At.%
Al

75–106 30 25 75
106–150 30 22 78
150–212 30 21 79
75–106 90 27 73
106–150 90 28 72
150–212 90 30 70
75–106 180 52 48
106–150 180 54 46
150–212 180 54 46
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is attributed to metallic aluminium [50]. After leaching times of
30 min and 90 min, a significant amount aluminium is still present
at the surface. This can be attributed to the fact that the leaching
process is not complete and that dissolved aluminium (Al3+) is still
present in the catalysts. After 180 min of leaching, mainly metallic
aluminium is present at the surface. Fig. 5b illustrates the shift
from ionic aluminium at short leaching times to mainly metallic
aluminium when leaching is considered to be complete. In
Fig. 5a, no significant differences were observed in XPS spectrum
for different particle sizes of the starting atomised powder.

In summary, the following information was obtained from XPS:

– Only metallic nickel is present at the surface.
– The amount of aluminium at the surface decreases with increas-

ing leaching time.
– After a short leaching time, aluminium is present at the surface

as an oxide or hydroxide. In contrast, after a longer leaching
time, mainly metallic aluminium is present.
Fig. 5. Ni 3s and Al 2s area: various particle size after 30 min of leaching (a) and 180 m
4.2. XPS quantitative analysis, bulk analysis and BET measurements

The Ni/Al ratio at the surface can be determined from the peak
intensity ratios by using the proper sensitivity factors [50,51].
Results are reported in Table 1. When the leaching process is not
complete (30 min and 90 min of leaching time), 70–80% of remain-
ing aluminium is present at the surface. At these early times, the
leaching process has not permitted full dissolution of the alumin-
ium that is still present at the surface as aluminium oxide or
hydroxide. The remarkable result is the large amount of aluminium
present at the surface when the leaching process is complete
(180 min): around 50% of aluminium is still present at the near sur-
face. This contrasts with simulation results that typically give a
maximum of 33 at.% of aluminium remaining at the surface after
leaching. However, it is known that the Ni2Al3 phase present in
the starting material does not leach properly and is still present
in the final catalyst [20,52,53]. Raney-type nickel catalyst is com-
monly described as an agglomerate of nano-crystallites of nickel,
the size of those nano-particles being ideally less than 5 nm. X-
ray photoelectron spectroscopy is a near-surface technique; up to
10–15 layers in depth contribute to the signals, corresponding to
a few nanometres, generally less than the predicted characteristic
pore sizes. Hence, Ni2Al3 that remains in the catalyst might con-
tribute to the XPS signals, a factor that is not simulated by our
models. To investigate this apparent discrepancy further, an extra
in of leaching (c) and from 30 to 180 min of leaching with fixed particle size (b).



Table 2
Measured bulk (ICP OES) and surface (XPS) Ni and Al concentrations and measured (BET) and predicted surface areas for 68.5 at.% and 82.5 at.% precursor materials.

Catalysts Ni (at.%) ICP OES Al (at.%) ICP OES Ni (at.%) XPS Al (at.%) XPS BET measured (m2 g�1) Surface area predicted (m2 g�1)

Ni–Al 68.5 at.% 106–150 lm 83 ± 1 17 ± 1 54 ± 1 46 ± 1 43 ± 2 43.95
Ni–Al 82.5 at.% 106–150 lm 95 ± 1 5 ± 1 68 ± 1 32 ± 1 48 ± 2 49.90

Fig. 7. 3D predicted nano-porous structure of leached NiAl3 precursor material. The
box at the top left shows a magnified view. Region A is an exposed (1 1 1) plane and
just to the right of B is an exposed (1 0 0) plane. Dark atoms are Ni, and light atoms
are Al. Edge length of the larger box is 50 nm. Calculated surface area is 49.9 m2 g�1,
the bulk Al composition is 5 at.% and the mean surface Al composition is 28.9 at.%.
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experiment has been carried out. Raney-type nickel catalyst was
prepared from atomisation powder with a composition of Ni–Al
82.5 at.% 106–150 lm. According to the phase diagram, there
should be no Ni2Al3 present in this alloy. This was confirmed by
neutron diffraction and X-ray tomography [29]. After proper leach-
ing (i.e., 180 min), the near-surface composition (XPS) is 32 at.% of
Al. The results are reported in Table 2.

It is interesting to note that the remaining aluminium in the
bulk (ICP-OES) is significantly larger when Ni2Al3 is present in
the starting alloy (Ni–Al 68.5 at.% 106–150 lm). This tends to con-
firm the fact that after leaching, two different types of aluminium
are present in our system: aluminium from residual Ni2Al3 (not
simulated) and aluminium that actually remains at the surface in
a metallic state even after leaching.

4.3. Simulation results

Fig. 6 shows the very early stages of leaching and is very similar
in appearance to published ‘spongy Nickel’ structures leached for
only a few seconds [28]. Fig. 7 shows the final structure predicted
by the kMC and MMC models for a structure that was initially
wholly NiAl3 phase that also closely resembles published TEM
images of leached Raney-Ni material [28] leached for much longer
times. (The ability of the model to produce leached structures sim-
ilar to observed leached NiAl3 and Ni2Al3 material has previously
been shown [24].) This model was run in a cubic domain with an
edge length containing 200 atoms. To estimate surface area, we
use the GRID/OEPP (one element per point) method [54–56]. The
structure is considered as a system of overlapping spheres sur-
rounded by a rectangular box. An orthogonal mesh with individual
element edge lengths a is then constructed cutting the three edges
in NX, NY and NZ points, i.e., the box contains NX � NY � NZ points.
Fig. 6. Predicted nano-porous structure in the very early stages of simulated
leaching (<30 s) of an initial NiAl3 structure using a kinetic Monte Carlo model.
Each point in the box is examined sequentially. Points at the sur-
face contribute a value of a2 to the total surface area. The value
of a was set equal to the Ni lattice parameter, 0.352 nm.

In Fig. 6, the calculated surface area is 49.9 m2 g�1, the bulk Al
composition is 5 at.% and the surface Al composition is 28.9 at.%
(close to the 32% Al value for the Ni–Al 82.5 at.% precursor material
with no Ni2Al3 phase present prior to leaching). The same simula-
tion for a mesh that is initially constructed as Ni2Al3 phase yields a
computed surface area of 33.0 m2 g�1. In the model, these surface
areas are calculated from a small region of nano-porous material.

In reality, the leached catalyst particles will also possess a micro-
scale porous structure [29]; however, the contribution of this mi-
cro-scale porosity to the overall value is not included in the present
model. The presence of mainly metallic aluminium at the surface
after complete leaching is in good agreement with the MMC
simulations that suggest that virtually no Al–Al bonds are present
in the system (Fig. 8).

Prior to leaching, each of the catalyst materials in Table 2 con-
sists of different proportions of Ni2Al3, NiAl3 and Al-eutectic
phases. These proportions for the 68.5 at.% Al material are shown
in Table 3. The 82.5 at.% Al material effectively contains only NiAl3

and eutectic (i.e., <5 at.% Ni2Al3). Full details of precursor and lea-
ched material, including 3D tomography images, are given in
[29]. Assuming that the effectively pure Al phase is completely
removed during the initial stages of leaching then the final surface
area of the leached material could be estimated via a simple
weighted average of the computed surface areas associated with
each phase after leaching. These predicted surface areas are also
shown in Table 2, and considering the very small region of material
simulated in the model, these are close to the measured BET data.
This lends confidence to the idea that the predicted nano-porous
structure in Fig. 7 is representative of as-leached spongy nickel.
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The final predicted densities for leached NiAl3 and leached Ni2Al3

phases are 1.53 and 2.44 g/cm3, respectively, although only very
small regions of material have been simulated. Larger scale mi-
cro-porosity coupled with the presence of unleached material in
whole particles of catalyst is not included.

As an aside, the measured value [50] of surface aluminium con-
tent for an exposed (1 1 1) plane is 25 at.% (Ni90Al10 at 1100 K). A
theoretical maximum of surface aluminium content for an exposed
(1 0 0) plane, precluding any Al–Al bonds, is 50 at.%. Since a struc-
ture predominantly comprising exposed (1 1 1) and (1 0 0) planes
is predicted by the model, it might therefore be expected that as-
leached Raney-Ni powders with residual Al would possess surface
concentrations of Al in the range 25–50 at.%, which is routinely ob-
served in experimental measurements.

Finally, despite their limitations, these relatively simple models
of a complex process have shown some promise in starting to
understand the structural evolution of Raney-Ni catalyst material
during leaching. As is often the case, the interplay between exper-
imentalists and modellers is mutually beneficial. However, it is still
the case that there are many structural and morphological features
Fig. 8. Central distance frequency distributions for the surfaces in Fig. 7 for (a) Ni–
Ni distances and (b) Al–Al distances at 300 K showing an almost complete lack of
Al–Al bonds at the surface.

Table 3
Measured phase proportions of catalyst prior to leaching.

Catalyst NiAl3 (%) Ni2Al3 (%) Al (%)

Ni–Al 68.5 at.% 106–150 lm 33.46 61.58 4.96
of these multiscale-porous structures that are not fully quantified
and the role of both nanometric and micrometric structural fea-
tures during catalysis are not fully understood. Were they to be-
come fully validated, numerical predictions regarding surface
areas, Al surface segregation and details of surface coordination
numbers could provide the basis for further modelling approaches,
e.g., density functional theory, in an attempt to start predicting cat-
alytic performance. However, the variety of different possible
chemical reactions, the role of small dopant additions, etc. all pres-
ent significant extra challenges.

5. Conclusions

Firstly, a lattice kinetic Monte Carlo model has been used suc-
cessfully to predict the surface areas measured for leached
Raney-Ni catalyst material produced from spray-atomised precur-
sor material using two different NixAly alloys. The activation energy
governing diffusion is found to be lower than that governing disso-
lution, and both values are at least consistent with published data.
Secondly, taking a pragmatic approach, an off-lattice Metropolis
Monte Carlo model has subsequently been used to investigate seg-
regation of residual Al in the simulated leached nano-porous struc-
ture. Using this two step approach reduces computational effort
considerably but represents a numerical simplification because in
the kMC model, diffusion of Al to the surface is not included, and
in the MMC model, further coarsening is not considered. However,
despite these limitations and the uncertainty associated with the
model parameters, a good match to experimental results has been
achieved.

The presence of residual unleached Ni2Al3 phase (which is not
accounted for in the model) has been demonstrated to influence
the amount of surface Al measured via XPS in such leached catalyst
material. This effect was removed by using a precursor alloy that
does not contain the Ni2Al3 phase [29]. Even though this alloy only
contained 5 at.% Al by volume after leaching, the model predicts
the surface Al composition is 28.9 at.% (close to the measured
32% Al value). Also, for two alloys of different initial composition,
the model correctly predicts the observed difference in final cata-
lyst surface topology. Finally, the model also predicts a virtual lack
of Al–Al bonds at the surface, also in agreement with previous pub-
lished results.
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