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Pt/Ni alloyed nanoparticles have been prepared via co-precipitation method on crystalline silica support.
The respective salt solutions were reduced using sodium borohydride (NaBH4) in an inert atmosphere
at 353 K. Various Pt/Ni molar ratios were studied. H,-TPR studies revealed that total reduction of the
metal ions occurred during the reduction stage while H,-TPD profiles show that there are four different
types of the catalysts. Catalytic studies of these bimetallic catalysts demonstrate enhancements in the
activity compared to Nijgo. Catalyst with the best activity, Pt7,Ni,g, exhibits specific metal sites not seen
in other catalysts. The existence of these metal sites is explained as due to the interaction between Pt and
Ni nanoparticles. STEM analysis strongly indicates that the nature of the interaction is the formation of
alloys between the metal particles while XPS demonstrates that Pt segregation occurs on the surface of

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Supported metal nanocatalysts have been given great attention
for many years. They play significant roles in various industries such
as in portable electronic products, production of nylons [1] and
most importantly in fuel cells [2,3]. With the rapid development
of technology, the demand for such active materials has increased
considerably. This has led to numerous studies among others on
the synthesizing and characterization of better efficiency catalysts.
Various metals, supports and synthesis conditions have been inves-
tigated. This has inadvertently brought about the increasing interest
in supported alloys as one of the main studied catalyst materi-
als. Nevertheless, these catalyst materials still lack comprehensive
fundamental understanding. For this reason, much work has been
focused on studying not only the properties of these materials but
also their synthesis conditions.

Traditionally, supported alloys are usually synthesized using two
or more metal precursors/metals at extreme temperatures. This
technique is well known and has been reported comprehensively
[4-6]. This classical approach is recognized for its simplicity and
clean resultant alloyed material, nevertheless it has several dis-
advantages. One of the major drawbacks of this method is the
increase in particle size with increasing temperature and heating
periods [7]. These treatments are employed to ensure the formation
of crystalline alloys as well as for drying and activation purposes.
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This phenomenon has been described in several systems such as
for alloy electrocatalysts [4], Pt;oCosp and the Pt/Ru supported
on carbon [5]. It is this shortcoming that eventually led to the
development of other methods of alloying in the catalyst prepa-
rations.

Generally, chemical reduction, electroplating as well as mechan-
ical milling [8] are some of the alternative (non-classical) alloying
techniques employed. Chemical reduction methods use reducing
agents such as borohydrides [9-13], hydrazine [14-16], formalde-
hyde [17-18] and alcohols [ 18-20]. This chemical reduction method
has been reported to produce both dispersed and small sized par-
ticles at low temperatures. The main reason for such favorable
features is the enhanced reduction rate of the precursors [15]. Even
so, it is noted that although this method is capable of efficiently
synthesizing the bimetallic nanoparticles, it does not guarantee
the formation of crystalline alloys and the particle is still prone to
oxidation. Hence, many researchers have employed thermal treat-
ments at high temperatures for long durations even after reduction
of the metal salts [11,16,21]. This method was employed by Mattei
[22] who reported the synthesis of non-alloyed bimetallic parti-
cles with core-shell morphology while other researches [15,23]
demonstrated the formation of alloyed bimetallic nanoparticles
with similar morphology. Though this non-classical method may
prove to enhance catalytic activity via the formation of smaller
particles when compared to the classical methods, the thermal
treatments used may hinder the actual potential of the catalyst due
to the increase in particle size during alloy formation as previously
mentioned. Therefore understanding the factors that govern the
alloy formation and their manipulation is significant.
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Several aspects can influence the formation of supported alloys.
Among them are the miscibility of the metal components, the
chemical interaction that occurs with the host matrix and the
reduction technique or reducing agent that ultimately influences
the nucleation and growth of the nanoparticles [22]. Researches
have also observed that other synthesis conditions can be manipu-
lated to induce or enhance alloying of elements. In a recent paper by
Antolini and coworkers [10], the effect of reduction temperature as
well as NaBH,4 concentration on the extent of alloying was reported.
Their investigations showed that for Pt/Co nanoparticles, a higher
degree of alloying was observed when the metal salts were reduced
at temperatures ranging from 0 to 40 °C and with lower concentra-
tions of NaBHy. Similar reaction temperatures have also been used
to synthesize Ni/Pd and Ni/Pt alloys employing hydrazine as the
reducing agent [14].

Our previous work has revealed that size and shape of supported
nickel prepared by a chemical method depended on the reduction
conditions [16], the nature of the support [24] and presence of a
metal additive [25]. By using hydrazine as the reducing agent, it is
found that crystalline silica promoted the reduction of nickel while
amorphous silica inhibits the nickel reduction by giving rise Ni ion-
silica surface species [24]. In a similar chemical reduction method
[25], whereby the bimetallic system is silver (Ag) and Ni, the pres-
ence of Ag sharply increased the catalytic activity of Ni. Although
silver is known as an inactive catalyst it was found that in the pres-
ence of silver, Ni/Ag core-shell groupings are formed which led to
an increase in metallic surface area of nickel and consequently to a
sharp increase in catalytic activity.

In this work, it is our objective to understand the surface
characteristics of the catalysts and describe how it affects the
catalytic activity of the supported bimetallic nanoparticles. We,
hereby, report the synthesis of Pt/Ni nanoparticles on crystalline
silica using sodium borohydride as a reducing agent. The forma-
tion of NiB and PtB also considered as metal-metalloid alloys
have been reported to promote hydrogenation activities [26]. Cat-
alysts were prepared via co-precipitation technique. The nature of
the as prepared catalysts was characterized by transmission elec-
tron microscopy (TEM), scanning tunneling electron microscopy
(STEM), selected area electron diffraction (SAED) and X-ray photo-
electron spectroscopy (XPS). Surface characteristics of the samples
were investigated using dynamic flow methods such as H, tem-
perature programmed desorption (H,-TPD) and H, temperature
programmed reduction (H,-TPR) analysis. The catalytic activity of
the prepared catalysts is evaluated via the hydrogenation of ben-
zene to cyclohexane.

2. Experimental
2.1. Materials

All materials were used without further treatment. Crystalline
silica (99.99%) was obtained from Chempur. Platinic chloride
(H,PtClg-H,0) was purchased from Sigma, nickel (II) sulphate
(NiSO4-6H,0) from R & M Chemicals and sodium borohydride
(NaBHg4) from Riedel de Haen.

2.2. Preparation of catalysts

All the catalysts were prepared via co-precipitation technique.
An amount of crystalline silica was weighed and suspended in a
mixture of 30 ml of distilled water and 8 ml of ethanol. The sus-
pension was purged with argon at 353 K. Subsequently, various
amounts of Pt (0.05M, 10ml) and Ni (0.084 M, 100 ml) salt stock
solutions were added to the suspension to obtain various mol/mol
ratios of Pt:Ni. The various ratios are Nijgg, Ptg Nigy, Pty1Niyg,

Pt7;Niyg and Ptygg (calculated based on AAS analysis). In all cases,
the Ni salt solution was added prior to Pt salt solution. The resul-
tant mixtures were homogenized for a duration of 10 min before
the addition of 8 ml of 0.2 M fresh cold NaBH,4. The reaction was
allowed to continue for an additional 15 min before filtering and
washing with distilled water. All catalysts were then dried under
vacuum conditions.

2.3. Characterization of catalysts

The TEM, STEM-EDX and SAED of all the samples were obtained
using a CM20 Philips transmission electron microscopy operating
at 20 kV. Fresh catalysts were redispersed in ethanol and a drop of
the solution was placed onto carbon coated copper grids. The XRD
spectra were recorded in the 26 range of 10-100° with a Cu Ko
radiation. XPS measurements (for C 1s, Si 2p, O 1s, Ni 2p and Pt 4f)
were conducted using an ESCALAB MK II VG with Mg Ko and Al Ko
radiations.

H,-TPR experiments were performed on all of the fresh cata-
lysts. Typically, 50 mg of the catalyst was weighed and placed in
a reactor. The catalyst was heated at a constant rate of 5 Kmin~!
from room temperature to 1123 K while purging with a mixture
of hydrogen and argon (1000 ppm Hj). The total gas flow rate was
previously determined as 90 mlmin~!. The resultant effluent gas
was analyzed on line using an Agilent G2890A microchromato-
graph operated at 333 K. In the case of H,-TPD experiments, 50 mg
of the catalyst was placed in the reactor. This was then activated at
473 Kin pure hydrogen for the duration of 15 min followed by purg-
ing with argon (100 ml min—") for approximately 45 min and finally
cooled to room temperature. H,-TPD analysis was carried out using
similar temperature program and detection as for the TPR analysis
described earlier.

2.4. Catalytic activity measurements

A series of experiments were conducted to determine the con-
ditions in which optimum activity is achieved. Catalysts were
subjected to various heating rates (2, 5, 10 and 15 Kmin~1) and sub-
sequent activation at 100 or 200 °C in a flow of 100 ml min~! of pure
hydrogen. The condition in which optimum activity is obtained was
then used to activate the catalysts as described below.

Typically as much as 50 mg of the samples were weighed and
placed in a U-shaped reactor. The catalysts were then activated
in a flow of 100mlmin-! of pure H,. Samples were heated to
473K at a heating rate of 10Kmin~!. Upon reaching 473K, the
samples were maintained at the same temperature for another
15min. Catalysts were then cooled to room temperature and
the catalytic activity measurements were conducted by contact-
ing the catalysts with a reaction mixture of 10/40/150 ml min~!
benzene/hydrogen/helium. The extent of dilution of the reaction
mixture with helium was previously chosen to enable comparison
of catalytic activity of the prepared catalysts. The reaction prod-
ucts were fed into a 5730A Hewlett-Packard gas chromatography
equipped with a flame ionization detector and 8 m molecular sieve
column. Various other temperatures were studied to evaluate the
catalytic activity.

2.5. Determination of fractal dimension

The particle’s dispersion onto and within the crystalline silica
support is evaluated using the fractal technique. Fractal dimensions,
Dg, of the samples were determined based on the method described
by Liang [27]. This approach involves choosing several centre points
in a TEM image of a sample and drawing circles with a radius of ry,
2, I3, ..., 1. Following this, the micrograph is manually digitized
using ones and blanks to indicate the presence and absence of par-
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Fig. 1. XRD diffractograms of crystalline silica and fresh catalysts and the respective Pt peaks deconvolution.

ticles. The number of ones (M;) within a circle of a certain radius
is calculated and an average is obtained. Subsequently, by plotting
In M vs Inr, the Dg value is obtained from the slope of the plot.

2.6. Determination of metal dispersion

Metal dispersion in the catalysts was determined using the
mathematical approach proposed by Borodzinski and Bonarowska
[28]. The mathematical expressions developed relate the aver-
age particle size and their dispersions. For metal particles
where d;>24d, (where ‘at’ is atomic) the dispersion (Dy;) is
5.01dg¢ z:n,-diz/Z:n,-d,-3 while for metal particles with an aver-
age particle size of d; < 24.0d,,,, Dy = 2.64/dye)vs)*81 where dpeyys)
is the relative volume surface mean diameter.

3. Results and discussion
3.1. Structural studies

The XRD analysis of the crystalline silica exhibits peaks at 260
values of approximately 39.5°, 40.3°, 42.4° and 45.7° as shown in
Figs. 1 and 2 for the fresh and activated catalysts respectively. The
main peaks for Pt are also positioned at around similar values (39.8
and 46.3) and hence make the determination of the metallic phase
of Pt in the samples difficult. The metal particle size which may be
small and the low metal content with respect to the silica may have
also contributed to the inability to determine the existence of these
peaks. Interestingly, the Pt peaks are a little more prominent, after
catalyst activation, in both the Ptg¢ and Pt7;Niyg catalysts. Decon-
volutions of these peaks indicate that a slight shift of the Pt peaks
occurs in the Pt7;Nipg catalysts when compared to that of Pt1gg. The
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Niigg, on the other hand, exhibits no peaks that indicate the forma-
tion of Ni or NiO. The unavailability of Ni and NiO peaks is quite
surprising considering the nature of Ni which easily agglomerates
hence should give rise to strong signals. Even so, this phenomenon
may be due to the arrangement of the Ni atoms that forms amor-
phous Ni or NiO. Similar occurrences have been reported elsewhere
for Ni [29]. The Pt peaks shift can be correlated to lattice distor-
tions which arise as a result of the variation in the atomic size of
the elements involved. This may lead to the occurrence of surface
segregation or to the formation of alloys. Several researches have
also attributed the occurrence of surface segregation in PtNi alloys
to lattice distortion [30-32] while others indicated the peak shift
owing to alloying between Pt and Ni [33,34]. In the latter, Ni atoms
are incorporated into the fcc structure of Pt. Similar observations
have been reported for the formation of Pt/Co alloys using NaBH,4
as areducing agent at temperatures below 373K [10].

TEM images of the Nigo, Pti00 and Pt7»Niyg are shown in the
respective Fig. 3(a),(b)and (c).Itis observed thatin all samples most
of the particle formation did not occur on the support but instead
the particles occurred surrounding the crystalline silica forming
fractal structures. This occurrence can be attributed to the low sur-
face area of the support which limits incorporation of the metal salts
along with its solvation in the aqueous phase during the reduction
stage. Li et al. also reported possible Ni leaching during reduction
with KBH4 in aqueous solutions, for catalysts calcined at low tem-
peratures prior to the chemical reduction [26]. This is due to the
poor interaction between the Ni species and the support which may
also have caused the fractal formation surrounding silica in this
case. Formation of such morphologies is due to non-equilibrium
growth of the particles [35]. This implies that the structure grows
in different directions at different rates. Such morphologies have
been reported to exhibit unique properties that differ from their
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Fig. 2. XRD diffractograms of crystalline silica, activated catalysts and the respective Pt peaks deconvolution.
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Fig. 3. TEM images and particle size histograms of (a) Nijoo, (b) Ptigo and (c) Pt7;Ni,g catalysts supported on crystalline silica.

bulk or isolated particles [36]. These fractal structures have a frac-
tal dimension (Dg) of 2.46, 1.85 and 1.97 for the Nijgg, Pt1gp and
Pt;»Niyg respectively. According to the previous studies, fractals
with different Dy values indicate the nature in which the fractals
exist. In general, those with a value of 2 refer to the formation of
smooth surfaces while fractals with a D value of more than 2 and
less than 2, indicate that rough continuous surfaces and surfaces

which are chemically active exist respectively [37]. Based on the Dg
values, the Niygq fractals exist as corrugated continuous surfaces.
This means that the metal phase is present as large structures of
an uneven surface. The type of irregularities in the metal structure
can be in the form of humps, cracks, whiskers or even pores [38].
On the other hand, according to Pajkossy and Nyikos [38] both the
Pty9o and Pt7;Niyg samples exhibit fractal dimensions that usually

Fig. 4. Electron diffraction of (a) Nijgo, (b) Ptigo and (c) Pt;;Niyg catalysts.
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correspond to that of catalysts. They reported that two types of
fractals with Dg values less than 2 can occur. Typically, continuous
fractals usually have partially blocked active surfaces while non-
continuous fractals are described as chemically active islands on
inactive supports. In this present work, the fractal growth did not
occur on the crystalline silica support and that the fractals formed
are that of partially blocked active surfaces. This phenomenon is
described to occur, due to the growth of the fractals that occurs in
several dimensions hence may cover some of the active sites avail-
able. In contrast, the non-continuous fractals are stabilized by the
inactive support that inhibits extensive growth and this enables a
maximum exposure of the active sites.

Images of the catalysts at higher magnification (not shown here)
show that the fractals are composed of small spherical particles.
The average particle size of the nanoparticles is 6.1 + 1.4, 14.0 - 4.4
and 9.3 £ 5.9 nm for Ptygg, Nijgg and Pt7;Niyg respectively. The size
distribution histograms indicate that the Ptqog exhibited a narrow
size distribution while both Niygg and Pt73Niyg demonstrated par-
ticles with a wide size distribution. The reduction in particle size
with increasing Pt content may be explained as due to the decrease
in the total number of atoms available in the catalysts during the
reduction and growth process. The similar total metal content in
terms of weight and the higher atomic weight of Pt decreases the
number of atoms that can be adsorbed and grow on nucleated metal
particles. This results in the smaller particle size. However, the pres-
ence of B to a certain extent may also play a role in the reduction
of the average particle size as reported previously [39,40]. Disper-
sion values of the metal phase [28] in the catalysts are 46.6%, 9.9%
and 36.8% for the Ptygg, Nijgp and Pt7;Niyg samples respectively.
Comparison of the metal dispersity of these samples with other
works [34,41] showed that similar values were obtained, although
different determination methods were used.

The electron diffraction patterns are shown in Fig. 4. The pattern
of Niqgg as in Fig. 4(a) is seen to be very diffuse and have less intense
rings. Hence this correlates with the XRD results that indeed amor-
phous Ni occurs in the catalyst. Samples of Ptigg and Pt73Niyg, on
the other hand, exhibit finer rings that are more intense, owing to
the polycrystalline nature of the metal particles. Based on these pat-
terns, the d spacings for the Ptyqq is 2.33, 1.96, 1.40 and 1.19 A. These
values are attributed to the (111),(200),(220)and (311) planes
of the fcc structure of Pt [42]. For Pt7,Niyg, the d spacings are 2.27,
1.96, 1.38 and 1.16 A. These values are similar to that of Ptjgy. No
additional rings assigned to Ni exists, hence indicates that alloying
occurs in the Pt7,;Niyg sample whereby Ni is incorporated into the
Pt fcc lattice.

The line profiles of the Pt7,Niyg, as shown in Fig. 5, also con-
firmed that most of the metal particles are not incorporated into
the crystalline silica support. The profiles of Si and O are similar and
thus indicate that only silica and no other metal or oxides exists in
the samples. The profiles of both the Pt and Ni metals are almost
identically matched. Hence, this further elucidates the formation
of Pt/Ni alloys in the Pt7;Niyg catalyst. This reaffirms the result
obtained from the SAED analysis previously described.

3.2. Surface characteristics

3.2.1. H,-TPR

It is expected that all metal particles are in the reduced state fol-
lowing the reduction of the metal ions in inert conditions. However,
possible superficial oxidation of the metal phase may have occurred
as a result of storing the catalysts in atmospheric conditions. Hy-
TPR analysis was conducted to investigate the state of the metallic
phase in the fresh catalysts. Fig. 6 illustrates the H,-TPR profiles
obtained. It is obvious that for all catalysts, the consumption of H;
does not occur in the temperature range studied. No consumption
peaks are observed for Ni oxides although nickel is known to easily

(e ]
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143 cps

Fig. 5. Line profiles of Pt7;Niyg supported on crystalline silica.

oxidize due to its high negative potential. This is indicative of the
occurrence of total reduction of the metal ions during the prepa-
ration stage and the catalysts are stable towards oxidation even
when exposed to air during storage of the samples. This is simi-
larly observed by Li et al. [9] who studied the formation of Pt/Ni
supported on carbon. However, in their work, they observed the
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Fig. 6. H,-TPR profiles of the various fresh Pt/Ni catalysts supported on crystalline
silica.
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Fig. 7. H,-TPD profiles of the various Pt/Ni catalysts supported on crystalline silica.

consumption peaks positioned at 243-303 K that are attributed to
the formation of PtO. In the present work, such peaks would not
have been observed due to the limited temperature range studied.

The profiles of Fig. 6 indicate that the production of hydrogen
occurs for samples with high Ni content (i.e. Nijgg and PtgNig;).
The production of the hydrogen occurs in the temperature range
of 600-760K and is attributed to H, strongly adsorbed onto the
metallic surface. As much as 4.1 x 10-3 and 4.8 x 10~3 mol gmet !
H, were produced by Nijgg and PtgNig, catalysts respectively. This
desorption may be explained as due to several factors; the excess
of borohydride ions not removed from the catalysts after washing,
adsorption of hydrogen gas during the preparation stage or adsorp-
tion of hydrogen during the TPR experiment at low temperature.
To determine the contributing factor, a sample containing only sil-
ica and NaBH4 was similarly analyzed using H,-TPR. The results
showed that no desorption of hydrogen occurred from both mate-
rials. Hence it can be summarized that the production of hydrogen
from high Ni content catalyst samples is possibly due to the adsorp-
tion of the gas molecules during the reaction of metal ions with
NaBH,4 or at low temperatures during TPR experiment.

3.2.2. Hy-TPD analysis

Fig. 7 exhibits the H,-TPD profiles. These profiles suggest that
there exist four distinct types of catalysts, that of Ni;gg, those with
high amounts of Ni content (PtgNig, and Pty1Nizg), Ptigo and that
with high Pt content (Pt7,Niyg ). The first type of catalyst, Nijgo, des-
orbs hydrogen at approximately 500-800K with a maximum at
670K. The second type of catalyst also desorbed hydrogen in a sim-
ilar temperature range but the incorporation of Pt resulted in the
formation of additional adsorption sites. Deconvolution of peaks
of these two types of catalyst demonstrates that both catalysts
are comprised of four peaks positioned at approximately 570-610,

Table 1
Average particle size and H,-TPD studies.

625-640, 690-705 and 700-745 K. Inspection showed that, upon
addition of Pt, the Ni peak is shifted from 670K to lower tempera-
tures range of 625-640 K. Another interesting observation is that
the peaks attributed to the Nijgg as well as that of PtgNig, and
Pt1Niyg catalysts (at 625-745K) roughly coincide with those of
the H,-TPR profiles of Fig. 6. Previous works have shown that these
peaks arise due to several factors: H, strongly bonded to the Ni
particles, hydrogen retained at the metal support interphase or H,
incorporated in the support as spilt-over species [43]. Adsorption
of Hy in this case may have occurred during the preparation stage
when the metal ions were reduced with NaBH,4 or otherwise during
the activation step. As for the peaks positioned at lower tempera-
tures, these are explainable as due to H; loosely bound to the metal
surface. The third type of catalyst, Ptygg, exhibits three peaks of dif-
ferent characteristics. The first peak is centred at room temperature
and is due to very loosely bound hydrogen atom from dissociated
hydrogen molecule. The second peak is positioned at 638 K and
is similar to that observed in the second type of catalyst (high to
moderate amounts of Ni content) and is ascribed to the moder-
ately adsorbed H atoms on the Pt surface. Finally the third peak at
925K is due to H-split-over species [44]. Even though these three
peaks are discrete, they are less intense and almost flat as com-
pared to those of the first type of catalyst. The final type of catalyst,
Pt7,Niyg, exhibits a different profile as compared to the other cat-
alysts. In this case, two peaks are observed, a small peak at 604 K
and a larger peak at 865 K. An interesting observation of this peak
is that it occurs at a lower temperature in comparison to the high
temperature peak of Ptygg. Hence, it is possible to summarize that
Ni may have induced a shift in the latter Pt peak to lower tempera-
ture. Li et al. [9] attribute this to the strong interaction between the
two metals at lower temperature that consequently improves the
H,-adsorption.

All catalysts investigated desorbed larger amounts of H
throughout the analysis as compared to the amounts adsorbed at
room temperature (between 1.4 x 10~> and 4.5 x 10~3 mol gmet~1).
However, Nijgp and PtgNigy, catalysts desorbed the largest
quantities of H, as tabulated in Table 1. It is important to
note that a difference in the amounts desorbed from TPD
(46x 1073 and 6.2 x 10-3 molgme:~!) and TPR (4.1 x 10~3 and
4.8 x 1073 mol gmet ! respectively) studies occurs. This difference
may be caused by the different experimental conditions employed
in both TP analyses. For H,-TPD, samples were activated with pure
hydrogen for 15 min, hence would incorporate greater quantities of
H, when compared to the TPR analysis which was conducted in a
more diluted environment of 1% H,. On the other hand it is observed
that a lower amount was desorbed by the Ptygg catalyst while a
moderate amount was incorporated in the Pty Niyg and Pt7;Niyg
catalysts. These results correlate well with the TPR profiles shown
in Fig. 6.

Further TPD experiments were carried out on the Pty;Nizg
catalyst without activation in order to understand the above

Catalyst Total metal Total metal Metal content (x 10~4mol) Average Hades (x1073 mol gmee )P
denotation content (wt.%) content particle

(mol ratio) (x10~*4mol) Ni Pt size (nm)?

Niio0 2.50 4.25 4.25 - 13.6 4.6

PtsgNig» 2.98 4.29 3.95 0.34 15.7 6.2

Pty1 Nizg 2.74 3.12 245 0.67 11.6 2.5

Pt;1 Nizg 2.74 3.12 2.45 0.67 - 0.7¢

Pt7,Niyg 2.15 1.37 0.38 0.99 9.3 2.4

Pti00 2.82 1.45 - 1.45 6.1 0.3

@ Calculations based on TEM analysis.

b Based on H,-TPD analysis, after Hy-activation at 473 K then H,-adsorption at room temperature (see Section 2).

¢ Without H;-activation at 473 K and H,-adsorption.
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Fig. 8. H,-TPD profiles of Pty Ni;9 without and after activation.

adsorption-desorption phenomenon. Fig. 8 exhibits the profile in
comparison with that obtained after activation. It can be seen that
two peaks are observed in the profile. These peaks are centred at
600-640 and 727 K. They are similar to that observed for the catalyst
after activation as well as that of PtgNig,. This infers that hydrogen
adsorbs on similar sites whether it is caused by the reduction pro-
cessinaqueous media at 353 Kor from gaseous hydrogen molecules
during the activation process at 473 K. However, additional peaks
are observed for the activated catalyst and may be explained as
due to the formation of additional Ni° or Pt° sites. Moreover, for
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(Crae) 5508

"

1000

o

s

S SRR vEeY
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Pt7»Niyg and Ptygq catalysts, absence of peak at 670-750 K strongly
indicates that no incorporation of hydrogen during reduction with
NaBH4 occurred. Hence, samples containing high amounts of Pt
(Pt100 and Pt7;Niyg) show desorption that are contributed by the
adsorption during the activation stage. The catalyst without acti-
vation, on the other hand, desorbed a lower quantity of H; i.e.
0.7 x 1073 mol gmet!; this is less than 1/3 of the amount des-
orbed by the activated sample. This desorbed H, represents the
amount that is adsorbed by the catalyst during the preparation
stage (reduction of metal ions). Similar adsorption phenomenon is
observed for the PtgNigy and Nijgg catalysts. This occurrence has
also been observed for supported monometallic nickel catalysts
where hydrazine was used as a reducing agent. Hydrazine adsorbs
on the support during the preparation stage and then desorbs as
nitrogen and hydrogen [45].

Thus the obtained temperature profiles suggest that the forma-
tion of alloy nanoparticles modify the sorption properties of the
individual metallic components. The presence of one component
into the other reduce the adsorption of H, onto the catalyst and
thus decreases the desorption temperature of hydrogen. Moreover,
the bimetallic catalysts seem to indicate the existence of specific
sites not observed in the other monometallic catalysts. This occur-
rence is probably the result of synergistic interaction that occurs
between Pt and Ni nanoparticles.

3.2.3. XPS

Fig. 9(a) shows the XPS spectrum of the Pt 4f of the Ptigp sam-
ple. Two peaks corresponding to the core levels of 4f;, and 4fs),
are observed at 71.6 and 74.9 eV respectively. These values corre-
late to that of the bulk Pt metal which is previously reported at
71.3 and 74.0 eV [46]. Hence, this indicates that the Pt in Pt is in
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Fig. 9. XPS spectra of (a) Pt 4f of Ptygo, (b) Ni 2p of Nijoo and (c) Pt 4f of Pt7;Niss.
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the zerovalent state [46]. The Ni 2p core-shell spectrum of Nijgg
is shown in Fig. 9(b). The Ni 2psj, exhibits two peaks at 856.6
and 862.9eV. The peak positioned at 856.6eV can be attributed
to the existence of NiO while the peak at 862.9 is identified as a
multielectron excitation satellite peak arising from the high bind-
ing energy peak at 856.6 eV [47]. Comparison of these results with
that obtained from H,-TPR studies shows differences in the states
in which the Ni exists. H-TPR studies indicate that no oxidation
occurred contrary to the results obtained via XPS. It is possible that
the NiO observed in the XPS profiles may be due to the formation of
slight surface oxidation in the samples while the bulk of the metal
phase is composed of Ni in the zerovalent state as shown by H,-TPR
studies. In the XPS spectrum of the Pt;,Niyg catalyst, similar peaks
as to that of the Ptygo occurred for the Pt 4f. Here, the 4f;;, and
4fs, core levels are positioned at 71.5 and 74.7 eV respectively and
are designated to metallic Pt. It is observed that there is a differ-
ence of 0.2 eV towards lower binding energies (BE) for the Pt 4f;,
core-shell. In addition, no peaks attributed to Ni are observed in
the catalyst. These phenomenons are attributed to the occurrence
of alloying as well as surface segregation of Pt respectively.

In terms of alloying, the extent in which the peak shifts as a result
of alloying is attributed to several factors. Among these factors is the
type of interactions that exist between the metals involved and the
temperature at which the metals are annealed or activated. Gener-
ally, previous works have shown that ionic bonding induces shifts
via electron transfer from Ni to Pt [33,46,48]. Zhao et al. showed
that a shift of about 0.3 eV to lower BE occurred in the Pt 4f spec-
tra for Pt/Ni nanoparticle alloys supported on multi-walled carbon
nanotubes [33]. Park et al. [46] also obtained similar values. How-
ever, other researchers have explained that this shift is attributed
to variations in the annealing temperature. As an example, Park et
al. [49] reported that annealing Pt/Ni electrodes at 300 and 500°C
showed larger XPS peak shifts compared to annealing at 200°C.
In their work, annealing at the latter temperature exhibits a shift
of 0.1 eV hence indicates that less alloying occurred compared to
when higher temperatures were applied. In this work a shift of
0.2eV is observed. It is possible that a weak interaction between
the Pt and Ni occurred. Metallic bonds which are weaker than ionic
bonds may have been formed leading to the small shift. Even so,
the low temperature at which the Pt/Ni catalyst was activated may
have also contributed to this slight peak shift. This further proves
that alloying occurs in the PtNi system prepared in this work.

Surface segregation of the Pt may also occur in the metal phase
of the Pt7;Nipg catalyst. It is well known that metals with a lower
heat of sublimation tend to segregate on the surface of alloys. Con-
sidering that the heats of vaporization of Pt and Ni are 509.6 and
370.3 kJ/mol respectively, such thermodynamic explanation is not
applicable in the case of Pt/Ni alloys [46]. Hence, other theories have
been put forward to explain this occurrence. One of the most widely
accepted theories is based on the electronic structure of the metals.
Hugosson et al. [50] described that the size of atoms play a signif-
icant role in the surface segregation in alloys. Larger atoms tend
to have a shorter bonding distance with their nearest neighbours
compared to smaller atoms. Such structures exhibit lower surface
energy. Thus, stable alloys are formed by forcing the larger atoms
to the surface where the coordination number is even smaller. In
this work, the larger size of the Pt atoms compared to Ni, leads to
segregation of the Pt on the Pt/Ni alloy surface. The total Ni content,
which is 27.5 at%, is retained in the bulk of the Pt/Ni alloy making it
undetectable via XPS. Similar finding has been reported elsewhere
[30].

3.3. Effect of borohydride reduction

The possible formation of NiB or PtB is also another important
aspect that requires consideration as the work described employs
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Fig. 10. Profiles of the reaction rate of hydrogenation of benzene to cyclohexane
for various Pt/Ni catalysts supported on crystalline silica relative to the reaction
temperature.

NaBH, as the reducing agent. Several authors have reported the for-
mation of NiB via the reduction of Ni salts using KBH,4 [26,51,52].
We presume that PtB alloying does not occur due to the stable
nature of Pt. Several studies on the incorporation of Pt and B on
various supports have shown that only interaction between the
support and B occurred [53,54]. The possible amorphous nature
of NiB prevents the determination of this compound via XRD, if it
occurs. This gives rise to the possibility of NiB existing in the cat-
alysts however the extent in which it is present is unknown. XPS
investigations of the Ni 2p3j, spectrum show that no peaks signi-
fying the availability of NiB arise at approximately ~853 eV. Even
so, AAS analysis reveals that only 0.27 wt% of boron exists in the
Nijgo catalysts. This indicates that the formation of NiB, if any, is
limited. Interestingly the bimetallic catalysts and Ptygg exhibit the
presence of even less boron content. The Ptygg, Pt75Niyg, Pty Nizg
and PtgNig, contain 0.01-0.15wt% of boron. Here, boron content
decreases with Ni content. It is well known that unlike Pt, Ni easily
forms NiB via the donation of electrons from B to metallic Ni mak-
ing B electron deficient and Ni electron rich [26]. Hence, this may
explain the higher availability of boron in catalysts with high Ni con-
tent. These alloys have highly unsaturated coordinative sites that
promotes adsorption and surface reactions [55]. Therefore this elu-
cidates the adsorption of H, by catalysts with high Ni content upon
reduction of the metal ions with NaBH,4 as observed via H,-TPD
analysis.

3.4. Hydrogenation of benzene

The reaction rates of the various Pt/Ni catalysts as a function
of temperature were investigated for the hydrogenation of ben-
zene to cyclohexane and are illustrated in Fig. 10. Analysis of
the support mixed with NaBH4 (not shown in Fig. 10) exhibited
no activity at all. Pt/Ni catalysts on the other hand showed an
increase in reaction rates and a shift towards lower temperatures
with increasing Pt content. The Nijgp catalyst showed no reac-
tion rates, similar to that of the support mixed with NaBH4 in
the temperature range studied. However, incorporation of Pt in
the catalysts resulted in drastic increases in the reactions rates.
Both PtgNig; and Pt;; Niyg exhibited reaction rates of approximately
3.5 x 1073 molmingmet~! at 420 and 397K respectively. Further
increase of the Pt content in the catalyst Pt7;Niog demonstrated
an even higher reaction rate of 10.7 x 10~3 mol min gmet ! at 368 K.
Interestingly this is 4.4 x 10~3 mol min gme;~! higher than that of
the Pty catalyst which exhibits maximum reaction rates at 400 K.

High reaction rates are always observed for aromatic hydrogena-
tion over group VIII metal catalysts [56]. Hence, bimetallic catalysts
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containing a metal from this group have frequently shown high
reaction rates. Research on the Pt/Ni systems suggested that the
occurrence of synergistic effects between Ni and Pt upon alloying
occur [33,34,57]. This influences the metal’s electronic structure
and indirectly the chemisorption properties of the molecules/atoms
on the metals involved hence changes the reaction rates. Numerous
factors can change the electronic structure as a result of alloying.
Among these are the difference in Pt-Pt bond distance, number of
Pt nearest neighbours as well as electron density of the Pt d orbital
[3,34].

In this study, the high reaction rate exhibited by the PtgNig,
and Pty Nizg catalysts as compared to Nijgg may be explained as
due to the presence of Pt in the bimetallic catalysts. However, the
enhanced reaction rate of the Pt7,Niyg when compared to the Ptygg
catalysts can be attributed to several factors. Comparison of the
average particle sizes of Pt1gg and Pt7;Niyg indicates that Ptygg par-
ticles are smaller however reactivity of the Pt7,Niyg is much higher.
This signifies that the morphology of the metal particles did not
affect the reactivity and emphasizes that the reactivity may be
attributed to alloying between the Pt and Ni metals. This was shown
previously via line analysis and XPS results. Surface segregation of
Pt which is more active than Ni atoms, seen in the XPS studies could
have also played a role in promoting the reactivity of this catalyst. In
this system, contribution of NiB, if any, to the reaction rate is mini-
mal considering Ni;gp which contains the highest B content exhibits
inactivity towards the hydrogenation of benzene to cyclohexane.

4. Conclusion

The present study shows that the catalysts preparation method
employed facilitates the formation of totally reduced bimetallic
metal particles. TEM analysis reveals that the metal phase in the
Pt100, Nijgo and Pt7;Niyg catalysts exist as fractal morphologies.
Fractal dimension of the catalysts indicates that in contrast to Niqqg,
the Ptygg and bimetallic Pt7;Niyg are composed of active phases
suitable for catalytic reactions. Enhanced activity is seen for all
bimetallic catalysts when compared to Niygg. Even so, the best cat-
alytic activity is seen for the Pt7;Niyg. Results indicate that alloying
and Pt segregation on the surface of the alloys are factors that lead
to the improved conversion of benzene.
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