International Journal of Minerals, Metallurgy and Materials
Volume 21, Number 8, August 2014, Page 806
DOI: 10.1007/s12613-014-0974-x

Influences of synthesis methods and modifier addition on the properties of
Ni-based catalysts supported on reticulated ceramic foams

Vesna Nikoli¢?, Zeljko Kamberovic®, Zoran Andic®, Marija Kora¢?, Miroslav Soki¢?, and
Vesna Maksimovic®

1
2
3
4) Institute for Technology of Nuclear and other Raw Materials, Bulevar Fran3 d'Eperea 86, 11000 Belgrade, Serbia
5) Institute for Nuclear Sciences ‘Vinca’, Mike Petrovic¢a Alasa 12-14, 11001 Belgrade, Serbia

(Received: 29 December 2013; revised: 27 January 2014; accepted: 10 March 2014)

Innovation Center of the Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, 11120 Belgrade, Serbia
Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, 11120 Belgrade, Serbia
Innovation Center of the Faculty of Chemistry, University of Belgrade, Studentski trg 12-16, 11000 Belgrade, Serbia

= L o O

Abstract: A method of synthesizing Ni-based catalysts supported on a-Al,0s-based foams was developed. The foams were impregnated
with aqueous solutions of metal chlorides under an air atmosphere using an aerosol route. Separate procedures involved calcination to form
oxides and drying to obtain chlorides on the foam surface. The synthesized samples were subsequently reduced with hydrogen. With respect
to the Ni/Al,O5 catalysts, the chloride reduction route enabled the formation of a Ni coating without agglomerates or cracks. Further research
included catalyst modification by the addition of Pd, Cu, and Fe. The influences of the additives on the degree of reduction and on the
low-temperature reduction effectiveness (533 and 633 K) were examined and compared for the catalysts obtained from oxides and chlorides.
Greater degrees of reduction were achieved with chlorides, whereas Pd was the most effective modifier among those investigated. The reduc-
tion process was nearly complete at 533 K in the sample that contained 0.1wt% Pd. A lower reduction temperature was utilized, and the cal-

cination step was avoided, which may enhance the economical and technological aspects of the developed catalyst production method.
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1. Introduction

Catalysts supported on oxides that contain noble or base
metals as catalytically active components are widely used in
heterogeneous catalysis processes (e.g., hydrocarbon steam
reforming) [1-3]. The various support types and forms, onto
which metals can be applied, include reticulated o-Al,O;
foams and y-Al,O; powders [3-6]. Although no-
ble-metal-based catalysts exhibit excellent catalytic proper-
ties (i.e., activity, stability, and selectivity) [3], their applica-
tion in industry is expensive [7]. In contrast, Ni is an effec-
tive substitute for noble metals because of its high catalytic
activity and selectivity [8]. Because of its low cost, Ni is
economically favored in industrial applications [6,9-10]. As
an example, Ni/Al,O; catalysts are used in the steam re-

Corresponding author: Vesna Nikoli¢ E-mail: vnikolic@tmf.bg.ac.rs

forming of ethanol and other hydrocarbons [6,10-12].
However, Ni-based catalysts are prone to rapid deactivation
due to the formation of deposits on the Ni surface and Ni
sintering at elevated temperatures. Hence research on the
synthesis of Ni-based catalysts with enhanced activity, deac-
tivation resistance, and selectivity is necessary to enable
their functionality in long-term applications. This goal can
be achieved through the use of different supports, various
preparation methods, and the addition of activity modifiers
[6,8-10]. The addition of a small amount of Pd (0.1wt%—
0.3wt% [10] or 0.01wt%—0.03wt% [12]) as a catalytic activ-
ity modifier substantially enhances the stability of Ni-based
catalysts such that the catalysts retain their initial activity
without deterioration of their properties at elevated tem-
peratures. Notably, the activity and selectivity of the cata-
lysts can drastically decrease due to the inhomogeneous
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dispersion of Ni and Pd on the support material [10,12].

Ni-based catalysts are conventionally synthesized by
thermochemical methods that involve calcination and acti-
vation by hydrogen reduction. One cause of deactivation is
the formation of the highly undesirable NiAl,O; spinel
phase, which generally occurs in catalysts supported on
v-Al,O; and synthesized by impregnation. The NiAl,O, is
formed during the calcination process, and its presence hin-
ders the catalyst’s reducibility. Consequently, the amount of
Ni available for catalytic reactions is diminished [6,10-11].
The NiAl,Oy is a product of the solid-solid reaction between
NiO and acidic Al,O; at the NiO/AILO; interphase at high
temperatures (> 1073 K). An increase in the calcination
temperature leads to further NiAl,O, growth through the in-
teraction of Ni and Al ions. Its strong bond with Al,O3, very
high degree of dispersion, and stable structure render
NiAl,O,4 a hardly reducible phase [6,11,13—14]. As reported
by Cheng et al. [11], NiAl,Oy is also formed at low calcina-
tion temperatures (823 K). According to Gayan et al. [15],
the use of an a-Al,O3 support in the production of Ni-based
oxygen carriers by impregnation minimizes NiAl,O, forma-
tion.

Novel methods for the synthesis of submicron-sized
catalysts and materials include a step of ultrasonic aerosols
generation. These methods enable the formation of fine
spherical particles with precise stoichiometry and high pu-
rity [16—18]. As an example, nearly spherical and mostly
submicron-sized ZnO particles were obtained by the ultra-
sonic spray pyrolysis method, which is favored in industrial
use and in large-scale production [19]. Aerosol routes can be
used to synthesize fine metal powders from precursor salt
solutions, without a calcination step. Gurmen et al. [20]
successfully synthesized spherical nanocrystalline Fe—Ni
particles by pyrolyzing ultrasonically aerosolized aqueous
solutions of NiCl, and FeCl, and directly reducing the
products with hydrogen in a tubular quartz reactor.

Reticulated ceramic foams are suitable as catalyst sup-
ports because of their combination of high pore volumes,
low pressure drops during fluid flow, good mass transfer,
and good heat conductivity. These properties give ceramic
foams advantages over other supports, and their use in in-
dustry could be beneficial [4-5,21-22].

The aim of the present research was to develop a method
for the synthesis of Ni-based catalysts. o-Al,Oz-based foams
used in the synthesis were prepared by the polymer replica-
tion method described in our previous work [23-24]. The
catalysts were produced by impregnation of the foams with
ultrasonically aerosolized aqueous solutions of metal chlo-
rides in a tubular quartz reactor. The formation of oxides

and chlorides on the foams was achieved using two separate
procedures that were conducted under air atmosphere. To
obtain oxides, we calcined the impregnated samples at 773
K. Pérez-Hernandez et al. [25] have used NiCl, as a precur-
sor to synthesize Ni-based catalysts via the impregnation
method. Their catalyst preparation method included calcina-
tion at 773 K for 2 h in an air atmosphere, followed by re-
duction with hydrogen for 2 h at the same temperature [25].
To deposit chlorides on the foams, the impregnated samples
were dried at 473 K. The samples were subsequently re-
duced under flowing hydrogen.

In our previous report, we investigated the effects of Pd,
Cu, and Fe additives on the extent of NiCl, reduction by hy-
drogen [26]. Low-temperature reduction experiments
(533-653 K) were conducted. We observed that the addition
of 0.1wt% PdCl, was the most effective and that the greatest
degree of reduction (58.16%) was achieved at 653 K for 24
min. Pd exhibited the most pronounced effect because the
induction period of NiCl, reduction was shortened [26],
most likely as a result of the hydrogen spillover effect [27].

On the basis of our formerly obtained results [26], the
present research included a comparative analysis of the
catalysts obtained from oxides and chlorides. The effects of
the addition of activity modifiers (M = Pd, Cu, Fe) on the
degree of hydrogen reduction of the catalysts were analyzed
to enhance their catalytic properties. Modification with no-
ble metals (e.g., Pd or Pt) has been reported to improve the
catalytic properties of Ni-based catalysts [10,12]. The
low-temperature reducibility of the catalysts was investi-
gated with the aim of utilizing a lower reduction temperature.
In the developed synthesis route, the calcination step was
eliminated, which can enhance the economic and techno-
logical efficiency of the catalysts’ production process.

2. Experimental

In this work, the experiments included the synthesis of
Ni/Al,O; and Ni-M/AlLO; catalysts supported on
a-Al,Oz-based foams. The catalysts contained Ni as their
active component and added catalytic activity modifiers (M =
Pd, Cu, Fe).

The following materials were used to prepare the cata-
lysts: NiCl,-6H,O, PdCl,, CuCl,-2H,0, FeCl,-4H,0
(MERCK, pro analysis), and previously synthesized reticu-
lated o-Al,Os-based foams. The foams were prepared via
the polymer replication method, as described in our previous
reports [23-24]. Appropriate amounts of NiCl,-6H,0
(without additives and with PdCl,, CuCl,-2H,0, and
FeCl,-4H,0) were dissolved in distilled water. The metallic
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ion concentrations in the prepared precursor solutions were
0.15 mol/L. The amounts of chloride precursors were calcu-
lated to achieve a nominal content of 20wt% Ni in the cata-
lysts. The additive loadings were 0.1wt% Pd, 1.0wt% Cu,
and 1.0wt% Fe with respect to the Ni content.

The foams were placed into a tubular quartz reactor in an
electro-resistant furnace. An ultrasonic nebulizer (PROFI
SONIC, PRIZMA) with a resonator frequency of 1.7 MHz
was attached to the reactor. Two separate procedures were
used to impregnate the foams with aerosolized precursor
solutions. The first experimental procedure involved pre-
heating the foam at 773 K, followed by flowing the aerosol
through the reactor. After the aerosol generation was com-
plete, the sample was calcined for 60 min at 773 K in air.
The calcination enabled the formation of oxides on the foam
surface. The second procedure was similar to the first, ex-
cept that the foam was preheated at 473 K and the sample
was dried at 473 K for 60 min in air. The drying treatment
was conducted to obtain dehydrated chlorides on the foam
surface. A schematic of the apparatus used for this process is
presented in Fig. 1.

Fig. 1. Experimental setup for the impregnation of
a-Al,O5-based foams with precursor solutions.

After the calcination and drying procedures, the obtained
samples were reduced under flowing H, (flow rate: 20 L/h)
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at 533 or 633 K for 90 min. The samples were reduced un-
der static conditions. The apparatus used for the reduction is
detailed elsewhere [26].

In the case of the system without additives, the micro-
structure of the samples calcined, dried, and reduced at 633
K was investigated using a JEOL JSM-5800LV scanning
electron microscope. Phase identification of the samples re-
duced at 633 K was performed by X-ray diffraction (XRD)
on a PHILIPS PW-1710 diffractometer. In the case of the
synthesized Ni/Al,O; and Ni-M/Al,O; catalysts, their de-
gree of reduction was also examined. The masses of the cal-
cined and dried samples were measured before and after the
reductions at 533 and 633 K. The degrees of reduction were
calculated on the basis of the mass differences.

3. Results and discussion
3.1. Ni/Al,O; catalysts

Analyses were performed after the impregnation proce-
dures to compare the Ni/Al,O5 catalysts obtained from the
oxide and chloride supported on the foams. The calcined
and dried samples, before and after hydrogen reduction,
were analyzed by scanning electron microscopy (SEM); the
results are presented in Figs. 2 and 3.

The SEM micrograph of the sample calcined at 773 K
shows the formation of sponge-like agglomerates on the
foam surface and inhomogeneous particle distribution (Fig.
2(a)). The most probable explanations for the obtained
morphology are the combined complex mechanisms of
rapid water evaporation from the aerosol, NiCl,-6H,0O de-
hydration, and the transfer of NiCl, to the oxide phase. Fur-
thermore, the foam acted as a filter, and its cell morphology
resulted in it being incompletely covered with the oxide
phase.

In contrast to the SEM image in Fig. 2(a), the SEM im-
age of the sample dried at 473 K shows that the foam surface

Fig. 2. SEM micrographs of samples after the impregnation procedures: (a) calcined at 773 K for 60 min and (b) dried at 473 K for

60 min.
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Fig. 3. SEM micrographs of Ni supported on a-Al,Oz-based foams, reduced at 633 K for 90 min, obtained from: (a) the sample cal-
cined at 773 K for 60 min and (b) the sample dried at 473 K for 60 min.

was completely covered with a chloride crust (Fig. 2(b)).
The complete coverage of the foam is a result of the lower
temperature applied during the drying procedure, which led
to a slower evaporation of water from the aerosol. The chlo-
ride crust was mainly cracked, with inhomogeneous thick-
ness. The presence of agglomerates in certain sites was
noted. Similar to the oxidized sample, a main cause of the
inhomogeneous chloride dispersion could be the foam cell
morphology and its filter-like behavior. In addition, the
cracks were formed because of the evaporation of water
from the aerosol, in combination with NiCl,-6H,0 dehydra-
tion.

After the calcined sample was reduced at 633 K, SEM
analysis clearly indicated the formation of large, sponge-like
agglomerates (Fig. 3(a)). The residual agglomerates proba-
bly result from the greater stability of oxides phases com-
pared with that of chloride phases. The obtained morphol-
ogy is consistent with a lower degree of reduction of the
oxide phase compared to that of the chloride phase sup-
ported on the foams (see Tables 1 and 2). In addition, the
foam was completely covered with a Ni coating.

Interestingly, the reduction of the dried sample at 633 K
resulted in an absence of agglomerates and cracks in the Ni
coating (Fig. 3(b)). This coating morphology indicates that
the chloride phase was reduced to a greater degree than the
oxide phase. The latter explanation was confirmed by the
greater degree of reduction obtained for the chloride com-
pared with the oxide supported on the foams, as presented in
Tables 1 and 2.

An explanation for the complete coverage of the foams
with Ni coatings is a complex mechanism of mass transport
that occurred during the reduction process when the diffu-
sion mobility of Ni atoms became sufficiently high. The
mass transport resulted in contact between Ni particles and
contact surface growth. The contacts between Ni particles
formed in sites not covered with the oxide and in cracked
sites of the chloride crust. However, the mass transport

mechanism was more pronounced during the chloride re-
duction. Hence, the hydrogen reduction of the catalyst syn-
thesized from the chloride resulted in a relatively smooth Ni
coating.

Table 1. Degrees of reduction of samples obtained from ox-
ides and chlorides supported on the foams, reduced at 533 K
for 90 min in static conditions

Reduction degree / %
Sample  without  ———_ W'thf\f:o'/“"es
additives : 0 0 1Wt%
Pd Cu Wb Fe
Oxides 12.8 20.0 15.2 135
Chlorides 23.7 98.2 4.7 67.5

Table 2. Degrees of reduction of samples obtained from ox-
ides and chlorides supported on the foams, reduced at 633 K
for 90 min in static conditions

Reduction degree / %

Sample  without ——— With f\j:;"’es
additives WL 0 0
. o dwseFe
Oxides 154 242 185 166
Chiorides 352 996 87.9 794

The synthesis of the Ni/Al,O; catalyst from the oxide re-
sulted in the formation of highly undesirable agglomerates.
Such agglomeration can cause catalyst deactivation during
their use because of abrasion in a gas stream and deposit
formation. In addition, agglomeration hinders hydrogen re-
duction and decreases the catalytically active component’s
free surface area. However, the agglomerates and cracks
were absent when the Ni/Al,O5 catalyst was prepared from
the chloride precursor, which is extremely important for
preserving the catalyst’s activity, stability, and selectivity.

XRD spectra of the samples reduced from the oxide and
chloride phases under static conditions at 633 K are pre-
sented in Fig. 4.
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One of problems concerning Ni-based catalysts sup-
ported on y-Al,O; is the formation of NiAl,O4. This phase
commonly occurs in catalysts prepared by impregnation.
The presence of NiAl,O,4 adversely affects catalytic activity
by hindering reducibility and thus decreasing the amount of
Ni available for catalytic reactions [6,10—11].

a-Al,O3 has been reported to minimize NiAl,O, forma-
tion in Ni/Al,O3 systems [15]. The XRD analyses show that
elemental Ni, o-Al,Os, and mullite were present after the
oxide and chloride reduction processes (Figs. 4(a) and 4(b)).
The a-Al,0; and mullite phases belong to the foams. Re-
sidual oxide and chloride phases were not detected. In addi-
tion, the undesirable NiAl,O4 phase was not detected, even
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though the impregnation method was used.

3.2. Comparative analysis of Ni/Al,O; and Ni-M/Al,O;
catalysts

Our further course of research included a comparative
investigation of the degrees of reduction of Ni/Al,O; and
Ni—M/Al,O; catalysts synthesized from oxides and chlorides.
To enable the use of a lower reduction temperature, the ex-
periments were conducted at 533 and 633 K. The samples
were reduced under flowing H, (20 L/h) for 90 min in static
conditions. The degrees of reduction of the oxides and chlo-
rides supported on the foams are presented in Tables 1 and
2.

Fig. 4. XRD patterns of Ni supported on a-Al,Os-based foams after (a) oxide and (b) chloride reduction at 633 K for 90 min.

With respect to the Ni/Al,O3 catalysts, the degree of ox-
ide reduction was approximately half the degree of chloride
reduction at both investigated temperatures. Notably, the
oxide reduction was slightly more efficient at 633 K than at
533 K. The obtained results can be explained by the stabili-
zation of oxide phases during the calcination step. Further-
more, the stability of the oxide phase increases with an in-
crease in calcination temperature.

With respect to the Ni-M/AI,O; catalysts, all of the in-
vestigated additives increased the degree of reduction of the
oxides and chlorides at both temperatures. As expected, the
addition of Pd resulted in the greatest increase in reduction
efficiency. The presence of Pd facilitated the reduction of
the Ni species, most probably because of the hydrogen
spillover effect. This phenomenon occurred on the Pd sur-
face when H, molecules split into atomic hydrogen and
quickly diffused into lattices of Ni species. In general, hy-
drogen spillover on metals and its positive influence on the
properties of catalysts have been extensively investigated
[27-30]. With respect to the additives, the degree of reduc-
tion increased in the order 1.0wt% Fe < 1.0wt% Cu <
0.1wt% Pd (Tables 1 and 2). Approximately 20.0% and
24.2% of the oxides were reduced at 533 and 633 K, respec-

tively, in the case of catalysts that contained 0.1wt% Pd. We
observed that the degrees of oxide reduction in the samples
that contained additives were slightly higher at 633 than at
533 K. The reduction of chlorides in the presence of the ad-
ditives was considerably more effective in all cases. With
the addition of only 0.1wt% Pd, the extent of chloride re-
duction reached 98.2% and 99.6% at 533 and 633 K for 90
min, respectively. The results related to the reduction of
chlorides in the presence of additives are consistent with
those reported in our previous work [26]. The present re-
search results indicate that the chlorides in the presence of
the additives were reduced to a greater degree at 633 than at
533 K. However, in the presence of Pd addition, the differ-
ence in the degrees of reduction was minor and the reduc-
tion was nearly complete at 533 K. Therefore, we concluded
that the lower reduction temperature (533 K) can be used for
the catalyst synthesis. The developed process may be more
favorable from technological and economical viewpoints.

4. Conclusions

A synthesis route for Ni-based catalysts supported on
a-Al,Oz-based foams was developed. In the preparation
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method, aerosolized solutions of metal chlorides were used
to impregnate the foams. First, oxides and chlorides were
formed on the foams by calcination (773 K) and drying (473
K), respectively. Afterward, low-temperature hydrogen re-
duction experiments were conducted at 533 and 633 K for
90 min under static conditions.

In the case of Ni/Al,O; catalysts prepared from the ox-
ides, the presence of undesirable agglomerates was noted. In
the catalyst synthesized from chlorides, agglomerates and
cracks in the Ni coating were absent. The degrees of reduc-
tion of samples that contained chlorides (23.7% and 35.2%
at 533 and 633 K, respectively) were approximately twice
those of samples that contained oxides (12.8% and 15.4% at
533 and 633 K, respectively).

With respect to the Ni-M/AI,O; catalysts with added ac-
tivity modifiers (M = Pd, Cu, Fe), the additives were ob-
served to influence the degree of reduction; the low-tempe-
rature reduction efficiency of samples with and without ad-
ditives was therefore compared. Modification with Pd re-
sulted in the greatest influence on the extent of reduction
among the investigated additives. However, in comparison
with samples obtained by oxide reduction, all of the chloride
samples were reduced to a substantially greater degree. With
the addition of only 0.1wt% Pd, the degrees of reduction
reached 98.2% and 99.6% after 90 min at 533 and 633 K,
respectively. We concluded that a temperature of 533 K can
be used to synthesize the catalysts on the basis of the nearly
complete reduction process at that temperature. A lower re-
duction temperature was utilized, and the calcination step
was avoided, which can contribute to the economic effi-
ciency and technological simplification of the production
process of these catalysts.
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