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Ni/Al,O; catalysts were prepared by saturating gas—solid reactions as an atomic layer epi-
taxy (ALE) process. Vaporized Ni(acac), was chemisorbed on a porous alumina support, and
the produced surface complex was then air treated to remove the ligand residues. The nickel
content could be precisely controlled by repeating this reactor cycle. On alumina preheated at
800°C, the nickel content varied from 3 to 21 wt%, when the number of reaction cycles was
increased from one to ten. The performance of the Ni-catalysts was evaluated in the gas-phase
hydrogenation of toluene. The preheat temperature of alumina influenced the activity of the
catalyst, and a maximum in the activity was observed for catalysts prepared from alumina pre-
heated at 875°C. Catalysts prepared by four reaction cycles, containing about 10 wt% nickel,
gave the highest utilization of nickel.

Keywords: Ni/Al,Os catalysts; surface saturation; chemisorption; ALE; hydrogenation of
toluene

1. Introduction

Typically, heterogeneous catalysts consist of active metal components sup-
ported on porous high surface area materials. Various techniques are available for
the deposition of the active components. The general development of these tech-
niques is toward more selective catalysts with well-defined active species. The
atomic layer epitaxy (ALE) technique [1]is a novel approach in this direction.

The ALE technique was originally developed for the production of thin film
materials for electroluminescent applications [2]. Recently, ALE has also been
applied to the modification of porous materials, in the preparation of heteroge-
neous catalysts [3-5]. A better control of the build-up of surface structures is
achieved by the sequential introduction of the active components (and other sur-
face-modifying agents) in saturating gas—solid reactions. Uncontrolled deposition
through condensation of the reactants of their decomposition products is pre-
vented by the choice of reaction temperature. The prediction of a specific surface
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structure is difficult because of the heterogeneity of the surface structure of the sup-
port material. Due to the utilization of surface saturation by chemisorption, ALE
exhibits a self-controlling feature, which allows a homogeneous distribution of the
active species throughout the porous support. In the present work ALE was
adopted in the preparation of Ni/Al,Oj; catalysts from the vapor phase.

Conventionally, Ni-catalysts are prepared from solution by impregnation or
coprecipitation. Nickel deposited from the vapor phase both on alumina and active
carbon has been reported by Uemura et al. [6] and Omata et al. [7], respectively.
Uemura vaporized NiCl, at 800°C and allowed it to interact with alumina at 740—
800°C. NiCl, condensates on alumina and the nickel content depends on the reac-
tion time. Omata prepared the vaporous reactant, Ni(CO),, in situ at 250°C and
11 atm, from nickel oxide and carbon monoxide. After the deposition of Ni(CO),
on active carbon at 50 or 180°C, the nickel surface species were decomposed at
250°C in nitrogen. In both cases the reported particle sizes of nickel were of the
order of 500 nm.

The Ni/Al,O; catalysts were prepared by growing oxidized nickel species on alu-
mina by sequential reactions with vaporized Ni(acac), and air. Unlike conven-
tional preparation methods, in ALE, the nickel loading obtained during each
Ni(acac), sequence is controlled by the surface itself, not by the dose of Ni(acac),.
In this study the distribution of nickel on alumina and the interaction between
Ni(acac), and alumina were evaluated. The activities of these catalysts were tested
in the gas-phase hydrogenation of toluene. The highest ratio of active nickel to
the total amount of nickel as a function of nickel content was sought. Preheating of
alumina alters the chemical nature of the surface end, hence, the interaction
between the metal compound and alumina. Thus, the preheat temperature of alu-
mina was taken as a parameter in the optimization of the activity of the catalyst.

2. Experimental
2.1. PREPARATION OF Ni/Al,0;4

The support material used was y-Al,O3; (AKZO Alumina 000-1.5E) crushed
and sieved to a particle size of 0.15-0.35 mm. The specific surface area (SA), the
pore volume (PV) and the average pore diameter (d,) of alumina preheated at tem-
peratures between 200 and 950°C are given in table 1. The preheating regulates
the type and number of adsorption sites on alumina [8]. When the preheat tempera-
ture exceeds 600°C, alumina is transformed from a pure y-phase to a mixture of y-
and 0-phases, altering the chemical nature of alumina. The 0/v-ratios are also
shown in table 1. The preheat temperature should be greater than or equal to the
reaction temperature to avoid the release of water from the support during the reac-
tion steps. Nickel acetylacetonate, Ni(acac), (Merck, >98%), was used as reac-
tant without further purification.
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Table 1
Characteristics of alumina preheated at various temperatures
Sample Preheating SA PV dy /y-ratio
(m’/g) (em’) A)

O (b)
Al-200 200 6-16 190 0.50 100 <0.05
Al-600 600 6 180 0.50 110 <0.05
Al-800/1 800 1 155 0.50 120 ~0.25
Al-800/6 800 6 150 0.45 120 ~0.30
Al-875 875 6 140 0.45 130 ~0.50
Al-925 925 1 125 0.45 150 ~ 10
Al-950 950 6 120 0.45 150 >20

The catalysts were prepared in a modified MC 120 flow-type reactor (Micro-
chemistry Ltd.) (fig. 1). The gaseous reactants were passed through a stationary
bed of alumina. The reactions were carried out at a pressure of 3-10 kPa in nitro-
gen atmosphere.

In the preparation of Ni/Al,Os catalysts by ALE, alumina was preheated fol-
lowed by sequential reactions with Ni(acac), and ambient air (fig. 2). The preheat-
ing was carried out in a muffle furnace under atmospheric pressure at 200-950°C
for 6-16 h and, in addition, in the ALE reactor at 200—450°C for 3 h to remove
water adsorbed during the transfer. The solid Ni(acac), reactant was vaporized at
200°C. The temperature and length of the Ni(acac), sequence was 200°C and
3-4 h, respectively. The air sequence was initiated at 200°C and continued at
400°C for a total of 4-5 h to remove the ligand residues from the samples. This pro-
cedure reduced the carbon content below detection limit (<0.1 wt%). Each reac-
tion sequence was completed with a nitrogen purge at the reaction temperature

Fig. 1. Schematic picture of the ALE reactor (1 =reaction chamber, 2 =solid reactant, 3 =liquid/
gasreactant, 4 =carrier gas, and 5 = to pump).
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repeated reaction cycle

preheating | Ni(acac), | mnitrogen air nitrogen

of alumina | sequence purge sequence purge

Fig. 2. ALE procedure in the preparation of Ni/Al,O;-catalysts by repeated reaction cycles of
Ni(acac), and air sequences.

concerned. Before the next reaction cycle, the reaction temperature was stabilized
at 200°C. The nickel content was varied by increasing the number of reaction cycles
from one to ten.

For a reactant to be beneficial in an ALE process, it must have sufficient volati-
lity and stability at the reaction temperature. The vaporization (200°C) and decom-
position (~ 230°C) temperatures of Ni(acac), restricted the reaction temperature
to about 200°C.

2.2, ANALYTICAL METHODS

Nickel was determined by wavelength dispersive X-ray fluorescence (XRF)
using a Siemens SRS 303 Fluorescens spectrometer (X-ray source Rh). Carbon was
determined with a LECO CR12 carbon analyzer. The crystallite size of the nickel
species and the 0/y-phase ratio of alumina were studied by X-ray diffraction
(XRD) using a Siemens Diffrac 500 diffractometer (with a Cu anode X-ray tube).
The penetration of nickel into the pores of the particles was investigated by SEM
using a Jeol JSM 840A scanning electron microscope fitted with a PGT IMIX IIT
energy dispersive X-ray and image analyzer. Cleaved surfaces were exposed by cut-
ting catalyst particles embedded in epoxy resin with a diamond knife. The specific
surface area (BET), pore volume and average pore diameter were determined by
means of nitrogen adsorption and condensation using a Micromeritics Rapid Sur-
face Area Analyzer 2200. The binding of Ni(acac), to alumina was studied with a
Fourier transform infrared spectrometer (FTIR) equipped with a diffuse reflec-
tance accessory (Galaxy Series 6020). The accessory was installed in a glove-box,
into which the samples were inertly transferred. The spectra were presented in a dif-
fuse transmittance format.

2.3. ACTIVITY TESTS (TOLUENE HYDROGENATION)

Prior to testing, the catalysts were reduced in situ with flowing hydrogen
(0.5 mol/h) at 1 atm and 500°C. The toluene hydrogenation experiments were car-
ried out at 1 atm and 175°C in a laboratory scale fixed bed tubular reactor. With
the molar ratio of hydrogen and toluene equal to three, the reaction conditions
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corresponded to a thermodynamical hydrogenation conversion equilibrium above
95%. The activities of the catalysts were compared at a constant conversion level
of 20%, achieved by using 0.15-0.2 g of Ni-catalyst. The catalyst was mixed
with 6 g of inert diluent, SiC, and placed in the middle of the reactor with a thermo-
couple. The products were analyzed on-line using a gas chromatograph (Hewlett-
Packard 5890 A) equipped with a capillary column (40 m, Silica, J&W Scientific)
and a flame ionization detector. Methylcyclohexane (MECH) and unreacted
toluene (T) along with traces of methylcyclohexene were detected in the product
stream.

3. Results and discussion
3.1. ALE IN THE PREPARATION OF Ni/Al,0;

The active component, Ni(acac),, was chemisorbed from the vapor phase onto
the support. In each ALE sequence, the surface reaction is allowed to proceed to
saturation. Surface saturation is ensured by using an excess of reactant. The metal
loading is then determined by the ability of the surface to chemisorb the reactant,
not by the dosing of the reactant. The effect of the dose of Ni(acac), on the nickel
content is shown in fig. 3. Saturation of bonding sites proceeds from the top of the
alumina bed toward the bottom with increasing dose, i.e. in the direction of the
reactant flow (see fig. 1). A dose exceeding that needed for surface saturation will
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Fig. 3. Nickel content (wt%) in samples taken from the top and the bottom part of the alumina bed
as a function of reactant dose (mmol/g). Ni/A1,O3 samples were prepared by a single Ni(acac),
sequence on alumina preheated at 200°C.
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not alter the nickel content. The excess of reactants remains in the vapor phase
and is removed from the reactor in the nitrogen flow.

The saturation level obtained in a reaction sequence depends on the number of
the bonding sites, the size and chemical form of the reactant molecule and the reac-
tion temperature [4]. The reproducibility of ALE in obtaining a desired saturation
level in the preparation of Ni/Al,O3 catalysts by a single Ni(acac), sequence (on
200°C alumina) was determined from five samples. The mean value and the stan-
dard deviation of the nickel content was 4.4 + 0.4 wt%, which is within the analyti-
cal accuracy.

Various means can be used for the regulation of the metal content in catalysts
prepared from a single reaction sequence of the active component [4,5,9]. To
further increase the metal content, cycles of reactions can be carried out where
sequences of the active component and ligand-removing agents are alternated. This
latter procedure was adopted for the preparation of Ni-catalysts with different
nickel contents. An air sequence was used to remove the ligand residues and to oxi-
dize the nickel species. The sequential introduction of the different reactants pre-
vents gas phase reactions between the reactants and condensation of reaction
products. In fig. 4 the obtained nickel content is shown as a function of the number
of reaction cycles. The reproducibility in carrying out two and four reaction cycles
(on 800°C alumina) was determined from five samples giving 5.8 +0.7 and
10.2 + 1.1 wt% of nickel, respectively.

In the preparation of Ni-catalysts by repeated Ni(acac), and air sequences, the
surface exposed to the gaseous reactant is different after each reaction sequence.
Only the first Ni(acac), sequence is carried out on pure alumina, and here, the pre-
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Fig. 4. Nickel content (wt%) in Ni/Al,O3 catalysts as a function of reaction cycles. Preheat
temperature of alumina was 800°C.
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heating of alumina has its main influence on the saturation level obtained. For the
following Ni(acac), sequences, the available surface sites are those of uncovered
alumina and those related to the oxidic nickel species created in the preceding reac-
tion cycles. Ni(acac), will always choose the most (energetically and sterically)
favorable sites when reacting with the surface. The growth mechanism of the oxide
nickel species was studied by low energy ion scattering (LEIS) and X-ray photoelec-
tron spectroscopy (XPS) [10]. The study does not conclude on the type of surface
sites used during each reaction cycle, but it suggests that Ni(acac), can use surface
sites present on both nickel oxide species and bare alumina.

3.2. DISTRIBUTION OF NICKEL ON ALUMINA

Surface saturating reactions give homogeneous distributions of the active com-
ponents as the surface itself controls the amount of metal species bound. This was
verified by determining the distribution of nickel on alumina for the fresh
Ni/Al,Oj; catalysts in the oxidic form. The distribution was studied by considering
the diffusion of Ni(acac), both in the alumina bed and within the pores of the alu-
mina particles. As shown in fig. 3, a homogeneous distribution of nickel in the alu-
mina bed was achieved when a dose that ensures surface saturation was used.
According to the SEM-EDS picture (fig. 5), nickel was evenly distributed through-
out the porous alumina particles.

In table 2 the specific surface area (SA), the pore volume (PV) and the average
pore diameter (d,) are shown for Ni/Al,O; samples with increasing nickel content.
The physical properties of the 800°C alumina used in the samples are shown for
comparison. A trend toward smaller surface areas, pore volumes and pore diam-
eters was seen with increasing nickel content, however, no significant blocking of
the pores was detected. Thus, the formation of large nickel oxide particles can be
excluded. This conclusion was also supported by the dispersion of nickel in 10 wt%
Ni/Al,O; prepared by four reaction cycles. A dispersion of 23% was determined
for this sample by H,-chemisorption [11].

The crystallite sizes of the nickel species (CSnio) were determined by XRD
(table 2). The nickel surface species were XRD amorphous for nickel contents
below 15 wt%, at higher contents small NiO crystallites were observed. These were
not agglomerated into larger particles as pointed out above.

3.3. INTERACTION OF Ni(acac), WITH ALUMINA

The stability of the supported nickel against agglomeration depends on the inter-
action between Ni(acac), and pure alumina. The reproducibility of different
saturation levels and the homogeneous distribution of nickel excluded the possibi-
lity of uncontrolled decomposition and condensation of Ni(acac),. The binding of
Ni(acac), to alumina (in the first reaction sequence) was studied by determining
the carbon/nickel ratio of the Ni/Al,O3 samples and with FTIR spectroscopy.
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Fig. 5. SEM-EDS picture of Ni/Al,O3-catalyst.
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Table 2

Characteristics of Ni-catalysts (marked as Ni-x, where x equals the number of reaction sequences)
Catalyst Ni (Wt%) SA (m?/g) PV (cm?) d,(A) CSnio (A)
Al,03/800°C - 150 045 120 -

Ni-1 3 - - - -

Ni-2 6 145 045 120 -

Ni-4 10 135 0.40 120 <20
Ni-6 14 135 0.35 110 <20
Ni-8 17 130 0.35 110 ~ 20
Ni-10 21 125 0.30 100 ~ 20

The C/Ni ratio of the Ni/Al,O3 samples can aid in the evaluation of the type of
interaction. For associative and dissociative adsorption, the ratio equals that of
the original reagent, whereas lower ratios can be due to ligand substitutions. For
Ni/Al,O; samples with alumina preheated at 200 and 800°C, the C/Ni ratios were
about 5 and 8, respectively. As each acetylacetonate ligand contains 5 carbon
atoms, the C/Ni ratio of 5 suggests that an exchange reaction takes place between
Ni(acac), and a OH group of alumina, releasing one ligand as acetylacetone
(acacH) and retaining the other ligand on the nickel atom,

Al-OH + Ni(acac), = Al-O—Ni(acac) + acacH 1. (1)

The increasing probability of ligand substitution with decreasing thermal stability
of metal acetylacetonates was discussed by Kenvin et al. [12]. Because the reaction
temperature of 200°C for Ni(acac), was near its decomposition temperature of
about 230°C, the reaction conditions were such that the loss of a ligand was more
favored compared with associative adsorption. According to van Veen et al. [13]
transition-metal acetylacetonates and acetylacetone in solution can react dissocia-
tively on Lewis sites of alumina. In these reactions ligands are directly bound to alu-
mina. As the number of Lewis sites on alumina increases with increasing preheat
temperature, these additional reactions can be responsible for the higher ratio of 8
also observed.

The nature of the remaining ligand was studied by looking at the CH vibration
bands appearing in the region of 32002800 cm™! and the characteristic bands due
to the CC and CO bonds in the conjugated chelate ring appearing in the region of
1600-1500 cm™!. In fig. 6 the FTIR spectrum of a Ni/Al,O; sample is compared
with those of Ni(acac), and the corresponding pure alumina preheated at 800°C.
The CH vibration bands of the nickel surface species appeared at the correspond-
ing wavenumbers as those of Ni(acac),. The differences in the relative intensities of
the bands can be ascribed to the presence of the enol form, in addition to the keto
form, of Ni(acac); (or acacH) in the commercial reagent, as evidenced by the OH
band at 3640 cm~!. Acetylacetonate ring-opening through enol formation can then
be disregarded for the surface nickel species. Ni(acac), has two characteristic vibra-
tion bands at 1590 and 1515 cm~!, due to the conjugated CC and CO bonds in the
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Fig. 6. FTIR spectra of (a) Ni(acac),, (b) 2.4 wt% Ni/Al,Os prepared in a single Ni(acac), sequence
and (c) 800°C alumina.

ring [14]. In the spectrum of supported Ni(acac), these bands have been shifted
toward higher wavenumbers and appear at 1615 and 1535 cm™!, respectively.
From the similarity of the bands of Ni(acac), and the nickel species on alumina, it
was concluded that the surface nickel species retain acetylacetonate ligands with
the ring structure intact. Even though pure alumina absorbs at 16001500 cm™1, it
hasno vibration bands in that region that would affect the interpretation.

The amount of nickel bound to pure alumina in the first Ni(acac), sequence
was shown to be mainly restricted by the size of the supported nickel species. The
saturation level of nickel decreased from an average value of 4.4 to 2.9 wt%, when
the preheat temperature of alumina was varied between 200 and 800°C. The corre-
sponding surface densities of the nickel species were 2.4 and 2.0 Ni atoms/nm?,
respectively, when taking into account the decrease in the surface area of alumina
from 190 to 150 m?/g with increasing preheat temperature. The size of the sup-
ported nickel species, retaining one acetylacetonate ligand, was estimated to be
0.45 nm2. This gave a theoretical density of 2.2 Ni atoms/nm?, very close to the
experimental values.

As the supported nickel species chemisorbed during the first Ni(acac), sequence
retain one acetylacetonate ligand and the size of these species mainly influenced
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the saturation level, it was proposed that these surface species are atomically dis-
persed (shown schematically in fig. 7).

By comparing the FTIR spectra of pure alumina and a Ni/Al,O; catalyst in the
OH region, it was concluded that the adsorption of Ni(acac), interferes with the
OH groups of alumina. The disappearance of isolated OH groups can be due to
exchange reactions with Ni(acac), but, as well, due to a shift toward lower wave-
numbers as a result of hydrogen bonding with the acetylacetonate ligands. The pro-
posed interaction mainly through ligand substitution favors a decreased number
of OH groups. Nevertheless, further evidence is needed to make a definite conclu-
sion about the role of the OH groups as bonding sites.

3.4. ACTIVITY IN TOLUENE HYDROGENATION

The activity of the Ni/Al,O; catalysts was optimized regarding the preheat tem-
perature of alumina and the nickel content of the catalysts. The catalytic activity
was measured for the gas-phase hydrogenation of toluene. The test reaction has
also been studied in more detail for a Ni/Al,O3 catalyst prepared from the vapor
phase: the reaction kinetics was modelled in a differential reactor [15], and the
adsorption characteristics of hydrogen were evaluated by H-chemisorption and
TPD measurements[11].

The number of nickel sites active in the hydrogenation reaction was studied as
a function of the nickel content of the catalysts. In fig. 8 the activities for the series
of Ni-catalysts containing between 3 and 21 wt% nickel (table 2) are shown. The
monoatomically dispersed nickel species bound during the first reaction cycle
(<5 wt% Ni) were catalytically inactive. There was a maximum in the utilization
of nickel corresponding to a nickel content of about 10 wt%. Here, the ratio
between active nickel (in contact with reactants) and the total amount of nickel
obtained its highest value. According to preliminary Hj-chemisorption measure-
ments the calculated dispersion values followed the same trend as the activities in
the hydrogenation of toluene. The activity has been discussed in relation to a pro-
posed growth mechanism of nickel [10].
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Fig.7. A schematic representation of the surface saturation of Ni(acac)-species on alumina.
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Fig. 8. Activity (in a.u.) per gram catalyst (/g cat) and per gram nickel (/g Ni) of Ni/Al,03-catalysts
as a function of nickel content.

The influence of the preheating of alumina on the activity was studied for Ni-cat-
alysts prepared by four reaction cycles and containing about 10 wt% nickel. The
addition of nickel decreased the surface area and the pore volume by 10-20% and
the pore diameter by less than 10% compared with that of the corresponding pure
alumina samples (table 1). During the preheating of alumina physically adsorbed
water is desorbed and a certain degree of dehydroxylation is attained. In addition,
at higher temperatures (>600°C) the alumina gradually changes from y- to
O-phase. In table 3 the activity per gram nickel (in a.u.) is given as a function of
the preheating of alumina expressed by the 8/y-ratio. A maximum in the activity
was observed for the catalyst with alumina preheated at 875°C having a 0/y-ratio
of about 0.5. . ]

Narayanan and Uma have studied the effect of the preheat temperature of alu-
mina and the nickel content of the catalyst on the metal-support interaction [16].

Table 3
Activity of Ni/A1,Oj; catalysts in hydrogenation of toluene as a function of the preheat temperature
of alumina (expressed by the 8/y-ratio)

Catalyst Ni-content (wt%) 8/y-ratio Activity/gNi(a.u.)
Ni-4a 13 <0.05 30
Ni-4b 11 <0.05 40
Ni-4c 12 ~0.25 50
Ni-4d 10 ~0.30 80
Ni-4e 10 ' ~ 0.50 100
Ni-4f 9 ~ 10 90

Ni-4g 9 >20 60
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The Ni/Al,O3-catalysts were prepared by pore-volume impregnation of the sup-
port with a solution of nickel nitrate, and the activity was tested in benzene hydro-
genation. Results in line with those reported in this study were obtained, i.c. a
maximum in the activity was observed for both the preheat temperature of alumina
(~ 800°C) and the nickel content (10-20 wt%). They ascribed the increase in the
activity to a reduced interaction between the metal and the support. This favors the
reduction of the supported nickel oxide species and increases the area of metal
available for reactions.

4. Conclusions

It has been shown that oxidic nickel species can be grown on alumina by saturat-
ing gas-solid reactions. The surface-controlled preparation of Ni/Al,O; by
sequential reactions with vaporized Ni(acac), and air was shown to give homoge-
neous and reproducible nickel contents. The ALE conditions were fulfilled, i.e.
Ni(acac), was chemisorbed to surface saturation in each Ni(acac), sequence. The
nickel content could then be controlled by the number of reaction cycles.

A model for the interaction of Ni(acac), with alumina is proposed in which the
main reaction is an exchange reaction with OH groups on alumina. The supported
nickel species retains one acetylacetonate ligand, and the size of this surface com-
plex determines the amount of nickel bound to alumina.

The best performance in the hydrogenation of toluene was obtained for the Ni-
catalyst prepared from alumina preheated at 875°C and containing about 10 wt%
nickel. The optimized catalyst exhibited a catalytical activity comparable to that of
commercial Ni-catalysts having a good nickel dispersion at nickel loadings lower
than 20 wt%.
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