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Dispersion Control of Ni Particles in Porous Silica by Solution Exchange of Wet Silica Gel
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Particle size of NiO in silica with well defined mesoporous
structure can be controlled from 3.5 to 10 nm regardless of NiO
content up to 30 wt% by solution exchange of wet silica gel
derived from sol-gel process. Ni surface area of samples reduced
at 500 °C can be enlarged by decreasing the NiO particle size,
resulting in 30 m’g” at 30 wt% loading. The catalysts showed
superior activities for gas-phase hydrogenation of benzene.

Ni/SiO, catalysts prepared by ion exchange or impregnation
methods have been widely investigated.! However, heterogeneous
aggregation at interparticles of supports is considered as a
disadvantage of the methods especially at higher Ni content, > 10
wt%. It has been reported that Ni particles are homogeneously
dispersed in a silica gel even at higher Ni content, typically up to
30 wt% of Ni, by adopting a sol-gel method, where the catalysts
are prepared from the mixed solution of silicon alkoxide and
nickel salt.** However, the particle size of Ni increases with
increase in Ni content, and becomes larger than 10 nm at Ni
loading > 10 wt%. On the other hand, one of the authors has
demonstrated that pore structure of silica gel derived from sol-gel
process can be desirably controlled by a solvent exchange
technique of wet gel.>® For example, a silica gel dried after
exchanged swelling solution with 1 mol dm™ nitric acid aqueous
solution shows BET surface area of ca. 600 m’g’ and average
pore diameter of ca. 4 nm with sharp pore size distribution. In this
work, we propose a new catalyst preparation method applying the
pore size controlling technique of silica in sol-gel process to obtain
a Ni/SiO, catalyst containing highly dispersed Ni particles.

The Ni/SiO, catalysts were prepared as follows.
Tetracthoxysilane was mixed into an equi-volume of 1 mol dm*
nitric acid aqueous solution under stirring. After the mixture had
become homogeneous, it was kept in a closed container made of
polystyrene at 50 °C for 20 h for the gelation. The obtained wet
gel was immersed in | mol dm™ nitric acid aqueous solution
containing nickel nitrate for | day for exchanging the swelling
solution to that containing Ni ion (denoted as N). ln some cases,
citric acid equimolar with Ni ion was also dissolved in the
exchanging solution (denoted as CA). Typically, a wet gel piece
with dimensions of about 5x4x1 cm was cut into several pieces,
and was immersed in 55 cm® of an exchanging solution. The
obtained wet gel containing Ni ion or Ni-citric acid complex was
dried at 50 °C until no shrinkage was observed. After the dried gel
had been crushed into powder, it was heated in air (denoted as N
and CA-air) or under N, flow (denoted as CA-N,) at 500 °C for 2
h to obtain a NiO/Si0, sample. NiO content of the NiO/SiO, was
controlled by altering the concentration of nickel nitrate solution
used for the solution exchange. Asreferenced catalysts, NiO/SiO,
samples were also prepared by a usual impregnation method
(denoted as IMP) and by a sol-gel method using ethylene glycol as
a solvent® (denoted as EG).

Particle sizes of NiO were calculated from widths of X-ray
diffraction (XRD) peaks.” Ni surface area for samples reduced
with H, at 500 °C was calculated from H, chemisorption isotherm

at 0 °C. The hydrogenation of benzene (Bz) to cyclohexane was
performed in a standard fixed bed-flow reactor after the NiO/SiO,
sample had been reduced with H, at 500 °C. The catalytic activity
was evaluated in terms of the conversion of Bz, which was
analyzed by TCD-GC (catalyst. 0.1 g; reaction temperature, 100
°C: feed rate of Bz, 14 mmol h™'; flow rate of H,, 120 mmol h'").

Figure 1 shows typical XRD patterns of NiO/SiO, samples
with NiO content of 30 wt%. For dried samples, sharp diffraction
peaks assigned to the nickel nitrate were observed in the N sample,
whereas only a broad halo from amorphous silica gel was observed
in the CA sample. For the samples heated at 500 °C, both of them
showed diffraction peaks assigned to NiO while the peaks of the
N sample were more intense and sharper than those of the CA
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Figure 1. XRD patterns of the samples containing 30 wt% NiO with different
heating temperatures. a, CA dried at 50 °C; b, N 50 °C. ¢, CA heated at 500 °C
under N, flow; d, CA 500 °C m air; e, N 500 °C in air.

sample. Further, the widths of the diffraction peaks become
broader in the CA sample heated under N, flow. In contrast, the
particle size of NiO in the N sample was not affected by the
atmosphere in heat treatment. The particle sizes of NiO, estimated
from integrated widths of the diffraction peaks of (111), (200) and
(220) planes, were 10, 5 and 3.5 nm for N, CA-air and CA-N,
samples, respectively, regardless of NiO content.
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The pore size distributions of the NiO/SiO, samples, which
were obtained from N, adsorption isotherm at -196 °C, showed
maximum at ca. 4 nm in diameter (not shown), except for the N
sample containing 30 wt% NiO. This pore diameter is comparable
to that of silica gel prepared without Ni species.>® The wet silica
gel prepared in the acidic condition is regarded as a highly
branched polymeric network rather than an aggregate of particles,
and has large voids.* The wet gel shrinks to be ca. 1/10 in volume,
and the polymeric network turns to particle aggregate during
drying, and pore structure of silica is formed.>® It is considered
that the pore formation process of silica is not affected by addition
of Nt ion or citric acid. Therefore, the difference of the particle
size of NiO by the preparation condition will depend on when the
aggregation of Ni species occurs in the formation process of silica-
gel structure. In the preparation of N samples, nickel nitrate was
crystalized during drying. Because a loose network of wet silica
gel allows growth and aggregation of the crystal of nickel nitrate,
the NiO particle size of calcined N samples becomes larger. When
citric acid is used in solution exchange, on the other hand, Ni-
citric acid complex is formed.” The complex do not crystalize in
drying, and is considered to be supported on dried silica gel in
molecular scale. In the case, aggregation of the Ni species occurs
after the decomposition of the complex. Because the silica gel
structure becomes rigid and restricts the growth of NiO, the
particle size of NiO becomes smaller. The difference in the
particle size of NiO between CA-air and CA-N, samples will be
attributed to the difference in the decomposition temperature of
the complex.

The Ni surface area of reduced catalysts and the catalytic
activity for the hydrogenation of Bz at 100 °C were shown in
Figures 2 and 3, respectively. The differences in the Ni surface
area and in the catalytic activity among the preparation methods
are small at NiO contents lower than 10 wt%. However, in
contrast to the IMP and the EG catalysts, where the increases in Ni
surface area and in the catalytic activity with NiO content are
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Figure 2. Vanations in Ni metal surface areas with NiO content.
O, CA-N,; [1.N: @. IMP; A, EG.
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Figure3. Changes in the conversion of Bz with NiO content.
O, CA-N,; (O, N; @, IMP; A EG.

small, the Ni surface area of the N series increased linearly with
increasing the NiO content even at NiO content > 20 wt%. The
conversion of Bz also increased as a similar manner (Figure 3).
Further, the Ni surface areas of CA-N, samples became ca. three
times as large as those of the N samples (Figure 2). Assume that
all NiO are reduced, the dispersion of CA-N, samples can be
calculated to be ca. 0.1 regardless of the NiO content. We can say
that it is possible to enlarge the Ni surface area of reduced
catalysts by decreasing the particle size of NiO without affecting
the pore structure of silica gel. The CA-N, catalysts containing
NiO > 15 wt% showed superior catalytic activities by comparing
with those prepared by conventional methods (Figure 3).

In conclusion, N1/SiO, catalysts with controlled pore size and
Ni particle size were prepared by solution exchange of wet silica
gel derived from sol-gel process. The size of NiO particle in the
unreduced sample can be controlied in ca. 3-4 nm regardless of the
NiO content up to 30 wt% when the citric acid was used in the
solution exchange. They exhibited high nickel metal surface areas
and excellent catalytic activities for the hydrogenation of Bz.
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