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The particle size control of ruthenium-
encapsulated hollow silica sphere catalysts for the
hydrogenation of carbon dioxide into formic acid

Tetsuo Umegaki, 2 * Eiji Nagakubo, Kenjiro Saeki and Yoshiyuki Kojima

In the present study, the control of particle size of ruthenium-encapsulated hollow silica catalysts is
reported. For controlling the size, the preparation conditions of carbon sphere template particles for
fabricating hollow silica sphere support materials were investigated. The particle size of templates
depends on the settling temperature of glucose solutions before hydrothermal treatment for template
preparation and glucose concentrations. Especially, the particle size of hollow spheres decreases with a
decrease in glucose concentrations. The results of Fourier transform infrared-attenuated total
reflectance (FTIR-ATR) spectroscopy indicated that the hydrolysis reaction of glucose proceeded at high
settling temperatures before hydrothermal treatment and in solutions with high glucose concentrations
to give carbon sphere templates, and templates with small particle size were obtained following the
hydrothermal treatment. Ruthenium-encapsulated hollow silica sphere catalysts prepared using hollow
silica sphere supports with small particle size contained highly dispersed active ruthenium species and

rsc.li/materials-advances

1. Introduction

Oxygen-containing compounds, such as carbon dioxide and
water, are stable in the oxidative atmosphere of the earth.
Especially, the emission of massive amounts of carbon dioxide
due to human activities and the accumulation of carbon dioxide
has gradually increased in the atmosphere, which are unma-
nageable by natural processes, such as photosynthesis for recy-
cling carbon dioxide, resulting in various severe climate changes
by its greenhouse effect. Chemical reactions of carbon dioxide
with various reductants, such as hydrogenation reactions, have
been regarded as one of the promising processes for the effective
use of oxygen-containing compounds.'™ The hydrogenation of
carbon dioxide and inorganic carbonates (alkali carbonates,
ammonium carbonate, and so on) to form formic acid has
attracted much attention as an energetically effective process,
and various effective catalysts for the reactions have been
reported.””*” Our research group has investigated metallic ruthe-
nium particle catalysts prepared by an originally developed
liquid-phase reduction process from a ruthenium salt.'® The
ruthenium particle catalyst exhibited high activity for the hydro-
genation of supercritical carbon dioxide into formic acid in a
methyl alcohol-based solution. The catalytic activity increased
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exhibited high catalytic activity for the hydrogenation of carbon dioxide into formic acid.

with the addition of an appropriate amount of water; however,
excess amounts of water caused a drastic decrease in the activity
because of the dissolution of active metallic ruthenium species.

In the present study, we investigated the encapsulation effect
of hollow silica sphere supports to improve the activity of the
metallic ruthenium particle catalyst for the hydrogenation of
supercritical carbon dioxide into formic acid. Hollow sphere
particles have the advantages of easily controllable shell thick-
ness at the nano size, effective immersion of active species into
the inner pores of the shell, and high dispersion of active species
in the shell.">'®2” Their dispersion allows the control of the
morphology of hollow spheres, including pore structures. The
encapsulated catalysts with precisely controlled morphologies
exhibited high catalytic performances.'>*"**"*” We investigated
the effect of particle size control of hollow silica sphere supports
on the activity of ruthenium-encapsulated hollow silica sphere
catalysts for the hydrogenation of carbon dioxide into formic
acid. In the present study, we also provide new insights into the
control of the size of spherical carbon particle templates pre-
pared from glucose for preparing hollow silica sphere supports.

2. Experimental
2.1. Catalyst preparation

Ruthenium-encapsulated hollow silica spheres were prepared
using a spherical carbon particle template according to the
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previous studies.*®**" For the preparation of template particles,
glucose (16.05-42.80 g, FUJIFILM Wako Chem. Co., =98.0%)
was dissolved in deionized water (100 mL) with ethyl alcohol
(3 mL, FUJIFILM Wako Chem. Co., =99.5%) in a Teflon-lined
stainless autoclave. After stirring at 298 K for 30 min, the
solution was kept at settling temperatures in the range of
323-373 K for 1 h without stirring, and then, hydrothermally
treated at 443 K for 9 h. The resulting suspension was filtrated
and dried at 373 K for 2 h to obtain the template particles.
Using the obtained templates, hollow silica spheres were pre-
pared by a sol-gel based method. The templates (0.2000 g) were
mixed with cetyltrimethylammonium bromide (CTAB, 0.0930 g,
Kanto Chem. Co. Ltd, =96.0%) and i(+)-arginine (0.0871 g,
FUJIFILM Wako Chem. Co., =98.0%) in a mixed solution of
methyl alcohol (15 mL) and deionized water (2 mL). After
stirring the solution at 333 K for 30 min, tetraethoxysilane
(TEOS, 0.56 mL, FUJIFILM Wako Chem. Co., =98.0%) was
added into the solution, and then, the solution was stirred at
333 K for 2 h. After centrifuging (6000 rpm, 5 min) and washing
with ethyl alcohol for 3 times, the samples were dried in a
dedicator, followed by calcination at 673 K for 3 h to obtain
hollow silica spheres. Precursors of ruthenium-encapsulated
hollow silica spheres were prepared by an impregnation
method with a methyl alcohol solution (15 mL) of ruthenium
chloride hydrate (RuCl;-nH,O (n ~ 1.87), FUJIFILM Wako
Chem. Co., =85.0%) using hollow silica spheres degassed at
423 K for 6 h under vacuum condition. After stirring at 298 K for
3 h, the suspension was solvothermally treated in a Teflon-lined
stainless autoclave at 423 K for 10 h followed by centrifugation
(8000 rpm, 10 min) and drying to obtain ruthenium-
encapsulated hollow silica sphere catalysts.

2.2. Characterization

The morphology of host hollow silica spheres was analysed
using a SM-300 scanning electron microscope (SEM, TOPCON)
and a FE2000 field emission transmission electron microscope
(FE-TEM, Hitachi). Particle size distributions of spherical
carbon templates prepared under various preparation condi-
tions were evaluated from the result of SEM measurements.
The bonding state of glucose in aqueous solutions before and
after the hydrothermal treatment at temperatures in the range
323-373 K was acquired using an IRSpirt spectrometer (Shi-
madzu Co. Ltd) with a diamond single-reflection attenuated
total reflectance (FTIR-ATR) device. Duplicate spectra per sam-
ple were obtained with 400 scans per spectrum at a spectral
resolution of 4 cm™" in the wavenumber range from 5000 to
400 cm™'. Powder X-ray diffraction (PXRD) patterns of the
catalysts were recorded using a MultiFlex X-ray diffractometer
(Rigaku) with Cu K, radiation (4 = 0.15406 nm) operating at
30 kv and 16 mA to identify crystalline phases including the
catalysts. X-Ray photoelectron spectra (XPS) were recorded
using an ESCA3400 spectrometer (Shimadzu Co. Ltd) equipped
with a Mg K, X-ray exciting source (1253.6 eV) operating at
10 kv and 20 mA. The binding energies (BE) referred to the C 1s
peak at 285.0 eV.
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2.3. Evaluation of catalytic activity for the hydrogenation of
carbon dioxide into formic acid

The hydrogenation reaction of carbon dioxide was carried out
in a 120 mL stainless steel autoclave with a magnetic stirrer
(Taiatsu Techno). The catalyst was put into the autoclave with
5 mL of triethylamine and 17 mL of deionized water. The
autoclave was heated to 393 K, and the reactor was then
pressurized to 5 MPa with H, followed by the introduction of
carbon dioxide from a cooled (268 K) reservoir by a high-
pressure liquid chromatography pump up to 13.0 MPa as a
total pressure at which point the reaction was considered to
have started and maintained for 1 h. After the reaction, ethyl
acetate (2 mL) was added to the mixture as an internal standard
for the quantitative analysis of the product, and the liquid
mixture from the autoclave was analysed using a Shimadzu
GC 8A gas chromatograph equipped with aa 15% TSG-1 on a
SHINCARBON A column (Shimadzu, 2 m x 3 mm) and a
thermal conductivity detector. The yield was evaluated from
the results in terms of the turnover number (TON) of formic
acid, which is the number of moles of formic acid produced per
mole of ruthenium.

3. Results and discussion

The influence of preparation conditions on the particle size of
carbon sphere templates was investigated. Fig. 1 shows the
particle size distribution of templates prepared with various
glucose concentrations and settling temperatures before hydro-
thermal treatment to form template particles. From the dis-
tribution of samples prepared with various glucose concen-
trations (Fig. 1(a), (d) and (e)), it was observed that the size
increased with the increase in glucose concentrations. However,
the size first increased with the increase in settling temperature
up to 348 K and then drastically decreased with the increase in
temperature up to 373 K.

In order to identify the influence of the preparation condi-
tions on the particle size of spherical carbon templates, the
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Fig. 1 The particle size distribution of spherical carbon templates pre-
pared with (a) 16.05, (b)-(d) 21.40, and (e) 42.80 g of glucose. Settling
temperatures: (b) 323, (c) 348, and (a), (d), and (e) 373 K.
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starting glucose solution for the preparation of templates
before and after settling the solution was analysed by FTIR-
ATR spectroscopy, as shown in Fig. 2. All the spectra included
bands assigned to exocyclic C-O stretching (ca. 993 cm™ '), C-H
bending (ca. 1034 ecm™ "), endocyclic C-O stretching (ca. 1079
and 1104 cm™ '), and CH, wagging (ca. 1150 cm™ ') mode,
respectively.’>* The band intensity at ca. 1079 cm " in all
the spectra of the solution after settling at various temperatures
was high compared with the solution. The intensity increased
with the order of settling temperatures of 348 K > 323 K >
373 K, while with the order of glucose concentrations of 42.80 g >
21.40 g > 16.05 g. From that and the result in Fig. 1, it is
suggested that hydrolysis reaction of glucose at exocyclic hydroxyl
groups proceeded with high degrees at high settling temperatures
and in solutions with low glucose concentrations, resulting in a
relatively high amount of endocyclic C-O bonds and templates
with small size were obtaining following hydrothermal treat-
ment. Fig. 3 displays the TEM images of hollow silica spheres
prepared with the templates. Comparing the samples prepared
with various glucose concentrations at 373 K (Fig. 3(a), (d), and
(e)), the particle sizes of the hollow spheres prepared with
16.05, 21.40, and 42.80 g of glucose were ca. 170, 160 and
570 nm and the shell thickness were ca. 7, 14 and 85 nm,
respectively. The shell thickness can also control with control-
ling the particle size of the templates because of increasing the
amount of silica coated on the templates with decreasing the
particle size of the templates. The result in Fig. 3(a), (d), and (e)
can reflect the tendency of increasing the shell thickness with
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Fig. 2 FTIR-ATR spectra of aqueous solutions including (a), (d) 16.05, (b),
(e)-(g) 21.40, and (c) and (h) 42.80 g of glucose before (a)-(c) and after
settling at (e) 323, (f) 348, and (d), (g), (h) 373 K for 1 h.
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Fig. 3 TEM images of hollow silica spheres prepared with the glucose
concentration of (a) 16.05, (b)-(d) 21.40, and (e) 42.80 g. Settling tem-
peratures: (b) 323, (c) 348, and (a), (d), and (e) 373 K.

the increase in the particle size of templates. Otherwise, the
particle size and shell thickness were not significantly affected
by the settling temperatures. The result indicated that the
particle size of hollow spheres, especially the hollow spheres
prepared with templates with large particle size, decreased
during calcination because of the shrinkage of particles accom-
panied by the decomposition of template particles.

With the hollow silica spheres, ruthenium-encapsulated
hollow silica spheres were prepared and their activity for the
hydrogenation of carbon dioxide was assessed. Table 1 lists the
ratios of ruthenium to silicon and TON of the ruthenium-
encapsulated catalysts. The Ru/Si ratios of the samples pre-
pared with 21.40 g of glucose were influenced by settling
temperatures before preparation of carbon sphere templates.
The ratios tend to be high in the samples prepared with high
settling temperatures. The highest TON to produce formic acid

Table 1 Compositions and activity of ruthenium-encapsulated hollow
silica sphere catalysts prepared under various preparation conditions of
carbon templates

Settling TON? (mol-HCOOH
Glucose (g) temp. (K) Ru/Si® (—) (mol-Ru)™)
16.05 373 24.2 68.7
21.40 323 2.0 38.8
348 26.4 29.6
373 12.3 57.8
42.80 373 10.2 25.9

@ Estimated from results of EDX analyses. © Estimated from results of
GC-TCD analyses.
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Fig. 4 Powder XRD profiles of ruthenium-encapsulated hollow silica
sphere catalysts prepared with carbon sphere templates with (a) 16.05,
(b) 21.40, and (c) 42.80 g of glucose after the catalytic hydrogenation of
carbon dioxide.

was obtained in the presence of the catalyst prepared with
373 K settling temperature. The concentration of synthesized
formic acid in the reaction solution was 11.7 vol% and the ratio
of formic acid to triethyl amine was 2.16. The result indicated
that the catalyst with appropriate amounts of highly dispersed
active ruthenium species exhibited high activity for the hydro-
genation of carbon dioxide into formic acid. However, the Ru/Si
ratios decreased with the increase in glucose concentrations,
indicating that the active ruthenium species were highly encap-
sulated in or supported on the hollow silica spheres with
smaller diameters. The result reflected on their activity, and
the catalyst including the smallest size of hollow spheres
exhibited the highest TON. We have previously reported a
ruthenium-supported silica catalyst for the hydrogenation of
carbon dioxide into formic acid, and the activity of the catalyst
in the present study was higher than that of the supported
catalyst.*® In addition, the catalyst activity was also comparative
in comparison to the previous heterogeneous catalysts.'*"®

In order to estimate the dispersion of the active ruthenium
species, the XRD profiles of the catalysts prepared using templates
prepared with various glucose concentrations after the catalytic
hydrogenation of carbon dioxide were compared. As shown in
Fig. 4, all the profiles included peaks at ca 38.0 and 43.5° assigned
to the metallic Ru(100) and Ru(101) planes (JCPDS card no. 06-
0663), respectively.>*3° The peak intensity increased with the
increase in glucose concentrations. The crystalline sizes of the
active species were estimated using the Scherrer equation, and the
crystalline sizes of the catalysts prepared with the templates using
16.05, 21.40, and 42.80 g of glucose were 3.6, 4.1, and 5.4 nm,
respectively. The results indicated that the active metallic ruthe-
nium species were highly dispersed on the hollow silica sphere
support with a small diameter.

We also identified the dispersion of active species through
morphological analysis of the catalyst after the catalytic
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Fig. 5 TEM images of ruthenium-encapsulated hollow silica sphere cat-
alysts prepared with templates prepared using (a) 16.05, (b) 21.40, and
(c) 42.80 g of glucose after the catalytic hydrogenation of carbon dioxide.

hydrogenation of carbon dioxide, as shown in Fig. 5. From
the images, all the catalysts included active ruthenium particles
with a diameter of ca. 3-6 nm and larger secondary particles
with a diameter of ca. 30-80 nm. The secondary particles could
be agglomerates of small primary particles with a diameter of
ca. 3-6 nm. However, the particle size growth of the active
ruthenium species was not observed on the ruthenium-
encapsulated hollow silica spheres, as reported in another
work.*® The results displayed in Fig. 4 and 5 indicated that
the activity of the ruthenium-encapsulated hollow silica sphere
catalyst was mainly influenced by the dispersion of primary
particles of the active metallic ruthenium species, and the
particle size of the active species did not significantly change
before and after the catalytic reaction. Otherwise, the larger
secondary particles may cause a relatively low activity in com-
parison to the previously reported catalysts.'” The activity of the
catalyst in the present study is expected to be improved by
increasing the dispersion of the active species through the
investigation of supporting methods of the active species on
hollow silica spheres.

4. Conclusions

The present work investigated the influence of preparation
conditions on the particle size and activity of ruthenium-
encapsulated hollow silica sphere catalysts. The settling
temperatures before hydrothermal treatment and the concen-
tration of glucose solutions influenced the particle size of
carbon sphere templates for preparing a hollow silica sphere
support, and hollow spheres with small particle size were
obtained at high settling temperatures and with low glucose
concentrations. The result of FTIR-ATR spectroscopy of the
glucose solution for preparing carbon sphere template particles
indicated that the spectra of the solution at high settling
temperatures and with low glucose concentration included
the band assigned to the endocyclic C-O bond with a relatively

© 2023 The Author(s). Published by the Royal Society of Chemistry
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high intensity, indicating that hydrolysis reaction of glucose
proceeded at high settling temperatures and in solutions with
high glucose concentrations before hydrothermal treatment.
The carbon sphere templates obtained following hydrothermal
treatment included particles with small size. The result
reflected the size of the hollow silica sphere support and the
ruthenium-encapsulated catalysts. The catalysts with small
particle size included highly dispersed active ruthenium spe-
cies identified from the PXRD profiles and TEM images, and
the catalyst exhibited high activity for the hydrogenation of
carbon dioxide into formic acid.
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