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Abstract

Synthetic methods of mesoporous silica using surfactants or ionic liquids as a template
have several disadvantages to commercialization such as low economic feasibility and low
sustainability. Thus, the development of more ecofriendly and economical synthetic pathways
for commercialization of mesoporous silica remains a challenge in the field of mesoporous
silica synthesis. In this study, we first report a synthetic method of mesoporous silica (KIE-11)
using deep eutectic solvent (DES) of choline chloride/urea as a templating agent and solvent
without alcohol and water, except for water needed for hydrolysis of tetraethyl orthosilicate.
KIE-11 has very high surface area (up to 877 m?g) and pore volume (up to 1.74 cm*/g), and
its pore size can be easily tailored from 3.3 nm up to 24.5 nm with narrow pore size
distribution by only changing the aging conditions. On the basis of various analyses of KIE-
11, we deduced pore formation mechanism of mesoporous silica by DES. In addition, we
used KIE-11 as a catalyst support for additive-free formic acid dehydrogenation at room-
temperature, and KIE-11-supported catalysts showed excellent catalytic activity (TOF: 860.7
mol H, mol Pd* h). Comparing to surfactant or ionic liquid-templated methods, the DES-
templated synthetic method is much cheaper, more ecofriendly, and more energy efficient.
Therefore this work is expected to open a new avenue for cheap and green synthesis of

mesoporous silica on an industrial scale.

KEYWORDS: Deep eutectic solvent, Mesoporous silica, Choline Chloride, Urea, Formic
acid dehydrogenation
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INTRODUCTION

Since MCM-41 was first synthesized in 1992, there has been intense research activity in
preparation of mesoporous silica materials with various pore structure using ionic*> and
neutral®® surfactants as a templating agent. However, in spite of their well-defined pore
structure, synthetic methods of mesoporous silica using surfactant templates have main two
disadvantages to commercialization. First, ionic and neutral surfactants are expensive and
have low biodegradability originating from their long hydrophobic organic segments. Second,
the synthetic methods usually require excess solvent such as water or alcohol, which leads to
a decrease in economic feasibility because of unnecessary energy consumption to heat up the
excess solvent during synthesis and the necessity of removal or recovery processes of solvent.
In addition, when hydrothermal treatment is used to tailor pore size without changing
surfactants, high pressure reactors are needed because of high vapor pressure of excess
solvent. For such reasons, recently, ionic liquids as a templating agent for synthesis of
mesoporous silica were used to improve the sustainability and economic feasibility of the

synthetic method,***°

as ionic liquids have unique properties such as low vapor pressure,
high thermal and chemical stability, and high ionic conductivity. However, ionic liquids are
also very expensive and not ecofriendly as are surfactant templates. In addition, excess water
and alcohol are still needed to synthesize mesoporous silica. These disadvantages interrupt
the applications of ionic liquid-templated mesoporous silica on an industrial scale. Thus, the
development of more ecofriendly and economical synthetic pathways for commercialization
of mesoporous silica remains a challenge in the field of mesoporous silica synthesis.?*?!

In this study, we first report a synthetic method of mesoporous silica (KIE-11) using deep
eutectic solvent (DES) of choline chloride/urea as a templating agent and solvent without
alcohol and water, except for water needed for hydrolysis of tetraethyl orthosilicate (TEOS).
We found that pore size can be easily tailored up to 24.5 nm with high surface area and pore
volume by only changing the aging conditions. DES has similarities with ionic liquids such
as low vapor pressure, high thermal and chemical stability, and DES is stable in air, much
cheaper, and greener than ionic liquids.?® Moreover, in our study, DES did not need other
solvents during synthesis of mesoporous silica. Thus, when thermal treatment in a sealed

reactor at elevated temperature was conducted to tailor pore size larger, the internal pressure
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of the sealed reactor was lower than that under thermal treatment condition using excess
water and alcohol. Therefore the DES-templated synthetic method has much higher
sustainability and economic feasibility in comparison with surfactant and ionic liquid-
templated methods. To the best of our knowledge, this work is the first report on the
preparation of mesoporous silica using DES as a template and solvent,?® and is expected to

open a new avenue for cheap and green synthesis of mesoporous silica.
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EXPERIMENTAL SECTION

Preparation of DES and Silica Sol. DES as a templating agent and solvent for synthesis
of mesoporous silica KIE-11 was prepared by mixing of choline chloride and urea and
thermal treatment of the mixture at 90 °C.?? The molar ratio of choline chloride and urea was
1:2, and addition amount of choline chloride and urea for each KIE-11 sample is shown in
Table 1. In addition, silica sol as a nano building block for silica framework of KIE-11 was
prepared by hydrolysis and condensation of tetraethyl orthosilicate (TEOS: 98%, Aldrich) at
room temperature under acid catalyzed condition. In a typical synthesis, 13.4 mL of TEQOS,
6.2 mL of distilled water, and 0.36 mL of nitric acid were mixed and vigorously stirred at
room temperature for 20 min, resulting in transparent silica sol.

Preparation of Mesoporous Silica without Aging. 13 g of the as-prepared DES and 20
mL of silica sol were mixed and vigorously stirred (0 g of DES for KIE-11-a, 6.5 g of DES
for KIE-11-b, 26 g of DES for KIE-11-d, 52 g of DES for KIE-11-e). After the mixture of
DES and silica sol was calcined in a muffle furnace at 600 °C for 3 h, mesoporous silica KIE-
11 was prepared.

Preparation of Mesoporous Silica by Aging in a Muffle Furnace. 13 g of the as-
prepared DES and 20 mL of silica sol were mixed and vigorously stirred. The mixture of
DES and silica sol was thermally aged in a muffle furnace at 60 °C - 180 °C for 24 h,
followed by calcination in a muffle furnace at 600 °C for 3 h, resulting in mesoporous silica
KIE-11.

Preparation of Ultra-Large-Pore Mesoporous Silica by Aging in an Autoclave. 13 g of
the as-prepared DES and 20 mL of silica sol were mixed and vigorously stirred. The mixture
of DES and silica sol was thermally aged in a Teflon-lined autoclave at 100 °C - 180 °C for
24 h under autogenous pressure (internal pressure less than 4 bar was detected because of a
little amount of water added for hydrolysis of TEOS and ethanol formed by condensation),
and after cooling the samples to room temperature, the samples were transferred to a muffle
furnace. After calcination in a muffle furnace at 600 °C for 3 h, ultra-large-pore KIE-11 was
successfully obtained.

Characterization. The pore properties of mesoporous silica materials were taken by
nitrogen sorption tests with a Micromeritics ASAP 2420 instrument. Degassing of samples
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was conducted at 200 °C for 5 h. Transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) analyses were conducted by using a FEI/TECNAI
G2 instrument. Thermal gravimetric analysis (TGA) was conducted at a heating rate of 20
°C/min and a nitrogen flow rate of 100 mL/min on a Q500 TA instrument. Inductively
coupled plasma atomic emission spectroscopy (ICP-AES) analyses were conducted using
Thermo Scientific iCAP 6500.

Preparation of KIE-11-Supported Catalysts for Additive-Free Dehydrogenation of
Formic Acid at Room Temperature. As a formic acid dehydrogenation catalyst, we
prepared Pd/NH,-KIE-11 using KIE-11-c, KIE-11-h, KIE-11-j, KIE-11-k, and KIE-11-] as a
catalyst support. In a typical synthesis, 0.1 g of KIE-11-c (KIE-11-h, KIE-11-j, KIE-11-k or
KIE-11-1) was added into 30 mL of toluene, followed by addition of 0.25 mL of 3-
aminopropyl trimethoxysilane (APTMS: Aldrich, 97%). The final mixture was refluxed
without stirring for 3 h at 110 °C. After filtering and washing unreacted APTMS with toluene,
NH.-functionalized KIE-11 samples were successfully prepared. Subsequently, 25.3 mg of
palladium(l1) nitrate hydrate (Aldrich 205761) was added into 10 mL of distilled water, and
then 0.18 g of NH,-KIE-11-c (NH,-KIE-11-h, NH,-KIE-11-j, NH,-KIE-11-k or NH,-KIE-11-
I) was added into the solution, followed by vigorous stirring for 6 h. Afterward, 2 mL of 0.85
M NaBH, aqueous solution was added into the mixture solution, followed by stirring for 1 h.
After centrifugation, washing, and drying, the Pd/NH,-KIE-11 catalysts were successfully
prepared.

Additive-Free Dehydrogenation of Formic Acid at Room Temperature. 0.055g of Pd-
INH2-KIE-11 was sealed in a 100mL Teflon-lined reactor, followed by a nitrogen purge for
30 min. After the nitrogen purge, the outlet of the reactor was connected to a gas burette
system filled with water. Subsequently, a mixture of 10 mL of distilled water and 0.19 mL of
formic acid (95%, Aldrich) was injected into the reactor through a rubber septum. The
volume of gas generated at 25 °C without stirring was measured by the gas burette system. A
turnover frequency (TOF) was calculated from the equation as follows.

TOF = PV/(2RTnpqt) (1)

Where P is the atmospheric pressure (101325 Pa), V is the produced H,/CO, gas volume

when conversion reaches 20 %, R is the universal gas constant (8.3145 m® Pa mol™ K%, T is
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298 K, npq is the mole number of Pd in Pd/NH,-KIE-11 catalysts, and t is the reaction time

when 20 % of conversion was achieved.>*3!
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RESULTS AND DISCUSSION

DES as a Pore Forming Agent and Solvent for Synthesis of Mesoporous Silica. We
used DES of choline chloride/urea to synthesize mesoporous silica, and investigated whether
DES of choline chloride and urea plays a significant role as a pore forming agent and solvent
simultaneously. During the synthesis of mesoporous silica, other solvent and pore forming
agents were not used except for a little amount of water required for hydrolysis of TEOS. In
addition, we also observed the effect of content of DES on pore properties such as surface
area, pore volume, and pore size. Figure 1 shows nitrogen sorption isotherms and pore size
distributions of KIE-11-a, KIE-11-b, KIE-11-c, KIE-11-d and KIE-11-e. In the case of KIE-
11-a prepared by drying and calcination of silica sol without addition of DES, it gave a
typical type I isotherm with no hysteresis loops and pore diameter was below 2 nm, which
demonstrates that KIE-11-a has microporous structure. However, as for KIE-11-b synthesized
by using DES as a pore forming agent and solvent, it showed a type IV isotherm with an
obvious H2 hysteresis loop, indicating that mesoporous structure was successfully established
by addition of DES, and DES of choline chloride and urea plays a significant role as a pore
forming agent and solvent simultaneously. In addition to the increase of pore size to
mesopore range, specific surface area and pore volume of KIE-11-b remarkably increased
from 201 m?/g and 0.1 cm®/g to 786 m?/g and 0.66 cm®/g, respectively (Table 2). KIE-11-c,
KIE-11-d, and KIE-11-e were also prepared by increasing the content of DES. They also gave
type 1V isotherms with obvious H2 hysteresis loops and comparing to KIE-11-b, their pore
size and pore volume increased from 3.5 nm and 0.66 cm®/g to 6.6 nm and 0.91 cm®/g,
respectively (Table 2). On the basis of such results, it was also revealed that pore size of
mesoporous silica KIE-11 can be tailored by changing the content of DES. Figures 2 and S1
show TEM images of mesoporous silica KIE-11-c. The framework of KIE-11-c consists of
interconnected silica nanoparticles with particle size of about 7 nm, and its pore structure is
three dimensionally interconnected wormhole mesopore structure. The wormhole mesopores
were derived from the interstitial void of silica nanoparticles interconnected by condensation
of surface silanol groups.

Pore Size Control of KIE-11 by Aging in a Muffle Furnace. For expansion of pore size
of KIE-11 without increasing the content of DES, we introduced an aging process into the

8
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synthetic method. While temperature was raised to 600 °C, KIE-11 samples were thermally
aged in a muffle furnace at arbitrary temperature in the range of 60 °C — 180 °C for 24 h.
Figure 3 shows nitrogen sorption isotherms and pore size distributions of KIE-11-f (aging at
60 °C), KIE-11-g (aging at 100 °C), KIE-11-h (aging at 130 °C), and KIE-11-i (aging at 180
°C). All of the samples provided type IV isotherms with H2 hysteresis loops in the relative
pressure range of 0.40 — 0.85. Comparing to KIE-11-c synthesized without the aging process,
as aging temperature increased from 60 °C to 130 °C, pore size and pore volume gradually
increased up to 5.8 nm and 1.06 cm®/g, and specific surface area increased from 707 m?/g up
to 877 m%g, followed by a slight decrease to 821 m%g (Table 2). However, when aging
temperature increased from 130 °C (KIE-11-h) to 180 °C (KIE-11-i), pore size and pore
volume of KIE-11 dramatically decreased from 5.8 nm and 1.06 cm®/g to 3.3 nm and 0.48
cm®/g (Table 2). Figures 4 and S2 present TEM images of KIE-11-g (aging at 100 °C) and
KIE-11-i (aging at 180 °C). Both of KIE-11-g and KIE-11-i samples have three dimensionally
interconnected wormhole mesopore structure, originating from the interstitial void of silica
nanoparticles with particle size of about 7 nm. However, comparing to KIE-11-g, pore size of
KIE-11-i significantly decreased.

To investigate the reason why the unexpected decrease in pore properties of KIE-11
occurred at 180 °C of aging temperature, we conducted thermal gravimetric analysis (TGA)
for silica sol, DES (choline chloride/urea), and mixture of silica sol and DES (choline
chloride/urea). Figure 5 presents TGA curves for silica sol, DES, and mixture of silica sol and
DES. In the case of silica sol, there were three weight loss regions below 100 °C, 100 °C -
200 °C, and above 350 °C. The weight loss below 100 °C is attributed to evaporation of water
added for hydrolysis of TEOS and ethanol formed by condensation. The weight loss in the
temperature range between 100 °C and 200 °C originates from coalescence of silica
nanoparticles through condensation of surface silanol groups. In addition, the weight loss
above 350 °C is derived from elimination of chemically bound water.?” As for DES of choline
chloride and urea, there was a main weight loss region between 170 °C and 350 °C (Figures 5
and S3), which is attributed to volatilization or decomposition of DES. When silica sol and
DES were mixed, three weight loss regions were observed at below 100 °C, 100 °C - 170 °C,
and 170 °C - 350 °C (Figures 5 and S3), which is assigned to evaporation of water and

ethanol, condensation of surface silanol groups, and decomposition of DES (choline
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chloride/urea), respectively. In summary, as shown in Figure 6, while mixture of silica sol and
DES is thermally treated, robust framework structure of KIE-11 is formed by coalescence of
silica nanoparticles through condensation of surface silanol groups in the temperature range
of 100 °C — 200 °C, and decomposition of DES as a pore forming agent occurs in the
temperature range of 170 °C — 350 °C. Interestingly, in the temperature range between 170 °C
and 200 °C, coalescence of silica nanoparticles occurs simultaneously with decomposition of
DES as a pore forming agent. In other words, decomposition of DES before formation of
robust silica framework by enough coalescence of silica nanoparticles can incur collapse or
shrinkage of silica framework in the temperature range of 170 °C - 200 °C. Thus, when
expansion of pore size by aging in a muffle furnace is desired, the aging temperature range
between 100 °C and 170 °C is the most suitable for maintaining expanded pore volume
against collapse of framework by decomposition of DES as a pore forming agent. This is
because, in only such a temperature range, robust silica framework can be formed with DES
included inside silica framework.

Pore Size Control of KIE-11 by Aging in an Autoclave. For further expansion of pore
size of KIE-11, we also investigated the variation behavior of pore structure of KIE-11 by
aging in an autoclave. Before calcination at 600 °C, KIE-11 samples were aged in an
autoclave at arbitrary temperature in the range of 100 °C — 180 °C for 24 h. In spite of heating
an autoclave up to 180 °C, the internal pressure of the autoclave was less than 4 bar, which is
lower than that under hydrothermal condition with excess water and alcohol. Figure 7 shows
nitrogen sorption isotherms and pore size distributions of KIE-11-j (aging at 100 °C in an
autoclave), KIE-11-k (aging at 130 °C in an autoclave), and KIE-11-I (aging at 180 °C in an
autoclave). All of the samples gave type IV isotherms with H2 hysteresis loops in the relative
pressure range of 0.4 — 1.0. As aging temperature in an autoclave increased, the hysteresis
loop significantly shifted toward higher relative pressure, which indicates a dramatic increase
in pore size. As shown in Figure 7b and Table 2, as aging temperature increased up to 180 °C,
pore size and pore volume remarkably increased from 3.6 nm and 0.64 cm®/g up to 24.5 nm
and 1.74 cm®/g, and specific surface area gradually decreased. In the case of aging in a muffle
furnace, aging at 180 °C resulted in a significant decrease in pore size and pore volume
because of collapse of silica framework by volatilization or decomposition of DES before

formation of robust framework. However, in the case of aging in an autoclave, very large
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pore size and very high pore volume were achieved in spite of aging at 180 °C, and pore size
and pore volume significantly increased in comparison with KIE-11-k prepared by aging in
an autoclave at 130 °C.

Comparing KIE-11-g with KIE-11-j, KIE-11-h with KIE-11-k, and KIE-11-i with KIE-11-I,
although the aging temperature was the same each other, KIE-11 samples synthesized by
aging in an autoclave have much larger pore size and higher pore volume than those
synthesized by aging in a muffle furnace (Table 2). To investigate such phenomena, TEM
analyses for KIE-11-j, KIE-11-k, and KIE-11-1 were conducted. As shown in Figures 8 and
S4, the silica nanoparticle size of the framework of KIE-11-j, KIE-11-k, and KIE-11-l was
about 8.7 nm, 9.3 nm, and 12 nm, respectively. Comparing to the silica nanoparticle size for
KIE-11 prepared by aging in a muffle furnace (Figures 4 and S2), the silica nanoparticle size
for KIE-11 synthesized by aging in an autoclave increased (Figures 8 and S4). Such an
increase in the silica nanoparticle size by aging in an autoclave could be ascribed to
dissolution and recondensation of preformed silica nanoparticles under hydrothermal
condition.”®?® Unlike aging in a muffle furnace, aging in an autoclave created hydrothermal
condition because of the presence of water which was added for hydrolysis of TEOS. Thus
the increase in silica nanoparticle size under hydrothermal condition in an autoclave gave rise
to expansion of interstitial volume among silica nanoparticles and an increase in amount of
DES embedded inside silica framework. In addition, thick and robust framework structure of
KIE-11 was formed by the dissolution and recondensation of preformed silica nanoparticles
under hydrothermal condition. The thick and robust silica framework structure with large
silica nanoparticle size suppressed the collapse of silica framework and decrease in pore size
even at 180 °C, where decomposition of DES occurs. This is the reason why pore size and
pore volume of KIE-11 synthesized by aging in an autoclave were much higher than those of
KIE-11 synthesized by aging in a muffle furnace.

Pore Formation Mechanism of KIE-11. On the basis of results mentioned above, we
deduced the pore formation mechanism for mesoporous silica KIE-11 prepared by using DES
of choline chloride/urea as a templating agent and solvent. Figure 9 shows pore formation
mechanism of KIE-11. Nanocomposites between silica nanoparticles and DES can be easily
formed by thermal treatment of mixture solution of silica sol and DES (choline chloride/urea).

When the nanocomposite is directly calcined without aging, elimination rate of DES is much

11
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faster than formation rate of robust silica framework through condensation of surface silanol
groups. Therefore, expanded pore structure, originating from space occupied by DES, is
significantly collapsed, because DES is eliminated from silica framework before formation of
robust framework. Likewise, in the case of aging in a muffle furnace above 170 °C, DES is
quickly eliminated from silica framework, resulting in collapse of expanded pore structure
and corresponding decrease in pore size. However, when aging in a muffle furnace is
conducted in the temperature range of 100 °C — 170 °C, robust silica framework can be
formed by condensation of surface silanol groups before elimination of DES from the silica
framework. Eventually, as the expanded pore structure is kept even after calcination at 600 °C,
large-pore mesoporous silica can be successfully obtained. When the nanocomposite of silica
and DES is aged in an autoclave above 100 °C, we can also synthesize ultra-large-pore
mesoporous silica. As hydrothermal condition is created in an autoclave by a little amount of
water which is added for hydrolysis of TEOS, dissolution and recondensation of preformed
silica nanoparticles occur under the hydrothermal condition. Thus nanoparticle size of silica
as a nano building block for framework increases, and thick and robust silica framework can
be formed. Such thick and robust silica framework structure is a crucial factor to obtain ultra-
large-pore mesoporous silica, because collapse of framework during elimination of DES is
easily suppressed.

Additive-Free Dehydrogenation of Formic Acid at Room Temperature. To verify the
performance of KIE-11 as a catalyst support, we prepared Pd/NH,-KIE-11 catalysts for
additive-free formic acid dehydrogenation at room-temperature. The Pd loading contents for
Pd/NH,-KIE-11-c, Pd/NH,-KIE-11-k, and Pd/NH,-KIE-11-I catalysts were estimated to be
58, 5.9, and 5.8 wt% respectively by ICP-AES. Figure 10 shows formic acid
dehydrogenation results for Pd/NH,-KIE-11 catalysts. In the case of the Pd/NH,-KIE-11-k
catalyst, 218 mL of H, and CO, was produced at 35 min of reaction time, and a turnover
frequency (TOF) at 25 °C and 20 % of conversion was 860.7 mol H, mol Pd™ h™* (Table S1),
which is excellent catalytic activity compared to previous publications for additive-free
formic acid dehydrogenation at room-temperature.*=* In addition, the volumetric ratio of H,
to CO, was 50.9:49.1 (Figure S5), and CO was not detected (detection limit < 10 ppm).
However, TOFs of Pd/NH,-KIE-11-c and Pd/NH,-KIE-11-I catalysts were 257.0 mol H, mol
Pd* h™* and 151.0 mol H, mol Pd™* h™* (Table S1), which is much lower than that of the
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Pd/NH,-KIE-11-k catalyst. Figure S6 shows a TEM image of Pd/NH,-KIE-11-k catalysts.
After NH, functionalization and Pd impregnation, the three dimensionally interconnected
wormhole mesopore structure of KIE-11-k shown in Figure 8b was successfully maintained,
which indicates that NH, groups were successfully functionalized inside the pores of KIE-11.
Figure 11 shows STEM images of Pd/NH,-KIE-11-c, Pd/NH,-KIE-11-k, and Pd/NH,-KIE-
11-1 catalysts. Whereas the average Pd particle size of the Pd/NH,-KIE-11-c and Pd/NH,-
KIE-11-k catalysts was 1.75 nm and 1.60 nm, that of the Pd/NH,-KIE-11-I catalysts was 2.58
nm. Moreover, in the case of the Pd/NH,-KIE-11-1 catalysts, parts of Pd nanoparticles were
aggregated. As Pd nanoparticle size decreased, the catalytic activity of Pd/NH,-KIE-11
catalysts increased. In addition, the Pd nanoparticle size is considered to be determined by the
pore structure of KIE-11.

Even though those catalysts had the same component and content, they gave very different
catalytic activity as the pore structure of catalyst supports and corresponding Pd nanoparticle
size were changed. Large mesopores of catalyst supports provide easy diffusion of reactant
molecules toward active sites and product molecules away from active sites, while small
mesopores with high surface area provide the confinement of active metal nanoparticles to
the pores of supports and suppress the aggregation of active metal nanoparticles. Thus KIE-
11-k seems to have a tradeoff pore structure between easy diffusion of molecules and
confinement of active metal nanoparticles, which results in higher catalytic activity of the
Pd/NH,-KIE-11-k catalyst. In contrast, the pore size of KIE-11-c did not provide the easy
diffusion of reactant and product molecules, and large pore size of KIE-11-1 did not give the
confinement effect of active metal nanoparticles to the pores of supports, which resulted in
the increase in Pd nanoparticle size and aggregation of Pd nanoparticles. On the basis of such
a result, we demonstrated that the pore structure of KIE-11 support is a very significant factor
to determine the catalytic activity for additive-free formic acid dehydrogenation at room-
temperature, because diffusion of molecules and Pd nanoparticle size are determined by the
pore structure of KIE-11. Thus it was revealed that tailoring pore structure of support

materials can be a significant technology to design catalysts with higher catalytic activity.
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CONCLUSIONS

We prepared mesoporous silica KIE-11 using DES of choline chloride/urea as a templating
agent and solvent without alcohol and water, except for water needed for hydrolysis of TEOS.
On the basis of various results for KIE-11, we could draw conclusions as follows.

(1) Mesoporous structure of KIE-11 was successfully established by using DES as a template
and solvent. Pore size of KIE-11 can be tailored up to 24.5 nm by changing the content of
DES or aging condition, and pore structure of KIE-11 is three dimensionally interconnected
wormhole mesopore structure.

(2) We deduced the pore formation mechanism of KIE-11. In the case of synthesis without
aging or with aging in a muffle furnace above 170 °C, elimination rate of DES is much faster
than formation rate of robust silica framework. Therefore, expanded pore structure is
significantly collapsed. However, in the case of aging in a muffle furnace at 100 °C — 170 °C,
as robust silica framework is formed before elimination of DES, large-pore mesoporous silica
can be successfully obtained. In the case of aging in an autoclave above 100 °C, as silica
nanoparticle size of framework increases under hydrothermal condition, thick and robust
silica framework is formed under the hydrothermal condition. Thus collapse of framework
during elimination of DES is easily suppressed, resulting in formation of ultra-large-pore
mesoporous silica.

(3) KIE-11 was used as a catalyst support for additive-free formic acid dehydrogenation at
room-temperature, and KIE-11-supported catalysts showed excellent catalytic activity (TOF:
860.7 mol H, mol Pd™ h™). In addition, it was confirmed that the pore structure of KIE-11
supports is a very significant factor to determine the catalytic activity.

14
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Table 1. Synthesis conditions of mesoporous silica materials.

ACS Sustainable Chemistry & Engineering

Addition amount of Addition Aging
Sample code choline amount of silica  Aging type  temperature
chloride/urea [g/g] sol [mL] [°C]
KIE-11-a 0/0 20 - -
KIE-11-b 3.5/3 20 - -
KIE-11-c 7/6 20 - -
KIE-11-d 14/12 20 - -
KIE-11-e 28/24 20 - -
KIE-11-f 7/6 20 In a furnace 60
KIE-11-g 716 20 In a furnace 100
KIE-11-h 716 20 In a furnace 130
KIE-11-i 716 20 In a furnace 180
KIE-11-] 716 20 In an 100
autoclave
KIE-11-k 7/6 20 In an 130
autoclave
KIE-11-1 7/6 20 In an 180
autoclave
21
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Table 2. Pore properties of KIE-11 samples obtained from nitrogen sorption tests.

. S .
KIE-11-a 201 0.10 1.9 <20
KIE-11-b 786 0.66 33 35
KIE-11-c 707 0.64 3.6 3.6
KIE-11-d 745 0.73 3.9 4.1
KIE-11-e 597 0.91 6.3 6.6
KIE-11-f 877 0.83 3.8 38
KIE-11-¢g 850 0.90 4.3 4.3
KIE-11-h 821 1.06 5.2 5.8
KIE-11-i 739 0.48 2.6 3.3
KIE-11-j 529 1.21 9.2 10.5
KIE-11-k 443 1.30 11.7 12.5
KIE-11-1 284 1.74 24.6 24.5

4 BET surface area

® total pore volume taken from the volume of nitrogen adsorbed at P/P0=0.995

¢ desorption average pore diameter

9 peak pore diameter
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Figure Legend

Figure 1. (a) nitrogen sorption isotherms and (b) pore size distributions of KIE-11-a, KIE-11-
b, KIE-11-c, KIE-11-d and KIE-11-e.

Figure 2. TEM image of mesoporous silica KIE-11-c (scale bar: 50 nm).

Figure 3. (a) nitrogen sorption isotherms and (b) pore size distributions of KIE-11-f, KIE-11-
g, KIE-11-h, and KIE-11-i.

Figure 4. TEM images of (a) KIE-11-g and (b) KIE-11-i (scale bar: 50 nm).

Figure 5. TGA curves of (a) silica sol, (b) DES (choline chloride/urea), and (c) mixture of
silica sol and DES (choline chloride/urea).

Figure 6. Schematic diagram of temperature range for condensation of silanol groups and for
elimination of DES (choline chloride/urea), and suitable temperature range for aging in a
muffle furnace.

Figure 7. (a) nitrogen sorption isotherms and (b) pore size distributions of KIE-11-j, KIE-11-
k, and KIE-11-1.

Figure 8. TEM images of (a) KIE-11-}, (b) KIE-11-k, and (c) KIE-11-I (scale bar: 50 nm).
Figure 9. Schematic diagram for pore formation mechanism of KIE-11 prepared by using
DES (choline chloride/urea) as a pore forming agent and solvent.

Figure 10. Formic acid dehydrogenation activity of Pd/NH,-KIE-11-c, Pd/NH,-KIE-11-k, and
Pd/NH,-KIE-11-I catalysts at room temperature.

Figure 11. STEM images of (a) Pd/NH,-KIE-11-c, (b) Pd/NH»-KIE-11-k, and (c) Pd/NH-
KIE-11-I catalysts (scale bar: 20 nm). (Inset: Pd particle size distributions)

23

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sustainable Chemistry & Engineering Page 24 of 41

700
. o KE-lla

600 - % RIE-TI
- - b RIET e
_ = KIE-11d

400 -

300 +

200 -

Volume Adsorbed [cm”/g STP]

100 &
los
0 ¥ T S T E T : T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure [P/P ]
Fig. 1a
9
o0 oo b &
= | —o— KIE-11-a
E 71 —v— KIE-11-b
o 6 —a— KIE-11-c
= 1 | —a— KIE-11-d
o 5 -
= ; —o— KIE-1l-e
o
[al
a
w0
=
o
2,
>
o

1 10 100

Pore Diameter [nm)]

Fig. 1b

24

ACS Paragon Plus Environment



Page 25 of 41 ACS Sustainable Chemistry & Engineering

oNOYTULT D WN =

25

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sustainable Chemistry & Engineering Page 26 of 41

800
a

—o— KIE-11-f

600 - —a— KIE-11-g

—o— KIE-11-h

—e— KIE-11-i

400

200

Volume Adsorbed [cm®/g STP]

0 T T T T T T ¥ T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure [P/P ]
Fig. 3a
6
8 O
= —o— KIE-11-f
% —a— KIE-11-g
g 47 —o— KIE-11-h
o —e— KIE-11-1
> 3
0
=
o
o
A 29
o0
-
3 1y
-
ol
0 . I T - A T T T TTTTT)
1 10 100

Pore Diameter [nm)]

Fig. 3b

26

ACS Paragon Plus Environment



Page 27 of 41 ACS Sustainable Chemistry & Engineering

oNOYTULT D WN =

27

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sustainable Chemistry & Engineering

Fig. 4b
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Fig. 11c
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The development of more ecofriendly and economical synthetic pathways of mesoporous
10 silica for its commercialization remains a challenge in the field of mesoporous silica
12 synthesis. In this study, we first report a synthetic method of mesoporous silica (KIE-11)
14 using deep eutectic solvent (DES) of choline chloride/urea as a templating agent and solvent

without alcohol and water, except for water needed for hydrolysis of tetraethyl orthosilicate.
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