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Abstract—Supported Ru catalysts have been often employed for hydrogen charge into liquid organic hydrogen car-
rier molecules (monobenzyltoluene in this work), and their catalytic performance largely depends upon physicochemi-
cal properties of the support materials. We prepared supported Ru catalysts on SiO,-ZrO, with different Si/(Si+Zr)
ratios ranging from 0 to 30 mol% by loading Ru,(CO),, onto Si,Zr-mixed metal hydroxide and subsequent thermoly-
sis. The textural properties, Ru particle size, and hydrogenation activity of Ru/SiO,-ZrO, catalysts show a volcano-
shaped dependence on the content of Si added, where the maximum is achieved at the Si/(Si+Zr) ratio of 5 mol%. Up
to this Si content the incorporation of Si into ZrO, improves thermal stability and decreases the particle size of tetrago-
nal ZrO,, resulting in a positive contribution to hydrogen storage efficiency. However, the further addition of Si increases
surface heterogeneity and charge imbalance, and hence induces a decrease in the density of surface OH group reacting
with Ru;(CO),,, which explains the lowered activity. Therefore, the addition of up to 5 mol% Si into ZrO, is effective in
enhancing the hydrogenation performance of Ru/ZrO, owing to the improved textural properties and smaller Ru particles.
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INTRODUCTION

Liquid organic hydrogen carrier (LOHC) systems have attracted
tremendous attention for hydrogen storage and transport in recent
years. The benefits of LOHC systems include fair compatibility with
the existing crude oil infrastructure, long-term hydrogen storage
without any loss, high-purity hydrogen release, and integration with
tuel-cell systems [1-5]. LOHC systems are based on a pair of hydro-
gen-lean organic compounds and the corresponding hydrogena-
tion products; e.g,, a pair of aromatic and alicylcic molecules, and
a pair of heteroaromatic and heterocyclic ones. Hydrogen is stored
by the hydrogenation of H,-lean compounds and reversibly released
by the dehydrogenation of H,-rich compounds [6-8]. For suitable
LOHC compounds, the following properties are required: low melt-
ing point (<30 °C), high boiling point (>270 °C), high H, storage
capacity (>6 wt%), sufficeint volumetric energy density (>1.7 kWh/
L), non-toxicity, low product price, and high stability in the revers-
ible hydrogenation and dehydrogenation reactions [6,9,10].

In this respect, monobenzyltoluene (H,-MBT) and dibenzyltol-
uene (H,-DBT), which are well-known heat-transfer fluids (e.g.,
Marlotherm®” LH and SH as Sasol’s trade name, respectively), are
very promising LOHC compounds with the following properties:
H, storage capacity of 6.2 wt%, energy density of 1.9 KWh/L, avail-
ability at a relatively low price (US $4 per kg Hy-DBT), excellent ther-
mal stability and reversibility, and favorable thermophysical prop-
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erties for safe handling (boiling point: H)-DBT 390 °C, H)-MBT
280 °C and melting point: H,-DBT —48 °C, H,-MBT —30 °C) [3,9-
11]. Although Hy-DBT exhibits superior thermophysical charac-
ters, H,-MBT with three stereoisomers of ortho-, meta-, and para-
form has been often used for precise evaluation of LOHC perfor-
mance [12,13]. While the dehydrogenation reaction requires a num-
ber of elegant catalyst works due to its endothermic nature [14-17],
a study to find an active hydrogenation catalyst has been rarely con-
ducted despite some recent reports on the effects of the impurities
in hydrogen (e.g,, CO, CO,, CH,, and H,0) on the catalytic hydroge-
nation performance [18-21].

Supported Ru catalysts have been frequently employed in the
hydrogenation of diverse LOHC compounds owing to excellent
hydrogenation performance and lower price of Ru compared to Pt,
Pd, and Rh [11,22-24]. Among several Ru precursors, Ru;(CO),,
was evaluated to be the best in terms of the Ru dispersion and
hydrogenation performance [13,25,26]. The quality of final Ru cat-
alysts synthesized from Ru,(CO),, is strongly influenced by the
nature and properties of metal oxide supports in the impregnation
and thermolysis processes [27-31]. We also confirmed that the hy-
drogenation activity, Ru particle size, and quantity of surface Ru were
determined by the textural and surface properties of the support
interacting with Ru,(CO),, [13,26,32]. In particula, when Ru;(CO),,
was loaded onto zirconium hydroxide, the medium density of sur-
face OH group was found to be adequate for the smallest Ru par-
ticle and highest hydrogenation activity [26].

ZrO, is an attractive support with strong-metal support interac-
tion, high thermal stability, and acid-base properties [33]. Therefore,
ZrO,-supported Ru catalysts were applied for partial hydrogenation
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of benzene [34,35]. Meanwhile, since tetragonal ZrO, generally ex-
hibits a higher BET surface area, more acidity, and smaller particle
size than monoclinic ZrO,, metal catalysts supported on the for-
mer phase were examined to display higher activity than that sup-
ported on the latter phase [36,37]. Interestingly; the incorporation
of Si into ZrO, was reported to enhance thermal stability of tetrag-
onal ZrO, and suppress the nucleation and growh of ZrO, [38-41].
Based on these features, SiO,-ZrO, mixed oxides have been em-
ployed as a support in numerous chemical reactions, such as CO
hydrogenation [42], CO methanation [43], CH, reforming [44,45],
hydrodeoxygenation [46,47]. This motivated us to develop a more
active SiO,-ZrO,-supported Ru catalyst than ZrO,-supported one
that was previously studed in the hydrogenation of H-MBT [26]. The
textural and surface properties modified by the incorporation of Si
into ZrO, may affect the interaction of SiO,-ZrO, with Ru;(CO),,.
Hence, the properties and hydrogenation activity of Ru/SiO,-ZrO,
catalysts would vary depending on the molar ratio of Si/(Si+Zr).

In this work, we prepared Si,Zr-mixed metal hydroxide samples
with different Si/(Si+Zr) ratios by hydrothermal synthesis using a
Teflon-lined stainless steel autoclave. Note that the applied prepa-
ration method can help in achieving an accurate Si content, since
SiO, is slowly dissolved from the Pyrex or quartz glass vessel while
the precipitation of metal hydroxide(s) proceeds under high pH
using alkaline solution [48,49]. The dried mixed metal hydroxide
samples then reacted with Ruy(CO),, followed by thermolysis at
700 °C, yielding the final SiO,-ZrO,-supported Ru catalysts. These
catalysts were tested in the hydrogenation of H)-MBT under dif-
ferent reaction conditions to estimate H, storage efficiency and ki-
netic parameters. The activity results were discussed from various
characteristics of Ru/SiO,-ZrO, catalysts and also from the proper-
ties of the prepared support materials, which reveals the optimal
Si/(Si+Zr) ratio for superior hydrogenation performance of Ru/
SiO,-ZrO, catalyst. Consequently, we could address the effects of
Si incorporation into ZrO, on crucial characteristics of Ru catalyst
supported on SiO,-ZrO, in the hydrogenation of LOHC com-
pounds.

EXPERIMENTAL

1. Synthesis of Si,Zr-containing Samples

Hydrothermal syntheis was used for the preparation of SiZr-
containing samples with the different Si/(Si+Zr) ratio ranging from
0 to 30 mol%. Typically;, an aqueous ammonia solution of 2 M (Sam-
chun Chemicals, 28 wt% NH,OH) was added dropwise into an
aqueous ZrO(NO3),-2H,0 solution of 0.5 M (KANTO Chemicals,
99%) with the desired amount of 10 vol% tetraethyl orthosilicate
solution (Acros Organics, 98%) in ethanol until a pH value finally
approached 10. Then, a portion of the suspension (280 ml) was
loaded into a Teflon-lined stainless steel autoclave and aged at 100°C
for 24 h with stirring of 60 rpm. After cooling to room temperature,
the resulting product was centrifuged at 3,000 rpm for 30 min and
dried at 60 °C for 24 h followed by additional drying at 105 °C over-
night. The dried samples are labelled herein as SZ-x-d, where x indi-
cates the molar percentage of Si/(Si+Zr). Additionally, a portion of
SZ-x-d sample was thermally treated at 700 °C for 3 h in a H, flow
(100 cm® min™"), which is named SZ-x-H,-700.
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2. Preparation of Ru/SiO,-ZrO, Catalysts

To prepare supported Ru catalysts, the aforementioned SZ-x-d
samples were in contact with a solution of Ru,(CO),, (Sigma-Aldrich
Chemical Co., 99%) in tetrahydrofuran (Daejung Chemicals, 99.5%)
to achieve the nominal Ru loading of 3.8 wt%. After stirring at room
temperature, the solvent was removed at 45 °C at a reduced pres-
sure. The resulting samples were dried at 105 °C for 8 h, which is
labelled as Rus(CO),,/SZ-x-d. Ru/SiO,-ZrO, catalysts (denoted as
Ru/SZ-x) were finally obtained by thermolysis of Ru;(CO),,/SZ-x-
d samples under the same conditions as for SZ-x-H,-700 samples.
3. Sample Characterization

Powder X-ray diffraction (XRD) analysis involved using a Rigaku
MiniFlex600 diffractometer with a Cu Ke radiation source oper-
ated at 40kV and 15 mA. All diffraction patterns were recorded in
the 20 range of 10 to 90° at a scan rate of 10° min™" with a step of
0.02°. N, physisorption was performed at 77 K using a Micromer-
itics ASAP 2020 instrument after the pretreatment of a sample
(100 mg) at 105 °C for 1h under vacuum. The actual Ru loading
was measured with an inductively coupled plasma optical emission
spectrometer (ICP-OES) using a Thermo Scientific iCAP 7000
series, where a sample was dissolved in a mixture of nitric acid and
hydrochloric acid (1 : 6, v/v) followed by the pretreatment in a Mile-
stone Ethos Easy Microwave digestion system. X-ray photoelectron
spectroscopy (XPS) spectra were collected using a Thermo Scien-
tific K-alpha plus spectrometer with a monochromatic Al Ko X-
ray source of 1,486.6 €V, where all spectra were obtained with a
pass energy of 50eV and an energy step size of 0.1 eV and then
calibrated by a standard C 1s binding energy of 284.6 eV. High res-
olution transmission electron microscopy (HR-TEM) and trans-
mission electron microscope equipped with an energy-dispersive
X-ray spectrometer (TEM-EDS) images were taken in a JEOL JEM-
2100F microscope operated at an acceleration voltage of 200kV,
where the specimen was prepared by dropping a sample in meth-
anol onto a 300-mesh copper grid and then drying at 60 °C under
vacuum overnight.

Fourier-transform infrared (FT-IR) spectra were collected using
a Thermo Scientific Nicolet 6700 spectrometer equipped with a
MCT-A detector, where a sample (100 mg) mixed with as-prepared
sample and KBr (1: 10, w/w) was pelletized into a circular flat disk
of 0.65 cm radius and pretreated at 105 °C for 1 h under vacuum
in a quartz IR cell. Then, the spectrum was recorded in the wave-
number range of 1,200 to 700 cm™' with a scan number of 64 and
aresolution of 4 cm™". Differential scanning calorimetry (DSC) meas-
urement was conducted using a TA Instrument SDT Q600 ther-
mal analyzer, where a sample (5 mg) was loaded onto alumina pan
and heated to 1,000 °C (ramping rate: 10°C min™') under an air
flow (100 cm’ min ). Temperature-programmed reduction cou-
pled with mass spectroscopy (TPR-MS) experiments was carried
out using a BELCAT-B instrument coupled with a quadrupole mass
spectrometer (BEL-MASS) operated at a voltage of 1,200 V, where
a sample (50 mg) was heated to 550 °C (ramping rate: 5°C min™")
in a 10% H,/Ar flow (30 cm’ min™"), while the mass signal of m/z=
2 for the evolution of H, was detected. CO chemisorption was per-
formed using a BELCAT-B instrument, where a sample (50 mg)
was pretreated at 250 °C (ramping rate: 5°C min') for 1h in a
10% H,/Ar flow (30 cm’ min™") followed by cooling to 30°C in a
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He flow (30 cm’ min™). Then, a pulse of 5% CO/He gas was repeat-
edly injected until the peak area was saturated, while the applied
assumptions were a spherical particle geometry and a stoichiome-
try of CO/Ru=1:1.

4. Catalytic Activity Test in the Hydrogenation of H-MBT

The reactant Hy-MBT consisting of diphenylmethane impurity
(Hy-DPM), meta Hy-MBT, ortho H-MBT, and para Hy-MBT with
the molar percentages of 0.9:5.0:45.6:48.5 was supplied by Samyang
Oil Company in South Korea (Sasol Marlotherm® LH Charge-No.
1717), as described in our previous report [13]. The hydrogena-
tion of H-MBT was conducted in a Parr reactor with a glass liner
(volume 100 cm’) using two different approaches, schematically
depicted in Fig. SI, to evaluate the performance of Ru/SZ-x cata-
lysts in terms of the hydrogenation products and consumed H,.

In the first way (reaction system A), H-MBT (15g) and Ru/
SZ-x catalyst (120 or 200 mg) were loaded into the reactor. The
reactor was purged with 99.99% H, for 5 min and pressurized to
50 bar, which was maintained for the entire reaction course using
a back pressure regulator, followed by heating to the desired tem-
perature (150 or 170 °C). After the reaction for 2 h with the stir-
ring rate of 1,200 rpm, the reactor was cooled to ambient temperature
without stirring. The obtained product (1g) was filtered with a
syringe filter (0.1 pm) and mixed with a solvent (10 mL acetone)
and an internal standard (100 puL nonane). An aliquot of this mix-
ture was analyzed using a gas chromatograph (GC; Agilent Tech-
nologies 7890A) equipped with an auto-sampler, a flame jonization
detector, and a Restek Rxi®-17Sil MS column (30 mx0.25 mmx
0.25 um). The condition for GC analysis was as follows: injector
temperature=300 °C, detector temperature=300 °C, flow rate=0.2
cm’ min™, split ratio=1 : 300, and oven program: 50 °C—>ramping
with 50 °C min™'—140 °C for 80 min—>ramping with 50 °C min™'
—250°C for 5min. The moles of Hy-MBT and H,,-MBT were
calculated based on their measured calibration factor (CF) values,
whereas the moles of H,-MBT and He-MBT were calculated from
the CF value of Hy-MBT and that of H,,-MBT was quantified from
that of H,,-MBT since the pure reaction intermediates (H,-MBT,
H¢-MBT, and H,,-MBT) were not available [13]. The conversion
of Hy-MBT, product selectivities, and H, storage efficiency were
calculated using the following equations:

Conversion of H-MBT (mol%)
=(initial H)-MBT [mol]—final H-MBT [mol])/
(initial Hy-MBT [mol])x100%
Selectivity to H,-MBT (mol%)
=(final H,-MBT [mol])/(final H,,-MBT [mol]
+final H,,-MBT [mol]+final H--MBT [mol]
+final Hi-MBT [mol])x100%
H, storage efficiency (%)
={(final H,,-MBT [mol]x6H,)+(final H,;-MBT [mol]x5H,)
+(final H,-MBT [mol]x3H,)+(final H,-MBT [mol]x2H,)}
/(initial H,-MBT [mol]x6H,)x100%

To measure H, consumption in gas phase, the reactor was con-
nected to a Parr high-pressure gas burette filled with 99.99% H,.
This reaction system B can be operated at constant pressure in the
entire reaction course by continuously feeding H, from the gas
burette as much as the consumed H,. The reactor with H;-MBT

(10g) and Ru/SZ-x catalyst (200 mg) was purged with H, three
times and pressurized to 5 bar. After the reaction mixture approached
a desired temperature (170, 190, or 210 °C) and H, was then fed
to 50 bar, the reaction was conducted until no pressure change in
the gas burette was observed, while the pressure of H, in the gas
burette was recorded in real time. Since the hydrogenation of Hy-
MBT to H;,-MBT is a consecutive reaction via the above-men-
tioned reaction intermediates [12], the consumption of H,, equiva-
lent to H, conversion (Xy,), was calculated as follows:

H, consumption (%)=(mole of H, consumed in the burette)/
[(initial mole of H, in the burette)—
(final mole of H, when no pressure change is observed in the burette)]
x100%

RESULTS AND DISCUSSION

1. Formation of Zr-O-Si Bond in the Si,Zr-containing Samples

The XPS Zr 3d and Si 2p spectra of SZ-x-d samples show the
formation of more Zr-O-Si bonds with increasing the Si content.
The binding energy of Zr 3ds, increases from 182.1 eV for SZ-0.0-
d to 182.3 eV for SZ-30.0-d, while that of Si 2p is shifted towards
higher values (cf. 103.2¢eV for pure SiO,), due to higher electro-
negativity of Si (1.90) than Zr (1.33) (Fig. S2(a), (b)) [50,51]. The
FT-IR spectra of SZ-x-d samples also represent the formation of
Zr-O-Si bonds by the broad band around 1,000 cm™ with the incor-
poration of Si into ZrO,. This band is gradually shifted to higher
wavenumers as the Si content is increased (Fig. S2(c)), indicating
the increased formation of Zr-O-Si and Si-O-Si bonds (cf. 1,100
cm™ for pure SiO,) [52-54].

Moreover, Ru/SZ-x catalysts display the same trends as SZ-x-d
samples in the XPS Zr 3d and Si 2p spectra, meaning that Zr-O-Si
bonds are more formed as the Si content increases. Especially; the
peak shift observed in Ru/SZ-x catalysts is more noticeable than
that in SZ-x-d samples (Fig. S3).

Additionally, the elemental composition of SZ-x-H,-700 sam-
ples was determined by ICP-OES, TEM-EDS, and XPS analysis
(Table 1). The bulk molar percentage of Si/(Si+Zr) appears to be
very close to the nominal value in all the samples. However, the
XPS results reveal that the element Si is enriched at the external
surface, due to slower condensation of Si moiety than Zr one in the
synthesis [38,41]. Similar results are found in the elemental com-
positions of Ru/SZ-x catalysts.

2. Hydrogenation Activities of Ru/SiO,-ZrO, Catalysts

The prepared Ru/SZ-x catalysts with the same actual Ru loading
(Table 1) were tested in the hydrogenation of Hy-MBT at 50 bar
H, for 2h in the reaction system A. When the catalyst amount of
200 mg and temperature of 170 °C were employed for the reac-
tion, the H, storage efficiency, calculated from the liquid products
after the reaction, showed a volcano-shaped dependence on the Si
content at the maximum of 97.2% with Ru/SZ-5.0 (Fig. 1). This
tendency was similar when the catalyst amount decreased to 120
mg and even when the temperature decreased to 150 °C, although
the activity difference was smaller. In more detail, both the conver-
sion of H;-MBT and selectivity to H,,-MBT follow the same trend
as the H, storage efficiency, as summarized in Table SI.

Korean J. Chem. Eng.(Vol. 37, No. 8)
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Table 1. Elemental compositions of SZ-x-H,-700 samples and Ru/SZ-x catalysts

Sample Ru [wt%]* Si/(Si+Zr) [mol%]° Si/(Si+Zr) [at%]" Si/(Si+Zr) [at%]" O/(Si+Zr) [at%]°
SZ-0.0-H,-700 0.0 0.0 0.0 2.5
SZ-1.25-H,-700 1.0 0.7 52 2.5
S7-2.5-H,-700 2.2 2.0 8.3 2.5
S7-5.0-H,-700 4.8 4.8 11.1 2.5
$7-10.0-H,-700 9.0 9.5 17.1 24
S$7-30.0-H,-700 28.0 29.6 383 24
Ru/SZ-0.0 3.8 0.0 0.0 0.0 2.7
Ru/SZ-1.25 3.8 1.0 0.8 6.4 2.7
Ru/SZ-2.5 3.8 2.1 24 8.5 2.7
Ru/SZ-5.0 3.8 4.5 4.6 14.7 2.7
Ru/SZ-10.0 3.8 8.3 8.6 23.5 2.7
Ru/SZ-30.0 3.8 279 284 39.1 2.7

“Actual Ru loading measured by ICP-OES analysis.
’Ratio of Si to (Si+Zr) measured by ICP-OES analysis.
‘Ratio of Si to (Si+Zr) determined by the TEM-EDS.
9Ratio of Si to (Si+Zr) calculated from the XPS results.
“Ratio of O to (Si+Zr) calculated from the XPS results.
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Fig. 1. H, storage efficiency of Ru/SZ-x catalysts using the reaction system A. Reaction conditions: 15 g H;-MBT, 50 bar H,, 1,200 rpm, and 2 h.

H, consumption in the hydrogenation of Hy-MBT was meas-
ured using the reaction system B that was operated at 50 bar H,
and 200 mg catalyst. From the H, consumption curves in Fig. 54,
the measured time to fully charge H, into H,-MBT at all the tested
temperatures (170, 190, and 210 °C) exhibits an inverse volcano-
shaped dependence on the Si content at the minimum with Ru/
SZ-5.0 (Fig. 2(a)). This suggests that the fastest H, charge is possi-
ble with Ru/SZ-5.0. Furthermore, the first-order rate constant (k)
was calculated from the plot of In(1-X};) against the reaction time
when the conversion of H, (X;;,) was below 30% (Fig. S5). The value
of k shows a volcano-shaped dependence on the Si content (Fig.
2(b)), as observed in H, storage efficiency. We also calculated the
activation energy (E,) from the Arrhenius plot using the k values
obtained at three different temperatures. As a result, the value of
E, follows a similar trend as shown in Fig. 2(a). Therefore, the
activity results determined from the two reaction systems indicate
that the increase in the Si content up to 5mol% (ie., SZ-5.0) has a
positive effect on the hydrogenation performance of Ru/SZ-x cata-
lyst, but further addition of Si does not make a good contribution
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to the catalytic activity.
3. Characteristics of Ru/SiO,-ZrO, Catalysts

Table 2 lists various physicochemical properties of Ru/SZ-x cat-
alysts to support the obtained hydrogenation activity results. The
Ru particle size determined from the TEM images (Fig. 3) increases
in the following order: Ru/SZ-5.0 (1.40 nm)<Ru/SZ-10.0 (1.57 nm)<
Ru/SZ-2.5 (1.63 nm)~Ru/SZ-30.0 (1.65 nm)<Ru/SZ-1.25 (1.81 nm)<
Ru/SZ-0.0 (2.16 nm). When the experiment of CO chemisorp-
tion was conducted to access the volume of CO adsorbed onto Ru
particles, a similar trend was also noticed in this order: Ru/SZ 5.0
(032 cm’ ")>Ru/sz 100 (024 cm’ g')>Ru/SZ-2. 5 0.19cm’ g ')>
Ru/SZ-30.0 (0.13 cm’ )>Ru/SZ 1.25 (0.08 cm’ )>Ru/SZ 0.0
(0.03cm’ g ). These results are in good agreement w1th the hydro-
genation activity;, except Ru/SZ-30.0 showing the lowest hydroge-
nation activity among the tested Ru/SZ-x catalysts. This is due to
rod-like ZrO, structure formed on the catalyst surface, which is
seen from the inset in the HR-TEM image of Ru/SZ-30.0. TEM-
EDS mapping images also identify the absence of Ru in the rod-
like ZrO, (Fig. S6). Since this rod-like ZrO, is not observed in the
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Fig. 2. Hydrogenation performance of Ru/SZ-x catalysts using the reaction system B: (a) Time to full H, charge into H)-MBT and (b) calcu-
lated kinetic parameters, k and E,. Reaction conditions: 10 g H,-MBT, 200 mg,,,, 50 bar H,, and 1,200 rpm.

Table 2. Physicochemical properties of Ru/SZ-x catalysts

Sample Sper [m’ g '] A [em’ g '] d,” [nm] Dm_z,ozb [nm] Dt_Z,OZh [nm] ng [em’ g ') Dy’ [nm]  Ru/(Si+Zr)° [at%]
Ru/SZ-0.0 4 0.016 17.3 259 234 0.03 2.16+0.72 8.05
Ru/SZ-1.25 9 0.033 15.0 219 20.7 0.08 1.81+£0.49 6.39
Ru/SZ-2.5 15 0.049 12.5 - 19.1 0.19 1.63+£0.47 5.72
Ru/SZ-5.0 33 0.077 9.2 - 17.4 0.32 1.40+0.36 5.00
Ru/SZ-10.0 23 0.056 8.5 - 16.9 0.24 1.57+0.53 4.79
Ru/SZ-30.0 21 0.034 6.6 - 13.7 0.13 1.65+£0.37 448

“BET surface area (Sggr), pore volume (V,), and pore diameter (d,) measured by N, physisorption at 77 K.
"Particle size of monoclinic ZrO, (D,..z+0,) and tetragonal ZrO, (D, ,,) calculated by the Scherrer’s equation.

‘CO adsorption volume measured by CO chemisorption (CO : Ru=1/1).

“Ru particle size determined by statistical analysis of about 100 particles from TEM images.

‘Surface atomic ratio of Ru to (Si+Zr) calculated from the XPS results.

TEM image of SZ-30.0-H,-700 (Fig. S7), it can be suggested that
strong interaction between Ru and SiO, pushes the ZrO, domain
to the external surface, followed by aggolmeration of ZrO, into a
rod-like structure.

It is found from the XRD patterns of Ru/SZ-x catalysts that the
phase of ZrO, varies with increasing the Si content, while Ru-related
diffraction peaks are not detected due to fine Ru nanoparticles
(Fig. 4). Ru/SZ-0.0 and Ru/SZ-1.25 appear as monoclinic zirconia
phase (m-ZrO,) together with tetragonal phase (t-ZrO,), whereas
only t-ZrO, is noticed from Ru/SZ-2.5 to Ru/SZ-30.0. Also, the
particle size of t-ZrO, steadily decreases from 23.4 nm (Ru/SZ-0.0)
to 13.7 nm (Ru/SZ-30.0). This is due to the formation of Zr-O-Si
bonds by the incorporation of Si into ZrO,, leading to enhanced
stability of t-ZrO, [39,55-57]. For confirmation, the temperature of

the glow exotherm was identified by DSC measurement for SZ-x-
d samples (Fig. S8). The crystallization temperature is shifted to
higher temperature in the following order: 436 °C (SZ-0.0-d)<
459°C (SZ-1.25-d)<482°C (SZ-2.5-d)<534°C (SZ-5.0-d)<615°C
(SZ-10.0-d)<824 °C (SZ-30.0-d). Therefore, the thermal stability of
SZ-x-d samples is improved by the increase in the Si content.
Textural properties such as BET surface area and pore volume
were investigated for Ru/SZ-x catalysts. With increasing the Si con-
tent, the BET surface area increased from 4m’ g ' (Ru/SZ 0.0) to
33m’ g (Ru/SZ-5.0), and then decreased to 21 m’ g (Rw/SZ-30.0).
The same trend is observed in the pore volume. Meanwhile, hystere-
sis progressively shifted toward lower relative pressure and the pore
diameter continuously decreased from 17.3 to 6.6 nm with increas-
ing the Si content (Fig. S9), due to the microporous character of
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Fig. 3. HR-TEM images and Ru particle size distributions of Ru/SZ-x catalysts. The average particle size and standard deviation are noted in

each micrograph.
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Fig. 4. XRD patterns of Ru/SZ-x catalysts. The standard reflections

of m-ZrO, (PDF #37-1484), +-ZrO, (PDF #50-1089), and Ru
(PDF #06-0663) are presented in the upper panel.

SiO,. The volcano-shaped trends in the BET surface area and pore
volume are very compatible with those found in the hydrogena-
tion activity results and Ru particle size. Particularly, the uphill slope
in these trends is quite understandable because amorphous SiO,
in the vicinity of ZrO, can suppress the nucleation and growth of
ZrO, particles and stabilize the tetragonal zirconia [39,57,58]. This
would explain the decrease in Ru particle size of Ru/SZ-x catalysts
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and, accordingly, the improvement in their hydrogenation activity.
Thus, we focused on understanding the downhill slope in the
BET surface area, pore volume, and hydrogenation activity (rele-
vant to Ru particle size) observed in the catalysts containing more
Si than Ru/SZ-5.0. According to our previous report that the parti-
cle size of Ru in Ru/ZrO, catalysts highly depends on the surface
OH density of zirconium hydroxide [26], the surface compositions
of Ru/SZ-x catalysts were acquired by XPS analysis. The Ru 3p,
peak is gradually lowered with the Si content increasing (Fig. 5(a));
the surface atomic ratio of Ru/(Si+Zr) decreases from 8.05 at% for
Ru/SZ-0.0 to 4.48 at% for Ru/SZ-30.0 (Table 2). The surface enrich-
ment of Ru can be explained from TPR-MS results for the as-
impregnated Ru;(CO),,/SZ-x-d samples, where the carbonyl ligand
coordinated to Ru species undergoes the methanation reaction
with the H, fed during thermolysis [32]. For the sample with a higher
Si/(Si+Zr), a peak corresponding to H, consumption was detected at
lower temperatures (Fig. 5(b)). This suggests weaker interaction of
Ru,(CO),, with the surface of SZ-x-d sample with a higher x value.
Since the surface OH group of metal oxide supports signifi-
cantly affects metal-support interaction derived by Ru,(CO),, [13,
30,31,59,60], the surface oxygen species of SZ-x-d samples was
investigated by deconvolution of XPS O 1s spectra (Fig. S10). The
binding energies corresponding to the surface OH groups, O
ions in the Zr-O-Zr lattice, and O” ions in the Zr-O-Si and Si-O-
Si lattice are centered at 531.3, 529.7, and 532.4 eV, respectively [61-
63]. As presented in Fig. 6(a), the fraction of surface OH group
decreases from 73.8% (SZ-0.0-d) to 63.5% (SZ-30.0-d) and vice
versa with that of bridging oxygen species [64]. When the XPS O
Is spectra of Ruy(CO),,/SZ-x-d samples were also examined (Fig.
S11), the same trend as SZ-x-d samples was obtained, while the
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fraction of surface OH group was lower than that in SZ-x-d sam-
ples (Fig. 6(b)). The latter result is caused by oxidative addition of
Ru,(CO),, into the surface OH group of support during impreg-
nation [29]. Moreover, the deconvolution of XPS O 1s spectra for
Ru/SZ-x catalysts (Fig. S12) shows that the decrease in the fraction
of surface OH group is remarkable with the Si content increasing
(Fig. 6(c)) and the surface atomic value of O/(Si+Zr) is the same
for all the Ru/SZ-x catalysts (Table 1). Notably; the surface OH group
of Ru/SZ-30.0 is larger than that of Ru/SZ-10.0 due to the rod-like
ZrO, structure formed by the aggregation of ZrO, at the surface.
These results suggest that the increased heterogeneity by Si incor-
poration into ZrO, can destroy the surface charge balance due to
the higher electronegativity of Si than Zr, thus resulting in the de-
crease in the surface area and pore volume of Ru/SZ-x catalysts
with a higher x value than 5.0.

Therefore, the increase in the Si/(Si+Zr) ratio up to 5 mol% en-
hances thermal stability of tetragonal ZrO, in Ru/SZ-x catalysts, lead-
ing to the improvement of textural properties. However, the addi-
tion of more Si than 5 mol% Si/(Si+Zr) incurs the lower density of
surface OH group by the collapsed charge balance, which imposes
a negative effect on the textural properties and Ru particle. Due to
these features, the hydrogenation activity and Ru particle size of
Ru/SZ-x catalysts exhibit a volcano-shaped dependence on the Si
content, where Ru/SZ-5.0 is believed to be the best catalyst. The

t-Zr0, thermal stability 1
t-Zr0, particle size

Heterogeneity T
Charge balance J

BET surface area &
Hy-MBT hydrogenation activity
(relevant to Ru particle size)

Rod-like ZrO,
formation

Ru/fSZ-5.0 Surface OH density

Ru/SZ-0.0 Incorporation of Si into ZrO, Ru,@l&o.ﬂ

Fig. 7. Graphical illustration to represent the effects of Si/(Si+Zr)
ratio on the properties and hydrogenation activity of Ru/SZ-
x catalysts.

aforementioned discussion is graphically presented in Fig. 7.
4. Characteristics of SZ-x-d and SZ-x-H,-700 Samples

The physical properties of the as-prepared SZ-x-d and SZ-x-H,-
700 samples were investigated to confirm the characteristics observed
in Ru/SZ-x catalysts, as listed in Table 3. From N, physisorption
results of SZ-x-d samples (Fig. S13), the BET surface area is almost
similar up to SZ-5.0-d (472-483 m’ g ') but decreases to 419m’ g*
by further addition of Si, while the pore volume and diameter is
decreased with the increase in the Si content. Since all the SZ-x-d
samples are of amorphous nature (not shown for brevity), their
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Table 3. Physical properties of SZ-x-d and SZ-x-H,-700 samples

Sample Sger [m’ g ']° v, [em’g '] d, [nm]* D, zo, [nm]* D, 20, [nm]’
SZ-0.0-d 472 0.48 4.1 - -
S7-1.25-d 478 0.44 3.7 - -
S7Z-2.5-d 480 0.41 34 - -
S7-5.0-d 483 0.40 33 - -
$7-10.0-d 453 0.31 2.7 - -
$7-30.0-d 419 0.27 2.5 - -
S7-0.0-H,-700 16 0.05 11.8 28.2 34.5
SZ-1.25-H,-700 35 0.08 8.9 17.6 19.7
S$7-2.5-H,-700 50 0.09 6.9 - 16.2
SZ-5.0-H,-700 97 0.09 3.7 - 13.8
$7-10.0-H,-700 74 0.06 34 - 12.6
SZ-30.0-H,-700 50 0.02 1.7 - 10.6

“BET surface area (Sy;y), pore volume (V,), and pore diameter (d,) measured by N, physisorption at 77 K.
bParticle size of monoclinic ZrO, (Dy.z0,) and tetragonal ZrO, (D, 40,) calculated by the Scherrer’s equation.

textural properties would be hardly affected by the incorporation
of Si into ZrO, up to the Si/(Si+Zr) of 5 mol%.

Thus, SZ-x-H,-700 samples were characterized by N, physisorp-
tion (BET isotherms and pore size distribution curves in Fig. S14),
because they are subjected to the heat treatment identical to Ru/
SZ-x catalysts. The measured BET surface area and pore volume
are in a volcano-shaped relationship with the Si content at the maxi-
mum with SZ-5.0-H,-700 (97 m’ g ' and 0.091 cm’ g *). Also, the
XRD patterns of SZ-x-H,-700 samples show a similar change in
ZrO, phase identified for Ru/SZ-x catalysts: m-ZrO, and t-ZrO,
are observed in SZ-0.0-H,-700 and SZ-1.25-H,-700, but only the
latter phase is detected from SZ-2.5-H,-700 (Fig. S15). In addition,
the particle size of -ZrO, continuously decreases from 34.5nm
for SZ-0.0-H,-700 to 10.6 nm for SZ-30.0-H,-700 (Table 3), which
is also confirmed in Ru/SZ-x catalysts. The good agreement between
SZ-x-H,-700 samples and Ru/SZ-x catalysts indicates that the charge
imbalance in the SZ-x-d samples becomes dominant by heat treat-
ment. Particularly, when Ru,(CO),, is loaded onto the SZ-x-d sam-
ples, this outcome will be strengthened by aid of their surface OH
density.

CONCLUSIONS

We investigated the effect of Si addition into ZrO, on the physi-
cochemical properties and hydrogenation activity of Ru/SZ-x cata-
lysts prepared by thermolysis of Ru;(CO),, loaded onto SZ-x-d
samples. The Zr-O-Si bond formed by the incorporation of Si into
ZrO, enhanced the thermal stability and decreased the particle
size of t-ZrO,. However, the density of the surface OH group was
reduced with the Si content increasing, due to charge imbalance
induced by the increased heterogeneity. From the combination of
these features, the textural properties of Ru/SZ-x catalysts are in a
volcano-shaped relationship with the Si content, where the best is
achieved at the Si/(Si+Zr) ratio of 5mol%. Moreover, the same
tendency is observed in the Ru particle size and H, storage effi-
ciency of Ru/SZ-x catalysts with the highest activity and smallest
Ru particles in Ru/SZ-5.0. Overall, the thermal stability and sur-
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face OH density of SZ-x-d samples play a pivotal role in the physi-
cochemical properties and hydrogenation activity of Ru/SZ-x
catalysts. Consequently, the hydrogenation activity of Ru/ZrO, cat-
alyst can be enhanced by the addition of up to 5mol% Si into ZrO,.
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