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Experimental Section

Catalyst preparation

A series of monometallic catalysts were prepared by pore-filling impregnation using silica as a
support (M/Si0,, M = Pt, Ir, Pd, Rh, Ru, Ni, and Co; M loading, 3 wt%). Aqueous solution of
H,PtCls (Furuya Kinzoku, Pt: 8.71 wt%), (NHy),IrCls (Strem Chemicals, 99%), PA(NOs3), (Furuya
Kinzoku, Pd: 4.63 wt%), Rh(NOs); (Furuya Kinzoku, Pt: 4.53 wt%), Ru(NOs3); (Furuya Kinzoku, Pt:
4.57 wt%), Ni(NOs), 6H,0 (Kanto, 99%), or Co(NO;),-6H,0 (Kanto, 98%) was added to dried
silica gel (CARIACT G-6, Fuji Silysia, Sger = 470 m* g ') so that the solutions filled the silica pores
(pore volume: 0.76 cm’g™", metal concentration: 185 mM for the synthesis of Rh/SiO,). The mixtures
were sealed overnight at room temperature and dried over a hot plate, followed by calcination at 673
K in the air for 1 h and the subsequent reduction under flowing H, (Taiyo Nissan, 99.99999%) at 673
K for 1 h. The calcination procedure was skipped for Pt, Pd, Rh, and Ni. Silica-supported metal
phosphide catalysts (M,P,/SiO,, M = Pt, Ir, Pd, Rh, Ru, Ni, and Co; M loading, 3 wt%) were
prepared by successive impregnation of phosphorus to M/SiO,. Aqueous solutions of (NH4),HPO,
(Kanto, 99%) was added to the reduced M/SiO; in a similar fashion mentioned above. For Ir and Pd,
acetone solution of triphenylphosphine (PPhs) instead of the aqueous solution of (NH4),HPO4 was
added to unreduced (just calcined) M/SiO,. The P/M ratio was adjusted to 1 (Ir, Pd, Rh, and Ru) or 2
(Pt, Ni, and Co). The as-impregnated catalyst was then dried and reduced at 873 K for 1 h. Ru,P
catalysts using other supports (Table S1) were prepared by a conventional impregnation method
using an excess amount of water. Aqueous solution of Ru(NOs); was added dropwise to the
vigorously stirred support dispersed in water (30ml), followed by stirring overnight at room
temperature. The mixture was then dried and reduced at 673 K for 1 h. Successive impregnation of
Phosphorous was done in the similar manner using aqueous solutions of (NH4),HPO4, followed by

reduction at 873 K for 1 h.

Characterizations

The crystal structure of the prepared catalyst was examined by powder X-ray diffraction with a
Rigaku SmartLab using an X-ray source of Cu Ka. Transmission electron microscopy (TEM) was
conducted using a JEOL JEM-2010F microscope at an accelerating voltage of 200 kV. To prepare the
TEM specimen, the sample was sonicated in ethanol and then dispersed on a Cu grid supported by an
ultrathin carbon film. Fourier-transformed infrared (FT-IR) spectra of adsorbed CO and toluene were
obtained with a JASCO FT/IR-430 spectrometer in transmission mode. A self-supporting wafer (50
mg cm °) of catalyst was placed in a quartz cell with CaF, windows and attached to a glass

circulation system. The catalyst was reduced under flowing H, at 473 K for 0.5 h, evacuated at the



same temperature for 5 min, and cooled to room temperature. After the pretreatment, a spectrum was
recorded as the base line for subsequent measurements. For CO adsorption, a pulse of CO, typically
of 10'-10° Pa order, was introduced in a stepwise manner at room temperature. For toluene
adsorption and desorption, toluene (3.0 kPa) was introduced to the catalysts and evacuated at room
temperature until no spectral changed was observed. Then, the catalyst was heated under vacuum
with a ramping rate of 10 Kmin™" up to 473 K. All spectra were recorded at 1 cm ™' resolution. Metal
dispersion was estimated by CO chemisorption using a glass circulation system equipped with a
U-tube oil manometer. The catalyst in quartz tube reactor was reduced by H, at 473 K for 0.5 h,
followed by evacuation at the same temperature. After cooling to room temperature, the reactor was
connected to the manometer, followed by exposing to CO. The amount of chemisorbed CO was
measured by manometry. TG-DTA study of the fresh and spent catalysts were carried out under an
oxidative atmosphere (250 ml/min of air) with SIT TG/DTA7200 analyzers using 10 mg of sample

and a 10 °C/min temperature increase rate up to 800°C.

Reaction condition

Toluene hydrogenation was carried out in a fixed-bed continuous flow system using a quartz tube
reactor (internal diameter: 7 mm) under an atmospheric pressure. The catalyst (0.17 g) was reduced
prior to the reaction under H, flow (6 mlmin™") at 473 K for 0.5 h. After the reduction, the reactor
was purged by N, (6 mlmin_l) at the same temperature. The reaction was initiated by feeding the
reaction mixture (toluene, H,, and N, with a molar ratio of 1:7.5:7.5) at 473 K. Toluene was fed
using a micro feeder equipped with a stainless cannula of which edge was located just above the
catalyst bed. The products were trapped by an ice trap downstream and analyzed by flame ionization
detector gas chromatography (FID-GC) equipped with a CP-Silica PLOT column (VARIAN, 0.32
mm@x*30 m). Toluene conversion (Cy,) and methylcyclohexane selectivity (Sycy) were estimated by
the following equation: Cyo; = (nmcu + #8) / (nT + nvcn + 18) X 100 (%), Smcen = Pvcn / (Bvcu + 1B) X
100 (%), where, nt, nvca, and ng are mole of toluene, methylcyclohexane, and benzene as a

by-product, respectively.



Computational Details

All the density functional theory calculations were performed by using the projector augmented wave
(PAW) method' as implemented in the Quantum ESPRESSO code’ We used the rev-vdW-DF2
functional,” which has been shown to describe the physisorption as well as chemisorption systems
accurately. We used an efficient algorithm4 of the self-consistent van der Waals density functional®®
implemented’ in Quantum-ESPRESSO. The PAW potentials from pslibrary 1.0.0° were used to
describe the electron-ion interaction, and the wave functions and the augmented charge density were
expanded in terms of a plane-wave basis with the kinetic cutoff energy of 80 and 640 Ry,
respectively. We used the PAW potentials generated using the Perdew-Burk-Emzerhof (PBE)
functional,” and the use of PBE potentials in vdW-DF calculations was validated in ref 10. The
structures of bulk Ru and Ru,P were optimized using I'-centered 12x12x12 k-point set and 4x4x4
Monkhorst-Pack'' k-point set, respectively. Optimized lattice parameters are a=2.706 A and c=4.278
A for Ru in the hexagonal closed pack structure and a=5.864 A, b=3.873 A, and ¢=6.980 A for Ru,P,
respectively, which are in good agreement with the experimental values.'*"

The surfaces were modeled by slab models constructed using the theoretically optimized lattice
parameters, and we used (3x3) S-layer slab and (1x2) 4-layer slab for Ru(0001) and Ru,P(112),
respectively, and 4x4 I'-centered k-point set and 4x4 Monkhorst-Pack k-point set were used to
sample the surface Brillouin zone. The slabs were separated by a vacuum equivalent to 6 monolayer
thickness (~15 A) for Ru and ~13 A for Ru,P. The Hermite-Gaussian function of the order 1 with the
smearing width of 0.01 Ry was used to treat the Fermi surface.'* Adsorbates were put on one side of
the slab, and the spurious electrostatic interaction between the neighboring slabs were eliminated by
using the Green's function technique.'>'® The two bottommost layers were fixed to their respective
bulk positions, and the remaining degrees were relaxed until the maximum force drops below 5.1 x
107 eV/A (1x10* Hartree/Bohr). The adsorption energy was defined by E,qs = —[Eor — ERO! —
ESUP], where Eyop, EDO and ESUP are total energies of combined system, adsorbate, and substrate,
respectively.

For the surface energy calculations, we constructed symmetric slabs using the theoretically
optimized lattice parameters, which contain 6 atomic layers and are separated by a vacuum of ca 10
A. T-centered 4x4, 4x4, 4x2, 4x4, 4x4, 4x8, 4x4, and 2x8 k-point meshes were used for (210), (112),
(013), (111), (020), (301), (211), and (103) surfaces, respectively. Atoms in the slabs were fully

relaxed.



Tables

Table S1. Catalytic performances of Ru,P catalysts using various supports in toluene hydrogenation.

support product name Sger / m°g”! Conv. (%) Sel. (%)
active carbon DARCO 674 14.8 100
ALLO; JRC-ALO-8 178 43.7 99.1
CeO, JRC-CEO-1 157 14.7 99.7
MgO JRC-MGO-4 33 21.6 99.3
TiO; JRC-TIO-6 (rutile) 100 42.1 99.7
Si0; CARIACT G6 470 48.7 100

Table S2. Calculated surface energies of various planes of Ru,P.

Surface Surface energy (J/m?)
(210) 2.05
(112) 221
(013) 2.38
(111) 243
(020) 2.43
(301) 2.45
(211) 2.52
(103) 2.57
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Figure S1. XRD patterns of silica-supported (a) monometallic and (b) metal-phosphide catalysts.
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Figure S2. TEM image and size distribution of Ru/SiO, (left) and Ru,P/Si0; (right). D, indicates

volume-weighted mean diameter.

w
o

w
o
1

B pure metal
[] metal phosphide

TOF / min~1
o -~ = N DN
(@) ] o (&) ] (@] (@) ]
1 1 1 1 1

0.0 -

Pt Ir Pd Rh Ru
Figure S3. TOF of tested catalysts in toluene hydrogenation.



50 RIBBIXIIIEEEEEAIIIXIIIIEEEOOL-O--HOOL-OL--O LI 100

L

/; i -
X 40 Qméo%dpoo 80 <
g [Cecee} <
ZJ b)OOO o) "?
o 30 07000 - 60 2
> 0000000 O
= 0,0 OOOOOO 50 e @
8 e 006°~00600°° %00 0
2 20 L 40 T
[0} O
= b
L

10 - 20

0 T T T T T O

0 10 20 30 40 50 60

Time on stream/ h

Figure S4. Change in the catalytic performance of Ru,P/SiO; in toluene hydrogenation.
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Ru,P/SiO; after 60 h of toluene hydrogenation was used. The strong DTG peak below 100°C
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carbonaceous deposit.
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Figure S6. TPD profiles (ca. 3530 cm ') of toluene desorption for Rh-based catalysts.
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Figure S7. FT-IR spectra of CO adsorbed on Rh-based catalysts.
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Figure S8a. Geometry optimization for toluene adsorbed on Ru(0001) surface. Gray: Ru, brawn: C,
white: H. For the most stable adsorption geometry, aromatic C atoms at 1, 3, and 5 positions bind to

Ru with o-like coordination and with the methyl group pointing toward another hollow site (two C-H
bonds directed to Ru atoms).
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Figure S8b. Optimized geometries of toluene adsorbed on Ru,P(112) surface. Gray: Ru, purple: P

brawn: C, white: H.
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Close-up of the toluene conformation (Figure S8b)
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Figure S9. Optimized and initial structures of toluene adsorbed on Ru,P(112) surface at high
coverages. Yellow and purple dotted lines indicate Ru-ensemble and H-adsorption sites, respectively.

Geometry optimization of the structures (b), (c¢), and (d) did not converged.
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toluene (conformation 1) + 2H
Eags (2H) = 0.69 eV

Figure S10. Optimized structure of dissociated two H atoms from one H, molecule at an
H-adsorption site on Ru,P(112) surface. The adsorption energy was defined by E,gqs = —[Etot —
Emol — ESUD] where Eyop, ERC, and ESYP are total energies of combined system, H,, and toluene
adsorbed Ru,P substrate, respectively.
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