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Enhanced Hydrogenation Catalytic Activity of Ruthenium
Nanoparticles by Solid-Solution Alloying with Molybdenum

[a, b

Shinya Okazoe,

Takaaki Toriyama,'” Syo Matsumura,” ¢

We report the hydrogenation catalytic activity application of
molybdenum-ruthenium (MoRu) solid-solution alloy nanopar-
ticles (NPs) as catalysts for the hydrogenation of 1-octene and
1-octyne. The solid-solution structure of MoRu NPs was
confirmed through scanning transmission electron microscopy
(STEM) coupled with energy-dispersive X-ray spectroscopy
(EDX), and powder X-ray diffraction (PXRD) measurement. The
hydrogenation catalytic activity of these NPs toward 1-octyne
and 1-octene in tetrahydrofuran (THF) was tested. The hydro-
genation catalytic activity of Ru was enhanced by alloying with
Mo at the atomic level. An electronic modification of Ru by a
charge transfer from Mo to Ru, which could induce the change
in the adsorption energy of reactants resulting in enhanced
catalytic activity, was observed by X-ray photoelectron spectro-

scopy.

The hydrogenation of unsaturated carbons is an important
reaction that is widely used in the chemical industry. From an
energy consumption viewpoint, catalysts that can effectively
promote the reaction under mild conditions are required.
Platinum group metals (PGM:s), in particular Pt, Ru, Rh, and Pd,
are well known as excellent hydrogenation catalysts for
unsaturated hydrocarbons!’ because these metals can easily
dissociate H, molecules into H atoms on their surfaces.” Ru has
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attracted much attention because of its lower cost and higher
hydrogenation catalytic activities toward various substrates.”!
To tune its catalytic activity, the alloying of Ru with other metals
has been studied. Among alloyed structures, solid-solution alloy
NPs, where constituent atoms mix at the atomic level, are well
investigated because their electronic structures can be easily
modified by changing the metal compositions or alloy
components. To date, various Ru-based solid-solution alloy NPs,
for example, Ru—Pt," Ru—Pd,®’ and Ru—Ni,”” have been synthe-
sized, and they exhibit higher catalytic activities than Ru. Most
of the reported Ru-based solid-solution alloy catalysts are
composed of late transition metals. However, Ru-based solid-
solution alloy NPs composed of early transition metals such as
Mo, W, and Cr are few reported. By contrast, Pt—Cr,”” Pd—W,®
Pd—Mo,”” and Rh-W"? solid-solution alloy NPs show higher
catalytic activities than monometallic catalysts. Therefore,
alloying Ru with early transition metals is challenging and might
be effective for enhancing its catalytic activities. In addition,
compared with late transition metals, in particular PGMs, early
transition metals are much cheaper and more abundant. If the
catalytic activity is enhanced by alloying with early transition
metals, this could be effective from a cost viewpoint. Recently,
we succeeded in the synthesis of solid-solution alloy NPs
composed of Mo and Ru, and found their high catalytic activity
toward the hydrogen evolution reaction."" In this study, we
report on the catalytic activity of MoRu solid-solution alloy NPs
for the hydrogenation of 1-octene and 1-octyne as model
substrates (Scheme 1).

Ru NPs and MoRu solid-solution alloy NPs were synthesized
by thermal decomposition'"” and denoted as Ru and Mog,Ruq;
(see the Supporting Information, Sl). The exact atomic ratio of
Mo and Ru in MoRu solid-solution alloy NPs was calculated to
be 0.19:0.81 by X-ray fluorescence (XRF) spectroscopy. The
mean diameters were 6.6+ 1.1 and 2.7+0.5 nm for Ru and
Mo,,Ru,g NPs, respectively (SI, Figures S1 and S2 and Table S1).
The atomic distribution was determined using scanning trans-
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Scheme 1. Reaction scheme of 1-octene and 1-octyne hydrogenations.
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mission electron microscopy (STEM) and energy dispersive X-
ray (EDX) spectroscopy. A high-angle annular dark-field
(HAADF)-STEM image, the corresponding Mo-L and Ru-L EDX
maps, and an overlay of Mo and Ru maps of Mo,,Ruyg NPs are
shown in Figure 1a—d. The EDX maps clearly show the Mo and
Ru atoms to be homogeneously distributed in each NP,
indicating a solid-solution alloy structure. In addition, we also
confirmed a solid-solution structure through STEM-EDX line
analysis (Figure S3). The crystal structure of the synthesized NPs
was examined using powder X-ray diffraction (PXRD) (SI,
Figure S4), and the patterns were refined by the Le Bail method
(SI, Figures S5 and S6). The calculated lattice constants of
Moy,,Rugs NPs (a=2.7706 A, c=4.3289 A for a hcp structure, a=
3.8530 A for a fcc structure) were slightly larger than those of
Ru NPs (a=2.7109 A, c=4.2879 A for a hcp structure, a=
3.8202 A for a fcc structure), which indicates alloying Ru with
Mo which has a larger atomic radius. These results support the
formation of a solid-solution alloy with lattice parameters that
are larger than those of Ru, as previously reported.™”

These NPs were applied in the catalytic hydrogenation of
unsaturated hydrocarbons (1-octene and 1-octyne) (Scheme 1).
Hydrogenation tests were performed with 1 mol% NPs toward
the substrates in 2.4 mL of tetrahydrofuran (THF). A 0.05 mL
substrate and 0.05 mL n-dodecane as an internal standard were
added to the solutions. Next, H, was introduced into the reactor
under a pressure of 1 or 3 bar. The concentrations of substrates
and products were determined by gas chromatography. The
details of the catalytic tests are described in SI. In general, the
size of NPs is one of the factors to determine the catalytic
activity, and comparable sizes of NPs should be used for a fair
comparison. However, we used different sizes of NPs because

Figure 1. (a) HAADF-STEM image, (b) Mo-L, (c) Ru-L EDX maps, and (d)
overlay image of Mog,Ru,g.
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the comparable size of NPs could not be prepared by the
thermal decomposition.

The time dependence of catalytic conversion of 1-octene at
60°C is presented in Figure 2a. 1-octene was converted to n-
octane on Ru and Mo,,Ruys NPs within 15 min. Moy,Ruys NPs
showed a catalytic activity comparable or slightly higher than
Ru NPs, and the same tendency was observed at 30°C
(Figure 2b). Small amounts of the isomers cis-2-octene and
trans-2-octene were also observed during hydrogenation; the
time-dependent concentration of C8 species is shown in
Figure S8 and Figure S9. These isomers were also converted to
n-octane in the end.

We further performed hydrogenation of 1-octyne under
3 bar H, at 60°C. The concentrations of 1-octyne, 1-octene,
trans-2-octene, cis-2-octene, and n-octane normalized without
oligomers are shown in Figure 3a and Figure 3b, and the final
concentration of the solution is shown in Table 1. Full
conversion of 1-octyne over Ru NPs reached at 60 min, whereas
that over Mo, ,Ruyg NPs reached at 45 min. Mo,,Ru,s showed a
much higher catalytic activity for 1-octyne than Ru, which
demonstrated that alloying Ru with early transition metal is also
effective in enhancing the hydrogenation catalytic activity of
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Figure 2. Time dependence of 1-octene conversion under 3.0 bar H, at (a)

60°C and (b) 30°C. The conversions over Ru and Mo, ,Ru,; are represented
by circles and squares, respectively. The lines are shown as a guide for the
eyes.
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Figure 3. Time-dependent concentration of 1-octyne and the products at 60
°C with (a) Ru and (b) M00.2Ru0.8. The concentrations of 1-octyne, 1-octene,
trans-2-octene, cis-2-octene, and n-octane are represented by red, green,
blue, purple, and brown dots, respectively. The concentrations were
normalized without oligomers. The lines are shown as a guide for the eyes.
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Table 1. Final concentration of products after 1-octyne hydrogenation.

Entry Catalyst Temperature [°C] H, pressure [bar] Time Conversion [%] n-Octane [%] Oligomerization [%]
1 Ru 60 3 60 min 100 86 14

2 Mog,RUgs 60 3 45 min 100 86 14

3 Mo,,RUgs 30 3 120 min 100 87 13

4 Ru 30 1 24 h 47 32 1

5 Moy,RUgs 30 1 24 h 100 85 15

Ru. 1-octene and n-octane were observed in the initial period
with both NPs. This indicates that hydrogenation of 1-octene
was subsequently promoted following that of 1-octyne. There-
fore, both Ru and Moy,Russ NPs have low selectivity for
semihydrogenation. This process would be caused by the
similar adsorption energies of 1-octyne and 1-octene on the
NPs. Because Mog,Ru,g NPs showed better catalytic activity, we
further tested 1-octyne hydrogenation at 30°C, which is a
milder condition. As shown in Figure S10, 1-octyne and 1-
octene were fully reduced within 120 min. Moreover, only
Mo,,Ru,g NPs showed 100% conversion at 30°C even under
1 bar H, condition, although Ru NPs showed only 47%
conversion (see Table 1, entries 3 and 4). As another substrate,
we selected phenylacetylene (Scheme S1 in SI) and performed
their hydrogenation tests. We also confirmed the enhanced
hydrogenation catalytic activity of Ru toward phenylacetylene
(Table S2 in SI).

Catalytic activities are strongly affected by the electronic
structure of the catalyst surface. To investigate the electronic
structure of Mogy,Ru,z NPs, X-ray photoelectron spectroscopy
(XPS) analysis was performed. As shown in Figure 4, Ru 3p
peaks of Mog,Ruys NPs shifted to slightly lower energy
compared with those of Ru (S|, Table S2), indicating that a
charge transfer from Mo to Ru occurred. It was assumed that
this electronic structure change influences the adsorption
energies of substrates on solid-solution alloy NPs, resulting in
the enhancement of the catalytic activity of Moy,Ruy,s. We
confirmed the change of the adsorption sites by alloying
through CO-DRIFTS (Figures S10-S12 in Sl). This also may
attribute to the enhancement of catalytic activity. In summary,
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Figure 4. XPS spectra of Ru and Mo,,Ruys NPs. The observed spectra, sum of
fitting peaks, and backgrounds are represented by gray dots, red, and black
solid lines, respectively. The fitting components of metallic and oxide are
represented by blue and green lines, respectively.
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MoRu solid-solution alloy NPs were synthesized by thermal
decomposition and characterized by STEM-EDX and PXRD.
Enhancement of the hydrogenation catalytic activity of Ru NPs
toward 1-octene and 1-octyne by solid-solution alloying with
Mo, which is an early transition metal, was observed. This study
suggests that atomic-level mixing with early transition metals
has the potential to improve the catalytic properties of PGM.
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