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ABSTRACT

Homogeneous noble metal catalysts used in alkene hydrosilylation reactions to manufacture organosilicon compounds
commercially often suffer from difficulties in catalyst recovering and recycling, undesired disproportionation reactions, and energy-
intensive purification of products. Herein, we report a heterogeneous 0.5Ru®"/ZrO, catalyst with partially charged single-atom Ru
(0.5 wt.% Ru) supported on commercial ZrO, nanocrystals synthesized by the simple impregnation method followed by H,
reduction. When used in the ethylene hydrosilylation with triethoxysilane to produce the desired ethyltriethoxysilane, 0.5Ru®*/ZrO,
showed excellent catalytic performance with the maximum Ru atom utilization and good recyclability, even superior to
homogeneous catalyst (RuCl;-H,0). Structural characterizations and density functional theory calculations reveal the atomic
dispersion of the active Ru species and their unique electronic properties distinct from the homogeneous catalyst. The reaction
route over this catalyst is supposed to follow the typical Chalk—Harrod mechanism. This highly efficient and supported single-
atom Ru catalyst has the potential to replace the current homogeneous catalyst for a greener hydrosilylation industry.
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1 Introduction

The hydrosilylation reaction is commercially employed to
manufacture organosilicon compounds by catalytic addition of
Si-H bonds [1], and these products are widely used as silane
coupling agents, surfactants, demolding coatings, lubricants, and
adhesives [2,3]. Currently, noble metal homogeneous catalysts,
e.g., Speier catalyst (H,PtCly) [4] and Karstedt catalyst (the mixture
of H,PtCl;, C,H;OH, and NaHCOj3) [5], are commonly used in
industrial hydrosilylation processes. Other homogeneous catalysts
found to be effective for hydrosilylation include Rus(CO),, [6],
Ru,C,y(CO)s  [7], RhCI(PPhy); [8], RhCI(CO)(PPhy), ([8],
RhH(CO)(PPhy); [8], and [RhCI(CO),], [8], but are still mainly
investigated in the laboratories. In general, these homogeneous
catalysts ~ suffer ~from  nonrecyclable use, unwanted
disproportionation reactions, inconvenient recovery of noble
metal catalysts, and energy-intensive purification of products

[9-11]. Therefore, heterogeneous noble metal catalysts featuring
facile separation and recycling properties have been investigated
for the hydrosilylation reaction [12, 13], including Pt nanoparticles
supported on activated carbon and graphite [14], Pt/C
nanoparticles [15], Pd-CMP-1 [16], Pt/C [17], Ru-MgO and Pt-
MgO [18], and Pt nanoparticles encapsulated in a sol-gel derived
porous matrix of methyltriethoxysilane [11]. However, these
heterogeneous catalysts still have not come into industrial
applications due to their low efficiency of atom utilization,
leaching of active species, unsatisfactory catalytic performance,
and limited stability. Thus, we expected to develop a catalyst
system with combined advantages of the homogeneous and
heterogeneous catalysts to overcome the technical barrier for the
aforementioned above.

Single-atom catalysts (SACs) have high atom utilization
efficiency and controllable characteristics of the active sites, being
able to bridge the homogeneous and heterogeneous systems
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[19-21]. Indeed, some SACs have shown excellent catalytic
performance comparable to or even better than homogeneous
catalysts. For example, the single-atom Rh catalyst supported on
nanodiamond showed excellent catalytic activity in the
hydroformylation of aryl ethylene, even comparable to the
homogeneous RhCI(PPh;); catalyst [22]. Co SACs supported on
carbon nitride (CN) showed much better catalytic properties for
oxidation of ethylbenzene in air than nanosized or homogenous
Co catalysts [23]. The single-atom Rh catalyst supported on ZnO
showed catalytic properties in the hydroformylation of alkenes
comparable to the homogeneous RhCl(PPhs); catalyst [24]. The
activity of a single-atom Ru catalyst supported on layered double
hydroxide was better than that of RuCl; in a hydrogenation
reaction [25]. Single-atom Pt on Fe;O,-SiO, core-shell
nanoparticles exhibited excellent catalytic performance in
hydrosilylation comparable to homogeneous H,PtCl; catalyst [26].
Chen et al. reported that a partially charged single-atom Pt/TiO,
catalyst exhibited remarkable activity, optimal selectivity, and
excellent  reusability —toward anti-Markovnikov  alkene
hydrosilylation, much better than conventional Pt nanocatalysts
[27]. A single-atom Pt/ALO; catalyst used in the hydrosilylation
reaction of 1-octene and diethoxymethylsilane displayed super
catalytic activity and selectivity, superior to the traditional Pt/Al,O;
nanocatalysts and even comparable to the commercial Karstedt
catalyst [28].

The development of heterogeneous Ru SACs for the
hydrosilylation reactions is highly desirable because of the much
lower cost of Ru noble metal than that of Pt. Many Ru SACs have
been prepared recently, including Ru/N-C [29], Ru@2H-MoS,
[30], RwHZ [31], RwH-TiO, [32], Ru/UiO-66 [33], and
Ru/Nb,O; [34]. However, the preparation of these Ru SACs
involves complicated synthetic procedures, toxic or expensive
chemicals, harsh treatment conditions, and lab-made special
supports; thus, they are not suitable for commercial applications.
Moreover, to the best of our knowledge, there have been no
reports on the use of Ru SACs in hydrosilylation, although Pt
SACs have been used in this reaction [27, 28, 35].

This work reports a low-cost synthesis of a partially charged
single-atom Ru catalyst supported on commercial ZrO,
nanocrystals (0.5Ru”/ZrO,) by the simple impregnation method
followed by H,-reduction. The obtained 0.5Ru*/ZrO, shows
excellent catalytic performance in the ethylene hydrosilylation
with  triethoxysilane  (TES) to produce the desired
ethyltriethoxysilane (ETES) (Scheme 1), even superior to the
homogeneous industrial catalyst (RuClyH,O) under different
reaction conditions. Importantly, this heterogeneous Ru SACs
with the high atom utilization efficiency can be easily recovered
and recycled, with a high potential to realize a greener industrial
hydrosilylation process

2 Experimental

2.1 Chemicals

All the chemicals were purchased from several Chinese companies
and used directly without further processing. Ruodium(III)
chloride hydrate (RuCly;-H,O, analytical grade (AR) > 44.0 wt.%)
was purchased from Shanxi Kaida Chemical Co. Ltd., zirconium
dioxide (ZrO,, AR > 99.9 wt.%, specific surface area: 40 m’/g)
from Zhejiang Yamei Nano Technology Co., Ltd., triethoxysilane
(TES, AR 2 97.0 wt.%) from Chengdu Maikaxi Chemical Co.,
Ltd., gaseous ethylene (C,H, > 98.5 wt.%) from Beijing Haipu Gas
Co., Ltd,, methylbenzene (C;Hg, AR, = 99.5 wt.%) and ethanol
(C,H;OH, AR > 99.7 wt.%) from Sinopharm Group Chemical
Reagent Co. Ltd., cerium dioxide (CeO,), aluminum oxide
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(ALO;), and silica (SiO,) from Sinopharm Group Chemical
Reagent Co. Ltd.

2.2 Synthesis of catalysts

First, 0.112 g RuCl;-H,O was dissolved in 25 mL deionized water,
and then 10 g ZrO, was added into this solution, which was stirred
at room temperature for 5 h. The obtained wet solid was then
dried at 100 °C overnight and further calcined in air at 400 °C for
2 h with a heating rate of 5 °C/min. Next, the calcined sample was
reduced in a tubular oven under H,/Ar flow (50/50 vol.%,
60 mL/min) at 170 °C (5 °C/min heating rate) for 2 h. The
reduced sample was pressed into tablets by adding 5 wt.% graphite
powder and named 0.5Ru’/ZrO,. And the other Ru-based
catalysts supported on CeO,, Al,Os;, and SiO, were synthesized
following the same procedures for 0.5Ru”/ZrO,.

2.3 Characterization

Thermogravimetric (TG) analysis was performed on a TG-
DTA6300 instrument at a heating rate of 10 °C/min up to 900 °C
in an air flow (200 mL/min). Hydrogen temperature-programmed
reduction (H,-TPR) and temperature-programmed desorption
(H,/TPD) experiments were carried out on an automated
chemisorption analyzer (Quantachrome, Chem BET pulsar
TPR/TPD). For the H,-TPR test, a 50 mg sample was put into a
quartz U-tube reactor and pretreated at 150 °C for 2 h under He
flow, followed by cooling to 50 °C. Afterward, the sample was
heated to 900 °C (10 °C/min) under H,/Ar flow. For H,/TPD, a
100 mg sample was pre-reduced at 600 °C for 1 h in a 10% H,/Ar
flow and then cooled to 50 °C and saturated with H,. After
purging the physically adsorbed H, under Ar flow for 2 h, the
sample was heated to 900 °C (10 °C/min) for H,-TPD in Ar flow.
The X-ray diffraction patterns (XRD) were recorded on a
PANalytica XPert PRO MPD using Cu Ka radiation (A =
1.5418 A) at 40 kV and 40 mA and compared with the standard
cards of the Joint Committee on Powder Diffraction Standards
(JCPDS). The shape and microstructure of the samples were
observed using a scanning electron microscope (SEM) (JSM-7800,
Japan) and a field-emission transmission electron microscope
(TEM) (JEM-2100F, JEOL, Japan) operated at 200 kV. The surface
chemical composition was measured on a VG ESCALAB 250 X-
ray photoelectron spectroscopy (XPS) instrument (Thermo
Electron, UK) with a non-monochromatized Al Ka X-ray source
(1,486 eV). The AC high-angle annular dark field-scanning
transmission electron microscopy (HAADF-STEM) image was
obtained on aberration-corrected HAADF-STEM (FEI-Titan
Cubed Themis G2 300, Netherland). X-ray absorption
spectroscopy (XAS) data were analyzed using the IFEFFIT
package, in which energy calibration to respective metal foils and
spectral normalization were performed using Athena software
[36]. A cubic spline function was used to fit the background above
the absorption edge. For extended X-ray absorption fine structure
(EXAFS) analysis, k* weighting was applied to amplify the EXAFS
oscillations in the mid-k region. Then, a Fourier transform process
was conducted to convert data to a radial distribution (R) space
with a k range at the Ru K edge. The product was analyzed by gas
chromatography (GC) (7890B, Agilent, China).

24 Catalytic measurement

The catalytic properties of the Ru catalysts for ethylene and TES
reaction were evaluated using a 100 mL stainless steel autoclave
reactor with a polytetrafluoroethylene (PTFE) lining. A given
amount of Ru catalyst (20-40 meshes) and 25 mL of TES were
placed in the reactor. Ethylene gas (60 mL/min) was continuously
fed into the reactor. The reaction system was stirred at 250 rpm
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under a given pressure and temperature. After a given reaction
time, the reactor was cooled to room temperature, and the
pressure in the reactor was released. The product liquid in the
reactor was analyzed using an isocratic high-performance liquid
chromatograph (Agilent 7890B) system with an Agilent 7890B
standard variable wavelength ultraviolet (UV) detector and an HP-
5 normal phase column. The TES conversion, ETES selectivity,
and yield are calculated by the following Egs. (1)-(3)

MTES before — MITES after

TES conversion : Crgs(%) = x100% (1)

MTES before

_ s 100%  (2)

ETES selectivity : Sers (%) = e
ETES TEOS

ETES yield : Yirgs(%)=Cres X Serss x 100% (3)

herein, Mrgs perore AN Mipgs 4o 0 EqQ. (1) represent the mass of TES
before and after the reaction, respectively, and s and mpgos in
Eq. (2) are the mass of ETES and TEOS, respectively (in
percentage; peak area calibrated with response factor).

Recycling performance of the catalysts: The solid catalyst was
recovered by centrifugation and dried at 100 °C overnight after
each run. Then, the recycling performance was evaluated under
the same conditions.

2.5 Density functional theory (DFT) calculation

The calculations were performed using spin-polarized density
functional theory (DFT) methods implemented in the Vienna ab
initio simulation package (VASP) code [37,38]. The projector
augmented wave (PAW) method was used to describe the
interactions between the ions and valence electrons [39]. The
exchange—correlation interactions of valence electrons were
calculated via the generalized gradient approximation (GGA) in
the Perdew-Burke-Ernzerhof (PBE) form [40]. The valence
orbitals of Zr (5s, 4d), Ru (4d, 5s), Si (3s, 3p), O (2s, 2p), C (2s, 2p),
and H (1s) were described by plane-wave basis sets with cut-off
energies of 450 eV, whereas the Brillouin zone was sampled at the
I-point. DFT + U calculations [41, 42] with a value of U4 = 4.0 eV
for the Zr 4d state [43] were applied to correct the strong electron-
correlation properties of ZrO,. The convergence criteria for the
electronic self-consistent iteration and force were set to 10* eV
and 0.02 eV/A, respectively. All transition states and pathways
were computed using the climbing image nudged elastic band (CI-
NEB) method to evaluate the energy barriers [44-46]. The
ZrO,(111) surface was modeled by a p(2 x 2) supercell including
two Zr layers, and the vacuum gap was set as ~ 15 A To simplify
the calculation, SIH(OMe); was used in simulation [27].

3 Results and discussion

3.1 Characterization of 0.5Ru*/ZrO,

Figure 1(a) shows a photograph of the obtained 0.5Ru’/ZrO,
tablets; each has a diameter of 5 mm and a thickness of 3-4 mm.
It should be mentioned that the TG curve of the 0.5Ru*/ZrO,
catalyst in the air before calcination shows a low plateau around
400 °C (Fig.Sl(a) in the Electronic Supplementary Material
(ESM)), thus this temperature was chosen for catalyst calcination.
The H,-TPR profile of the 0.5Ru*/ZrO, catalyst after calcination
in air at 400 °C and before the reduction in H,/Ar (Fig. S1(b) in
the ESM) shows a strong peak centered at approximately 170 °C,

(EtO);SiH + C,H, = EtSi(EtO); + Si(EtO), + trace other products
(TES) (ETES)  (TEOS)
Scheme 1  Synthesis of ETES by Ru-catalyzed hydrosilylation reaction.

5 pm

0.285 nm i

5nm 10 nm O |10

Figure1 Structural characterizations of the 0.5Ru*/ZrO, catalyst. (a)
Photograph picture, and ((b) and (c)) SEM images: SEM-EDS elemental
mapping images of () Zr, (c,) O, and (c5) Ru. ((d) and (e)) TEM images, and
((f) and (g)) AC HAADF-STEM image: elemental mapping images of (g,) Zr,
(gz) O,and (gs) Ru.

which is the temperature chosen for catalyst reduction. It is noted
that the preparation of this catalyst does not involve complicated
synthesis procedures, any toxic or expensive chemicals, and harsh
treatment conditions, and thus could be easily scaled up for
commercial applications. The SEM image of 0.5Ru”/ZrO, in Fig.
1(b) shows that the catalyst consists of many ZrO, nanoparticles
with a size of 20-30 nm, and a morphology similar to that of the
pristine ZrO, (Fig. S2 in the ESM). The SEM-energy dispersive X-
ray spectroscopy (SEM-EDS) elemental mapping analysis of
0.5Ru*/Zr0O, in Fig. 1(c) indicates the highly dispersed Ru element
(Fig. 1(c3)) on the ZrO, support (Figs. 1(c;) and 1(c,)). The TEM
image in Fig. 1(d) further confirms that the particle sizes of
0.5Ru*/ZrO, are in the range of 20-30 nm. The high-resolution
transmission electron microscopy (HRTEM) image in Fig. 1(e)
shows that ZrO, is a single crystal, and its lattice spacing measured
is 0285 nm, corresponding to the (111) crystal plane of
monoclinic ZrO,. No Ru nanoparticles or clusters are observed in
Figs. 1(d) and 1(e), consistent with its XRD characterization
results (Fig. S3(a) in the ESM), which do not show any diffraction
peaks related to Ru species except the strong ZrO, characteristic
peaks. The Ru dispersion on 0.5Ru*/ZrO, is calculated to be
91.8% using its H-TPD profile (Fig. S3(b) in the ESM), suggesting
that the highly dispersed Ru species may exist as single atoms.
This conclusion is further supported by the AC HAADF-STEM
image (Fig. 1(f)), in which abundant isolated bright spots marked
by red circles can be assigned to Ru single atoms because of a
larger atomic number of Ru than Zr, clearly verifying the atomic
dispersion of Ru [47]. The elemental mapping image on
0.5Ru/ZrO, (Fig. 1(g)) reveals that Zr (Fig. 1(g;)), O (Fig. 1(g,)),
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and Ru (Fig. 1(g3)) are highly dispersed, although the Ru signal
seems slightly weak.

Figure 2(a) shows the XPS spectrum of Zr 3d for 0.5Ru”/ZrO,.
Two peaks are observed at 181.8 and 184.2 eV, assigned to the
binding energies of the 3ds, and 3d;, electrons of Zr*, respectively
[48]. In Fig.2(b), the O 1s peaks are broad and asymmetric and
can be fitted into two peaks using the Gaussian function. The peak
at 530.2 eV is ascribed to the lattice oxygen in ZrO, (Oy), while the
peak at 531.8 eV to the surface adsorbed oxygen (Oy) (active
oxygen species) [49-51]. As shown in Fig 2(c), the Ru 3p
spectrum can be deconvoluted into two peaks with binding
energies at 462.4 and 485.1 eV, corresponding to the 3p;, and
3pyy, levels, respectively [30, 52]. The peak positions are between
those of Ru(IV) and Ru(0), indicating that single-atom Ru is
positively charged through electron transfer to ZrO,, similar to the
partially charged single-atom Pt/TiO, catalyst [27].

In Fig. 2(d), the XANES spectra show that the energy
absorption edge and white line peak of 0.5Ru*/ZrO, are situated
between the Ru foil and RuO,, suggesting that the valence state of
the positively charged Ru atoms in 0.5Ru*/ZrO, is between 0 and
+4, which is in line with the XPS results. Figure 2(e) shows the
EXAFS curve of 0.5Ru*/ZrO,, with Ru foils and RuQ, as reference
samples. 0.5Ru*/ZrO, exhibits only one prominent peak at
approximately 1.4 A, associated with the first shell of Ru-O
scattering. No reflection from the Ru—Ru contribution is observed
compared with Ru foils. This result demonstrates the sole
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existence of atomically dispersed Ru in 0.5Ru*/ZrO,, in good
agreement with the above AC HAADF-STEM characterization
results. Quantitative EXAFS fitting is performed (Figs. 2(f) and
2(g)), and the structural parameters of 0.5Ru*/ZrO, are listed in
Table S1 in the ESM. In detail, 0.5Ru®/ZrO, shows Ru-O
coordination at 2.03 + 0.09 A with a CN of 2.61 + 0.3. To further
reinforce this finding, we performed wavelet transform (WT)
analysis of Ru EXAFS oscillations (Fig. 2(h)) [53]. As illustrated by
the WT contour plots of 0.5Ru’/ZrO, [54], there is only one
intensity maximum at approximately 4.1 A" from the Ru-O
contributions but without the intensity maximum near 7.9 A,
which is indexed to the Ru-Ru path. Taking together with the AC
HAADF-STEM, XANES, EXAFS, and WT analysis results, we
conclude that the Ru species are atomically dispersed in
0.5Ru’/Zr0O, and stabilized by O atoms; furthermore, as a result of
electron transfer from Ru to ZrO,, Ru atoms are partially
positively charged.

3.2 Catalytic performance

We further investigated the performance of the 0.5Ru*/ZrO,
catalyst in the hydrosilylation of TES with ethylene to produce
ETES under different reaction conditions and compared it with
the homogeneous RuCl;-H,O catalyst, which may lay a foundation
for the use of heterogeneous Ru catalysts in industry. In the
reaction temperature range of 50-80 °C, the ETES selectivity (Fig.
3(a;)), TES conversion (Fig. 3(a,)), and ETES yield (Fig. 3(a;)) of
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Figure2 Characterization of the 0.5Ru”/ZrO, catalyst: XPS spectra of (a) Zr 3d, (b) O Is, and (c) Ru 3p. (d) XANES, (e) EXAFS, (f) EXAFS R space fitting curve, (g)
EXAFS k space fitting curve, and (h) EXAFS WT spectra.
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Figure 3 (a) Comparison of catalytic properties between 0.5Ru*/ZrO, and RuCl;-H,O under different reaction temperatures, (b) the product solution filtrated after
reaction with 0.5Ru”/ZrO, catalyst (left) and homogeneous RuCl;-H,O catalyst (right), and (c) recycling performance of the 0.5Ru*/ZrO, catalyst.

the 0.5Ru*/ZrO, catalyst are much higher than those of
RuCl;H,0. The optimum reaction temperature for both
heterogeneous and homogenous catalysts is 60 °C, at which the
ETES selectivity and TES conversion on 0.5Ru*/ZrO, reach 98.6%
and 99.3%, respectively, and 95.8% and 82.0% on RuCl;-H,O.
However, when the reaction temperature is raised to 70 and 80 °C,
both ETES selectivity and TES conversion on both catalysts are
declined. It is well known that TES is very reactive and readily
converted to byproduct TEOS at slightly high temperatures;
therefore, the ETES selectivity decreases with increasing
temperature [2]. In addition, the increased temperature leads to
the significantly higher saturated vapor pressure of ethylene and
less dissolution of ethylene in TES, and thus less participation of
ethylene in the reaction, resulting in the decrease of TES.

We also investigated the effect of the pressure on the catalytic
properties. Similarly, in the reaction pressure range of 0.0-0.7
MPa, 0.5Ru’/ZrO, shows a better catalytic performance in ETES
selectivity (Fig. S4(a;) in the ESM), TES conversion (Fig. S4(a,) in
the ESM), and ETES yield (Fig S4(a;) in the ESM) than
RuCl;-H,0, and the optimum reaction pressure is 0.35 MPa, at
which the dissolution rate and surface reaction rate of ethylene gas
reach an equilibrium state. However, a further increase in pressure
will not affect the TES conversion but will lower the ETES
selectivity. It is because the excessive reaction pressure will lead to
the disproportionation of TES and a decrease in ETES selectivity
[55]. Similarly, in the reaction period of 1-6 h, 0.5Ru’/ZrO,
exhibits better catalytic performance in ETES selectivity (Fig.
S4(b,) in the ESM), TES conversion (Fig. S4(b,) in the ESM), and
ETES yield (Fig. S4(bs) in the ESM) than RuCl;-H,O, and the
optimum reaction time is 4 h for 0.5Ru*/ZrO, and 3 h for
RuCl;:H,O. Beyond their optimum reaction time, their ETES
selectivities show a declining trend, although their TES
conversions remain constant because a long reaction time can lead
to the disproportionation of triethoxysilane [2]. Moreover, when
the test is conducted in the Ru/TES molar ratio range of 3.7 x

10°-1.8 x 107 0.5Ru*/ZrO, also shows better catalytic
performance than RuCl;:H,O in terms of ETES selectivity (Fig.
$4(c,) in the ESM), TES conversion (Fig. S4(c,) in the ESM), and
ETES yield (Fig. S4(c;) in the ESM), and the optimum ratio is
determined to be 1.1 x 10™. However, further increasing the molar
ratio of Ru/TES will not enhance the conversion and selectivity.
Therefore, the hydrosilylation of TES with ethylene over the
0.5Ru’/ZrO, catalyst to produce ETES should be conducted at
60 °C, 0.35 MPa, and 4 h at the molar ratio of Ru/TES of 1.1 x
10*. Under this condition, the ETES selectivity and TES
conversion are 98.6% and 99.3% for 0.5Ru™/ZrO,, respectively,
better than those of RuCly:3H,0O (97.0% and 95.9%) [2]. In
addition, the calculated reaction activation energy of 0.5Ru*/ZrO,
is 27.2 kJ/mol, which is much lower than that of the homogeneous
catalyst RuCl;-H,O (53.4 kJ/mol) (see Figs. S5(a) and S5(b) in the
ESM), proving that 0.5Ru*/ZrO, has a stronger ability to activate
TES molecules. The turnover frequency (TOF) value of
0.5Ru”/ZrO, is calculated to be 1.02 s (see Fig. S5(c) in the ESM).
Additionally, using the same procedure, other Ru catalysts
supported on different materials were synthesized, including
0.5Ru/Ce0O,, 0.5Ru/Al, O3, and 0.5Ru/SiO,, but all showed poorer
catalytic properties compared to 0.5Ru*/ZrO, and RuCl;-H,0O
(Table S2 in the ESM), implying the unique property of ZrO,
single nanocrystal. The XRD patterns of 0.5Ru/CeO,, 0.5Ru/ALO;,
and 0.5Ru/SiO, in Fig. S6 in the ESM show there are no detectable
diffraction peaks for the Ru species, and also no Ru crystal
nanoparticles are observed in their TEM images (Fig.S7 in the
ESM), possibly because the Ru species are dispersed on these
supports in the form of atoms or clusters. It is known that the
coordination environment for Ru SACs and the electronic
interaction between Ru and different supports always result in
different catalytic properties [56-60]. The full characterization and
exploration of these catalysts will be conducted in our future work.
Figure 3(b) shows the product solution color after the
hydrosilylation reaction with 0.5Ru*/ZrO, catalyst filtrated (left)

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



5862

and homogeneous RuCl;H,O catalyst (right). The product
solution is transparent or colorless after recovering the
heterogeneous 0.5Ru”/ZrO, catalyst by filtration. In contrast,
when using RuCl;-H,O as the catalyst, the product solution shows
a uniformly brown color, which would lead to difficulty in the
product purification and separation process. Figure 3(c) shows the
recycling performance of 0.5Ru”/ZrO,. There is almost no change
in catalytic performance for ETES selectivity and TES conversion
in the first two runs. After the sixth cycle, the ETES selectivity
remains above 98.0%, but the TES conversion decreases from
99.3% in the first run to 12.4% in the eighth run.

We characterized this catalyst after the eighth run using TEM
and found some sol-gel-like solid precipitates among ZrO,
nanocrystals, but there was no observance of any Ru nanoparticles
(Fig.S8(a) in the ESM). The elemental mapping image of
0.5Ru*/ZrO, in Fig S8(b) in the ESM further confirms the
presence of Zr (Fig. S8(b,) in the ESM), O (Fig.S8(bs) in the
ESM), and Ru (Fig. S8(b,) in the ESM) species and Si-containing
compounds (Fig. S8(bs) in the ESM) on the ZrO, surface. It is well
known that siloxanes are always used in preparing various silica
materials via the hydrolysis process [61, 62]. We believe that after
exposure to the air containing moisture, the siloxanes, including
TES, ETES, and TEOS, present on the surface of 0.5Ru’/ZrO,, are
easily hydrolyzed and further converted to sol-gel-like solid SiO,,
which may block the part of Ru single atom active sites, leading to
a decline in TES conversion after several runs. This result suggests
that our developed 0.5Ru’/ZrO, catalyst should possess better
reusability if it is not in contact with moisture during the
separation and recycling stage.

3.3 Catalytic mechanism

DFT calculations were carried out to investigate the reaction
mechanism of alkene hydrosilylation. The 0.5Ru’/ZrO, model
was established by supporting Ru single atoms on the ZrO, (111)
surface (Fig. 4(a)). In 0.5Ru*/ZrO,, the Ru atom is located at a
hollow site and connected to two 2-fold coordinated O atoms,
with bond lengths of 1.99 and 2.09 A, which are consistent with
the EXAFS results. The distances between Ru and Zr atoms are
2.65 and 2.80 A, respectively. According to Bader charge analysis,
the calculated adsorption energy of Ru to the ZrO, (111) surface is
-2.60 eV, with a positive charge of +0.48 |e|. Figure 4(b) shows
that the electron density between Ru and Zr atoms increases, while
the electron density between Ru and O atoms decreases. The
increased charge density between Ru and Zr atoms implies that

- o
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the Zr atoms on the surface play an important role in binding to
the Ru single atom.

The reaction mechanism of alkene hydrosilylation on
0.5Ru*/ZrO, is illustrated in Fig.4(c). First, StH (OMe); is
adsorbed on the active Ru single atom with an adsorption energy
of —2.61 eV. The Si-H oxidative addition to Ru and formed
intermediate H-Ru-Si (OMe); has a very low barrier of 0.03 eV
(TS1) and is exothermic by —1.38 eV. Subsequently, C,H, co-
adsorbed with H-Ru-Si (OMe); on the Ru atom through p
bonding with an adsorption energy of —1.58 eV. There are two
pathways for C,H, insertion: the typical Chalk-Harrod
mechanism and the modified Chalk-Harrod mechanism [27, 63].
For the former mechanism (blue lines in Fig. 4(c)), C,H, inserts
into the Ru-H bond first, with a low barrier of 0.37 eV (TS2).
After C,H; formation, the next Si-C reductive elimination step
has a barrier of 1.68 eV (TS3) and is endothermic by 1.14 eV.
However, in the latter mechanism (red lines in Fig. 4(c)), C,H,
inserts into the Ru-Si bond first with a high barrier of 2.56 eV
(TS4), which is much higher than the barrier of the Si-C reductive
elimination step in the typical Chalk-Harrod mechanism.
Therefore, our results demonstrate that the typical Chalk—-Harrod
mechanism is more favorable on the 0.5Ru*/ZrO, catalyst, and the
Si-C reductive elimination step is the rate-determining step of the
whole reaction.

Based on the density functional theory calculations, the typical
Chalke-Harrod mechanism, which is compatible with the
experimental data, is proposed in Fig. 4(d). First, the intermediate
H-Ru-Si(OEt); is formed by the combination of TES [HSi(OEt)s]
and the active Ru species. Subsequently, the coordination of
ethylene with Ru leads to the generation of an ethylene complex of
Et-Ru-Si(OEt); and ethylene is later further inserted between H
and Ru atoms through the typical Chalke-Harrod mechanism.
Finally, the product of EtSi(OEt); is obtained when the active Ru
species drop out via Si-C reductive elimination and are recycled in
the hydrosilylation reaction. In the whole catalytic reaction, Si-C
reductive elimination is the rate-determining step. For our
0.5Ru’/Zr0O,, the atomic dispersion of active Ru species and the
unique charge number of Ru single atoms play a key role in
reducing the activation energy of this step.

4 Conclusions

In summary, we have developed a heterogeneous Ru-based
catalyst consisting of partially charged single-atom Ru supported

) (i) SiH(OMe);* ) Ts1

| O‘ O‘

(i) Si(OMe);* +H*

p | (iii) Si(OMe);* +H* +C,H*
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Figure4 (a) Optimized structures and (b) charge density differences of 0.5Ru”/ZrO,. Blue and yellow areas represent charge reduction and increase, respectively. The
cut-off of the density-difference iso-surfaces is equal to 0.004 electrons/A* (Zr: blue, O: red, and Ru: gold). (c) Reaction pathway for alkene hydrosilylation on
0.5Ru”/ZrO,. The inset shows the potential energy diagram, and numbers in parentheses indicate the barriers of elementary steps (Ru: gold, Si: green, Zr: blue, O: red,
C: black, and H: white). (d) Proposed Chalk-Harrod mechanism for the hydrosilylation of TES with ethylene catalyzed by 0.5Ru*/ZrO,.
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on ZrO, nanocrystals (0.5Ru®/ZrO,), exhibiting remarkable
activity, optimal selectivity, and reusability in the ethylene
hydrosilylation with TES, superior to the traditional and industrial
homogeneous catalyst (RuCl;:H,0). The unusual catalytic
property of 0.5Ru*/ZrO, can be attributed to the unique partially
positive-charged electronic structure and atomic dispersion of the
Ru species. The preparation of this catalyst does not involve
complicated procedures, any toxic or expensive chemicals, and
harsh treatment conditions, allowing for easy industrial
manufacture. Applying this single-atom 0.5Ru*/ZrO, catalyst
realizes both the high atom utilization and the recyclability of Ru,
making it possible for a greener industrial hydrosilylation process
to replace the present homogeneous catalytic process.
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