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Supported single-atom catalysts (SACs), with the b
extremely homogenized active sites could achieve high hydro- {}
genation selectivity toward one of the functional groups coexisting

gelectivity
in the reactant molecule. However, as to the target group, the W
control of selective recognition and activation by SACs still
remains a challenge. Herein, the phase engineering of the support
is adopted to control the chemo-recognition behavior of SACs in Rii,/TiO,
selective hydrogenation. Single-atom Ru on amorphous porous
ultrathin TiO, nanosheets (Ru;/a-TiO,) is constructed, in which
Ru is more positively charged than that in the crystalline Phase
counterpart (Ru,/c-TiO,). Moreover, in the nitro/vinyl selective Engineering

hydrogenation process, Ru;/a-TiO, shows superior nitro selectiv-
ity, opposite to the vinyl selectivity of Ru;/c-TiO,. Density
functional theory calculations for single-atom Ru of different charge states show that the reactant adsorption configuration could be
inverted in the amorphous TiO,, accounting for the chemo-recognition behavior controlled by the phase of support.

single-atom catalysis, phase engineering, amorphous materials, hydrogenation, chemoselectivity

elective hydrogenation is highly desirable in biomass of chemo-recognition for SACs in selective hydrogenation still
conversions and fine chemical industries but difficult to remains a challenge.
realize due to the intramolecular competitive activation of To this end, the support is required to be optimized to
different functional groups.l_4 A typical example is the nitro regulate the chemical environment of the single metal atoms.

Indeed, the change in the electronic metal—support
interactions (EMSIs) could lead to different adsorption
behaviors of the reactant molecule on SACs.'”'” Generally,
the single-atom sites could be modulated through the EMSI
effect by adjusting the elemental composition of the support,
such as choosing different transition metal oxides or expanding
the support to transition metal nitrides/carbides/dichalcoge-
nides."®™*! In this work, the phase engineering of the metal-

selective hydrogenation of 4-nitrostyrene to afford 4-amino-
styrene, an important building block molecule for various
chemical products, like poly(4-aminostyrene) (PAS) and its
copolymers.”® The adsorption strength and configuration of
the reactant molecule, which determines the reaction pathways
and thus the selectivity, is dependent on the geometric and
electronic structure of the active sites in the supported metal

catalyst.”~” However, more than one type of active site may be oxide support is adopted to alter the status of the single-atom
coexisting in the catalyst due to the metal sizes, exposed facets, metal sites. As the opposite of the crystalline phase, the
and metal—support interfaces.'’”'* To avoid multiple amorphous phase offers disordered adjacent atoms for the
adsorption modes, thereby only activating one group, single- single-atom metal,””** which may distinctively change the
atom catalysts (SACs), featured by homogenizing the active site geometrically and electronically for different types of
supported metal at atomic level, have been proved to be chemo-recognition. Herein, single-atom Ru on amorphous
effective in recent years."”'* For example, in the selective TiO, mesoporous ultrathin nanosheets (denoted as Ru,/a-
hydrogenation of C—OH versus C=0O, single-atom Pt on

defective Nb,Og exhibited superior selectivity, but opposite to March 2§, 2022

the Pt nanoparticles.'® In general, as to a group intended to be May 4, 2022

hydrogenated in a reactant, it is critical for SACs to recognize a May 4, 2022

specific group from the coexisting groups (i.e., chemo- May 6, 2022

recognition) for targeted activation. Otherwise, other groups
may be selectively hydrogenated instead. However, the control
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TiO,) was synthesized in one step. The amorphous phase of
TiO, was found to be crucial for modulating the charge state of
Ru, which in turn affected its selectivity in the nitro/vinyl
hydrogenation process.

The amorphous Ru,/a-TiO, was prepared in one step by
directly annealing the mixture of ruthenium and titanium
acetylacetonates (m,/m, ~ 1:100) with KBr at 300 °C under
air, followed by removing the salt-template with water.
Inductively coupled plasma optical emission spectroscopy
(ICP-OES) shows that the Ru content of Ru,/a-TiO, is about
0.6 wt %. Powder X-ray diffraction (PXRD) confirms the
amorphous phase and excludes the existence of Ru particles
(PDF #06-0663) (Figure S1). Transmission electron micros-
copy (TEM) and scanning electron microscopy (SEM) exhibit
a porous ultrathin nanosheet morphology (Figures 1A and S2).

Figure 1. Structural and morphological characterizations of Ru,/a-
TiO, and Ru,/c-TiO,. (A) TEM and (B) HAADF-STEM images of
Ru,/a-TiO, and (C) corresponding elemental mapping. AC-HAADF-
STEM and surface intensity profile images of (D—F) Ru,/a-TiO, and
(G—1) Ru,/c-TiO,.

The thickness is about 7 nm according to the atomic force
microscopy (AFM) analysis (Figure S3). From the high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image, the sponge-like porous structure of
the nanosheets is clearly observed (Figure 1B). Energy
dispersive X-ray (EDX) mappings illustrate that the Ru
atoms are homogeneously distributed throughout the nano-
sheets (Figures 1C and S4). N, sorption tests further reveal the
mesoporous feature (Figure SS) with a high specific surface
area of 102 m*/g (Figure S6). The crystalline counterpart Ru,/
¢-TiO, was fabricated by reheating Ru,/a-TiO, at 450 °C.
Although the ultrathin porous structure and the uniform
elemental distribution are well maintained in Ru,;/c-TiO,
(Figures S2—S7), XRD suggests a typical anatase phase
(PDF#21-1272) (Figure S1).

Aberration-corrected (AC) HAADF-STEM reveals the
atomically dispersed Ru on amorphous TiO, at a relatively
high contrast (Figure 1D and E). Figure 1F shows the surface
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intensity profile of a typical isolated Ru atom among the
disordered matrix. In contrast, an ordered atomic arrangement
is manifested by Ru,/c-TiO, (Figure 1G and H), in which Ru
atoms are anchored individually in the consecutive lattice
fringes (Figure 1I). Furthermore, wavelet transforms (WT) of
Ru K-edge extended X-ray absorption fine structure (EXAFS)
spectra demonstrate no intensity maximum corresponding to
metallic Ru—Ru for both Ru,/a-TiO, and Ru,/c-TiO, (Figure
S8), confirming the atomic dispersion of Ru.

In the X-ray absorption near-edge structure (XANES)
spectra for Ru K-edge, Ru in Ru,/a-TiO, and Ru;/c-TiO,
both illustrates cationic properties, but the former is far more
positively charged than the latter (Figure 2A). Since the Ru K-
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Figure 2. X-ray absorption spectrometric studies of Ru,/a-TiO, and
Ru,/c-TiO,. (A) Ru K-edge XANES spectra. (B) Calculation of Ru
charge states from Ru K-edge XANES. (C) Fourier transforms of Ru
K-edge EXAFS and corresponding simulations. (D) Ti L-edge
XANES spectra.

edge energies are linearly correlated to the charge states (§) of
Ry, a fit line based on standard samples (i.e., Ru foil, RuCl,
and RuQ,) is obtained (Figures 2B and $9).>* Thereby, the &
values of Ru in Ru/a-TiO, and Ru/c-TiO, are calculated to be
+2.4 and +1.3, respectively. These results are in line with the
X-ray photoelectron spectroscopy (XPS) analyses (Figure
S$10). In the Fourier transforms (FTs) of the EXAFS spectra in
R space (Figure 2C), the peak intensity for the first Ru—Ti
shell of Ru/a-TiO, is notably weak compared to Ru/c-TiO,.
Moreover, the signal for the second Ru—Ti shell of Ru/a-TiO,
is not observed. Further quantitative EXAFS fitting analysis
(Figures 2C and S11) indicates that the average coordination
number (N) in the Ru—Ti shell of Ru,/a-TiO, is 1.0, which is
significantly less than that of Ru;/c-TiO, (Ng = 7.8 and
Niecond = 4.2) (Table S1). In the Ti L-edge XANES, the broad
and weak peaks of Ru;/a-TiO, indicate the irregular
distortions of O, symmetry at various directions and degrees
(Figure 2D).”> The resulting translational symmetry defi-
ciency, which reduces the Ru—Ti interactions, is verified by the
silent Raman modes (Figure $12).2%7

According to the experimental charge state and coordination
environment, we calculated the atomic model of Ru,/a-TiO,
by the constrained density functional theory (CDFT)
method.”®*” The details for the CDFT method are illustrated
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in Scheme S1, and the calculation procedures are presented in
Scheme S2 in the Supporting Information. In the DFT
optimized Ru,;/a-TiO, (Figure 3A), Ru is coordinated with
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Figure 3. XANES simulations for the calculated structural models of
Ru,/a-TiO, and Ru,/c-TiO,. (A,B) Calculated structural models of
Ru,/a-TiO, and Ru,/c-TiO,. (C) Comparisons of the simulated and
experimental XANES spectra. Atom colors: Ru, green; Ti, cyan; O,
red.

four oxygen atoms (Ng,_o = 4), which is in accordance with
the strong Ru—O shell signal in the FT-EXAFS of Ru,/a-TiO,
(Figure 2C) and also close to the EXAFS fitting result (Ng,_o
= 4.2, Table S1). In addition, the first Ru—Ti shell (R = 2.5 A)
of the DFT model shows a coordination number of Ny,_r; = 1,
which agrees with the EXAFS analysis (Ng,_r; = 1.0, Table S1)
that shows a weak band centered at R = 2.5 A (Figure 2C). To
further verify the calculated structure, XANES simulation was
performed with the DFT model. As shown in Figure 3C, the
simulated XANES spectrum using the Ru,;/a-TiO, model
agrees well with the characteristic peaks of the experimental
XANES. Peak a is associated with the multiple back scattering
from the 1s to Sp transition, and peak b is due to the single
back scattering interferences between Ru and the neighboring
atoms.”® Due to the amorphous structure of the support, the
Ru site has a disordered nearest-neighbor octahedral core.
Meanwhile, the octahedral chains outside the core are less
connected and progressively disordered.”’ Therefore, the white
line region for peaks a and b of Ru,/a-TiO, is broadened and
weakened compared to that of Ru,/c-TiO, (Figure 3B and C).

The experimental and theoretical analyses both indicate the
that the support amorphization could cause distinct geometric
and electronic changes to single-atom Ru; thus, it is anticipated
that the chemo-recognition behaviors of single-atom Ru will
also be affected. Using a bifunctional molecule 4-nitrostyrene
(NS) as the probe, we calculated the adsorption energies (E,4)
of the nitro and vinyl groups on the catalyst surfaces. In the
case of Ru,/c-TiO,, the adsorption capacity for the vinyl group
(E.gs = 2.7 V) is stronger than that of the nitro group (E,4 =
1.6 eV) (Figure 4A, left), indicating the adsorption
configuration —CH=CH,@Ru is favored on Ru,/c-TiO,.
However, in the case of Ru,/a-TiO,, an opposite adsorption
configuration —NO,@Ru is favored, as the adsorption strength
for the nitro group (E,4 = 3.2 V) is higher than that of the
vinyl group (E,4 = 2.6 V) on Ru,/a-TiO, (Figure 4B, left).
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Figure 4. Experimental and theoretical analyses for selectivities of
Ru,/a-TiO, and Ru,;/c-TiO,. (AB) Catalytic selectivities at half
conversion of 4-nitrostyrene and calculated adsorption energies for
different adsorption configurations. Reaction conditions: 4-nitro-
styrene (0.1 mmol), Ru,/a-TiO, (0.6 mol % based on Ru), 1,4-
dioxane (10 mL), H, (2 MPa), 343 K. (C,D) Band center analyses of
nitro N and O 2p, vinyl C 2p, and Ru 4d orbitals for adsorption of 4-
nitrostyrene on catalysts. (E,F) Correlations between adsorption
energies and charge states of Ru. Atom colors: Ru, green; Ti, cyan; O,
red; C, black; H, white.

As a proof-of-concept demonstration, the catalytic selective
hydrogenation reactions of NS were conducted using the as-
prepared catalysts. According to the reaction pathways (Figure
S13), at half conversion of NS, the hydrogenation product 4-
aminostyrene (AS) reflects the nitro selectivity, while 4-
ethylnitrobenzene (EN) reveals the vinyl selectivity.”> As a
result, Ru,/a-TiO, demonstrates an opposite hydrogenation
selectivity in comparison with Ru,/c-TiO,. At half conversion
of NS, Ru,/c-TiO, exhibits 90% vinyl selectivity (Figure 44,
right), whereas Ru,/a-TiO, demonstrates 99% nitro selectivity
(Figure 4B, right). The high nitro selectivity of Ru,/a-TiO,
could be retained after five cycles (Figure S14). Meanwhile, the
amorphous characteristic of Ru;/a-TiO, after the cycling test
was verified to be intact by PXRD analysis (Figure S15). The
heterogeneous catalytic feature of Ru,/a-TiO, was confirmed
by a leaching test (Figure S16). The ICP-OES analysis for the
postreaction catalysts indicates that the Ru species could be
well retained rather than leached out during the reaction
(Figures S17 and S18). The high catalytic activity of Ru,/a-
TiO, was further demonstrated with a high substrate/catalyst
ratio (S/C = 1000), affording 96% conversion with 94% nitro
selectivity (Table S2). Ru,/a-TiO, was also examined with
other substituted nitrobenzenes in the selective hydrogenation
reactions, and it exhibited a high tolerance for a range of
functional groups, such as aldehyde, chloride, and cyano
groups (Table S3).

https://doi.org/10.1021/jacsau.2c00192
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To shed light on the nitro selectivity of Ru,/a-TiO,,
opposite to the vinyl selectivity of Ru;/c-TiO,, band center
analyses for the orbitals of functional groups and single-atom
Ru were performed. For Ru,/c-TiO,, the partial density of
states (PDOS) near the Fermi level (E;) shows that the Ru d-
band center (—0.27 eV) is close to the vinyl C p-band center
(—0.63 eV) but far away from the nitro N and O p-band center
(—1.16 eV) (Figure 4C). It indicates that the coupling of the
Ru 4d orbitals with the nitro 2p orbitals is weaker than that
with the vinyl 2p orbitals. In contrast, a very different trend is
found in the amorphous structure. For Ru,/a-TiO,, the Ru d-
band center (0.70 eV) is close to the nitro N and O p-band
center (—0.31 eV) and far away from the vinyl p-band center
(—1.56 eV) (Figure 4D), indicating that the Ru active single
sites on the amorphous support are more inclined to interact
with the nitro group compared to the vinyl group.

We then move further to evaluate the geometric and
electronic effects on single-atom Ru by the support through
constraining the Ru charge state on different TiO, phase via
CDFT method.””** As shown in Figure 4E, for Ru;/c-TiO,,
E,4 of both —CH=CH,@Ru and —NO,@Ru are slightly
affected by the charge states of the metal center but the former
is higher than the latter at the full range of § values (Table S4).
It indicates that the crystalline support, rather than the charge
states of Ru, is responsible for the vinyl selectivity. However, in
the amorphous support, the charge states of Ru could
significantly affect the adsorption strength of the nitro group,
while the effect on the vinyl group is relatively weak (Figure
4F). With the increase of the charge state of Ru, E, of
—NO,@Ru gradually surpasses that of —CH=CH,@Ru
(Table SS), and this trend eventually causes the reversal of
chemo-recognition and leads to the nitro selectivity of Ru,/a-
TiO, in the hydrogenation reaction. Additionally, the
calculations on the whole hydrogenation processes indicate
that the reaction could proceed in different pathways, i.e., vinyl
hydrogenation for Ru,/c-TiO, (Figure S19, Tables S6 and S7)
and nitro hydrogenation for Ru,/a-TiO, (Figure S20, Tables
S8 and S9).

In summary, we reported the phase engineering of support
for single-atom Ru to control its catalytic selectivity in
hydrogenation process. Single-atom Ru on amorphous TiO,
porous ultrathin nanosheets, Ru,/a-TiO,, was synthesized,
exhibiting a more positive charge state of Ru compared to that
in its crystalline counterpart, Ru;/a-TiO,. The favored
adsorption configuration of 4-nitrostyrene is —CH=CH,@
Ru on Ru;/c-TiO,, but it could be inverted to —NO,@Ru on
Ru,/a-TiO,. Thus, in the hydrogenation process, a superior
nitro selectivity (99%) was achieved by Ru,/a-TiO,, opposite
to the vinyl selectivity of Ru,/c-TiO,, illustrating the key role
of the support phase in heterogeneous single-atom catalysis.
Since the amorphous phase exists widely in materials and could
potentially be employed in the supported metal catalysts, this
work will attract broad interest in phase engineering for
advanced catalysis.

All chemicals were used as received without further purification.
Potassium bromide (KBr), dichloromethane (DCM), 1,4-dioxane,
and alcohol were purchased from Sinopharm Chemical Reagent Co.,
Ltd. Titanium acetylacetonate (Ti(acac), ca. 63% in isopropyl
alcohol) and 4-nitrostyrene were purchased from TCIL Ruthenium
acetylacetonate (Ru(acac);) was supplied by Adamas-beta. Deionized
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(DI) water from Milli-Q System (Millipore, Billerica, MA) was used
in all our experiments.

In a typical synthesis, 400 mg of KBr was finely crushed and
vigorously ground in a mortar. Meanwhile, 100 L of Ti(acac), and
0.74 mg of Ru(acac); were dissolved in S mL of DCM and treated
with ultrasound for 0.5 h. Then the mixture was transferred into the
mortar and ground together with the KBr powder until dry to achieve
uniformity. Subsequently, the obtained powder mixture was placed in
a ceramic boat at the center temperature zone and then heated to 300
°C at S °C/min and kept for 2 h under air in a tube furnace. After
cooling to room temperature, the product was washed with water and
ethanol several times. Finally, the as-prepared Ru,/a-TiO, was freeze-
dried under vacuum for further use and characterization. The Ru-free
sample a-TiO, was prepared by the same procedure without
Ru(acac);.

The powder of Ru,/a-TiO, was placed in a ceramic boat at the center
temperature zone and then heated to 450 °C at 5 °C/min and kept
for 1 h under air in a tube furnace. After cooling to room temperature,
the as-prepared Ru,/c-TiO, was collected for further use and
characterization.

The catalytic reactions were carried out in a Wattcas Schlenk
autoclave equipped with a high-pressure sampling system with needle
valve. A magnetic stirrer was used to facilitate the mass transfer. In a
typical test, the substrate (0.1 mmol) and catalyst (0.6 mol % based
on Ru) in 10 mL of 1,4-dioxane were added in the reactor. After
washing the reactor with H, three times, the pressure was adjusted to
2 MPa and the reaction was allowed to proceed at 343 K. The
progress of the reaction was monitored by gas chromatography—mass
spectrometry (Agilent 78904/5975C GC-MS system with an HP-S
MS column).

Before the leaching test, a typical catalytic reaction was allowed to
proceed for 2 h, and GC-MS shows that the conversion reached 54%.
Afterward, the reaction mixture was divided into two equal portions,
denoted as A and B. The catalyst in A was removed by centrifugation,
while B remained untouched. Then, the reactions of A and B were
allowed to continue, respectively, and the reaction processes were
monitored by GC-MS. After an additional 1.5 h, the conversion in B
reached 99% while the conversion in A barely increased, indicating
that Ru,/a-TiO, is indeed a heterogeneous catalyst.

The recycling performance of Ru;/a-TiO, was evaluated in a five-run
recycling test. After each run, the catalyst was recovered by
centrifugation, washed with ethanol several times to remove the
organic residue, dried in vacuum, and then charged into the next run.
Although the full conversion could be achieved by prolonging the
reaction time, for better illustration of the catalytic activity and
selectivity, each run was stopped after 2 h to evaluate the recycling
performance.

The Supporting Information is available free of charge at
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