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Single-atom Pd dispersed on nanoscale anatase TiO,
for the selective hydrogenation of phenylacetylene

Fu Yang'”, Shipeng Dingl*, Hongbing Song’ and Ning Yan'

ABSTRACT Combining the advantages of both heterogeneous
and homogeneous catalysts, single-atom catalysts (SACs) with
unique electronic properties have shown excellent catalytic
properties. Herein, we report single-atom Pd dispersed on na-
noscale TiO, prepared by self-assembly method as efficient and
selective catalysts for the hydrogenation of phenylacetylene to
styrene. The catalysts were characterized by N, adsorption/des-
orption, X-ray diffraction (XRD), transmission electron micro-
scopy (TEM), X-ray photoelectron spectroscopy (XPS), diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
and X-ray absorption spectroscopy (XAS). 0.2Pd-TiO,(150°C)
possessing dominant single-atom Pd species, exhibited a turn-
over frequency (TOF) of over 8000 h™' with 91% selectivity to-
wards styrene at room temperature. Further increasing Pd
loading from 0.2% to 0.5% and 1.5% resulted in the decrease of
activity probably due to the formation of Pd nanoparticles. Be-
sides, the 0.2Pd-TiO, prepared by self-assembly strategy showed
better catalytic performance than commercial 10%Pd/C and
0.2Pd-TiO, synthesized by using impregnation method.

Keywords: single-atom catalyst, palladium, nanoscale TiO,,
semihydrogenation, self-assembly method

INTRODUCTION

Single-atom catalysts (SACs) with maximum utilization
efficiency of metal atoms have emerged as promising
catalytic systems, attracting progressive research attention
[1-17]. Besides, the SACs offer an ideal model to further
understand the heterogeneous catalytic process at the
molecular level, thereby bridging the gap between het-
erogeneous and homogeneous catalysis [18]. From appli-
cation perspective, SACs are also desirable due to the low
abundance, high price and rapid consumption of noble

metals. However, how to avoid or diminish the deactiva-
tion of the SACs remains an issue due to the high free
energy and mobility of the isolated metal atoms. The
stability of catalytic metal species is strongly dependent on
the support [19,20], and the supports to anchor single-
atom species are deliberately selected in most cases. So far,
a number of single-atom catalysts have been synthesized
through confining the metal species within the micro-
porous structure of the support, or enhancing the metal-
support interactions [21-30]. For example, defects or en-
riched oxygen compositions on the surface of reducible
oxides (e.g., TiO, and CeQ,) are capable of stabilizing
atomically dispersed metal species [31-35]. Two-dimen-
sional or porous materials are favorable for the atomic
dispersion of metal species due to their large surface areas
[36-43]. Considering that the inter-particle migration of
metal atom species usually needs to overcome much
higher energy barrier than that on the surface of the same
particle, decreasing the size of the support may be a viable
way to prohibit the aggregation of single metal atoms.
Besides, it is interesting to explore the catalytic perfor-
mance of single-atom metal dispersed on nanosized sup-
port, taking the advantages of the unique properties of
both the nanoscale support and single metal atoms.
Semihydrogenation of alkyne such as phenylacetylene is
a process of great importance in industry as the trace
amount of alkyne usually causes the deactivation of the
alkene polymerization catalysts. It has been reported that
SACs showed higher alkyne and diene hydrogenation
selectivity towards alkene due to the absence of adjacent
metal atoms in comparison with nanoparticle counter-
parts [9]. Single-atom Pd,/graphene prepared by atomic
layer deposition technique showed 100% butenes se-
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lectivity with 95% conversion at 50°C in 1,3-butadiene
hydrogenation [44]. Cu-alloyed Pd SAC exhibited 100%
acetylene conversion and 85% ethylene selectivity [45].
The electron transfer from Cu to Pd promoted the dis-
sociation of H, and the desorption of ethylene. It was also
reported that single-atom Pd anchored on Cu surface
facilitated the activation of H, at single-atom Pd sites and
the desorption of H atoms from Cu metal surface during
the hydrogenation of acetylene [46]. Both experimental
data and theoretical calculation showed that SAC Pt gave
a lower H, adsorption energy compared with Pt clusters
or nanoparticles [19]. The alkyne semihydrogenation
activity of single-atom Au was dependent on the sub-
strates: structure insensitive for alkynols with y-OH and
unfunctionalized alkynes, while sensitive for alkynols
with a-OH [47]. More recently, Ma and co-workers [48]
reported that non-noble metal SACs Cu supported on
nanodiamond-graphene exhibited 95% acetylene con-
version and 98% ethylene selectivity.

Herein, we disperse single Pd atoms on nanoscale TiO,
via a self-assembly method, as an extension of our pre-
vious work on the Pt;/AL,O; system [42]. The nanoscale
TiO, carrier affords high surface area, thanks to the ad-
dition of the ploy-block copolymer P123 during catalyst
synthesis. The prepared single-atom 0.2Pd-TiO,(150°C)
catalyst showed better activity and selectivity in pheny-
lacetylene selective hydrogenation in comparison to
0.2Pd-TiO, synthesized by the impregnation method. The
excellent catalytic performance of single-atom 0.2Pd-TiO,
was attributed to the unique electronic structure of single-
atom Pd and nanoscale TiO,,

EXPERIMENTAL SECTION

Chemicals

Triblock copolymer Pluronic®123 (PEO-PPO-PEO, mo-
lecular weight ~5800), titanium (IV) isopropoxide (TIP,
99%), phenylacetylene (98%) and commercial titanium
oxide P25 (size ~25nm) were purchased from Sigma-
Aldrich. Palladium chloride (PdCl,, Pd>67%) was pur-
chased from Sinopharm Co., Ltd. Ethanol (absolute), and
methanol (AR) were from Fisher Scientific. Hydrochloric
acid (32%) and sulfur acid (96%), ethyl acetate (AR) were
supplied by Merk Pte. Ltd. Lindlar catalyst was purchased
from Aldrich Reagent Int., with Pd (5 wt%) poisoned by a
lead complex. All chemicals were used as received.

Synthesis of atomic-scale Pd supported size-tailored

nanoanatase TiO,
In a typical procedure, 1.0 g of Pluronic P123 was com-

June 2020 | Vol.63 No.6

pletely dissolved in 30 g of ethanol at room temperature.
Concentrated H,SO, (96% 0.55 g) and concentrated HCI
(32%, 1.5 g) were sequentially added to the above mixed
ethanol solution, followed by 2 h stirring at room tem-
perature. TIP (3.6 g) was added to the mixed solution and
vigorously stirred for another 6 h. Then the PdCl, solu-
tion (0.1 mol L") with controlled volume was added with
additional 24 h stirring at room temperature. The re-
sulting solution (gel) was transferred into a Petri dish,
and evaporated in the fume hood at room temperature
for three days. The obtained gels were dried in a 60°C
oven for 12 h, calcined at 350°C for 1 h and finally cal-
cined at 450°C for 5 h to produce the as-synthesized Pd
supported TiO,. The resulted catalysts were designated as
0.2Pd-TiO,(0), 0.5Pd-TiO,(0), 1.5Pd-TiO,(O) accord-
ingly. The catalysts were reduced using the 5% H,/N,
mixed gas at 150°C for 1 h. The obtained final catalysts
were designated as 0.2Pd-TiO,(150°C), 0.5Pd-TiO,
(150°C), and 1.5Pd-TiO,(150°C) accordingly. The blank
comparative TiO, was obtained using the same synthetic
procedure without adding H,PdCl,.

The post-treated sample was synthesized by the wet-
impregnation method using the pure nanoanatase fabri-
cated above to impregnate the same amount of H,PdCl,
solution and followed by the collection and calcination.
The resulting sample was labeled as 0.2Pd-TiO,(post-O)/
(post-R) (R represents reduced temperature). The com-
parative catalyst samples without adding P123 were syn-
thesized according to the aforementioned procedure, and
these resultant samples were labeled as 0.2Pd-TiO,(w-R),
0.5Pd-TiO,(w-R), and 1.5Pd-TiO,(w-R).

Characterizations
The structure properties of catalysts were measured by N,
adsorption/desorption at 77 K (NOVA3200e, Quanta-
chrome). The sample was first degassed at 120°C for 12 h.
The surface area was analyzed by Brunauer-Emmet-Teller
(BET) method, and the pore size distribution was de-
termined using Barrett-Joyner-Halenda (BJH) method.
Transmission electron microscopy (TEM) was carried out
at 200 kV on a JEM 2100F microscope (JEOL, Japan). The
sample was further examined with the energy-dispersive
X-ray (EDX) mapping technique by the equipped EDX
accessory. X-ray diffraction (XRD) measurement was
done at a scan rate of 2°/min (Bruker D8 Advance X-Ray
Diffractometer), applying a voltage of 40 kV and a cur-
rent of 30 mA.

X-ray photoelectron spectra (XPS) of Pd-TiO, samples
were obtained on a VG Escalab MKII spectrometer
equipped with a mono Al Ka X-ray source (hv =
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1486.71 eV, 5mA, 15kV). The spectra were internally
calibrated by setting the binding energy of Cls as
284.6 eV. The percentage of Pd in Pd-TiO, catalysts was
measured by inductively coupled plasma optical emission
spectrometry (ICP-OES). The samples were decomposed
with concentrated aqua regia at 80°C for 4 h before ICP-
OES measurement.

Fourier transform infrared spectroscopy of 0.2Pd-TiO,
(150°C) was collected on Bruker VECTOR22 resolution.
Diffuse reflectance infrared Fourier transform spectro-
scopy (DRIFTS) was performed as the procedure reported
before [42]. The spectra were collected at room tem-
perature with a resolution of 4cm ' from 2300 to
1800 cm . The X-ray absorption spectra (XAS) of Pd-
TiO, samples were measured at the BLO1B1 beamline in
the Spring-8, Japan. The spectra were analyzed using
Athena and Artemis, and the theoretical scattering path
was generated with FEFF 6.0L.

Catalytic assessment

The selective hydrogenation of phenylacetylene using the
obtained catalysts was performed in a 15-mL autoclave
equipped with a magnetic stirrer. In a typical procedure,
reaction substrate (224 uL, 2 mmol), a desirable amount
of catalyst, and a certain amount of methanol solvent
(3 mL) were added into the above autoclave. The reaction
was purged with pure H, several times and before a final
charging of H, at room temperature to 10 bar. The re-
action duration was 30 min. The resulting mixture in the
autoclave was filtered with a poly(tetrafluoroethylene)
(PTFE) syringe filter and analyzed by gas chromatograph
(GC) Agilent 7890C GC with an HP-5/BP-5 column and
a flame ionization detector (FID).

RESULTS AND DISCUSSION

Synthesis of Pd-TiO, catalysts
The carrier plays a crucial role in the stabilization and
electronic modulation of single metal atoms. Anatase

Solvent evaporation As-synthesized precursors

TiO, crystals have specific physicochemical character-
istics, while nanosized anatase TiO, affords improved
properties in the context of supporting atomically dis-
persed metal species. For example, it provides a larger
surface to accommodate more single metal atoms and
eliminates the external diffusing effect of reactant mole-
cules during catalysis. More importantly, a dramatic
barrier for the migration of metal atoms is achieved by
generating nanoscale carriers. In this work, the single-
atom Pd supported on nanoanatase TiO, was prepared by
the sol-gel solvent evaporation self-assembly method. As
shown in Scheme 1, TIP was used as the Ti precursor, and
P123 was acted as the dispersant to obtain the nanosized
anatase TiO,. The air-calcination process induced the
removal of organic species P123 (Fig. Sla) and the for-
mation of anatase crystals. The final Pd-TiO, was ob-
tained by H, reduction to remove chlorine and surface
oxygen moiety partially. The H, temperature pro-
grammed reduction (H,-TPR) for Pd-TiO,(O) was also
performed and no reduction peak assigned to Pd species
was identified due to the low Pd loading (Fig. S1b). The
peak at around 530°C was ascribed to the reduction of
TiO,. Normally, the reduction of TiO, was difficult below
750°C. The presence of Pd significantly decreased the
reduction temperature of TiO, as a result of H, spillover
for the 0.2Pd-TiO,(O) sample. As shown in Fig. S2a, a
broad Cl peak at around 199 eV was observed on 0.2Pd-
Ti0,(0), but no Cl peak was identified after the sample
reduction at 150°C, confirming the removal of Cl. The Pd
XPS of Pd-TiO, before and after H, reduction were
shown in Fig. S2b and c, respectively. The binding energy
decreased significantly after H, reduction, hinting at
partial removal of the surface oxygen atoms.

Characterizations of Pd-TiO, Catalyst

Nitrogen adsorption/desorption measurement was uti-
lized to probe the structural characteristics of the pre-
pared catalysts. As observed in Fig. 1, a type-IV isotherm
and big hysteresis loop at high P/P, emerged as the typical

Atomic-scale Pd

reduction

I . Calcination I .Low temperatu' .

Nanoanatase

0.2Pd-TiO,(0) 0.2Pd-TiOx(R)

Scheme 1 Schematic synthetic illustration for constructing single-atom Pd supported on nanoscale TiO,.
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Figure 1 N, adsorption/desorption isotherms and corresponding pore
size distribution (insert) of pure TiO,, 0.2Pd-TiO,(150°C), 0.5Pd-TiO,
(150°C), and 1.5Pd-TiO,(150°C).

characteristic of packing mesoporous materials [49,50].
These packing mesopores might be derived from the
voids of interparticle, which were associated with the
promotion of long-chain block polymer P123. The cor-
responding pore size distribution of the packing voids
calculated from the BJH method (insert) verified a pore
range of 7-12 nm. The surface area calculated by BET
method ranged from 94 to 135 m’g . Interestingly, the
surface area of the catalysts showed an increasing trend
with the enhanced loading of Pd in the samples. Detail
textural parameters are listed in Table 1. The synthesized
Pd-TiO,(O) samples exhibited similar absorption-deso-
rption isotherms compared with samples before H, re-
duction (Fig. S3), suggesting the preservation of catalyst
porosity during H, reduction.

The powder wide-angle X-ray diffraction (XRD) pat-
terns of the catalysts before and after H, reduction
(150°C) were presented to further probe the influence of
H, reduction on catalyst structure. As shown in Fig. 2, the
XRD patterns of various samples confirm that all ob-
tained catalysts only afford highly crystalline anatase TiO,
phase (JCPDS # No. 21-1272; Space group I41/amd) [51].

The diffraction peaks centered at 26 = 25.3°, 37.9°, 48.0°,
53.9°, 55.1°, 62.7°, 68.9°, 70.2°, 75.2° and 82.8° are iden-
tified and indexed to (101), (004), (200), (105), (211),
(204), (116), (220), (215) and (224) crystal facets of ana-
tase phase TiO,, respectively. The H, reduction at 150°C
did not induce obvious variation of the nanoscale anatase
TiO, structure. Note that no diffraction peaks ascribed to
Pd species were observed on 1.5Pd-TiO, after H, reduc-
tion treatment, indicating the existence of the strong in-
teraction between Pd and nanoscale TiO, support. The
post-synthesized catalysts including 0.2Pd-TiO,(post-O)
and 0.2Pd-TiO,(post-R) were further checked by wide-
angle XRD (Fig. S4); however, no detectable differences
were observed for the Pd species probably because of the
low Pd loading.

To ascertain the microscale structure of nanoanatase
TiO, and the dispersion state of noble metal Pd, TEM was
employed, and the representative TEM images of 0.2Pd-
Ti0,(150°C), 0.5Pd-TiO,(150°C), and 1.5Pd-TiO,(150°C)
were displayed in Fig. 3. The TiO, nanoparticles afforded
an average size of around 12 nm. The unreduced catalysts
containing different Pd loadings were also examined by
TEM (Fig. S5). No obvious changes in morphology and
structure of catalysts before and after H, reduction were
detected, further confirming that H, reduction at 150°C
hardly affected the microscale structure of Pd-TiO, cat-
alysts. It should be noted that Pd species were not de-
tected in the presented TEM images, indicating the good
dispersion of Pd in those samples. The high-resolution
TEM images (insert in Fig. 3a) showed well-defined lat-
tice plane of anatase TiO,, in good agreement with XRD
data shown above. To identify the distribution of species,
the elemental mapping technique was utilized to extract
the element Ti, O, and Pd from the selected area of 0.2Pd-
TiO,(150°C). The results revealed that Ti and O afforded
serried distribution on the samples, while Pd showed
sparsely-distributed state due to its low loading.

To confirm the function of the constructed significant
physical migration gap for the supported Pd species be-
tween the separated interparticles, we designed a control

Table 1 Textural properties of several involved comparative samples
Sample Loading of Pd (wt%)* ST (m* gfl) Pore volume (cm’ gfl) Pore size Dgjy (nm)
Pure TiO, 0 0.238 8.5
0.2Pd-TiO,(150°C) 0.203 121.4 0.308 8.6
0.5Pd-TiO,(150°C) 0.497 119.5 0.260 7.1
1.5Pd-TiO,(150°C) 1.505 135.8 0.377 10.7

a) Metal loadings were calculated from the ICP results.
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Figure 2 Wide-angle XRD patterns of Pd-TiO, serial catalysts before
and after H, reduction at 150°C for 1 h.

experiment by mechanically mixing 3Pd-TiO,(O) and
P25(commercial), followed by the calcination procedure
at 400°C for 5 h. The resulting mixed sample was checked
in detail by TEM and elemental mapping techniques. As
shown in Fig. 4, the TEM images demonstrate that the
resulting sample consists of the packing TiO, nano-
particles. Meantime, notably, the uniform distribution of
Ti and O on the selective area can be clearly identified in
the elemental mapping results. However, as expected, the
partially serried appearance of Pd on the selective area of
the sample was discriminatively observed, which might be
attributed to the supported Pd on 3Pd-TiO,(O). The
serried dispersion of Pd at the partial position of sample
demonstrated the limited migration of Pd atoms between
TiO, particles under high-temperature driving force

Figure 4 TEM images and elemental mapping results derived from
mechanical mixed P25 and 3Pd-TiO,(O) after calcination under 400°C
for 5h.

(400°C). The results supported the proposed strategy by
using separated nano-carriers. On the other hand, sam-
ples with the controlled Pd loadings synthesized in the
absence of P123 were utilized to ascertain the function of
P123. Representative TEM images of 0.2Pd-TiO,(w-R),
0.5Pd-TiO,(w-R), 1.5Pd-TiO,(w-R), and 0.2Pd-TiO,(post
-150°C) are displayed in Fig. 5. The obvious aggregation
and crosslinking of the resulting TiO, were observed in
samples without P123, proving the promising dispersion-
promoting functionality and hole-forming effect of long-

Figure 3 Representative TEM images of (a) 0.2Pd-TiO,(150°C), (b) 0.5
Pd-Ti0,(150°C), (c) 1.5 Pd-TiO,(150°C) and (d) the elemental mapping
results of 0.2Pd-TiO,(150°C).

986 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

Figure 5 Representative TEM images of samples synthesized without
P123 and post-impregnated P25 (a) 0.2Pd-TiO,(w-R), (b) 0.5Pd-TiO,
(w-R), (c) 1.5Pd-TiO,(w-R), and (d) 0.2Pd-TiO,(post-150°C).
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chain block polymer P123 during the synthesis proce-
dure.

To accurately identify the chemical state of surface
elements on the catalysts, XPS was employed to ascertain
0.2Pd-TiO, reduced at various temperatures (Fig. 6a) and
Pd-TiO, with various Pd loadings (Fig. 6b). Samples
0.2Pd-Ti0,(150°C), 0.2Pd-TiO,(250°C), and 0.2Pd-TiO,
(350°C) showed the Pd 3d;,, binding energy (BE) at 336.5,
336.3, and 336.1 eV, respectively. The BE of the Pd 3d;,
core level for Pd foil in the literature value is 335.1 eV
[52], which is lower than the present Pd 3ds,, core level in
this study, verifying the higher oxidation state of atomic
dispersed Pd in nanoanatse TiO, compared with the Pd
foil. The BE of element is closely related to its electronic
structure [53]. Generally, the electron exchange and the
variation of electron cloud density are reflected directly
through the shift of BE. As shown in Fig. 6a, the BE of
Pd 3ds,, core levels corresponding to 0.2Pd-TiO, reduced
slightly with the increase of reduction temperature.
However, note that the shift of BE triggered by the
varying reduction temperature was relatively incon-
spicuous. In comparison, the BE of Pd 3ds;, in Pd-TiO,
with various Pd loadings showed a distinctive variation: it
decreased rapidly with the increase of Pd loading, which
might be associated with the aggregation of Pd atoms at
higher loadings.

Based on previous reports, the wavenumber of CO
adsorption peak could give information on the oxidation
state of the surface metal species. Especially, the different
CO bonding modes on the atomically dispersed metal
atoms and nanoparticles can clearly differentiate the
oxidation state of metal atoms [1,54,55]. For instance, the
CO stretches at 2080-2100 cm ' were assigned to CO
linearly adsorbed on the positively charged Pd atoms. The
CO adsorption at ca. 2060, 1860 and 1950 cm ' was as-

cribed to the CO linearly bonded on Pd nanoparticles,
bridge-bonded CO on the adjacent Pd atoms and CO
adsorbed on the interface between Pd atoms and the
carrier, respectively.

The CO adsorption behavior on various Pd-TiO, cat-
alysts was measured to identify the oxidation state of Pd
atoms on nanoanatase TiO,. As shown in Fig. 7, no CO
adsorption peak was detected on 0.2Pd-TiO,(O); however
0.2Pd-TiO,(150°C) showed a CO adsorption band cen-
tered at around 2098 cm ', which could be ascribed to
linearly adsorbed CO on single-atom Pd species. Besides,
CO DRIFTS on Pd-TiO, prepared in the absence of P123
was also performed (Fig. S6). A broad peak at around
1850 cm ' that was assigned to bridged-bonded CO on Pd
nanoparticles was observed, indicating the important role
of P123 in the formation of single-atom Pd species.

In the extended X-ray absorption fine structure spectra
(EXAFS), the Pd-Pd contribution at ca. 2.48 A was absent
in the k2-weighted EXAFS (Fig. 8a) in 0.2Pd-TiO,
(150°C). The only prominent shell is centered at ap-
proximately 1.85 A arising from Pd-O contribution, in-
dicating that Pd species exist predominantly as isolated
atoms on an oxide support [56]. As shown in Fig. 8b, the
white line intensity of Pd in 0.2Pd-TiO,(150°C) was
higher than that of Pd foil, again suggesting that Pd was
positively charged. Those results were consistent with the
CO adsorption study that the Pd atoms were atomically
dispersed on nanoscale anatase TiO,.

Catalytic tests

Selective hydrogenation of phenylacetylene to styrene is
an important reaction in industry. The phenylacetylene
might poison the catalysts for styrene polymerization and
reduce the purity of the products. Pd is an excellent hy-
drogenation catalyst for the hydrogenation of both al-

Pd 3d

336.5eV a
0.2Pd-TiO,(150°C)

Intensity (a.u.)

336 338 340 342
Binding energy (eV)

332 334

344

b
3
8
=
2]
c
2
£
332 334 336 338 340 342 344 346

Binding energy (eV)

Figure 6 XPS spectra for the Pd 3d core level of 0.2Pd-TiO, reduced at different temperatures (a) and Pd-TiO, with different Pd loadings reduced at

150°C (b).
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Figure 7 DRIFTS spectra of CO adsorption on (a) 0.2Pd-TiO,(O), (b) 0.2Pd-TiO,(150°C).
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Figure 8 (a) Fourier transforms of k2-weighted Pd K-edge EXAFS experimental data for Pd foil, PdO, PdCl, and 0.2Pd-TiO,(150°C); (b) X-ray
absorption near edge structure (XANES) of Pd K-edge for Pd foil, PdO, PdCl, and 0.2Pd-TiO,(150°C).

kynes and alkenes [57-59]. In this work, the effect of Pd
loading on phenylacetylene hydrogenation activity over
Pd-TiO, catalysts prepared by the self-assembly method
was studied. As summarized in Table 2, as the H, pres-
sure increased from 4 to 10 bar, the phenylacetylene
conversion was enhanced for 1.5Pd-TiO,(150°C), 0.5Pd-
TiO,(150°C) and 0.2Pd-TiO,(150°C) catalysts. At the
same H, pressure, the phenylacetylene conversion de-
creased substantially as Pd loading was increased from 0.2
to 1.5 wt% under similar reaction conditions. Both CO
adsorption and EXAFS proved that single Pd atoms were
dominant on 0.2Pd-TiO,(150°C). In the blank experi-
ment using pure TiO,, no detectable amount of styrene or
ethylbenzene was observed, confirming that TiO, support
alone was inactive. Plausibly, Pd nanoparticles formed
when the Pd loading was above 0.5%. Much smaller
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percentage of single Pd atoms were exposed on the surface
of TiO, on 0.5Pd-TiO,(150°C) and 1.5Pd-TiO,(150°C)
samples, explaining why 0.2Pd-TiO,(150°C) showed
better activity with a turnover frequency (TOF) of more
than 8000 h . In heterogeneous catalysis, the improve-
ment of catalytic performance is usually accompanied by
the decrease of selectivity towards desired products due to
the existence of scaling relationship, which bridges the
reaction energy with the adsorption energy of substrates/
intermediates [60]. The time-dependent catalytic perfor-
mance of 0.2Pd-TiO,(150°C), 0.5Pd-TiO,(150°C), and
1.5Pd-TiO,(150°C) was shown in Fig. S7. 0.2Pd-TiO,
(150°C) sample with dominant single-atom Pd species
showed 91% styrene selectivity at almost full phenylace-
tylene conversion, while 0.5Pd-TiO,(150°C) and 1.5Pd-
Ti0,(150°C) catalysts showed much lower conversion

June 2020 | Vol.63 No.6



SCIENCE CHINA Materials

ARTICLES

Table 2 Catalytic performance for phenylacetylene hydrogenation over various catalysts

Selectivity (%) Mass normalized

Entry Catalyst Azrrlr?u)nt tifac(trir(l)irrll) Pre?;urre): H, Con\;ersmn reaction rate I;IQIF
g mme a (%) Styrene Ethylbenzene  (mmol g’lcm h ()
1 10 56 91 9 6.92 4912
2 8 30 95 5 3.71 2631
30
3 1.5Pd-TiO,(150°C) 33 6 25 95 5 3.09 2193
4 4 7 97 3 0.87 614
5 45 10 98 85 15 8.08 5730
6 10 67 90 10 2.73 5818
7 8 37 93 7 1.51 3212
30
8 0.5Pd-Ti0,(150°C) 10 6 30 93 7 1.22 2605
9 4 13 95 5 0.53 1129
10 40 10 97 88 12 2.97 6317
11 10 99 91 9 1.62 8596
12 8 86 92 8 1.40 7467
0.2Pd-Ti0,(150°C) 25 30
13 6 50 95 5 0.82 4341
14 4 16 96 4 0.26 1389
15 1 95 83 17 7.75 822
Pd/C(10wt%) 5 30
16 3 100 32 68 8.16 865
17 0.2Pd-TiO,(post-150°C) 25 30 10 79 86 14 1.29 6772
18 TiO, 25 30 0 0 0 0 0 0
19 Lindlar catalyst 10 60 10 99 87 13 2.02 214
20° 0.2Pd-Ti0,(150°C) 25 30 10 100 0 100 1.63 8682

Reaction conditions: 3 mL methanol, 224 uL phenylacetylene, room temperature. a) Styrene hydrogenation, 234 uL styrene.

with similar styrene selectivity (90%-91%), indicating
that single-atom Pd exhibited superior activity and se-
lectivity in phenylacetylene hydrogenation in comparison
with nanoparticle counterparts and commercial Lindlar
catalyst (selectivity 87%, Entry 19).

The catalytic performance of 0.2Pd-TiO,(post-150°C)
prepared by the post-impregnation method and the
commercial Pd/C (10 wt%) was also measured. Com-
pared with 0.2Pd-TiO, synthesized by the self-assembly
method, 0.2Pd-TiO,(post-150°C) exhibited poorer activ-
ity and selectivity. Although 10 wt% Pd/C showed sa-
tisfactory phenylacetylene hydrogenation activity, the
selectivity towards styrene was low. It is generally believed
that H, undergoes homolytic dissociation on Pd nano-
particles into H atoms with minimally polarized bonds
(H‘s*) [61]. In this case, Pd nanoparticles are capable of
inducing the density of active hydrogen atom around the
Pd particles, and alkynes would undergo the adsorption
and activation process and interact with the hydrogen
atom. In principle, the generated olefin could be un-
ceasingly activated and interact with the surrounding

June 2020 | Vol.63 No.6

activated hydrogen atoms to produce the final hydro-
genated alkane. Compared with single Pd atoms, Pd na-
noparticles provide more activated hydrogen species for
the hydrogenation of alkene to alkane, thereby inducing
low selectivity towards alkene.

The advantage of single-atom Pd dispersed on TiO, in
semi-hydrogenation of phenylacetylene is tentatively
proposed (Scheme 2). Specifically, single Pd atoms adsorb
the H, molecule and dissociate it into two hydrogen
atoms [62]. In the meantime, the phenylacetylene mole-
cules adsorbed on Pd atoms as a result of the interaction
between m bond of triple bonds and the unoccupied d-
orbital of Pd are easily activated, followed by the cleavage
of m bond. The H atoms formed around Pd atoms then
attack the activated phenylacetylene to form styrene
[63,64]. Styrene could also be activated and further in-
teract with the dissociated H atoms to form ethylbenzene.
We conducted a control experiment using single-atom
0.2Pd-TiO,(150°C) catalyst for styrene hydrogenation.
Styrene was fully converted to ethylbenzene under similar
conditions as used in the conversion of phenylacetylene

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020 989
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Pd nanoparticles on TiO,

Scheme 2 Schematic illustration for the hydrogenation of phenylace-
tylene on Pd nanoparticles supported on TiO, (left) and single-atom Pd
on TiO, (right).

(entry 20, table 3), suggesting that the catalyst is not in-
trinsically inert for C=C bond hydrogenation. Rather, it is
not able to conduct consecutive triple and double bond
hydrogenation to form alkanes, possibly due to the lack of
nearby hydrogen as proposed above. Another explanation
is that competitive adsorption between phenylacetylene
and styrene exists on 0.2Pd-TiO,(150°C), and the ad-
sorption of phenylacetylene is stronger than that of
styrene on atomically dispersed Pd. As a result, single Pd
atoms decrease the chance of further hydrogenation due
to facile desorption of styrene enabled by phenylacetylene
replacement.

CONCLUSION

In summary, we developed a single-atom Pd catalyst
supported on nanoscale TiO, with well-controlled Pd
loadings. The prepared single Pd atom catalyst showed
superior activity and selectivity in the selective semi-hy-
drogenation of phenylacetylene, compared with com-
mercial Pd/C catalyst and Pd-TiO, prepared by post-
impregnation method. The excellent catalytic perfor-
mance could be attributed to unique electronic structure
and nanoscale TiO,. This work highlights the potential of
making a series of SACs on nanosized supports for a
range of reactions.
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