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A Top-Down Strategy to Realize Surface Reconstruction of Small-
Sized Pt-Based Nanoparticles for Selective Hydrogenation

Yu Jin,® Pengtang Wang,®! Xinnan Mao,“® Shangheng Liu,>" Leigang Li,*" Lu Wang,*" Qi Shao,?

Yong Xu,*¥ Xiaoging Huang*"!

Abstract: Over the past decades, despite substantial efforts have
been devoted to the modifications of Pt nanoparticles (NPs) for
tailoring their selectivities for hydrogenation reactions, it is still lack of
facile strategies for precisely regulating the surface properties of
NPs, especially for those ones with small sizes. In this work, we
propose a top-down thermal annealing strategy for tuning the
surface properties of Pt-based NPs (~4 nm) without the occurrence
of aggregation. Compare to conventional bottom-up methods, the
present top-down strategy can precisely regulate the surface
compositions of Pt-Cd NPs and other ternary Pt-Cd-M NPs (M = Fe,
Ni, Co, Mn, and Sn). The optimized Pt-Cd NPs exhibit excellent
selectivity toward phenylacetylene and 4-nitrostyrene
hydrogenations with a styrene selectivity and 4-aminophenyl styrene
selectivity of 95.2% and 94.5%, respectively. This work provides a
general strategy for the surface reconstructions of Pt-based NPs,
and promotes the fundamental researches on catalyst design for
heterogeneous catalysis.

Noble-metals (e.g., Pt and Pd) have been widely used in
hydrogenation reactions due to their excellent activities.!
However, they suffer from the disadvantage of poor selectivity,
and ideal catalysts for hydrogenations should be capable of
simultaneously high activity, selectivity and stability.? Great
efforts have been devoted to tailoring the selectivities for
hydrogenations, such as compositing with promoters to
suppress hydrogen adsorption and construct geometric effect to
enable the hydrogenations at the specific groups of reactants.['®
%l Recently, composite NPs have emerged as new frontiers in
selective hydrogenations because of the improved catalytic
properties compared with single component.! Moreover,
modifying noble metals with non-noble elements significantly
reduces the cost of catalysts, and therefore attracts great
interests.®! For instance, Pd-Pb nanocubes (NCs),®! Pd-Cd
NCs,?®!  Pt-Zn NPs,[! Pt-Fe nanowires (NWSs),® Ru-Co
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dumbbell-shaped nanostructures,® have been used as catalysts
for selective hydrogenations. Despite great progress, the precise
surface modifications of NPs, especially for NPs with small sizes,
still remain great challenges, and two major concerns should be
overcome: 1) it is lack of general protocols for obtaining and
modifying small-sized NPs;% 2) the poor stability of small-sized
NPs during pre-treatment and reaction limits their practical
applications.t4

Herein, we demonstrate a top-down thermal annealing
strategy for surface reconstructions of Pt-Cd NPs (~4 nm).
Compared to Pt, Cd atoms exhibit poorer stability against high
temperatures, which can be pulled out from the inside and the
surface of Pt-Cd NPs. Consequently, the surface compositions
of Pt-Cd NPs can be precisely tailored by altering the annealing
temperatures. Moreover, the reductive atmosphere during
annealing leads to the variations of Pt**/Pt® and Cd?*/Cd°. No
aggregation of NPs occurred during thermal annealing even
when the temperature was as high as 700 °C. Additionally, such
strategy can be extended to other Pt-Cd-M NPs (M = Fe, Ni, Co,
Mn, and Sn), being a versatile method for surface reconstruction.
The optimized Pt-Cd NPs (Pt-Cd-650) exhibited excellent
selectivities  toward phenylacetylene and  4-nitrostyrene
hydrogenations with a styrene selectivity and 4-aminophenyl
styrene selectivity of 95.2% and 94.5%, respectively.

o «‘." 3 .f“.‘.,-_f [Prca-ss0
» A

PLCd, ,, Pt ar,,

0 ) 0
Binding Energy (eV)

| 9 [prcdeso

PLCE,

Ce' 34,

imensity

e M s M

Binding Energy (eV)
Figure 1. (a) TEM and (b) HRTEM images of pristine Pt1Cd1.1s nanopatrticles.
(c) XRD patterns (left) and the enlarged patterns (right) of pristine Pt-Cd
nanoparticles. (d) TEM and (e) HRTEM images of Pt-Cd-650. (f) Pt 4f and (g)
Cd 3d XPS spectra of pristine Pt1Cd1.18 NPs and Pt-Cd-650.

Pt-Cd NPs were prepared via a wet-chemical method (see
details in Supporting Information). We took Pt;Cd;1s NP as an
example. As shown in Figure la, monodispersed Pt-Cd NPs
with mean size of ~3.8 nm were obtained. The lattice distance of
0.237 nm in the high-resolution transmission electron
microscopy (HRTEM) image corresponded to Pt (111) facet, and
the expansion of lattice distance was attributed to Cd
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introduction (Figure 1b). Moreover, transmission electron
microscope with spherical aberration (SA-TEM) measurement
was performed to study the fine structure of Pt;Cdiis NPs. It
was found that the lattice distance of Pt (111) facet of Pt;Cd1.1s
NPs was slightly larger than 0.226 nm, further confirming the
lattice expansion after Cd addition (Figure S1). The atomic ratio
of Pt and Cd in Pt;Cdi1s NPs was 45.9/54.1 (determined by
energy dispersive X-ray spectroscopy, EDS) (Figure S2 and
Table S1). Other Pt-Cd NPs with different compositions were
obtained by altering CdAc;-2H,O amounts during synthesis
(Figure S3 and Table S1). In the absence of CdAc;-2H;0, the
mean size of Pt NPs reached ~35 nm (Figure S3a), which
greatly decreased to ~2.7 nm with the increased amounts of
CdAc,-2H,0 (Figure S3b-d). The negative shifts of the peak of
(111) facet in X-Ray diffraction (XRD) patterns confirmed the
lattice expansion after Cd introduction (Figure 1c).*? Moreover,
Pt-Cd NPs evolved to Pt-Cd intermetallic compound (PDF No.:
14-0007), and finally evolved to amorphous compound with the
increase of Cd contents (Pt;Cd. 0, Figure 1c).3
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Scheme 1. Schematic illustration for realizing surface reconstructed Pt-Cd
NPs.

Pt;Cd; 18 NPs were loaded on carbon support (VC-X72) and
then annealed in Hx/Ar (5 vol.% in Ar) for 1 h at 600, 650, and
700 °C, which were named as Pt-Cd-600, Pt-Cd-650, and Pt-Cd-
700, respectively (Table S2). Considering the surface
reconstructions were achieved through the escape of Cd atoms
under high temperature,*¥ Pt;Cd; 13 NPs with a moderate Cd
content were thus selected as the model for investigating the
surface reconstructions (Scheme 1). It was found that the
surface compositions of the annealed Pt-Cd NPs strongly
depended on annealing temperatures. Pt-Cd-650 was selected
as the example. TEM image showed that the mean size of Pt-Cd
NPs was ~3.9 nm, which was slightly larger than that of Pt-Cd
NPs before annealing (~3.8 nm) (Figure 1d). HRTEM image
displayed the lattice distance of (111) facet was slightly smaller
than that of pristine Pt;Cd11s NPs, which was attributed to the
Cd escape at 650 °C (Figure 1e). Moreover, SA-TEM image of
Pt-Cd-650 showed that the lattice of Pt (111) facet at the near
shell position was slightly larger than that at the core position,
which was attributed to the migration of Cd atoms under high
temperature annealing (Figure S4). The positive shifts of peaks
in the XRD patterns of annealed NPs further confirmed the
lattice contraction after Cd escape (Figure S5). The inductively
coupled plasma-atomic emission spectrometry (ICP-AES)
measurement results implied that the atomic ratios of Pt in the
annealed Pt-Cd NPs gradually increased with temperatures for
annealing (Table S2). Moreover, the surface properties of the
annealed Pt-Cd NPs were studied by X-ray photoelectron
spectroscopy (XPS) measurement.’® The surface atomic
percentage of Pt increased from 72.9% to 91.8% when the
annealing temperature was increased from 600 to 700 °C
(Figure 1f, g and Table S2). On the other hand, the Pt contents
increased from 80.0% to 98.0% (by ICP-AES) with the increased
annealing temperature from 600 to 700 °C (Table S2). The
above results suggest that the migration (from inside to surface)
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and evaporation (escape from surface) of Cd atoms
simultaneously occurred during the annealing process.
Additionally, no obvious aggregation of Pt-Cd NPs was observed
even when the annealing temperature was as high as 700 °C
(Figure S6), indicating that such annealing process could serve
as an efficient strategy for the surface reconstruction of Pt-based
NPs.
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Figure 2. Catalytic performance for phenylacetylene hydrogenation over the
annealed Pt-Cd nanoparticles. (a) Schematic of phenylacetylene
hydrogenation reaction. Phenylacetylene hydrogenation over Pt1Cd1.1s (b), Pt-
Cd-600 (c), Pt-Cd-650 (d), Pt-Cd-700 (e), and PtiCdois-BM (f). (9)
Phenylacetylene conversion and styrene selectivity in five consecutive rounds
over Pt-Cd-650. Black dots in (b)-(f): phenylacetylene conversion.

To investigate the effects of surface reconstruction on catalytic
performance, the annealed Pt-Cd NPs were used as catalyst for
phenylacetylene hydrogenation (Figure 2a), and pristine
Pt1Cdo_3o, Pt;Cdoe7, Pt1Cd1.18, Pt1Cd, 00, and Pt;Cdg.15-BM with a
similar surface Pt/Cd ratio to Pt-Cd-650 (Figure S7) were used
as references. Prior to catalytic test, infrared spectroscopy (IR)
measurement was performed to check the residual ligands on
the surface of NPs. No peaks corresponding to oleylamine,
borane morpholine and glucose were observed in the IR spectra
of Pt;Cds 1, and Pt;Cdo 15-BM (Figure S8), indicating that most
of the surface ligands were removed. For catalysis, PtiCdos7,
Pt;Cd1.1s, and Pt;Cdz o0 with high content of Cd displayed low
activity towards phenylacetylene hydrogenation, despite the
selectivity of styrene was over 90% (Figure 2b and S9). When
Pt;Cdosy was used as catalyst, the conversion of
phenylacetylene was 87% after 20 min at a styrene selectivity of
88.4% (Figure S9). By contrast, the phenylacetylene conversion
reached 46.1% at a styrene selectivity of 97.6% for Pt-Cd-600
(Figure 2c). When Pt-Cd-650 was used as catalyst,
phenylacetylene was completely converted after 2 h with a
styrene selectivity of 95.2% (Figure 2d). Compared to Pt-Cd-
650, Pt-Cd-700 displayed a lower styrene selectivity of 86.2% at
near-complete conversion (Figure 2e). To further elucidate the
effects of surface reconstruction on phenylacetylene
hydrogenation, Pt;Cdo.1s-BM with similar composition and size to
Pt-Cd-650 was wused as catalyst for phenylacetylene
hydrogenation. Compared to Pt-Cd-650, Pt;Cdo.1s-BM exhibited
higher phenylacetylene conversion but much lower styrene
selectivity (Figure 2f). Moreover, the styrene selectivity rapidly
decreased with the reaction time, which was caused by the over-
hydrogeantion of styrene. The aforementioned results indicated
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that the surface reconstruction of Pt-Cd NPs strongly influenced
the catalytic performance in terms of activity and selectivity.

Afterwards, the stability of Pt-Cd-650 was evaluated in five
consecutive rounds for phenylacetylene hydrogenation. In
addition to the maintenances of morphology and structure for the
spent Pt-Cd-650 (Figure S10), no obvious decays in the activity
and selectivity implied that Pt-Cd-650 could serve as highly
stable a catalyst for phenylacetylene hydrogeantion (Figure 2g
and Table S3). Additionally, Pt-Cd-650 and Pt;Cdo1s-BM were
used as catalysts for 4-nitrostyrene hydrogenation to further
study the effects of surface reconstruction on selective
hydrogenations (Figure Sl1la). Pt-Cd-650 displayed a nearly
complete conversion at a 4-aminophenyl styrene selectivity of
94.5%, while the selectivities to 4-ethyl aniline and 4-ethyl
nitrobenzene were 3% and 2.5%, respectively (Figure S11b). In
sharp contrast, 4-nitrostyrene was completely converted into 4-
ethyl aniline over Pt;Cdo1s-BM (Figure Sl1ic). Compared to
other reported catalysts, Pt-Cd-650 exhibited much higher
activity and/or selectivity for the selective hydrogenation of 4-
nitrostyrene (Table S4).

Detailed characterizations were performed for Pt;Cdo.15-BM to
understand the significance of surface reconstruction on
catalytic performance. TEM image showed that the mean size of
Pt1Cdo.1s-BM was ~3.9 nm (Figure 3a), and Pt;Cdo15-BM had a
similar composition to Pt-Cd-650 (Figure S12 and Table S5).
Results from XPS measurement displayed that the surface
ratios of Cd/Pt for Pt-Cd-650 and Pt;Cdo.1s-BM were 16.5/83.5
and 10.9/89.1, respectively (Figure 3b, c and Table S2).
Compared to Pt-Cd-650, the peaks in the XRD pattern of
Pt:Cdo.1s-BM negatively shifted by 0.43°, indicating the lattice
contraction in Pt-Cd-650 (Figure S13). Correspondingly, the
lattice distance for Pt-Cd-650 was 0.226 nm, which was slightly
smaller than that for Pt;Cdo1s-BM (0.229 nm) (Figure 3d).
Moreover, electrochemical activity specific surface area (ECSA)
measurement without activation treatment was used to study the
surface properties of Pt-Cd-650 and Pt;Cdo1s-BM. The ECSA
value of Pt-Cd-650 was 14.7 m? gy, which was much smaller
than that of Pt;Cdo15-BM (27.8 m? gpt), suggesting the Pt-rich
surface of Pt;Cdo1s-BM (Figure 3e). Compared to Pt-Cd-650,
the larger CO stripping area for Pt;Cdo.1s-BM further confirmed
the Pt-rich surface of Pt;Cdo1s-BM (Figure S14). Pt-rich surface
may lead to strong adsorptions of reactants and consequential
high activity and low selectivity. Compared to Pt-Cd-650, the d-
band center for Pt;Cdo.1s-BM was more close to Fermi level,
suggesting the weaker absorptions of reactants on Pt-Cd-650
(Figure 3f).128

b 1.0, 1y BM

P

| ¢ Fch e G

Intensity
Intensity

" ™ n Qs o e
Binding Energy (eV) Binding Enargy (&V)

| PLCA, B
Y \5\
; M-Cy-680
7,Cd, - 8M g
P1-Ce-650
o3 o8 a5 13 o “ '
E(Vvs BHE) Binding Emargy (eV)

10.1002/anie.202106459

WILEY-VCH

Figure 3. (a) TEM image and size distribution (inset of a), (b) Pt 4f and (c)
Cd 3d XPS spectra and (d) HRTEM image of Pt:Cdo.1s-BM. (e) CV curves with
50 mV s scanning speed for Pt-Cd-650 and Pt1Cdo.1-BM in 0.1 M HCIO4
solution. (f) Surface valence bands for Pt-Cd-650 and Pt:Cdo.1s-BM.

Considering the surface reconstruction might lead to the
variations of Pt2*/Pt® and Cd?*/Cd° ratios, and further influenced
the surface electronic properties of NPs.F234  Control
experiments were performed to investigate the variations of
Pt2*/Pt° and Cd?*/Cd° ratios on the surface of Pt-Cd NPs. We
selected Pt;Cdo1s-BM as a model and annealed it in Hx/Ar (5
vol.% in Ar) at 250 °C for 1 h (named as Pt;Cdo.1s-BM-250). XPS
fittings indicated that the surface ratio of Pt/Cd in Pt;Cdo1s-BM
(89.3/10.7) was close to that of Pt;Cdo15-BM-250 (89.1/10.9)
(Figure S15 and Table S6), indicating that Pt;Cdo.1s-BM did not
experience surface reconstruction at 250 °C. However, the ratios
of Pt?*/Pt® and Cd?*/Cd° significantly varied after annealing in
H/Ar (5 vol.% in Ar) at 250 °C for 1 h. In particular, the ratios of
Pt2*/Pt® and Cd?*/Cd° for Pt;Cdo1s-BM were 42.3/57.7 and
71.5/28.5, respectively, which decreased to 38.9/61.1 and
42.6/57.4 in Pt;Cdo.18-BM-250 (Table S6). For phenylacetylene
hydrogenation, Pt;Cd.1s-BM-250 displayed slight higher styrene
selectivity (89.0%) than that of Pt;Cdois-BM (83.0%) at a
phenylacetylene conversion of ~85% (Figure S16). For 4-
nitrostyrene  hydrogenation, Pt:Cdo15-BM-250  exhibited
obviously-enhanced 4-aminophenyl styrene selectivity compared
to Pt;Cdo1s-BM (Figure S17). The aforementioned results
implied that the selectivity was related to the variations of
Pt2*/Pt°® and Cd?*/Cd® ratios on the surface after surface
reconstruction.

Density functional theory (DFT) calculations were performed
to gain deep insights of surface reconstruction on
phenylacetylene hydrogenation. Pt (111) surface was chosen as
the initial structure to represent the energetically stable facet. Pt-
Cd NPs were constructed by replacing Pt with Cd atoms at the
subsurface sites and surface sites. To simulate the different
reconstructed Pt-Cd surfaces under different temperatures, the
compositions of Pt and Cd at the surface and subsurface were
changed. Considering the styrene selectivity is determined by
the desorption ability of styrene, and we thus optimized the
adsorption configurations of styrene on different Pt-Cd surfaces
to estimate the styrene selectivity. On Pt (111) surface, the
styrene possessed a flat adsorption configuration (Figure 4a)
and the adsorption energy of styrene was -3.95 eV, indicating
that styrene was difficult to desorb from the surface and. On the
pristine Pt-Cd surface, the Cd atoms were mostly distributed in
the inner instead of surface (Figure 4b), and the adsorption
energy of styrene was -2.25 eV, which was smaller than that on
Pt (111) surface. After annealing, the Pt-Cd surface was
reconstructed and more Cd atoms diffused into the surface
(Figure 4). The adsorption energy of styrene dramatically
decreased to -1.27 eV with the tilted adsorption configuration.
The relatively weak interaction between styrene and the
reconstructed Pt-Cd surface facilitates styrene desorption and
thus suppresses the over-hydrogenation of styrene. More Cd
atoms escaped from the surface with the increased annealing
temperature, and the adsorption energy of styrene significantly
increased to -3.42 eV due to the increasing surface atomic
percentage of Pt, resulting in the significant decrease of styrene
selectivity (Figure 4d). The projected density of states (PDOS)
further demonstrated the interaction between styrene and Pt-Cd
surface (Figure 4e-h). The hybridization between C 2p in
styrene and Pt 5d orbitals on pure Pt surface located in the deep
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and wide energies, while the hybridization peaks obviously
moved near to the Fermi level for the surface reconstructed Pt-
Cd with more Cd atoms on the surface, suggesting a relatively
weak interaction. Thus, by controlling the reconstruction of Pt-Cd
surface, a high selectivity towards styrene was achieved, which
was well consistent with the experiments.
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Figure 4. The adsorbed styrene configurations on (a) pure Pt and (b-d)
different Pt-Cd surfaces with the calculated adsorption energies, and (e-h) the
corresponding projected density of states (PDOS). The light grey ball and
yellow ball represent Pt and Cd atoms, respectively. The dashed line indicates
the Fermi level.

We synthesized ternary Pt-Cd-M NPs (M = Ni, Fe, Co, Mn,
and Sn) for surface reconstructions to demonstrate the
universality of this strategy (Table S7). Pt-Cd-M NPs were
loaded on VC-X72 and subsequently annealed at 600 and 700
°C (named as Pt-Cd-M-600 and Pt-Cd-M-700, respectively)
(Figures S18-20). We took Pt-Cd-Ni as an example. The mean
size of pristine Pt-Cd-Ni NPs was ~4.2 nm (Figure S18a-c).
After annealing at 600 °C, no obvious changes for the size of Pt-
Cd-Ni NPs were observed (Figure S19). The surface ratio of
Pt/Ni/Cd for pristine Pt-Cd-Ni NPs was 32.7/8.9/58.4, which
evolved to 43.1/42.1/14.8 and 61.7/34.2/4.1 after annealing at
600 and 700 °C, respectively (Tables S8 and S9). Compared to
the pristine Pt-Cd-M NPs, the lattice contractions in the HRTEM
images of annealed Pt-Cd-M NPs indicated the migration and
escape of Cd atoms under high temperatures (Figures S20 and
Table S9). Correspondingly, the lattice distance of (111) facet
for pristine Pt-Cd-Ni NPs was 0.228 nm (Figure S28c), which
decreased to 0.222 nm after annealing at 600 °C (Figure S20b).
Similar results were observed for other Pt-Cd-M NPs (M = Fe,
Co, Mn, and Sn) (Figure S20s), indicating the universality of this
strategy for surface reconstruction.

In summary, we have demonstrated a top-down thermal
annealing strategy for surface reconstructions of Pt-based NPs.
Such strategy solely led to the variations in the surface
compositions without aggregation of Pt-based NPs even when
the annealing temperature was as high as 700 °C. The
universality of this strategy was further validated by the surface
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reconstructions of other Pt-Cd-M NPs (M = Fe, Ni, Co, Mn, and
Sn). We believe this work not only provides a unique strategy for
the surface reconstructions of Pt-based NPs, but also sheds
new lights on designing highly selective catalysts for
hydrogenation.
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A Top-dawn:Steatagy for Surface: Resonstruction Yu Jin, Pengtang Wang, Xinnan Mao, Shangheng Liu, Leigang Li,

Lu Wang,* Qi Shao, Yong Xu,* Xiaoging Huang*

N L\ \ ' A Top-Down Strategy to Realize Surface Reconstruction of

p N St TN TY Small-Sized Pt-Based Nanoparticles for Selective
o AL K A AL SALALD “ ™ Hydrogenation

AdALAL ‘./\_L./\&)x v k.«.“ e ¢ A top-down thermal annealing strategy has been proposed for the

=_ T —— precise surface reconstruction of Pt-based nanoparticles. The

reconstructed nanoparticles display excellent stability at high

temperature, yet serve as highly active and selective catalysts for

the hydrogenations of phenylacetylene and 4-nitrostyrene.
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