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It is a challenge to selectively hydrogenate 4-nitrostyrene
to 4-nitroethylbenzene, due to the similar energy barrier of
hydrogenation of the nitro and vinyl groups. Herein, we
demonstrate that such selective hydrogenation can be
achieved by Pd@Ru core—shell nanocubes that are pre-
pared by epitaxial growth of a face-centered cubic Ru shell
on Pd cubes. The core—shell structure of Pd@Ru nanocubes
is confirmed by transmission electron microscopy, X-ray
diffraction spectroscopy, and elemental mapping mea-
surements. It is found that the electronic structure and
hence the catalytic activity of the Pd@Ru nanocubes can
be readily modulated by the Ru shell thickness. This is
manifested in electrochemical CO stripping measurements
where a decrease of CO adsorption energy is observed on
Pd@Ru nanocubes with the increase of the Ru shell
thickness. Results from this study suggest that deliberate
structural engineering can be exploited to prepare
bimetallic core—shell nanostructures for highly active and
selective hydrogenation of organic molecules with multi-
functional moieties.
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Hydrogenation of C=C double bonds is an important
reaction in petrochemical, pharmaceutical, and fine chemical
industries [1, 2]. Generally, molecules with a single func-
tional group can be simply converted into the desired
products by using certain metal catalysts. Yet it is chal-
lenging to achieve high selectivity in catalyzing the reaction
of just one specific functional group when there exist other
competing moieties in the same molecule. Hydrogenation of
4-nitrostyrene is commonly used as a model reaction since
the nitro (NO,) and vinyl (C=C) groups demonstrate a
similar activation energy barrier and can both be readily
hydrogenated [3-5]. In fact, the use of conventional Pt and
Pd nanocatalysts can simultaneously reduce the C=C and
NO, groups, making it difficult to achieve high selectivity
for either group at high conversion efficiency. Therefore, it
is of both fundamental and technological significance to
develop effective, selective metal catalysts.

Controlled synthesis and engineering of metal nano-
materials has been widely demonstrated to be an effective
strategy to prepare high-performance catalysts [6-8]. Pal-
ladium (Pd) and ruthenium (Ru) are two important ele-
ments of the platinum-group metals, which play critical
roles in the fields of catalysis and energy transfer. In par-
ticular, Pd is known to exhibit an excellent activity and
selectivity in the hydrogenation of acetylenic and olefinic
moieties [9-16]. Ru-based catalysts are particularly
important for many reactions, such as C—N bond formation
and hydrogenation reactions. Controlled synthesis of Pd—
Ru bimetallic heterostructures is an effective strategy to
improve the hydrogenation performance of the catalysts
[17-24]. In many reactions, Pd—Ru bimetallic alloys
exhibit a better catalytic performance than their monometal
counterparts, due to the manipulation of the electronic
structures of Pd and Ru. For example, Huang et al. [20]
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observed that alloying with Ru effectively improved Pd
dispersion and modulated the electronic properties between
Pd and Ru, thus enhancing the catalytic activity and
selectivity of phenol hydrogenation. In another study, Li
and coworkers prepared ordered porous Pd octahedra
covered with a monolayer of Ru atoms, which successfully
achieved semi-hydrogenation of alkynes due to the syner-
gistic effects between the Ru monolayer and porous Pd
nanocrystals [21].

Inspired by these earlier works, herein we demonstrate
that the epitaxial growth of Ru layers on well-defined Pd
nanocubes duplicate both the fcc crystal structure and the
(100) facets of the underneath Pd nanocubes [25, 26]. Such
fcc Ru layers not only inherit the high catalytic activity of Pd
nanocrystals but also display much enhanced selectivity
toward the hydrogenation of 4-nitrostyrene to 4-nitroethyl-
benzene, due to the unique surface electronic structure.

Pd@Ru core—shell nanocubes were prepared by con-
trolled galvanic exchange reaction of Pd nanocubes with
RuCl; (experimental details included in the Supporting
Information) [27]. Four samples were prepared at increas-
ing RuCl; feeds and denoted as Pd@Ru-1, Pd@Ru-2,
Pd@Ru-3, and Pd@Ru-4, respectively. From TEM image
in Fig. la, it can be seen that PdA@Ru-1 exhibits a cubic
shape with an average edge length of 12.1 nm, and well-
defined lattice fringes with an interplanar spacing of
0.198 nm, which can be indexed to fcc Pd and Ru (200)
facets. Figure 1b, c displays a high-angle angular dark
field-scanning transmission electron microscopy (HAADF-
STEM) image and the corresponding line-scan profiles of
Pd and Ru, which clearly show that Ru was enriched at the
edges with a shell thickness about 1.72 nm (corresponding
to ca. 9 atomic layers of Ru), suggesting the formation of a
Pd@Ru core—shell structure. Consistent results were
obtained in elemental mapping measurements based on
energy-dispersive X-ray spectroscopy (EDS) (Fig. 1d). The
formation of a core—shell structure in Pd@Ru-1 was further
corroborated by selective acid etching of the Pd cores
forming Ru nanocages (Fig. S1). The other three Pd@Ru
samples also showed a cubic shape (Fig. S2); however,
with an increasing RuCl; feed, the Ru shell thickness
increased accordingly, ca. 2.3 nm for Pd@Ru-2, 4.7 nm for
Pd@Ru-3, and 9.0 nm for Pd@Ru-4. Additionally, the
nanocube surface became increasingly roughened
(Pd@Ru-2 and Pd@Ru-3), and the formation of Ru islands
on Pd nanocubes was even observed with Pd@Ru-4.

Further structural insights were obtained in XRD mea-
surements. From Fig. 2, it can be seen that Pd nanocubes
and Ru nanocages both exhibited four diffraction peaks at 20
~ 40°, 46°, 68°, and 82°. These can be indexed to the (111),
(200), (220), and (311) facets of fcc Pd (JCPDS No.
89-4897) and fcc Ru (JCPDS No. 88-2333), indicating
epitaxial growth of Ru over Pd. For the Pd@Ru-1

Al

K4

nanocubes, the diffraction peaks all red-shifted to a lower
angle, likely because with the deposition of the Ru shell, the
larger Ru atoms imposed a tensile strain on the Pd substrate
(atomic radius for Ru is 0.189 versus 0.179 nm for Pd). With
an increase of the Ru shell thickness, the diffraction peaks
gradually shifted to a high angle and became consistent with
those of Pd nanocubes and Ru nanocages, as the lattice
constant of fcc Ru (¢ = 0.383 nm) is very close to that of fcc
Pd (a = 0.389 nm) [28], allowing epitaxial growth of fcc Ru
on Pd [23, 27, 29]. At an exceedingly high loading of Ru, a
broad peak also emerged at around 44° for Pd@Ru-4, likely
due to the (101) diffraction of hcp Ru [28]. PdRu alloy
nanoparticles prepared at different atomic ratios of Pd and
Ru exhibited similar XRD patterns (experimental details in
Supporting Information, Fig. S3); however, the morpholo-
gies were markedly different, displaying only an irregular
shape (Fig. S4).

The elemental compositions and valence states of the
sample series were then examined by X-ray photoelectron
spectroscopy (XPS) measurements. From Fig. 3a, it can be
seen that deconvolution of the Pd 3d electrons in Pd nanocubes
yielded two doublets. The first pair at 341.8 and 336.6 eV can
be assigned to the 3ds,, and 3ds/; electrons of Pd(II), and the
other one at 340.6 and 335.3 eV to Pd(0) [20, 23]. After the
growth of a Ru shell on Pd, the binding energies of Pd(0) 3d;/,
and 3ds, increased to 341.3 and 336.0 eV, respectively,
suggesting electron transfer from Pd to Ru, which became
intensified with increasing Ru feed (Pd@Ru-1 to Pd@Ru-3)
[23]. For Pd@Ru-4, the Ru shell was so thick that no Pd
signals were observed. Similarly, two peaks can be decon-
voluted in the high-resolution XPS scans of the Ru 3p;,
electrons in Pd@Ru nanocubes at 463.7 and 461.5 eV
(Fig. 3b), due to oxidized and metallic Ru, respectively [26].

For comparison, for the PdRu alloy nanoparticles
(Fig. S5), only metallic Pd and Ru species were resolved,
where the binding energies remained virtually invariant with
the elemental composition. This suggests similar surface
electronic properties among these alloy nanoparticles.

Electrochemical CO stripping measurements were then
carried out to evaluate the electronic structure of the
Pd@Ru nanocubes. From Figs. 4, S6 and S7, the CO
oxidation peak potential (Eco) of Pd@Ru, Ru-Pd alloys
were derived and listed in Table 1. It can be seen that Pd
nanocubes and Pd/C exhibited a voltammetric peak for CO
oxidation at 0.960 and 0.919 V (vs. reversible hydrogen
electrode (RHE)), respectively, and for the Pd@Ru nano-
cubes, the peak potential of CO oxidation was markedly
reduced to 0.654 V for Pd@Ru-1, 0.612 V for Pd@Ru-2,
0.597 V for Pd@Ru-3, and 0.576 V for Pd@Ru-4 (close to
that for Ru/C, 0.564 V), suggesting weakened adsorption
of CO on the Pd@Ru core—shell structure and the down-
shift of the d-band center by Ru deposition [30]. Notably,
these peak potentials were also different from those of the
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Fig. 1 a TEM and b HAADF-STEM images; ¢ EDS line-scan profiles of Pd (red) and Ru (blue) along dashed arrow in panel b;
d HAADF-STEM image and EDS elemental maps of Ru, Pd and Pd + Ru of PA@Ru-1
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Fig. 2 XRD patterns of Pd nanocubes, Ru nanocages, and
Pd@Ru nanocubes, where standard diffraction patterns of fcc
Pd (black bars), hcp Ru (red bars), and fcc Ru (cyan bars) are
also shown at bottom

PdsRus alloy nanoparticles (Fig. 4e) and somewhat higher
than that of Ru nanocages (0.593 V), suggesting intimate
interactions between Pd and Ru in the Pd@Ru nanocubes
that modulated the surface electronic structures.

Based on the CO stripping peak areas, the electro-
chemical active surface area (ECSA) was then evaluated

Rare Met. (2022) 41(4):1189-1194

[28], and the results are summarized in Table 1. It can be
seen that with the growth of a Ru shell, the ECSA
increased substantially, consistent with the increasing
roughness of the nanocube morphology, as observed in
TEM measurements (Figs. 1, S2).

The catalytic activity and selectivity of the Pd@Ru
nanocubes toward the hydrogenation of 4-nitrostyrene to
4-nitroethylbenzene and 4-ethylbenzenamine was then
evaluated and compared. From Fig. 5, it can be seen that
all PdA@Ru nanocubes exhibited 100% selectivity in the
hydrogenation of 4-nitrostyrene to 4-nitroethylbenzene,
with no detectable production of 4-ethylbenzeneamine. Yet
the activity varied among the samples. Specifically, From
Fig. 5a, Pd@Ru-1 nanocubes can be seen to exhibit the
best performance among the sample series, achieving
100% conversion of 4-nitrostyrene to 4-nitroethylbenzene
in 60 min and maintaining the 100% efficiency thereafter.
Pd@Ru-2 exhibited a somewhat lower catalytic activity
(Fig. 5b), with 100% production of 4-nitroethylbenzene in
3 h. The catalytic activity was even lower with Pd@Ru-3
and Pd@Ru-4, suggesting that a thick Ru shell and reduced
adsorption energy is not favorable for the selective
hydrogenation of the nitro group (Table 1) [31].
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Fig. 3 High-resolution XPS spectra of a Pd 3d and b Ru 3p3/, electrons in Pd and Pd@Ru nanocubes. Black curves are experimental

data and colored curves are deconvolution fits
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Fig. 4 First and second scans of the CO stripping voltammo-
grams of a Pd@Ru-1, b PA@Ru-2, ¢ Pd@Ru-3, d Pd@Ru-4,
and e PdsRus alloys in 0.5 mol-L~" H,SO, at the potential scan
rate of 50 mV.s™"
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Table 1 CO oxidation peak potentials (Eco) and electrochemi-
cal active surface areas (ECSA) of the sample series

Sample Eco V ECSA/(m?.g~ ")
Pd nanocubes 0.960 0.10
Pd@Ru-1 0.654 48.10
Pd@Ru-2 0.612 61.70
Pd@Ru-3 0.597 79.70
Pd@Ru-4 0.576 88.20
Pd/C 0.919 36.10
Ru nanocages 0.593 65.10
Ru/C 0.564 1.41
Pd;Ru; 0.601 29.90
PdsRus 0.616 31.70

For comparison, Pd nanocubes (Fig. S8a), Pd/C
(Fig. S8b) and PdRu alloy nanoparticles (Fig. S8c—e)
exhibited markedly different catalytic performances. It can
be seen that at the initial stage, 4-nitroethylbenzene was the
primary product of hydrogeneration, whereas at prolonged
reaction times, 4-ethylbenzeneamine became the increas-
ingly dominant species. By sharp contrast, Ru/C (Fig. S8f)
and fcc Ru nanocages (Fig. S8g) exhibited virtually no
catalytic activity. These observations suggest that the sur-
face Pd species, rather than the Ru ones, were the catalytic
active sites responsible for the hydrogenation of 4-ni-
trostyrene to 4-ethylbenzeneamine, where the reaction
mechanism entailed sequential hydrogenation of the vinyl
and nitro groups in 4-nitrostyrene [17-24]. From Table 1, it
can be seen that the ECSA of Pd@Ru-1 is the lowest
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Fig. 5 Hydrogenation products of 4-nitrostyrene catalyzed by a Pd@Ru-1, b Pd@Ru-2, ¢ PA@Ru-3, and d Pd@Ru-4

among the four PA@Ru samples, yet the activity was the
best. This suggests that surface morphology (and surface
area) did not play a significant role in the determination of
the catalytic performance. Rather, it is the surface elec-
tronic structure that dictates the hydrogenation activity.

Notably, Pd@Ru-1 and Pd@Ru-2 also exhibited good
stability (Fig. S9a, b), where the catalytic activity and
selectivity remained virtually invariant in repeated tests.
This performance is obviously better than those of Pd
nanocubes, Pd/C, PdsRus, and Pd;Ru; (Fig. S9c—f), signi-
fying the unique advantage of the core @shell morphology
in the catalytic reaction.

The fact that the Pd@Ru core @shell nanocubes exhibited
100% selective production of 4-nitroethylbenzene from the
hydrogenation of 4-nitrostyerene suggests that the subse-
quent reduction of the nitro group was impeded, most likely
due to the limited number of Pd sites on the nanocube surface
(Figs. 1, S2) that became electron-deficient as a result of
charge transfer to Ru, as manifested in XPS measurements
(Fig. 3), in comparison to those of Pd nanocubes, Pd/C, and
PdRu alloy nanoparticles (Fig. S5). This resulted in a
weakened Pd—Pd metallic bond in Pd@Ru and hence pref-
erential adsorption and hydrogenation of the functional
moiety of lower polarity, i.e., the vinyl group in 4-ni-
trostyerene, over the more polar (nitro) group [5]. Taken
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together, these results suggest that the synergistic interaction
between Pd and Ru in Pd@Ru core—shell nanocubes can be
exploited for the effective manipulation of the surface
electronic property and ultimately selective hydrogenation
of 4-nitrostyrene to 4-nitroethylbenzene.

In summary, the hydrogenation dynamics of 4-nitrostyrene
on Pd nanocubes were readily modulated by epitaxial growth
of an fcc Ru shell, achieving high selectivity toward the pro-
duction of 4-nitroethylbenzene. In contrast, no catalytic
activity was observed with commercial Ru and fcc Ru nano-
cages, and only poor selectivity with Pd nanocubes, com-
mercial Pd and PdRu alloys. Electrochemical CO stripping
studies demonstrated a reduced adsorption energy of the
reactants on fcc Ru-modified Pd, and the unique core—shell
structure accounted for the selective hydrogenation of the
vinyl group in 4-nitrostyrene, whereas the subsequent
hydrogenation of the nitro moiety was impeded with the
electron-deficient Pd sites. Results from this study suggest that
deliberate alloying may be exploited as an effective strategy to
manipulate the electronic structure of the catalyst surface for
enhanced catalytic activity and selectivity in the hydrogena-
tion of organic molecules.
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