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Abstract: Nanodiamond—-graphene core-shell materials have
several unique properties compared with purely sp>-bonded
nanocarbons and perform remarkably well as metal-free
catalysts. In this work, we report that palladium nanoparticles
supported on nanodiamond-graphene core—shell materials
(Pd/ND@G) exhibit superior catalytic activity in CO oxidation
compared to Pd NPs supported on an sp’-bonded onion-like
carbon (Pd/OLC) material. Characterization revealed that the
Pd NPs in PA/ND@G have a special morphology with reduced
crystallinity and are more stable towards sintering at high
temperature than the Pd NPs in Pd/OLC. The electronic
structure of Pd is changed in Pd/ND@G, resulting in weak CO
chemisorption on the Pd NPs. Our work indicates that strong
metal-support interactions can be achieved on a non-reducible
support, as exemplified for nanocarbon, by carefully tuning the
surface structure of the support, thus providing a good example
for designing a high-performance nanostructured catalyst.

The search for novel support materials with exceptional
structures and properties that enhance the catalytic perfor-
mance of metal nanoparticles (NPs) remains an important
topic in heterogeneous catalysis."?) Carbon materials, such as
activated carbon, carbon nanotubes, and graphene, have been
used as support materials.*! Nanocarbon-supported metal
catalysts show distinguished catalytic performances compared
to catalysts supported on traditional carbon materials.>®!
However, metal nanoparticles supported on these supports
are unstable and tend to sinter to give larger species,
especially under harsh reaction conditions. In our previous
studies, a special form of nanocarbon, namely a nanodia-
mond-graphene core-shell material, was found to have
unique properties and performed remarkably well as
a metal-free catalyst.”*
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In this work, a nanodiamond-graphene material compris-
ing a nanodiamond core and a graphitic shell with just one or
two graphene layers (ND@G) was carefully fabricated and
used to support Pd NPs. We found that Pd NPs supported on
the ND@G material exhibited superior catalytic activity in
CO oxidation compared to Pd NPs supported on sp*bonded
onion-like carbon (Pd/OLC). High-angle angular dark field
scanning transmission electron microscopy (HAADF-
STEM), Pd K-edge X-ray absorption spectroscopy, and
temperature-programmed CO desorption (CO TPD) meas-
urements were used to study the mechanism. The results show
that the interaction between Pd and the support is stronger in
Pd/ND@G than in Pd/OLC. This interaction affected the
chemisorption properties of the Pd NPs, weakened the CO
adsorption on Pd, and thus enhanced the catalytic activity of
Pd/ND@G for CO oxidation.

A TEM image of the ND@G support is shown in
Figure 1a. The formation of a diamond core and a graphitic
shell of one or two graphene layers is due to the graphitization
of ND at 900°C. Defects are indicated by white arrows in
Figure 1a and in the Supporting Information, Figure S1.
When the ND materials were annealed at 1300°C, an OLC
structure with multiple graphitic shells was obtained, which,

Figure 1. a,b) TEM images of the as-prepared nanocarbon supports:
ND@G with a nanodiamond core and a defective graphene shell (a)
and onion-like carbon (b). c,d) HAADF-STEM images of the corre-
sponding nanocarbon-supported Pd catalysts: Pd/ND@G (c) and Pd/
OLC (d).
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however, still contained a small diamond core (Figure 1b).
Raman spectra (Figure S3) also confirmed that the content of
sp>-hybridized carbon atoms of ND@G is much lower than
that of OLC. The small ND core in the OLC is covered by
a thick graphitic shell. Supported metal NPs will not interact
with the ND core, so that the OLC can be considered as an
sp>-bonded nanocarbon support. Structural information on
these two nanocarbon supports is summarized in Table 1. The

Table 1: Physicochemical properties of the nanocarbon materials.

Sample  Sger Pore volume O content  C(sp?)®  Ip/I™
Mgl [em7g] [at %] [%]

ND@G 342 1.51 24 40 0.72

OLC 358 1.56 0.9 71 0.58

[a] Determined by XPS. [b] Determined by Raman spectroscopy.

BET surface areas and pore volumes of the two nanocarbon
materials do not show distinct differences. The oxygen
contents are low, and the TPD spectra in Figure S2 show
that most of the carboxylic acid, carboxylic anhydride, and
lactone groups that could interact with metallic species were
removed during high-temperature annealing;*'"! it can thus
be ruled out that oxygen functional groups play a role.

STEM images of the as-prepared PdA/ND@G and Pd/OLC
catalysts (Figure 1c,d) show that the Pd NPs were uniformly
dispersed on the ND@G and OLC supports. The average sizes
of the Pd NPs on Pd/ND@G and Pd/OLC were about 1.9 nm
and 2.2 nm, respectively (Figure S4; for additional TEM
images, see Figures S5, S6). The Pd content of Pd/ND@G and
Pd/OLC, which was determined by inductively coupled
plasma mass spectrometry, was 2.38 % and 2.30 %, respec-
tively.

The catalytic oxidation of CO as a probe reaction was
evaluated over as-prepared PdA/ND@G and Pd/OLC samples
in a temperature-programmed mode. The catalytic perfor-
mance (Figure 2a) indicates that Pd NPs supported on
ND@G are more active than those supported on OLC
under reaction conditions with a stoichiometric amount of O,
(1% CO, 0.5% O,, He balance). 50% CO conversion (Ts)
over the PA/ND@G and Pd/OLC catalysts was achieved at
116°C and 146°C, respectively. The turnover frequency
(TOF) of PA/ND@G was about four times higher than that
of the Pd/OLC catalyst (Figure 2b) at 50°C to 120°C. All of
these findings indicate that the catalytic activity of the Pd/
ND@G catalyst is superior to that of Pd/OLC.

We also carried out the CO oxidation under O,-rich
conditions (0.9% CO, 8.9% O,, He balance). A substantially
higher catalytic activity was observed for both catalysts
compared to under O,-stoichiometric reaction conditions.
T, over the PA/ND@G and Pd/OLC catalysts was achieved at
70°C and 95°C, respectively (Figure S6a). The E, value of Pd/
ND@G for CO oxidation was also about 10 kJmol ' lower
(Figure S7b), and the TOF was about three to four times
higher than that of the Pd/OLC -catalyst (Figure S7c),
revealing the superiority of the PA/ND@G sample in terms
of CO oxidation. The PA/ND@G catalyst also showed good
stability over a 24 h reaction at 75°C (Figure S8a). When we
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Figure 2. a) Temperature dependence of the CO oxidation reaction for
the Pd/C catalysts. b) TOF versus temperature for Pd/ND@G and Pd/
OLC samples (CO/O,=1:0.5).

reused the PA/ND@G catalyst, the Ts, value increased slightly,
but the activity could be easily recovered with H, reduction at
200°C (Figure S8b).

To understand the differences between Pd/ND@G and
Pd/OLC, CO TPD experiments were carried out with samples
of both catalysts. As shown in Figure 3, the curve of CO
desorption is centered at around 90°C for PA/ND@G, but at
121°C for the Pd/OLC sample. This indicates that CO
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Figure 3. CO TPD spectra for PdA/ND@G and Pd/OLC.
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adsorption on the Pd NPs is weakened in the Pd/ND@G
system. Generally, for Pd catalysts, CO species adsorb
strongly on the Pd surface in the low-temperature region,
and the reaction rate is controlled by the desorption of
CO."12 The results of the CO TPD experiments suggest that
the improvement of low-temperature CO oxidation over Pd/
ND@G most likely results from the weakened CO chem-
isorption on the Pd NPs.

High-resolution HAADF-STEM images of the Pd/
ND@G and Pd/OLC catalysts are shown in Figure 4. The
morphologies and structures of the Pd NPs supported on

Figure 4. a—d) High-resolution HAADF-STEM images of Pd/ND@G
(a,b) and Pd/OLC (c,d). Scale bars: 2 nm.

Nd@G and OLC are quite different. The Pd NPs in Pd/
ND@G have more irregular (some triangular) shapes (Fig-
ure 1¢ and Figure 4a,b), whereas the Pd NPs in Pd/OLC
exhibit a more round (or spherical) shape (Figure 1d and
Figure 4c,d). The crystallinity of the supported Pd NPs in Pd/
ND@G was much lower than that of the Pd NPs in Pd/OLC.
Furthermore, the lattice fringes of the Pd NPs on the ND@G
support are not as well resolved as those for Pd NPs on OLC.
Considering these high-resolution HAADF-STEM images,
we speculated that there might be a stronger metal-support
interaction in Pd/ND@G, which contributes to the special
morphology and the reduced crystallinity of the Pd NPs in Pd/
ND@G. A stronger metal-support interaction in PdA/ND@G
may also result in the formation of Pd—C bonds and thus
lengthen the Pd—Pd bonds. Extended X-ray absorption fine
structure (EXAFS) analysis (Table S3, Figure S10) revealed
that the Pd-Pd bond lengths are 2.76 A and 2.74 A for Pd/
ND@G and Pd/OLC, respectively. This trend is consistent
with the above interpretation.

The sintering resistance of the supported Pd NPs was
further investigated to understand the metal-support inter-
actions in these two catalysts. The catalysts were annealed in
Ar at 500°C for 6h. In the corresponding XRD pattern
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(Figure S13a) of the Pd/OLC sample, there is a sharp peak at
40.1°, which is due to the Pd(111) diffraction of the annealed
Pd/OLC sample, indicating that the Pd NPs were sintered
after being annealed at 500°C. However, there is no obvious
diffraction peak at 40.1° for the annealed PdA/ND@G sample,
revealing that the Pd NPs in PA/ND@G did not aggregate
after annealing under the same conditions. The TEM images
in Figure S12 show that the average size of the Pd NPs in Pd/
ND@G slightly increased from 1.9 nm to 2.6 nm during
annealing at 500°C for 6 h, whereas in the Pd/OLC sample, it
dramatically increased from 2.2nm to 8 nm, which is in
agreement with the XRD results. The high-temperature
sintering resistance of PA/ND@G further indicates that the
metal-support interactions are stronger in PA/ND@G than in
Pd/OLC.

For metal-oxide support systems, the term “strong metal—
support interactions” (SMSI) was first introduced to describe
an electronic effect induced by metal-metal bonding,™
causing a reduced sorption capacity of the metal particles.
Later, the occurrence of SMSI in a system with reducible
oxides was assigned to the migration of support species onto
noble-metal particles, which decreases the accessible surface
of the particles by encapsulation."*'% In our work, however,
we did not observe obvious migration of carbon species from
the support onto the Pd NPs and encapsulation of the NPs by
STEM (Figure 4, S11b). DRIFT spectra of as-prepared and
used catalysts upon CO adsorption also support that Pd NPs
are not covered by carbon (Figure S11a). This is under-
standable as carbon is non-reducible. The improved CO
oxidation over PA/ND@G compared to that over Pd/OLC
indicates that for a non-reducible system, at least for carbon,
a reduction in the sorption capacity could be achieved by
simply changing the support structure while keeping the
composition the same. Strong metal-carbon interactions with
the formation of Pd—C bonds may lead to a charge redis-
tribution on Pd and thus weaken the chemisorption of CO.
The strong interaction between Pd and the carbon support
may also hinder the relaxing of Pd to form particles with well-
ordered crystallinity and extended surfaces (as revealed by
the high-resolution HAADF-STEM images in Figure 4). Pd
nanoparticles with more low-coordination sites on the ND
support have reduced sorption capacities as CO interacts
more strongly with extended surfaces with bridge or threefold
hollow sites."”? Furthermore, Pd particles with less relaxed
structures can more efficiently dissociate O, than Pd with
extended surfaces, which may further improve the CO
oxidation reaction. DFT calculations on model systems
consisting of a defective graphene sheet and metal clusters
predict a strong support-metal interaction."®') The high-
resolution (S)TEM images reveal that the one or two
graphene layers of ND@G could be somehow more defective
than the surface layer of OLC, but the strong interaction
between Pd and NG could also be modified by the sp*-bonded
diamond core, owing to the similar lattice types of diamond
and Pd,? but this hypothesis needs to be further explored.

In conclusion, a nanodiamond—graphene material com-
posed of a nanodiamond core and a defective graphitic shell
(ND@G) and an OLC support as a control sample have been
prepared. When Pd NPs are supported on ND@G, they
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displayed superior CO oxidation activity and high-temper-
ature sintering resistance compared to Pd NPs on the OLC
support. There may be Pd—C bond formation in PA/ND@G,
which may induce changes in the Pd electronic structure and
weaken the CO adsorption on the Pd surface, resulting in the
distinct improvement of the catalytic performance of the Pd/
ND@G catalyst in CO oxidation compared to the Pd/OLC
catalyst. Furthermore, the special morphologies, the reduced
crystallinity, and the improved sintering resistance of the Pd
NPs in ND@G indicate that there is a stronger metal-support
interaction in Pd/ND@G than in Pd/OLC, which may also
result from the formation of Pd—C bonds. The superior
performance as well as the strong metal-support interactions
in PA/ND@G may be affected by both the sp’-bonded ND
core and the sp>-bonded defective graphitic shell. Our work
indicates that strong metal-support interactions can be
achieved on a non-reducible support, as exemplified for
nanocarbon, by carefully tuning the surface structure of the
support. This approach may offer a direction to fabricate
novel support materials for high-performance carbon-sup-
ported catalysts.

Experimental Section

Supported Pd catalysts were prepared by the deposition—precipitation
method. CO TPD data were obtained by using a homemade TPD
apparatus. First, a sample (100 mg) was treated at 200°C for 1 h in
10% H, atmosphere. Second, the adsorption of CO molecules was
conducted at 35°C for 120 min to guarantee the saturated adsorption
of CO on the Pd surface. The heating rate was 2 Kmin'. CO
oxidation was carried out at ambient pressure in a temperature-
programmed mode with a rate of 1Kmin'. Two different CO
oxidation rates were obtained, in 1 % CO and 0.5 % O, with a balance
of He and in 0.9% CO and 89% O, with a balance of He,
respectively.
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