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We have developed an efficient method to generate highly active Pd and PdO nanoparticles (NPs) dispersed on
graphene and graphene oxide (GO) by an impregnation method combined with thermal treatments in H, and
0, gas flows, respectively. The Pd NPs supported on graphene (Pd/G) and the PdO NPs supported on GO (PdO/
GO) demonstrated excellent carbon-carbon cross-coupling reactions under a solvent-free, environmentally-
friendly condition. The morphological and chemical structures of PdAO/GO and Pd/G were fully characterized
using X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and transmission electron
microscopy (TEM). We found that the remarkable reactivity of the Pd/G and PdO/GO catalysts toward the
cross-coupling reaction is attributed to the high degree of dispersion of the Pd and PdO NPs while the oxidative
states of Pd and the oxygen functionalities of graphene oxide are not critical for their catalytic performance.
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Introduction

Graphene has attracted increasing attention due to its extra-
ordinary electronic, mechanical, and thermal properties, and
has motivated the development of new materials for super-
capacity, energy production and conversion, molecular elec-
tronics and other related devices.'™

In addition, two-dimensional (2D) sheet of graphene with
an extremely high surface-to-volume ratio has great potential,
especially as 2D supports for hosting metal nanoparticles
(NPs) in heterogeneous catalysis, fuel cells, chemical sensors,
and hydrogen storage applications.”™

One of the catalytic applications with the graphene sup-
ported metal NPs is the area of carbon-carbon (C-C) and
carbon-nitrogen (C-N) cross-coupling reactions.”!!

Palladium (Pd) catalyzed C-C and C-N coupling reactions
have been of strategic importance since they offer fast reac-
tion rates, high turnover frequency, good selectivity, and
high production yield in various synthetic protocols.'*!?

Recently, several research groups have reported that graph-
ene based palladium catalysts possess good activity and
selectivity for various C-C coupling reactions.'*'8

However, there have been discrepancies in the characteri-
zation of the catalytic performance of graphene-based
palladium catalysts. For example, Li ef al. demonstrated that
the catalytic activity is strongly influenced by the size
distribution of the Pd NPs on graphene sheets, concluding
that an even distribution of small Pd NPs is critical for high

catalytic performance.'

However, it has been claimed that Pd NPs are stable on
oxidized graphene sheets and the first layer of the Pd NPs is
mainly present as PdOy. This implies that residual oxygen
functionalities on the surface of graphene are critical for
stabilizing the Pd NPs and catalytic efficiency.'®

On the other hand, some studies demonstrated that the
oxidative states of Pd NPs play an important role in the
catalytic activity, and highly dispersed Pd(0) NPs on graph-
ene sheets are required for high catalytic performance.'”"”

To clarify these conflicting explanations regarding the
performance of the Pd catalysts, we have synthesized graph-
ene and graphene oxide (GO) supported Pd catalysts through
an impregnation method combined with thermal treatments.
We have evaluated their catalytic performance in C-C cross-
coupling reactions. Concurrently, we have characterized their
morphological and electronic structures in order to under-
stand how the size distribution and oxidative states of the Pd
NPs affect the catalytic efficiency using X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and trans-
mission electron microscopy (TEM). Here, we demonstrate
that the Pd and PdO NPs can be well dispersed on graphene
and GO, respectively, and that these NPs act as efficient
catalysts in the C-C coupling reactions. We found that the
oxidation states of Pd and graphene did not significantly
influence the catalytic performance. However, the dispersion
and size distribution of the Pd and PdO NPs are critical for
high catalytic efficiency.
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Experimental

Synthesis of Pd/G and PdO/GO. Graphene oxide (GO)
was prepared by the oxidation of graphite powder with
H>SO4/KMnOy, according to the method of Hummers and
Offeman.”

Briefly, graphite (2.0 g) was added to concentrated H>SO4
(50 mL) in an ice bath, and NaNO; (1.0 g) and KMnOj4 (7.0
g) were slowly added under continuous stirring. After 2 h,
the suspension was removed from the ice bath and warmed
to 35 °C. The whole reaction mixture was carefully poured
into a 5 L flask in an ice bath and H,O, (30%) was added
until gas was no longer detected. Then, the suspension was
filtered and washed with a 0.1 M HCI solution and distilled
water, and then centrifuged at 3,000 rpm. The final product
(graphene oxide) was freeze-dried and stored in a vacuum
desiccator until further use.

Pd NPs dispersed on graphene (Pd/G) and PdO NPs on
graphene oxide (PdO/GO) were prepared through an impreg-
nation method combined with thermal treatments with H»
and O, gases, respectively. Typically, GO (0.9 g) was mixed
with PA(OAc): (0.21 g) in 90 mL of distilled water, yielding
a homogenous, dark yellow. The resulting suspension was
sonicated for 5 min and stirred for 24 h to promote the
intercalation of Pd>" on the GO surface. The suspension was
filtered and washed with distilled water several times. The
filtrate was centrifuged at 3000 rpm and freeze-dried, yield-
ing Pd** dispersed on GO (Pd*'/GO). The thermal treatment
of Pd**/GO was carried out using a home-built gas flow
reactor equipped with gas flow controller (Cole-Parmer),
quartz tube, and tubular furnace. The Pd*"/GO was collected
in the quartz tube and placed inside the tubular furnace. The
furnace was sealed at both ends with end couplings to
provide gas flow. The furnace was flashed with Ar gas (100
sccm) for 10 min in advance, and H, gas (40 sccm) and O;
gas (100 scem) flowed to prepare Pd/G and PdO/GO,
respectively. At the same time, the temperature was raised
ranging from 100 °C to 500 °C, and maintained for 2 h. The
final products were stored in vacuum desiccators before use.
Inductively coupled plasma equipped with mass spectro-
metry (ICP-MS) was utilized to quantify the actual amount
of metal loaded on the graphene support.

Characterization of Pd/G and PdO/GO. Powder XRD
analyses were performed on a multi-purpose high perfor-
mance X-ray diffractometer (PANalytical). The diffraction
data were recorded for 26 angles between 6.0° and 80°. XPS
spectra were acquired using Mg K, (hv =1253.6 ¢V) radia-
tion (KRATOS, AXIS Nova). TEM measurements were
performed using a JEM-2200FS. Sonogashira reactions were
performed using a microwave reactor (Discover system,
CEM).

General Procedure for the C-C Cross-Coupling Reaction.
High purity graphite powder (99.99%) and palladium acetate
(Pd(OAc),, 99.99%) were purchased from Sigma-Aldrich
and used as received. Iodobenzene, iodobenzene derivatives,
phenylacetylene, and 1,8-diazabycyclo[5.4.0] undec7-ene
(DBU) were obtained from Sigma-Aldrich. For C-C cross-
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coupling reactions, phenylacetylene (2 mmol), iodobenzene
(1 mmol), DBU (2 mmol), and Pd/G or PdO/GO (1 mol %)
were placed in a 5 mL microwave reaction flask. The flask
was heated at 120 °C with 300 W in a CEM microwave
reactor for 40 min. After cooling to RT, the proceeding of the
reaction was monitored by TLC. After removing the catalyst
by centrifuge, the reaction product was purified by silica gel
column chromatography using hexane as an eluent. After
separation, the solvent was evaporated and the product yield
was calculated.

Results and Discussion

Preparation and Characterization of Pd/G and PdO/
GO. Figure 1(a) and (b) show the typical TEM images of
PdO NPs on graphene oxide (PdO/GO) and Pd NPs on
graphene (Pd/G), respectively. The PAO/GO and Pd/G were
prepared via thermal treatments of the Pd precursor impreg-
nated GO (Pd*'/GO) in O, and H, environments at 100 °C,
respectively. It can be seen that the closely anchored NPs are
pretty well dispersed without obvious agglomerations on
both the GO and graphene surfaces. When more than 50 NPs
were randomly chosen and the size distribution was obtained
to achieve the desired statistical significance, the average
diameters of the NPs of PAO/GO and Pd/G were measured
tobe 5.6 £ 1.8 nm and 3.4 + 0.8 nm, respectively. It has been
reported that PdO NPs grown on GO are usually larger than
Pd NPs on graphene where the average size of the PdO NPs
ranged from 4 nm to 15 nm."”

The PdO NPs grown on GO are usually oxidized and
strongly aggregated by combining the surface oxygen func-
tionalities on the GO surface.

To understand the structural properties of PdAO/GO and Pd/
G, XRD measurements were performed, as shown in Figure
2(a). The typical diffraction peak (002) of graphene was
observed at 20 = 24.8°, corresponding to a d-spacing of 3.7
A. A small peak observed at 20 = 42.6° is associated with the
(100) plane of the hexagonal structure of carbon. The peak at
20 =40.1° is characteristic of Pd(111) with a face centered
cubic structure, and the other peaks exhibit the Pd(200) and
Pd(220) planes, suggesting that the Pd is composed of
crystalline nanostructures on the graphene surface. When the
XRD peaks for PdAO/GO were collected, the peaks for graph-
ene were shifted to 20 = 10.9° due to the presence of various
oxygen functional groups in the AB-stacked graphite sheets.

Figure 1. TEM images of (a) PdO/GO and (b) Pd/G.



Graphene and Graphene Oxide Based Palladium Nanocomposites

N
=]

Pd/G

=)
S
s
5
o

PdO(100)
Pd(100)

PAO(110)
Pd(200)

Intensity (arbitrary unit)
(002)

10 20 30 40 50 60 70 80
26 (degree)
Figure 2. XRD patterns of PdO/GO and Pd/G.

The diffraction peaks for the (100), (110), (112), (103), and
(202) planes of crystalline PdO were observed, suggesting
that orthorhombic PdO structures are adequately prepared.
In addition, small Pd peaks were observed. This indicates
that the Pd precursors (Pd*") were partially converted into
the Pd crystalline phase after annealing in O flow at 100 °C.
We found that completely oxidized PdO NPs could be obtain-
ed above 500 °C. However, this high temperature oxidation
resulted in heavily agglomerated PdO NPs, which are not
appropriate for our catalytic applications since the larger
NPs will deactivate the catalytic performance.

We examined the detailed electronic configurations of
PdO/GO and Pd/G using XPS measurements. The Pd 3d
XPS results of PAO/GO showed that two symmetrical peaks
at 343.1 eV and at 337.8 eV correspond to Pd 3ds, and Pd
3dsp, respectively, which suggests that the oxidative state of
Pd in PdO/GO is +2 (Figure 3(a)). We can also see a tiny low
binding energy peak for the partially reduced Pd (as indicated
by arrows), which is pretty consistent with XRD data. The
XPS spectrum of Pd/G in the Pd 3d region shows two peaks
of Pd 3dsp and Pd 3ds; at 341.2 eV and at 335.9 eV, respec-
tively. These peak positions indicate that the as-prepared Pd
NPs on graphene are characteristic of Pd (0). However, the
peak shapes appear to be asymmetric on the high binding
energy side in both the Pd 3ds» and 3ds, peaks, indicating
that the Pd NPs are partially oxidized.

When the XPS spectrum from PdO/GO was collected in
the C 1s region, two dominant peaks were observed at 284.7
eV and 286.8 eV, as shown in Figure 3(b). The peak at 284.7
eV is a characteristic peak for the C-C bonding of graphene.
The other peak at 286.8 eV is attributed to emissions from a
variety of oxygen functional groups (C-OH, -O-, and O=C-
OH) on the GO, which indicates that the graphene is almost
fully oxidized into GO. Meanwhile, the Cls peak of Pd/G
has a maximum at 284.7 eV and the high binding energy
peak corresponding to the oxygen functionalities has dis-
appeared. However, a broad tail toward the high binding
energy (indicated by arrow) was observed, which implies
that the graphene is still partially oxidized after annealing in
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Figure 3. (a) Pd 3d XPS spectra of PAO/GO and Pd/G (100 °C).
(b) C 1s XPS spectra of PdO/GO and Pd/G (100 °C). (c) Curve
fitted C 1s XPS spectrum of Pd/G.

H, flow at 100 °C. When curve fitting of Pd/G (100 °C) was
performed using a Gaussian-Lorentzian peak shape (after
performing a Shirley background correction), three compo-
nents were needed to deconvolute the high binding energy
shoulder (Figure 4(c)). They occur at 285.6 eV, 286.5 eV,
and 288.4 eV and correspond to C-OH, -O-, and O=C-OH,
respectively. The curve-fitting results show that about the
24% of carbons in graphene are binding with or influenced
by the oxygen functionalities in the normalized area.

In order to prepare highly reduced Pd NPs on graphene for
catalytic applications, we heated the Pd*/GO at higher
temperature ranging from 200 °C to 500 °C in H; flow and
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Figure 4. (a) Pd 3d and (b) C 1s XPS spectra of Pd/G. The Pd/G

was prepared by heating Pd**/GO in an H, environment from 100
°C to 500 °C. (c) Curve fitted C 1s XPS spectrum of Pd/G (500 °C).

analyzed the NPs with XPS and TEM. As the annealing
temperature increased, the high binding energy shoulders of
Pd 3ds» and Pd 3d;,; corresponding to the oxidized Pd NPs
decreased. Peak shapes also changed and became fairly sym-
metric after annealing at 500 °C, as shown in Figure 4(a).
When C 1s XPS spectra for the reduced Pd/G were collect-
ed, the high binding energy shoulders also decreased with
the annealing temperature (Figure 4(b)). The curve-fitted
results of the C 1s peak after heating at 500 °C show that the
peak area corresponding to high binding energy shoulder is
calculated to be 19% in the normalized area. This means that
approximately 21% of the oxygen functionalities were con-
verted to the characteristic C-C bonds after heating at 500
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Figure 5. TEM images of (a) Pd/G (400 °C) and (b) Pd/G (500
°0).

°C. Nonetheless, these annealing conditions could not gene-
rate completely reduced graphene layers. It has been report-
ed that rapid heating to higher than 1000 °C is required to
completely convert GO into reduced graphene.”!

Morphological changes of the highly reduced Pd/G have
been characterized by TEM. Figure 5(a) and (b) show the
TEM images of Pd/G annealed at 400 °C and 500 °C,
respectively. It can be seen that the degree of agglomeration
of the Pd NPs on the graphene surface is significantly higher
compared with Pd/G at 100 °C, as observed in Figure 1(b).
The average diameters of the Pd NPs of Pd/G at 400 °C and
500 °C were measured to be 11.3 + 3.6 nm and 23.6 + 6.8
nm, respectively.

Based on the XPS and TEM results, we can explain how
the electronic and morphological properties of Pd/G change
with annealing temperature. The as-prepared Pd/G at 100 °C
in H, flow is composed of partially oxidized Pd NPs and
graphene. The small NPs with an average diameter of 3.4
nm are evenly dispersed without obvious agglomerations on
the surface of the graphene. As the heating temperature
increases, graphene becomes more reduced and the Pd NPs
are sintered and grow larger. The agglomeration of Pd NPs
at higher temperatures can be explained by an Ostwald
ripening process, which is a mechanism of cluster growth on
the supporting materials. When oxide supported NPs are
placed in a high temperature environment, there is detach-
ment of surface atoms from the smaller NPs, followed by
reattachment of those atoms to the more stable surfaces of
the larger NPs. As a result of Ostwald ripening, the number
of density of Pd NPs on graphene decreased and the average

Table 1. Catalytic yields of the Sonogashira reaction of PdO/GO

and Pd/G
{ %: V=)
- O T \
diphenylacetylene

phenylacetylene

iodobenzene

Catalyst Pd/D PdO/GO
Temp® 100°C 200°C 300°C 400°C 500°C 100 °C
Yield® 95 95 92 61 22 92

Reaction condition: aryl iodide (1.0 mmol), alkyne (2.0 mmol), Pd/
graphene (1 mol %), DBU (2.0 mmol). Microwave reactor system (300W,
120 °C, CEM Discover model,) was used. “calcination temperature to
prepare Pd/G and PdO/GO. *Isolated yields.
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size of Pd NPs increased from 3.4 + 0.6 nm (at 100 °C) to
23.6 + 6.8 nm (at 500 °C).

Catalytic Activity of PdO/GO, Pd/G and Reduced Pd/
G. The Sonogashira reaction is one of the most widely used
synthetic protocols for carbon-carbon or carbon-heteroatom
bond formations. Especially, microwave-assisted solvent-
free Sonogashira reactions have been demonstrated to be an
effective approach in organic synthesis because the maximi-
zation of substrate loadings, increased selectivity, toxic
solvent-free condition, and easy separation for recycling are
possible. We investigated the catalytic activities of Pd/G and
PdO/GO (treated H> or O, at 100-500 °C) in the formation of
diphenylacetylene using the Sonogashira reaction of iodo-
benzene and phenylacetylene (Table 1). When Pd/G (100
°C) was used, the reaction yield reached as high as 95%.
This implies that the Pd/G can act as an efficient catalyst in
the microwave-assisted solvent-free condition. In case of the
PdO/GO, the yield reached 92%. The difference between
these two yields is negligible within experimental error.
These results imply that the oxidative states of Pd NPs and
graphene do not significantly influence the catalytic effici-
ency. When highly reduced Pd/G (200-500 °C) was used as
catalysts, the reaction yield decreased with the annealing
temperature. The reaction yield remained fairly consistent
up to 300 °C, but it dropped at 400 °C and again at 500 °C,
showing 61% and 22%, respectively. The deactivation of the
Pd/G catalyst can be explained from Figure 5, which shows
TEM images of sintered and agglomerated Pd NPs. This
implies that the size and distribution of Pd NPs on graphene
could be key factors for catalytic activity in this reaction.
Generally, the highly dispersed metal NPs on supports with
smaller diameters are known to have higher catalytic activity
due to the advantages of increased low coordination numbers
in metal NPs and larger surface area; these imply higher
number of active sites.’>>> The size-dependent electronic
structural change may also contribute to increased catalytic
efficiency.**

To generalize the above results, three other iodobenzene
derivatives were used for the preparation of diphenylacetyl-
ene derivatives in the same reaction condition. For these
experiments, we chose to use the Pd/G (100 °C) exclusively

Table 2. Sonogashira reactions of different iodoben-zene with Pd/G

O

O

<

e
99

XX \ L4 He— — Pd(0)/graphene XX \ _
/ DBU /\7> < >
- microwave 120 °C
0 min
Entry RX Product Yield (%)?
1 s (»=<") 9
2 meoX )1 meo{ Y=—+") )
3 Q' (=)
(0]
O—=C
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due to the higher catalytic activity demonstrated. As illustrated
in Table 2, the reactions proceeded fairly well with other aryl
iodides containing electron donating groups.

Conclusion

In conclusion, we have developed an efficient method to
generate highly active Pd and PdO NPs on graphene and GO
through an impregnation method combined with thermal
treatments. Both Pd/G and PdO/GO demonstrated excellent
catalytic activities for carbon-carbon cross-coupling reactions
under solvent-free environmentally-friendly conditions. We
found strong evidence that the outstanding catalytic activity
toward the Sonogashira reaction is associated with even
distribution of small Pd or PdO NPs on graphene surface.
The oxidative states of Pd atoms in Pd NPs and oxygen
functionalities of graphene oxide do not appear to critically
influence catalytic performance.
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