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As a two-dimensional carbon nanomaterial, graphene has a high surface area and good chemical
stability; therefore, its potential applicability in composite materials and as a catalyst support is high.
Here, we report a facile process to decorate graphene sheets with well-dispersed Pd nanoparticles. By
the in situ formation and adhesion of Pd nanoparticles to the thermally exfoliated graphene (TEG)
sheets suspended in a solvent, a Pd/TEG composite was prepared and characterized by transmission
electron microscopy, X-ray photoelectron spectroscopy, and Brunauer—Emmett—Teller (BET)
surface area analysis. The migration and aggregation of Pd nanoparticles on the graphene sheets
was directly observed by scanning transmission electron microscopy. As the composite was heated to
700 °C, there was little movement of the Pd nanoparticles; on heating to 800 °C, well below the
melting temperature, the Pd nanoparticles began to migrate, coalesce, and agglomerate to form larger
particles. The aggregation behavior was further confirmed by X-ray diffraction analysis of the Pd/
TEG composite before and after being annealed at 800 °C. The graphene sheets provided a real-time
imaging platform with nanometer-scale thickness to study the thermal stability and migratory

behavior of nanoscale materials.

Introduction

Graphene, as a two-dimensional nanomaterial of sp*-
hybridized carbon, has attracted increasing interest due
to its great potential for applications in electronic devices
and composite materials.'> Moreover, with high surface
area and good chemical stability, graphene can be used as
gas absorbant,’ ultracapacitor material,* or support ma-
terial for developing novel heterogeneous catalysts with
enhanced activity.” Recently, there have been some re-
ports on the use of graphene or graphite oxide-based
materials serving as supports for noble metal nanoparticles,
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coupling reaction,*>*® Stille coupling reaction,>”*® and

Wacker oxidation.* However, the morphology and dis-
persion of Pd nanoparticles may be changed by heating;*
surface restructuring, interdiffusion, and sintering of Pd
nanoparticles can also be observed after annealing at
relatively low temperature (~425 °C) on normal support
materials such as silica or alumina, which will decrease the
performance of gas adsorption and catalytic applica-
tions.**~** Therefore, it is essential to investigate the ther-
mal stability and robustness of Pd nanoparticles on support
materials at high temperature. A key factor of the stability
of metal nanoparticles is the rate of aggregation and
coalescence; graphene sheets can provide an excellent plat-
form for the direct imaging of the migration behavior of
nanoparticles. Here, we report a facile process to decorate
well-dispersed Pd nanoparticles on thermally exfoliated
graphene (TEG) sheets. This Pd/TEG composite was
obtained by the in situ reduction of palladium(II) acetate
by hydrazine hydrate in a suspension of TEG sheets under
mild conditions; no protective agent or surfactant was used.
Thus, the Pd/TEG composite could be prepared with
minimal contamination. The morphology and dispersion
of Pd nanoparticles on graphene sheets was investigated.
The migration and aggregation behavior of Pd nanopart-
icles at high temperature was monitored in real time by
scanning transmission electron microscopy (STEM).

Experimental Section

Preparation of the Pd/TEG Composite. The TEG material
was obtained by rapid thermal-expansion of graphite oxide
(GO, synthesized by Hummers method*?®) at 1000 °C under a
H,/Ar (50 scem/500 scem) gas flow.**** Then, the TEG was
annealed at 1000 °C for 15 min in the Hy/Ar gas flow. In this
modified procedure, most of the oxygen content in TEG was
removed by the H, treatment. The process of the decoration of
palladium nanoparticles on TEG sheets is shown in Scheme 1.
Typically, TEG (24 mg, 2 meqiv carbon) and tetrahydrofuran
(THF, 40 mL) were placed in a 100 mL round-bottom flask and
tip-sonicated for 30 min with a Misonix 3000 probe sonicator at
30 W. Then, palladium(II) acetate (4.0 mg, 0.018 mmol) was
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Scheme 1. Decoration of Palladium Nanoparticles on TEG
Sheets and Coalescence of Pd at 800 °C
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dissolved in the TEG suspension. Under vigorous stirring,
hydrazine hydrate (5 uL, 0.10 mmol) was added into the suspen-
sion, and the mixture was stirred for 1 h. After the reaction, one
drop of 30% hydrogen peroxide was added to remove the excess
hydrazine hydrate. The mixture was filtered over a polycarbo-
nate membrane (0.22 um pore size), and the filter cake was
rinsed twice with 50 mL of THF. After washing, the Pd/TEG
composite was dried at 80 °C in a vacuum oven at 30 mmHg.

Characterizations. The Pd/TEG composite was characterized
by transmission electron microscopy (TEM), X-ray photoelec-
tron spectroscopy (XPS), Brunauer—Emmett—Teller (BET) sur-
face area analysis, scanning transmission electron microscopy
(STEM), and X-ray diffraction (XRD). For TEM and STEM
measurements, the Pd/TEG composite powder was directly ap-
plied to blank copper microgrids without any lacy carbon film.
TEM characterizations and selected-area electron diffraction
(SAED) patterns were completed on a JEOL 2100F field emission
gun transmission electron microscope. XPS analysis was carried
out on a PHI Quantera SXM Scanning X-ray Microprobe with a
passenergy of 140.00 eV (survey scan) or 26.00 eV (high resolution
scan), 45° takeoff angle, and 100 um beam size. Multipoint BET
measurements were taken using 11 points on a Quantachrome
Autosorb-3b BET surface analyzer with liquid nitrogen at 77 K.
For the real-time observation of the migration of Pd nanoparticles
at different temperatures, STEM was carried out with a Hitachi
SU-6600 FESEM, which was equipped with an Aduro ultrafast
heating stage for high temperature analysis. The Aduro heating
stage is capable of reaching temperatures from ambient to 1200 °C
and has accurate temperature control of the samples. XRD data
were collected with a Rigaku D/Max Ultima II using Cu Ka
radiation (k = 0.15406 nm) at 40 kV and 40 mA.

Results and Discussion

The as-obtained Pd nanoparticles were well-dispersed
on the surface of the graphene sheets, as shown in the
high-resolution TEM (HRTEM) images (Figure 1). The
size distribution of the Pd nanoparticles, as determined
by HRTEM, was ~2.0—5.6 nm. The mean size of the
Pd nanoparticles decorated on the graphene sheets was
~4.1 nm. The HRTEM image (Figure 1b) shows the spacing
of the lattice fringes (0.225 nm) of two Pd nanoparticles,
which corresponds to the Pd (111) crystalline planes.

The weight percentage of Pd nanoparticles in the Pd/
TEG composite was measured by XPS analysis, as shown
in Figure 2. The two peaks centered at 335.5 and 341.0 eV
can be assigned to Pd3ds), and Pd3ds;),, respec‘[ively,13 1546
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Figure 1. (a) TEM and (b) high-resolution TEM images of Pd nanopar-
ticles decorated on graphene sheets. (b) The spacing of lattice fringes in the
two Pd nanoparticles is 0.225 nm, which can be attributed to the Pd(111)
crystalline planes.
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Figure 2. XPS spectrum of the Pd/TEG composite. The binding energies
of Pd3ds, and Pd3d;), peaks are at 335.5 and 341.0 eV, respectively.

which indicates the presence of Pd metal in the product.
High-resolution XPS scan of the Pd/TEG composite shows
the atomic percentage of Pd was ~0.9%, which is ~7.5
wt %. The XPS atomic percentage of Pd in the Pd/TEG is
comparable with the mole percentage of palladium(II)
acetate in the reagents, indicating that almost all of the
palladium(II) acetate had been reduced to Pd nanoparticles
and captured by the surface of the graphene sheets.
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The specific surface area of the original TEG material
and Pd/TEG composite were measured by BET nitrogen
adsorption after degassing at 120 °C for 16 h. The surface
area of original TEG material was found to be as high as
550 m?-g~'. The Pd/TEG composite had surface areas of
~450 m?-g~!, which indicates that the surface area of
TEG has been well preserved. It is possible that the Pd
nanoparticles kept the spacing between the graphene
sheets by functioning as “spacers”; thus, the specific
surface area in the 2-D graphene structure was retained.'®

The migration of Pd nanoparticles at high temperature
was directly observed by STEM. The temperature of the
Pd/TEG composite sample was accurately controlled by
an Aduro heating stage. Until the temperature reached
700 °C, the Pd nanoparticles did not appear to move and
were without any obvious aggregation. On heating to
800 °C, the Pd particles began to migrate on the graphene
sheets, as shown in Figure 3. A STEM movie of the
migration and aggregation of Pd nanoparticles is on-
line at YouTube.*” About 10 min after the temperature
reached 800 °C, the Pd nanoparticles began to move closer
to each other. Once in contact, the Pd nanoparticles
coalesced in order to reduce their surface energy.*® The
contacted Pd nanoparticles first formed a short thin bridge
between each other, followed by slow growth of the width
of the bridge; then finally, the smaller particles merged to a
larger particle with a spherical shape. It was also observed
that smaller nanoparticles were absorbed by the larger
ones, a typical Ostwald ripening phenomenon.*’ Migration
distances exceeding 100 nm were observed. In this way, the
individual nanosized Pd nanoparticles gradually merged
and agglomerated to particles with larger size. In 30 min,
the Pd nanoparticles in the visual range of STEM observa-
tion had congregated to form several large particles with
diameters up to ~20 nm. Moreover, to investigate the
intermediate stages of the coalescence process of Pd nano-
particles, the Pd/TEG composite was annealed at 800 °C in
H»/Ar (200 sccm/200 sccm) gas flow for 18 min. As shown
in the Supporting Information S1, the “bridged” Pd nano-
particles at different intermediate states of the aggregation
can be observed by TEM after annealing, which provides
additional evidence to support the coalescence mechanism
and to depict how two or more Pd nanoparticles formed the
“necks” at the aggregation sites outlined in Figure 3.

XRD analysis was used to further investigate the
change in size of the Pd nanoparticles at high tempera-
ture, as shown in Figure 4. The XRD pattern of the as-
obtained Pd/TEG composite is shown in Figure 4a, and
the diffraction peak ~25.9° is attributed to the (002)
reflection of a few-layered graphene structure. Several
peaks were observed in the XRD pattern at 40.4°, ~46.8°,
~68.3°, and ~82.2°. These peaks correspond to the (111),
(200), (220), and (311) planes of a face-centered cubic (fcc)
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Figure 3. (a—i) STEM images of the Pd nanoparticles on graphene sheets; the self-migration of Pd nanoparticles at 800 °C was monitored in real time and
recorded at the designated time values for each frame. The aggregation sites of some of the Pd nanoparticles are shown by yellow arrows.
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Figure 4. XRD spectra of the (a) as-obtained Pd/TEG composite and
(b) after annealing at 800 °C in Ar/H, gas flow for 30 min.

lattice, respectively, indicating that the Pd nanoparticles
synthesized in this study have the fcc crystal structure.
For a comparative experiment, the Pd/TEG composite
was annealed at 800 °C in H,/Ar (200 sccm/200 sccm) gas
flow for 30 min. As shown in Figure 4b, the annealed Pd/
TEG composite had an XRD pattern with significantly
sharper peaks than the XRD pattern of the as-obtained
Pd/TEG composite without annealing, and the peak at
~86.8°, corresponding to the Pd(222) planes, was also
observed, indicating that larger Pd nanoparticles were
present on the graphene sheets. The mean sizes of Pd

nanoparticles on the as-obtained and annealed Pd/TEG
composites were calculated to be ~4.0 and 13.9 nm,
respectively, from the broadening of the Pd(220) diffrac-
tion peaks using the Scherrer’s equation.>® The increased
size of the Pd nanoparticles characterized by the XRD
analysis is comparable to the size change observed by
STEM, which supports the conclusion that the aggrega-
tion of Pd nanoparticles occurred not only in the field of
view of the STEM*’ but also in the bulk material. Further-
more, the selected-area electron diffraction (SAED) pat-
terns of Pd/TEG composite before and after annealing at
800 °C were, respectively, collected with TEM, as shown
in Supporting Information S2. The intensity change of
Pd(222) diffraction rings in the SAED patterns is consistent
with the intensity change of Pd(222) peaks in the XRD
spectra (Figure 4), which gives supplementary evidence that
the average size of Pd nanoparticles in the composite has
been increased by annealing.

Summary

In conclusion, we developed a facile process to decorate
graphene sheets with well-dispersed Pd nanoparticles by
the in situ preparation and adhesion of Pd nanoparticles
to the suspension of TEG. The morphology and compo-
nents of Pd/TEG composite were characterized by TEM,

(50) Cullity, B. D.; Stock, S. R. Elements of X-Ray Diffraction, 3rd Ed.;
Prentice-Hall Inc.: Upper Saddle River, NJ, 2001; p 167.
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XPS, and BET nitrogen adsorption. The migration of Pd
nanoparticles at high temperature was directly observed
by STEM, which showed that the Pd nanoparticles
were stable at 700 °C but coalesced and agglomerated
to particles with larger size at 800 °C.*" The excellent
thermal stability of Pd/graphene composite is beneficial
for the further heterogeneous catalytic application. It was
also indicated that graphene sheets could be used as a
two-dimensional platform with nanometer-scale thick-
ness for the direct real-time observation of the thermal
stability and migratory behavior of nanoscale materials.
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