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ABSTRACT

Facile dry decoration of graphene oxide sheets with aerosol Ag nanocrystals synthesized from an arc plasma
source has been demonstrated using an electrostatic force directed assembly technique at room temperature.
The Ag nanocrystal-graphene oxide hybrid structure was characterized by transmission electron
microscopy (TEM) and selected area diffraction. The ripening of Ag nanocrystals on a graphene oxide sheet
was studied by consecutive TEM imaging of the same region on a sample after heating in Ar at elevated
temperatures of 100 °C, 200 °C, and 300 °C. The average size of Ag nanocrystals increased and the number
density decreased after the annealing process. In particular, migration and coalescence of Ag nanocrystals
were observed at a temperature as low as 100 °C, suggesting a van der Waals interaction between the Ag
nanocrystal and the graphene oxide sheet. The availability of affordable graphene-nanocrystal structures
and their fundamental properties will open up new opportunities for nanoscience and nanotechnology and
accelerate their applications.
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Introduction of graphene are exceptional. For example, graphene

was reported to outperform carbon nanotubes

Research interest in graphene, a flat monolayer (CNTs) in room temperature heat conduction [5].

2 . .
of sp-bonded carbon atoms tightly packed into a Graphene has extremely high electron mobility at

two-dimensional (2-D) honeycomb lattice [1] with room temperature and a resistivity of 10° Q-cm, which

thickness of 0.335 nm [2], has grown dramatically is comparable to that of silver (1.62x10° Q-cm), a

since experimental transport measurements were  paterial widely known for having the lowest resistivity

reported in 2004 on samples made by mechanical 4t room temperature. Moreover, electron transport

exfoliation of graphite [3]. The mechanical [4], in graphene has been reported to be ballistic up to

thermal [5], optical [6], and electrical [1, 3] properties 0.3 um at 300 K [1]. The unique and outstanding
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properties of graphene make it an ideal candidate
in a wide range of applications, including field-
effect transistors [7, 8], composite materials [9, 10],
field emitters [11], gas sensors [12-14], hydrogen
storage media [15-17], and transparent conducting
electrodes [18-20].

Functionalization of graphene sheets with various
chemical groups and nanocrystals can further
enhance the properties of graphene. Hybrid materials
consisting of nanocrystals distributed on the surface
of graphene could potentially display not only
the unique properties of nanocrystals [21, 22] and
those of graphene [1, 3, 23, 24], but also additional
novel properties due to the interaction between
the nanocrystals and the graphene. Many exciting
applications can be envisioned for these novel hybrid
structures, such as in nanocomposites, chemical
sensors, biosensors, nanoelectronics, photovoltaic
cells, fuel cells, and perhaps for hydrogen storage.
Solution-based chemical methods have been reported
for the production of graphene-metal [25] and
graphene-semiconductor [26] hybrid structures;
however, these methods typically involve complex
processes and are time consuming. The attachment of
nanocrystals to a graphene sheet in these cases was
attributed to physisorption, electrostatic binding, or
charge transfer interactions [25, 26].

We recently developed a facile and material-
independent dry route—electrostatic force directed
assembly (ESFDA)-—for the assembly of nanocrystals
onto both randomly dispersed CNTs [27-30] and
vertically aligned CNTs [28] without the need for
chemical functionalization of CNTs. Here we report
the assembly of aerosol nanocrystals (e.g., Ag)
onto graphene oxide sheets (generated by simple
sonication of graphite oxide (GO) in water) that
have their basal planes and edges decorated with
oxygen functional groups [31-33], using the ESFDA
technique. Graphene-nanocrystal structures can then
be obtained by reducing graphene oxide to graphene
using reducing agents, such as hydrazine hydrate
[34], NaBH, [25], high temperature treatment [19],
or through UV-assisted photocatalysis [26]. Since
the assembly is realized at room temperature in an
inert gas, the chance of having noncovalent binding

between nanocrystal and graphene oxide sheet is

enhanced, in contrast to the situation for higher
temperatures or more reactive environments. In
addition, the behavior of the nanocrystal-graphene
structure at elevated temperatures is critical for
many applications that require higher-than-ambient
temperatures where ripening of nanocrystals may
occur. Thus, following deposition of aerosol Ag
nanocrystals onto graphene oxide sheets, the hybrid
structure was annealed in an Ar flow in order to
probe the interaction between the nanocrystals
and the graphene oxide sheet and the influence
of elevated temperatures on nanocrystal size
distribution, binding, and morphology.

1. Experimental

GO was synthesized by the oxidative treatment of
purified natural graphite (SP-1, Bay Carbon, MI) using
a modified Hummers method [35]. The material was
then fully exfoliated in water to produce suspensions
of single sheets of graphene oxide. The presence
of oxygen functional groups makes graphene
oxide sheets strongly hydrophilic; stable aqueous
dispersions consisting almost entirely of sheets with a
thickness of 1 nm can be obtained by a mild ultrasonic
treatment of graphite oxide in water [34].

A few drops of the graphene oxide suspension
were cast onto transmission electron microscopy
(TEM) grids and graphene oxide sheets were left
on grids after the solvent evaporated. Two types of
TEM grids were used: one made of Cu covered with
a thin layer of holey carbon film, which is helpful
for observing large area graphene oxide sheets; the
other made of bare Ni grid, which is thermally stable
and improves the likelihood of retaining regions of
interest during the course of sample handling and
annealing. The Ni grid was also indexed to help track
specific sample locations on the grid.

A schematic diagram of the aerosol nanocrystal
synthesis and the subsequent ESFDA process is
shown in Fig. 1. The aerosol silver nanocrystals
were produced through physical vaporization of a
solid precursor material (Ag wire, 99.999% purity,
ESPICorp. Inc.) using a mini-arc plasma source
sustained between a tungsten cathode and a graphite
anode [36]. The as-produced Ag nanocrystals were
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Figure 1 Schematic diagram of Ag nanocrystal synthesis using a mini-arc plasma cooled to room temperature in Ar

reactor and the subsequent deposition of as-produced nanocrystals onto a graphene

oxide sheet through ESFDA

nonagglomerated with a fraction of the resulting
nanocrystals being charged electrically, which
facilitated their directed assembly in an external
electric field. The aerosol nanocrystals were carried
by room temperature inert gases (Ar/N,, 5.0/4.5
Ipm (liters per minute)) into a gap between two
electrodes to form a stagnation flow. One electrode
was the grounded metal tubing that introduced the
aerosol nanocrystals. The other electrode, which
was applied with a direct current (DC) voltage
(V), was the TEM grid containing graphene oxide
sheets. With a DC voltage applied to the conductive
grid, oppositely charged aerosol nanocrystals were
assembled onto the surface of graphene oxide sheets.
Typical assembly times are on the order of minutes.
It is unlikely that nanocrystals on the graphene oxide
surface are produced by breaking down larger source
particles under these deposition conditions since
our earlier experiments showed the preservation
of nanoparticle size during the deposition of
monodisperse Au nanoparticles onto CNTs under
similar conditions [37].

Both graphene oxide sheets and Ag-graphene
oxide hybrid structures were analyzed using a
Hitachi H 9000 NAR TEM, which has a point
resolution of 0.18 nm at 300 kV in the phase contrast
high-resolution TEM (HRTEM) imaging mode. The
TEM analyses included amplitude-contrast bright
field (BF) images, HRTEM images, and selected area
diffraction (SAD) patterns.

Several regions of Ag nanocrystal-decorated
graphene oxide sheets on the Ni TEM grid were

flow and then imaged with the TEM.
Three consecutive heating cycles in the
sequence 100 °C, 200°C, and 300 °C
were performed on the same sample.

2. Results and discussion

A graphene oxide sheet with lateral dimensions of
about 2 um sitting on a holey carbon film is shown
in Fig. 2(a). Most parts of the sheet, particularly the
central area, are homogeneous and quite smooth,
while the edges tend to fold and roll. The SAD of
the sheet (inset of Fig. 2(a)) displays continuous
ring patterns, implying the crystallinity and the
multilayer nature of the sheet; the two diffraction
rings correspond to graphene crystal planes (0110)
(interplanar spacing of 0.213 nm) and (1210)
(interplanar spacing of 0.123 nm) [38], consistent with
the results reported for multilayer graphene films [19].
Lattice fringes are visible on the edges of graphene
oxide sheets due to folds and/or rolls, as can be seen
in the HRTEM image in Fig. 2(b). The separation
between neighboring fringes was measured as
~0.5 nm and is larger than the interplanar spacing
in graphite (0.34 nm) [39], which can be attributed
to the presence of oxygen functional groups on
the graphene oxide layers as well as the possible
inclusion of interlamellar molecules.

Figure 2(c) shows a TEM image of the same
graphene oxide sheet (Fig. 2(a)) coated with Ag
nanocrystals, which are distributed quite uniformly
on the surface of the sheet. In addition to diffraction
rings from the original graphene oxide sheet (inset
in Fig. 2(a)), two sets of spots corresponding to
Ag (111) and (311) crystal planes were found in
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Figure 2 Low magnification TEM ((a), (c)) and HRTEM ((b), (d)) images of a multilayer
graphene oxide sheet before (a) and (b), and after (c) and (d) decoration of aerosol
Ag nanocrystals. The HRTEM image (b) shows the folded edge of the bare graphene
oxide sheet. The lattice spacing of the Ag nanocrystals in (d) is measured as 0.23 nm,
corresponding to the Ag(111) crystal plane. The insets in (a) and (c) are the SAD patterns
from a bare graphene oxide sheet and from an Ag-graphene oxide sheet, respectively

the SAD pattern (inset in Fig. 2(c)) of the hybrid
nanostructure. The structure of the Ag-graphene
oxide hybrid structure is further demonstrated
in the HRTEM image shown in Fig. 2(d), with Ag
nanocrystals of about 5-10 nm being attached to the
graphene oxide sheet. The measured lattice fringe of
0.23 nm corresponds to the (111) crystal plane of Ag.

Figure 3 shows a series of representative TEM
images of a sample of Ag-graphene oxide hybrid
structure before (Fig. 3(a)) and after being heated
in Ar flow at 100 °C (Fig. 3(c)), 200 °C (Fig. 3(e)),
and 300 °C (Fig. 3(g)) for 1 h, respectively each,
together with the corresponding Ag nanocrystal
size distributions (Figs. 3(b), 3(d), 3(f), and 3(h)).
The nanocrystal size was determined by recording
the largest dimension of a nanocrystal observed in
TEM images. About 300400 Ag nanocrystals were

randomly chosen measured for each
case in an effort to achieve the desired
statistical significance.

During the annealing process, smaller
Ag nanocrystals migrated and merged on
the graphene oxide sheet to form larger
Ag nanocrystals; ripening evidently
occurred during the heating process at
a temperature as low as 100 °C. As a
result of the ripening, the number density
of Ag nanocrystals on the graphene
sheet decreased whereas the average
size (D,) of Ag nanocrystals increased.
The corresponding average size of Ag
nanocrystals increased from 6.18 nm at
room temperature to 8.18 nm, 8.60 nm,
and 9.03 nm after the 1 h heating process
at 100 °C, 200 °C, and 300 °C, respectively.

To further determine the influence of
thermal treatment on the behavior of Ag
nanocrystals on the graphene oxide sheet,
Ag nanocrystals numbered from 1 to 10
(Fig. 3(a)) were tracked over the annealing
process. Smaller nanocrystals moved
and joined together with more ease than
larger nanocrystals, most likely due to
the lower activation energy required for
the migration. After the first heating cycle
at 100 °C for 1 h, nanocrystals 1 and 2,
which were the smallest two among all the marked
particles, migrated and completely coalesced to form
a larger and spherical nanocrystal 1’; nanocrystals
3 and 4 moved together to form nanocrystal 3’ but
full coalescence was not obtained. A similar situation
was observed for nanocrystals 9 and 10 forming
9'; nanocrystals 5 and 6 formed 5" with slight
coalescence; nanocrystals 7 and 8, the largest two of
all the labeled ones, moved closer and were about to
make contact with each other (7' and 8'). With the
completion of the second heating at 200 °C for 1 h,
nanocrystals 3" and 5” (Fig. 3(e)), which were the
descendants of nanocrystals 3" and 5, respectively,
coalesced further; nanocrystals 7’ and 8’ started to
form 7”. When the final heat treatment at 300 °C for
1 h was finished, nanocrystal 3" was more spherical
than its ancestor (particle 3”), implying that
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Figure 3 Left column: TEM images of a Ag-decorated graphene oxide sheet before thermal treatment (a) and after being heated for 1 h at
100 °C (c), 200 °C (e), and 300 °C (g); Right column (b), (d), (f), and (h): corresponding Ag nanocrystal size distributions (particle number fraction
versus particle diameter). The inset in (g) is an HRTEM image of a Ag nanocrystal after experiencing the three heating cycles
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coalescence was almost complete; in contrast, larger

" "

nanocrystals 5, 7", and 9” were still in the process
of coalescence. The crystallinity of Ag nanocrystals
was found to be unchanged after the thermal
treatments. A silver nanocrystal that experienced all
the three heating cycles bears lattice fringes of Ag (111)
as shown in the inset of Fig. 3(g). No oxidation was
observed for the Ag nanocrystal after the thermal
treatments in Ar.

The ripening of Ag particles/clusters has been
studied on other surfaces, e.g., Ag (111) [40], alumina
[41], glass and oxide-coated glass [42], and CNTs [43],
or when embedded in soda glass [44] and polymer
films [45]. Two possible mechanisms, Ostwald
ripening and particle migration and coalescence
[46, 47], are believed to be responsible for the
ripening process. In an Ostwald ripening process,
atomic species from smaller particles transport to
larger particles either by surface diffusion along
the substrate or by vapor phase diffusion due to
the difference in the chemical potentials between
smaller and larger particles. According to the particle
migration and coalescence mechanism, smaller
particles migrate on the substrate surface and then
collide/ coalesce with larger particles.

Given the negligible vapor pressure of silver even
at 300 °C [36], the chance of atomic Ag desorption
(Ostwald ripening) is very low. Although it is difficult
to exclude the possibility of Ostwald ripening merely
based on the change in particle size distribution before
and after annealing [48], comparison of successive
TEM images has allowed us to observe the occurrence
of Ag nanocrystal migration and coalescence in our
experiments. The migration of Ag nanocrystals at
temperatures well below the bulk melting point
(962 °C) suggests a low activation energy barrier
for the nanocrystal movement, i.e., a weak van der
Waals interaction between Ag nanocrystals and the
graphene oxide sheet can be inferred. However, the
interaction between the Ag nanocrystals and the
graphene oxide sheet is sufficient to prevent the
thermal desorption of entire Ag nanocrystals. Simple
calculations show that the associated van der Waals
energy between the Ag nanocrystal and the graphene
oxide sheet is one order of magnitude larger than the

thermal energy of the Ag nanocrystal even at 300 °C.

It is believed that there are epoxide and hydroxyl
groups on the basal plane (on each side, top and
bottom), and carbonyl and carboxyl groups on the
edges of graphene oxide [31]. Thus, it is possible
for Ag nanocrystals to bind to the “graphene-like”
carbon in regions where there are unsaturated carbon
atoms (i.e., clusters of graphene-like atoms) or to
oxygen functional groups on graphene oxide. The
possible interaction between Ag nanocrystals and
the various regions on graphene oxide needs further
investigation as it is well known that Ag atoms,
particularly Ag’, can have strong interactions with
the m orbitals of alkenes [49], as one example of a
more direct chemical interaction in addition to the
van der Waals interaction. The noncovalent nature
of the adhesion between nanocrystals and graphene-
like carbon may preserve the sp® hybridization of
carbon atoms and the unique intrinsic properties of
the graphene sheets.

It is likely that the graphene oxide sheets were
partially reduced during the annealing process in
this study. Although the annealing temperature is
relatively low (300 °C at maximum), the heating time
(1 h each at 100 °C, 200 °C, and 300 °C) is relatively
long. Both temperature and duration affect the
extent of reduction of graphite oxide powder as
well as of exfoliated graphene oxide sheets. Yang
et al. [50] reported partial reduction of graphene
oxide by exposure to an Ar flow at 200 °C for 30
min and reported that the carbon-to-oxygen atomic
ratio increased from 2.8 + 0.1 to 3.9 £ 0.1. graphene
oxide is electrically insulating; however, it was
reported that the electrical conductivity of individual
graphene oxide sheets increased significantly after
heating in vacuum at only 125-240 °C, indicating a
partial reduction of the graphene oxide [51]. Thermal
treatments at 1100 °C in vacuum [52] or Ar/H, flow
[19], or at 400 °C with hydrazine vapor treatment
beforehand, also yield a significantly reduced material
[52]. Further investigation is under way to identify the
chemical status of the graphene oxide sheets under
the various annealing conditions employed here.

3. Conclusions

Aerosol Ag nanocrystals synthesized using an
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arc plasma reactor were successfully deposited
onto graphene oxide sheets at room temperature
using ESFDA. The ESFDA technique is material-
independent and thus useful for the assembly of
various nanocrystals onto graphene/graphene oxide
sheets with a high efficiency. The interaction between
the Ag nanocrystal and the graphene oxide sheet
was studied by annealing the hybrid structure in Ar
for 1 h at 100 °C, 200 °C, and 300 °C, respectively.
Observation of migration and coalescence of Ag
nanocrystals on the graphene oxide sheet after
annealing at a relatively low temperature suggests
that the Ag nanocrystal is bound to the sheet
through van der Waals forces rather than by covalent
bonds. The study sheds light on the fundamental
properties of hybrid graphene-nanocrystal structures
that are pertinent to their potential applications,
especially those requiring elevated temperatures.
The noncovalent nature of the nanocrystal
attachment is potentially beneficial for electronic and
optoelectronic applications of the reported hybrid
nanostructures.
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