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ABSTRACT: Chemically interfacing the inert basal plane of graphene
with other materials has limited the development of graphene-based
catalysts, composite materials, and devices. Here, we overcome this
limitation by chemically activating epitaxial graphene on SiC(0001) using
atomic oxygen. Atomic oxygen produces epoxide groups on graphene,
which act as reactive nucleation sites for zinc oxide nanoparticle growth
using the atomic layer deposition precursor diethyl zinc. In particular,

exposure of epoxidized graphene to diethyl zinc abstracts oxygen, creating
mobile species that diffuse on the surface to form metal oxide clusters. This mechanism is corroborated with a combination of
scanning probe microscopy, Raman spectroscopy, and density functional theory and can likely be generalized to a wide variety of

related surface reactions on graphene.

B INTRODUCTION

Because of its remarkable electronic, thermal, and mechanical
properties, graphene is a leading candidate for a variety of
applications including transistors,"” batteries,” photocata-
lysts,*"® solar cells,” and supercapacitors.® However, despite
the widespread technological interest in graphene, the chemical
inertness of this material hinders its integration with the other
materials that are present in fully fabricated devices and
systems. The most common solution to this problem has been
to oxidize graphene or graphite using an aggressive solution-
based treatment known as the Hummers Method.” This
approach creates a plethora of oxygen containing functional
groups on both the edges and basal plane of graphene,'”"!
which can be used as chemically active anchors to graphene
oxide (GO).!*7'6 Subsequent reduction via thermal or
chemical methods'” results in reduced graphene oxide
(rGO), which partially restores the electrical conductivity of
the original graphene.

Despite the chemical success of these methods, GO and rGO
are fundamentally different from pristine graphene. GO and
rGO possess a high concentration of defects including
polyfunctionalization, holes, and edge states that act as
scattering centers and, thus, compromise charge conduction
that underlies performance in applications."®'® For example,
Liang et al. have shown that in composite films of TiO, and
graphitic nanomaterials, the defects inherent to rGO and GO
lower their catalytic performance compared to pristine
graphene.”® However, it should be noted that previously
demonstrated solution-based methods for producing nano-
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composites between pristine graphene and metal oxide
nanoparticles require the presence of binding agents or
surfactants,”' ~>* which occlude internal interfaces and likely
compromise ultimate catalytic performance.

Here, we report an alternative method for chemically
activating graphene via gas-phase atomic oxygen that avoids
the irreversible defect formation characteristic of the Hummers
Method. Functionalization of graphene by atomic radicals has
become a proven method for imparting new properties to
graphene.”* Following atomic oxygen exposure, graphene is
functionalized with epoxide groups, which can then be used to
nucleate the growth of metal oxide nanoparticles via organo-
metallic precursors. In particular, epitaxial graphene (EG) on
SiC(0001) is exposed to alternating cycles of atomic oxygen
(AO) and diethyl zinc (DEZ) under ultrahigh vacuum (UHV)
conditions. Atomic force microscopy (AFM) shows that this
process creates regularly sized nanoparticles on the surface of
EG, while X-ray photoelectron spectroscopy (XPS) confirms
the chemical identity of these nanoparticles as ZnO. Density
functional theory (DFT) calculations provide molecular-level
insight into the underlying chemical mechanisms that underpin
this process, which is then validated with Raman spectroscopy.
Though demonstrated here for metal oxide nanoparticle
growth, epoxidation with atomic oxygen can serve as a general
method for chemically activating graphene with minimal
collateral defects.
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Figure 1. Synthetic steps for the creation of ZnO nanoparticles on the
surface of graphene. The top three panels show the oxygen, diethyl
zinc (DEZ), and thermal profiles during the reaction. The bottom
panel shows the reactive species assumed to be present at each step.

B EXPERIMENTAL SECTION

The reaction scheme and proposed reactive species are outlined in
Figure 1, and a more detailed description is given in the Supporting
Information. EG was produced by thermally evaporating silicon from
N-doped SiC(0001) in a UHV chamber with a base pressure of 6 X
107" Torr using previously reported methods.”® EG was then exposed
to cycles of AO and DEZ. For the AO half cycles, the EG was exposed
to 107% Torr of molecular oxygen in the presence of a 1500 °C
tungsten filament, which thermally cracks molecular oxygen into AO.
Previous work has shown that this procedure decorates the surface of

graphene with epoxide functional groups, producing graphene epoxide
(GE).* Exposures to AO were limited to the low density regime (<3%
of carbons converted) to limit the potential for formation of WO,.
Furthermore, high AO exposure has been shown to irreversibly
damage the physical and electronic structure of graphene on metallic
surfaces.”” For the DEZ half cycles, samples were transferred into an
adjacent high vacuum chamber and exposed to the vapor pressure of
liquid DEZ. To remove any physisorbed DEZ or other species
following this step, the sample was heated to 100—200 °C between
each cycle.

Density functional calculations were performed using the ADF
program to characterize the proposed reaction and potential energy
surface”® A supramolecular approach was used to calculate the
interaction energies between the organometallic species and surface
species.”*® Additional details concerning the calculations can be
found in the Supporting Information.

B RESULTS AND DISCUSSION

Ex situ ambient AFM is used to characterize the surface
morphology following the growth of ZnO on graphene. Figure
2a shows a noncontact mode AFM image typical of a clean EG
surface. Figure 2b shows the surface after exposure to four
cycles of DEZ and H,O at room temperature. Although there is
some streakiness that suggests physisorbed species on the
surface, the image is nearly identical to the pristine EG sample.
Evidently, the chemical inertness of graphene prevents any
significant chemical interactions with either H,O or DEZ. The
difficulty in seeding metal oxide growth on pristine graphene
has been discussed by several groups within the context of
atomic layer deposition (ALD) dielectrics.®' ~>*

In contrast, Figure 2c shows EG after a single cycle of AO
(360 L oxygen exposure) followed by saturating DEZ. In this
case, the surface morphology is significantly changed, with
nanoparticle features appearing on the surface. Although
nanoparticles are predominantly clustered at the step edges,
nanoparticles are also observed directly on the basal plane.
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Figure 2. AFM images demonstrating the growth of ZnO nanoparticles on EG. (a) Clean EG. (b) EG after exposure to 4 cycles of DEZ and H,O
showing no growth. (¢, d, and e) Increasing coverage of nanoparticles with increasing exposure to atomic oxygen. Exposure levels were 1 AO and
DEZ cycle with 360 L oxygen, 2 AO and DEZ cycles with 1000 L oxygen, and 2 AO and DEZ cycles with 3600 L oxygen. All images are 500 nm X
500 nm. (f) XPS spectra of EG after exposure to 2 O, and DEZ cycles with 1000 L oxygen and 2 AO and DEZ cycles with 1000 L oxygen.
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Figure 3. Evidence for weakly interacting nanoparticles on graphene.
(a) Noncontact AFM image (2 ym X 2 um) of EG + ZnO following
contact mode AFM with a constant force of 10 pN in the rectangular
area marked in blue. The color-scale range is limited to 6 nm to
improve contrast. (b) Raman spectrum of EG, EG + 3600 L AO, and
EG + 3600 L AO + DEZ. After exposure to DEZ, the Raman spectrum
largely recovers the spectral features of pristine EG. Peak positions

assignments are instrumentally limited to +1 cm™.

Direct growth on the pristine basal plane distinguishes this
method from previously presented methods of growing ZnO
on graphene. From line profiles of the AFM images, the
nanoparticle height is uniformly 5—6 A. This value is
significantly higher than the 1.7 A/cycle observed for the
growth of ZnO on silica.*

By increasing the exposure of EG to AO, the nanoparticle
density correspondingly increases. Figure 2d,e shows EG after 2
cycles of AO and DEZ with oxygen exposures of 1000 and 3600
L AO, respectively. Increasing exposure to AO increases the
density of epoxide moieties on the surface,”® which in turn
leads to interactions with a larger number of DEZ molecules.
Finally, XPS is utilized to confirm that the nanoparticles are
only being formed in the presence of epoxide functional groups
(see Figure 2f). When EG is exposed to 2 cycles of O, and
DEZ, there is no evidence of zinc deposition on the surface.
However, when EG is dosed with molecular oxygen in the
presence of the hot filament to create AO under otherwise
identical conditions, zinc is detected in XPS. Furthermore, the
energetic position of the Zn,;, peak at 1022.6 eV is consistent
with the formation of ZnO nanoparticles as opposed to the
aggregation of metallic zinc.** Additional support for zinc
oxidation resulting from AO was obtained from in situ UHV
STM (Supporting Information Figure SI-1).

The ZnO nanoparticles are highly stable on the graphene
surface. In particular, the ZnO/EG samples were heated to 500
°C in UHV, similar to the stability of gold nanoparticles on
suspended graphene membranes by Kim et al.>> The particles
were also subjected to a mild bath sonication in acetone,
isopropyl alcohol, and deionized water. Following this treat-
ment, the nanoparticles survived on the surface with no
evidence of reduction in number or further aggregation.
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Figure 4. Key reactions and their energetics involved in the initial
formation of ZnO on graphene through the epoxide intermediate. The
top two reactions illustrate the abstraction of oxygen from GE. The
third reaction is the most energetically favorable cluster formation
pathway. The final row shows the geometry and binding energy of the
organometallic precursors with graphene and GE.

Despite this stability, the nanoparticles are not strongly
bound to the surface as indicated by contact mode AFM and
Raman spectroscopy. In Figure 3a, contact mode AFM (with a
constant force of 10 nN and estimated pressure of ~1 GPa)
was used to scan a small square area of the sample. Afterward,
the sample was reimaged using noncontact AFM. Many of the
nanoparticles were pushed aside by the AFM tip during contact
mode imaging, as evidenced by the aggregation of nanoparticles
at the boundary of the scan window. The ability to manipulate
the nanoparticles at relatively small contact force illustrates the
relatively weak bonding to the graphene surface.

To further confirm the weak chemical interactions between
the nanoparticles and graphene, Raman spectra were taken of
EG after exposure to AO and to AO and DEZ as shown in
Figure 3b. The ratio and positions of the D, G, and 2D peaks
can be used to measure the densi?r of defects, covalent
functionalization, and charge doping.>® After dosing EG with
AOQ, the ratio of the D/G peaks increases from 0.29 to 0.54,
confirming that the oxygen is covalently bound to the surface.”®
In addition, the G band shifts from 1612 + 1 to 1605 + 1 cm™},
which is consistent with AO having a p-type doping effect.
However, after dosing with DEZ, the D/G ratio partially
recovers to 0.42, and the G band returns to 1611 cm™),
providing evidence that the oxygen is no longer covalently
attached to the surface.

In an effort to elucidate the underlying chemical mechanisms,
the thermodynamic driving forces and bond energies associated
with early stages of ZnO particle growth were evaluated using
DFT calculations.”® The most important results are illustrated
graphically in Figure 4, and additional informational can be
found in Supporting Information Table SI-1. The calculations
indicate that exposure of graphene epoxide (GE) to DEZ leads
to two subsequent oxygen abstraction reactions on the surface
to form the thermodynamically more stable ethyl ethoxy zinc
(EE0Z) and diethoxy zinc (DEoZ) molecules, respectively. The
bond energy analysis (i.e, comparison of bond energies
associated with reactants and products) suggests that the
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above reactions are primarily driven by the conversion of the
weakest Zn—C bonds into strong Zn—O and C—O bonds in
EEoZ and DEoZ. Further abstraction of oxygen atoms by
DEoZ does not occur because the Zn coordination is saturated
with two oxygen atoms in DEoZ, and the formation of peroxy-
functionality (i.e., ethylperoxy ethoxy zinc) is thermodynami-
cally unfavorable.

To further elucidate the role of the GE surface in catalyzing
ZnO growth, we have examined the potential energy surfaces
governing interaction between the precursor/intermediate and
the surface. Two key surface sites were identified, namely the
pristine basal plane of graphene and the epoxy functionalities.
The interactions of DEZ, EEoZ, and DEoZ molecules with the
surface sites were calculated with the supramolecular approach
(see Supporting Information for details).””*° The molecules
show weak interactions with the basal plane of graphene that
increase with the number of oxygen atoms (7.58 kcal/mol for
DEZ, 7.75 kcal/mol for EEoZ and 8.69 kcal/mol for DEoZ).
On the other hand, at the epoxy site on the GE surface, DEoZ
molecules form stronger van der Waals complexes (17.34 kcal/
mol) (note that the DEZ and EEoZ molecules undergo oxygen
abstraction at the epoxy site).

Although subsequent growth of ZnO particles from EEOZ,
DEoZ, and other Zn-alkoxides can be inferred from previous
studies that utilized ozone or N,O gas as a source of oxygen
atoms, the surface-catalyzed oxygen abstraction by DEZ (being
the differentiating step) requires further attention.>”® Accord-
ingly, we have additionally characterized the potential energy
surface of this reaction (see Supporting Information text and
Figure SI-3 for more details).

The nonzero activation energy (~23 kcal/mol) suggests a
thermally activated process. However, the lower binding energy
of the zinc alkoxides will lead to competition between
desorption and oxygen abstraction. As a result, we anticipate
that temperature optimization should yield a maximum in the
growth rate of ZnO on graphene epoxide substrates.

The above theoretical analysis, in combination with the
aforementioned experimental observations, leads to the
following proposed mechanism for ZnO nanoparticle growth.
First, the exposure of graphene to AO forms graphene epoxide
(GE). Then, exposure to DEZ leads to two subsequent oxygen
atom abstraction reactions to form DEoZ that docks to epoxy
sites on the GE surface. In further AO and DEZ cycles, the
epoxy functionalization of graphene and oxygen atom
abstraction by DEZ continues, in addition to the growth of
ZnO clusters. Additional information on the formation energies
of ZnO clusters containing several Zn atoms from different
reactants is provided in the Supporting Information.

Chemically, this process resembles recent reports of metal
oxides gown via ALD using physisorbed ozone as the oxygen
source,”*”*® where weakly interacting oxygen can be
abstracted from the surface by the organometallic precursor.
The method presented here, however, has the advantage that
the density of the oxygen source can be precisely controlled,
allowing for control over the size and density of nanoparticles
on the surface.

B CONCLUSIONS

AO has been shown to be an effective strategy for chemically
activating epitaxial graphene, thus enabling the growth of ZnO
nanoparticles. Moreover, by using reversible epoxide function-
alization, nanoparticle growth is achieved without introducing
permanent defects or relying on the use of surfactants or

binders. Finally, because this reaction sequence utilizes the
oxygen scavenging nature of the transition metal, it should be
transferrable to other metal oxide nanoparticles, thereby
enabling diverse chemical functionalization of graphene.

B ASSOCIATED CONTENT
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Additional experimental details concerning sample preparation,
DEFT calculations, and UHV STM images can be found in the
Supporting Information. This material is available free of charge
via the Internet at http://pubs.acs.org.
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