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ABSTRACT

Applications of gald nanaparticles under stringent conditions {e.g. low pH) are limited by
improper surface passivation and inherent instability or tendency to aggregate. These limitations
can be overcome by encapsulating a gold nanoparticle inside a strong and multi-functional cage
or a shell. Here, a robust batch-production method to synthesize graphene encapsulated gold
nanoparticles is developed. Patterned gold nanoparticles on a silicon substrate were utilized as
catalysts for the growth of graphene shells in a hydrocarbon-bused chemical vapor deposition
(CVD) process. The gold nanoparticles and graphene encapsulated gold nanoparticles are
characterized by scanning electron microscopy (SEM) and transmission electron microscopy
(TEM}. As a first step towards understanding the growth mechanism of graphene shells, XFS
studies were performed in order to observe the formation of gold oxide shell on gold
nanopatticles. Further oxidation of the pgraphene shells resulted in carboxylic (-COOH)
functionalities that can be very useful for developing multi-functional sensors, Finally, the post-
fabrication process involving piasma oxidation/etching of graphene shells resulted in reduction
of the graphene shell thickness as well as the damage to the shell by the oxidation process.

INTRODUCTION

There have been reports on the synthesis of polymer or organic molecule encapsulated
nanoparticles to prevent aggregation of nanoparticles.'” In most of these cases, the nanoparticle
is difficult to stabilize and is incompletely protected.’ Carbon-based encapsulation of
nanoparticles, especially after the discovery of fullerenes,” is attracting significant interests due
to the unique properties of carbon™" and the encapsulated nanoparticle.*'"" The carbon shell
can also be a robust protective layer for the encapsulated nanoparticle.>' > Such nanoparticles
have been prepared by arc, laser, electron irradiation, and chemical methods.”>'*'71® It has been
observed that transition metal nanoparticles not onl catalzyze graphene shell growth but also
carbon nanotubes (CNTs) and amorphous carbon.'”***** In addition, for many envisioned
applications, it is important that the encapsulated nanoparticle should not react with the
graphene/carbon shell to form carbides.” Thus, formation of stable and multi-functional carbon
encapsulated nanoparticles requires two major criteria that have not yet been addressed properly.
First, the nanoparticle material should be both chemically inert and act as a catalyst/selective
substrate for the growth of graphene or carbon shell. Second, the synthesis of such encapsulated
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nanoparticles should be econemical even for large yields, with minimal aggregation. Critical to
the graphene shel! thickness, crystallinity {or extent of graphitization), and the yield, is the type
of the catalyst nanoparticles.” To address these issues and the above listed criteria, encapsulating
gold nanoparticles with praphene is very promising. Size-dependent properties of gold
nanoparticles make them useful for many applications such as optical devices and chemical
sensors.” Fabrication of a continuous and non-porous graphene shell represents a unique way to
stabilize these nanoparticles and provide a robust surface passivation. Additionally, rich surface
chemistry of graphene can also be utitized making such nanopartictes multi-functional and useful
for novel chemical and biological sensors, analytical platforms for high throughput screening,
and advanced spectroscopic tools,™

EXPERIMENTAL

Si wafers (B doped, <100>, International Wafer Service, Colfax, CA) were cleaned using
acetone in an ultrasonication process for 25 min. Gold nanoparticles (10 nm colloidal gold,
0.01% as HAuC,, Aldrich) were dispersed on dried Si wafers by immersing the wafers in gold
nanoparticle solution for 48 h. After the dispersion process, the substrates were dried and stored
in a vacuum desiccator at room temperature. The substrates with dispersed gold nanoparticles
were plasma oxidized using a plasma etcher in an oxygen environment, The oxidation was done
in a two-step exposure to Oh-plasta, where each step is 15 min. The experiment is stopped in
between the sieps for 15 min to lower the temperature of the plasma chamber. The gas pressure
and the forward power of the plasma system were maintained at 1200 mTorr and 170 W. The
oxidized gold nanoparticles were characterized in Field Emission SEM, JEOL 7000 and X-ray
Photozlectron Spectroscopy (XPS, Kratos Axis 165 XPS) to observe the presence of gold oxide.
For XPS characterization, the pass energy and the current were set al 160 eV and 15 maA,
respectively. The curves have been smoothed by “Quadratic Savitzky-Golay™ method (kernel
width of | and 0.5 is used).

On the ather hand, similarly oxidized gold nanoparticles on a cleaned Sj substrate were
inserted in a CVD chamber in the presence of xy]encﬂlydrogenfargtm.‘9'25'26 This resulted in the
production of graphene encapsulated gold nanoparticles uniformly dispersed on a Si substrate.
The dispersed graphene encapsulated gold nanoparticles were characterized by TEM. They were
further plasma oxidized ta observe the affects of plasma damage to the graphene shell.”*

RESULTS AND DISCUSSION

A series of charactetization and growth steps were employed to fabricate graphene
encapsulated gold nanoparticles as well as to understand the oxidation of gold nanoparticles. The
latter is the first step in understanding the growth mechanism of graphene encapsulated gold
nanoparticles, These hybrid nanoparticles can be multi-functional, versatile platforms for
fabricating advanced sensors and devices.” The gold nanoparticles (~10 nm diameter) were
successfully dispersed on a silicon wafer as indicated in figure 1.

Successful oxidation in an oxygen plasma process formed a very thin gold oxide shell on
the surface of the gold nanoparticle. Although this shell was not observed in TEM but the XPS
showed a clear evidence of formation of gold oxide (Figure 2). The surface of oxidized and non-
oxidized gold nanoparticle samples were examined by XPS and the comparison of the spectra
indicate the formation of gold oxide. Pure element gold peaks are visible at Au-Au' (Au Af3,);
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84,2 &V and Au-Au’ (Au 4fs); 87.6 eV, While extra peaks are developed in oxidized samples
corresponding to Au-Q': 85.0 eV and Au-0%: 88.6 eV confirming that gold oxide shell is present
on these nanoparticles. These peaks correspond o the chemical shift of Au-4f levels that have
been strong indicators of Au,0:™ in case of surface oxidized gold nancparticles. The heat of
formation for AuzOs is reported to be +19.3 klimol.”
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Figure 2. XPS spectra for non-oxidized (black} geld nanoparticles and oxidized (blue) gold
nanoparticles. Also indicated by arrows.
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Similarly oxidized gold nanog)articles were further utilized as a catalyst for the growth of
graphene shells in a CVD process.™ In our previous study, we have demonstrated that non-
oxidized gold nanoparticles do not result in any graphene shells.?* Thus, it is proposed here that
the formation of graphene shell over the surface oxidized gold nanoparticles involves electron
transfer process. Gold oxide being unstable at high temperatures™, tends to reduce to gold (0)
during the CVD process.” The electrons needed for this process are provided by the incoming
carbon feed, which m turn forms sl:l2 hybridized graphene shell, In this regard, our XPS studies
confirm that gold oxide is present on gold nanoparticles after plasrna oxidation process.

Once the graphene shell is formed on the gold nanoparticles, it imparts multi-
functionality to the nanoparticles. This can be attributed to rich graphenefcarbon chemistry
instead of thiol-based gold chemistry that severely limits applications of gold nanoparticles. As a
next step, the graphene shell can be further oxidized using plasma oxtdation process and results
jn ~COQH derivatization of graphene encapsulated gold nanoparticles.”® These -COOH groups
are readily available for further chemical functionalization and form the basis of developing
novel bioanalytical systems based on graphene encapsulated gold nanoparticles. However, it is
possible to damage the graphene shells if a prolonged plasma oxidation of shells is performed. In
addition, this process can also result in reduction in number of graphene shells encapsulating
gold nanoparticles. Thus, in this study, we also report a unigue method to etch graphene shells or
reduce the number of layers of the graphene shells in the graphene encapsulated gold
nanoparticles. This is achieved by petforming post-growth plasma etching process. As indicated
in the figure 3, it was observed that the graphene shells were etched, damaged, and the number of
shells decreased after performing the plasma oxidation. This is a promising approach to control
the physical characteristics of these nanopartictes and is an easy handle to tune their properties as
well as chemical functionalities, More detailed microscopic analysis of graphene shell is reported

recently.”

Figure 3. TEM image of a plasma oxidized/etched graphene {marked by an arrow)
encapsulated gold nanoparticles. Plasma etching of graphene shells in a graphene encapsulated
gold nanoparticles. The shells are damaged, etched, and removed during the process.
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CONCLUSIONS

Graphene encapsulated gold nanoparticles were fabricated and dispersed on a silicon
wafer. SEM, TEM, and XPS studies confirrmed the chemical composition and physical
characteristics of nanoparticles at various stages of the fabrication process. XPS studies reveal
the formation of gold oxide after plasma oxidation of gold nanoparticles. A growth mechanism
based on electron transfer process during the CVD process is proposed that facilitates the growth
of graphene shell on the surface oxidized gold nanoparticles. Finally, post-CVD plasma etching
removes and damages graphene shell. This dry processing or etching of graphene shell allows for
controlling the characteristics of graphene encapsulated gold nanoparticles, Such multi-
component and multi-functional nanoparticles are of immense importance for developing
analytical devices and sensors, self-assembly platforms, and optical systems.

ACKNOWLEDGEMENTS

This material is based upon wark supponed by the National Science Foundation (NSF)
under Grant No. (0925445, PCAN-ECCS). The authors also thank the University of Alabama
{MTE department and the Office of sponsored programs}, MSE PhD program, and the MINT
Center for the start-up funds and for financial aid for J.W. The authors also thank the Central
Analytical Facility (CAF) for electron microscopy equipment (NSF-MRI funded) and the
financial support covering the instrument time, the MINT Center for providing infrastructure
support such as clean room facility and various equipments, and Mr. Rich Martens, Mr. Johnny
Goodwin, and Mr. Rob Holler for providing training on microscopy and surface analysis
instruments. [n addition, the authors also thank the University of Kentucky for providing
instrument access from time to time.

REFERENCES

L H. Y. Chen, S. Abraham, }. Mendenhall, §. C. Delamarre, K. Smith, I. Kim, C. A. Batt,
Encapsulation of Single Small Gold Nanoparticles by Diblock Copolymers, ChemPhysChem, 9,
388 - 92 (2008).

2 X, Sun, Y. Li, Colloidal Carbon Spheres and Their Core/Shell Structures with Noble-Metal
Nanoparticles, Angew. Chemie Int. Ed., 43, 597 —601 (2004).

¥ I. B. Schlenoff, M. Li, H. Ly, Stability and Self-Exchange in Alkanethiol Monolayers, J. 4m.
Chem. Soc. 107, 12528-36 (1995).

*H. W. Kroto, J. R. Heath, S. C. O'Brien, R. F. Curl, R. E. Smalley, C6{: Buckminsterfullerene,
Nature, 318, 162-63 (1985).

* Z. Liu, M. Wiaters, M. Holodniy, H. Dai, Supramolecular Chemistry on Water-Soluble Carbon
Nanotubes for Drug Loading and Delivery, Angew. Chemie, Int. Ed , 46, 2023-27 (2007).

 B. ). Landia, S. L. Castro, H. J. Rufa, C. M. Evans, 8. G. Bailey, R. P. Raffaelle, CdSe
Quantum Dot-Single Wall Carbon Nanotube Complexes for Polymeric Solar Cells, Sof Energ.
Mat. Sol. C., 87, T33-746 (2005).

7 8. Ikeda, S. Ishino, T. Harada, N. Okamoto, T. Sakata, H. Mori, S. Kuwabata, T. Torimoto, M.
Matsumura, Ligand-Free Platinum Nanoparticles Encapsulated in a Hollow Porous Carbon Shell

Processing of Nanoparticle Materials and Nanostructured Films - 5



Graphene Encapsulated Gold Nanoparticles and Their Characterization

as a Highly Active Heterogeneous Hydrogenation Catalyst, dngew. Chemie Int. Ed., 45, 7063 ~
66 (2006).

¥ M. Kim, K. Sohn, H. B, Na, T. Hyeon, Synthesis of Nanorattles Composed of Gold
Nanoparticles Encapsulated in Mesoporous Carben and Polymer Shells, Nano Lett., 2, 1383-87
2002),

g 1. Geng, D. A. lefferson, F. G. Johnson, Direct Conversion of Iren Stearate into Magnetic Fe
and Fe3C Nanocrystals Encapsulated in Polyhedral Graphite Cages, Chem. Comm., 2442-43
(2004).

1% E. Sutter, P, Suiter, R. Calarco, T. Stoica, R. Meijers, Assembly of Ordered Carbon Shells on
GaN Nanowires, App. Phys. Lett., 90, 093118/1-3 (2007).

"' E. Sutter, P. Sutter, Au-Induced Encapsulation of Ge Nanowires in Protective C Shells, Adv.
Mater., 18, 2583-88 (2006).

2y, Ma, Z. Hu, L. Yu, Y. Hy, B. Yue, X. Wang, Y. Chen, Y. Lu, Y. Liu, J. Hu, Chemical
Functionalization of Magnetic Carbon-Encapsulated Nanoparticies Based on Acid Oxidation, J.
Phys. Chem. 8, 110, 20118-122 (2006).

" E. Flahaut, F. Agnoli, J. Sloan, €. O'Connor, M, L, H. Green, CCVD Synthesis and
Characterization of Cobalt-Encapsulated Nanoparticles, Chem. Mater., 14, 2553-58 (2002),

' E. Sutter, P. Sutter, Au-Induced Encapsulation of Ge Nanowires in Protective C Shells, Adv,
Mater., 18, 2583-88 (2006).

'* ¥, Saito, Nanoparticles and Filled Nanoscapsule, Carbon, 33, 979-88 {1995).

'8 v. P. Dravid, J. J. Host, M. H. Teng, B. Elliou, J. Hwang, D. L. Johnson, T. O, Mason, I. R,
Weertman, Controlled Size Nanocapsule, Nature, 374, 602 (1995).

"7 J. R. Heath, S. C. O’Brien, Q. Zhang, Y. Liu, R. F. Curl, H, W, Kroto, F, K. Titte!, R, E.
Smalley, Lanthanum Complexes of Spheroidal Carbon Shells, .. 4m. Chem Soc., 107, 7779-80
(1983).

Y8 ¢ Tsang, Y. K. Chen, P. I. F. Harris, M . L. H. Green, A Simple Chemical Method for
Opening and Filling Carbon Nanotubes, Narure, 372, 159-62 (1994).

7N Chopra, P. D. Kichambare, R. Andrews, B, J. Hinds, Control of Multiwalled Carbon
Nanotube Dhameter by Selective Growth on the Exposed Edge of a Thin Film Multilayer
Structure, Nano Letr., 2, 1177-81 (2002).

#* N. Chopra, V. G. Gavalas, B. J. Hinds, L. G. Bachas, Functional One-Dimensional
Nanomaterials: Applications in Nanoscale Biosensors, Anaf. Letr., 40, 2067-96 (2007).

M. Nagatsu, T. Yoshida, M. Mesko, A. Ogino, T. Matsuda, T. Tanaka, H. Tatsuoka, K.
Murakami, Narrow Multi-Watied Carbon Nanotubes Produced by Chemical Vapor Deposition
using Graphene Layer Encapsulated Catalytic Metal Particles, Carbon, 44, 3336-41 (2006).
M. Meyyappan, Carbon Nanombes: Science and Applications, CRC Press, Boca Raton, FL,
(2003)

% R. 8. Ruoff, D. C. Lorents, B. Chan, R. Malhotra, S. Subramoney, Single Crystal Metals
Encapsulated in Carbon Nauoparticles, Science, 259, 346-48 (1993).

M. -C. Daniel, D, Astruc, Gold Nanoparticles: Assembly, Supramolecular Chemistry,
Quantum-Size-Related Properties, and Applications toward Biclogy, Catalysis, and
Nanotechnology, Chem. Rev., 104, 293-346 (2004),
¥ N. Chopra, L. G. Bachas, M. Knecht, Fabrication and Biofunctionalization of Carbon-
Encapsulated Aw Nanoparticles, Chem. Mater_, 21, 1176-78 (2009).

6 - Processing of Nanoparticle Materials and Nanostructured Films



Graphene Encapsulated Gold Nanoparticles and Their Characterization

¥® R, Andrews,D. Jacques, A. M. Rao, F. Derbyshire, D. Qian, X. Fan, E. C. Dickey, J. Chen,
Continuous production of aligned carbon nanotubes: a step closer to commercial realization,
Chem. Phys. Letr., 303, 467-74 (1999).

¥ A. Krozer, M. Rodhani, M. X-ray Photoemission Spectroscopy Study of UV/Ozone Oxidation
of Au Under Ultrahigh Vacuum Conditiens, }. Vac, Sci. Tech. A, 15, 1704-09 (1997).

* H. Tsai, E. Hu, K. Perng, M. Chen, J.-C. Wu, Y.-S. Chang, Instability of Gold Oxide Auy0;,
Surf. Sci., 537, L447-L450 (2003).

Processing of Manoparticle Materials and Nanostructured Films - 7








