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Electrochemical Synthesis of CdSe Quantum-Dot
Arrays on a Graphene Basal Plane Using Mesoporous

Silica Thin-Film Templates

By Yong-Tae Kim, Jung Hee Han, Byung Hee Hong, *

Since the discovery of microscale single-layer graphene in
2004, graphene and related materials”! have received intensive
attention as promising materials for nanoelectronics because of
their fascinating electrical,’®! mechanical,!” and chemical proper-
ties.”®! In addition, the recent large-scale synthesis of high-
quality graphene films enables their use in bendable and/or
stretchable transparent electrodes!”! for solar cells, sensors, and
displays. Surface grafting on graphene of functional materials will
be an indispensable technique for these applications. This,
however, requires the problems arising from the lack of reactivity
of the graphene basal plane to be resolved. A perfect graphene
structure does not have dangling bonds on the basal plane for
chemical-bond formation. The chemical potential of the basal
plane is lower than that at the edges or defects. Therefore,
deposition occurring directly on a graphene structure usually
results in grafting on the edges and defects only.®! Using
vacuum-deposition techniques, this problem may be solved by
modifying the graphene surface by, for instance, ozone treatment,
forming a metal underlayer, or attaching organic molecules with
functional groups.® Thus far, however, there has been no reports
on grafting on the graphene basal plane using electrochemical
techniques. Sundaram et al. reported that varying the potential
during the electrochemical deposition of Pd did influence the
number density of the Pd nanoparticles,'” but the site of
deposition was still restricted to the edges only. None of the
surface-modification methods used in vacuum deposition seem
to be appropriate for electrochemical deposition because they
cannot change the potential difference between the basal plane
and the edges/defects.

Here, we demonstrate that the use of a nanoporous mask can
be a viable means to form a uniform nanostructured film on the
graphene basal plane. We applied a mesoporous silica thin film
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whose pore structure is composed of about 8-nm sized vertical
channels in a hexagonal symmetry (denoted as SKU-1 in a
previous report)'!! on the graphene surface as a nanoporous
mask. The nanochannels exert resistance against the diffusion
of electrolytes and, thus, function as a potential-equalizer to
suppress the preference for the edge and defect sites. By
depositing CdSe particles, we were able to form CdSe quantum
dots into a hexagonal array structure. The synthesis procedure of
the present study is outlined in Figure 1.

The graphene electrodes were synthesized by chemical vapor
deposition of methane on thin Ni layers formed on SiO,/Si
substrates.”) The Raman spectra show that the graphene films
are composed of individual graphene sheets of 1 to 5 layers
(Supporting Information). A mesoporous silica film was
formed on top of this graphene/Ni bi-layer by spin-coating a
precursor solution composed of tetraethoxyorthosilicate (TEOS)
and a triblock non-ionic surfactant F-127 (EO196PO70EO106,
EO = ethylene oxide, PO = propylene oxide), followed by aging at
80 °C, and calcination at 400 °C.""" The pore morphology of these
mesoporous silica films, as characterized by scanning electron
microscopy (SEM), showed arrayed pores on the film surface, a
feature expected for the SKU-1 film (Supporting Information). By
using the SKU-1-coated graphene as a working electrode, CdSe
was deposited under a constant potential of —0.7 V at 50 °C. After
the deposition, the SKU-1 template was removed by dissolving in
an aqueous HF solution. We also prepared a CdSe film grown ona
graphene/Ni bi-layer without the SKU-1 coating following
the same procedure except for the formation of SKU-1. The
energy-dispersive X-ray spectroscopy (EDS) data on these samples
show the presence of Cd and Se for both samples (see Supporting
Information).

Figure 2 shows the morphologies of the two CdSe films. The
atomic force microscopy (AFM) image of the film without the
SKU-1 template (Fig. 2a) shows that CdSe was deposited into
lines forming closed loops enclosing domains of various areas
from 0.3 pm x 0.3 pm to 1.5 um x 1.5 wm. Based on the litera-
ture data on graphenes, these loops are probably the edges around
the multiple layered graphene sheets.!”) The height of the CdSe
deposits varied from 7 to 9nm as determined by AFM height
scans. The SEM images on this sample with a higher magni-
fication (Fig. 2b) reveal that the loops are composed of small CdSe
particles and that there are also CdSe deposits on the basal plane,
probably at the defect sites. Compared to literature data on the
electrochemical deposition of Pd on graphene,'” our data shows
amuch higher density. Probably, the Ni underlayer present in our
samples provides conduction paths, thus, circumventing the
problem of high resistance of the graphene basal plane.
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The images of the SKU-1-templated CdSe film show that the  disappeared. Instead, the whole surface of graphene is covered
template brings about quite a dramatic effect. The wide-area AFM  with a very fine structured film. The height variation plot across
image (Fig. 2c) shows that the loop-like structure seen in  the image shows that the film is composed of even-sized particles
Figure 2a on the CdSe film formed without SKU-1 template has  of about 5-12 nm in height. The SEM image (Fig. 2d) shows that
arrays of dots are arranged into a hexagonal
symmetry and the dot-to-dot distance is
measured to be 14nm. These morphological
characteristics agree well with the pore
structure of the SKU-1 template.

Figure 3 shows the transmission electron
microscopy (TEM) images of the CdSe
quantum-dot array grown using the SKU-1
template. The TEM sample was prepared by

d) B B removing the Ni underlayer by treating with a
W <—m w FeCl; solution.”! These images clearly show
that this film is composed of nanoparticles in a
hexagonal array structure. The dot size was
Figure 1. Procedure to synthesize a CdSe quantum dot array on the basal plane of a graphene ~ measured to be 10nm and the dot-to-dot
sheet using a mesoporous silica thin film as a template: a) Formation of a mesoporous silica film ~ separation 14 nm, confirming the above AFM
on the graphene surface by spin-casting, aging, and calcination, b) electrochemical depositionof  and SEM results. The selected-area electron
CdSe onto the graphene surface through the pores of the mesoporous silica film template,  diffraction (SAED) pattern of this sample
c) removal of the mesoporous silica template, and d) removal of the Ni layer underneath the
graphene sheet.
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(Fig. 3c) shows a ring pattern with d=0.26,
0.22, and 0.18 nm matching the (102), (110),
and (112) peaks of the hexagonal form of CdSe.
The magnified image in Figure 3b also shows
lattice fringes that are indicative of the CdSe
lattice.

Our data clearly show that the combination
of i) the use of graphene with a Ni underlayer
and ii) the use of SKU-1 as a nanoporous mask
makes it possible to synthesize CdSe quantum
dots into an array structure on the graphene
basal plane. The effects of these two measures
can be explained as a decrease in the difference
between the resistance at the edge/defect sites
and that of the basal plane. The Ni underlayer
provides conduction paths so that it can reduce
the resistance on the basal plane. The nano-
porous SKU-1 mask functions as a diffusion
barrier for the incoming ions in the electrolyte
solution, which overrides the conductivity
difference between the edges/defects and the
basal plane. Furthermore, the regular pore
structure of SKU-1 functions as a template to
deposit quantum dots into an array structure.

The Raman spectroscopy data in Figure 4
show that the CdSe quantum dots induce
red-shifts of the G and 2D bands of graphene
by 5and 9 cm™ !, respectively. In order to verify
that these changes are indeed induced by the
CdSe quantum dots, we treated graphene films
in various ways similar to the method used to
form CdSe quantum dots but without the
deposition of CdSe and measured their Raman
spectra (Supporting Information). None of
these manipulated graphene films produced
similar changes both in direction and magni-

Figure 2. a) AFM and b) SEM images of CdSe grown on a pristine graphene sheet without a
mesoporous silica film template, c) AFM and d) SEM images of a CdSe quantum-dot array grown
on a graphene sheet by using a mesoporous silica film template. The insets in (a) and (c) are the tude of the Raman peaks, which leads us to
height profiles taken along the red lines marked in the corresponding AFM images. conclude that the large red-shifts are related to
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Figure 3. a) High-resolution TEM image of a CdSe quantum dot array,
b) enlarged view of (a) to reveal the lattice fringe, and c) SAED pattern.

the CdSe quantum dots. The G and 2D band positions are known
to be sensitive to electron or hole doping.'?'*) The observed
red-shifts imply that the graphene sheet is doped with electrons.
From the magnitude of the G-band shift, the charge-carrier
(electron) density is estimated to be 3.0 x 10?cm™?%, which
corresponds to an up-shift of the Fermi level by around 100 meV
compared to that of pure graphene. This level of n-doping is
larger than that reported for viologen-modified carbon nanotubes
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Figure 4. a) G-band and b) 2D-band Raman spectra of a graphene sheet
with CdSe quantum dots deposited on the surface (dashed lines) and a
bare graphene film (solid lines).

(CNTs), which showed a G-band shift of 2 cm ™ L. These data are
truly significant as most of the surface modifications of graphene
in the literature result in p-doping.l*>'®! Therefore, the n-doping
characteristics of the CdSe quantum-dot-modified graphene may
find applications in engineering bandgap structures of graphene
nanostructures for various electronic applications.

The mechanism of n-doping by CdSe quantum dots is quite
intriguing. Because the work function of graphite, reported to be
4.6-5.0eV,!"”8 is Jocated at the HOMO-LUMO gap of CdSe,™™
it is possible that electrons from the conduction band of CdSe
quantum dots flow into graphene. Very recently, Farrow and
Kamat reported that CdSe quantum dots on CNTs can inject
electrons into the CN'Ts by this mechanism.?% On the other hand,
Zhou et al. reported that an epitaxially grown graphene on a SiC
substrate was n-doped and discussed that this was probably
associated with the surface charges at the interface between
graphene and SiC substrate,?”! which might also be the case for
our system. Alternatively, although bulk CdSe is known to be
stoichiometric, with Cd/Se=1:1, it is possible to make CdSe
nanoparticles that have an excess of either Cd- or Se.*? Therefore,
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if the CdSe quantum dots in our samples have an excess in Se
and, thus, are n-doped, they may be able to cause the n-doping of
the graphene. Further studies are required to better understand
the effect of the CdSe quantum dots to the red-shifts of the Raman
peaks.

In summary, we demonstrate, for the first time, a method that
can produce a homogenous, nanostructured thin film with an
ordered nanostructure on the basal plane of a graphene by
electrochemistry. This method enables the direct contact between
the CdSe quantum dots and the graphene film without
intervening layers, possibly leading to the enhancement of the
electrical and mechanical properties.”*! With these functional-
ities, the present method is expected to open a new horizon for
exploring graphene in many different fields.

Experimental

Synthesis of Graphene: The graphene/Ni bi-layer was synthesized by the
chemical vapor deposition method reported before [7]. A thin layer of nickel
(less than 300nm) was formed on a SiO,/Si substrate using an
electron-beam evaporator and was placed in a quartz tube under an
argon atmosphere. The temperature was raised to 1000 °C and a reaction
gas mixture (CH4/H,/Ar=>550:65:200 standard cubic centimeters per
minute) was allowed to flow through. Then the substrate was cooled to
room temperature at a rate of about 10°Cs~'. A graphene film was formed
on top of the nickel layer.

Synthesis of Mesoporous Silica Thin Films: A stock solution for SKU-1
was prepared by dissolving TEOS (99.999%) and F-127 (EO106PO70EO106,
EO = ethylene oxide, PO = propylene oxide) in a mixed solution of diluted
aqueous HCl and absolute ethanol to make the composition TEOS/F-127/
HCl/H,O/EtOH = 1: 6.60 x 102: 6.60 x 10~*: 4.62: 22.6 (molar ratio).
The solution was stirred at 20-25 °C for 12-20 h under a controlled relative
humidity of below 20% before use. The stock solution was spin-coated on
the graphene/Ni bi-layer substrate, aged at 80 °C, and calcined at 400 °C to
form a nanoporous silica thin film.

Electrochemical Synthesis of CdSe Quantum Dots: A corner of the SKU-1
film on the graphene/Ni bi-layer was etched out to reveal the graphene
surface to make an electrical contact with a wire for the consecutive
electrochemical deposition. Using a SKU-1-coated graphene as the
working electrode, a Ag/AgCl reference, and a Pt counter electrode in a
three-electrode cell, as well as an aqueous electrolyte solution (0.3 m
CdSOy, 0.003 v SeO,), CdSe was deposited under a constant potential of
—0.7Vat 50 °C [24]. After the deposition, the SKU-1 template was removed
by dissolving in an aqueous 0.2wt % HF solution. A CdSe film on a
graphene/Ni bi-layer without the SKU-1 coating was also prepared
following the same procedure except for the formation of SKU-1.

Characterization: SEM (JEOL 7100F, 5~10kV), AFM (Park systems
XE-NSOM; non-contact mode), and TEM (JEOL JEM 3010, 300kV) were
used to characterize the samples. Raman spectra were recorded with a
Renishaw RM 1000-Invia by using a 514 nm excitation and a notch filter of
50cm . The spectral resolution is 0.2cm ™.

Acknowledgements

This work was supported by the Korea Science and Engineering Foundation
Grant from the Korean Government (MOEHRD) (2009-008-1018) and by

Mo
Vier’S
www.MaterialsViews.com

the Korea Research Foundation Grant from the Korean Government
(MEST) (KRF 2008-005-)00701). We thank the CNNC for AFM and the
CCRF for SEM/TEM images. Supporting Information is available online
from Wiley InterScience or from the author.

Received: August 11, 2009
Published online: October 22, 2009

[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang,
S. V. Dubonos, I. V. Grigorieva, A. A. Firsov, Science 2004, 306, 666.

[2] S. Stankovich, D. A. Dikin, G. H. B. Dommett, K. M. Kohlhaas, E. |. Zimney,
E. A. Stach, R. D. Piner, S. T. Nguyen, R. S. Ruoff, Nature 2006, 442, 282.

[3] Y. Zhang, Y.-W. Tan, H. L. Stormer, P. Kim, Nature 2005, 438, 201.

[4] C. Lee, X. Wei, ). W. Kysar, ]. Hone, Science 2008, 321, 385.

[5] D. C. Elias, R. R. Nair, T. M. G. Mohiuddin, S. V. Morozov, P. Blake,
M. P. Halsall, A. C. Ferrari, D. W. Boukhvalov, M. |. Katsnelson, A. K. Geim,
K. S. Novoselov, Science 2009, 323, 610.

[6] S. Ryu, M. Y. Han, J. Maultzsch, T. F. Heinz, P. Kim, M. L. Steigerwald,
L. E. Brus, Nano Lett. 2008, 8, 4597.

[7] K.S.Kim,Y.Zhao, H.Jang, S.Y. Lee, ]. M. Kim, K. S. Kim, J.-H. Ahn, P. Kim,
J.-Y. Choi, B. H. Hong, Nature 2009, 457, 706.

[8] B. Lee, S.-Y. Park, H.-C. Kim, K. Cho, E. M. Vogel, M. J. Kim, R. M. Wallace,
J. Kim, Appl. Phys. Lett. 2008, 92, 203102.

[9] X. Wang, S. M. Tabakman, H. Dai, J. Am. Chem. Soc. 2008, 130, 8152.

[10] R. S. Sundaram, C. Gémez-Navarro, K. Balasubramanian, M. Burghard,
K. Kern, Adv. Mater. 2008, 20, 3050.

[17] U.-H. Lee, J.-H. Yang, H.-). Lee, ).-Y. Park, K.-R. Lee, Y.-U. Kwon, J. Mater.
Chem. 2008, 18, 1881.

[12] S. Pisana, M. Lazzeri, C. Casiraghi, K. S. Novoselov, A. K. Geim,
A. C. Ferrari, F. Maur, Nat. Mater. 2007, 6, 198.

[13] X. Dong, Y. Shi, Y. Zhao, D. Chen, J. Ye, Y. Yao, F. Gao, Z. Ni, T. Yu, Z. Shen,
Y. Huang, P. Chen, L.-J. Li, Phys. Rev. Lett. 2009, 102, 135501.

[14] S. M. Kim, ). H. Jang, K. K. Kim, H. K. Park, ). J. Bae, W. J. Yu, I. H. Lee,
G.Kim, D. D. Loc, U. . Kim, E. H. Lee, H. . Shin, ). Y. Choi, Y. H. Lee, J. Am.
Chem. Soc. 2009, 131, 327.

[15] F.Schedin, A. K. Geim, S. V. Morozoy, E. W. Hill, P. Blake, M. I. Katsnelson,
K. S. Novoselov, Nat. Mater. 2007, 6, 652.

[16] T. O. Wehling, K. S. Novoselov, S. V. Morozov, E. E. Vdovin,
M. I. Katsnelson, A. K. Geim, A. I. Lichtenstein, Nano Lett. 2008, 8, 173.

[17] B. Robrieux, R. Faure, J.-P. Dussaulcy, C. R. Séances Acad. Sci, Ser. B 1974,
278, 659.

[18] B. Shan, K. Cho, Phys. Rev. B 2006, 73, 081401.

[19] J. M. Haremza, M. A. Hahn, T. D. Krauss, S. Chen, J. Calcines, Nano Lett.
2002, 2, 1253.

[20] B. Farrow, P. V. Kamat, J. Am. Chem. Soc. 2009, 131, 11124.

[21] S. Y. Zhou, G.-H. Gweon, A. V. Fedorov, P. N. First, W. A. de Heer,
D.-H. Lee, F. Guinea, A. H. Castro Neto, A. Lanzara, Nat. Mater. 2007, 6,
770.

[22] ). Jasieniak, P. Mulvaney, J. Am. Chem. Soc. 2007, 129, 2841.

[23] B. H. Judrez, M. Meyns, A. Chanaewa, Y. Cai, C. Klinke, H. Weller, J. Am.
Chem. Soc. 2008, 130, 15282.

[24] ). L. Koh, L. K. Teh, F. Romanato, C. C. Wong, J. Electrochem. Soc. 2007, 154,
300.

‘..“5:;'-:\ BWILEY
wia¥ai) .
**.’ InterScience®

CISCOVER SOMETHING GREAT

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Mater. 2010, 22, 515-518



