
CHENG ET AL . VOL. 6 ’ NO. 3 ’ 2237–2244 ’ 2012

www.acsnano.org

2237

February 13, 2012

C 2012 American Chemical Society

Graphene-Quantum-Dot Assembled
Nanotubes: A New Platform for
Efficient Raman Enhancement
Huhu Cheng,† Yang Zhao,† Yueqiong Fan,† Xuejun Xie,† Liangti Qu,†,* and Gaoquan Shi‡,*

†Key Laboratory of Cluster Science, Ministry of Education of China, School of Chemistry, Beijing Institute of Technology, Beijing 100081, People's Republic of China,
and ‡Department of Chemistry, Tsinghua University, Beijing 100084, People's Republic of China

T
he geometry and chemical nature
of graphene nanostructures play an
essential role in determining their

properties as demonstrated by graphene
nanoribbons and nitrogen-containing
graphenes.1�3 Graphene quantum dots
(GQDs), single or few-layer grapheneswith a
tiny size of only several nanometers, repre-
sent a new type of quantumdots (QDs). Due
to the quantum confinement and edge
effects,4�12 GQDs exhibit unique properties
such as photoluminescence4,8,13 and slow
hot-carrier relaxation,14 making them dis-
tinct from those of conventional graphene
sheets. In addition to the stable photolumi-
nescence, GQDs possess low cytotoxicity
and great biocompatibility.15 They can
also overcome the extremely poor solu-
bility and strong tendency to aggregation
of graphene sheets.12 As a consequence,
GQDs present the promise for the fabrica-
tion/design of new devices with extraordin-
ary functions. Important applications can be
expected from bioimaging15,16 to optoelec-
tronic devices.17�20 So far, various methods
including hydro-/solvothermal route,4,15 so-
lution chemistry,5,6,8,21,22 transforming C60
on ruthenium surface,7 and acid treatment
and chemical exfoliation of carbon fibers23

have been developed for controllable syn-
thesis of GQDs with specific properties and
functions.4,6,8,9,14,24 In this regard, we have
recently reported a facile electrochemical
approach for large scale preparation of
functional GQDs,13,25 which possess the
unexpected luminescence properties, and
show the potential for applications in pho-
tovoltaic cells and fuel cells.
On the other hand, assembly of QDs in a

geometrically well-defined fashion opens
up opportunities to control over the optical
and electronic coupling between the indi-
vidual QD units, which hence provides the
possibility to get access to the full potential

of assembled QDs by virtue of the collective
properties of the ensembles.26,27 However,
the current scope of GQD study is still
mainly focusing on their fundamental syn-
thesis and primary properties. No attempt
has been devoted to the use of GQDs as
building blocks for fabricating functional
architectures by rational arrangement.
Thus, new phenomena and applications
associated with the collective properties of
individual GQDs remain virgin so far.
Raman spectroscopy is an important

tool for structural characterization and
chemical/biosensing. The development of
substrates for efficiently harvesting Raman
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ABSTRACT

Graphene quantum dots (GQDs), single or few-layer graphenes with a size of only several

nanometers, are a new type of quantum dots (QDs) with unique properties. The assembly of

QDs in a geometrically well-defined fashion opens up opportunities to obtain access to the full

potential of assembled QDs by virtue of the collective properties of the ensembles. In the

current study, we present the well-organized assembly of zero-dimensional (0D) functional

GQDs into 1D nanotube (NT) arrays and demonstrate their remarkable potential as a new

metal-free platform for efficient surface-enhanced Raman scattering (SERS) applications. The

hierarchically porous 1D nanotube structure of 0D GQDs has been prepared by electrophoresis

deposition within a nanoporous AAO template. On the basis of the unique porous nanotube

architecture of GQDs, the GQD-NTs could ensure a more efficient charge transfer between the

target molecules and the GQDs and thus produce much stronger SERS effect, exceeding that on

flat graphene sheets. The unique architecture of 1D nanotubes of 0D GQDs provides a new

point of view for designing and fabricating SERS substrates.
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signals of target molecules has been a long-term
research focus.28 A variety of noble metals and transi-
tion metals28�35 such as Ag, Au, Cu and Pd with
rough surfaces have been conventionally used as the
substrates for surface enhanced Raman scattering
(SERS). However, concerning the expense, stability,
(bio)compatibility and environment-friendly feature,
the development of new, alternative substrates for
SERS to meet the rigorous requirements is becoming
of practical importance. Recently, semiconductor ma-
terials have been involved as SERS active substrates.
For example, the SERS effect on InAs/GaAs quantum
dots36 and metal oxide surfaces such as ZnO,37 TiO2,

38

and R-Fe2O3
39 has already been reported. Si and Ge

nanostructure arrays have also been demonstrated to
have significant Raman enhancements.40 The abun-
dant hydrogen atoms terminated on the surfaces of Si
and Ge nanoarrays play a critical role in promoting
efficient charge transfers and enable the SERS effects.
As a special material with crystal package of carbon
atoms associated with a lot of unexpected proper-
ties,4,7�9,14,24,41,42 graphene has exhibited the surpris-
ing promise in SERS applications.43 The origin could be
exclusively attributed to the chemical enhancement
mechanism due to the fact that graphene surface is
extremely smooth and highly optical transparent.44 In
this case, charge transfer is possible between the
molecules and the graphene substrate, responsible
for the Raman enhancement. Due to the limited sur-
face area and the difficulty in capturing the incident
light, however, only 2 to 17-fold Raman enhancement
was observed on graphene film compared with SiO2/Si
substrate.43 GQDs are the graphene sheets in quan-
tum-scale sizes, which have much larger specific
surface areas and more accessible edges comparing
with those of graphene sheets. The rational assembly
of GQDs into nanoporous architectures could effec-
tively adsorb target molecules and harvest the collec-
tive Raman signals of the ensembles. As far as
we are aware, however, no endeavor has been dedi-
cated to building GQD-based architectures for SERS
applications.
Recently, Li and co-workers have reported the con-

trolled alignment of colloidal GQDs on polar surfaces
through chemical functionalization.45 Herein, we pre-
sent the well-organized assembly of zero dimens-
ional (0D) GQDs into 1D nanotube (NT) arrays, and

demonstrate their great potential as a new metal-free
platform for efficient SERS applications (Figure 1).

RESULTS AND DISCUSSION

GQD-NT arrays were prepared via a template-
assisted electrodeposition process (Figure S1). Briefly,
functional GQDs were prepared by electrochemical
oxidation of graphenes according to our previous
report.13 The as-prepared GQDs with a size of
3�5 nm (Figure 2a) are rich of negatively charged
carboxyl groups and can be well dispersed in water,
which thus provides the possibility for direct electro-
phoresis deposition. Au foil supported anodic alumin-
um oxide membrane (200-nm AAO, Whatman) acted
as theworking electrode. Under an applied potential of
6 V for several hours, the functional GQDs were spon-
taneously deposited into the nanochannels of AAO
membrane to form nanotube arrays (Figure S1).
Although derived from graphene dots (Figure 2a),
the released GQD-NTs still remain the self-standing
array structure in despite of the bundling due to the
capillary effect during wet-to-dry process for removing
the AAO template by 1 M NaOH treatment (Figures 2b
and c). The as-formed GQD-NTs have a diameter of ca.
200�300 nm (Figure 2d), matching the nanopores of
AAO template. Their open tips (Figure 2c) and broken
sites along the length (Figure 2d) clearly show the
hollow structures. Transmission electron microscope
(TEM) investigation further confirms the tubular struc-
ture (Figure 2e), and reveals the as-formed nanotube is

Figure 1. Scheme of the fabrication of GQD-NTs and their
SERS function.

Figure 2. (a) TEM image of functional GQDs, (b�d) SEM
images of assembled nanotube arrays of GQDs with differ-
ent magnifications after releasing from AAO template, and
(e, f) TEM images of individual GQD nanotube and its wall.
(d) Deliberately broken GQD-NTs to show the hollow struc-
ture. Scale bars in (b) to (d) are 1 μm.
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composed of uniformly sized dots (Figure 2f) in accor-
dance with the initial GQDs (Figure 2a).13 Although it is
not accurate to determine the pore size by TEM, we can
still find some gaps of ca. 1 nm among the assembled
GQDs (Figure 2f), showing the porous structure of the
tube walls.
GQDs andGQD-NTs present a similar XRD peak at ca.

25�, consistent with previous report (Figure 3a).13

Raman spectra of GQD-NTs show the typical carbon-
related bands located at ca. 1300 cm�1 (D band) and
1600 cm�1 (G band) (Figure 3b), similar to those of the
initial GQDs upon the excitation with a 633 nm laser,
which is also the case for using a 514-nm laser as the
excitation source (Figure S2). These results indicate the
electrodeposition process has negligible influence on
the intrinsic crystallinity of GQDs and carbon�carbon
conjugated backbones of GQDs.
X-ray photoelectron spectroscopy (XPS) was used to

investigate the change of GQD components during
the electrodeposition process (Figure 4). It is shown
that the electrodeposition�formed GQD�NTs have a
much less O percentage comparedwith that of original
GQD precursor (Figure 4a). The O/C atomic ratio for

GQDs is 26.4%, while only 11.6% O/C atomic ratio was
observed for GQD-NTs, suggesting that the oxyge-
nated groups of GQDs (e.g., hydroxyl and carboxyl
groups) were significantly removed during the electro-
deposition process. Accordingly, the peaks related to
C�C bonds (284.6 eV) became predominant while the
additional peaks of C�O (286.6 eV), CdO (288.3 eV),
and COOH (289 eV) were greatly reduced (Figure 4b
and c). The loss of O-related groups of GQDsmakes the
GQD-NTs insoluble in aqueous medium.
XPS analysis results described above are consistent

with those of FT�IR spectra. As shown in Figure 5, the
hydroxyl (ca. 3300�3600 cm�1) and carbonyl groups
(ca. 1725 cm�1) related to the carboxyl groups of GQDs
are drastically reduced for GQD-NTs, accompanied
with the appearance of saturated C�H groups (ca.
2800�3000 cm�1). The abundant hydrogen atoms
terminated on the surface of GQDs within nanotubes
could play a critical role in promoting efficient charge
transfer and enable the SERS effect.40 The electrode-
position process for forming GQD-NTs at a relatively
high voltage of 6 V has effectively inspired the deox-
ygenization of functional groups along GQDs. This
phenomenon is consistent with the observed oxida-
tion of O-rich graphenes such as graphene oxide
(GO), where GO is easily oxidized by metal salts with
high oxidation potentials.46,47 The electrons could be

Figure 3. XRD profile (a) and Raman spectra under 632.8 nm laser (b) of GQDs and GQD-NTs.

Figure 4. Overall XPS analysis of original GQDs and electro-
position-formedGQD-NTs (a) andhigh resolutionC1s peaks
for GQDs (b) and GQD-NTs (c).

Figure 5. FT-IR spectra of functional GQDs and as-prepared
GQD-NTs.
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transferred out from GO sheets, resulting in the oxida-
tion of GO and reducing its O content because of the
release of CO2. In current case, the O-rich GQDs are
applied with a positive voltage of 6 V during electro-
deposition, which is sufficiently high to oxidize the
GQDs through the similar electron transfer process.
As a result, a much decreased O content was observed
for electrodeposition-formed GQD-NTs.
The aligned structure of GQD-NTs (Figure 6a) allows

us to investigate the electronic characteristics along
the length direction of nanotubes. The current�
voltage (I�V) response was measured on the basis of
the setup in Figure 6b (inset). A Pt-coated conducting
AFM tip is placed onto the GQD�NT arrays with an
applied voltage between it and the bottom gold
substrate (Figure 6b, inset). The nonlinear I�V curves
(Figure 6b) reveals the semiconductive behavior of the
as-produced GQD�NT arrays, which is probably asso-
ciated with the intrinsic semiconducting characteristic
of the constituent quantum-sized graphene dots. The
packed GQDs along nanotubes ensure the effective
electron transport through the nanotube length. Mea-
surements based on different contact points of GQD-
NT tips exhibit the similar nonlinear I�V response to
that in Figure 6b, showing the overall semimetal con-
ductive behavior.
To explore the potential of GQD-NTs for SERS appli-

cations, we take the widely used Rhodamine 6G (R6G)
as one of the model molecules. For comparison, the
initial GQDs were also studied by drop-casting on the
same substrate. Similar to the sample preparation for
Raman investigation on grahpene sheets,43 R6G mol-
ecules were adsorbed on GQD�NTs or GQD films by
simply soaking the Si substrate supported samples in
the aqueous solution of the target molecules with a
certain concentration. Raman spectra were measured
under ambient condition using a Renishaw microRa-
man spectroscope with a 632.8 nm He�Ne laser. As
expected, highly enhanced Raman peaks with good
signal-to-noise ratio are observed for R6G adsorbed on
GQD�NTs (Figure 7a). Their vibrational frequencies are
similar to those on graphene43 and match well with
those on metal-based SERS substrate reported pre-
viously (Table S1).48�51 In contrast, no obvious Raman
peaks of R6G is observed on either GQD film or Si
substrate under the same conditions (Figure 7a). The

Raman peaks of R6G on GQD film, if any, are probably
covered by the D band and G band of GQDs. These
results show the unique effect of GQD assembled
nanotubes for SERS. To estimate the Raman enhance-
ment effect, we took the intensity of Raman signals of
drop-casting R6G on the Si substrate as the normal-
ization reference43 (Figure S3). An overall 40- to 74-fold
enhancement was observed on the basis of the differ-
ent Raman peaks (Table S2), which is much higher than
that of 2 to 17-fold enhancement on graphene film.43

The SERS signal of R6G on GQD�NTs decreases with
the decrease of R6G concentration, and the limit of
detection was measured to be around 10�9 M at the
level of single-to-noise (S/N) = 3 (Figure 7b). The Raman
enhancement onGQD-NTs has also been confirmed by
using a different substrate (Figure S4) or a 514.5-nm
laser (Figure S5).
The large enhancement observed above suggests

that these GQD-NTs can indeed serve as robust sub-
strates for SERS.We further investigate the capability of
GQD-NTs for the detection of 2,4-dinitrotoluene (2,4-
DNT), the most commonly used nitroaromatic com-
pound for buried landmines and other explosives.52,53

Figure 8 shows a clear Raman spectrum with well-
separated peaks of 2,4-DNT absorbed on the
GQD�NTs. The vibrational frequencies at 1134, 1153,
1204, 1348, 1355, 1528, 1544, and 1610 cm�1 are con-
sistent with the SERS results reported previously on Au
and Ag substrates.53,54 In contrast, Raman signals of
2,4-DNT on GQD film was seven times weaker in peak
intensity than that on GQD-NTs and was absent of any
legible fingerprint bands. Similarly, no obvious peak

Figure 6. AFM image of GQD-NT arrays on gold film (a) and
the typical I�V response based on the inset�shown setup
(b). The contact area is estimated to be ca. 1.45 μm2.

Figure 7. (a) 632.8 nm excited Raman spectra of 4� 10�6 M
R6G drop-cast on Si wafer, adsorbed on Si wafer supported
GQDs (GQDs/Si) or GQD-NTs (GQD-NTs/Si). (b) 623.8 nm
excited Raman spectra of R6G with different concentrations
adsorbed on GQD-NTs/Si. The concentrations of R6G from
bottom to up are 8 � 10�11, 8 � 10�9, 8 � 10�7, 4 � 10�6,
and 4 � 10�5 M, respectively.

A
RTIC

LE



CHENG ET AL . VOL. 6 ’ NO. 3 ’ 2237–2244 ’ 2012

www.acsnano.org

2241

was observed on Si surface (Figure 8). A 59-fold Raman
enhancement of GQD-NTs was obtained by compar-
ison of the Raman intensity for the NO2 stretching
mode at 1348 cm�1 with that on the Si reference
(Figure S6), which is consistent with the estimated
enhancement from the model molecule of R6G men-
tioned above. These results not only further demon-
strate the superior Raman enhancement on GQD�NT
substrate, but also exhibit the general feature of GQD-
NTs for SERS application.
Normally, the electromagnetic mechanism (EM) and

chemical mechanism (CM) are widely accepted to
explain the SERS effect.55 The EM is based on the
surface plasmon resonance excited by the incident
light on the rough surface of a metal.56�58 In contrast,
CM is based on a charge transfer between target
molecules and the substrate.38,59�62 The previous
investigations have demonstrated that the efficient
charge transfer plays a critical role in activate the SERS
effect for group IV materials such as carbon-based
graphene,43 Si and Ge substrates.40 As tiny sized
graphene sheets, GQDs could intrinsically have SERS
effect based on CM. CM involves the close contact of
target molecules with substrates, which favors the
charge transfer between them and accordingly in-
creases the Raman scattering.43,55 Because the target
moleculeswere directly adsorbed on theGQD surfaces,
effective charge transfer could occur between them,
which is supported by the observed charge transfer
between graphene and the molecules.43,63�67 In fact,
the charge transfer between GQDs and organic mol-
ecules has been utilized to fabricate new-type polymer
photovoltaic cells.13 On the other hand, the chemical
enhancement mechanism usually presents the
vibration-dependent Raman enhancement,40,43 which
is indeed the case for GQD-NT substrate as shown in
Table S2. Therefore, the SERS effect of GQDs could be
provisionally attributed to the CM.
It is observed that the SERS effect on GQD-NTs is

much stronger than that on GQD film (Figures 7c and
8). This difference is directly associated with the sur-
face nature of GQDs and electrodeposited GQD-NTs
since the charge transfer is strongly dependent on the

surface chemistry40 and interface interaction.68�71 As
revealed in Figures 4 and 5, the XPS and FT-IR analyses
clearly indicate that the electrodeposition-formed
GQD-NTs have much less O-related groups on GQDs
(e.g., hydroxyl and carboxyl groups) than those of the
initial GQDs. Controlled experiments show that the
O-absent GQDs from electrodeposited GQD-NTs have
clear Raman enhancement effect compared with
the initial O-rich GQDs (Figure S7). On the other hand,
the abundant hydrogen atoms terminated on the sur-
face of GQDs could also have the potential to promote
efficient charge transfer for SERS effect.40 Considering
that the SERS effect on the graphene sheet without
much O functional groups is strong,43 while it is almost
absent on graphene oxides (Figure S8), we could
provisionally conclude that the graphene dots in elec-
trodeposition-formed GQD-NTs are more active
for SERS effect like graphene does,43 and the O-rich
GQDs are having a tendency of impairing Raman
enhancement.
We can also find that the organized GQDs within

nanotube arrays provide a well-proportioned hierarch-
ical nanoporous structure with fine rough surfaces.
The porous walls plus the hollow nanostructure of
GQD�NTs (Figure 2) guarantee the large surface areas
for adsorption of molecules and thus effective charge
transfer, and the subtle rough surfaces of nantoubes
may favor the capture of the incident light for SERS. As
a consequence, assembled nanotubes present intense
SERS effect, while much weaker Raman signals are
observed on drop-casting GQD film. This phenomenon
may also imply the strongmorphologic dependence of
Raman spectra on GQDs, apart from the difference of
surface chemistry. AFM investigation reveals the drop-
casting GQD film has an irregular surface consisting
of aggregated GQDs with a relatively large size of
ca. 100�200 nm caused by the wet-to-dry process
(Figure 9a). In this case, the adsorbed molecules have
difficulty in forming a uniform molecule layer covering
the surfaces of loosely packed GQD ensembles. In
contrast, the GQD�NTs electrodeposited within AAO
nanochannels remain the array structure (Figure 9b)
and GQDs with a size of less than 5 nm are regularly
confined in the nanotubes (Figure 2), which meet the
requirement of a relatively ordered arrangement of
the uniform nanoparticles for SERS.28 On the basis of

Figure 8. 632.8 nm excited Raman spectra of 2 � 10�2 M
2,4�DNT drop-casting on Si wafer, adsorbed on GQDs/Si or
GQD�NTs/Si.

Figure 9. AFM images of the drop-casting GQD film (a) and
GQD-NTs on Si wafer (b).
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the unique 0D GQDs assembled 1D nanotube struc-
ture, the solution of target molecules could sponta-
neously infiltrate into the hollow tubular structure in
virtue of the capillarity. As a result, target molecules
could be uniformly enriched along nanotube length.
Under laser irradiation, each of the GQDs could play a
role in exciting the Raman scattering and producing a
strong collective Raman signals.
To further reveal the morphological effect of GQD

ensembles on SERS, we have prepared GQD micro-
bowls (Figure 10, inset) with a much low aspect ratio
of ca. 0.5 distinct from that of GQD-NTs (ca. 25) for
comparison. The GQD microbowls were prepared
by using the microspheres as electrodeposition

template at the same condition to that for GQD-NT
fabrication (Figure S9). As shown in Figure 10,
the Raman signal of R6G on GQD microbowls,
although better than that on drop-casting GQD film
(Figure 7a), was largely minified in comparison with
that on GQD-NTs. The more efficient capture of R6G
molecules on GQD-NTs than GQD microbowls must
play the important role in enhancing the charge
transfer between target molecules and graphene dots,
which is responsible for achieving the much stronger
Raman signals.

CONCLUSION

In summary, GQD-NT arrays rationally assembled
from functional GQDs in a geometrically well-defined
fashion has been demonstrated to have remarkable
Raman enhancement. Hierarchically porous 1D nano-
tube structure of 0D GQDs has been prepared by
electrophoresis deposition within a nanoporous AAO
template. The electrodeposited GQD-NTs have much
less O-related groups than those of the initial GQDs,
and the abundant hydrogen atoms are terminated on
the surface of GQDs with GQD-NTs. Plus the unique
porous nanotube architecture of GQDs, the GQD-NTs
could ensure the more efficient charge transfer be-
tween target molecules and GQDs than that occurred
on the flat graphene sheets, which thus produces the
stronger SERS effect. The observed highly enhanced
Raman signals on the 1D nanotubes of 0D GQDs
provide a new angle of view for designing/fabricating
SERS substrates.

EXPERIMENTAL SECTION
Preparation of GQD-NTs. GQD-NT arrays were prepared via a

template-assisted process (Figure S1). Functional GQDs are
obtained by electrochemical oxidation of graphenes according
to our previous report.13 The as-prepared GQDs with a size of
3�5 nm (Figure 2a) are rich of negatively charged carboxyl
groups and can be well dispersed in water for direct electro-
phoresis deposition. Au foil supported anodic aluminum oxide
membrane (AAO, Whatman, 200 nm) acted as the working
electrode. Pt plate was used as counter electrodes. Under an
applied positive potential of 6 V for 5 h, the functional GQDs
were spontaneously deposited into the nanochannels of AAO
membrane to form nanotube arrays although the gas bubbles
were produced due to the water decomposition under the
relatively high voltage. The as-prepared GQD-NTswere released
by 1 M NaOH treatment for several hours.

Raman Study. Similar to the procedure of preparing the
samples for Raman investigation on grahpene sheets,43 R6G
molecules were adsorbed on GQD-NTs or GQD films by simply
soaking the Si substrate supported samples in the aqueous
solution of the target molecules with a certain concentration.
The soaking time is 2 h and the free molecules are washed with
the corresponding solvent and then dried under flowingN2. 2,4-
DNT molecules were adsorbed on GQD-NTs or GQD films using
the same procedurewith a 2� 10�2Mmethanol solution of 2,4-
DNT. One droplet of the corresponding R6G or 2,4-DNT solution
was also dropped on Si substrate and used as references for
Raman characterization after drying. Raman spectra were

measured under ambient condition using a Renishaw microRa-
man spectroscopy system with a 514.5-nm argon-ion laser or a
632.8-nm He�Ne laser. The laser beam was focused by a 50 �
(NA = 0.75) objective lens resulting in a spot size of around
2�5 μm in diameter. The laser power on samples was 0.47 mW
for both 514.5 and 632.8 nm lasers. The acquisition timewas 30 s
for collecting each spectrum.

Characterizations. The morphology of the samples was exam-
ined by scanning (SEM, JSM-7500F) and transmission (TEM, JEM-
2010) electron microscopes. Atomic force microscopic (AFM)
images were taken using a Veeco D3100 atomic force micro-
scope. Fourier transform infrared (FT-IR) spectra were recorded
on a Bruker spectrometer (Equinox 55/S) using KBr pellets. X-ray
photoelectron spectroscopy (XPS) data were obtained with an
ESCALab220i-XL electron spectrometer from VG Scientific using
300W AlKR radiation. The base pressure was about 3 � 10�9

mbar. The binding energies were referenced to the C 1s line
at 284.8 eV from adventitious carbon. Curve fitting of the C 1s
spectra was performed using a Gaussian�Lorentzian peak
shape.
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Figure 10. 632.8 nm excited Raman spectra of 4 � 10�6 M
R6G adsorbed on GQD-microbowls/Si (a), and GQD-NTs/Si
(b), respectively. The inset SEM image shows the as-
prepared GQD microbowls with a diameter of 500 nm
and a height of ca. 250 nm.
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