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G
raphene, a new two-dimensional
(2D) structure consists of sp2-
hybridized carbon, is considered

as a basic building block for graphitic mate-
rials of all other dimensionalities. As a “ris-
ing star” material, it has attracted consider-
able attention from both the experimental
and theoretical scientific communities ow-
ing to its unique nanostructure and a vari-
ety of fascinating thermal, mechanical, and
electrical properties.1,2 This unique nano-
structure also holds great promise for po-
tential applications in many technological
fields such as nanoelectronics,3�6 nano-
photonics,7 nanocomposites,8,9 sensors,10,11

catalysis,12 batteries,13 and supercapaci-
tors14 because of its high surface areas (cal-
culated value, 2630 m2/g), potential low
cost, and high conductivity. At present,
graphene nanosheets (GNs) can mainly be
prepared by three different techniques: (i)
micromechanical cleavage, producing GNs
in a very limited quantity, (ii) epitaxial
growth of GN films on substrate, and (iii)
chemical processing, involving graphite oxi-
dation or ultrasonic or thermal exfoliation
into graphene oxide (GO) and followed by
the chemical reduction of GO. Among them,
the wet-chemistry approach is the most
suitable for the large scale production of
GNs.15,16 However, high-quality GNs with
high hydrophobic property, unless well
separated from each other, generally tend
to form irreversible agglomerates or even
restack to form graphite through strong
��� stacking interaction under certain
strict conditions.17 This problem has been

initially resolved through large-scale pro-
duction of GNs in the presence of a broad
variety of protective reagents, including oc-
tadecylamine,18 silicone,19 polystyrene,20

poly(sodium 4-styrenesulfonate),21 1-octyl-
3-methylimidazolium,22 DNA,23 large aro-
matic molecules,24 and didodecyldimethyl-
ammonium bromide,25 etc. However, in
most cases, the presence of dispersing
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ABSTRACT Cyclodextrins (CDs) are oligosaccharides composed of six, seven, or eight glucose units (�-, �-, or �-CD,

respectively), which are toroidal in shape with a hydrophobic inner cavity and a hydrophilic exterior. These interesting

characteristics can enable them to bind selectively various organic, inorganic and biological guest molecules into their

cavities to form stable host�guest inclusion complexes or nanostructured supramolecular assemblies in their

hydrophobic cavity. On the other hand graphene nanosheet (GN), a rising-star material, holds great promise for potential

applications in many technological fields due to its high surface areas, low cost, and high conductivity. If GNs are modified

with CDs, it is possible to obtain new materials simultaneously possessing unique properties of GNs and cyclodextrins

through combining their individual obvious advantages. In this article, we demonstrate for the first time a simple wet-

chemical strategy for the preparation of CD�graphene organic�inorganic hybrid nanosheets (CD�GNs), which

exhibited high solubility and stability in polar solvent. The obtained CD�GNs were characterized by UV�vis spectroscopy,

static contact angle measurement, thermogravimetric analysis, X-ray photoelectron spectroscopy, Fourier transform

infrared spectroscopy, Raman spectroscopy, atomic force microscopy, transmission electron microscopy, and

electrochemical impedance spectroscopy, which confirmed that CD had been effectively functionalized on the surface of

GNs. Furthermore, the formation mechanism of CD�GNs was also discussed. Interestingly, GNs here could load a number

of CD molecules, which was very important for greatly enhancing the supramolecular function of CDs. Electrochemical

results obviously reveal that CD�graphene organic�inorganic hybrid nanosheets could exhibit very high supramolecular

recognition and enrichment capability and show much higher electrochemical response toward eight probe molecules

(biomolecules and drugs) than unmodified GNs and carbon nanotubes, which is probably caused by the synergetic effects

from GNs (high conductivity and high surface area) and CD molecules (host�guest recognition and enrichment).

KEYWORDS: graphene · cyclodextrin · supramolecular · electrochemical
device · electrocatalysis
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agents in graphene composite may be undesirable for
many technological applications, which usually lead to
poor performance.26 Therefore, designing or introduc-
ing a new functional molecules for effectively dispers-
ing GNs and meanwhile bringing in new or enhanced
functions is highly desirable and technologically
important.

CDs are oligosaccharides composed of six, seven, or
eight glucose units (�, �, or �-CD, respectively), which
are toroidal in shape with a hydrophobic inner cavity
and a hydrophilic exterior. The interesting characteris-
tics can enable them to bind selectively various organic,
inorganic, and biological guest molecules into their
cavities to form stable host�guest inclusion complexes
or nanostructured supramolecular assemblies in their
hydrophobic cavity, showing high molecular selectivity
and enantioselectivity.27�29 Particularly, the selective as-
sociation of target molecules to the hydrophobic cavi-
ties of CDs (The binding constants of target molecules
with �-CD are generally strong and more than 103) has
been used to develop different sensors and separation
matrices based on the strong recognition and enrich-
ment functions of CDs.27�29 And also, CDs are environ-
mentally friendly, water-soluble, and can improve the
solubility and stability of functional materials. If GNs are
modified with CDs, it is possible to obtain new materi-
als simultaneously possessing the unique properties of
GNs (large surface area and high conductivity) and CDs
(high supramolecular recognition and enrichment ca-
pability) through combining their individual character-
istics, which will provide good opportunities for appli-
cations in the fields of sensors, electrocatalysis,
luminescence, and electronics, etc.30

In this article, we demonstrate for the first time the
use of CD in the preparation of stable (exceed 6
months) aqueous suspension of GNs with concentra-
tions over 2.5 mg/mL via a simple wet-chemical strat-
egy. UV�vis spectroscopy, static contact angle mea-
surement, thermogravimetric analysis (TGA), X-ray
photo-electron spectroscopy (XPS), Fourier transform
infrared (FTIR), Raman spectroscopy, atomic force
microscopy (AFM), transmission electron microscopy
(TEM), and electrochemical impedance spectroscopy
(EIS) were used to characterize the structure and com-
position of CD�graphene organic�inorganic hybrid
nanosheets. TGA data reveal that GNs here could load
a number of CD molecules (carbon nanotubes can only
load a small fraction of CD molecules), which was very
important for greatly enhancing the supramolecular
function of CD�GNs due to the presence of many CD
molecules on the surface of the GNs. Specially, the re-
sults from electrochemistry obviously reveal that
CD�graphene hybrid nanosheets could exhibit very
high supramolecular recognition and enrichment capa-
bility and show much higher electrochemical perfor-
mance toward eight probe molecules (biomolecules
and drugs) than unmodified GNs and carbon nanotubes

(CNTs), which is probably caused by the synergetic ef-
fects from GNs (high conductivity and high surface area)
and CDs (host�guest recognition and enrichment).

RESULTS AND DISCUSSION
Generally, GO can form a stable dispersion in water

because of its high oxygen-containing groups. How-
ever, if the oxygen functionality was removed by chemi-
cal reduction to yield graphene, GNs would immedi-
ately lose their water dispersibility, then aggregate, and
eventually precipitate due to the prominent interlayer
��� conjugate interaction of GNs.2 To overcome this,
we judiciously introduced CD molecules into GO before
it was fully reduced, and the resulted GNs remain
soluble in water and do not aggregate for a long time.
Scheme 1 shows the procedure for preparing CD-
graphene organic�inorganic hybrid nanosheets and
GNs, and sensing the guest molecules by an electro-
chemical strategy. In a typical synthesis of a CD�GN hy-
brid nanosheet, the homogeneous GO dispersion was
mixed with CD aqueous solution, ammonia, and hydra-
zine solution. After being stirred for a few minutes and
kept at 60 °C water bath for more than 3.5 h, the stable
black dispersion of CD�GNs was obtained (Figure 1B,
label b).

UV�vis spectroscopy was used to monitor the reac-
tion process for the formation of very stable �-CD�GNs
dispersion (Note that here �-CD was employed as a
model in the following characteristic and electrochemi-
cal experiments except for the specified statement). As
shown in Figure 1A, the GO dispersion displays an maxi-
mum absorption at 231 nm which is due to the ���*
transition of aromatic CAC bonds and a shoulder at
�290�300 nm which corresponds to the n��* transi-
tion of the CAO bond.31 With the increase of the reac-
tion time, the colors of the dispersion change from pale-
yellow (Figure 1B, label a) to dark-brown, and finally
black (Figure 1B, label b). The absorption peak of the
GO dispersion at 231 nm gradually shifts to 264 nm, and
the absorbance in the whole spectral region increases,
suggesting that the electronic conjugation within the
GNs is restored upon the reduction by hydrazine.32 Little
increase in absorbance is found after 3.5 h, indicating
the completion of reduction reaction within that period.
Particularly, the dispersion is stable and no obvious pre-
cipitates are observed after being stored for more than
6 months (Figure 1B, label b). �,�-CD molecules were
also used as protecting agents for preparing stable
CD�GNs suspension, and their corresponding results
are shown in Supporting Information, Figure S1. It is
found that �,�-CD�GNs still exhibited excellent stabil-
ity even after being stored for more than 6 months. In
contrast, the reduction of GO dispersion without any
stabilizer led to the precipitation of GNs after being
stored for less than 2 weeks (Figure 1B, label c), due to
their irreversible aggregation. The static contact angle
measurements were performed to investigate the hy-
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drophilic/hydrophobic features of GNs and CD�GNs. It

is noted that the unmodified GNs have a relatively hy-

drophobic interface with a contact angle of about 81.2°

(Figure 1C). Whereas the interface of CD�GNs is much

more hydrophilic with a contact angle of 38.3° (Figure

1D). These results indicate that the reduced GNs were

protected by CD molecules. TGA was further used to de-

termine the amount of CD molecules on the surface of

GNs. Figure 2A displays the weight losses of CDs (curve

a) and CD�GNs (curve b). It is found that the weight-

loss region (about 280 °C) could be attributed to the de-

composition of CDs. The significant weight reduction

in the high-temperature region (about 590 °C) was due

to the decomposition of GNs. Thus, the amount of CD

molecules was determined to be 38.2 wt % (about one

CD per 152 carbon atoms), indicating that a number of

CD molecules could be adsorbed on the surface of GNs.

This is an amazing result because GNs loading so many

CD molecules will have a good opportunity to develop

the supramolecular recognition and enrichment ability

Scheme 1. Illustration of the procedure for preparing CD�graphene organic�inorganic hybrid nanosheets and GNs, and
sensing the guest molecules by an electrochemical strategy.

Figure 1. (A) UV�vis absorption spectra of GO dispersions during the reaction period (4 h). (B) Photographs of GO (a),
CD�GNs (b), and GNs (c) dispersions in water; CD�GNs dispersion in alcohol (d), DMF (e), and DMSO (f). (C, D) The shape
of a water droplet on the surface of GNs (C) and CD�GNs (D). (E) FT-IR spectra of GNs (a), CD (b), and CD�GNs (c).
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of CDs (the following electrochemical data will reveal
this point). As a comparison, the TGA of CNTs (curve a)
and CD-CNTs (curve b) has also been investigated, as
shown in Figure 2B. It is found that COOH-
functionalized CNTs can only load a small fraction of
CD molecules (about 9.5 wt %). FT-IR spectra of CD,
CD�GNs, and unmodified GNs are shown in Figure 1E.
It is found that the FT-IR spectrum of GNs (curve a) is es-
sentially featureless except the CAC conjugation (1550
cm�1) and C�C band (1190 cm�1), etc. Whereas the
FT-IR spectrum of CD�GNs (curve c) exhibits typical
CD absorption features (curve b) of the ring vibrations
at 578, 708, 756, and 943 cm�1, the coupled C�O�C
stretching/O�H bending vibrations at 1156 cm�1, the
coupled C�O/C�C stretching/O�H bending vibrations
at 1030 and 1079 cm�1, CH2 stretching vibrations at
2925 cm�1, C�H/O�H bending vibrations at 1416
cm�1, and O�H stretching vibrations at 3429 cm�1.
This clearly confirms that CD molecules are attached to
the surface of GNs. According to the previous
report,33�37 multiple hydrogen bondings could be
strong enough to construct a complex structure. For in-
stance, hydrogen bonding could be used as a driving
force to construct layer-by-layer (LBL) assembling
film.33�37 Furthermore, from the understanding of the
molecular level, the O�H stretching vibration peak
could exhibit typical red-shift when hydrogen bonding
is formed.33 Note that the O�H stretching vibration
peak at 3429 cm�1 for CD�GNs (bonded OH mode) ex-
hibits typical large red-shift relative to free OH mode
(located at about 3700 cm�1),33 indicating that there ex-
ists a strong hydrogen bond between CD molecules
and some oxygen-containing groups of GNs.33 To fur-
ther clarify the interaction mechanism between CD and
GNs, we employed some sugars (glucose, fructose, and
sucrose), which have similar structures with CDs (all of
them contain some �OH groups), as protecting agents
for synthesizing GNs. It is found that the GNs pro-
tected by sugar still exhibited high solubility and stabil-
ity, as shown in Supporting Information, Figure S2. Con-
sidering the molecular structure of GN and CDs, there
only possibly exist two molecular interactions: hydro-

phobic and hydrogen-bonding interactions. Owing to
the hydrophobic cavity of CD molecules located inside
and GNs themselves being of micrometer size, the hy-
drophobic interaction between CD and GNs is impos-
sible. Since CD and GNs (derived from GO) contain mul-
tiple OH groups, the formation of strong hydrogen
bondings between them is strongly supported, which
is in accordance with the above experimental facts and
IR data. On the basis of these facts, the mechanism for
specific adsorption of CDs on GNs was considered as
follow: Generally, GOs have many oxygen-containing
groups, particularly an �OH group.32 When CDs were
added into GO solution, they would be adsorbed on the
surface of GO because of the strong hydrogen bond-
ings between them (the corresponding solution exhib-
ited very high stability, data not shown). Then, the
strong reducing agent (hydrazine) consisting mostly of
oxygen-containing groups would be reduced to pro-
duce the GNs. The remaining oxygen-containing
groups, particularly the �OH group (generally, the
GNs produced via the chemical reduction method have
some oxygen-containing groups2,32), had to continue
to form the strong hydrogen bonding with the CDs,
possessing a number of �OH groups on both conical
faces for stabilizing the GNs. Thus, the CD molecules
were covered on the surface of GNs and could prevent
their coalescence and aggregation. However, the de-
tailed interaction mechanism between GN and CDs is
not very clear at present and needs further study. Fur-
thermore, CD�GNs could disperse well into other or-
ganic solvents such as ethanol, dimethylformamide
(DMF), and dimethylsulfoxide (DMSO) (Figure 1B, label
d�f). This may extend the use of the new material.

To further illustrate the formation of GNs, XPS was
performed to characterize the removal of the oxygen
groups. Figure 3A shows the C1s deconvolution spec-
trum of GO, revealing the presence of four types of car-
bon bonds: C�C (284.6 eV), C�O (286.7 eV), CAO
(287.8 eV), and O�CAO (288.7 eV).38,39 After GO was re-
duced to CD�GNs, the corresponding XPS spectrum
(Figure 3B) shows that the intensity of the peaks associ-
ated with C�C (284.6 eV) became predominant, while

Figure 2. (A) TGA of CD (curve a) and CD�GNs (curve b); (B) TGA of CNTs (curve a) and CD�CNTs (curve b).
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the intensities of all C1s peaks of the carbon binding
to oxygen, especially the peak of C�O (epoxy and
alkoxy), decreased dramatically, indicating that most of
the oxygen-containing functional groups were re-
moved after the reduction. Raman spectroscopy is one
of the most widely used techniques to characterize the
structural and electronic properties of graphene includ-
ing disorder and defect structures, defect density, and
doping levels. G band is usually assigned to the E2g

phonon of C sp2 atoms (usually observed at �1575
cm�1), while D band is a breathing mode of �-point
phonons of A1g symmetry (�1350 cm�1).40 Figure 3C
shows the Raman spectrum of pristine graphite (curve
a), GO (curve b), and CD�GNs (curve c). Raman spec-
trum of the pristine graphite displays a strong G band
at 1583 cm�1 and a very weak D band at 1352 cm�1,
whereas for the Raman spectroscopy of GO and
CD�GNs, the G band is broadened and shift upward
to more than 1595 cm�1, which was mainly caused by
stress. Note that the D band at 1352 cm�1 increases sub-
stantially, indicating the reduction in size of the in-
plane sp2 domains, possibly due to the extensive oxida-
tion and ultrasonic exfoliation. When GO was
chemically reduced to CD�GNs, the Raman spectrum
of CD�GNs also contained both G and D bands (at 1598
and 1352 cm�1, respectively), but exhibited a slightly in-
creased D/G intensity ratio relatively to that of GO.
This change may suggest a decrease in the average
size of the sp2 domains from CD�GNs and a partially or-
dered crystal structure of the CD�GNs, which can be
well explained by the creation of numerous new gra-
phitic domains in CD�GNs that are smaller in size than
the ones presented in GO.41,42

Figure 3D shows the AFM image of CD�GNs. A
number of flake-like nanostructures are obviously
found, revealing the feasibility of the present strategy.
The corresponding cross-sectional view, as shown in
Figure 3E, indicates that the average thickness of

CD�GNs was about 1�2 nm, which is a typical charac-

teristic of functional-molecule-protected single-layer

graphene.1 The greater thickness of CD�GNs than that

of GO could be attributed to the CD molecules grafted

onto both sides of GNs. TEM imaging (Figure 3F) and

electron diffraction (ED, Figure 3G) were further used

to characterize the CD�GNs. The TEM image of

CD�GNs illustrates the flake-like shapes of graphene.

Particularly, some distortions caused by the extreme

lack of thickness of the CD�GNs lead to a wrinkled to-

pology. The ED pattern of our CD�GNs is similar to

those of peeled-off GNs,41,42 suggesting a well-

crystallized graphene structure.

As is known, in electrochemical impedance spec-

trum, the semicircle portion observed at high frequen-

cies corresponds to the charge transfer limiting pro-

cess.41 The charge transfer resistance (Rct) can be

directly measured as the semicircle diameter. As we

can see from Figure 4, when GO was modified onto the

glassy carbon (GC) electrode, the semicircle dramati-

cally increases (curve c) relative to the bare GC elec-

Figure 3. The deconvolution of C1s spectra of GO (A) and CD�GNs (B). (C) Raman spectra of graphite (a), GO (b), and CD�GNs (c). (D)
AFM image of CD�GNs. (E) The cross section identified by the line in Figure 4D shows the height of CD�GNs. TEM (F) and ED (G) im-
ages of CD�GNs.

Figure 4. EIS plots of bare GC (curve a), CD�GNs/GC (curve
b), and GO/GC electrodes (curve c). EIS experiments were
conducted in 0.1 M KCl solution containing 2.5 mM
K3Fe(CN)6 and 2.5 mM K4Fe(CN)6. The inset (bottom-right
corner) shows the whole EIS plot of the GO/GC electrode.
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trode (curve a), suggesting that GO acted as an insulat-

ing layer which made the interfacial charge transfer

difficult. After CD�GNs were modified on the surface

of the GC electrode (curve b), the semicircle decreased

distinctively, indicating that CD�GNs could accelerate

the electron transfer between the electrochemical

probe [Fe(CN)6]3�/4� and the GC electrode, which is at-

tributed to the significantly improved electrical conduc-

tivity of CD�GNs films. In addition, as shown in Sup-

porting Information, Figure S3 (SEM image), CD�GNs

could form a homogeneous film when modified on a

GC electrode interface. These important characteristics

enable CD�GNs to be a good material for electro-

chemical sensing and biosensing. It should be noted

here that introducing a number of CDs onto the sur-

face of GNs cannot only improve the stability and dis-

persion of graphene, but also be expected to enhance

the sensitivity of detection for some important biomol-

ecules and drugs through the formation of supramolec-

ular complexes between CDs and the guest molecules.

To demonstrate this concept (Scheme 1), the electro-

chemical behaviors of five kinds of electroactive bio-

molecules [dopamine (DA), uric acid (UA), norepineph-

rine (NP), tyrosine (Tyr), and tryptophan (Trp)] and three

kinds of drugs [acetaminophen (APAP), rutin, and thior-

idazine], which can form inclusion complexes with

Figure 5. CVs of 50 �M DA (A), NP (B), Trp (C), Tyr (D), UA (E), APAP (F), rutin (G), and thioridazine (H) at GC electrode (curve
a), CNTs/GC (curve b), GNs/GC electrode (curve c), and CD�GNs/GC electrode (curve d) in 0.1 M phosphate buffer (pH 7.4).
Scan rate: 50 mV s�1.

A
RT

IC
LE

VOL. 4 ▪ NO. 7 ▪ GUO ET AL. www.acsnano.org4006



�-CD, were investigated. Figure 5 shows cyclic voltam-

mograms (CVs) of the above eight compounds at GC

(curve a), CNTs/GC (curve b), GNs/GC (curve c), and

CD�GNs/GC (curve d) electrodes. All the oxidation peak

currents of eight compounds are increased at CNTs/GC

and GNs/GC electrodes relative to the currents at the

bare GC electrode, indicating a favorable catalytic activ-

ity of GNs and CNTs toward the oxidation of the com-

pounds. While at the CD�GNs/GC electrode, all show a

remarkable increase in the peak currents relative to

that at the other three electrodes. This illustrates that

�-CD molecules on the surface of GNs with high su-

pramolecular recognition capability can form inclusion

complexes with all the investigated analytes. The inclu-

sion action can further enhance the accumulation ef-

fect of CD�GNs/GC electrode and accordingly increase

the concentration of analytes on the interface of the

modified electrode, which leads to pronounced peak

current increased. These phenomena suggest that the

CD�GNs not only show the excellent properties of GNs

but also exhibit the excellent supramolecular recogni-

tion capability of CDs. The greatly enhanced electro-

chemical reactivity of the above compounds at the

CD�GNs/GC electrode relative to the reactivity of those

at the other three electrodes makes the CD�GNs/GC

electrode a better choice for the electrochemical sens-

ing of the above compounds at physiological pH.

As introduced above, the enrichment effect of CDs

is very important for obviously improving the electro-

chemical performance for target molecules. However, it

is hard for CDs themselves to complete the task be-

cause CDs are easily detached from the surface of an

electrode when they are modified on the electrode, and

particularly CDs themselves have poor conductivity.

Therefore, a CD-modified interface will not have a good

opportunity to develop a high supramolecular recogni-

tion and enrichment ability toward target molecules.

CNT�CD hybrids can effectively enhance the conduc-

tivity of CD molecules. However, CNTs themselves (even

CNTs with as many COOH groups as possible) could

only immobilize a few CD molecules (determined from

the above TGA data). Thus, the CNT�CD hybrids will

not well embody the recognition and enrichment func-

tions of CDs. But, we found that GNs derived from GO

could load a number of CD molecules (up to 38.2 wt %).

This is an amazing result, which could be understood

from the following. (a) A number of CDs supported on

the surface of GNs can develop their supramolecular

recognition and enrichment functions more effectively,

exhibiting much higher electrochemical performance

than individual GN and CNT (shown in Figure 5). (b) GNs

as a support can enhance the electron transfer from tar-

get molecules (enriched into CDs, the binding con-

stants of target molecules with �-CD are generally more

than 103) to electrode in addition to their providing

high surface area for loading CDs. (c) GN�CDs hybrids

exhibited high stability and solubility in water. When

they were modified on the electrode, GN�CDs could

form a homogeneous film (shown in Supporting Infor-

mation, Figure S3), which facilitated the construction of

reproducible electrochemical sensors with high-

sensitivity.

Figure 6. (A) The differential pulse voltammetric (DPV) response for the different concentrations of DA at CD�GNs/GC elec-
trode in 0.1 M phosphate buffer (pH 7.4): pulse period, 0.2 s; amplitude, 50 mV. (B) The calibration curve of DA. (C) DPV re-
sponse for the different concentrations of APAP at CD�GNs/GC electrode in 0.1 M phosphate buffer (pH 7.4): pulse period,
0.2 s; amplitude, 50 mV. (D) The calibration curve of APAP.
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To demonstrate the sensing performance of

CD�GNs toward certain substances, two model mol-

ecules (DA, a neurotransmitter that affects the brain

processes that control movement, emotional response,

and the capacity to feel pleasure and pain; APAP, being

one of the most extensively employed drugs in the

world, is a noncarcinogenic drug and an effective sub-

stitute for aspirin) were chosen as a representative ana-

lyte of biomolecules and drugs, respectively. Figure 6

panels A and B illustrate the differential pulse voltam-

metric (DPV) response for different concentrations of

DA (Figure 6A) and APAP (Figure 6B), respectively. The

current response for the oxidation (ipa) process is di-

rectly proportional to the analyte concentration within

0.1�18 �M and 0.2�13 �M for DA and APAP, respec-

tively, and, the detection limits were 20 and 40 nM for

DA and APAP, respectively, which are more sensitive

than those of carbon nanotube (CNT)-�-CD modified

GC electrode (37 �M for DA)43 and polyaniline-CNT

composite electrode (0.25 �M for APAP), etc.44 Also,

the CD�GNs/GC electrode shows the high current den-

sities of 6.93, 6.51, 18.7, and 5.63 mA mM�1 L cm�2 for

DA, UA, APAP, and rutin, respectively, which is much

higher than those of recent state-of-art nanomaterials,

such as chemically reduced graphene oxide (about

0.278, 0.368, 0.377 mA mM�1 L cm�2 for DA, UA, and

APAP, respectively),45 CNTs/quercetin/Nafion compos-

ite film (about 0.122 mA mM�1 L cm�2 for DA),46 and

CD/CNTs composite film (about 0.063 mA mM�1 L cm�2

for rutin),47 etc. These comparison data further indicate
that the CD�GNs/GC electrode exhibits very high elec-
trochemical performance toward the target molecules.
Therefore, we think that this simple and reliable strat-
egy based on an electrochemical technique at the
CD�GNs/GC electrode could be probably applied to
the development of sensitive electrochemical sensors
to determine a wide variety of organic or inorganic elec-
troactive compounds.

CONCLUSIONS
A simple and fast method was successfully devel-

oped to obtain CD�graphene organic�inorganic hy-
brid nanosheets, which exhibit high solubility and sta-
bility in water, ethanol, DMF, and DMSO. Most
importantly, we verified that a few biological and drug
properties of interest (can form stable host�guest in-
clusion complexes with CDs) at the CD�GN/GC elec-
trode exhibited much higher electrochemical perfor-
mance than those of CNTs/GC, GNs/GC, and bare GC
electrodes, revealing that the CD�GNs not only show
the good electrical and large-surface-area properties of
GNs but also exhibit high supramolecular recognition
and enrichment properties of CDs. We believe the intro-
duction of a great number of CDs into graphene will
probably bring important applications in various fields
because of the tunable cavity size of different kinds of
CDs.

EXPERIMENTAL SECTION
Materials. Graphite was purchased from Alfa Aesar. �-CD, glu-

cose, fructose, sucrose, UA, DA, NP, Tyr, Trp, APAP, rutin, hydra-
zine solution (50 wt %), and ammonia solution (25�28 wt %)
were obtained from Beijing Chemical Reagent factory (Beijing,
China). �,�-CDs and thioridazine were obtained from Sigma. Car-
bon nanotubes (CNTs) (Shenzhen Nanotech Port Co., Ltd.) with
a diameter of 20�50 nm were obtained through the CVD
method and purified with 2.6 M HNO3 at 120 °C for 24 h. Then,
the purified CNTs were treated with a 1:3 v/v mixture of HNO3

(65%) and H2SO4 (98%) at room temperature for 8 h with con-
tinuous ultrasonication. The product was centrifuged, washed
with ethanol, and dried under vacuum at 60 °C overnight. The re-
sulting COOH-functionalized CNTs can be easily dissolved in wa-
ter. Other chemicals were of analytical grade and used without
further purification. Water used throughout all experiments was
purified with the Millipore system.

Apparatus. A XL30 ESEM scanning electron microscope was
used to determine the morphology of CD�GNs modified elec-
trode. TEM images were obtained with a TECNAI G2 high-
resolution transmission electron microscope operating at 200
kV. AFM image was taken by using a SPI3800N microscope (Seiko
Instruments Industry Co., Tokyo, Japan) (Seiko Instruments, Inc.)
operating in the tapping mode with standard silicon nitride tips.
Typically, the surface was scanned at 1 Hz with the resolution
of 256 lines/image. FTIR was recorded on a Bruker Vertex 70
spectrometer (2 cm�1). TGA was carried out by using a Perkin-
Elmer TGA-2 thermogravimetric analyzer at a heating rate of
10 °C min�1 under vacuum from 40 to 900 °C. XPS measure-
ment was performed on an ESCALAB-MKII 250 photoelectron
spectrometer (VG Co.) with Al K� X-ray radiation as the X-ray
source for excitation. The sample for XPS characterization was
dropped on a Cu substrate. UV�vis absorption spectra were re-

corded on a Cary 500 UV�vis�NIR spectrometer (Varian, U.S.A.).
Raman spectra were recorded with a Renishaw 2000 equipped
by an Ar	 ion laser giving the excitation line of 514.5 nm and an
air-cooling charge-coupled device (CCD) as the detector (Ren-
ishaw Co., U.K.). Contact angles were measured on a drop shape
analysis system G10/DSA10 contact angle system. Electrochemi-
cal measurements were carried out on CHI832B electrochemical
workstation (ChenHua Instruments Co., Shanghai, China). A
three-electrode system was used in the experiment with a bare
and the modified GC electrode (3 mm in diameter) as the work-
ing electrode, respectively. An Ag/AgCl electrode (saturated KCl)
and a Pt wire electrode were used as reference electrode and
counter-electrode, respectively. The electrochemical impedance
measurements were carried out with an Autolab/PG30 electro-
chemical analyzer system (ECO Chemie B. V. Netherlands) in a
grounded Faraday cage at ambient temperature. The interfacial
charge-transfer resistances for different modified surface were
determined by EIS in the frequency range between 0.1 Hz and
1 MHz with a perturbation signal of 5 mV.

Synthesis of CD�graphene Organic�inorganic Hybrid Nanosheets and
Pure Graphene. GO nanosheets were synthesized from natural
graphite by a modified Hummers’ method.48,49 A CD�graphene
hybrid nanosheet was prepared as follows: A 20.0 mL portion of
the homogeneous graphene oxide dispersion (0.5 mg/mL) was
mixed with 20.0 mL of 80 mg/mL �-, �-, or �-CD aqueous solu-
tion and 300.0 �L of ammonia solution, followed by the addition
of 20 �L of hydrazine solution. After being vigorously shaken or
stirred for a few minutes, the vial was put in a water bath (60 °C)
for 3.5 h. The stable black dispersion was obtained. The disper-
sion was filtered with a nylon membrane (0.22 �m) to obtain
CD�graphene organic�inorganic hybrid nanosheets that can
be redispersed readily in water (0.25 mg/mL) by ultrasonication.
Additionally, the preparation of pure graphene was similar with
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CD�graphene organic�inorganic hybrid nanosheets except
there was no addition of CD.

Synthesis of CDs/CNTs Nanocomposite. A 25 mg portion of COOH-
functionalized CNTs was dissolved in 50 mL of water, followed
by the addition of 200 mg of �-CD. Then, the mixture was stirred
for more than 12 h. After centrifugation for four times with wa-
ter, the product was dried under vacuum at 60 °C overnight.

Preparation of Graphene, CNT, and CD-Graphene Modified Electrode.
Prior to modification, the GC electrode was polished with 1, 0.3,
and 0.05 �m alumina slurry, rinsed thoroughly with doubly dis-
tilled water between each polishing step, then washed succes-
sively with 1:1 nitric acid, acetone, and doubly distilled water in
an ultrasonic bath and dried in air. The GNs/GC, CNTs/GC, and
CD�GNs/GC electrodes were obtained by casting 5 �L of 0.25
mg/mL GNs or CNTs or CD�GNs suspension on the surface of a
well-polished GC electrode and dried in air. Finally, the modified
electrodes were activated by several successive scans with a
scan rate of 50 mV/s in phosphate buffer solution (pH 7.4) until
a steady voltammogram was obtained.

Acknowledgment. This research was supported by the Na-
tional Natural Science Foundation of China (Nos. 20735003,
20890020, and 20820102037) and 973 Project (Nos.
2009CB930100 and 2010CB933600) and the China Postdoctoral
Science Foundation (No. 20090451143).

Supporting Information Available: Photographs of CD�GNs
dispersion in water; SEM images of CD�GNs modified GC elec-
trode at different magnifications. This material is available free of
charge via the Internet at http://pubs.acs.org.

REFERENCES AND NOTES
1. Rao, C. N. R.; Sood, A. K.; Subrahmanyam, K. S.; Govindaraj,

A. Graphene: The New Two-Dimensional Nanomaterial.
Angew. Chem., Int. Ed. 2009, 48, 7752–7777.

2. Xu, Y. X.; Bai, H.; Lu, G. W.; Li, C.; Shi, G. Q. Flexible
Graphene Films via the Filtration of Water-Soluble
Noncovalent Functionalized Graphene Sheets. J. Am.
Chem. Soc. 2008, 130, 5856–5857.

3. Li, X. L.; Wang, X. R.; Zhang, L.; Lee, S.; Dai, H. J. Chemically
Derived, Ultrasmooth Graphene Nanoribbon
Semiconductors. Science 2008, 319, 1229–1232.

4. Pang, S. P.; Tsao, H. N.; Feng, X. L.; Müllen, K. Patterned
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