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Abstract

The emergence of graphene (GR) has recently opened up
an exciting new field in the science and technology of two-
dimensional (2D) nanomaterials with continuously growing
academic and technological impetus. GR exhibits unique
electronic, optical, magnetic, thermal, and mechanical proper-
ties arising from its strictly 2D structure and, thus, has many
important technical applications. In the last 2 years, GR, as
novel sensing material has attracted tremendous attention and
research interest. To further improve electrochemical property,
large numbers of GR-based hybride materials have been well
designed, synthesized, and investigated for sensing applica-
tion. The hybridization can be an effective strategy to enhance
functionality of the materials, and the integration of nanomate-
rials on GR potentially paves a new way to enhance their elec-
tronic, chemical, and electrochemical properties. As a result,
the GR composites often offer better analytical characteristics
than GR materials alone. However, the immobilizations of
GR-based material and enzyme are important to enhance elec-
trochemical properties and use of the biosensor. Classical coat-
ing method results in poor stability due to loss of the enzyme/
antibody. To resolve the problem, we developed a green and
controllable strategy to fabricate well-dispersed GR-metal
nanocomposite modified functional conducting polymer film
containing carbonyl groups with electrochemical deposition.
Horseradish peroxidase was finally connected covalently to
the film with 1-ethyl-3-(3-dimethylaminepropyl) carbodiim-
ide (EDC)/N-hydroxysuccinimide (NHS) as activator. The as-
prepared GR/gold nanocomposite offers remarkable catalysis
performance to the redox of hydrogen peroxide on the elec-
trode surface. In this review, from the viewpoint of chemis-
try and materials, we will cover recent significant advances
in hybrids, design, and synthesis of GR-based film, as well
as immobilization of enzyme/antibody on the electrode, and
analytical application together with discussion on the major
challenges and opportunities for future GR research.
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Introduction

Graphene (GR), a two-dimensional (2D) carbon atom mono-
layer, has attracted increasing attention since its discovery in

2004, mainly due to unique electronic, mechanical, physi-
cal, and chemical properties (Miller et al. 2009). At present,
GR has been employed as blocks for new materials for many
applications, such as solar cell (Yin et al. 2010), lithium ion
battery (Lian et al. 2010), cell culture (Agarwal et al. 2010),
and sensing materials (Li et al. 2009b). Recently, the use of
GR for sensors received much attention (Pumera et al. 2010).
However, some investigations demonstrated that single, few,
and multilayer GR are not of significant advantages over
graphite microparticles in electroanalysis (Goh and Pumera
2010). This is due to Van der Waals and p-p stacking interac-
tions among individual GR sheets resulting in their tendency to
aggregate, which will partly reduce its electrochemical prop-
erties and result in poor analytical characteristics. By incorpo-
ration of nanoparticles into GR sheets, in addition to the good
distribution of nanoparticles, the aggregation problem of
GR nanosheets could be minimized or prevented. Therefore,
GR-metal nanocomposite has become a hot research topic in
materials science because the hybridization can be an effec-
tive strategy to enhance the functionality of materials, and the
integration of nanomaterials on GR sheets potentially paves
a new way to enhance their electronic, chemical, and electro-
chemical properties (Xu et al. 2008, Xiong et al. 2010, Chen
et al. 2011d). Among these, noble metals such as Au, Ag, Pt,
and Pd are mostly used for fabricating GR-based composite
film as sensing materials. The introduction of noble metal
nanoparticles into GR nanosheets remarkably improves the
electron conductivity and always results in an increasing sen-
sitivity. However, some studies showed that the analytical
characteristics of the sensor also depend on the properties of
GR-based materials, including stripping degree of oxygen in
GR sheet, layer numbers of GR sheets, dispersivity, morphol-
ogy, and particle size of the components. Moreover, meth-
ods for the film preparation and immobilization of enzyme/
antibody on the electrode surface are also important factors
to enhance sensitivity and stability of the sensor. To further
improve analytical characteristics, many researchers focused
on the GR-based hybrids, design and synthesis of GR-based
sensing film, and immobilization of enzyme/antibody on the
electrode, and more than 200 papers have been published on
the international journals in the last 5 years. In general, GR
has increasingly become one of the most important tools in
the fabrication of various sensors. In the paper, we reviewed
recent advances on GR as sensing material in analytical
chemistry.

Graphene-based hybrids

Many materials have been reported to employ for the prepa-
ration of GR-based nanocomposites. These mainly include
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metal, metallic oxide, semiconductor quantum dots (QDs),
conducting polymer, and others. Noble metals have been
widely applied to make various GR/metal composites such as
Au, Pt, Pd, Ag, and their alloys due to special electrochemi-
cal properties. Commonly, the introduction of noble metal
nanoparticles into GR nanosheets can remarkably improve
the sensitivity and electrochemical response time of the sen-
sor. For example, Wang and coworkers reported a new nano-
label using chitosan (CS)-protected GR nanosheets as core
and multi-nanogold particles as shell (shown in Figure 1).
The nanogold-enwrapped GR nanocomposites could be con-
veniently used for the label of secondary antibodies in the
sandwich-type immunoassay format. Compared with conven-
tional labeled methods, the immunoassay exhibited high sen-
sitivity and low detection limit. The highlight of this work is
to improve the conductivity of the nanogold-based nanocom-
posites due to the presence of GR. The nanogold-enwrapped
GR nanocomposites facilitate the electron transfer between
the analyte and the base electrode. The convenient operation
and ultrasensitivity of the developed methodology provides a
promising potential in clinical diagnosis (Zhong et al. 2010).
Because many metal oxides have some special properties in
optical, electronics, and materials, GR/metal oxide compos-
ites can often offer some new functions and are used in vari-
ous sensors. Among the metal oxide nanoparticles, decorating
GR, intensive attention should be paid to SnO, nanoparticles
because of their unique properties such as high optical trans-
parency, electrical conductivity, and chemical sensitivity. To
date, there have been a few reports about the preparation of
SnO,/GR composites with application in sensing. Lv group
reported a facile strategy to synthesize GR sheets decorated
with SnO, nanocrystals through a hydrothermal-assisted oxi-
dation-reduction reaction route. The key to this method is the
in situ formation of SnO, nanocrystals and GR sheets simulta-
neously, which can decrease the serious stacking of GR nano-
sheets and prevent the agglomeration of SnO, nanoparticles.

Moreover, they developed a new application domain for
GR-based composite; SnO,/GR composite was found to be a
highly efficient material for cataluminescence sensor to pro-
panal. Because of its excellent analytical performance, the
fabricated cataluminescence sensor device is potentially appli-
cable for the in situ detection of propanal in monitoring the
environment (Song et al. 2011). Semiconductor QDs, which
are quasi zero dimensional materials, have gained a great deal
of research interest in the past decade due to their exciting
size- and shape-dependent properties. Much effort has been
made to synthesize QD materials with band gaps that can be
easily tuned by changing their size and shape (Goldman et
al. 2004). These materials are highly luminescent with nar-
row emission line widths, which have enormous potential
applications, including use in biolabeling (Algar and Krull
2010) and nanosensor (Zhang and Johnson 2009). Recently,
we first developed an ultrasensitive hydrogen peroxide bio-
sensor, in which the biosensor was fabricated by coating
GR-gold nanocomposite (GR-AuNP), CdTe-CdS core-shell
QDs (CdTe-CdS), gold nanoparticles (AuNPs), and horse-
radish peroxidase (HRP) in sequence on the surface of gold
electrodes (GE) (shown in Figure 2). As providing electrocat-
alytic synergy of GR-AuNP, CdTe-CdS, and AuNPs toward
hydrogen peroxide was achieved, the biosensor displayed a
high sensitivity, detection limit (S/N=3) of 3.2x10!! m, wide
calibration range from 1x107'%m to 1.2x10® M, and long-term
stability of 20 weeks. High sensitivity of the biosensor (HRP/
AuNPs/CdTe-CdS/GR-AuNP/GE) should be attributed to its
unique surface architecture. First, the CdTe-CdS, located at the
middle of the surface architecture, acts as an electron transfer
channel between GR-AuNP and AuNPs. As the CdTe-CdS
offers an ultrafast charge carrier and charge transfer, the relay
of electron transfer is very efficient and rapid. Moreover, the
particular alignment of conduction and valence band of the
CdTe-CdS favors electron transfer between CdTe-CdS and
AuNPs or GR-AuNP. Second, AuNPs, located outside of the

PB  Nanogold

Figure 1 Fabricated process of GR/Au composited-based sensor.
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Figure 2 Preparation procedure of GR-AuNPs/CdTe-CdS/AuNPs/HRP sensor.

surface architecture, were used to immobilize the HRP and
facilitate electron transfer between the HRP and CdTe-CdS.
During oxidation in the redox reaction carried out on the sur-
face of the modified electrode, the AuNPs act as the “donor” of
the electron and rapidly pushes the electron toward the CdTe-
CdS. Consequently, the CdTe-CdS acts as the “acceptor” of
the electron and pulls the electron toward the CdTe-CdS. The
push and pull activities will accelerate the electron transfer
between the AuNPs and CdTe-CdS, as well as the hole trans-
fer in the CdTe-CdS. Third, GR-AuNP, located inside the sur-
face architecture, will enhance the electron transport between
GR-AuNP and CdTe-CdS and suppresses the recombination
of the electron-hole pair in the CdTe-CdS due to the large
specific electronic conjugate system. During oxidation in the
redox reaction carried out on the surface of the modified elec-
trode, the GR-AuNP acts as the “acceptor” of the electron and
rapidly pulls the electron toward the GR-AuNP. Consequently,
CdTe-CdS acts as the “donor” of the electron and pushes the
electron toward the GR-AuNP. The push and pull activities
will accelerate the electron transfer between GR-AuNP and
CdTe-CdS, and the hole transfer in the CdTe-CdS. In con-
clusion, the combination of the above three factors brings an
electrocatalytic synergy toward hydrogen peroxide (Gu et
al. 2011b). To further improve the conductivity between GR
sheets, some researchers attempted to introduce conductive
polymer into graphene sheets (Al-Mashat et al. 2010, Wang
etal. 2010a, Liu et al. 2011a, Mao et al. 2011a). For example,
Laith Al-Mashat and coworkers synthesized a GR/polyaniline
(PANI) nanocomposite (shown in Figure 3) for its applica-
tion in the development of a hydrogen gas sensor. The result
showed that the GR/PANI nanocomposite-based gas sensor
sensitivity is 16.57% toward 1% of H, gas, which is larger
than the sensitivities of the sensors based on only PANI nano-
fibers (9.38%) and much larger than that of only GR (0.83%)
(Al-Mashat et al. 2010). Moreover, some functional reagents
were also used for fabrication of GR composites. For example,
Dong and coworkers designed and synthesized an ionic liquid
(IL)/GR hybrid nanosheets (GNs) as an enhanced material for
electrochemical determination of trinitrotoluene (TNT). The
results demonstrated a one-pot wet-chemical strategy for the
preparation of IL-GNs. The resulting IL-GNs were used as an
advanced electrode material. This material has been proven to
be an excellent electron-transfer element for the electrocata-
Iytic reduction of TNT. The simply fabricated IL-GN-based
electrochemical detection platform showed superior electro-
chemical performance for the determination of TNT relative
to those of IL-carbon nanotubes (CNTs) and bare glassy car-
bon electrode (GCE). With a detection limit of 4 ppb or better

(1.5 ppb), the proposed system is useful for the analysis of
ultratrace TNT in real water samples (Guo et al. 2011a).

Synthesis of graphene-based sensing film

GR-metal nanocomposite has become a hot research topic in
materials science because the hybridization can be an effec-
tive strategy to enhance the functionality of materials, and
the integration of nanomaterials on GR sheets potentially
paves a new way to enhance their electronic, chemical, and
electrochemical properties. It has typically been prepared by
chemical (Kou et al. 2011, Zhang et al. 2011d), thermal (Jin
et al. 2010, Zhang et al. 2011e), microwave (Li et al. 2010,
Kundu et al. 2011), solvothermal (Wang et al. 2009¢, Zhou
et al. 2011c) reduction of mixtures of graphene oxide (GO)
and metallic precursors. A typical procedure was stated in the
following with synthesis of GR-AuNPs: the GO was dispersed
in water with ultrasonication. After the dispersed solution was
sonicated for several hours until it became translucent with
no visible particulate matter, HAuCl, solution was added to
the solution. When the solution was heated to 100°C, tri-so-
dium citrate and NaBH, solution were added into the solution
under stirring. After continuously stirring for 1 h at 100°C, the

Figure 3 TEM image of a GR/PANI nanocomposite.
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resulting GR-AuNP was collected by centrifugation, washed
with water three times, and dried in a vacuum drier for 24 h.
These methods involve highly toxic chemicals, such as hydra-
zine hydrate, or high temperature, microwave, and moreover,
multiple steps are required that are time or labor consuming.
The electrochemical reduction of GO is attractive for
GR-film synthesis due to its simple, fast, and green nature.
Typically, GO was coated on the surface of the electrode, and
the electrode was then immersed in a metallic precursor solu-
tion to perform one-step coelectrochemical reduction. For
example, Wang and coworkers reported a facile approach to
the synthesis of highly electroactive Pt nanoparticles on GR.
In their study, researchers attempted two new methods for
preparation of the GR/Pt nanoparticles (shown in Figure 4).
After carefully discriminating the products from the morphol-
ogy and dispersion of the deposited nanoparticles, the one-
step electrochemical reduction for the fabrication of Pt NPs
at G/GCE has been selected for methanol electrocatalysis.
The resultant Pt NPs at G/GCE shows much higher catalytic
activity and long-term stability toward the electrooxidation
of methanol than the Pt NPs on Vulcan, demonstrating that
GR is a much better catalyst support. The present approach
can be extended to the preparation of other noble metals and
their alloy nanoparticles on GR for electrocatalysis or electro-
chemical sensors (Zhou et al. 2010b). However, the method
for GR synthesis lacks control over the film thickness, and
more notably, the resulting GR sheets are not separated by
metal particles as they are mostly located on the surface of GR
films. To resolve the problem, Luo and coworkers reported
a novel strategy for the synthesis of the GR-gold compos-
ite film using coelectrodeposition technique. The following
is the general procedure: The synthesized graphite oxide
powder was exfoliated in electrolytes by ultrasonication for
30 min to form homogeneous GO dispersions with a con-
centration of 1.0 mg/ml. For electrodeposition synthesis of
GR/gold composite, a dispersion containing 1.0 mg/ml GO
and 100 um tetrachloroauric acid was prepared. The cyclic
voltammetric reduction was performed in the deposition
solutions with magnetic stirring and N, bubbling on electro-
chemical workstation using a three-electrode system: a GCE
as the working electrode, Pt foil as the counter electrode, and
an SCE as the reference electrode. The scan was performed

Two-step
Electrochemical reduction (-1.5 V)
GO/GCE »  GIGCE
Electrodeposition of Pt NPs (-0.25 V)
GO/GCE
One-step

Simultaneous electrochemical reduction and electrodeposition of Pt NPs (-1.5 V)

GO/GCE

between -1.5 and 0.6 V at a rate of 25 mV/s, and the loading
amount of deposits was controlled by five potential cycles.
After deposition, the working electrode was washed with
double-distilled water. Because GR layers were spaced by
layers of gold nanoparticles, the conductivity and surface area
of the GR-gold composite improved compared to the pure GR
film (Liu et al. 2011b). However, we observed that the redox
reaction between HAuCl, and GO brings serious agglom-
erations of GO sheets and gold nanoparticles in the electro-
Iyte solution (shown in Figure 5). As a result, the GR-metal
composite film displays very poor dispersivity. Recently,
we develop a green and highly controllable strategy to fab-
ricate a GR-metal nanocomposite film. The strategy allows
single-layer GR nanosheet and gold particles to be alternately
electrodeposited on the surface of a glass carbon electrode.
The investigation demonstrated that the thicknesses of GR
and metal layers as well as the size and densities of metal
nanoparticles can be well predetermined by controlling con-
centrations of GO and metallic precursor. Owing to good dis-
persivity, the as-prepared film shows better electrocatalysis
activity toward hydroquinone (HQ) and resorcinol (RS) than
that of other technologies in literatures. The method is very
simple, green, and repeatable, and it can be widely applied to
design a GR-metal composite film to meet the special require-
ment for different applications such as sensing.

Immobilization of enzyme/antibody on the
electrode

Immobilization of enzyme or antibody on the electrode is
very important to improve the electrochemical properties
and use of the biosensor. At present, an enzyme/antibody
was immobilized on the GR-based electrode by physical
adsorption. However, the method results in poor analytical
characteristics in precision and repeativity due to the loss of
enzyme/antibody. To overcome the problem, Liu and cowork-
ers reported a covalent method for immobilization of enzyme
on the electrode, in which a highly efficient enzyme electrode
can be directly obtained using covalent attachment between
carboxyl acid groups of GO sheets and amines of glucose
oxidase (shown in Figure 6). The results demonstrate that the

Electrodeposition of Pt NPs (-0.25 V)

Electrochemical reduction (-1.5 V)
> PtNPs at GO/GCE >

»

Pt NPs at Modified GCE

»

Figure 4

»

Synthesis of GR/Au composites with electrochemical method.



Z.J. Li and Q.F. Xia: Advances of graphene as sensing materials 61

Figure 5 Dispersivity of GO in the aqueous solution after adding
HAuCI, for 1 min (A), 1 h (B), 12 h (C), and 24 h (D).

C o
OH EDC NH-GO,

Figure 6 Schematic representation of the molecular structure of a
GO sheet (A), AFM micrograph of the GO sheets (B), and schematic
immobilization of GOx into GO sheets via peptide bonds between
the amine groups of GOx and the carboxylic acid of GO (B, inset
FTIP spectrum of GO).

covalently linked glucose oxidase (GOx)-GO enzyme elec-
trode shows broad linearity, excellent reproducibility, and stor-
age stability, suggesting GO to be a highly efficient biosensor
electrode (Liu et al. 2010j). However, the GO-based biosensor
has commonly a lower sensitivity than that of the GR-based
biosensor due to its poor electron conductivity. To further
improve the immobilization of the enzyme, we developed a

Electropoly-
Electrodeposition merization
—_— \
Graphene . goon
Gold electrode DPB

@ Gold nanoparticals

Figure 7 Procedure for preparation of the sensor.

COOH COOH
COOH

new covalent method for immobilization of the enzyme, in
which graphite oxide and chlorauric acid was electrodepos-
ited in sequence on the surface of gold electrodes with poten-
tiostatic electrolysis. After the above procedure was repeated
for 20 cycles, 2,5-di-(2-thienyl)-1-pyrrole-1-(p-benzoic acid)
was electropolymerized on the modified electrode by cyclic
voltammetry (CV) and finally formed functional conducting
polymer film containing carbonyl groups on the surface of the
GR-AuNP. To prepare the hydrogen peroxide biosensor, the
HRP was subsequently connected covalently to the film with
DHC/NHS as activator (shown in Figure 7). Research results
indicated that the GR-AuNP obtained by the electrodeposition
method has excellent dispersivity, which offers remarkable
catalysis performance to the redox of hydrogen peroxide on
the electrode surface. Current response of the sensor increases
linearly with the increasing concentration of hydrogen per-
oxide over the range from 2 nM to 200 nM, with a correlation
coefficient (R?) of 0.9996. The detection limit was found to
be 0.67 nM (S/N=3). The sensitivity is more than that of the
other sensors reported in the literatures. In addition, covalent
immobilization of the enzymes results in increasing the sta-
bility and reproducibility of the sensor. The relative standard
deviation is 1.2% for the determination of 5 nm hydrogen per-
oxide that was done 20 times. After the sensor was stored at
4°C for 3 months, its change value of the response is lower
than 3%. The proposed method has been successfully applied
to detect trace hydrogen peroxide in milk sample.

Application of graphene-based materials in
analytical chemistry

GR and its composites as sensing materials have attracted
tremendous attention and research interest. Many novel GR
materials have well been designed, synthesized, and widely
applied to fabricate various sensors, including chemical sen-
sor, biosensor, immunosensor, and others (shown in Table 1).
As the hybridization can be an effective strategy to enhance
the functionality of materials, the integration of nanomateri-
als on GR potentially paves a new way to enhance their elec-
tronic, chemical, and electrochemical properties. Therefore,
GR composites as novel sensing materials commonly offer
better analytical characteristics than GR alone. Up to now,
GR-based materials have increasingly become one of the
most important tools in the fabrication of various sensors in

EDC/NHS
_—
Horseradish
peroxidase
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(Table 1 continued)

Reference

Remark

Detection

limit

Analyte

Sensing materials

Shi and Zhu

2011

An electrochemical sensor for CPs was constructed based on the nanocomposite. The as-

2-chlorophenol

(CP)

Pd/GR

prepared IL-Pd-GR nanocomposite exhibited remarkable current enhancement and good

stability in the determination of CPs

Liu et al. 2011i

Compared with random absorption of receptors on GR sensors, highly ordered molecular
adlayers are very attractive to modify single-layer GR whose electronic performances

10 pg/ml

Hg2+

1-Octadecanethiol/GR

have been shown to be very sensitive to randomness and fluctuations from the surrounding

environment

Guo et al. 2011d

Porphyrin functionalized GR is used to electrochemically detect ultratrace nitroaromatic

0.5~2.0 ng/ml

2.4-dinitrotoluene,
2.4,6-TNT, and

Porphyrin/GR

explosives. The porphyrin/GR sensor shows high sensitivity, good reproducibility and selec-

tivity, and can detect nitroaromatic explosives with an ultratrace detection

1,3,5-trinitritro-

toluene

Zhao et al.
2011b

3x107 M

Coffee

GO

Xu et al. 2010

2x101° m

Pb** and Cd**

GR-COOH

analytical chemistry, and more than 200 papers have been
published on the important international journals.
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