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A simple and efficient approach was developed to uniformly decorate graphene nanosheets

with zinc oxide (ZnO) nanoparticles. A single source precursor, zinc benzoate dihydrazinate

complex, has been used for the in situ generation of ZnO nanoparticles onto graphene at a

relatively low temperature, 200 �C. Physico chemical analyses such as X-ray diffraction,

transmission electron microscopy and X-ray photoelectron spectroscopy revealed that

ZnO nanoparticles were finely dispersed on the surface of graphene. ZnO–graphene hybrids

were further characterized by Raman spectroscopy and ultraviolet visible spectroscopy and

room-temperature photoluminescence. The materials exhibited excellent photocatalytic

activity as evident from the degradation of methylene blue in ethanol under UV irradiation.

An electrochemical glucose biosensor was fabricated by immobilization of glucose oxidase

on the ZnO–graphene hybrids. This biosensor showed improved sensitivity towards glucose

as compared to graphene. Also, the hybrids showed significant antibacterial activity

against E. coli, gram negative bacteria. This simple and economical preparation strategy

may be extended for the preparation of other graphene-based hybrids.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

After the discovery of graphene by Geim and Noveselev, sev-

eral studies were carried out on different aspects of this

two-dimensional (2-D) carbon nanostructure. It was found

that the one atom thick graphene has high thermal and elec-

trical conductivities [1], high room-temperature carrier mobil-

ity [2] and lateral quantum confinement [3]. Its excellent

electronic capacity, mechanical properties, chemical stability

and high specific surface area gave it varied applicability in

such as super capacitors [4], photovoltaic’s [5], fuel cells [6]

and nanofluids [7].

In recent years, inorganic metal oxides have attracted

ever-increasing attention for their wide utilization in cataly-

sis, water purification, hydrogen production, lithium ion bat-

teries, transparent electronics and so on [8–12]. Zinc oxide
er Ltd. All rights reserved
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(ZnO), an inorganic metal oxide with a wide band gap of

3.37 eV and a large exciton binding energy of 60 meV at room

temperature, is an important material potentially applicable

in electronic and optoelectronic devices such as solar cells,

field emission, displays and sensors. It could also be used in

the photocatalytic degradation of organic pollutants under

UV or visible light irradiation [13]. Quite apart from its being

a very promising optoelectronic material, ZnO is also one of

the most widely applied gas-sensing materials with demon-

strable and remarkable sensitivity to a wide range of gases

including NH3 [14], ethanol [15], NO2 [16], H2S [17], O3 [18]

and H2O [19]. ZnO nanostructures large surface area-to-vol-

ume ratio and possible quantum confinement effect rendered

them wide ranging applications.

Taking into account the excellent individual properties of

graphene and ZnO, the combination of graphene with ZnO
.
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nanoparticles may give enhanced performances. Several

investigations have been carried out to produce ZnO–graph-

ene hybrids. Kim et al. [20] reported the photoluminescence

of ZnO nanostructures vertically grown on graphene layers

using catalyst-free metal-organic vapor phase expitaxy. Kim

et al. [21] fabricated ZnO–graphene hybrids by the UV-assisted

photocatalytic reduction of graphene oxide in ZnO suspen-

sions. Wu et al. [22] employed a solvothermal method to pre-

pare sandwich-like ZnO–graphene hybrids in ethylene glycol

medium using graphene oxide and zinc acetylacetonate pre-

cursors. Lu et al. [23] prepared ZnO–graphene hybrids films

by ultrasonic spray pyrolysis. They also prepared ZnO–graph-

ene hybrids [24] via the microwave-assisted reduction of zinc

ions in aqueous solution with graphene oxide. Li et al. [25]

prepared ZnO–graphene hybrids by chemical decomposition.

However, to the best of our knowledge, most of the reported

experimental techniques are still limited to the laboratory

scale due to some unresolved problems, such as special con-

ditions, tedious procedures or complex apparatus, low yield

and high cost.

Herein, we report a new preparation method for the ZnO–

graphene hybrids through the in situ thermal decomposition

of zinc benzoate dihydrazinate complex on the surface of

graphene at a moderate temperature. Superior advantages

of this method are simple and facile preparation, economical,

relatively low decomposition temperature, uniform particle

size, high yield and no residual impurities. The resulting

ZnO-graphene hybrids were examined for potential applica-

tion as photoactive materials for the degradation of methy-

lene blue (MB) dye. Their antibacterial activity against E. coli

and biosensoric responses towards glucose were also

assessed.

2. Experimental

2.1. Preparation of the ZnO–graphene hybrids

Graphene was from Angstron Materials (United States).

Zinc(II) nitrate hexahydrate, hydrazine, benzoic acid and eth-

anol were from Aldrich. All materials were used as received.

The precursor complex was prepared in situ by mixing an

aqueous solution of zinc(II) nitrate hexahydrate (0.01 mol)

and an aqueous solution of hydrazinium benzoate (0.02 mol)

under constant stirring. The resulting mixture was concen-

trated to one third of its total volume; the contents were

cooled, filtered, washed with alcohol and dried. 1 mg graph-

ene was dispersed in 5 ml ethanol, sonicated for 1 h, 10 mg

zinc benzoate dihydrazinate complex precursor was added

and sonicated for 1 h. The contents were transferred to a

clean silica crucible and heated in a furnace at 200 �C for

2 h, during which the complex decomposed completely into

ZnO nanoparticles coated on the graphene sheets.

2.2. Characterization

Transmission electron microscopy (TEM) was conducted on a

Hitachi H-7600 operating at 100 kV. Samples dispersed in

high-purity ethanol by ultrasonication were dropped onto

carbon coated copper grids. X-ray photoelectron spectroscopy
(XPS) was performed using an ULVAC-PHI Quertera SXM probe

with monochromated AlKa radiation (hm = 280.00 eV) operat-

ing at 15 kV and 25 W. X-ray diffraction (XRD) experiments

were performed on a Rigaku D/max-2500 diffractometer using

CuKa radiation in the 2h range of 10–80�. Room-temperature

photoluminescence (PL) measurements of an ethanolic sus-

pension of the ZnO–graphene hybrids were carried out on a

Jasco FP-6500 spectrofluorometer at an excitation wavelength

of 300 nm. The suspensions were prepared by sonicating

0.1 wt.% ZnO–graphene hybrids in ethanol for 1 h. UV–vis

measurements of the ethanolic suspensions were performed

with a Jasco V-650 spectrophotometer against pure ethanol in

the range 200–800 nm. Micro-Raman measurements were

executed on a WITEC alpha 300R microscope with an excita-

tion wavelength of 532 nm in the range 100–4000 cm�1. Cyclic

voltammetry (CV) was carried out with Iviumstat and Com-

pactstat (Netherland) using a three-electrode cell comprising

an Ag/AgCl/1 M KCl reference electrode, a Pt wire counter

electrode and an ITO modified ZnO–graphene/GOx working

electrode.
2.3. Photocatalytic reduction of MB dye

0.4 mg ZnO–graphene hybrids (photocatalyst) were added to

10 ml ethanol containing 0.2 mg MB dye. The suspensions

were illuminated by 365 nm irradiation from a UV-lamp. Sam-

ples were periodically withdrawn and the concentration of

MB was estimated from the absorbance at 650 nm recorded

with a Jasco V-650 spectrophotometer.
2.4. Fabrication of ZnO/graphene/GOx biosensor

Ca. 0.1 g ZnO-graphene hybrids were dispersed in 0.7 ml iso-

propyl alcohol with 0.3 ml nafion by sonication for 1 h to form

a homogeneous solution. 20 ll dispersant was drop cast onto

the surface of an ITO electrode (area = 1 cm2). The electrode

was dried in oven at 60 �C and cooled to room temperature.

30 ll GOx (10 mg/ml in 0.1 M PBS) was immobilized onto the

surface of the ZnO–graphene hybrids. The ZnO/graphene/

GOx biosensor was dried under ambient conditions. A graph-

ene/GOx biosensor was similarly fabricated for comparative

purpose.
2.5. Colony forming count method

The antibacterial activity of the ZnO-graphene hybrids

against Escherichia coli (E. coli) was studied by a colony forming

count (CFU) method. The E. coli (KCCM 12119) was from KCCM

(Korea). Test tubes each containing 9 ml growth medium were

seeded with fresh E. coli at a concentration of 105 colony form-

ing units per ml (cfu/ml). 0.03 g ZnO–graphene hybrids were

added to the tubes; a control did not receive the hybrids.

The tubes were then incubated at 37 �C for 12 h. After incuba-

tion, media were diluted 10, 100 and 1000 times, spread on

nutrient agar plates of E. coli growth medium and incubated

at 37 �C for 12 h. The number of colonies formed in each case

was counted. This experiment was repeated 3 times to obtain

mean and standard deviation.



Fig. 2 – Raman spectra of (a) bare graphene and (b) the ZnO–

graphene hybrids.

Fig. 3 – UV–vis absorption spectrum of 0.1 wt.% ZnO–

graphene hybrids in ethanol.
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3. Results and discussion

ZnO–graphene hybrids were synthesized from commercially

available graphene and a single precursor, zinc benzoate

dihydrazinate complex [Zn(C6H5COO)2(N2H4)2], which was

prepared according to the reaction [26,27]:

ZnðNO3Þ2 � 6H2Oþ 2C6H5COON2H5

! ZnðC6H5COOÞ2ðN2H4Þ2 þ 2HNO3 þ 6H2O

Fig. 1 outlines the decomposition pathway of the precursor

and the deposition of the ZnO nanoparticles on the graphene.

The decomposition of the zinc benzoate dihydrazinate com-

plex precursor to ZnO nanoparticles started at a relatively

low temperature of ca. 200 �C. The precursor decomposed

completely through the loss of N2H4, CO2 and H2O. The com-

plex was stable in air and insoluble in water. The importance

of using such a complex is the distribution of metal ions in a

three-dimensional (3-D) coordination sphere so that the

decomposition would give very fine particles. The benzoate

and hydrazine ligands facilitated decomposition due to their

exothermic decomposition.

Raman spectroscopy can assess ordered and disordered

crystal structures of carbonaceous materials and the single-,

bi- and multilayer characteristics of graphene and/or graph-

ene oxide layers. Raman spectra of the as-prepared ZnO–

graphene hybrids and graphene (Fig. 2) show typical features

of carbon materials: a G band at 1583 cm�1, assigned to the E2g

phonon mode of sp2 hybridized carbon atoms, and a D band

at 1345 cm�1, assigned to the breathing mode of k-point pho-

nons of A1g symmetry that arise due to local defects and dis-

order, particularly at the edges of graphene and graphite

platelets [28]. However, the intensity ratio of the D and G

bands (ID/IG) of the hybrids was much lower than that of

graphene, attributed to interactions between the ZnO nano-

particles and the graphene sheets. The overtone of the D band

at 2676 cm�1 and the disappearance of the D + G band at

2940 cm�1 in the spectra of the hybrids (Fig. 2b) also indicated

increased disorder in the graphene.

The UV–vis absorption spectrum of 0.1 wt.% ZnO–graph-

ene hybrids in ethanol (Fig. 3) shows two absorption bands
Fig. 1 – Schematic showing the decomposition pathway of

the precursor and the deposition of ZnO nanoparticles on

graphene.
near 275 and 305 nm. The UV–vis absorption of bulk ZnO

has been reported to appear at 375 nm [29]. The ZnO–graph-

ene hybrids showed a definite blue shift of its absorption edge

by 70 nm from 375 to 305 nm. This large hypsochromic shift

in absorption might be likely due to the quantum size effect

of the fine structure in nanometer regime. The absorption

band at 275 nm could be assigned to the graphene of the hy-

brid due to the excitation of the p-plasmon of the graphitic

structure [22,30].

The optical and electronic properties of 0.1 wt.% ZnO–

graphene hybrids and graphene suspensions in ethanol were

assessed through the room-temperature PL (Fig. 4). The PL

spectrum of the graphene exhibits a very broad and featureless

spectrum; hybrids show an emission peak at 400 nm associ-

ated with the recombination of excitons in ZnO. ZnO nanopar-

ticles in ethanol have been reported to exhibit one blue

emission peak at 399 nm and one broad yellow-green band at

450–725 nm [31], though the yellow–green peak was not shown

by the hybrid material, implying that low levels of oxygen va-

cancy defects in the ZnO and that the particles were highly

crystalline. The central peak position at �400 nm matched

with the 3.2 eV energy band gap of the ZnO crystals [32].



Fig. 6 – X-ray photoelectron survey spectrum of the ZnO–

graphene hybrids; the arrows indicate peaks discussed in

the text.

Fig. 4 – Room-temperature PL spectra of 0.1 wt.% (a)

graphene and (b) ZnO–graphene hybrids suspensions in

ethanol.
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XRD patterns of ZnO–graphene hybrids powder samples

obtained by thermal decomposition (Fig. 5) manifest peaks

at 2h = 11.89�, 18.02�, 19.6�, 20.8� and 38.88� which can be in-

dexed as (002), (100), (101), (102) and (211) planes of the

ZnO wurzite structure (JCPDS No. 396-1451), respectively.

The additional peak at 2h = 26.5� accounts for the graphitic

reflection of (002) plane, a similar reflection was also ob-

served from the undecorated graphene (Inset, Fig. 5). This

reflection was due to the stacking of the graphene layers dur-

ing the preparation of the powder samples. From the XRD

pattern, it was clear that the obtained ZnO–graphene hybrids

comprised ZnO wurzite crystals and graphene.

The XPS survey spectrum (Fig. 6) showed the ZnO–graphene

hybrids to contain predominantly carbon, oxygen and zinc on

the graphene surface. The peak at 284.5 eV can be attributed to

the graphitic carbon and the predominant O 1s peak at 531 eV

to lattice oxygen of the ZnO nanoparticles. The Zn (2p) binding

energy region has two peaks: at a binding energy of 1022 eV,

corresponding to the Zn (2p3/2) and at 1046 eV, due to the Zn

(2p1/2). The peak positions of the hybrids Zn (2p) core levels

were identical to those of the ZnO nanoparticles, indicating
Fig. 5 – XRD patterns of ZnO–graphene hybrids and (inset)

undecorated graphene.
that no chemical bonds formed between the ZnO and graph-

ene [28].

TEM showed the ZnO–graphene hybrids to contain well

separated, randomly distributed, spherical ZnO nanoparticles

with an average size of 22 ± 6 nm on the graphene sheets

(Fig. 7). The intimate contact between the ZnO and the graph-

ene renders the electronic interactions between them and en-

hanced the materials charge separation and photocatalytic

activity.

UV–vis spectra of MB solution with the photocatalyst ZnO–

graphene hybrids were recorded before and after varying dura-

tions of UV irradiation (Fig. 8a). The concentration of MB (C)

proportional to the maximum absorbance at 653 nm (A) and

thereby we analyzed the change of concentration (C/C0) from

the variation of absorbance (A/A0), where C0 and A0 are the ini-

tial concentration and absorbance of MB, respectively. The
Fig. 7 – TEM image of the ZnO-coated graphene.



Fig. 8 – (a) UV–vis spectra of MB solution with the photocatalyst ZnO-graphene hybrids before and after various durations of

UV irradiation (b) photodegradation of MB with exposure time.
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evolution of MB photodegradation by photocatalyst is shown

in Fig. 8b. Over 70% of the MB was degraded by the hybrids

within 3 h. The enhanced photocatalytic activity was due to

the good distribution of the ZnO nanoparticles and the unique

properties of graphene [33]. When irradiated by UV light, the

electrons from the valence band were excited to its conduction

band, generating high-energy electron–hole pairs. The quan-

tum size effect of the hybrids increased the energy band gap

between the valence and conduction bands, increasing the re-

dox potential and allowing UV light to be used more efficiently

in photocatalysis [34].

The photocatalytic activity of the hybrid material was due

to the electron transfer between the graphene and the nano-

particles because graphene is a good electron acceptor [35]

and semiconducting ZnO nanoparticles are good electron do-

nors under UV illumination [36]. In our system, graphene ac-

cepted photogenerated electron, which promoted interfacial

electron transfer from the adhered ZnO and retarded the

recombination of photoinduced electrons and holes. There-

fore, the ZnO–graphene hybrids showed enhanced photocata-

lytic properties and the dye, a sensitizer and pollutant, was

decomposed more efficiently [25,45,46].

Cyclic voltammograms (CVs) were recorded at room tem-

perature for graphene/GOx and ZnO/graphene/GOx electrodes
Fig. 9 – CVs of (a) graphene/GOx and (b) ZnO/graphene/ GOx elect

0.1 M PBS buffer (pH = 6). Scan rate = 50 mV/s. Arrows indicate p
in the absence and presence of 10 mM glucose in 0.1 M PBS buf-

fer (pH = 6) at a scan rate of 50 mV/s (Fig. 9). The CV of ZnO/

graphene/GOx without glucose (Fig. 9b and i) shows a pair of

well-defined redox peaks at �0.02 and �0.16 V (anodic and

cathodic, respectively), indicating good electron transfer be-

tween the redox center of the GOx and the electrode’s surface

without electron transfer mediators. The CV of graphene/GOx

without glucose (Fig. 9a and i) shows the GOx redox peaks at

�0.1 and �0.19 V (anodic and cathodic, respectively) [37]. A

pair of redox peaks (anodic +0.11 V and cathodic �0.16 V)

corresponding to ZnO was shown additionally by the ZnO/

graphene/GOx electrode in comparison to the graphene/GOx

electrode [38]. Increased reduction current around (��0.2 V)

was observed in response to the reduction of H2O2 generated

from the immobilized GOx upon the addition of 10 mM glucose

to the ZnO/graphene/GOx electrode. The H2O2 reduction cur-

rent of the ZnO/graphene/GOx was higher than that of the

graphene/GOx electrode. The prominent reduction peak and

higher peak current for glucose at the ZnO/graphene/GOx elec-

trode were due to the considerable difference between the iso-

electric points (IEP) of ZnO and GOx which led to strong

electrostatic interactions between them at the electrode’s sur-

face. Therefore, the enhanced performance of the biosensor

was attributed to the synergistic influence of graphene (large
rodes in (i) the absence and (ii) presence of 10 mM glucose in

eaks discussed in the text.
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surface area-to-volume ratio and the high conductivity) and

ZnO (good biocompatibility). These features provide good en-

zyme adsorption with adequate microenvironment for the en-

zyme activity, which eventually resulted in direct electron

transfer between the redox sites of the enzyme and electrode’s

surface.

ZnO–graphene hybrids have wide ranging applicability,

though a little work has studied their antibacterial activity.

The antibacterial activity of the ZnO–graphene hybrids

against E. coli was tested. After 12 h of incubation, the sample

with the ZnO-graphene hybrids showed 0 cfu/ml, indicating a

100% reduction of E. coli in the medium occurred. Compared

to Razieh Jalal et al. study on antibacterial activity of ZnO

nanofluids [47], ours showed a complete decline of E. coli at

a low concentration of 0.003 g/ml which may be due to addi-

tion of graphene to ZnO. The control sample without the

ZnO–graphene hybrids showed increased cell growth with

2.67 · 105 ± 3.2 · 103 cfu/ml in the medium. These results

clearly justified that the ZnO–graphene hybrids has a good

antibacterial activity against E. coli. The antibacterial activity

of graphene is attributed to either physical interactions with

the bacteria or oxidative stress of the cell membranes that

disrupts the membranes integrity, similar to the action of car-

bon nanotubes [39–41]. The inhibition of bacterial growth by

ZnO may be due to either photocatalytic generation of H2O2

[42] or penetration of the cell envelope and disorganization

of the bacterial membrane upon contact with the ZnO nano-

particles [43,44]. These mechanisms of graphene and ZnO

nanoparticles complemented each other and resulted in the

significant antibacterial activity of the ZnO–graphene hybrids.
4. Conclusions

We have demonstrated the deposition of the ZnO nanoparti-

cles from a single source precursor (zinc benzoate dihydraz-

inate complex) on graphene at a temperature ca. 200 �C. The

precursor’s low decomposition temperature, the resulting

particles uniform size and the lack of residual impurities

were significant aspects of this simple and economical prep-

aration method. The effectiveness of ZnO–graphene hybrids

for the immobilization of enzyme in native configuration

and direct electron transfer feasibility has been well utilized

successfully for the fabrication of a sensitive electrochemi-

cal glucose biosensor (ZnO/graphene/GOx). The hybrids also

demonstrated enhanced photocatalytic activity towards MB

degradation due to strong interactions between the graph-

ene sheets and the ZnO nanoparticles, suggesting that it

may be an excellent candidate for applications related to a

number of environmental issues. It also exhibited excellent

antibacterial activity against E. coli. This method could be

adapted to formulate other graphene/ceramic hybrids with

low production cost for a wide variety of applications

including biosensors, photocatalysts, disinfectants, solar

cells, etc.

Acknowledgement

This work was supported by the National Research Foundation

of Korea (NRF-2011-0020264).
R E F E R E N C E S
[1] Novoselov KS, Geim AK, Morozov SV, Jiang D, Katsnelson MI,
Grigorieva IV, et al. Two-dimensional gas of massless Dirac
fermions in graphene. Nature 2005;438:197–200.

[2] Berger C, Song Z, Li T, Li X, Ogbazghi AY, Feng R, et al. Ultra
thin epitaxial graphite: 2D electron gas properties and a route
toward graphene-based nanoelectronics. J Phys Chem B
2004;108:19912–6.

[3] Geim AK, Novoselov KS. The rise of graphene. Nat Mater
2007;6:183–91.

[4] Vivekchand SRC, Rout CS, Subrahmanyam KS, Govindaraj A,
Rao CNR. Graphene-based electrochemical supercapacitors. J
Chem Sci 2008;120:9–13.

[5] Liu Q, Liu ZF, Zhang XY, Zhang N, Yang LY, Yin SG, et al.
Organic photovoltaic cells based on an acceptor of soluble
graphene. Appl Phys Lett 2008;92:223303–13.

[6] Seger B, Kamat PV. Electrocatalytically active graphene–
platinum nanocomposites. Role of 2-D carbon support in PEM
fuel cells. J Phys Chem C 2009;113:7990–5.

[7] Baby TT, Ramaprabhu S. Investigation of thermal and
electrical conductivity of graphene based nanofluids. J Appl
Phys 2010;108:124308–16.

[8] Xu C, Wang X, Zhu J, Yang X, Lu L. Deposition of Co3O4

nanoparticles onto exfoliated graphite oxide sheets. J Mater
Chem 2008;18:5625–9.

[9] Hung LI, Tsung CK, Huang W, Yang P. Room-temperature
formation of hollow Cu2O nanoparticles. Adv Mater
2010;22:1910–4.

[10] Zou W, Zhu J, Sun Y, Wang X. Depositing ZnO nanoparticles
onto graphene in a polyol system. Mater Chem Phys
2011;125:617–20.

[11] Wang X, Wu HF, Kuang Q, Huang RB, Xie ZX, Zheng LS.
Shape–dependent antibacterial activities of Ag2O polyhedral
particles. Langmuir 2010;26:262774–8.

[12] Chandra V, Park J, Chun Y, Lee JW, Hwang LC, Kim KS. Water-
dispersible magnetite-reduced graphene oxide composites
for arsenic removal. ACS Nano 2010;4:3979–86.

[13] Lee KR, Park S, Lee KW, Lee JH. Rapid Ag recovery using
photocatalytic ZnO nanopowders prepared by solution-
combustion method. J Mater Sci Lett 2003;22:65–7.

[14] Rao GST, Rao DT. Gas sensitivity of ZnO based thick film
sensor to NH3 at room temperature. Sens Actuators B
1999;55:166–9.

[15] Gao T, Wang TH. Synthesis and properties of multipod-
shaped ZnO nanorods for gas-sensor applications. Appl Phys
A 2005;80:1451–4.

[16] Koshizaki N, Oyama T. Sensing characteristics of ZnO-based
NOx sensor. Sens Actuators B 2000;66:119–21.

[17] Wang CH, Chu XF, Wu MM. Detection of H2S down to ppb
levels at room temperature using sensors based on ZnO
nanorods. Sens Actuators B 2006;113:320–3.

[18] Kang BS, Heo YW, Tien LC, Norton DP, Ren F, Gila BP, et al.
Hydrogen and ozone gas sensing using multiple ZnO
nanorods. Appl Phys A 2005;80:1029–32.

[19] Zhang YS, Yu K, Jiang DS, Zhu ZQ, Geng HR, Luo LQ. Zinc
oxide nanorod and nanowire for humidity sensor. Appl Surf
Sci 2005;242:212–7.

[20] Kim YJ, Lee JH, Yi GC. Vertically aligned ZnO nanostructures
grown on graphene layers. Appl Phys Lett 2009;95:213101–3.

[21] Kim SR, Parvez MK, Chhowalla M. UV-reduction of graphene
oxide and its application as an interfacial layer to reduce the
black-transport reactions in dye-sensitized solar cells. Chem
Phys Lett 2009;483:124–7.

[22] Wu J, Shen X, Jiang L, Wang K, Chen K. Solvothermal
synthesis and characterization of sandwich-like graphene/
ZnO nanocomposites. Appl Surf Sci 2010;256:2826–30.



3000 C A R B O N 5 0 ( 2 0 1 2 ) 2 9 9 4 – 3 0 0 0
[23] Lu T, Zhang YP, Li HB, Pan LK, Li YL, Sun Z. Electrochemical
behaviors of graphene–ZnO and graphene–SnO2 composite
films for supercapacitors. Electrochim Acta 2010;55:4170–3.

[24] Lu T, Pan LK, Li HB, Zhu G, Lv T, Liu X. Microwave-assisted
synthesis of graphene–ZnO nanocomposites for
electrochemical supercapacitors. J Alloy Compd
2011;509:5488–92.

[25] Li B, Cao H. ZnO@graphene composite with enhanced
performance for the removal of dye from water. J Mater
Chem 2011;21:3346–9.

[26] Kavitha T, Parameswari K, Kuppusamy K, Yuvaraj H. A simple
and facile method to synthesize Co3O4 nanoparticles from
metal benzoate dihydrazinate complex as a precursor. Mater
Lett 2011;65:1482–4.

[27] Kavitha T, Yuvaraj H. A facile approach to the synthesis of
high-quality NiO nanorods: electrochemical and
antibacterial properties. J Mater Chem 2011;21:15686–91.

[28] Akhavan O. Photocatalytic reduction of graphene oxides
hybridized by ZnO nanoparticles in ethanol. Carbon
2011;49:11–8.

[29] Schneider JJ, Hoffmann RC, Engstler J, Soffke O, Issanin A,
Klyszcz A. A printed and flexible field-effect transistor device
with nanoscale zinc oxide as active semiconductor material.
Adv Mater 2008;20:3383–7.

[30] Wang X, Zhi LJ, Tsao N, Tomovic JL, Mullen K. Transparent
carbon films as electrodes in organic solar cells. Angew Chem
Int Ed 2008;47:2990–2.

[31] Liu J, Li X, Dai L. Water-assisted growth of aligned carbon
nanotube-ZnO heterojunctions arrays. Adv Mater
2006;18:1740–4.

[32] Yin Z, Wu S, Zhou X, Huang X, Zhang Q, Boey F.
Electrochemical deposition of ZnO nanorods on transparent
reduced graphene oxide electrodes for hybrid solar cells.
Small 2010;6:307–12.

[33] Zhou K, Zhu Y, Yang X, Jiang X, Li C. Preparation of graphene–
TiO2 composites with enhanced photocatalytic activity. New J
Chem 2011;35:353–9.

[34] Ho W, Yu JC, Lin J, Yu JG, Li PS. Preparation and photocatalytic
behavior of MoS2 and WS2 nanocluster sensitized TiO2.
Langmuir 2004;20:5865–9.

[35] Sun Y, Wilson SR, Schuster DI. High dissolution of strong
light emission of carbon nanotubes in aromatic amine
solvents. J Am Chem Soc 2001;123:5348–9.
[36] Subramanian V, Wolf EE, Kamat PV. Catalysis with TiO2/gold
nanocomposites. Effect of metal particle size on the Fermi
level equilibration. J Am Chem Soc 2004;126:4943–50.

[37] Lee KW, Komathi S, Nam NJ, Gopalan AI. Sulfonated
polyaniline netwok grafted multi-wall carbon nanotubes for
enzyme immobilization, direct electrochemistry and
biosensing of glucose. Microchemical J 2010;95:74–9.

[38] Gupta V. ZnO based third generation biosensor. Thin Solid
Films 2010;519:1141–4.

[39] Kang S, Pinault M, Pfefferle LD, Elimelech M.
Singlewalledcarbon nanotubes exhibit strong antimicrobial
activity. Langmuir 2007;23:8670–3.

[40] Kang S, Herzberg M, Rodrigues DF, Elimelech M. Antibacterial
effects of carbon nanotubes: size does matter. Langmuir
2008;24:6409–13.

[41] Narayan RJ, Berry CJ, Brigmon RL. Structural and biological
properties of carbon nanotube composite films. Mater Sci Eng
B 2005;123:123–9.

[42] Sawai J. Quantitative evaluation of antibacterial activities of
metallic oxide powders ZnO, MgO and CaO by conductimetric
assay. J Microbiol Methods 2003;54:177–82.

[43] Brayner R, Ferrari-Iliou R, Brivois N, Djediat S, Benedetti MF,
Fievet F. Toxicological impact studies based on Escherichia coli
bacteria in ultrafine ZnO nanoparticles colloidal medium.
Nano Lett 2006;6:866–70.

[44] Huang Z, Zheng X, Yan D, Yin G, Liao X, Kang Y. Toxicological
effect of ZnO nanoparticles based on bacteria. Langmuir
2008;24:4140–4.

[45] Padmini E, Prakash SK, Miranda LR. Photocatalytic
degradation of quinol and blue FFS acid using TiO2 and doped
TiO2. Carbon Lett 2010;11:332–5.

[46] Kim MI, Im JS, In SJ, Kim H, Kim JG, Lee YS. Improved photo
degradation of rhodamine B dye using iron oxide/carbon
nanocomposite by photo-fenton reaction. Carbon Lett
2008;9:195–9.

[47] Razieh J, Elaheh KG, Maryam A, Majid M, Abbas Y, Paul N.
ZnO nanofluids: green synthesis, characterization, and
antibacterial activity. Mater Chem Phys 2010;121:198–201.


	Glucose sensing, photocatalytic and antibacterial properties of graphene–ZnO nanoparticle hybrids
	1 Introduction
	2 Experimental
	2.1 Preparation of the ZnO–graphene hybrids
	2.2 Characterization
	2.3 Photocatalytic reduction of MB dye
	2.4 Fabrication of ZnO/graphene/GOx biosensor
	2.5 Colony forming count method

	3 Results and discussion
	4 Conclusions
	Acknowledgement
	References


