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a  b  s  t  r  a  c  t

Well-crystalline  ZnO  nanoparticles  (NPs)  were  synthesized  in  large-quantity  via simple  hydrothermal
process  using  the  aqueous  mixtures  of  zinc  chloride  and  ammonium  hydroxide.  The  detailed  structural
properties  were  examined  using  X-ray  diffraction  pattern  (XRD)  and  field  emission  scanning  electron
microscope  (FESEM)  which  revealed  that  the synthesized  NPs  are  well-crystalline  and  possessing  wurtzite
hexagonal  phase.  The  NPs  are  almost  spherical  shape  with  the average  diameters  of  ∼50  ±  10  nm.  The
quality  and  composition  of  the  synthesized  NPs  were  obtained  using  Fourier  transform  infrared  (FTIR)
and  electron  dispersed  spectroscopy  (EDS)  which  confirmed  that  the  obtained  NPs  are  pure  ZnO  and
tructural properties
ptical  properties
hotocatalyst
cetone sensor

made  with  almost  1:1 stoichiometry  of  zinc  and  oxygen,  respectively.  The  optical  properties  of ZnO  NPs
were  investigated  by UV–vis  absorption  spectroscopy.  Synthesized  ZnO  NPs  were  extensively  applied
as  a  photocatalyst  for the  degradation  of acridine  orange  (AO)  and  as  a chemi-sensor  for  the  electro-
chemical  sensing  of acetone  in liquid  phase.  Almost  complete  degradation  of  AO  has  taken  place  after
80  min  of  irradiation  time.  The  fabricated  acetone  sensor  based  on  ZnO NPs  exhibits  good sensitivity

−2 −1)  wit
(∼0.14065  �A  cm mM

. Introduction

Semiconductor nanomaterial, zinc oxide (ZnO) with its wide
and-gap (∼3.37 eV) is a significant functional material applicable

n various fields, such as solar cells, catalysis, optical, electrical, elec-
romagnetic shielding, biosensors, chemical and gas sensors [1].
ano-sized semiconductor (ZnO) has received much attention due

o efficient synthesis, easy to handle, cost-effectiveness, reliabil-
ty and their applications as a chemi-sensor and photocatalyst for
he detection of toxic chemicals such as H2, NH3, liquid petroleum
as (LPG), HCHO, ammonium hydroxide, and alcohols [2–4] and
or the degradation of organic pollutants such as dyes and phenol,
espectively.

Toxic organic compounds in the ecosystem are the main anxi-
ty for the scientific community and regulation authorities. These
onitoring agencies have close look on volatile organic compounds

nd also tighten the norms all over the world. Acetone, the most
ommonly used solvent in chemical industries and laboratories is
ighly volatile and hazardous to human health and living organ-

sms. Exposure to air having high concentration of acetone vapor

ay cause headache, allergy, fatigue and even narcosis [5]. In case

f diabetes mellitus patients, acetone sensing is very important to
nvestigate sugar level [6]. Hence early detection and quantifica-

∗ Corresponding author. Tel.: +966 501577579.
E-mail address: mdfaisalahsan@gmail.com (M.  Faisal).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.05.003
h  lower  detection  limit  (0.068  ± 0.01  mM)  in  short  response  time  (10  s).
© 2011 Elsevier B.V. All rights reserved.

tion of acetone in the environment is necessary and important for
our safety. Recently, metal oxides have been exploited as artificial
mediators for the development of reliable and efficient chemical
sensors [7]. That is why  low dimensional metal oxide NPs have
been proposed as a redox mediator for the detection and quantifi-
cation of acetone. Here our main effort is to determine minimum
concentration of acetone using low dimensional ZnO NPs by simple
and reliable I–V technique in short response time [7–12].

Similarly, toxic and hazardous organic dyes are also serious
organic pollutants which create water pollution and severely con-
taminate the environment [13–19]. The waste water containing
the organic dyes (organic pollutants) inhibits sunlight penetration
which cause esthetic pollution, eutrophication and perturbations in
aquatic life and also reduce photosynthetic reaction [13–15]. There-
fore, due to the serious impact of dyes and other organic pollutant
on the environment has provided impetus for sustained fundamen-
tal and applied research interest in the field of dye and organic
pollutant removal for environmental remediation [13–16]. Many
traditional techniques have been used so far for the treatment of
dye waste effluents but they lost their importance due to usually
non-destructive nature towards organic dye molecules, inefficient,
costly, and just transfer pollutions from one phase to another,
i.e. from water to another phase [16–21]. It is found that using
semiconductor materials, the organic dye pollutants can be com-

pletely degraded with the help of solar or artificial lights [13–23].
Among various semiconductor materials, the photocatalytic degra-
dation properties of titanium oxide (TiO2) are widely investigated.
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owever, ZnO has recently been receiving much attention due
o its low-price, very simple synthesis process, bio-compatibility
ature, high-stability, high-activity towards photo-induced redox
eactions, various applications in photonics and electronics, pho-
ocatalytic reduction, the eradication of environmental pollutants
nd environmentally friendly photo-catalyst, etc. [22,23]. It is pre-
icted that ZnO could be one of the best photo-catalysts for the
egradation of organic dyes.

The aim of present study was to investigate the synthesis of
ow dimensional ZnO NPs via simple hydrothermal process at low-
emperature and to utilize as a chemi-sensor and photocatalyst for
he detection and degradation of organic pollutants. Morphological,
tructural and optical properties of the prepared ZnO photocata-
yst were characterized by XRD, FESEM, FTIR, Raman, and UV/vis
pectroscopy. Photocatalytic activity of the prepared ZnO NPs was
valuated by photodegradation of AO. Synthesized ZnO NPs were
tilized to fabricate efficient chemical sensor and their perfor-
ance was tested on acetone at room temperature. To the best of

ur knowledge, this is the first report for detection of acetone (liq-
id phase) using simple and reliable I–V technique in short response
ime.

. Experimental details

.1.  Growth and characterizations

All  the chemicals were of reagent grade, purchased from
ldrich and used as received. ZnO NPs were synthesized by sim-
le hydrothermal method using the aqueous (DI water) mixtures
f zinc chloride and ammonium hydroxide as source materials. In a
ypical reaction process, ammonium hydroxide solution was added
ropwise in 0.1 M zinc chloride solution made in 100.0 mL  of DI
ater under constant stirring. The addition of ammonium hydrox-

de was stopped when the pH of the solution reached 10.2. The
eaction mixture was then continuously stirred for 1 more hour
nd the resultant solution was then transferred into a Teflon-lined
utoclave and heated up to 150.0 ◦C for 3 h. After terminating the
eaction, the autoclave was allowed to cool at room-temperature
nd finally white precipitates were obtained which were washed
ith methanol several times and dried at room-temperature. The
ried products were then calcined at 400.0 ◦C for 3 h and charac-
erized in detail in terms of their structural, optical, photocatalytic
nd sensing properties.

Structural  characterizations of the synthesized product were
erformed using field emission scanning electron microscope
FESEM; JSM-7600F, Japan) and X-ray diffraction (XRD; X’Pert
xplorer, PANalytical diffractometer) data was measured with Cu-
�1 radiation. Fourier transform infrared spectrometer (FT-IR;
erkin Elmer) spectrum was recorded in KBr dispersion in the range
f 400–4000 cm−1. UV–vis spectrum was recorded in the range of
00–800 nm (Perkin Elmer-Lambda 950, UV-visible spectrometer).
aman-scattering spectrum was measured at room-temperature
ith the Ar+ laser line (�; 513.4 nm)  as an excitation source.

.2. Photocatalytic experiments

Photocatalytic decomposition of AO was examined by optical
bsorption spectroscopy. The photocatalytic reaction was carried
n a 250 mL  beaker containing 150 mL  of AO dye solution (0.03 mM)
nd 150 mg  of ZnO NPs. Prior to irradiation, the solution was stirred
n dark with continuous oxygen purging for at least 15 min  in

rder to establish adsorption/desorption equilibrium between AO
olecules and the surface of the photocatalyst. The suspension
as continuously purged with oxygen bubbling throughout the

xperiment. Irradiation was carried out using 250 W high pres-
5 (2011) 943– 949

sure  mercury lamp. Samples (5.0 mL)  were collected before and
at regular intervals during the irradiation and AO solutions were
separated from the photo-catalyst by centrifugation before analy-
sis. The degradation was  monitored by measuring the absorbance
using UV–vis spectrophotometer (Lambda 950). The absorbance of
AO (0.03 mM)  was  followed at 491 nm wavelength.

2.3. Fabrication of glassy carbon electrode using ZnO

Glassy carbon electrode (surface area, 0.0316 cm2) was coated
with prepared ZnO using butyl carbitol acetate (BCA) and ethyl
acetate (EA) as a coating agent. Then it was kept in the oven at 60 ◦C
for 3 h until the film got completely dry (thickness of film ∼0.1 mm).
Phosphate buffer solution (0.1 M at pH 7.0) was prepared by mixing
0.2 M Na2HPO4 and 0.2 M NaH2PO4 solution in 100.0 mL  de-ionized
water.

2.4. Detection of acetone using I–V technique

A cell was constructed consisting of NPs coated glassy car-
bon electrode as a working electrode and Pd wire was used as
counter electrode. Acetone solution was  diluted at different con-
centrations in DI water and used as a target chemical. Amount of
0.1 M phosphate buffer solution was  kept constant as 20.0 mL  for all
measurement. Solution was prepared with various concentrations
(0.13 mM to 1.33 M)  of acetone in DI water. The ratio of voltage and
current (slope of calibration curve) was used as a measure of ace-
tone sensitivity. Electrometer was  used as a voltage sources for I–V
measurement in simple two  electrode system.

3. Results and discussion

3.1.  Structural and optical properties of synthesized ZnO
nanoparticles

General structural characterization of the synthesized products
was done using FESEM and demonstrated in Fig. 1. It is clear from
the FESEM images that the synthesized products are NPs which are
grown in a very high-density and possessing almost uniform shape
and sizes (Fig. 1(a) and (b)). Fig. 1(c) exhibits the high-resolution
FESEM image of the synthesized NPs which revealed that most
of the NPs possessing spherical shapes while some elongated NPs
were also seen in the micrograph. The average sizes of the grown
NPs were in the range of ∼50 ± 10 nm.  To check the composition
of the synthesized NPs, FESEM–EDS studies were done and shown
in Fig. 1(d). It is clear from the EDS analysis that the synthesized
NPs are composed of zinc and oxygen, only. No other peak related
with any impurity has been detected in the FESEM–EDS, until the
detection limit of EDS, which confirms that the synthesized NPs are
made only with zinc and oxygen.

To check the crystallinity and crystal structures of the syn-
thesized NPs, X-ray diffraction was  done and result is shown in
Fig. 2. It is observed from the obtained pattern that all of the
indexed peaks are well-matched with that of bulk wurtzite hexag-
onal well-crystalline ZnO (JCPDF # 089-0511) which confirms that
the synthesized NPs are well-crystalline ZnO. All the obtained peaks
in the pattern belong only to ZnO and no other peak related to
impurities was detected within the detection limit of the X-ray
diffraction, further confirms that the obtained NPs are pure ZnO
with wurtzite hexagonal phase.

The optical property of the synthesized ZnO NPs was  exam-
ined using UV–vis spectrophotometer at room-temperature and

shown in Fig. 3(a). To measure the UV–vis absorption, the ZnO NPs
were dispersed in distilled DI water and measured. The obtained
UV absorption exhibits a well-defined exciton band at 375 nm,  a
characteristic and corresponding peak to the wurtzite hexagonal
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lution FESEM images and (d) EDS spectrum of synthesized ZnO NPs.
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Fig. 1. Typical (a) and (b) low-magnification and (c) high-reso

hase bulk ZnO [24–26]. No other peak related with impurities and
tructural defects were observed in the spectrum which confirms
hat the synthesized NPs were crystalline and pure ZnO. The band
ap energy was found to be 3.3 eV calculated on the basis of the
aximum absorption band of ZnO NPs using Eq. (A):

bg = 1240
�

(eV) (A)

here  Ebg is the band-gap energy and � is the wavelength (nm) of
he ZnO NPs.

To  further check the composition and quality of the synthesized
nO NPs, FTIR studies were done in the range of 430–4000 cm−1

nd results are shown in Fig. 3(b). Appearance of a sharp and strong

and at 499 cm−1 in the FTIR spectrum is due to the formation of
n–O bonds in the synthesized product. In addition to this, two
ther bands appeared at ∼3447 cm−1 and ∼1622 cm−1 indicate
he presence of O–H stretching and bending modes of vibrations,
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Fig. 2. Typical XRD pattern of synthesized ZnO NPs.
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Fig. 3. Typical (a) UV–vis spectrum and (b) FTIR spectrum of synthesized ZnO NPs.
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Fig. 4. Typical Raman scattering spectrum of the synthesized ZnO NPs.

espectively in the synthesized NPs. A very small band originated at
83 cm−1 is probably due to the carbonate moieties which generally
bserved when FTIR samples are measured in air [25–27].

The  Raman-scattering studies are sensitive towards the crys-
allization, structural disorders and defects in nanostructures.
herefore, Raman-scattering studies have been performed for the
ynthesized ZnO NPs and shown in Fig. 4. With a wurtzite crystal
tructure, ZnO belongs to the C4

6v space group and possess two

ormula units per primitive cell where all the atoms are occupying
he C3V symmetry. The group theory predicts the existence of dif-
erent optic modes near the centre of the Brillouin zone which are
enoted as: � = A1 + 2B1 + E1 + 2E2 where A1, E1, and 2E2 modes are

ig. 5. Typical plot for (a) change in the absorption spectrum at different time intervals; (
d)  comparison of degradation rate for the decomposition of AO.
5 (2011) 943– 949

Raman  active while A1 and E1 are infrared active and splits into lon-
gitudinal (LO) and transverse (TO) optical components [28,29]. In
case of synthesized ZnO NPs, the obtained Raman-scattering spec-
trum exhibits a strong and sharp peak at 438 cm−1, corresponds to
the optical phonon E2(high) mode of wurtzite hexagonal phase pure
ZnO [29]. Therefore, due to the presence of only sharp and strong
E2 mode in the obtained Raman-scattering spectrum, it indicates
that the synthesized ZnO NPs possess good crystal quality with the
wurtzite hexagonal phase.

4. Applications

4.1. Photocatalytic degradation

Fig. 5(a) exhibits change in absorption spectra of AO as a function
of irradiation time in the presence of ZnO NPs. It has been observed
that irradiation of aqueous suspension of AO in the presence of
ZnO NPs leads to the decrease in absorption intensity. It can be
seen that the maximum absorbance at 491 nm gradually decreases
with increase in irradiation time and disappear almost completely
after 80 min  which indicates that the AO dye has almost completely
degraded after 80 min.

Irradiation of an aqueous solution of AO in the presence of syn-
thesized ZnO NPs and commercially available TiO2-UV100 leads
to decrease in absorption intensity. Fig. 5(b) shows the change in
absorbance as a function of irradiation time for the dye derivative
in the absence and presence of ZnO NPs and TiO2-UV100.

Fig. 5(c) shows a plot for the % degradation vs. irradiation

time (min) for the oxygen saturated aqueous suspension of AO in
the presence and absence of different photocatalysts. It could be
seen from the figure that 86.36% (in the presence of TiO2-UV100)
and 96.11% (in the presence of ZnO NPs) of the compounds were

b) change in absorbance vs. irradiation time; (c) % degradation vs. irradiation time;
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ig. 6. Fabrication of chemical sensors using synthesized ZnO NPs and its detection
ethodology.

egraded after 80 min  of irradiation time whereas in the absence
f photocatalyst no observable loss of dye could be seen. It can
e seen that % degradation of AO by synthesized ZnO NPs pho-
ocatalyst after 80 min  reaction time is more than commercially
vailable TiO2-UV100. The actual pH of solution before starting the
rradiation and after 96.11% degradation of dye was  6.2 and 6.08,
espectively. A slight decrease in the pH was observed at the end of
xperiment which may  be due to the generation of proton during
he course of reaction [30].

The  degradation rate obtained for the decomposition of dye
erivative in the presence of synthesized ZnO NPs and TiO2-UV100

s shown in Fig. 5(d). It has been observed that degradation of dye
erivative under investigation proceeds much more rapidly in the
resence of synthesized ZnO NPs rather than other photocatalyst.
he results above clearly indicate that the prepared NPs of ZnO
hotocatalyst show higher photocatalytic activity when compared
ith TiO2-UV100, which might be due to its large surface area and
nique structure to absorb a large fraction of UV light. Since syn-
hesized ZnO NPs have very simple synthesis procedure, low cost
nd exhibited the highest overall activity for the degradation of
ye under investigation, it is concluded that prepared ZnO NPs is a
etter photocatalyst than TiO2-UV100 for the degradation of AO.

Earlier studies have shown that ZnO demonstrated better activ-
ty for the photocatalyitc degradation of a large number of organic
ollutants. Poulios and Tsachpinis [31] showed that ZnO was found
o be more effective than different semiconducting oxides viz., TiO2
Degussa P-25), TiO2-UV100 and TiO2/WO3 when Reactive Black 5
as used as the model pollutant. Poulios et al. [32] reported that

nO was found to be better than TiO2 (Degussa P-25) for the degra-
ation of Auramine O in aqueous suspension using ZnO and TiO2
eparately in batch reactor. Hoffman et al. [33] have also shown
hat ZnO produces H2O2 more efficiently than TiO2. Thus, ZnO
hoto-assisted degradation may  proceed in three different ways
iz., photocatalytic oxidation or oxidation with photocatalytically
enerated H2O2, or simultaneous operation of both ways [20,34].
ur results for the decomposition of dye derivative under investiga-

ion are in agreement with above studies reported in the literature.
According to the mechanism of semiconductor photocataly-

is, when a photon of energy equal to or greater than its band
ap width irradiates ZnO nanoparticle, it leads to the formation
f electron/hole (e−/h+) pairs with free electrons produced in the
mpty conduction band (e−

CB) leaving behind an electron vacancy
+
r “hole” in the valence band (h VB). Once the charge separation is

aintained the electron and hole may  migrate to the surface of pho-
ocatalyst where they participate in redox reactions with organic
ubstrate dissolved in water in the presence of oxygen. Specially,
Scheme 1. Mechanism of photocatalytic degradation of AO.

h+
VB may  react with surface-bound H2O or OH− to produce the

hydroxyl radical and e−
CB is picked up by oxygen to generate super-

oxide radical anion [35–38] as indicated in Eqs. (1)–(3) mentioned
below:

ZnO + h� → e−
CB + h+

VB (1)

O2 + e−
CB → O2

•− (2)

H2O + h+
VB → OH• + H+ (3)

Alternatively,  direct absorption of light by the dye, can lead to
the transfer of photogenerated electron from the excited state of the
dye to the conduction band of the semiconductor which results in
the generation of hydroxyl radicals and superoxide radical anions.
The various steps involved in dye degradation are summarized in
the following equations:

Dyeads + h� → Dyeads∗ (4)

Dyeads∗ + ZnO → Dyeads
+ + ZnO (e−) (5)

ZnO  (e−) + O2 → O2
•− + ZnO (6)

O2
•− + 2H2O + e− → 2H2O2 (7)

H2O2 + e− → OH• + OH− (8)

It  has been suggested that the generated hydroxyl radicals (OH•)
and superoxide radical anions (O2

•−) are the active oxidizers and
drive the photodegradation or mineralization of the dye molecule.

Dye or Pollutant (AO) + O2
• - /OH • → intermediates 

↓
degraded or mineralized products.

Generally, the proper amount of oxygen vacancies can entrap
electrons from semiconductor, resulting in the holes to diffuse
to the surface of the semiconductor and causes oxidation of the
organic substrate. In addition, the hydroxyl group acidity increases
with decrease in electron density within the semiconductors and
thus enhances the photocatalytic activity of ZnO NPs. Due to this
role, increase in the number of oxygen vacancies improves the pho-

tocatalytic performance of photocatalysts.

The whole mechanism of photocatalytic degradation has been
depicted in Scheme 1.
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Fig. 7. I–V curves of (a) with and without coating of ZnO NPs; (b) with and without acetone; (c) concentration variation of acetone; and (d) calibration curve of acetone
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.2. Chemical sensing properties

The  chemical sensing properties of the synthesized ZnO NPs
ere evaluated by detecting acetone at room temperature using

–V technique [7,11,12,39–42]. ZnO NPs modified electrode shown
n Fig. 6 was fabricated by coating ZnO NPs on the GCE using
onducting binder. Fabricated electrode was kept in oven at low
emperature (60.0 ◦C) for 3 h until the film was completely dry and
table. The electrical response of acetone, used as a target molecule
as measured using I–V technique.

The sensing properties of I–V sensors (two electrodes system)
aving ZnO thin film have been studied, which is presented in
ig. 6. Fig. 7(a) shows I–V responses of coated (with ZnO NPs) and
ncoated (without ZnO NPs) electrode in which the coated elec-
rode shows lower current as compare to the uncoated electrode
hich may  be due to slight resistance caused by ZnO NPs with

onducting binder on electrode surface. Fig. 7(b) presents the elec-
rical response of ZnO NPs with and without acetone and exhibits
n increase in the current with applied potential in the presence
f acetone. The gray-solid and dark-solid dotted curves indicate
he response of the film before and after injecting 100.0 �L chemi-
als in bulk solution. Significant increase in the sample current was
bserved after injection of target component. I–V response of ZnO
Ps to varying concentration (0.13 mM to 1.33 M)  of target analyte

s presented in Fig. 7(c). It is observed that the current increases
radually with increase of acetone concentration. The calibration

urve was plotted from the variation of acetone concentration,
hich is shown in Fig. 7(d). The sensitivity is calculated from the

alibration curve, which was found to be 0.14065 �A cm−2 mM−1.
his sensor exhibit linear dynamic range from 0.13 mM to 0.13 M
with the detection limit of 0.068 ± 0.01 mM (3 N/S). The response
time was around 10 s for the NPs coated electrode to acquire satu-
rated steady state current. The reason for elevated sensitivity of
film may  be due to the good absorption capability (porous sur-
faces fabricated with coated ZnO) and adsorption property of the
zinc oxide NPs. Large surface area of ZnO NPs creates favorable
nanoatmosphere for the detection of chemical and high electron
communication among the active sites of NPs and GCE. These fac-
tors are responsible for the lofty sensitivity and good stability.

5.  Conclusion

In summary, low-temperature growth and detailed structural
and optical characterizations of well-crystalline ZnO NPs were done
and demonstrated in this paper. The detailed morphological char-
acterizations by FESEM reveal that the synthesized NPs possess
almost spherical shape with the typical diameters of ∼50 ± 10 nm.
The detailed structural properties examined using XRD, Raman
and FTIR exhibit that the synthesized NPs are well-crystalline and
possessing wurtzite hexagonal phase. The optical properties of
synthesized ZnO NPs were investigated by UV–vis absorption spec-
troscopy which shows the presence of characteristic ZnO peak in
the spectrum. For application point of view, ZnO NPs showed high
photocatalytic activity when compared with commercially avail-
able TiO2-UV100 by degrading AO. The synthesized ZnO NPs were
also employed as chemi-sensor for the detection of acetone in liq-

uid phase and explored excellent performance in terms of high
sensitivity and lower detection limit. Therefore, ZnO NPs could
be considered as a promising photo catalyst and chemi-sensor for
environmental application.
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