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a b s t r a c t

ZnO and Ag–ZnO (0.5 at.%) nanocrystals have been prepared by sonochemical method and character-
ized by X-ray diffraction, energy dispersive X-ray analysis, scanning electron micrographs, UV–visible
diffuse reflectance spectra, photoluminescence spectra, and impedance spectra. Ag-doping sharpens the
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band gap absorption, enhances the visible emission and increases the charge transfer resistance. The
synthesized ZnO photocatalytically detoxifies cyanide in alkaline medium. The bactericidal activities of
the prepared oxides, tested with Escherichia coli, are larger than that of commercial ZnO nanoparticles
(Sigma–Aldrich). While the antibacterial efficiencies of the prepared ZnO and Ag–ZnO do not differ sig-
nificantly, their photocatalytic activities to degrade dyes, tested with methyl orange, rhodamine B, and
methylene blue, could not be generalized; photocatalysis is also substrate specific. Further, agglomeration
of the nanoparticles in dye solution may lead to such results.
. Introduction

Zinc oxide is a promising material with extensive application in
emiconducting, piezoelectric, and gas sensing devices, and in med-
cal use, due to its unique properties and aesthetic morphologies
1]. It has a wide direct band gap (3.37 eV) and a large exci-
on binding energy (60 meV). Its high chemical stability and low
oxicity make it suitable for UV screening applications. Nanopar-
iculate ZnO is a bactericide and inhibits both Gram-positive and
ram-negative bacteria [2]. It is a photocatalyst as well [3] and

ts photocatalytic activity is comparable to that of TiO2. It shows
-type conductivity, because of its native defects such as zinc inter-
titials and oxygen vacancies. Ag-doping is found to be effective
or the fabrication of p-type ZnO. Doping ZnO with Ag modi-
es the optical and electronic properties of the oxide, which in
urn influence the photocatalytic activity [4–6]. Photocatalysis
ccurs on the surface of semiconductor and the photocatalytic
ctivity strongly depends on the morphology and surface mod-

fication of the oxide [7,8]. Shining semiconductor nanocrystals

ith light of energy not less than the band gap creates electron-
ole pairs, electrons in the conduction band (CB) and holes in
he valence band (VB) [9]. Some of these pairs diffuse to the
rystal surface and react with the adsorbed substrates leading to

∗ Corresponding author. Tel.: +91 9443481590; fax: +91 4144238145.
E-mail address: karunakaranc@rediffmail.com (C. Karunakaran).
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photocatalysis. The hole oxidizes the organics. The adsorbed oxy-
gen molecule picks up the electron and transforms into highly
active superoxide radical (O2

•−). In presence of moisture, O2
•−

produces reactive species like HO•, HO2
•, and H2O2, which act as

oxidants. Hole-trapping by either the surface hydroxyl groups or
the adsorbed water molecules generates short-lived HO• radicals.
Here we present the sonochemical preparation of nanocrystalline
ZnO and Ag–ZnO; both the oxides show large antimicrobial activity
than the commercial ZnO nanoparticles (Sigma–Aldrich). Regard-
ing the photocatalytic activities of the prepared ZnO and Ag–ZnO
to degrade dyes, contrary to many reports of enhanced dye-
degradation by Ag–ZnO, the present results are mixed. With
methylene blue, rhodamine B, and methyl orange as test substrates,
the observed photocatalytic activity is found to be substrate specific
also. Preparation of Ag–ZnO nanoparticles by chemical [10], photo-
chemical [11,12], coprecipitation [5,13], sol–gel [4], hydrothermal
[14–18] or solvothermal [19], microwave [20], flame spray pyrol-
ysis [21], electrospinning [22], and RF magnetron sputtering [23]
methods and hybrid induction and laser heating technique [24]
have been reported already. Although reports on synthesis of
nanocrystalline ZnO are numerous, ZnO nanostructure continues
to be of interest; it has been synthesized in the form of nanopar-
ticles by chemical precipitation [25], nanowires by solution-phase

reaction [26], nanoparticles, nanosheets, and hexagonal nanopy-
ramids by direct calcination [27], and nanoparticles, nanowires,
nanobelts, nanorods, prismatic nanorods, nanosheets, nanoflow-
ers, nanospheres, and hollow spheres by hydrothermal method
recently [28–32].

dx.doi.org/10.1016/j.jallcom.2010.08.128
http://www.sciencedirect.com/science/journal/09258388
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. Experimental details

.1. Sonochemical preparation

All the chemicals used were of analytical grade. Deionized distilled water was
mployed throughout experiments. Zinc acetate (2.195 g) and cetyltrimethylam-
onium bromide, CTAB (0.034 g), without or with silver nitrate (0.0084 g), were

issolved in water (100 mL) and sonicated (37 ± 3 kHz, 100 W) for 1 h. Continuing
onication, NaOH (0.2 M, 50 mL) was added gradually to the solution and precipita-
ion occurred immediately; the pH turned to 9.5. It was kept aside for a day and the
recipitate was dried under vacuum and calcined at 500 ◦C for 2 h in a muffle furnace
tted with a PID temperature controller. The heating rate was set at 10 ◦C min−1.

.2. Characterization

The powder X-ray diffraction (XRD) patterns of the oxides were recorded using
u K� rays at 1.5406 Å with a PANalytical X’Pert PRO diffractometer in a 2� range
f 10–70◦ with a scan rate of 0.05◦ s−1 at 40 kV and 30 mA. The morphologies of
he oxides were determined using a JEOL JSM-5610 scanning electron microscope
SEM) equipped with BE detector. The samples were placed on an adhesive carbon
lice supported on copper stubs and coated with 10 nm thick gold using JEOL JFC-
600 auto fine coater before measurement. JEOL JSM-5610 SEM equipped with EDX
as also used to record the energy dispersive X-ray (EDX) spectrum. The UV–visible
iffuse reflectance spectra of the oxides were recorded using a PerkinElmer Lamda
5 spectrometer. A PerkinElmer LS 55 fluorescence spectrometer was employed to
ecord the photoluminescence (PL) spectra of the oxides at room temperature. The
anoparticles were dispersed in carbon tetrachloride and were excited at 340 nm.
CH Instrument Electrochemical Analyzer 604C was used to obtain the impedance

pectra (IS) at room temperature in air over the frequency range of 1 MHz to 1 Hz.
he disk area was 0.5024 cm2 and the thicknesses of ZnO and 0.5% Ag–ZnO pellets
ere 0.70 and 0.85 mm, respectively.

.3. Photocatalytic study

A photoreactor fitted with 8 W mercury lamps of wavelength 365 nm (Sankyo
enki, Japan) and highly polished anodized aluminum reflector was employed for

he photodegradation experiments. Borosilicate glass tube of 15 mm inner diameter
as used as the reaction vessel. It was placed at the center of the reactor. The reac-

or was fitted with cooling fans at the bottom to dissipate the generated heat. The
olution was illuminated with four lamps mutually set at right angle. The photon
ux (I) of the UV light was determined by ferrioxalate actinometry.

Solutions of the dyes of required concentrations were prepared afresh and used.
fter the addition of the oxide (0.020 g) to the dye solution (25 mL), air was purged

hrough the solution, which kept the oxide particles under suspension and at con-
tant motion. After the illumination, the oxide was removed by centrifugation and
he undegraded dyes were spectrophotometrically estimated, after proper dilution.
he absorptions of methyl orange, rhodamine B, and methylene blue in the visible
ight at 464, 555, and 663 nm, respectively, were used for the analysis; calibration
urve for each dye was constructed by recording its absorbance at different ppm.
or the photocatalytic oxidation of cyanide ion, freshly prepared alkaline KCN solu-
ion (pH 12.5) was used and the procedure followed was the same as that of dye
egradation; the cyanide ion was analyzed spectrophotometrically at 590 nm, by
omplexing it with ninhydrin in alkaline medium [33].

.4. Bactericidal study

A nutrient broth culture medium of pH 7.4 was prepared by dissolving 13.0 g
utrient broth (5.0 g peptone, 5.0 g NaCl, 2.0 g yeast extract, 1.0 g beef extract) in 1 L
istilled water followed by sterilization in an autoclave at 121 ◦C. MacConkey agar
lates were prepared separately by dissolving 55 g MacConkey agar (20 g peptic
igest of animal tissue, 10 g lactose, 5 g sodium taurocholate, 0.04 g neutral red,
0 g agar) in 1 L boiling distilled water followed by sterilization in an autoclave
t 121 ◦C and poured into Petri dish. Escherichia coli bacteria were inoculated in
0 mL of a nutrient broth and incubated for 24 h at 37 ◦C. The cultured bacteria
ere centrifuged at 3500 rpm for 5 min, washed twice with an autoclaved NaCl
0.9%) solution and suspended in 50 mL of an autoclaved 0.9% NaCl solution. For
he counting of E. coli colonies in CFU mL−1, the bacterial solution was successively
iluted to 109 times using 0.9% NaCl solution in order to achieve about 100–125
olonies on the Petri dish. 10 �L of the diluted E. coli was streaked on the MacConkey
gar plate using a loop and incubated at 37 ◦C for 24 h. The CFU was counted by a
iable count method.

able 1
rystal size (D), surface area (S), band gap (Eg), near band gap emission (NBE), deep level em
�) and capacitance (C).

Oxide D (nm) S (m2 g−1) Eg (eV) NBE (nm)

Ag–ZnO 87 12 3.14 415
ZnO 25 44 3.14 410
   2θ

Fig. 1. X-ray diffraction patterns of ZnO and Ag–ZnO.

To E. coli solution (25 mL) taken in a bottle, the oxide (20 mg) was added and
shaken well continuously without any illumination. At the required time intervals,
a finite volume of E. coli solution was removed from the oxide, diluted stepwise and
enumerated as stated already.

3. Results and discussion

3.1. Crystal structure

The XRDs of sonochemically prepared Ag–ZnO and ZnO are dis-
played in Fig. 1. They show the crystal structures of the doped as
well as the undoped oxides as primitive hexagonal with crystal con-
stants a and b as 3.249 Å and c as 5.205 Å. The diffraction patterns
match with the standard JCPDS pattern of zincite (89–7102). Ag
can be incorporated in ZnO lattice as a substituent for Zn2+ or as
an interstitial atom [8]. If silver were substituted for Zn2+, a corre-
sponding peak shift should have been observed in the XRD. Absence
of such shifts in the recorded XRD suggests the segregation of Ag
particles in the grain boundaries of ZnO. Otherwise, only an insignif-
icant quantity of Ag would have gone to the substitutional Zn site.
However, the latter possibility is less likely because of the differ-
ence in ionic radii between Zn2+ (0.72 Å) and Ag+ (1.22 Å). The silver
particles preferentially choose to segregate around the ZnO grain
boundaries. This is supported by the fact that the XRD of doped
oxide also displays the 200 peak of face centered cubic phase of
metallic Ag at 44.4◦ (JCPDS 03-092). In the prepared Ag–ZnO, Ag is
unlikely to be present as Ag2O. This is because the prepared doped
oxide has been calcined at 500 ◦C whereas Ag2O decomposes to
Ag at 400 ◦C. The average crystallite size of the prepared Ag–ZnO
and ZnO have been deduced from the half-width of the full maxi-
mum (HWFM) of the most intense peaks of the respective crystals
using the Scherrer equation, D = 0.9�/ˇ cos �, where D is the average
crystallite size, � is the X-ray wavelength, � is the Bragg angle and
ˇ is the corrected half-peak width of the experimental sample. The

average crystal size of the doped oxide is larger that the undoped
one and the results are presented in Table 1. The specific surface
areas of the nanoparticles, also given in Table 1, have been deduced
using the relationship S = 6/�D, where S is the surface area and � is
the material density. The low surface area of Ag–ZnO is due to its

ission (DLE), ohmic (R�) and charge transfer (RCT) resistances, specific conductance

DLE (nm) R� (k�) RCT (M�) � (�S m−1) C (pF)

467 13.0 15.5 1.09 27.7
467 97.4 2.00 6.95 17.3
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Fig. 2. Energy dispersive X-ray spectrum of Ag–ZnO.

arger crystal size. The energy dispersive X-ray spectroscopic analy-
is of the doped oxide also confirms the presence of Ag in the doped
xide. Fig. 2 is the EDX spectrum of the doped oxide. The SEMs
f Ag–ZnO and ZnO are displayed in Fig. 3. The SEMs reveal that
nO obtained by sonochemical method is fake-like while Ag–ZnO
repared by the same method is highly agglomerated.

.2. Optical properties

The diffuse reflectance spectra (DRS) of Ag–ZnO and ZnO are
hown in Fig. 4. The reflectance data are reported as F(R) value,
btained by the application of Kubelka–Munk algorithm. The fig-

re displays the transformation of the DRS of ZnO on doping with
g. The band gap absorption turns sharp on doping ZnO with Ag.
he work function of Ag, which lies between the VB and CB of ZnO,
ay facilitate the light absorption capacity [5]. Table 1 presents the

Fig. 3. SEM images of ZnO and Ag–ZnO.
   Wavelength (nm)

Fig. 4. Diffuse reflectance spectra of ZnO and Ag–ZnO.

deduced band gaps. These values show that Ag-doping does not
modify the absorption edge of ZnO. The Gaussian fits of the photo-
luminescence spectra of ZnO and Ag–ZnO are presented in Fig. 5.
Both the oxides display near band gap emission (NBE) because of
excitonic recombination [8]. These emissions agree satisfactorily
with the band gaps deduced from the Kubelka–Munk plots. The
UV and visible emissions of ZnO and Ag–ZnO are listed in Table 1.
The blue or deep level emission (DLE) is due to the recombination
of electron in singly occupied oxygen vacancy with the photogen-
erated hole in the VB [8]. Analysis of the NBE and DLE of ZnO and
Ag–ZnO reveals enhancement of blue emission on doping ZnO with
Ag by sonochemical method. The ratio of intensity of DLE to that of
NBE reflects the extent of defect and the ratios for ZnO and Ag–ZnO
are 1.4 and 1.9, respectively. That is, the optical defect is more in
Ag–ZnO than in ZnO.

3.3. Electrical properties
In nanocrystals, the majority of atoms or ions are present in
the grain boundaries or within one or two layers from the bound-
ary. These grain boundaries may contain a high density of defects
like vacancies. Defects in semiconductor nanocrystals strongly
influence the electrical properties of the materials and the pho-
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Fig. 5. Photoluminescence spectra of ZnO and Ag–ZnO.
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with Ag by the same method. Further, reports of enhanced photo-
catalytic activity of Ag-doped ZnO are many [12,17–19,21,22,24].
But, there are also a few reports of inhibition of photocatalytic activ-
ity of ZnO on doping with Ag under certain conditions. Ag–ZnO
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Fig. 6. Nyquist plots of ZnO and Ag–ZnO.

ocatalytic activity of the semiconductor depends on the extent of
efects in the crystals. Impedance spectroscopy (IS) is a relatively
ew and powerful tool to probe the electrical properties of semi-
onductors [34]. It could be used to investigate the dynamics of
he mobile and bound charges in the interfacial or bulk region of
he semiconductors. In polycrystalline materials, the overall sample
esistance may be a combination of the intragranular or bulk crystal
esistance and intergranular or grain boundary resistance. Gener-
lly, the impedance data are analyzed in terms of an equivalent
ircuit model. An electrode interface undergoing an electrochem-
cal reaction is typically analogous to an electric circuit consisting
f a specific combination of capacitors and resistors. By fitting the
S data to a model or an equivalent circuit the electrical properties
f the semiconductors could be inferred. The impedance spectra of
g–ZnO and ZnO show decrease of impedance with increase of fre-
uency indicating the capacitance of the semiconductors prepared.
he corresponding Nyquist plots, the popular format of evaluating
he impedance data, are presented in Fig. 6. The semicircle in the
yquist plot is the expected response of the simple circuit. Here, it is

elevant to state that Ag2O/ZnO displays two partially overlapping
emicircular arcs [35]. The ohmic or uncompensated resistance
R�) corresponds to the grain boundary or intergranular resis-
ance and the polarization or electron-transfer (charge-transfer)
esistance (RP or RCT) refers to the intragranular or bulk crystal resis-
ance. The RCT is related to the Warburg resistance. It is controlled
y the specific conductance, �. The constant phase element (CPE)
ay be associated with a non-uniform distribution of current due to
aterial heterogeneity and is equivalent to a double layer capac-

tance (C). The specific conductance has been deduced from the
easured charge-transfer resistance and the capacitance has been

btained using the equations ωmax = 1/CRCT and ωmax = 2�f, where f
s the highest frequency exhibited by the semicircle of the Nyquist
lot. The determined ohmic and charge-transfer resistances and
apacitances of Ag–ZnO and ZnO are presented in Table 1. The
esults show that Ag-doping increases the charge transfer resis-
ance as well as the capacitance. The decrease of ohmic resistance
n doping ZnO with Ag is in agreement with the results of Kuo et
l. [36].
.4. Photocatalytic activity

Sonochemically synthesized ZnO photocatalyzes cyanide ion
xidation in alkaline medium. The pKa of HCN is 9.3. Hence to
Fig. 7. Time-profile of cyanide photooxidation. 0.025 g ZnO loading, 26.8 mg L−1 dis-
solved O2, 7.8 mL s−1 airflow rate, 12.5 pH, 365 nm, 48.8 �Einstein L−1 s−1, 25 mL
cyanide.

avoid its liberation into the atmosphere the detoxification was
done in a highly alkaline solution. Fig. 7 displays the time pro-
file of cyanide photodetoxification. Cyanide ion reacts with Ag
and hence Ag–ZnO is unsuitable for the photocatalytic removal of
cyanide. The photocatalytic efficiencies of the prepared ZnO and
Ag–ZnO have been compared by employing three dyes of different
classes and structures. The dyes used are azo dye methyl orange,
xanthen dye rhodamine B, and heterocyclic dye methylene blue.
The degradation profiles of all the three dyes, photocatalyzed by
ZnO and Ag–ZnO, are displayed in Fig. 8; the results are corrected
for adsorption. The time profiles show inhibition of photocatalytic
degradation of methylene blue and rhodamine B on doping ZnO
with Ag by sonochemical method. This is in contrast to the observed
enhancement of photodegradation of methyl orange on doping ZnO
 Time (min)

Fig. 8. Temporal profile of dye photodegradation; RB: Rhodamine B; MO: methyl
orange; MB: methylene blue. 0.020 g oxide loading, 9.3 mg L−1 dissolved O2,
7.8 mL s−1 airflow rate, 5.5 pH, 365 nm, 25.4 �Einstein L−1 s−1, 25 mL dye.
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ig. 9. Temporal profile of E. coli disinfection. 0.020 g oxide loading, 7.1 pH, 25 mL
. coli solution.

btained by RF magnetron sputtering exhibits mixed results. While
hort sputtering time of 1 and 5 s enhance the photocatalytic activ-
ty long sputtering time of 30, 60 and 150 s inhibit the same [23].
imilarly, the photocatalytic activity depends on the calcination
emperature; Ag–ZnO (1, 3, 5%) calcined at 1000 and 800 ◦C are
ess photocatalytically active than ZnO and those calcined at 300,
00, 500 and 600 ◦C are more photocatalytically active [4]. One of
he possible reasons for the observed mixed results of photocat-
lytic activities is that the photocatalysis is also substrate specific.
urther, the nanoparticles agglomerate in dye solution leading to
uch results.

.5. Bactericidal activity

The time profiles of E. coli disinfection by sonochemically pre-
ared Ag–ZnO and ZnO in aqueous suspension in absence of direct

llumination are shown in Fig. 9. The corresponding profile of E.
oli inactivation by commercial ZnO nanoparticles (Sigma–Aldrich)
s appended for comparison. The crystal structure of commercial
nO, determined by powder XRD (not shown), is also wurtzite; the
verage crystallite size and surface area are 58 nm and 18 m2 g−1,
espectively. In absence of the oxides the E. coli population remains
naffected during the experimental period displaying the bacterici-
al activity of the oxides. E. coli bacteria in 0.9% saline were used for
he evaluation of the bactericidal activity. The cell population was
etermined by a viable count method on MacConkey agar plates
fter proper dilution of the culture. The temporal profiles show the
nhanced bactericidal activity of sonochemically prepared oxides.
he exponential decrease of E. coli population provides the spe-
ific rates of E. coli inactivation by commercial ZnO nanoparticles
nd sonochemically prepared ZnO and Ag–ZnO as 0.054, 0.156, and
.137 s−1, respectively, indicating that the antibacterial activity of
onochemically prepared ZnO is about three times that of commer-
ial ZnO. The mechanism of bacteria inactivation by ZnO [2,37,38]
nd Ag [39] nanoparticles has been discussed elsewhere and oper-
tion of similar mechanism is possible.
. Conclusions

Nanocrystalline ZnO and Ag–ZnO (0.5 at.%), prepared by
onochemical method, show larger bactericidal activity than

[
[
[

d Compounds 508 (2010) 587–591 591

commercial ZnO nanoparticles (Sigma–Aldrich). Ag-doping by
sonochemical method sharpens the band gap absorption, enhances
the visible emission, and increases the charge transfer resistance.
The synthesized ZnO photocatalytically detoxifies cyanide in alka-
line medium. The antibacterial efficiencies of the prepared ZnO and
Ag–ZnO, tested with E. coli, do not differ significantly. But, the pho-
tocatalytic activities of ZnO and Ag–ZnO to degrade dyes, tested
with methylene blue, methyl orange, and rhodamine B, are sub-
strate specific.
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