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The dc thermal plasma synthesis of ZnO nanoparticles
for visible-light photocatalyst
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Abstract

It is known that ZnO is an n-typed semiconductor with band-gap energy of∼3.2 eV and thus only absorbs UV light with the wavelength
≤385 nm. However, as far as photocatalytic efficiency and practical applications are concerned, it is desirable that ZnO absorbs not only UV
but also visible light. In the present study, a novel dc thermal plasma reactor was used to synthesize ZnO nano-particles. We found that the
kind of plasma affects the nanoparticle morphology and N2 plasma favors formation of the spherical nanoparticles. Visible light absorption of
the ZnO nano-particles was achieved by doping up to a few thousands ppm of nitrogen into the material. The effect of doping concentration
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nd particle morphology on photocatalytic characteristics of the ZnO nanoparticles will be described.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Zinc oxide (ZnO) nanoparticles have recently received
uch attention due to a variety of applications such as UV
bsorption, NOX decomposition, deodorization, and anti-
acterial treatment[1–3]. Various techniques have been used

o synthesize ZnO nanoparticles and can be categorized into
ither chemical or physical methods[4]. The former are,

or example, thermal hydrolysis technique[5], hydrothermal
rocessing[6], and sol–gel method[7–9] while the latter are
apor condensation method[10], spray pyrolysis[11–13],
nd thermochemical/flame decomposition of metal-organic
recursors[14,15]. It is known that ZnO is ann-type semicon-
uctor with band-gap energy of 3.2 eV and thus can absorb
V light with the wavelength equal or less than 385 nm. How-
ver, for higher photocatalytic efficiency and many practical
pplications, it is desirable that photocatalyst such as ZnO
hould absorb not only UV but also visible light due to the
act that visible light accounts for 45% of energy in the solar
adiation while UV light less than 10%. In order to absorb

visible light, band gap of ZnO has to be narrowed or s
into several sub-gaps, which can be achieved by impla
transitional metal ions, e.g. V, Cr or Fe[16–19], or by doping
N [20–23].

In the present study, we used a novel dc thermal pla
technology to synthesize N-doped ZnO nanoparticles.
effect of nitrogen doping and particle morphology on p
tocatalytic characteristics of the ZnO nanoparticles wil
described.

2. Experimental

2.1. Synthesis of ZnO nanoparticles

In the present study, a novel dc plasma reactor (Fig. 1) op-
erated at 70 kW and atmospheric pressure was used to
thesize ZnO nanoparticles. Commercial zinc powder (
Aesar) with an average particle size of 10�m and con
taining impurities of Cr Fe and Pb less than 50 ppm w
used as the raw material. The Zn powders were fed
∗ Corresponding author. Tel.: +886 3 5917934; fax: +886 3 5820039.
E-mail address:linshufeng@itri.org.tw (H.-F. Lin).

plasma flame through carrier gas and subsequently under-
went vaporization, oxidation and quench processes. Dop-
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Fig. 1. Schematic of the dc plasma reactor.

Table 1
Processing conditions of the ZnO nano-powder

Specimen name R-ZnO T-ZnO S-ZnO

Plasma-forming gas 50% Ar 50% Ar 100% N2

50% N2 50% N2

Carrier gas Air N2 N2

Quenching gas Air Air + N2 Air + N2

ing nitrogen into ZnO nanoparticles was achieved by in-
troducing nitrogen gas into the plasma-forming and carrier
gases. Flow rates of the plasma, carrier and quenching gases
are respectively in the range of 200, 10 and 3000 slm. The
processing conditions are summarized inTable 1. Chemi-
cal compositions of the resulting nanoparticles are listed in
Table 2.

2.2. Characterization of ZnO nanoparticles

The phase identity and crystallite size of the ZnO nanopar-
ticles were determined using an X-ray diffractometer (XRD,
Philip PW1700) operated at 40 keV and 40 mA with Cu K�
radiation. The scanning step size and the collection time for
each step were set at 0.02◦ and 5 s, respectively. Nanocrys-
tal size was analyzed through broadening of the XRD peaks

Table 2
Specific surface area (BET) and chemical analysis of the ZnO nanoparticles

Specimen BET (m2 g−1) Pb (ppm) Cr (ppm) Fe (ppm) N (ppm)

R-ZnO 7.2 10 <1 1.8 1250
T-ZnO 7.5 41.0 <1 1.8 1200
S-ZnO 15.1 30.0 <1 1.8 1770

using the Scherrer’s formula as follows:

Bs = 0.94λ

d cosθ
(1)

whereBs is the broadening from the sample,λ the wave length
of X-ray, d the crystal size,θ the Bragg’s angle. In addi-
tion, instrumental broadening (BI ) caused by slit width, sam-
ple size, sample penetration, imperfect focusing, and non-
monochromaticity of the beam (α1 andα2 for example) was
carefully calibrated. Assuming Gaussian shape for the peaks,
the broadening from the sample (Bs) is calculated through

B2
s = B2

m − B2
I (2)

whereBm is the measured broadening.
A field emission scanning electron microscope (FE-SEM,

LEO 1530) and a transmission electron microscope (TEM,
Jeol 2010) were used for morphological observations of the
ZnO nanoparticles. The specific surface area of the resultant
ZnO powders was determined by a nitrogen gas adsorption
instrument (Micrometrics ASAP 2010) based on the BET
method. Nitrogen elemental analysis was done with a ni-
trogen/oxygen determination (LECO Corporation, TC-436).
The chemical composition of the nanoparticles was analyzed
by an inductively coupled plasma-mass spectrometer (ICP-
MS, Spectro-P).
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.3. Photocatalytic testing

Methylene blue (MB) decomposition and anti-microb
estings were carried out to study photocatalytic abilit
he ZnO nanoparticles. Based on the Beer–Lambert law[24],
he methylene blue aqueous solution with 10−5 M is lin-
arly proportional to the intensity of the measured spect

n the present study, the MB (10−5 M) solutions containin
.2 wt.% of well-dispersed ZnO nanoparticles were illu
ated employing a 6 W Xenon UV-lamp with the wavelen
f 365 nm and a 13 W fluorescent lamp. To ensure no

ight radiation, irradiation from the fluorescent lamp was
ered through a 400 nm UV cut filter. The incident int
ities of illumination of the UV and the visible light we
et to 750�W cm−2, and 7000 lx, respectively. Photoc
lytic decomposition of the MB solutions was character
y a UV–vis spectrometer (HITACHI U-3010). The wa

engths that are prevailingly absorbed by MB are 665,
nd 246 nm whereas the maximum peak occurs at 66
he extent of decomposition was calculated from the
rated area of the peak at 665 nm.

Anti-microbial experiments usingEscherichia col
BCRC 11634) were performed with the suspension
aining 0.2 wt.% ZnO nanoparticles of specimen in disti
ater. The same bacteria were also cultured in distilled

er as a reference specimen. Both samples were illumi
ith the wavelength of 543 nm UV light and the intensity
500 lx for 6 h. Afterward, the samples were examined in
umber of bacterium using an optical microscope.
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Fig. 2. XRD patterns of the ZnO nanoparticles.

3. Results and discussion

The crystalline structure of all the synthesized ZnO
nanoparticles in the present study is hexagonal wurtzite struc-
ture (space groupP63mc). Fig. 2 is the XRD profiles of the
nanoparticles. It has been reported[25] that ZnO particles
formed by oxidation of Zn vapor typically show two kinds
of shapes: granular and tetrapod-like. In the present study,

various morphologies of ZnO nanoparticles, namely, rod-like
(R-ZnO), tetrapod-like (T-ZnO), and spherical (S-ZnO), have
been synthesized as shown inFig. 3. Average particle size of
the spherical ZnO calculating from the broadening of the
XRD peaks is about 31 nm. The tetrapod-like particles con-
sist of four crystalline rods with a diameter and a length of
about 30 and 100–200 nm, respectively, as shown inFig. 3(d).
It appears that the kind of plasma affects the nanoparticle
morphology and N2 plasma favors formation of the spheri-
cal nanoparticles. As listed inTable 2, specific surface areas
(BET) of the nanoparticles varied from 7.2 to 15.1 g cm−3,
which indicates a certain extent of agglomeration in the pow-
ders.

Typical TEMs of the spherical and tetrapod-like ZnO
nanoparticles are shown inFig. 4. It is seen fromFig. 4(a) of
the tetrapod-like particles that shape of the crystalline nee-
dle perpendicular to the micrograph (i.e. parallel to the e-
beam) is hexagonal in the cross section. Since the e-beam
is in the [0 0 0 1]direction and thus the ZnO needle grew
in the 〈0 0 1〉 direction[25]. As showed inFig. 4(b) of the
spherical nanoparticles, the distance between lattice planes
is measured to be 5.2̊A corresponding to the lattice constant
C0 of wurtzite ZnO.

Fig. 5 shows the typical diffuse reflection spectra of
the nitrogen-doped ZnO nanoparticles and commercial ZnO
powders (Japan High Purity Chemicals) for comparison.
N ntra-
t out
1 e be-
l nge

, (c) S-ZnO, and (d) a close-up of the T-ZnO nanoparticles.
Fig. 3. FESEM images of (a) R-ZnO, (b) T-ZnO
ote that in the present study, nitrogen-doping conce
ion in the nanopowders is typically in the range of ab
200–1800 ppm. We observed a strong absorption edg

ow 420 nm and a significant absorption in the visible ra



H.-F. Lin et al. / Journal of Photochemistry and Photobiology A: Chemistry 174 (2005) 82–87 85

Fig. 4. Transmission electron micrographs of (a) tetrapod-shaped and (b) spherical ZnO nanoparticles.

from 450 to 650 nm. And it appears that in the visible range
there exists an absorption edge at about 500 nm, correspond-
ing to a band gap of 2.5 eV. The visible range absorption may
be ascribed to a defect of energy state induced by nitrogen in
the ZnO band gap. Since doping N (column V) in substitution
for O (column VI) in ZnO forms the p-typed semiconductor
[26], the defect level or acceptor level is near the valence band.

Li and Haneda[20] reported two absorption edges at about
385 and 500 nm for the nitrogen-doped ZnO particles synthe-
sized by spray pyrolysis of zinc-ammonia solution. Futsuhara
et al.[27] reported that the optical band gap of ZnO films de-
creased from 3.26 to 2.3 eV when the nitrogen concentration
increased from 0 to 10 at.%. The decrease in band gap was
attributed to a decrease in ionicity due to the formation of
Zn N bands.

It is worthwhile to mention that Irie et al.[23] re-
cently reported that increasing the nitrogen concentration
in TiO2−xNx lowered the quantum yields when irradiating
with UV light, indicating that the doping sites could also
serve as recombination sites. Li and Haneda[20] reported
that the visible photocatalysis of ZnO powder was signifi-
cantly improved by doping a small amount of nitrogen. How-
ever, there exists an optimal amount of doping concentra-
tion due to excess N-dopant resulting in instability of the
material.

It is known that conduction band electrons (e−) and va-
lence band holes (h+) are generated on the surface of ZnO par-
ticles when aqueous ZnO suspension is illuminated by light
with energy greater than the band gap energy, as demonstrated
in R1. Holes can react with water adhering to the surface of
ZnO nanoparicles to form highly reactive hydroxyl radicals
(OH•), as shown in R2. Oxygen acts as an electron acceptor
by forming a super-oxide radical anion (O•−), as shown in
R y act
a oxyl
r xide
a with
h
m e de-
Fig. 5. UV–vis absorption spectra of the ZnO nanoparticles. c teps,
2
3. The suspension of super-oxide radical anions ma
s oxidizing agents or as an additional source of hydr
adicals via the subsequent formation of hydrogen pero
s shown in R4–R6. The powerful oxidants associated
ydroxyl radicals react with the Methylene blue (MB+), and
ake the blue solution colorless, as shown in R7. Sinc

omposition reaction of the MB is composed of several s
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Fig. 6. Degradation of the MB under UV irradiation as a function of time
for the various ZnO nanoparticles.

R7 is just a simplified form

ZnO + hν → e− + h+ (R1)

H2O + h+ → OH• + H+ (R2)

O2 + e− → O2
•− (R3)

O2
•− + H+ → HO2

• (R4)

2HO2
• → H2O2 + O2 (R5)

H2O2 + O2
•− → OH• + O2 + OH− (R6)

OH• + MB+ → colorless compound (R7)

Fig. 6 shows degradation of the MB solution under the UV
irradiation (λ = 365 nm) as a function of time for various
ZnO nanoparticles. It is seen that the decomposition rates
for all samples are high within the first 10 min. As MB
concentration decreases, probability of MB molecules re-
acting with ZnO nanoparticles decreases and consequently
decomposition rate decreases. The overall decomposition
rates associated with individual specimens decrease in the
order: R-ZnO > T-ZnO > S-ZnO. Note that even though pos-
sessing the highest specific surface area, the S-ZnO sam-
ple has the lowest MB decomposition rate. It appears
that particle morphology of the ZnO affect photocatalytic
ability.
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Fig. 7. Degradation of the MB under visible light irradiation as a function
of time for the various ZnO nanoparticles.

produces super-oxide ions and hydroxyl radicals that are
very powerful oxidants. These highly reactive particles are
able to oxidize organic materials and are effective against
bacteria. When the cell membrane of bacteria is in con-
tact with the powerful oxidants, it will be decomposed and
consequently the bacteria will die. Photocatalyst not only
kill the bacteria, but also clean their bodies. The body of
a bacterium will be decomposed into carbon dioxide and
water.

The anti-bacterial activity (Ab) is expressed as follows
[33]:

Ab = log10

(
Cre

Cs

)
(3)

whereCre is the germ count of reference (DI water) after ir-
radiation;Cs the germ count of the sample. According to the
Japan Industrial Standards (JIS 2801:2000), a sample is pos-
sessed of anti-bacterial function if the anti-bacterial activity is
greater than 2 after 24 h since the reaction has started.Table 3
summarizes results of the anti-microbial test performed with
the T-ZnO, the S-ZnO and a reference sample. Note that in
the present study illumination duration for all samples is only
6 h. The anti-bacterial activity of the T-ZnO is calculated to
be 2.25 whereas the S-ZnO to be 4.4. Contrary to results
of the MB decomposition tests, the S-ZnO had better anti-
m , in
v S-
Z erial
m

T
T

S

T
S

C

Degradation of the MB solutions under the visible li
rradiation as a function of time for various ZnO nanop
icles is illustrated inFig. 7. Similarly, the S-ZnO has th
owest decomposition rate among all specimens. It too
nd 30 h, respectively, for specimens T-ZnO, and R-Zn
ecompose 80% of the MB solution. We note that ph
atalytic ability of the ZnO nanoparticles may be addit
lly affected by the morphology and surface state of

icles, dispersity in solution, and perhaps impurities in
ample.

Anti-bacterial mechanism of photocatalyze is as foll
28–32]. Under illumination, the powdered photocata
icrobial ability. The reason is not clear. Nevertheless
iew of the value of anti-bacterial activity, not only the
nO but also the T-ZnO samples are effective anti-bact
aterials.

able 3
he anti-bacteria tests performed with the ZnO

ample name Number of bacterium (CFU ml−1) Ab

Cs Cre

-ZnO 4.7× 102 8.4× 104 2.3
-ZnO < 10 2.7× 105 4.4

FU: colony forming unit.
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4. Conclusions

In this research, a novel dc thermal plasma reactor was
used to produce ZnO photocatalyst nanoparticles with vari-
ous morphologies. Visible light absorption of the ZnO photo-
catalyst was achieved by doping up to a few thousands ppm of
nitrogen into the material. We found that under illumination
of both UV and visible light, the spherical ZnO nanopar-
ticles had better anti-microbial ability, while particles with
tetrapod-like and rod-like shape had better MB decomposi-
tion ability.
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