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RESEARCH NOTES

Monodisperse Nanoparticle Synthesis by an Atmospheric Pressure
Plasma Process: An Example of a Visible Light Photocatalyst
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An atmospheric pressure plasma-enhanced nanoparticle synthesis (APPENS) process was
proposed to produce a titania-based visible light photocatalyst. The titanium tetraisopropoxide
(TTIP) precursor was vaporized with a N, carrier gas and entered a nonthermal AC plasma
system. The N, gas was dissociated into N atoms by the plasma energy, and then they were
doped into the precursor vapors. The produced TiO,_xNy nanoparticles were highly uniform and
adjustable in size. The titania-based particle sizes ranged from 25 to 40 nm, and they depended
on the precursor ratio of TTIP/H,O. In addition to producing the photocatalytic particles, the
APPENS process has a potential application as a continuous-flow nanosize monodisperse aerosol

generator.

1. Introduction

Plasma processes for making powders or films are not
new technologies, but they have been operated under
either high-temperature or near-vacuum conditions.12
Besides, the product particles by the plasma process
were usually broad in size distribution.®# The nonther-
mal plasma process operated at near-atmospheric pres-
sure and temperature has been successfully applied as
commercial ozone generators.> Also, its potential ap-
plication for removing various air pollutants such as
volatile organic compounds, nitrogen oxides, and sulfur
oxides has been widely studied.®” However, to date, its
feasibility to serve as a reactor for nanoparticle or
nanofilm production has not yet been studied.

On the other hand, ever since the first paper pub-
lished concerning its photocatalytic effect,® the TiO,
material has attracted many studies on its potential
applications. These include photocatalytic destruction
of various environmental pollutants,® photocatalytic
sterilization, and photocatalytic cancer treatment as
well as antifogging and self-cleaning usage due to the
photoinduced superhydrophilicity of TiO,, etc.l® The
anatase TiO, nanoparticles have a potential use as solar
cell materials also.™

Although the application fields may be varied, the size
control in the production of TiO, nanoparticles has
always been an important subject of study. Electrical
charges during the gas-phase particle generation pro-
cess can be used to reduce the average particle size and
narrow the size distribution of particles.’2 For example,
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the unipolarly charged method has been applied to the
flame method?2 or the chemical vapor deposition (CVD)
method'* to assist in the production of nonagglomerated
nanoparticles.

One of the application limitations for TiO, particles
as a photocatalysis material is that they utilize only
ultraviolet light source. Because TiO, absorbs only
2—3% of solar light, modification of the titania particles
that utilize a visible light source has been widely
studied.'®> Doping of transition metals into TiO, particles
has been the most common approach to extend their
light absorption into the visible region and to reduce
recombination of photoregenerated electrons and
holes.1617 Another promising route is to produce nitrogen-
doped TiO; particles that enhance the photoactivity in
the visible light region. The titania particles can be
N-doped via utilization of N, gas, ammonium chloride,
ammonia gas, or other N-containing bases.'’® 22 The N
atom can be successfully doped into titania via sput-
tering of the TiO; target in an N/Ar gas mixture, and
a TiO,_«Ny film was prepared.’® The substitutional
doping of N was the most effective because its p state
contributes to the band-gap narrowing by mixing with
O 2p states.'® The TiO,—xNy film absorbed the light at
less than 500-nm wavelength. Recent photocatalytic
activity test results confirmed that the TiO,-_xNx nano-
particles are superior to the TiO, nanoparticles in the
visible light of irradiation.21=23

2. Experimental Method

In this study, a continuous-gas-flow reactor was
developed to produce TiO,—xNyx nanoparticles with uni-
form size. The process employs an AC nonthermal
plasma operated under atmospheric pressure conditions
and is named atmospheric pressure plasma-enhanced
nanoparticles synthesis (APPENS) hereafter. The AP-
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PENS process has the advantage of operating without
the necessity of vacuum conditions, as compared to the
radio-frequency plasma process (i.e., the PECVD pro-
cess). It is operated at atmospheric pressure with low
frequency (60 Hz) and thus requires low power. Also,
its energy input is still enough to break down the N,
molecule and thus enables the doping of N atoms into
the TiO; precursors.

The idea of the APPENS process is very simple. It
used titanium tetraisopropoxide [TTIP, Ti(OC3H7)4] and
H,0 as the precursor materials. They were obtained by
passing the Ny carrier gas into impingers and then
mixed, and the resulting solution was fed into the
plasma reactor. The reactor was made of Pyrex glass
with an inner diameter of 21 mm. The total flow rate of
TTIP and HO carrier gases was 160 cm3/min and was
controlled by mass flow controllers (Brooks 5860E). The
system was operated at an electrical field strength from
0 to 9.6 kV/icm by an ac power supply with 60-Hz
frequency. The concentration of the TTIP precursor was
controlled by changing either the bath temperature or
precursor feed ratio (TTIP/H,0). The produced particles
were heated in a 500 °C oven for 3 h to remove residual
carbon.

The photocatalytic reactor for the toluene destruction
test was a batch-type reactor. The reactor was made of
Pyrex glass with 21 mm i.d., 23 mm o.d., and 200 mm
length. The batch reactor was the same one as that for
producing the TiO; catalytic particles during the AP-
PENS process; that is, the particles were formed and
deposited directly on the reactor for later photocatalytic
test usage. Blank tests were conducted before the
photocatalytic tests. The blank tests included those
conducted with a catalyst but without illumination and
those without a catalyst but with UV illumination. Both
types of blank tests showed that the removal of toluene
vapors is negligible.

The illumination light sources of a photocatalytic
reactor were UV (365 nm) and visible light (435, 485,
and 540 nm). The intensity of both light sources was
the same at 10 W. For the batch-type photocatalytic
reaction test, a small amount of toluene was injected
into the sealed reactor at 45 °C and held for about 60
min to reach a steady-state concentration of 250 + 10
ppm in the reactor as detected by a gas chromatograph
with a flame ionization detector (China Chromotography
9800). Then the light was turned on, and the removal
efficiency of the toluene vapor was recorded.

3. Results and Discussion

Because the system was operated without applying
atmospheric pressure plasma, polydisperse particles
were formed as observed by the scanning electron
microscopic (SEM) picture shown in Figure la. The
particle size range was very broad from nanometer to
micron sizes. The micron-sized particles can be either
spherical, porous, or doughnut shaped, forming from
direct hydrolysis of the TTIP precursor vapors or high
agglomeration of primary TiO, nanoparticles.

The SEM and transmission electron microscopic
(TEM) pictures of particles produced under a plasma
environment, i.e., by the APPENS process, are shown
in Figure 1b,c. Because the precursor vapors were
nucleating to form primary particles, their growth was
hindered as a result of the ac applied voltage that
produced ions of the same sign at a time. The particles
were all charged in either positive or negative sign and
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Figure 1. (a) SEM picture of titania-based particles formed
without atmospheric pressure plasma. (b and ¢) SEM and TEM

pictures of titania-based particles formed with applying atmo-
spheric pressure plasma.

repelled each other. Besides, the local thermal equilib-
rium plasma under ac provides a near-neutral environ-
ment; thus, a neutralizer may not be required after the
nonthermal plasma reactor.

The SEM and TEM pictures of particles revealed that
a change in the precursor bath temperature from 100
to 175 °C did not change the size of the product particles.
Similarly, collecting particles at different locations of
the reactor showed that a change in the plasma resi-
dence time from 1 to 17 s did not change the particle
size. However, an increase in the TTIP/H,O precursor
ratio resulted in an increase in the particle size. For
the present study, the photocatalytic particles with size
ranging from 20 to 40 nm are achievable for TTIP/H,O
ratios of 0.125:4. This falls in the size range that had
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Figure 2. Titania-based nanoparticle characterized by XRPD
(upper plot) and compared to the JCPDS file (bottom plot) of
anatase TiOa.

been confirmed to be optimal for photooxidation of
organic substrates in water.?4

To confirm the monodispersity, the TTIP precursor
flow was further diluted to prevent loose agglomeration
of particles at high concentration, and then the size
distribution was determined by the scanning mobility
particle sizer (SMPS; TSI model 3080L). The geometric
standard deviations of the particle size distribution were
found to be around 1.10 + 0.03 at particle concentrations
below 108 cm~3. As suggested in the literature,! a g4 of
less than 1.2 is monodisperse and a g of less than 1.0
is highly monodisperse. Also, with a o4 of 1.10, about
95% of the particles fall within size ranges of 16—24,
25—36, and 33—48 nm respectively for average diam-
eters of 20, 30, and 40 nm.2> Thus, we can say that
monodisperse nanoparticles can be continuously gener-
ated by the APPENS process proposed in this study.

The titania-based product particles for the APPENS
process were characterized by X-ray powder diffraction
(XRPD), and the result is shown in Figure 2. As
compared to the JCPD file, the peaks of product
particles were confirmed to be in the anatase form.
Surface analyses of particles were detected by both
energy-dispersive spectrometry (EDS) and electron
spectroscopy for chemical analysis (ESCA) to identify
whether the product particles contain N atoms. Both
revealed that Ti, O, and N atoms were found in the
product particles. From the EDS analysis, one observed
that most of the product particles were composed of Ti
and O atoms; only a slight amount of N atoms was
found. The atomic concentration of N is 1.25% in the
N-containing TiO, catalysts as analyzed by ESCA. The
N-containing TiO, particles were manufactured at an
electric intensity of 10.8 kV/cm and a TTIP/H,O molar
ratio of 4.0. As the operation condition was varied, the
atomic concentration of N would vary.

Figure 3 shows the ESCA for confirming the presence
of TiO,—xNy. As obtained from the ESCA data bank, the
peak binding energy for Ti 2ps, and Ti 2py;» in TiO;
should be around 458.8 and 464.3 eV, respectively. Our
binding energy data have slightly different peak values
of Ti 2p at 459.3 and 464.9 eV, respectively, as shown
in the upper plot of Figure 3. Although the slight
differences in the binding energy values are within the
error range of ESCA, they could also be due to the
N-doping effect that leads to shifts on the binding
energy values of Ti 2p.26 The N-doping effect is more
clearly seen by the presence of nitride around 396—398
eV, as shown in the bottom plot of Figure 3. Hence,
results of the analyses together with literature informa-
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Figure 3. Evidence of Ti (upper plot) and N 1s (bottom plot) in
TiO, as analyzed by the ESCA that shows the presence of the
TiO2-xNy structure of the product particles.
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Figure 4. Absorption spectra of TiO, (obtained by air plasma)
and TiO2-xNy (obtained by N plasma).

tion?223 indicated that the catalyst particles produced
in this study have the structure of TiO,_xNy.

Photocatalytic particles of both pure TiO, and N-
containing TiO2 were prepared as 100 mg/L aqueous
solutions and were tested by a photospectrometer (Shi-
madzu UV-2501PC) for its absorption spectrum. Al-
though we are not able to measure the band gap of the
TiO,—xNy particles at the present time, however, it is
known that the band gap of N-doped TiO; is slightly
narrowed by about 0.01—0.05 eV as compared to the
band gap of pure TiO,, 3.16 eV.2! As seen in Figure 4,
the slight narrowing in the band gap leads to increases
in the absorption intensity in both visible and UV light
ranges.
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Figure 5. Batch experimental results of toluene decomposition
efficiencies under UV (10 W and 365 nm) and visible (10 W and
435, 485, and 540 nm) light ranges.

The results of toluene removal tests are shown in
Figure 5. One can see that the N-doped titania-based
particles are photoactive under both UV and visible light
sources. The differences in the decomposition rates
between the UV and visible light illumination at the
beginning of the irradiation were within experimental
errors. That is, they have a similar decomposition rate
at the very beginning of the irradiation. Also, after 10
min of irradiation, the decomposition rate is slower for
the visible light irradiation than that for the UV light
irradiation. This may be because the absorption inten-
sity is still stronger in the UV light range than it is in
the visible light range, as shown by the absorption
spectra in Figure 4. So, at the same light intensity of
10 W, the utilization of light energy was lower for visible
light and resulted in a slower decomposition rate.
Similar observations have also been seen in the litera-
ture. 1922

4. Conclusion

In addition to the application of the APPENS process
to the production of photocatalyst in the nanometer-size
range, it has a potential application to serve as a
continuous-flow monodisperse nanoparticle generator.
For monodisperse particle generation purposes, it is
readily applicable with roughly the same design as
indicated in this study, while to serve as a photocatalytic
nanoparticle production process, the reactor design with
parallel-tube geometry is necessary to enlarge its pro-
duction rate.”
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