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Titanium dioxide is well known for its photocatalytic activity, but it works effectively only in the ultraviolet
(UV) range. Given the relatively low flux of solar UV that reaches earth, the potential of exploring its
photocatalytic capacity for environmental protection applications is very limited. In this study, rutile, the
least photocatalytic of the three existing titanium dioxide crystalline forms, was suspended in water or
acetonitrile and treated with oxygen or argon plasmas, using a novel dense-medium plasma technology
(submerged arc discharge). As a result of the plasma treatment, rutile particles were doped with various
trace elements that originated in electrodes made of different metals. Subsequent analyses show that the
photocatalytic capacity of plasma-modified rutile is comparable to or even better than that of unmodified
anatase, the most photocatalytic form of titanium dioxides. The color change of TiO, samples after plasma
treatment indicates that the modified rutile absorbs visible light and may therefore work as a photocatalyst
in the visible range. Given the fact that rutile can be produced in large quantity more easily and cheaply
than can anatase, these results are very encouraging and open up possibilities in using rutile for photo-

catalytic applications in the visible range.
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1. Introduction

In recent years, titanium dioxide has been at the center of an
intensive international effort of the study of its photocatalytic
properties as an efficient way for chemical utilization of solar
energy. When irradiated with light, TiO, generates electrons
and holes; these give it strong reducing and oxidizing powers,
respectively, as illustrated in Fig. 1. Generally speaking, atten-
tion has been focused on its oxidizing power. When brought
into contact with the surface of TiO,, most organic micro-
pollutants, including dioxins in emission gas, can be ultimately
decomposed into carbon dioxide and water by the effect of the
holes with their highly oxidative potential. With its strong pho-
tocatalytic capacity, TiO, can be used in many pollution-
control applications, such as deodorization, antibacterial prop-
erties, emission gas treatment, self-cleaning, anti-staining
properties, water treatment, and water splitting (Ref 1, 2).

However, unmodified TiO, is not an efficient photocatalyst.
Among the three existing polymorphs of TiO,, anatase and
rutile have been widely studied. It has been generally accepted
that anatase is more photocatalytic than rutile because of dif-
ferences in their band gap structures. One problem in using
anatase as a photocatalyst is its large band gap, which is 3.2 eV
and leads to a photoresponse wavelength <387 nm (in the UV
light region). As solar energy contains only ~5% of UV light,
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unmodified anatase is not a very efficient photocatalyst (Ref 3).
Similar problems exist with rutile, although its absorption
wavelength is closer to that of violet light at 413 nm. Therefore,
to exploit the inherent photocatalytic capacity of TiO,, it is
desirable to use modified TiO, in order to improve its effec-
tiveness.

Another reason it is important to modify TiO, is that, as a
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Fig. 1 Mechanism of photocatalysis, showing the photoexcitation
process, formation of electron/hole pairs, and reduction/oxidation re-
actions that occur at the surface of photocatalyst
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photocatalyst, it is most often used as a powder suspended in a
liquid medium. Handling of such powders and their subsequent
removal can be fairly difficult and expensive processes. There-
fore, recent research has focused on using TiO, in its immo-
bilized form, e.g., as thin films on supports. However, due to
the more limited surface areas, a smaller quantity of available
catalysts, and increased vulnerability to contamination by im-
purities, the immobilized titania exhibits low photocatalytic
efficiency and must be modified to have any meaningful im-
pact.

Many studies have been dedicated to modification of TiO,
to improve its photocatalytic properties. It seems that, recently,
most studies have focused their efforts on doping TiO, with
noble metals (e.g., Ag, Pt, and Au) (Ref 4-6) or transition
metals (e.g., Ni, Fe) (Ref 7, 8). Traditional procedures to pre-
pare these metal-coated or metal-doped TiO, materials include
chemical, electrochemical, and photodeposition methods, such
as precipitation deposition, incipient wet-impregnation, sol-gel
methods, or photoreduction under UV irradiation. The idea
behind these methods is to form electron-trapping sites within
the TiO, substrate or close to its surface, thus reducing the
undesirable recombination of holes and electrons and thereby
liberating holes to participate in photon-induced reactions.
However, the detailed influence of metal doping on the pho-
toelectrochemical behavior is not yet fully understood (Ref 9).
Nitrogen- and sulfur-doped TiO, were also investigated (Ref
10, 11), although the latter suffers from degradation of photo-
catalytic activity caused by possible catalytic poisoning. Re-
cently, several studies reported have reported using carbon as a
doping material to replace the lattice oxygen atoms in both
rutile and anatase (Ref 12-15). Carbon-doped TiO, has shown
significant improvement in photocatalysis. In one of these stud-
ies, the authors claimed that the carbon-doped rutile layer is
five times more active than nitrogen-doped TiO, in the degra-
dation of 4-chlorophenol by artificial light (Ref 13).

In this study, rutile, the least photocatalytic crystalline form
of TiO,, was selected for modification to improve its photo-
catalytic capacity. The more catalytic anatase was also treated
in this study, but it was not emphasized. In fact, studies from
other researchers have shown that the generally accepted no-
tion that anatase is more photoactive than rutile may not be true
for all conditions or reactions (Ref 16). The commonly used
P25 TiO, consists of a large fraction of anatase, but it has been
demonstrated that many of the anatase particles are covered by
a thin layer of rutile, which means some of the anatase studies
have actually been conducted on rutile surfaces (Ref 17). In
addition, compared with rutile, it is more difficult and expen-
sive to produce anatase in large quantities. In light of these
considerations, the authors believe it is more important that
they focus their efforts on improving the photocatalytic ability
of rutile.

A description of the patented dense-medium plasma (DMP)
technology is presented herein. DMP allows initiation and sus-
tained discharges in a coexisting liquid/vapor medium at atmo-
spheric pressure. It offers a significantly higher efficiency for
the processing of liquid-phase materials in comparison to other
existing plasma technologies. In this study, rutile was sus-
pended in either distilled water or acetonitrile and then treated
using the DMP reactor with various electrodes (i.e., doping
materials), different plasma gases, and different treatment
times. In addition, in suspensions of rutile in acetonitrile, car-
bon nanoparticles were deposited onto the surfaces of rutile
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particles. The photocatalytic capacity of modified rutile was
evaluated and compared with that of anatase.

2. Materials and Methods

2.1 Materials and Characterization Techniques

Rutile (>99.9%, <5 pwm) and acetonitrile (99%) were pur-
chased from Aldrich Co. (St. Louis, MO). Anatase (P25) is
from Degussa (Ridgefield Park, NJ). Argon was purchased
from Liquid Carbonic Specialty Gas Corp. (San Carlos, CA)
and was used as cavitation-generating inert gas during the syn-
thesis and as plasma gas during the surface functionalizations.

Scanning electron microscope (SEM) images were collected
using a LEO 1530 field emission SEM (LEO Electron Micros-
copy, Inc., Thornwood, NY). Samples were mounted using a
piece of double-sided copper tape and were coated with gold by
sputter deposition. The sputtering device was a Denton
Vacuum Inc. (Moorestown, NJ) Desk II system; sputtering gas
(argon) pressure was 50 mtorr, sputtering current was 45 mA,
and sputtering time was 10 s.

An Ultima ICP-AES inductively coupled plasma mass spec-
trometry (ICP-MS) instrument was used (Jobin-Yvon, Edison,
NIJ). The samples were wet-ashed and extracted with nitric acid
and hydrogen peroxide at 140 °C and 100 psi for 25 min. They
were then filtered into volumetric flasks, and elemental analy-
ses were carried out.

A JASCO V-530 UV/vis spectrophotometer was used for
measuring absorption of the dichromate solution (Jasco, To-
kyo, Japan).

2.2 Plasma Treatment of Rutile

The DMP used in this study was designed and developed at
the Center for Plasma-Aided Manufacturing, University of
Wisconsin-Madison (Ref 18, 19). The DMP reactor provides
initiation and sustained discharges at atmospheric pressure in a
coexisting liquid/vapor medium and offers a significantly
higher efficiency for the processing of liquid-phase materials or
suspensions in comparison to existent plasma technologies.

Figure 2 shows the design of this DMP reactor. It is com-
posed of a vacuum-tight cylindrical glass chamber wherein the
liquid medium to be treated is contained. A set of electrodes is
immersed within the liquid medium. The upper electrode has a
ceramic disc cap, on top of which is located an array of metal
pins. The lower electrode is basically a metal disc with three
holes for the purpose of facilitating liquid circulation. Both
electrodes can be made from selected metals, as dictated by the
particular treatment. Distance between the electrodes can be
adjusted as desired.

For plasma treatment, the upper electrode can be rotated at
high speed (up to 5,000 rpm) whereas the lower electrode is
stationary. Inert or reactive plasma gas is bubbled through the
liquid medium from the bottom of the glass chamber. Combi-
nation of these two motions generates numerous microcavities
between the electrodes. At this time, the direct current (dc)
power supply is turned on and plasma is initiated within the
microcavities. Active species (e.g., free radicals) diffuse to-
ward the interface and react with the liquid medium. Rotation
of the electrode also helps homogenize the microdischarges,
activate a larger effective volume of fluid, pump fresh liquid
medium into the discharge zone, and decrease the boundary
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Fig. 2 Redesigned DMP reactor: (1) DC power supply; (2) gas
evacuation point; (3, 26) coolant exit and inlet; (4, 7) glass cylinders;
(5) electrical contact; (6) coolant; (8) ceramic-pin array; (9, 17) caps;
(10) non-rotating electrode; (11) ground; (12) gas inlet; (13) motor;
(14) digital controller; (15, 18) magnetic coupling system; (16) liquid
inlet; (19) rotating electrode; (20) sealed volume; (21) quartz isolator;
(22) recirculating pump; (23) pins; (24) electrical discharges; (25)
recirculated flux; (27) valve

layers between the emission tips and the bulk liquid. A more
detailed description of the DMP reactor can be found in our
previous publications (Ref 18-20).

During a typical experiment, 4 g of TiO, is suspended in
200 mL of distilled water or acetonitrile. The suspension is
well mixed by a magnetic stirrer and introduced into the glass
chamber of the DMP reactor. Plasma gas is injected through
the hollow, lower electrode at a flow rate of 2 sccm. Cooling of
the reaction medium is started by a flow of tap water through
the cooling jacket, and the rotation of the upper electrode is
started at the desired angular speed. The discharge is initiated,
and the plasma state is sustained for the preselected treatment
time. After plasma treatment, the suspension is then filtered
and washed several times. The resulting TiO, powders are
dried in a vacuum oven at 50 °C for at least 12 h before being
ground and sealed for subsequent analyses to evaluate their
photocatalytic capacity. The following experimental conditions
were used during the actual plasma treatment: type of elec-
trodes, Fe or Ag or Ti; DC voltage, 200 V; current, 1 A; angular
speed of the rotating electrode, 1000 rpm; plasma gas, Ar or
O,; temperature of the reaction media, 18 °C; treatment time, 1,
2, or 3 min.
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Fig. 3 Illustration of the device used to evaluate photocatalytic ca-
pacity of TiO,. Chromate reduction reaction occurs by photocatalysis.

To evaluate the photocatalytic capacity, a straightforward
device is used, as illustrated in Fig. 3.

For each analysis, 500 mg of ground TiO, powder is sus-
pended in 500 mL of 150 wm K,Cr,0O; solution contained in a
quartz immersion well from Ace Glass (Vineland, NJ). A Phil-
ips H33CD 400 watt mercury vapor lamp wrapped in a Pyrex
glass jacket is then immersed in the titania suspension. Nitro-
gen gas and a magnetic stirrer are used to mix the reagents. The
clock is started immediately after the nitrogen begins to flow,
but during the first 40 min of vigorous mixing, the mercury
lamp is left off. This is purposely done to reduce the possibility
of false readings caused by adsorption of dichromate ions by
TiO, powders. The adsorption can cause decreases in Cr,0,>~
concentration, which gives the perception that the photocata-
lyst is working. After this 30 min “black-out” period, it is
reasonable to assume that the adsorption has reached its satu-
ration point and will not affect the outcome. At this point, 10
mL of the mixture is removed from the reactor by a syringe to
be used as the time = 0 background. The TiO, powders are
removed with XPERTEK PTFE (Cobert Associates Inc., St.
Louis, MO) syringe filters (pore size: 200 nm). The lamp is
then ignited to start the illumination process. Every 20 min, a
sample of the mixture (10 mL) is removed and filtered for
subsequent analysis. During the entire illumination process, the
device is tightly covered with aluminum foil to provide the
maximum output from the lamp and also to prevent environ-
mental stray light from affecting the results.

The absorption of these samples solutions was then mea-
sured spectrophotometrically at 350 nm, the absorption maxi-
mum of the dichromate solution. Several absorption readings
are averaged and then converted into concentrations of dichro-
mate anions via use of a Beer’s law calibration curve. The data
are then plotted against time, which shows how much dichro-
mate anions have been reduced with the increase of time.

3. Results and Discussion

3.1 Plasma Treatment

After the plasma treatment in aqueous media, the color of
rutile powders turned from pure white to purple. The color
became darker with longer treatment time. When rutile was

Journal of Materials Engineering and Performance



(®)

Fig. 4 SEM images of (a) unmodified rutile and (b) Fe/C-doped
rutile (original magnification 50,000x)

suspended in acetonitrile, the color of the rutile turned from
white to dark gray. This color change results from deposition of
carbon nanoparticles on the rutile powder. These color varia-
tions suggest that, instead of absorbing almost nothing in the
visible range, the rutile TiO, powders were red-shifted to ab-
sorb some visible light. However, it is not clear at this time
whether the visible absorption is sufficiently strong to create
electron/hole pairs to participate in the photocatalytic reactions.

Figure 4 shows the SEM images of the unmodified rutile
and the Fe/C-doped rutile. Because plasma modification is ex-
tremely surface-oriented, it is understandable that the images
show almost no changes in morphology. However, in the image
of Fe/C-doped rutile (i.e., TiO, suspended in acetonitrile and
treated with iron electrodes), small particles can be seen on the
surface of the rutile particles. These are carbon nanoparticles
that are products of dehydrogenation and fragmentation of ace-
tonitrile molecules. Detailed information about the synthesis of
carbon nanoparticles by DMP technology has been presented
earlier (Ref 20, 21).

ICP-MS analysis was used to measure the concentration of
Fe in plasma-treated rutile samples. It ranges from 2.0 to 4.0
mg/g (i.e., 0.2-0.4%). Because it is known that the solubility
limit of iron in anatase TiO, is about 1% (Ref 22), the extent
of iron doping can be considered to be fairly high in this DMP
plasma treatment.
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Comparison of Fe/C-Doped Rutile

wfff== Rutile
160 == ArFe
140 A Ar-FelC
- e 02-Fe

e 02-Fe/C

Dichromate concentration, jLm
3

40

20

0 10 20 30 40 50 60 70

Reaction time, min

Fig. 5 Photoreactivity of plasma-treated rutile using different plasma
gases

3.2 Photocatalytic Evaluation

To obtain the relationship between absorption and con-
centration, a set of solutions with known concentrations were
measured. The data were then used to determine the two
constants in Beer’s law, and hence the following equation
was obtained:

Absorption = 3.12717 x Concentration + 0.00423

With this relationship, the concentrations of dichromate ions
were calculated for all of the sample solutions taken from the
quartz immersion well during illumination. The Cr concentra-
tions are plotted against illumination/reaction time for evalua-
tion of photocatalytic activity.

3.3 Impact of Different Plasma Gases

The first set of data, Fig. 5, shows the impact on photore-
activity caused by different plasma gases. For the purpose of
comparison, two types of doping were used during the treat-
ment: Fe or Fe/C (the carbon comes from the acetonitrile-
originated nanoparticles). According to the figure, the follow-
ing major conclusions can be made:

*  O,-treated, Fe/C-doped rutile exhibits the largest improve-
ment in photoreactivity when compared with that of un-
treated rutile.

e Under the same condition, i.e., with the same doping, O,
plasma tends to outperform Ar. This suggests that metal
oxide (e.g., Fe,O3) plays a more important role in the
photocatalytic improvement. This is understandable, given
the fact that Fe has a band gap of only 2.2 eV and the
excitation of 3d electrons of Fe®* can contribute to the
conduction band of TiO,.

e Carbon might be involved in the interfacial charge transfer
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02-Treated Rutile using Different Electrodes
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Fig. 6 Photoreactivity of oxygen-plasma-treated rutile with different
doping elements

reactions that are responsible for the improved photoreac-
tivity. It may help accelerate the absorption of surrounding
reaction molecules onto the TiO, surfaces or serve as elec-
tron traps to decrease the recombination possibility of
electron/hole pairs.

3.4 Impact of Different Electrodes

By varying the electrode materials, the metal doping ele-
ments can be changed. The data in Fig. 6 show the influences
of different doping metals on photoreactivity. Because previ-
ously mentioned results show that O, tends to perform better
than Ar under the same conditions, oxygen was selected in this
set of experiment.

From Fig. 6, it is very clear that, although silver and tita-
nium improve the photoreactivity of rutile to some extent, it is
the combination of iron and carbon nanoparticles that has the
most dramatic effect. This result is in accord with the conclu-
sion made in the previous subsection, i.e., that O,-treated and
Fe/C-doped rutiles show the biggest improvement.

3.5 Impact of Different Treatment Time

Finally, the influence of plasma treatment time on photore-
activity was evaluated. Data are presented in Fig. 7. To com-
pare them directly, the same silver electrode and oxygen gas
were used for all three plasma treatments, i.e., 1, 2, and 3 min.

The results show that longer treatment time, which should
supposedly lead to higher Ag concentration, actually decreases
the photoreactivity of rutile. This might be explained by a
process similar to catalyst poisoning: a higher concentration of
the doping elements reduces available reactive sites in contact
with the surrounding reaction media and thus decreases the
photocatalytic efficiency.

In addition to the data resulting from different treatment
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Influences of O2-Plasma Treatment Time on Rutile
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Fig. 7 Photoreactivity of oxygen-plasma-treated rutile with different
treatment time. Untreated P25 anatase is also shown here for compari-
son.

times, another set of curves is presented in Fig. 7, i.e., the
photoreactivity of untreated P25 anatase and the best-
performing plasma-treated rutile (O,-treated, Fe/C-doped, and
1 min treatment time). It is noteworthy that the Fe/C-doped
rutile shows much improved photocatalytic capacity and is, in
fact, comparable to or even better than that of untreated ana-
tase. This represents a very significant improvement in rutile
photocatalytic activity.

In light of the above results, it is obvious that the DMP-
induced doping of iron and the incorporation of carbon nano-
particles substantially improved the photoreactivity of rutile
TiO,. This improvement might be explained by one or more of
the following mechanisms: the metal elements may have acted
as electron traps, enhanced the electron/hole separation pro-
cess, and thus extended the life time of the oxidizing power of
the photocatalyst; the dipole moment from plasmon resonance
effects in the metals may help the electron/hole separation; the
various doping elements may have structurally modified the
structure of the photocatalyst and thus increased its photoreac-
tivity; carbon nanoparticles may have facilitated the transfer of
surrounding reaction molecules, which lead to high efficiency
of photoreactions.

At last, due to the limitations of our current analytical tech-
niques, we still do not yet know whether the plasma modifi-
cation performed on rutile has shifted its photoresponse wave-
length toward the visible range, which would certainly result in
much more efficient utilization of the solar energy. In our
future work, the output spectrum of the light source will be
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determined; if necessary, cutoff filters will be used to block the
UV light, so that photoreactivity in the visible range can be
evaluated.

4. Conclusions

Dense-medium plasma technology has been successfully
used to modify rutile TiO,. To determine the optimum param-
eters for the modification, three sets of treatment conditions
were evaluated: different plasma gas, different doping materi-
als, and different treatment times. It turns out that (a) oxygen
plasma tends to be more efficient than Ar, indicating that metal
oxides (e.g., Fe,05) might play important roles; (b) among the
four different types of doping elements used, the combination
of iron and carbon nanoparticles results in dramatically im-
proved photoreactivity; and (c) prolonged plasma treatment
times actually decrease the photoreactivity of rutile due to
mechanisms similar to that of catalyst poisoning.

Finally, it was found that the photoreactivity of O,/1 min
treated and Fe/C-doped rutile is comparable to or even better
than that of untreated P25 anatase. Possible mechanisms for
improvement were discussed.
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