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Monitoring the electrical response of photoinduced organic
oxidation on Ti02 surfaces

*Laura R. Skubal, Michael C. Vogt, and Natalia K. Meshkov

Argonne National Laboratory, Energy Systems Division, 9700 South Cass Avenue,
Argonne, IL 60439 USA

ABSTRACT ,

Gaseous photo-induced oxidations of a variety of organic compounds by titanium dioxide (T102) have been studied
extensively in the literature. The response of the organic to photochemical reactions with T102 and the extent of organic
oxidation are typically measured by monitoring the initial concentration of organic and the oxidation by-products using gas
chromatography. In thk study, Ti02 sensors are produced by coating and drying films of Degussa P25 TIOZ onto A1Z03
substrates. Tests are conducted at ambient temperaturesin a controlledatmosphericcell. ElectricalresponsesfromtheTQ
sensors are monitored as the sensors are exposed to a variety of organic compounds in the presence of ultraviolet light.
Unique vohammetric “signatures” are obtained horn the sensors as they react with specific gaseous organics. These
signatures can be used to distinguish and identify gaseous constituents.
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1. INTRODUCTION

In recent years, much effort has been devoted to developing technologies to facilitate the detection and analysis of organic
gaseous pollutants. Traditional gaseous organic analyses usually rely upon collection and sorption of the gaseous organic
onto a fiber, transport of the’ fiber to a laboratory, resorption of the organic from the fiber, and gaseous analysis by gas
chromatography/mass spectrometry (GC/MS). Although good detection limits and speciation can be achieved with GC/MS
analysis of the samples, the sample collection process is lengthy, complex, and the analytical portion rarely can be performed
in situ. Analytical technology is moving toward a more “instantaneous” approach, where instrumentation can be used in situ
to produce immediate contaminant concentration profiles. The use of solid state sensors aligns with this approach.

Titanium dioxide (Ti02) has long been known as an effective photocatalytic agent for removing organic pollutants from
both aqueous and gaseous environments. Heterogeneous semiconductor photocatalysis relies upon the use of photoactive
semiconductors, such as Ti02, to not only adsorb noxious and pollutant gaseous emissions, but to photocatalytically oxidize
them into less toxic organics and carbon dioxide (C02). When T102 is illuminated with light of energy equal to or exceeding
its bandgap energy (3.2V [volts] for anatase TIOJ, electrons are excited into the conduction band creating positive holes in
the valence band. If these electron-hole pairs do not recombine to produce heat, they can promote oxidative and reductive
electron transfers as described in the simplified Equations 1 through 614

Ti02 –hv~ h++ e- electron-hole pair formation (1)
e-+ M(til) ~ Mm reduction (~)

h+H20(a) ~ ●OH + ~ oxidation of adsorbed water (3)
h++ 201Z{a) ~ ●OH + OX% oxidation of adsorbed hydroxide ions (4)
“OH+ R+ R”+H20 propagation (5)
R*+ O@ R2 + H02 termination (6)

where hv = light energy, h+= hole, e-= electron, M“ = oxidized compound, R = reduced aldehyde, alcohol, light
hydrocarbon, aromatic, chlorinated solvent, etc. and R2 = oxidized R.

Photoexcited electrons can reduce compounds sorbed onto Ti02. Generally, holes do not directly oxidize organic
compounds. Instead, they react with adsorbed water molecules or hydroxyl ions to produce hydroxide radicals. poiverful
oxidizing species that in turn oxidize sorbed species (described by the mechanisms in Equations 3 through 6).
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A variety of gases have been detoxified by TiOz photooxidation. Included in these are benzene, toluene, acetaldehyde,
trichloroethylene, formrddehyde, propionaldehyde, pyridlne, ethylene, and acetone5”*5.Detoxification processes occur by the
sorption of the gas upon the T102 followed by ultraviolet light (UV)-induced photooxidation. Results from these studies have
shown conversions up to 100’%05.Several studies have taken this phenomenon one step further to detect atmospheric
constituents based on T102 sorption processes in the presence of light. Distinct conductivities and surface potentials are
produced when thin fihn rutile Ti02 is exposed to vaporized liquids such as methanol, ethanol, n-pentanol, benzene, toluene,
and monochlorobenzene in darkened conditions. These responses are greatly enhanced when the Ti02 is exposed to these
constituents and illuminated with 700nm lightlG. In another study, rapid responses in photoconductivity occurred when TiOl-
Nb was exposed to oxygen pressure than es. These responses were obtained at 120°C, a temperature much lower than most

,?metal oxide sensors require for operation .

In our study, we develop tlick film anatase TiOz sensors that operate at room temperature and photocatalytically respond to a
variety of organic gaseous constituents. We employ a systematic approach to analyze resistance signatures from anatase
Ti02 sensors, enabling us to distinguish and profile individual gaseous constituents. Our “smart” microsensors and
processing capabilities allow us to extract complex information that normally is not taken advantage of with chemical
sensors. Electrical perturbations includlng actual peak applied potential, average applied potential, applied potential rate
change, and applied potential waveform shape (stair-step, square wave, differential pulse) are deployed using programmable
microcontroller devices. Sensor responses (select or all) to an analyte, temperature, light, electrical perturbations, etc. are
combined into a surface or hypersurface that provides the signal processing with a wealth of information to support the
identification, differentiation, and quantification of a gaseous [analyte] constituent.

3. EXPERIMENTAL

The Ti02 gas sensor was prepared by first screening desired patterns of thick films (approximately 5pm) of platinum
(Heraeus Conductor Paste, Product LP1 1-4493) onto Coors Corporation aluminum oxide (A120J substrates with a
hydropneumatic industrial tlick-filrn screen printer (Presto Model 873 with Ikegami optics). After air-drying, these films
were fred inaLindbergtype51524 furnace according to the fting profile given in Figure 1.

\
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Figure 1. Sensor platinum fting profile.

After cooling, the sensors were screened with a thick film (approximately 5pm) consisting of TiOz (Degussa P25) mixed with
Heraeus vehicle RV-025 (1.OgT102/6.5g RV-025). The films were ah-dried, then fired at 350”C for two hours to remove the
vehicle,

Inside of a 410rnL quartz reaction chamber, shielded electrical leads were connected to the T102 sensor and the sensor
positioned in the middle of the chamber as shown in Figure 2. A rubber stopper covered in aluminum encased the leads and
sealed the chamber. For each experiment, the chamber was opened to the atmosphere and flushed with compressed air for
ten minutes at greater than 10L/min. The sensor was inserted into the quartz reaction chamber, sealed with the stopper. and
placed into a Rayonet Photochernical Chamber Reactor RMR Model 600 containing eight ultraviolet (UV)-producing
(253,7nm) lights yielding 0.100 Einstein per minute.
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Figures 2a, 2b. Quartz reactor with sensor and sensor configuration.

A cyclic potential sweep was applied to the sensoc from –5.00V to +5.00V producing a residual current curve. The system
used to gather the Ti02 sensor response data was composed of commercial-off-the-shelf (COTS) hardware and proprietary
voltarnmetry software. The hardware was a Compaq Presario 1200 PII computer using a National Instruments DAQ Card
1200 with a terminal board and twisted pair sampling cables. The software was Argonne’s Data Acquisition and Analysis
(DA*) version 1.X. The system allowed complete control over the applied potential sweep and acquisition to capture
photocatalytic responses and the concomitant electrical responses. A complete voharnmogram was captured for each test;
either all of the voltammograrn or the linear sweep section (negative potential to positive potential) was used for sensor
evaluation.

Ta&e 1 shows volumes and concentrations of the three contaminant gases. The amount of the contaminant used was such
that compound saturation was insured. Six stages were induced during the testing of each gas (each gas was tested
independently of the others). Three cyclic voltammograms of the sensor were captured in rapid succession during each stage.

Stage 1. The sensor inside of the quartz chamber was immersed in ambient air in darkness. Three cyclic voltammograms
were taken in succession.

Stage 2. The W lights were turned on and three voltammogmms were recorded while the sensor remained in ambient
air.

Stage 3. The lights were turned off and an aliquot of liquid contaminant was injected into the reactor and equilibrated for
two minutes. Three voltammograms were taken in darkness following the equilibration period.

Stage 4. The W lights were turned on, and three voltamograms were immediately taken.

Stage 5, The reactor’s W lights remained on for five minutes before three more successive cyclic voltammograms were
recorded under illumination.

Stage 6. The reactor’s lights were turned off and after five minutes of darkness, three final cyclic vohammograms were
taken in the dark.

Table 1. Volumes and concentrations of contaminant gases.

ComDound Volume (uL) Maximum concentration (Dpmv]

isopropanol [Aldrich] 100.0 43,030 ●

xylene [Aldrich] 157.7 9,009

ethanol [AAPER Alcohol] 76.3 59,013

The sensor was removed from the test chamber, and the test chamber flushed with air (greater than 10L/min) for
approximately 15 minutes and allowed to remain open to the atmosphere for at least two hours prior to initiating another test.
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The sensor was allowed to equilibrate in air for 24 hours before the tests were repeated with the same sensor, procedure, and
contaminant. Duplicate tests were performed using virgin Ti02 sensors. Cyclic voltamrnograms were processed and
evaluated.

4. RESULTS

Three contaminants, isopropanol, xylene, and ethanol, were independently evaluated using the Ti02 sensors. Figures 3
though 6 demonstrate (1) sensor response to air versus a contaminant under dark and illuminated conditions, (2) sensor
response to a variety of contaminants, (3) reproducibility obtained between virgin sensors exposed to identical concentrations
of identical contaminants, and (4) sensor recovery and reuse.

Figure 3 shows the results obtained for isopropanol during Stages 1-6 of testing.
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Figure 3. Stages 1 though 6 of isopropanol testing using a virgin Ti02 sensor. Stage 1 = dark, aiu Stage 2 = light, ai~ Stage
3 = dark isopropano~ Stage 4 = light, isopropanol, Stage 5 = 5 minutes light, isopropanol; Stage 6 = 5 minutes dark,

isopropanol.

The cyclic voltamrnograms of the TiOz sensor in darkness in air, under illumination in air, and in darkness with isopropanol
(Stages 1, 2, and 3) in Figure 3 all look similar, centered on the origin and mirrored horizontally between the two upper
quadrants and the two lower quadrants and mirrored vertically between the two quadrants on the left side and the two on the
right side, When the system is illuminated (Stages 4 and 5) a distinct change is noted in the shape of the voltammograms.
Stages 4 and 5 produce voltammograms that are diagonal, extending into quadrants II and IV. The resistances of the sensor
are an order of magnitude lower than they were in Stages 1, 2, and 3. The slopes and shapes of the voltammograms in Stages
4 and 5 are nearly identical, indicating that the sensor behaved consistently under a brief period of illumination (less than 15
seconds) and under a longer period of illumination (5 minutes). ‘His extended, consistent behavior also indicates that the
concentration of contaminant was high in the test chamber; thk observation will be expanded and rationalized in the
following section. As illumination is terminated (Stage 6), the shape of the vohrunmogram returns to the shape that was
present during Stages 1 though 3. Thk shape metamorphosis occurring from Stage 5 to Stage 6 indicates sensor recovery.

As noted earlier, new T102 sensors were used to test various gases independently. Figure 4 shows the linear sweep
portion of three independent cyclic vohammograms (isopropanol, xylene, and ethanol) on a logarithmic scale.
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Figure 4. The linear sweeps of the cyclic vohammograms of isopropanol, xylene, and ethanol during Stage 4 testing.

All of the voltammograms in Figure 4 were taken during Stage 4 of the testing (the frost few seconds of illumination with the
contaminant present). As the curves show in this figure, the responses of the sensor to each compound were very different,
producing unique, distinguishable resistance profiles. The voltammetry measurement technique captures a great deal of
information in these profiles, including potential levels, rates-of-change, and sampling frequency-related phase shif{s. The
stairstep wave form used for this testing applies the sequential voltage but waits a shorter period before sampling. This delay
improves the separation of the faradaic reaction from the charging reaction and delivers more useful responses than linear dc
or ac voltammetric methods.

To test the consistency in sensor fabrication, sensor responses to each contaminant were tested several times using virgin
sensors each time. The respective cyclic voltarnmograrns for each stage of testing in virgin sensors were overlaid to check
the response consistency of the sensors. For simplicity, six cyclic voharnrnograms are shown in Figure 5. These
voltammograms are the result of Stage 4 testing of several sensors during contamination with isopropanol. This stage was
chosen for display because Stage 4 is the stage where the most variance should occur in sensor response if the sensors were
produced inconsistently.
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Figure 5. Six cyclic vohammograms of Stage 4 testing of several virgin sensors.

The cyclic vohammograms from each sensor in Figure 5 are quite consistent with one another, with no gross variance in the
data. Results in Figure 5 indicate that the sensor fabrication was reproducible and the response from the compounds was
consistent and predictable.

\

The results presented in Figure 6 demonstrate the recovery and renewability of the sensor. Two cyclic voltammograms
are shown, in this figure. One was taken during Stage 4 of the virgin sensor’s exposure to isopropanol. The other
voltammogram was captured during Stage 4 of the second use of the sensor during exposure to isopropanol. The only
“regeneration” performed on the sensor between the fwst and the second use consisted of exposing the sensor to ambient air
for 24 hours in the absence of a high concentration of isopropanol.
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In Figure 6, the cyclic vohamrnograrns sustain the same slope and me the same order of magnitude. Cyclic voltammograms
for xylene and ethanol followed the same trend in that the slope and magnitude of the voltammograrns were identical and
nearly the same shape from one run to another (for each respective compound). These data indicate that for “multiple” uses,
exposing the sensor to air sufficiently rejuvenated the sensor for additional uses. The data in Figure 6 also indicate that the
surface of the sensor was not permanently fouled with chemisorbed or physisorbed contaminant.

4. DISCUSSION AND CONCLUSIONS

The results in the previous section indicate that Ti02 sensors show promise as viable sensors capable of distinguishing
different contaminants by providing characteristic and reproducible voltammograms for each compound tested. Preliminary
tests indicate that the sensors are reusable and reproducible. As shown in Figure 3 for isopropanol, sensor responses were
distinctly different when the system was illuminated and exposed to the contaminant (stages 4 and 5) as compared to the
other stages of testing. Testing with the two other contaminants, xylene and ethanol, produced similar results. F@re 4
shows how sensor responses differ for different contaminant gases during the illumination stage, with each gas characterized

:e::o;yw:#%vO1-! ’~w
These results can be explained by the pho~ocatalytic properties of TiOZ exploited in our

and outhned m equations 1-6 above. Illumination induces reactions in the adsorbed gases leading to
changes in the electrical resistance of the Ti02. These changes are reflected in Stages 4 and 5 of the voltammograms in
Figure 3. Humidity found in ambient room air provides the water/hydroxyl groups sorbed to the Ti02 and needed to produce
radicals upon illumination. As illumination is terminated (Stage 6 in Figure 3), no additional molecules are
photochemically/photocatalytically transformed with the photogenerated charges and the system again produces cyclic
vohammograms that are consistent with those found in Stages 1”through 4. Most T102 photochemical oxidation and
reduction processes are photocatalytic. This behavior is probably true for isopropanol sorbed on TiOz as demonstrated in

Figure 3. The cyclic voltarnmograrns in Stages 4 and 5 are similar in shape. This similarity indicates that the molecules
sorbed to the surface of the Ti02 are photochemically transformed, released, and the process repeated continuously. The
concentration of isopropanol in the reactor was high. “ If the isopropanol ‘sorbed to the Ti02 in Stage 4 had not been
transformed, or had all transformed (if the concentration was lower), then the cyclic voltammogram in Stage 5 would hav;
looked very different. Neither occurred, indicating that @opropanol was present at a high concentration. This phenomenon
could be useful for future work in quantifykg the concentrations of contaminants.

Our previous work has shown that certain organic compounds exMbit a specific affinity for TIOZ, and allow varying
amounts of chmge transfer to occur between Ti02 and sorbed compounds. Functional groups on a compound dictate the
orientation of the sorbed compound to the Ti02, the binding of the compound to the Ti02, and the pathway for charge transfer
to occur from the Ti02 to the sorbed compound. Different functional groups affect the interaction of the compound with the
Ti02. This is quite evident as shown in Figure 4 and is the basis for future work regarding sensor selectivity.

Figures 5 and 6 demonstrate that results from the sensor are reproducible, consistent, and that the sensor can be reused
without thermodynamic or chemical regeneration before reuse. From an economic standpoint, it is advantageous to have a
sensor that is self-cleansing/self-regenerating in the presence of ambient air.

5. FUTURE .WORK

The research presented in this paper represents a new direction of our work in the ‘Smart” Microsensor Program at Argonne
National Laboratory. Although the.Ti02 research in still in the initial stages of development, the results to date show that the
Ti02 sensor has promise as a responsive metal oxide system without the use of heating elements characteristic of most metal
oxide sensors systems. Future work will include the testing of more contaminants to build “profile~’ for each contaminant in
a database format and sensor modification so that mixtures of contaminants may be identified and their concentrations
resolved.
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