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Application of V-doped TiO, as a sensor for detection of SO,
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Changes in the resistivity of polycrystalline V-doped TiO, upon exposure to SO, in air allow application of the
material as a sensor for detection of this important pollutant. Optimal sensitivity to SO, is achieved at low
doping levels, where there is also good selectivity relative to CO and CHy. Concentration of SO, as low as
10 ppmt produce a 10% change in the resistance of 0.5% V-doped TiO,, allowing facile detection of the gas at
this level. Analysis of the kinetics of the resistance changes for 1% V-doped TiO, as a function of temperature

shows that the rate of initial response is only weakly activated.

Introduction

The resistance of polycrystalline n-type oxides is often found to
be sensitive to introduction of reducing gases into the ambient
atmosphere. The physical basis for the resistance changes lies in
the effect of adsorbed oxygen in depleting n-type carriers in the
near surface region over a length range determined by the
Debye or Thomas—Fermi screening lengths. Reaction between
the adsorbed oxygen and a reducing gas releases carriers back
into the oxide, thus causing a decrease in resistance.' > The
effects are most pronounced in polycrystalline materials where
screening lengths may be of the order of the diameter of
intergrain contact. Oxide resistivity sensors are available
commercially* and find application in a wide range of areas.
A general problem in the development of new sensor materials
lies in optimising selectivity toward particular target gases: at
worst an oxide may change its resistance upon exposure to any
reducing gas. One strategy for the rational development of
selective sensors is to take account of selectivity and turnover in
catalytic oxidation reactions involving the target gas: a catalyst
that can bring about catalytic oxidation of the target should be
regarded as a reasonable candidate for sensor applications.
Based on this approach we explore the use of V,Os and
V-doped TiO, as sensors for detection of SO,. These materials
were selected for investigation by virtue of the well-established
use of V,0s as a catalyst for oxidation of SO, in the contact
process.’

V-doped TiO, prepared by high temperature solid state
reaction between V,0s and TiO; in air is essentially Ti;— V. O,,
with V(1v) substitutionally incorporated on Ti(1v) sites within
the rutile lattice.® ! XPS indicates that the vanadium at the
surface of air fired material is oxidised to V(v), but overall
the unpaired electron spin density is typically around 80% of
the V-doping level. The V(iv) centres give rise to an occupied
donor level whose adiabatic and vertical energies are res-
pectively 0.8 and 2.1 eV below the conduction band minimum.
The donor states introduced by oxygen deficiency in TiO,_ are
much closer to the conduction band minimum.!!

Experimental

V-Doped TiO, was prepared by a solid state reaction between
intimately mixed V,0s and TiO, in air at 1200°C in a

+ppm=Parts per million expressed in terms of the vapour pressure of
the SO, relative to the total vapour pressure.
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recrystallised alumina boat that had been preconditioned by
previous reactions between the two oxides. The reaction
mixture was subject to several intermediate re-grindings in
an agate mortar and pestle over a period of several days. The
resulting material gave X-ray powder diffraction measurements
characteristic of a well-crystallised rutile phase. After the final
regrind, the V-doped TiO, was pressed into 13 mm diameter
pellets between tungsten carbide dies under a loading of
10 tonnes and subject to a final firing at 1200 °C. The resulting
robust ceramic disc was sliced into bars of length 1 cm and
square cross section 1.5 mm. For comparison bars of undoped
Sn0O,, TiO, and V,05 were also prepared. We also prepared a
mass of single crystal V,0s needles by slow cooling
(1°Cmin~') molten V,0s held in a pointed quartz tube.
From the conglomerate it was possible to select needles of
single crystal V,0s suitable for sensor measurements. Finally
Nb-doped TiO, with doping levels up to 2% Nb was prepared
by the solid state reaction between Nb,Os and TiO,. In
contrast to brown-black V-doped TiO, which supports an
unpaired spin concentration that may be up to 80% of the
nominal V-doping level, Nb-doped TiO, is strongly compen-
sated by cation vacancies and essentially all of the Nb is
incorporated as Nb(v) after firing in air. The material is thus an
off white colour.

The surface concentration of V in the doped oxides was
studied by XPS measured in an ESCALAB 5 electron
spectrometer (VG Scientific). Scans across the V 2p and Ti
2p core level region revealed pronounced surface segregation of
V, as illustrated in the spectra of Fig. 1. Thus for 0.5, 1 and 2%
V-doped TiO,, the surface V concentrations (expressed as a
percentage of the total cation concentration) are respectively 7,
15 and 18% i.e. there is a 14-fold enrichment in V at the lowest
doping level. There was little variation in the V 2p/Ti 2p
intensity ratio with angle of electron offtake, suggesting that
the surface enrichment in V is over a length range large
compared with the electron inelastic mean free path.

Sensor response measurements were carried out in a quartz
tube mounted inside a tube furnace. Gas flow was controlled by
a series of mass flow controllers (Brooks Mass Flowmeter,
Rosemount Ltd., UK) that allowed switching between
synthetic dry air (certified BTC474 standard dry air; BOC
Special Gases Ltd: <300 ppm CO,, 1.0 ppm CO, <0.1 ppm
NO,, <1.0 ppm THC, <3.0 ppm H,O) and certified dry air
containing 100 ppm or 1000 ppm SO,, 1000 ppm CHy or
1000 ppm CO. Thin (0.05 mm) platinum leads were attached to
the samples using gold paste (Hannovia) which was fired to
850 °C (500 °C for V,0s5 ceramics and single crystals) for 12 h.
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Fig. 1 AlKa XPS of 0.5, 1 and 2% V-doped TiO, in the Ti 2p, V 2p and
O Is region.

Resistance measurements were made using a home built
resistance to voltage convertor box interfaced to a personal
computer through a digital to analogue convertor. The
computer also recorded the output from a thermocouple
mounted close to the sample and controlled the gas flows and
furnace temperature.

Prior to sensor experiments samples were thermally condi-
tioned by annealing in dry air at 800 °C (500 °C for vanadium
pentoxide) to remove any adsorbed water and allow equili-
brium to be achieved with oxygen in the air feed.

Results and discussion

Fig. 2 shows a typical resistance vs. time plot for 0.5% V-doped
TiO, subject to switching between gas flows of dry air and
1000 ppm SO, in dry air. A pronounced resistance decrease
upon exposure to SO, is clearly seen, followed by growth in the
resistance after switching back to a dry air flow. The rate of
recovery was in general slower than the rate of initial response
so that after 1000s the recovery of the resistance is not
complete and continued cycling between dry air and SO, in dry
air leads eventually to an overall fall off in the resistance.
However, in general, the resistance recovers back to its initial
value after cycling to 800 °C or following an extended recovery
period in air at lower temperatures. In our investigations of
the temperature and concentration dependence of responses
(see below) we always allowed complete recovery of the sensor
between successive measurements. From transient plots of the
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Fig. 2 Resistance of 1% V-doped TiO, measured at 440°C with
switching between dry air and 1000 ppm SO, in dry air at 1000 and
3000 s and between 1000 ppm SO, in dry air and dry air at 2000 and
4000 s.
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sort shown in Fig. 2 it is possible to define the sensitivity of the
response to the first pulse of SO, in terms of a dimensionless
parameter S:

_ R(1000) — R(2000)

R(1000) M

where R(?) is the resistance at time ¢.

In general S varies with temperature. We therefore investi-
gated the variation in S upon exposure to 1000 ppm SO, for a
series of different V-doping levels between 0.5 and 10%. Fig. 3
summarises the results of these investigations. The magnitude
of the maximum response is greatest at the lowest doping level.
Moreover the temperature at which the maximum response is
achieved decreases with decreasing doping level. Unfortunately
it was not possible to investigate doping levels much below
0.5% because the relatively high value of the absolute resistivity
made it difficult to carry out resistance measurements at the
lower end of the temperature range where the magnitude of the
response is greatest. For undoped TiO, samples the high
resistance precluded resistance measurements below 500 °C: at
this temperature a resistance increase was observed upon
exposure to 1000 ppm SO, with S=—0.185. By contrast both
single crystal and polycrystalline V,Os had low resistances but
exhibited only very small responses to 1000 ppm SO, with
maximum S values below 107 in the temperature range 500—
600 °C.

Fig. 4 shows the variation in the dimensionless sensitivity
factor S with temperature for exposure of 0.5% V-doped TiO,
to 1000 ppm SO,. The response is seen to maximise with a value
in excess of 0.6 at the comparatively low temperature of
375°C. The excellent selectivity of the 0.5% V-doped toward
SO, relative to CH4 and CO is evident from the very small S
values upon exposure to CO and CHy, also shown in Fig. 4.
Across the complete temperature range the sensitivity factor is
less than 0.05 for response to 1000 ppm CO or CHy. At 400 °C
the ratio of sensitivity factors are as follows: S(1000 ppm SO,)/
S(1000 ppm CO)=14.2 and S(1000 ppm SO,)/S(1000 ppm
CH4)=64.9. For Nb-doped TiO, a maximum response to
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Fig. 3 (a) Variation of the magnitude of maximum resistance response
Smax of V-doped TiO, toward 1000 ppm SO, as a function of V doping
level. (b) Variation of temperature of maximum resistance response of
V-doped TiO, toward 1000 ppm SO, as a function of V doping level.
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Fig. 4 Solid circles: resistance response S of 0.5% V-doped TiO,
toward 1000 ppm SO, in dry air as a function of temperature. The solid
line is a heuristic fit to the data. Solid squares: resistance response S of
0.5% V-doped TiO, toward 1000 ppm CH, in dry air as a function of
temperature. Solid triangles: resistance response S of 0.5% V-doped
TiO, toward 1000 ppm CO in dry air as a function of temperature.

1000 ppm SO, was found in the 2% doped material; this gave
maximum response at 550 °C with $=0.39. This value is not
much lower than for the V-doped material. However the
selectivity toward SO, relative to CH4 and CO was very much
poorer than for the best V-doped TiO, sensor: thus at 550 °C
we found that for 2% Nb-doped TiO, S(1000 ppm SO,)/
S(1000 ppm CH4)=2.8 and S(1000 ppm SO,)/S(1000 ppm
C0O)=0.99. Further work is needed to establish the response
of the V-doped TiO; sensors toward H,O and the effects of
water vapour on the SO, response.

The variation of the response with variation in concentration
of SO, was investigated by switching between air flows and
blended flows of dry air and 1000 ppm or 100 ppm SO, in dry
air as set by the mass flow controllers. All these measurements
were performed at the appropriate temperature of maximum
response to 1000 ppm SO, with sufficient time under a pure dry
air flow between measurements at different concentrations to
allow recovery of the sensor. The variations are shown in
Fig. 5. The responses are non-linear except at very low SO,
concentrations below about 100 ppm and tend toward satura-
tion values in the response at 1000 ppm. The sensitivity toward
SO, in 0.5% V-doped TiO, is just above 0.1 for 10 ppm SO, in
air allowing facile detection of the gas even at this very low
concentration.

In the hope of developing some understanding of the
mechanism of the response we made detailed kinetic studies of
the response and recovery of V-doped sensors. The decay in
resistance after switching from a dry air flow to a flow of
1000 ppm SO, in dry air was fitted to a relationship of the sort:

R(t)=R(c0)+ARe™ )

where R(?) is the resistance at time #, R(%) is the limiting
resistance (which may not actually be reached in the 1000 s of
SO, flow, but which can be derived from the fits), R(°)+ AR is
the resistance at t=0 and £ is first order rate constant for the
response. Fig. 6 shows a typical fit for 1% V-doped TiO, at
440 °C. Because of the first order nature of the response =0
can be chosen arbitrarily.

Similarly the recovery profiles were fitted to a function of
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Fig. 5 Variation of resistance responses Spax of V-doped TiO; as a
function of SO, concentration (ppm). The data all relate to the
temperature of maximum response. (A) 0.5% V-doped TiO, at 375°C,
(B) 1% V-doped TiO; at 400 °C, (C) 2% V-doped TiO, at 450 °C.

the sort:
R(H)=R(0)+AR(1—e= ¥ (3)

Values for the rate constants k and k' as a function of
temperature are shown in Fig. 7 for 1% V-doped TiO,. The
initial response to SO, as defined by the decay parameters k of
eqn. (3) is a very weakly activated process, with an apparent
activation energy of only 6.7 kJ mol~!. Alternatively the weak
temperature dependence may be interpreted in terms of the 7"/
dependence expected for a diffusive process, for example inter-
grain diffusion within the ceramic material. The scatter of the
experimental data points is too large to distinguish between
a T'? dependence and an exp(—E/RT) dependence of the rate
constant. The rate constants are of the order 4x 107357,
giving half-lives for the response of about 160s. Using the
same apparatus and the same gas flow rate we have measured
rate constants as high as 2x1072s~!!2 for the response of
thin film Sb-doped SnO, sensors>!® to CH,, so we can rule
out the possibility that the response rate is limited by the rate
of gas flow through the sensor tube. The rates of recovery of
the SO,-exposed sensors were also essentially independent of
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Fig. 6 A fit of the resistance of 1% V-doped TiO, after exposure to
1000 ppm SO, at 440 °C to a first order decay curve as given in eqn. (2).
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Fig. 7 (a) Logarithmic variation of first order rate constant k [eqn. (2)]
for decrease in resistance of 1% V-doped TiO, upon exposure to
1000 ppm SO, in dry air as a function of inverse temperature. The
response is seen to be very weakly activated. The solid line is a least
squares fit to the experimental data points. For visual appraisal of the
weak temperature variation, the rate constants are plotted on the same
scale as in (b) where the temperature variation is stronger. (b)
Logarithmic variation of first order rate constant k' [eqn. (3)] for
increase of resistance of 1% V-doped TiO, upon switching from a gas
flow of 1000 ppm SO, in dry air to pure dry air as a function of inverse
temperature. The solid line is a least squares fit to experimental data
points at temperatures below 485 °C.

temperature at high temperature, but at low temperature the
recovery became activated with an activation energy of about
80 kJ mol~'. This activation energy may be interpreted simply
as desorption of the product of SO, oxidation ie. SOz or
SO4>~. At high temperatures we presume that the loss of the
oxidation product is diffusion limited with an essentially
negligible temperature dependence.

Discussion

0.5% V-doped TiO, proves to be a useful material for detection
of SO, at concentrations down to at least 10 ppm. The system
offers much better selectivity toward SO, than the SnO, sensors
examined by us, as well as optimal response at lower
temperature. It should however be noted that SnO, may be
preconditioned in SO, at elevated temperature to give a
modified material whose peak response to SO, is at 200 °C.'
However the magnitude of the response was not quantified in
this earlier work. The temperature of maximum response in the
present work is lower than for WO; or Ag-loaded WO;
conductivity sensors which have recently been proposed'® for
detection of SO,. The detection limit in the present work is
comparable to that achieved using galvanic cells incorporating
solid sulfate electrodes.'®?! These cells give a Nernstian
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response in which the generated e.m.f. is proportional to the
logarithm of the SO, concentration. In most cases these cells
must operate at temperatures in excess of 500 °C in order to
achieve sufficient ionic conductivity in the solid electrolyte
incorporated within the cell. However a new cell design
incorporating a thin film solid electrolyte has recently been
described which allows detection of ppm levels of SO, at
temperatures as low as 250 °C.>> Nonetheless the conductivity
sensor described here is much simpler to construct than the thin
film galvanic cell of ref. 22 and achieves comparable lower
detection limits for SO,. It should however be realised that
neither of the two types of sensor are sufficiently sensitive
for application in general environmental monitoring where
concentrations of SO, in the parts per billion range must be
identified. >
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