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Abstract
Flame spray synthesis (FSS) was used to grow TiO2-based nanopowders from which TiO2:Cr nanosensors were obtained. Structural
properties of crystalline TiO2:Cr nanopowders at different Cr loadings (0.1–5.0 at.%) have been investigated. Material studies have
been performed using standard methods: X-ray diffraction (XRD) transmission electron microscopy (TEM) and Brunauer-Emmett-Teller
adsorption isotherms analysis (BET). High specic surface area (37-126 m2/g) and small crystallite size (9-27 nm) have been reached.
Incorporation of Cr into TiO2 lattice affects the specic surface area of nanopowders, the crystallite size and the rutile to anatase ratio. Gas
sensing characteristics of TiO2:Cr nanosensors upon interaction with H2 have been recorded in the self-assembled experimental system.
The detection of hydrogen was carried out over the concentration range of 50-3000 ppm at the temperatures extending from 200 to 400ºC.
It is demonstrated that nanomaterials based on TiO2:Cr are attractive for ultimate sensors applications due to a decrease in the operating
temperature down to 210-250ºC, accompanied by an increase in the sensor response. Taking into account the possible operating costs,
the best candidates for the commercial use are TiO2:1 at.% Cr and TiO2:5 at.% Cr nanosensors.
Keywords: Gas sensors, Nanopowders, TiO2, Hydrogen detection

OPARTE NA TiO2 NANOPROSZKI DLA CZUJNIKA GAZU
Do otrzymania nanoproszków dla czujników gazu opartych na TiO2:Cr zastosowano syntez pomieniow FSS (ame spray synthesis).
Okrelono waciwoci strukturalne nanoproszków TiO2:Cr o rónych steniach Cr (0.1–5.0 at.%). Badane materiay scharakteryzowano
za pomoc standardowych metod, a mianowicie dyfrakcyjnej analizy rentgenowskiej (XRD), mikroskopii transmisyjnej (TEM) oraz
analizy izoterm adsorpcji Brunauer-Emmett-Tellera (BET). Otrzymano materiay o wysokiej powierzchni waciwej (37-126 m2/g)
i rozmiarach krystalitów w zakresie 9-27 nm. Wprowadzenie Cr do sieci TiO2 wpywa na powierzchni waciw nanoproszków, rozmiar
krystalitu i stosunek rutylu do anatazu. Do pomiaru charakterystyk nanoczujników TiO2:Cr w wyniku oddziaywania z H2 zastosowano
specjalnie skonstruowany ukad pomiarowy. Wyznaczenie kinetyki zmian oporu elektrycznego spowodowanego zmian iloci wodoru
przeprowadzono w zakresie ste 50-3000 ppm H2 w temperaturach od 200 do 400ºC. Pokazano, e obnieniu temperatury pracy
do 210-250ºC towarzyszy wzrost sygnau pomiarowego, co powoduje, e materiay oparte na TiO2:Cr s atrakcyjne z punktu widzenia
zastosowa w czujnikach gazu. Biorc pod uwag przewidywane koszty eksploatacyjne, najlepszymi kandydatami do komercyjnego
wykorzystania s nanoczujniki TiO2:1 at.% Cr oraz TiO2:5 at.% Cr.
Sowa kluczowe: czujniki gazu, nanoproszki, TiO2, wykrywanie wodoru

1. Introduction
Transition metal oxides, such as TiO2, are particularly
interesting for their remarkable ability to change the electrical resistivity in response to oxidizing and reducing gases.
Reversible and large changes in the electrical resistance
(R) along with the inherent stability of these ceramics at high
temperatures and in harsh environments are widely exploited
in the resistive-type gas sensors based on TiO2 [1-3]. Basic
parameters characterizing gas sensor performance such

as sensitivity, selectivity and response time of TiO2-based
sensors can be optimized by choosing the appropriate type
and level of doping [4-6]. Doping with Cr is known to reduce
the response time and lower the initial resistivity (baseline)
of the sensor which facilitates the signal detection [7-9].
Recently, many attempts have been undertaken to exploit
the in uence of Cr on the electrical and gas sensing properties of titanium dioxide [7-10]. It was demonstrated that the
addition of Cr can change the electronic conductivity of TiO2
from n- to p-type [11-13]. This is benecial for detection of
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oxidizing gases such as oxygen and NOx where the sign of
the resistance change can be reversed due to the use of
p-type material [8].
The mechanism of gas sensing involves adsorption/
desorption processes at the surfaces, interfaces or grain
boundaries. Therefore, nanomaterials with a decreased
particle size and increased average specic surface area
are highly recommended for gas sensing applications
[14-15]. Nanosensors largely benet from the enhanced
density of centers active for chemisorption in such a sense
that their sensitivity, selectivity and response time can be
signicantly improved. Nanosensors are expected to perform at the temperature lower than their microcrystalline
counterparts, thereby reducing the power consumption and
cost of operation.
In our earlier papers [3, 6], we studied the performance
of microcrystalline and thin lms sensors based on TiO2:Cr.
In this work we focus our attention on nanocrystalline TiO2:Cr
powders obtained by ame spray synthesis (FSS) and their
ultimate application to gas sensing. The aim of this work is
to study the structural and gas sensing properties of TiO2:Cr
nanosensors produced from nanopowders synthesized in
the ame spray [16]. The determination of both the effect of
chromium concentration and that of a decreased crystallite
size on the sensor dynamic responses to hydrogen have
been the main objectives of our investigations. In this work,
we have concentrated on hydrogen sensing for the obvious
reasons that monitoring of hydrogen leakage is an indispensable issue for hydrogen fuel cells; hydrogen being the “fuel
of the future” [2].

2. Experimental
Nanopowders of TiO2:Cr with up to 5 at.% Cr were
obtained by FSS as described in detail in [16]. Titanium
tetra-isopropoxide TTIP and the solution of chromium acetyloacetonate CHAA in m-xylene were used as precursors of
Ti and Cr, respectively. Nanosensors were prepared in a
form of circular tablets by pressing the nanopowder at the
pressure of 25 MPa and heating up to 400°C. Planar silver
electrodes were applied 5 mm apart. It has been veried in
the subsequent measurements that the sensor processing
did not change its nanocrystalline nature.
For the characterization of TiO2:Cr nanopowders standard
methods have been used: X-ray diffraction (XRD), transmission electron microscopy (TEM) and Brunauer-Emmett-Teller
adsorption isotherms (BET). Crystallographic structure, crystallite size and anatase/rutile weight percentage (WA) were
analyzed on the basis of X-ray diffraction measurements
performed on X’Pert MPD Philips diffractometer. TEM images
were obtained with a Philips CM30 transmission electron
microscope. The primary particle size, shape and distribution
of particles were of particular interest. Specic surface area
(SSA) was determined from nitrogen adsorption isotherms
(Brunauer-Emmett-Teller, BET) obtained with a BeckmanCoulter SA3100. Powders were annealed under nitrogen
atmosphere at 180ºC for 2 h in order to desorb water from
their surface.
Dynamic changes in the electrical resistance, i.e., gas
sensor characteristics, were recorded in a self-assembled
experimental system shown in Fig. 1. The system consists
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Fig. 1. Experimental set-up for gas sensing measurements.

of the high temperature oven where the sensors are placed,
the temperature controller that stabilizes the temperature in
the oven, the multiplexer that enables to switch between the
measured signals (voltage drop at a Pt-RhPt thermocouple
and two sensors resistances at two different current polarizations), gas admission system equipped with MKS owmeters
and a controller, Hewlett Packard HP34401A multimeter for
signal recording and PC computer with the implemented
LabView program for data acquisition.
Gas sensor response S is dened as:

S

R0  R
R0

(1)

,

where R0 is the electrical resistance (baseline) in the reference gas, i.e., air, while R is its current value upon the sensor
exposure to the detected gas.
The detection of hydrogen was performed over a low-tomedium concentration range of 50-3000 ppm at temperatures
of 200-400ºC.

3. Results and discussion
Table 1. Quantitative results of the structural analysis of TiO2:Cr
nanopowders.

Cr
[at.%]

SSA
2
[m /g]

Crystallite size from
XRD [nm]
Anatas

Rutile

Anatase content WA
[wt%]

0

37.5

26.8

13.6

94.8

0.10

48.4

21.2

9.6

94.8

0.20

47.6

22.7

11.2

95.2

0.50

72.2

15.7

13.0

92.8

1.00

87.1

13.8

9.3

92.0

5.00

126.6

9.1

7.5

83.8
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a)

Table 1 recapitulates the quantitative results obtained
from the structural analyses carried out in the course of investigations. Nanopowders with large specic surface area
(SSA), as derived from BET, and the small crystallite size, as
determined from XRD, have been obtained by FSS.
TEM images of the pure TiO2, TiO2:0.1 at.% Cr and
TiO2:1 at.% Cr nanopowders prepared using FSS technique
are shown in Fig. 2. All the considered samples present the
particle morphology typical for this method of synthesis.
The particle size is of the order of 19-30 nm and decreases
systematically with the increasing Cr composition. This is
a consequence of a dilution effect, described in detail in [17].
Fig. 3 shows X-ray diffraction patterns of pure TiO2
and TiO2:Cr nanopowders at different Cr loadings (0.1 –
5 at.% Cr). As it can be seen, two polymorphic forms of TiO2,
namely rutile R and anatase A, are present. The fraction of
anatase largely dominates over rutile, but the rutile amount
increases slightly with the addition of Cr (see Table 1). There
is no signicant change in the crystallographic structure of
TiO2:Cr as compared with that of pure TiO2 for Cr doping level
not exceeding 1 at.%. Up to 5 at.% none of the secondary
phases, neither chromium oxide nor chromium titanates,
have been identied. This is compatible with the reported
solubility limit of Cr3+ in TiO2 [18] and the fact that ionic radii
of Cr3+ and Ti4+ are very similar [19].
Figs. 4 and 5 demonstrate the changes in the electrical
resistance R of TiO2-based nanosensors upon interaction
with the reducing gas H2.
Fig. 4 presents the sensor characteristics as a function
of time for the hydrogen concentration varied in steps from
50 ppm to 3000 ppm at the constant temperature of 350°C
for pure TiO2 and TiO2 loaded with 0.1 at.% Cr and 5 at.% Cr.
Large and reproducible responses of the sensors follow the
step changes in H2 concentration. Fig. 5 gives a comparison
between the responses of pure TiO2 and TiO2 loaded with 0.1,

b)

c)
Fig. 2. TEM images of TiO2:Cr nanopowders at different Cr
loadings: a) TiO2, b) 0.1 at.% Cr, c) 1 at.% Cr.

Fig. 3. X-ray diffraction patterns of TiO2:Cr nanopowders at different Cr loadings.
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Fig. 5. The response of TiO2:Cr sensors to a step change in the hydrogen concentration from 0 to 1500 ppm at 350oC.

Fig. 4. Dynamic changes in the electrical resistance R of TiO2:Cr
sensors upon exposure to H2 at 300oC. The programmed hydrogen concentration prole is given in steps (continuous black line).

0.2, 1 and 5 at.% Cr nanosensors at the same temperature
of 350ºC to a single step change in hydrogen admission
from 0 to 1500 ppm.
As we can see from the experimental data in Figs. 4 and 5,
there is a systematic decrease in R for pure TiO2 and TiO2:Cr
with up to 1 at.% Cr upon exposure to H2, whereas for the
TiO2 nanosensor doped with 5 at.% Cr the electrical resistance R increases upon an interaction with H2. Moreover,
as shown in Fig. 4, the incorporation of Cr into TiO2 causes
a signicant decrease in the initial electrical resistance R0
of the material in air, e.g., for the pure TiO2 R0 = 1.2·108 :,
for TiO2: 0.1 at.% Cr R0 = 4·107 : and for TiO2: 5 at.% Cr
R0 = 7·105 : at 300ºC. Chromium dopant modies the electronic structure of TiO2 and forms localized acceptor levels
in the forbidden band gap. This leads to the increase in the
electron concentration and the decrease in the electrical resistance R0 over a low-to-medium temperature range. The
substitutional incorporation of Cr3+ can be described by the
following reaction:

C r2O3 o 2 C rT i  VOx x  3 OO  2ec,

(2)

where CrTi stands for the non-ionized chromium that substitutes for Ti in the lattice, VOxx represents double ionized
oxygen vacancy and ec is a quasi-free electron.
The sensor response S dened by Eq. (1) is given in
Fig. 6 as a function of hydrogen concentration. The highest
absolute value of the sensor response is obtained for both
pure TiO2 and TiO2:Cr with 5 at.% Cr. To make a comparison, the absolute value of S should be considered since the
change in the electrical resistance for TiO2:Cr with 5 at.% Cr
is positive, whereas all other investigated samples behave
in the opposite way. The incorporation of chromium leads
to the decrease in the sensor response in the case of TiO2
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nanosensors with 0.1, 0.2 and 1 at.% Cr, whereas for TiO2
doped with 5 at.% Cr the response is highly improved.
Fig. 7 demonstrates the response S of the TiO2:Cr nanosensors as a function the operating temperature for a given
change in the hydrogen concentration (from 0 to 1500 ppm).
As it can be noticed, with the decreasing temperature the
sensor responses have a tendency to increase, what is especially important from the point of view of power consumption.
For pure TiO2 the lowest temperature at which the baseline
resistance could be measured was 300ºC. This relatively high
operating temperature for the pure TiO2 can be lowered to
210-250ºC by adding Cr. Moreover, Cr incorporation enables
to extend the temperature range under which the sensors
work. The optimum operating temperature depends on the
sensor composition. Taking into account the relatively low
operating temperature the best, in terms of possible costs,

Fig. 6. The response S vs. H2 concentration for TiO2:Cr
sensors at 350oC.
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