Available online at www.sciencedirect.com

ScienceDirect

ELRRS

www.elsevier.com/locate/jeurceramsoc

Journal of the European Ceramic Society 31 (2011) 2357-2364

Original article

New NO, sensors based on hematite doped with alkaline
and alkaline-earth elements

J.-M. Tulliani**, C. Baroni?, C. Lopez b L. Dessemond®
2 Materials Science and Chemical Engineering Department, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Torino, Italy
Y LEPMI, UMR 5279, CNRS — Grenoble INP — Université de Savoie — Université Joseph Fourier, BP75, 38402 Saint Martin d’Héres, France

Received 28 March 2011; received in revised form 10 May 2011; accepted 20 May 2011
Available online 17 June 2011

Abstract

Alkaline (lithium, potassium, rubidium) and alkaline-earth (magnesium, barium) doped hematite materials were studied for NO, sensing application.
The synthesized materials were characterized by laser granulometry, X-ray diffraction and scanning electronic microscopy. A temperature of 1300 °C
was chosen as the optimal heat treatment in order to obtain the densest material. Humidity dependence of the electrical properties revealed a strong
influence in the case of rubidium doped hematite material while the other doped materials were less sensitive.

The AC impedance analyses underlined the n-type intrinsic semi-conduction of pure hematite. Alkaline-earth doped hematite materials showed
two semi-conducting regions, below and above 500 °C, corresponding to extrinsic and intrinsic n-type semi-conduction, respectively. These
electrical analyses associated with SEM observations suggested instability of the ferrites formed in rubidium and potassium doped materials.

AC electrical measurements were performed in the 0-500 ppm NO, partial pressure range. The alkaline-earth doped hematite materials exhibited

the most promising behavior.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

The term NO, indicates a mixture of NO and NO; that is
generated by hydrocarbons combustion at high temperatures.
Nitrogen oxides are mainly emitted from automobiles, stationary
combustion facilities and home equipments. These emissions
contribute to form acid rains and the photochemical smog that
may cause harm to breathing apparatus and eyes.

The current directive 2008/50/EC of the European Union on
ambient air quality has set at 40 wg/m> the annual limit value, and
at 200 wg/m> the hourly limit value, not to be exceeded more
than 18 times in a calendar year, for the protection of human
health against the effects of gaseous NO.!

Measurements of NO, concentrations have been done so
far by means of spectroscopic instruments based on chemical
luminescence! orinfrared absorption, however such instruments
do not allow on-site monitoring. There is then a growing inter-
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est in NO, sensors able to operate within combustion exhaust
gases. Crucial parameters for this type of sensors are: sensitivity,
accuracy and stability, as well as low cost.”

In this work, alkaline and alkaline-earth doped hematite
were investigated as potential NO, sensing materials able to
work in the exhaust gases of gas boilers. The properties of
doped a-Fe, O3 and of ferrites have been studied in detail espe-
cially as humidity sensors based on: iron oxide,** MgFe;0y,’
MgFe,04-Ce0,.% Li-doped Fe,03,”# K, Na, Mg, Ca, Rb, Ba,
Sr-doped Fep 03,8 Zn** and Au*-doped Fe;03,° Au-doped
LiFe;03,10 Li substituted Mg-ferrite,11 Fe,O3 nanoparticles on
sepiolite,12 K’r—[.%—ferrite,]3 and silica—Fe;03.1%

Several FeoO3 compounds have been also investigated as
NO, sensors such as: sol-gel derived a-Fe,O3 thin film, !>
Nb-doped a-Fe>03,'® ZnFe,04,'7 Au and Zn-doped Fe,03,'8
Zn-doped 'y-FeQO3,19 and Fe;03-Iny 03.20

Hematite and doped hematite are excellent humidity sensor,
whereas alkaline or alkaline-earth-doped hematite (a-Fe,O3)
materials have not been investigated yet in the literature, as NO,
sensors. So, the aims of this work were to prepare alkaline and
alkaline-earth-doped hematite NO, sensors and to investigate the


dx.doi.org/10.1016/j.jeurceramsoc.2011.05.031
mailto:jeanmarc.tulliani@polito.it
dx.doi.org/10.1016/j.jeurceramsoc.2011.05.031

2358 J.-M. Tulliani et al. / Journal of the European Ceramic Society 31 (2011) 2357-2364

electrical properties of these materials by means of impedance
spectroscopy.

2. Experimental

a-FeyO3 powder (Aldrich >99%, particle size distribution
below 2 wm) was mixed in ethanol with carbonates used as pre-
cursors of 5Swt% equivalent of lithium, potassium, rubidium,
magnesium and barium oxides (all Fluka >99%), in a planetary
mill, in agate jars with agate balls, for 3 h. After drying overnight
in an oven, the mixtures were uniaxially pressed at 370 MPa and
calcined at 900 °C for 1 h. Then, the samples were first manu-
ally ground with an agate mortar and an agate pestle, prior to
planetary mill them for 6h in agate jars with agate balls. The
grain size of the produced powders was then controlled by laser
granulometry (Fritsch analysette 22). The retained solution was
to increase the green density of the pellets by adding polyethy-
lene glycol (PEG 4000, Sigma—Aldrich) to the doped powder,
during the 6h planetary milling step. Pellets were uniaxially
pressed at 370 MPa and heat treated between 1000 and 1300 °C
for 1h, with an heating ramp of 5 °C/min. This sintering tem-
perature was chosen because relative densities as high as 98% of
theoretical one (5.27 g/cm?) were obtained with pure hematite.

The fired materials were characterized by XRD (Philips
PWI1710) in the 5-70° range, after calcination at 900 °C and
sintering at 1300 °C.

The sintering temperature was chosen after a study of the
density evolutions for all the samples. Before the electrical char-
acterization, the materials were observed by means of a scanning
electron microscope (SEM, Hitachi S2300).

The samples were first studied as humidity sensors in pre-
liminary tests, because it is known in the literature that water
molecules can interfere with NO, detection.

Interdigitated gold electrodes (ESL 520 A) were screen-
printed onto the surface of the pellets and the sensors humidity
response was studied in the range 0-100% relative humidity
(RH) in a laboratory apparatus. In this chamber, compressed
air was separated into two fluxes: one was dehydrated over a
chromatography alumina bed while the second one was directed
through two water bubblers, generating, respectively, a dry and
a humid flow. Two precision microvalves allowed to recombine
the two fluxes into one by means of a mixer and to adjust the RH
content while keeping constant the testing conditions: a flow
rate of 0.05L/s. The relative humidity was not increased in a
continuous mode but was varied by steps. The measurements
were performed at room temperature. A commercial humidity
and temperature probe was used as a reference for temperature
and RH values (Delta Ohm HD2101.1), accuracy: 0.1% in the
0-100% RH range and —50 to 250 °C temperature range. Each
tested sensor was alimented by an external alternating voltage
(V=3.6V at the rate of 1 kHz) and then constituted a variable
resistance of this electrical circuit. A multimeter (Keithley 2000)
was used to measure the tension Vpc at the output of the circuit.
The sensor resistance was determined by substituting them, in
the circuit, by known resistances and then plotting a calibrating
curve R=f(Vpc).

Table 1

Phases detected in doped hematite samples.

Sample Phases JCPDS card

Fe, O3 a-Fe, O3 33-0664

Fe, O3 +5 wt% Li, O LiFesOg 38-0259

Fe, 03 +5wt% K0 a-Fe, O3 33-0664
KFC]1017 25-0651

Fe 03 + 5 wt% RbyO a-Fe, 03 33-0664
Rb—B”Fe203 /

Fe, 03 + 5 wt% MgO a-Fe, 03 33-0664
MgFe;04 36-0398

Fe, 03 + 5 wt% BaO a-Fe, 03 33-0664
BaFe[,019 39-1433

Subsequently, the electrical characterization of the materials
was performed by means of AC impedance spectroscopy after
painting platinum electrodes (ESL 5545) onto each face of the
pellets (~1 cm in diameter and ~1 mm thick). These measure-
ments were carried out under dry synthetic air (80% N2—20% O»;
Messer) and argon (<2 x 10~%atm O,; Air Liquide), between
100 and 700°C, in the 5Hz to 13 MHz frequency range and
a 100mV amplitude signal (Hewlett Packard HP 4192A LF
Impedance Analyzer).

A strong dependence of the resistance due to the presence
of residual hydroxyl groups onto the surface of the pellets was
evidenced. A previously heating treatment up to 700 °C was then
applied before each electrical analysis. This latter consisted in a
succession of AC impedance measurements during cooling and
heating, under the same gas atmosphere in order to verify the
reproducibility of each result.

The NO; responses of the materials were determined by the
total resistance measured in mixed flux of helium (Messer) and
N»/1000 ppm NO» (Air Liquide). Finally, the electrical measure-
ments were performed in the 0-500 ppm NO; partial pressure
range with the impedance meter and the parameters described
above.

The sensor response SR was calculated on the basis of equa-
tion (1):

_ R(Pgas) - R(Pgasﬁo)

SR = (1)
R(Pgasﬁo)

where R(p,,,) is the total resistance of the material when exposed
under Pgys) partial pressure and R(p,,,—0) is the measured resis-
tance deduced from the R(py,,,) representation (not presented in
this paper) when the gas partial pressure tends towards zero.

3. Results

After the first thermal treatment at 900 °C and the 6 h plane-
tary milling, the powders showed a mean diameter of 2.15 pm
for K, Mg, Rb doped hematite samples, 3.40 wm for Ba doped
hematite and 7.05 pm for Li doped hematite samples. These val-
ues are comparable to the mean diameter of the starting a-Fe, O3
powder (2 pm).

X-ray diffraction patterns (Fig. 1, Table 1) on the crushed
pellets of the doped hematite, after the first thermal treatment at
900 °C for 1 h, evidenced that the following ferrites were formed,
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Fig. 1. XRD patterns of the samples fired at 900 °C: a) pure a-Fe;O3; b)
OL—F6203 +5% Lizo; C) OL—F6203+5% KQO; d) OL-F6203 +5% szo; C) o-
Fey03 + 5% MgO and f) a-Fe, 03 + 5% BaO.

after lithium, barium, magnesium, potassium and rubidium addi-
tions, respectively: LiFesOg, BaFe 2019, MgFe,04, KFe 1017
and Rb-B”-ferrite. While with lithium doping, only lithium iron
oxide was detected, as also expected from the determination of
the theoretical ferrite content within each sample (Table 2).

Geometrical density evolution was studied in function of
the sintering temperature in the 1000-1300°C temperature
range. As expected, the highest densities were obtained with
the 1300 °C thermal treatment.

The theoretical densities of the samples fired at 1300 °C were
expressed considering the different phases within all the sam-
ples, as evidenced by X-ray diffraction and assuming that all
the ferrite that could be formed was effectively formed. These
values are reported in Table 2.

The correlation between humidity sensor response and the
material porosity is known in the literature, and it is possible to
evaluate the pore radius at which capillary condensation occurs

at different temperatures (7) by means of the Kelvin equation?':
2yM
Tk =~ (2)
PRT In(P/ Ps)

where ry is the pore radius, y, p, M are, respectively, the water
surface tension, density and molecular weight, while P and Pg
are the water vapor pressures in the surrounding atmosphere
and at saturation, respectively. Because the porous structure of
ceramics with open pores tends to favor water and gases adsorp-
tion and condensation, and though, on semiconducting materials

Table 2

Density of doped samples sintered at 1300 °C.

Sample Expected Geometrical Relative
ferrite (wt%) density (g/cm?) density (%)

Fe,03 0 5.11 £ 0.05 98.3

Fe O3 +5wt% Li,O  98.6 4.53 £ 0.05 95.9

Fe, 03 +5wt% Ko, O 43.9 3.97 + 0.05 81.9

Fer O3 +5wt% RbO  30.6 4.83 £ 0.05 /

Fer O3 +5wt% MgO  24.8 4.75 £ 0.05 93.6

Fe O3 +5wt% BaO  36.2 5.08 £+ 0.05 96.4

Table 3
Activation energies extract from the linear regions of Fig. 4.

Activation energy (eV)

Below 500°C Above 500°C
Argon Air Argon Air
a-Fey O3 0.71
Fe;03-5% Li; O 0.62 0.73 0.22 0.41
Fe,03-5% K0 0.45
Fe;03-5% RbyO 0.81
Fe>03-5% MgO 0.30 0.40 0.15 0.17
Fer03-5% BaO 0.38 0.53 0.26 0.28

these features are less critical,* the efforts were oriented on the
reduction of the sensors porosity, as in general, dense ceramics
show negligible humidity—sensitivity.?>

It was then decided, from now on, to fire all the sensors at
the highest temperature (1300 °C), in order to have the densest
samples as possible.

Microstructures of the materials fired at 1300°C were
observed by means of a SEM (Fig. 2) and the rather high densities
of the materials were confirmed, in particular for pure hematite
and for barium, rubidium and magnesium-doped compositions.

In potassium, magnesium and barium doped hematite sam-
ples, two different microstructures were present: the hematite
one, made of rather hexagonal grains and the ferrites KFe 1017,
Rb-B”-ferrite, MgFe;O4 and BaFej;0p9, characterized by
lamellar grains. On the contrary, in lithium-doped samples the
grains were quite regular.

In Fig. 2, as the grain sizes were significantly different
between the various samples, it was not possible to use the same
magnification for all SEM micrographs.

The sensor responses SR of the previously described materi-
als as a function of the relative humidity are presented in Fig. 3.
The pure, as well as, the magnesium doped hematite materials
show a slight increase of their electrical resistances above ca.
80 RH% while the resistance of the rubidium doped hematite
material strongly depends on the relative humidity even for low
RH values. This strong dependence of its resistance with rela-
tive humidity eliminates the rubidium doped hematite regarding
a selective sensitivity of this material for a NO, sensing applica-
tion. The potassium and lithium-doped hematite were also rather
sensitive to water vapor above ca. 55 and 80 RH%, respectively.

On the contrary, the SR dependence of the barium doped
hematite material with relative humidity is too small to be mea-
sured.

Fig. 4 shows the conductivities evolutions in Arrhenius repre-
sentations of pure hematite and the 5 alkaline and alkaline-earth
doped hematite samples. The conductivities were calculated
on the basis of the total resistance measured by means of AC
impedance spectroscopy. The impedance measurements have
been realized under synthetic air and argon atmospheres succes-
sively.

Table 3 summarizes the values of activation energies, deduced
from the linear regions of the 6 Arrhenius representations pre-
sented in Fig. 4.
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Fig. 2. SEM micrographs of sintered samples: a) a-Fe;O3 pure (1000 ); b) a-Fe,O3 +5% Lir O (600%); ¢) a-Fep, O3 +5% K, 0 (800x); d) a-Fep O3 + 5% Rbr O
(1000%); e) a-Fep O3 + 5% MgO (800x) and f) a-Fe, O3 +5% BaO (2000x).

The case of potassium and rubidium doped hematite mate-
rials is more difficult to analyze. These materials showed a
rapid degradation of the formed ferrites with re-precipitation
phenomena on the pellets surfaces (Fig. 5).

Except potassium doped hematite material which did not give
a significant response, pure hematite, alkaline and alkaline earth
doped hematite materials were tested under NO; partial pressure
(0-500 ppm) in the 60-350 °C temperature range.

Fig. 6 represents the evolution of the sensor response for
Pno, = 400 ppm. For temperatures above 350 °C most of the
materials exhibited a poor NO, response. For temperatures
below 200 °C the impedance of most of them were too high (and
also the uncertainties) to permit a quantitative determination of
the total resistance. Considering the highest sensitivity (slope of
the representation SR(Pno,)) and the lowest uncertainties, the
optimal temperature is estimated to be 250 °C.1518:23.24

Fig. 7 gathers the representations SR(Pno,) measured at
250 °C. We did not take into account the points measured in
pure helium atmosphere (Pno, = 0 ppm) considering the uncer-
tainty of their values. Furthermore the points measured for
Pno, = 500 ppm frequently showed a saturation phenomenon.
This latter is noteworthy for magnesium and barium doped
hematite materials for which the representations are particularly
linear. Table 4 summarizes the values of sensitivity (slope of the
SR(Pno,) representation) and resistance R(Pno,—0)-

4. Discussion

Fig. 4 shows two types of electrical behaviors. Pure hematite
as well as potassium and rubidium doped hematite samples
present a linear dependence of the conductivity with super-
imposition of the measurements under air and argon. In the
case of lithium, magnesium and barium doped hematite materi-
als no influence of the oxygen partial pressure above 500 °C
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Fig. 3. Sensors response (SR) in function of RH, at 20 °C, for the samples fired
at 1300°C.
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Fig. 5. SEM micrographs of degradation products on the sample surfaces: a-Fe2O3 +5% KO (800x) on the left and a-Feo O3 +5% RbyO (2000 ) on the right.
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(below 1000/T=1.3 K1) is observed, while a strong influ-
ence of the oxygen partial pressure below 500°C (above
1000/T=1.3K™") is evidenced. Furthermore, these three lat-
ter samples exhibit two linear regions (below and above
500°C).

The n-type semiconducting behavior of hematite is clearly
reported in literature.”> Oxygen vacancies (V{) can be produced
by heating this material following the disorder equation (3)°:

Oy = 302(e) + V& + 26 3)

Gardner et al.”’ measured the oxygen deficit resulting from
this equilibrium shift. Considering this structural disorder and
the independence of the hematite conductivity regarding the oxy-
gen partial pressure shown in Fig. 5a, we can conclude that this
material is an intrinsic semiconductor.2%28 The large value of
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Fig. 7. Sensor response (SR) in function of NO, partial pressure at 250 °C: a) a-FeoO3 pure; b) a-Feo03 +5% Lix O; ¢) a-Fea, O3 +5% Rby0; d) a-Fe, O3 +5%

MgO; and e) a-Fe, O3 + 5% BaO.



J.-M. Tulliani et al. / Journal of the European Ceramic Society 31 (2011) 2357-2364 2363

Table 4
Sensitivity (S) of the different hematite and doped hematite of this work mea-
sured at 250 °C.

Sample S (ppm~") R(Pno,—0) ()
Fe,03 1.6x 1074 8134

Fe,03 + 5 wt. eq.% Lir O —2.6x 1074 1029

Fe;03 + 5 wt. eq.% Rb,0 2x 107 11525

Fe,03 + 5 wt. eq.% MgO 104 6.84

Fe03 + 5 wt. eq.% BaO 2x 107 236

activation energy measured in this work (0.71¢eV) is the con-
sequence of our experimental procedure where samples were
sintered at 1300 °C and cooled under air laboratory. Under those
conditions, the oxygen vacancies created during the heat treat-
ment disappear by re-oxidation?’ and hematite becomes a slight
n-type semiconductor.”” The value of 0.71 eV obtained in the
present work is close from the one reported by Gardner et al.2’

Conductivity of lithium, magnesium and barium doped
hematite materials show a large dependence with oxygen par-
tial pressure for temperatures below 500 °C. Furthermore, the
conductivities increase as the oxygen partial pressure decreases.
The conductivities under argon are higher than the conductivities
under air. This corresponds to the behavior of a n-type extrinsic
semiconductor. Kim et al.?® suggested a doping process with
reduction of a part of Fe(IIl) to Fe(I), oxygen vacancies for-
mation and concentration increase of negative charge carriers
(electrons). They also suggested that the semiconducting behav-
ior became intrinsic for temperature above 500 °C. We observe
the same phenomenon and the activation energies deduced from
Fig. 4b, e and f are close from the values obtained by Gard-
ner et al.”’ on pure hematite in the same temperature range
(0.1-0.3eV).

The case of potassium and rubidium doped hematite materials
is more difficult to analyze, because of the rapid degradation of
the formed ferrites, as above mentioned (Fig. 5). The observed
crystals are probably alkaline carbonates.

The electrical consequence is particularly evident for rubid-
ium doped hematite which behaves like pure hematite. The case
of potassium doped hematite is somewhat different because
its activation energy is lower than a pure hematite one’s and
it presents a slight n-type extrinsic semiconducting behav-
ior (the conductivity under argon is higher than under air).
Authors3%3! suggested a mixed ionic and electronic conductivity
for potassium ferrite. The total conductivity we obtain at 300 °C
(1073 S/cm) is close from Ito’s value (3.53 x 1073 S/cm). As
for them, they attributed this value to ionic conductivity. But we
have to take precautions with the electrical results obtained for
rubidium and potassium doped hematite materials because of
the degradation of the samples. Potassium and rubidium ferrites
are affected by hydrolysis and produce y-Fe,03.3?

A qualitative analysis of the SR evolution with temperature
from Fig. 6 allows to observe that the behavior of pure hematite
and rubidium doped hematite materials are similar. This con-
firms that rubidium doped hematite material behaves as pure
hematite and that a-Fe;O3 + 5 wt% Rb, O is not stable (hydrol-
ysis phenomena suggested above). We can also notice the similar

behavior of magnesium and barium doped hematite materials.
Finally, lithium doped hematite material exhibits an original evo-
lution that can be explained in terms of the transition from n-to
p-type conductivity.’> The changing of the behavior of some
oxides is caused by the formation of an inversion layer on their
surface due to oxygen adsorption.?

In Fig. 7, except for lithium doped hematite, all other mate-
rials present a resistance increase as the NO; partial pressure
increases. This result has already been observed with hematite
and various ferrites. 5182434

In a n-type semiconductor, NO; does not react with pread-
sorbed oxygen and resistance changes occur by a direct
chemisorption process.’> A series of reactions giving nitrates
and nitrites is proposed in ref.3¢:

NO,; +e™ (c.b.) < NOy™ (4a)
NO, + Vot < N0y~ + Vot (4b)
2NO; + 02" +e” (c.b.) < 2NO3~ (5a)
2NO> 4+ 0" + Vo' (c.b.) < 2NO3™ 4+ Vo™ (5b)
NO;4+0~ < NO3~ (©6)

In surface reactions (4a), (4b), (5a) and (5b), electrons from
the conduction band (c.b.) are trapped when surface species are
formed, but not in reaction (6). If nitrates are formed by the last
mechanism, a further equilibrium has to be considered, that is
to say NO3 ™ dissociation:

NO3™ 4+e™ (c.b.) & NO + 20~ (7a)
NO;~ + Vot < NO + 207 + V2t (7b)

When O~ pressure increases, the resistance of the mate-
rial also increases in a n-type semiconductor, as experimentally
observed, except with lithium doping.

5. Conclusions

Alkaline (lithium, potassium, rubidium) and alkaline-earth
(magnesium, barium) doped hematite were investigated for NO;
sensing applications. As a comparison, pure hematite material
was also studied under the same conditions. Electrical character-
izations were performed by AC impedance spectroscopy under
various temperatures and gas atmospheres. SEM analysis and
electrical conductivity under air and argon revealed that ferrites
of potassium and rubidium were not stable.

Lithium, magnesium and barium doped hematite materials
showed an extrinsic n-type semiconducting behavior for tem-
perature below 500 °C.

The study under NO; environment revealed that lithium
doped hematite exhibited a singular behavior we could explain
on the basis of a transition from n-to p-type conductivity due
to the formation of an inversion layer. On the contrary, magne-
sium and barium doped hematite showed the attempt resistance
increase with NO; partial pressure. The remarkable linearity
of these latter material responses is promising for the targeted
application.
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