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a  b  s  t  r  a  c  t

Nonstoichiometric  nanocrystalline  LaFexO3 − ı(x = 0.7/0.8/0.9/1.0/1.1/1.2/1.3)  powers  were  prepared  by
sol–gel  method  with  citric  acid.  Temperature  dependence  of  resistance  for LaFexO3  −  ı sensors  fits  best  to
Holsteins  model  of small  polaron  hopping  conduction.  The  resistance  is determined  by the  competition
between  electrical  valence  compensation  and  oxygen  vacancy  compensation.  And  at  each  fixed  temper-
ature,  the  resistance  is decreased  with  the  introduction  of more  Fe  deficiency.  XPS  analysis  on  O1s  and
C1s  spectra  verifies  the existence  of  La-carbonate  on the  surface.  The  variation  of  surface  concentration
of  adsorbed  oxygen  and  La-carbonate,  atomic  ratio  of Fe4+/Fe3+ and  Fe/La  with  x  value  are  discussed  in
aFeO3

PS
ensing mechanism
as  sensor

combination,  which  indicate  that  the release  of  electrons  trapped  by  native  active  oxygen  due  to  the
decomposition  of  monodentate  La-carbonate  also  makes  contribution  to  the  response  of LaFexO3  −  ı sen-
sors  to ethanol,  in  addition  to the  major  contribution  from  adsorbed  oxygen  species.  The  best  sensing
performance  of  nanocrystalline  LaFe0.8O3  −  ı sensor  is ascribed  to its relatively  large  surface  concentration
of  adsorbed  oxygen  species  and  monodantate  La-carbonate.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Gas sensors based on LaFeO3 nanoparticles have attracted con-
iderable interests due to their high sensitivity and stability to
thanol and tunable selectivity to various gas by the substitution
f cation ions [1–16]. Among various methods that can be used
o prepare LaFeO3 nanoparticles, sol–gel method using citric acid
as been frequently adopted due to the low cost of raw materials
nd easy handle of procedures. However, the high resistance of the
btained nanoparticles limits the practical application.

For LaFeO3, its charge carriers are holes produced by the ion-
zation of the La3+ cation vacancy defect [17,18]. In order to keep
harge neutrality, the substitution of trivalent La or Fe ions by biva-
ent cation element would lead to the increase of hole concentration
y electric valence compensation or decrease of hole concentration
y oxygen vacancy compensation. Mangy groups have reported
hat the partial substitution of La or Fe by lower valent cation ele-
ents such as Pb, Mg,  Ba, Co, Sr and Ca could reduce the resistance of
aFeO3-based sensors [1–3,5–11,16] by the competition of electric
alence and oxygen vacancy compensation. Moreover, the sens-

∗ Corresponding author. Fax: +86 351 6018030.
E-mail  address: caoensi@163.com (K. Cao).

ttp://dx.doi.org/10.1016/j.snb.2016.02.096
925-4005/© 2016 Elsevier B.V. All rights reserved.
ing performance to ethanol has also been improved, which is often
ascribed to smaller crystallite size and larger amount of adsorbed
oxygen species (O2

− or O−) [5,10].
It is well known that the sensing properties of nanocrystalline

LaFeO3-based sensors are greatly related to oxygen adsorp-
tion [1,10]. The oxygen molecules adsorbed on the surfaces of
nanograins could capture electrons from LaFeO3, and results in the
decrease of resistance of p-type LaFeO3 [19]. However, the surface
of lanthanum oxide samples prepared with citric acid would be
enriched with carbonate species due to the reaction of CO2 pro-
duced by the combustion process with the lanthanum oxide surface
[20–24], therefore, the existence of surface carbonate species which
has been neglected should also be considered when exploring the
gas sensing mechanism of LaFeO3-based sensors.

In addition to the common means of substitution of cation ions,
we speculate that the introduction of intrinsic cation deficiency
could be an alternative way  to reduce the electrical resistance
of perovskite oxides, and thus affect the sensing performance.
Therefore, in the present work, we  systematically investigated
the influence of nonstoichiometry on the electrical transport and
ethanol sensing properties of nanocrystalline LaFexO3 − ı powders

which were prepared by sol–gel method with citric acid, and pro-
pose a combined ethanol sensing mechanism by the analysis of

dx.doi.org/10.1016/j.snb.2016.02.096
http://eproxy2.lib.tsinghua.edu.cn:80/rwt/33/http/P75YPLUUMNVXK5UDMWTGT6UFMN4C6Z5QNF/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.02.096&domain=pdf
mailto:caoensi@163.com
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ig. 1. (a) Schematic image of the sensor structure and (b) a photograph of the
ensor.

PS results, with the consideration of both oxygen adsorption and
arbonate formation at the surface region.

. Experimental

.1. Preparation of powders

LaFexO3 − ı (x = 0.7/0.8/0.9/1.0/1.1/1.2/1.3) powders were pre-
ared by a sol–gel method. Firstly, appropriate amount of
a(NO3)3·6H2O, Fe(NO3)3·9H2O and citric acid (all analytically
ure)  were dissolved in ion-free water at 80 ◦C. The polyethylene
lycol (PEG) was added into the mixed solution under stirring at
0 ◦C to obtain the sol and the sol was dried to form gel. Then, gel
ieces were formed through combustion process, and were ground
o form fine powders. Finally, the fine powders were annealed at
00 ◦C for 2 h in an oven.

.2. Characteristics of powders

X-ray  diffraction patterns of the obtained LaFexO3 − ı pow-
ers were measured by X-ray diffractometer (D/max 2500, Rigaku
orporation, Japan) using Cu K� radiation. X-ray photoelectron
pectroscopy (XPS) measurements for LaFexO3 − ı nanocrystalline
owders were performed with monochromated Al K� radiation
sing X-ray photoelectron spectrometer (ESCALAB 250, Thermo
lectron Corporation, USA).

.3. Fabrication and measurements of sensors

0.1 g powders obtained above were mixed with 0.1 ml  terpineol
o form a paste. The sensors were made by coating ceramic tube
outside diameter = 1.2 mm,  length = 4 mm)  with the paste to form

 thin sensing film, then annealed at 600 ◦C for 2 h in an oven to
ncrease stability. A pair of gold electrodes was installed at each

nd of the ceramic tube before it was coated with the paste; each
lectrode was connected with two Pt wires. A Ni–Cr heating wire
diameter = 0.5 mm,  resistance = 35 �) was inserted into the tube
o form an indirect-heated gas sensor. Fig. 1(a) and (b) show the
Fig. 2. X-ray diffraction patterns of LaFexO3 − ı powers annealed at 600 ◦C with dif-
ferent  x value.

schematic image of the sensor structure and a photograph of the
sensor, respectively. The electrical properties of the sensor were
measured by an Intelligent Gas Sensing Analysis System (CGS-
8, Beijing Elite Tech Co., Ltd., China). The sensor sensitivity was
defined as the ratio (S = Rg/Ra) of the resistance of the sensor in
target gases (Rg) and that in dry air (Ra). The operating tempera-
ture of the sensor was varied between 130 and 200 ◦C. The response
and recovery time were defined as the time taken by the sensor to
achieve 90% of the total resistance change in the case of adsorption
and desorption, respectively.

3.  Results and discussion

3.1.  Structural analysis

Fig.  2 shows the X-ray diffraction patterns of LaFexO3 − ı pow-
ers annealed at 600 ◦C with different x value. All the samples
have a single phase with orthorhombic perovskite structure (space
group Pnma-62), without any trace of impurity phase. Their lat-
tice parameters, unit cell volumes, and average crystallite sizes
are summarized in Table 1. The lattice parameters were calculated
from peak positions and miller indices using Bragg law 2dsin� = n�
and 1/d2 = h2/a2 + k2/b2 + l2/c2, where d is the interplanar spacing,
h k and l are miller indices, a b and c are lattice parameters. Each
lattice parameter changes with x values in its own  way. The unit
cell volume is calculated by the product of a b and c. Compared to

the sample with x = 1.0, the unit cell volumes for the sample with
x < 1.0 are larger, while the ones for the sample with x > 1.0 are
smaller, indicating that the introduction of Fe deficiency results
in the expansion of unit cell, while the introduction of La defi-
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Table  1
Lattice parameters and average grain sizes for nanocrystalline LaFexO3 − ı .

x a (Å) b (Å) c (Å) V (Å3) D (nm)

0.7 5.5802 7.87116 5.56282 244.33 14.1
0.8 5.56008 7.87294 5.56697 243.69 16.1
0.9 5.56545 7.87388 5.56873 244.03 18.0
1.0 5.55873 7.87264 5.56804 243.67 21.0
1.1 5.54915  7.87101 5.56617 243.16 20.2
1.2 5.56383 7.86039 5.55848 243.09 17.8
1.3 5.57014 7.85449 5.55810 243.17 17.3

Fig. 3. Variation of mean crystallite size with x value for LaFexO3 − ı powers.
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ig. 4. Temperature dependence of resistance in air for LaFexO3 − ı sensors with
ifferent x value.

iency leads to the contraction of unit cell. The crystallite size is
stimated using the Scherrer formula D = 0.89�/ˇcos�, where D is
he mean crystallite size, � is the wavelength of the X-ray radia-
ion (�= 0.154 nm for Cu K�1 radiation), and  ̌ is the full width at
alf-maximum of diffraction peak at 2� [25]. As shown in Fig. 3,
he introduction of La or Fe deficiency both results in the reduce
f crystallite size, among which the introduction of Fe deficiency is
ore efficient.

.2.  Electrical properties

The  temperature dependence of resistances in air for nanocrys-
alline LaFexO3 − ı sensors are shown in Fig. 4. The resistance of

ll samples decreases with an increase of temperature, exhibiting
emiconducting behavior. In addition, at each fixed operating tem-
erature, the resistance of LaFexO3 − ı sensors decreases with the
ecrease of x value from 1.3 to 0.7.
Fig. 5. ln[R/T] vs. 1000/T curve for LaFexO3 − ı sensors with different x value.

For bulk LaFeO3, its charge carriers are holes produced by the
ionization of the La3+ cation vacancy defect. When Fe or La defi-
ciency is introduced, in order to maintain the charge neutrality,
both electrical valence compensation and oxygen vacancy compen-
sation could occur.

With  the decrease of x value, more Fe4+ ions would be trans-
formed from Fe3+ ions. These Fe4+ ions could provide some holes in
the compound and prefer an increase of conductivity. On the other
side, oxygen vacancies could provide some electrons in the com-
pound, which compensate part of holes and prefer an increase of
resistance. As a matter of fact, the resistance is determined by the
compound compensation processes with the competition of elec-
trical valence and oxygen vacancy compensation. Therefore, it is
reasonable to write LaFexO3 − ı to denote our samples.

As shown in Fig. 5,the resistance R of all the samples fits best to
Holsteins model of small polaron hopping conduction [26–28]:

R(T) = R0Texp(
Ea

kBT
)

with Ea = EH + ED/2 for T > �D/2, and Ea = ED for T < �D/4 in the mea-
surement range of temperature from 140 ◦C to 180 ◦C, where Ea is
activation energy, kB is the Boltzmann constant, �D is Deby tem-
perature, EH is the hopping energy and ED is the disorder energy
(the difference of electronic energies between two hopping sites).
The result is in agreement with the works by Liu et al. [2], Shi et al.
[10], Khetre et al. [29], and Murade et al. [30], who  suggested that
small polarons hopping is responsible for the electronic conduc-
tion in LaFeO3 [31–34]. The presence of small polarons implies
the existence of local lattice distortions which localize the charge
carriers.

The variation of Ea with x value for LaFexO3 − ı sensors with dif-
ferent x value is displayed in Fig. 6. Compared to the sample with
x = 1.0, Ea becomes smaller through the introduction of more Fe
deficiency, whereas Ea becomes larger through the introduction
of more La deficiency. Therefore, the reason that the introduction
of more Fe deficiency results in the decrease of resistance is in
essence due to the reduction of Ea, which makes the hopping of
small polarons much easier.

3.3. Gas-sensing properties and mechanism

The operating temperature dependence of sensitivity to
1000 ppm ethanol for nanocrystalline LaFexO3 − ı sensors is shown

in Fig. 7. With increasing operating temperature, the sensitivity
of LaFexO3 − ı sensors increases at first, undergoes a maximum
at 140 ◦C, and then decreases again. Meanwhile, the sensitivity
of LaFexO3 − ı sensors at each fixed temperature increases with
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Fig. 6. Variation of Ea with x value for LaFexO3 − ı sensors with different x value.

Fig. 7. Operating temperature dependence of sensitivity to 1000 ppm ethanol for
nanocrystalline LaFexO3 − ı sensors.
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ig. 8. Sensitivity of nanocrystalline LaFexO3 − ı sensors to different concentration
f  ethanol at 140 ◦C.

ecreasing x value, reaches a maximum at x = 0.8, and decreases
gain at x = 0.7, the sensitivity of which is still larger than that of

 = 0.9. The best sensitivity to 1000 ppm ethanol is 132 obtained at
40 ◦C by the sample with x = 0.8.
Fig.  8 displays the sensitivity of nanocrystalline LaFexO3 − ı sen-
ors to different concentration of ethanol at 140 ◦C. The sensitivity
f each sensor increases fast with increasing concentration of
thanol in the range of 100–1000 ppm, while the increase rate
Fig. 9. The Fe2p XPS for nanocrystalline LaFexO3 − ı with different x value.

becomes relatively slow in the range of 1000–3000 ppm due to the
limited active adsorption sites at the surface of each sensor.

Since  the sensing properties of perovskite nanopowders are
greatly related with the surface characteristics, surface-sensitive
XPS was carried out to determine the surface composition and
valence state of each element in nonstoichiometric LaFexO3 − ı.

Fig. 9 shows the Fe2p XPS with peak deconvolutions for
nanocrystalline LaFexO3 − ı. The doublet peaks of F1 and F2 could be
assigned to 2p3/2 and 2p1/2 states of Fe3+, meanwhile the doublet
peaks of F3 and F4 could be assigned to 2p3/2 and 2p1/2 states of
Fe4+, and peak of F5 is a satellite [10,16]. However, no peaks cor-
responding to Fe2+ ions could be observed for our nanocrystalline
LaFexO3 − ı with x ≥ 1, indicating that Fe2+ ions are not present at
the detected surface region.

Fig. 10 shows the La3d XPS with peak deconvolutions for
nanocrystalline LaFexO3 − ı. The doublet peaks of L1 and L2 could be
assigned to 3d5/2 and 3d3/2 states of La final state without charge
transfer, also denoted c4f0 (c indicates the presence of a core hole,
4f0 the absence of electrons in the 4f orbital), meanwhile the satel-
lite peaks of L3 and L4 as well as the satellite peaks of L5 and L6
could be assigned to antibonding and bonding component of the
final state with charge transfer, denoted c4f1L to mark the transfer
of an electron from the ligand atom L to the 4f orbital. The peak
of L7 is ascribed to 3d5/2 plasmons [35]. These data indicate that
lanthanum ions are present in the trivalent form for all the samples.

As shown in Fig. 11, the O1s XPS signal can be divided into two
peaks, corresponding to two  kinds of oxygen at the surface. The
lower BE peak of O1 is generally assigned to lattice oxygen species
in LaFeO3, and the higher BE peak of O2 is ascribed to the adsorbed

oxygen (Oads) [10,16]. As for the sample with x = 0.8 and x = 1.1,
perfect fitting of O1s spectrum requires a third peak of O3 at even
higher BE. In combination with the C1s analysis, the peak of O3  is
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Fig. 10. The La3d XPS for nanocrystalline LaFexO3 − ı with different x value.

Fig. 11. The O1s XPS for nanocrystalline LaFexO3 − ı with different x value.
Fig. 12. The C1s XPS for nanocrystalline LaFexO3 − ı with different x value.

ascribed to the oxygen that links La− and −CO2 in monodentate
La-carbonate La–O–CO2.

In  addition, the surface composition of perovskite nanopowders
is significantly affected by the gases in contact with the solid during
synthesis. The surface of lanthanum oxide samples [20–24] pre-
pared with citric acid was reported to be enriched with carbonate
species due to the reaction of CO2 produced by the combustion
process with the lanthanum oxide surface. According to the pro-
pellant chemistry [36] and following the works of many other
researchers [24], the global redox reactions between lanthanum
and iron nitrates to form LaFexO3 − ı in the presence of citric acid
can be written as:

La(NO3)3·6H2O(c) + (x)Fe(NO3)3·9H2O(c) + C6H8O7(c) →
LaFexO3 − ı(c) + [(3 + 3x)/2]N2(g) + (6)CO2(g) + [(9x − 3 + ı)/2]O2(g) + (10 + 9x)H2O(g)

CO2, H2O and N2 were considered as the most stable prod-
ucts of the combustion synthesis with respect to other theoretical
acceptable combinations that might be considered, including the
formation of nitrogen oxides, CO and so forth. Therefore, La-
carbonates could be formed due to the reaction of the evolved CO2
gas with superficial La–O sites at the high local temperature under
the combustion reaction.

Inspection  of the C1s region in Fig. 12 reveals that, besides
adventitious carbon (peak C1) which is used as reference, a small
amount of carbonates (peak C2) has indeed accumulated at the
surface region of nanocrystalline LaFexO3 − ı[23,24].

The  variation of surface concentration of adsorbed oxygen (Oads)
and carbonate with x value are shown in Fig. 13. Since monoden-
tate La-carbonate could be formed at the surface of all the samples,
the peak of O2 for samples with x = 0.7/0.9/1.0/1.2/1.3 could also

have contribution from La-carbonate other than adsorbed oxygen.
Therefore, the calculation of the surface concentration of adsorbed
oxygen (O2

− or O−) requires the removal of O1s signal from mon-
odentate La-carbonate by subtraction of carbonate concentration
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ig. 13. Variation of surface concentration of adsorbed oxygen (Oads) and carbonate
ith  x value for nanocrystalline LaFexO3 − ı .

C2). Compared to 26.71% for the sample with x = 1.0, the con-
entration of Oads increases with more Fe deficiency, reaching its
aximum of 33.69% at x = 0.8, then drops to its minimum of 17.85%

t x = 0.7. With regard to the small concentration of Oads for the sam-
le with x = 0.7, we speculate that a small amount of La2O3 might
e liberated from LaFexO3 − ı lattice, and La2O3 could not provide
dsorption site for oxygen molecule.

As for the concentration of carbonate, it decreases
onotonously  from 8.39% at x = 0.7 to 5.93% at = 1.3, indicat-

ng that more La3+ cations faciliate the formation of carbonates,
nd the carbonate species should be La-carbonates due to the
trong basic character of La3+ cations. With regard to the sample
ith x = 0.7, La-carbonate could also be formed at the surface of

a2O3, thus the concentration of carbonate is related with La ions.
he calcination at 600 ◦C for 2 h before characterization would
esult in CO2 desorption from La-carbonate species, therefore
he present La-carbonate on the surface should be monodentate
arbonate due to its easier formation and higher thermal stability
han bidentate carbonate [37]. The formation of monodentate
a-carbonate La–O–CO2 requires one CO2 molecule and one
uperficial La–O site, and would lead to the electron transfer from
O2 to oxygen.

The  surface layers of perovskite nanopowders could display
ifferent atomic concentrations with respect to the bulk. For ide-
lly stoichiometric bulk LaFeO3, all La and Fe ions belong to Fe3+.
owever, on the basis of XPS analysis, the calculated atomic ratio
f Fe4+/Fe3+ is 0.27, and the atomic ratio of Fe/La is 1.16 for our
aFexO3 − ı with x = 1.0. In order to maintain the material to be
harge neutrality, the La vacancies in LaFeO3 may  induce Fe4+ or
xygen vacancy. If the charge compensation was all caused by the
ormation of Fe4+

, the theoretical atomic ratio of Fe4+/Fe3+ for our
aFeO3 should be 0.16, much smaller than the value of 0.27. When
xygen vacancy compensation was considered, the concentration
f Fe4+ would be reduced, and atomic ratio of Fe4+/Fe3+ would
e even smaller. According to ab initio calculation [19], the elec-
ron transfer from Fe ion to adsorbed oxygen could result in the
ransformation from Fe3+ to Fe4+ at some Fe site. Therefore, oxy-
en adsorption should be considered besides charge and oxygen
acancy compensation.
Fig. 14. Variation of atomic ratio of Fe4+/Fe3+ and Fe/La with x value for nanocrys-
talline  LaFexO3 − ı .

The variation of atomic ratio of Fe4+/Fe3+ and Fe/La with x value
for nanocrystalline LaFexO3 − ı are displayed in Fig. 14. The atomic
ratio of Fe4+/Fe3+and Fe/La both increase with increasing x value.
Compared to the sample with x = 1.0, the introduction of more Fe
deficiency with x < 1 results in decreased concentration of Fe4+ ions,
and the atomic ratio of Fe/La is much smaller than designed, making
the surface a La-rich region. With the decrease of x value, the atomic
ratio of Fe/La decreases, more La ions would be exposed to air, thus
the proportion of oxygen adsorbed at Fe site would be reduced,
leading to less transformation from Fe3+ to Fe4+, and thus decreased
atomic ratio of Fe4+/Fe3+. On the other side, the introduction of more
La deficiency with x ≥ 1 results in increased concentration of Fe4+

ions, and the atomic ratios of Fe/La are all above 1, making the sur-
face a Fe-rich region. For LaFexO3 − ı with x ≥ 1, as discussed above,
La deficiency would result in the partial transformation of Fe3+ ions
into Fe4+ ions. With the increase of x value, more Fe4+ ions would
be formed to maintain charge neutrality. In addition, more Fe ions
would be exposed to air for Fe-rich sample, thus the proportion of
oxygen adsorbed at Fe site would be increased, resulting in more
transformation from Fe3+ to Fe4+.

With  increasing temperature in air, the oxygen species adsorbed
on the surface of LaFexO3 − ı undergoes the following reactions:

O2(gas) ↔ O2(ads) (a)

O2(ads) + e− ↔ O−
2(ads) (b)

O−
2(ads) + e− ↔ 2O−

ads (c)

O−
ads + e− ↔ O2−

ads (d)

The equilibrium shifts to the right with an increase of operating
temperature. The adsorbed oxygen (O2

− or O−) captures electrons
from LaFexO3 − ı, leading to an increase of hole concentration. In
addition, CO2 desorption would take place due to the decompo-
sition of monodentate La-carbonate in the temperature range of
100–150 ◦C [37], resulting in increased concentration of native
active oxygen (O−

(native)) in the presence of oxygen.
When ethanol is introduced, the following reactions may  hap-
pen:

C2H5OH + 6On−
(ads) → 2CO2 + 3H2O + 6ne− (a)
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Fig. 15. Dynamic response of resistance to different concentration of ethanol for
nanocrystalline LaFe0.8O3 − ı sensor at 140 ◦C.

F
g

C

a
l
c
i
o
T
i
c
w
o
L
b

c
1
w
a
e
t

s
a
r
a

ig. 16. Sensitivity of nanocrystalline LaFe0.8O3 − ı sensor to 1000 ppm different
ases  at 130–180 ◦C.

2H5OH + 6O−
(native) → 2CO2 + 3H2O + 6e− (b)

The  electrons trapped by the adsorbed oxygen species from air
nd native active oxygen O−

(native) are released to semiconductor,
eading to a decrease of holes, thus an increase in resistance of semi-
onductor sensor. Therefore, the sensing performance of LaFexO3 − ı

s greatly influenced by the surface concentration of adsorbed
xygen species (O2

− or O−) and native active oxygen (O−
(native)).

he best performance for the sample with x = 0.8 is ascribed to
ts large concentration of adsorbed oxygen and monodentate La-
arbonate, as well as its small crystallite size. As for the sample
ith x = 0.7, although the concentration of adsorbed oxygen (O2

−

r O−) was greatly reduced, the contribution from La-carbonate,
a2O3 liberated from LaFexO3 − ı lattice and crystallite size might
e responsible for the modification of its sensing performance.

Fig.  15 shows the dynamic response of resistance to different
oncentration of ethanol for nanocrystalline LaFe0.8O3 − ı sensor at
40 ◦C. The resistance of the sensor can recover to its initial value
hen ethanol was taken out, displays good stability. The response

nd recover time were estimated as 1 s and 1.5 s to 1000 ppm
thanol, respectively. So far as we know, the response and recover
ime is the shortest ever reported.

Fig. 16 displays the sensitivity of nanocrystalline LaFe0.8O3 − ı
ensor to 1000 ppm different gases at 130–180 ◦C. The sensitivity to
cetone, glycerol, methane, CO2 is all below 22 in the temperature
ange of 130–180 ◦C, much smaller than the sensitivity to ethanol
t each fixed temperature, exhibiting good selectivity of the sensor.

[

ors B 230 (2016) 592–599

4.  Conclusions

In the present work, we experimentally investigated the influ-
ence of nonstoichiometry on the electrical transport and ethanol
sensing characteristics for nanocrystalline LaFexO3 − ı sensors. The
temperature dependence of resistance for LaFexO3 − ı sensors obeys
Holstein’s model of small polaron hopping conduction. And the
resistance is determined by the competition between electrical
valence compensation and oxygen vacancy compensation.

XPS analysis verifies the existence of adsorbed oxygen species
and La-carbonate on the surface. In addition, nonstoichiometry has
great influence on the atomic ratio of Fe4+/Fe3+, surface concen-
tration of adsorbed oxygen and La-carbonate. After comprehensive
analysis, the response of LaFexO3 − ı sensors to ethanol is ascribed
to the release of electrons trapped by the adsorbed oxygen species
from air and by native active oxygen site due to the decomposition
of monodentate La-carbonate at operating temperature, leading to
a  decrease of holes, thus an increase in resistance. The best sen-
sitivity to 1000 ppm ethanol is 132 obtained by nanocrystalline
LaFe0.8O3 − ı sensor due to its relatively large surface concentration
of adsorbed oxygen species and monodantate La-carbonate, which
also displays fast response and recovery, good stability and selec-
tivity to ethanol at relatively lower prime operating temperature.

In  conclusion, the resistance of nanocrystalline LaFexO3 − ı is
determined by its bulk properties, while the sensing characteristic
is greatly related with its surface composition. Appropriate intro-
duction of cation deficiency could be an efficient way to fulfill the
aim of reduced resistance and enhanced sensing performance for
perovskite oxides.
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