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a b s t r a c t

LaFeO3-� nanoparticles were prepared by citric sol-gel method with different raw material choosing and
calcination process. The choosing of polyethylene glycol instead of ethylene glycol as raw material and
additional pre-calcination at 400 ◦C rather than direct calcination at 600 ◦C could result in the decrease
of resistance due to the reduction of activation energy Ea. Meanwhile, the choosing of ethylene gly-
col as raw material and additional pre-calcination leads to the enhancement of sensitivity to ethanol.
Comprehensive analysis on the sensitivity and XRD, SEM, TEM, XPS results indicates that the sensing
aFeO3

ol-gel
PS
thanol sensing
as sensor

performance of LaFeO3-� should be mainly determined by the adsorbed oxygen species on Fe ions, with
certain contribution from native active oxygen. The best sensitivity of 46.1–200 ppm ethanol at prime
working temperature of 112 ◦C is obtained by the sample using ethylene glycol as raw material with addi-
tional pre-calcination, which originates from its uniformly-sized and well-dispersed particles as well as
high atomic ratio of Fe/La at surface region.

© 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 gases by the substitution
f cation ions [1–17]. Among various methods that can be used to
repare LaFeO3 nanoparticles, sol-gel method using citric acid has
een frequently adopted due to the lost cost of raw materials and
asy handle of procedures.

Aside from the common use of lanthanum nitrate, iron nitrate
nd citric acid in sol-gel method for the preparation of LaFeO3
anoparticles, polyethylene glycol (PEG) or ethylene glycol (EG) is
lso incorporated into the precursor solution by some researchers,
nd the gas sensing performance differs greatly from each other.
hi et al. prepared Ca-doped LaFeO3 powders using PEG as raw
aterial, and the La0.8Ca0.2FeO3 shows good sensing performance
owards CO at 180 ◦C [10]. Murade et al. prepared Sr-doped
anostructured LaFeO3 using EG as raw material, and the nanocrys-
alline La0.7Sr0.3FeO3 exhibited good sensing performance towards

∗ Corresponding author.
E-mail address: caoensi@163.com (E. Cao).

1 These authors contributed equally to this paper.

ttp://dx.doi.org/10.1016/j.apsusc.2016.10.013
169-4332/© 2016 Elsevier B.V. All rights reserved.
acetone at 275 ◦C [18]. Although the effect of dopant element and
doping concentration on the gas sensing properties of LaFeO3 has
been investigated frequently, the comparative study on the effect
of raw material choosing of PEG and EG has not been conducted so
far. Besides direct calcination of the dry gel at high temperature,
the final product of LaFeO3-� nanoparticles was obtained by some
investigators with additional pre-calcination at low temperature,
and shows different gas sensing performance. Chen et al. prepared
LaFeO3 nanocrystalline powders using PEG with pre-calcination
at 400 ◦C for 2 h, and the final product annealed at 800 ◦C for 4 h
can sensitively detect low concentration of acetone at 260 ◦C [19].
While nonstoichiometric LaFeO3 powders prepared by Cao et al.
using PEG through direct calcination at 600 ◦C for 2 h exhibited good
sensitivity and selectivity towards ethanol at 140 ◦C [20]. Therefore,
the gas sensing performance of LaFeO3 nanoparticles depends not
only on the raw material choosing, but also on the calcination pro-
cess, and it is necessary to investigate the effect of synthesis route
on the gas sensing characteristics of LaFeO3 nanoparticles by citric
sol-gel method.

When exploring the gas sensing mechanism of LaFeO3-based
sensors, the high sensitivity of LaFeO nanoparticles to ethanol has
3
always been ascribed to small crystallite size and large amount of
adsorbed oxygen species (O2

−or O−) [5,10], which is supported
by the relevance of sensitivity and the relative content of the

dx.doi.org/10.1016/j.apsusc.2016.10.013
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2016.10.013&domain=pdf
mailto:caoensi@163.com
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Table  1
Preparation differences for different LaFeO3-� samples.

Sample EG PEG Pre-calcined at
400 ◦C

Calcined at
600 ◦C

PEG600 No Yes No Yes
PEG400+600 No Yes Yes Yes
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EG600 Yes No No Yes
EG400+600 Yes No Yes Yes

dsorbed oxygen in the total surface oxygen (Oads/Ototal) from
urface-sensitive XPS analysis. However, oxygen adsorption could
ake place on La, Fe ions and adventitious carbon, the effect of
dsorbed oxygen species on the sensitivity will be amplified by
he ratio of Oads/Ototal and the influence of the surface composition
hould be considered.

In the present work, LaFeO3-� nanoparticles were prepared by
itric sol-gel method. The effect of synthesis route, specifically the
hoosing of PEG or EG as raw material and pre-calcination, on the
lectrical and ethanol sensing characteristics of LaFeO3-� nanopar-
icles were investigated for the first time, and the reason for the
mprovement of sensitivity was analyzed by the consideration of
urface morphology and surface composition.

. Experimental

.1. Preparation of powders

LaFeO3-� powders were synthesized by citric sol-gel method.
nalytical grade La(NO3)3·6H2O, Fe(NO3)3·9H2O, citric acid (CA),
olyethylene glycol (PEG6000) and ethylene glycol (EG) were
mployed as raw materials. Firstly, stoichiometric amount of
a(NO3)3·6H2O and Fe(NO3)3·9H2O were dissolved in ion-free
ater under continuous stirring to get a homogeneous solution.

hen CA in 2:1 molar ratio with respect to the metallic cations was
dded to the solution as a chelator, and the solution was adjusted
o a PH value of 6.5–7.5 by adding ammonia. After that, PEG or EG
n 2:1 molar ratio with respect to the metallic cations was  added
o the mixed solution under stirring at 80 ◦C, which was sufficient
or the polycondensation to obtain the sol. When using PEG as raw

aterial, the stirring time was 6 h to form wet gel, while it was 10 h
hen EG was adopted. Thereafter, gel pieces were formed through

ombustion process, and were ground to form fine powders. Finally,
ome of the fine powders were directly calcined at 600 ◦C for 2 h in
n oven, while others were pre-calcined for 2 h, remilled for half
n hour, and post-calcined at 600 ◦C for 2 h. As analyzed by Qiu
t al. [21], the exothermic peak at 403 ◦C in the DTA curve con-
rms the burnout of organic contents, where ethylene glycol (EG)
nd other raw materials were adopted as in our work. Therefore,
00 ◦C was chosen as the pre-calcination temperature to elimi-
ate the organic components. To sum up, four kinds of LaFeO3-�
owders were synthesized, and the preparation differences were
ummarized in Table 1.

.2. Characteristics of powders

X-ray diffraction patterns of the obtained LaFeO3-� powders
ere measured by X-ray diffractometer (D/max 2500, Rigaku Cor-

oration, Japan) using Cu K� radiation. Surface morphology was
easured by field emission scanning electron microscope (JSM-

700F, JEOL Ltd., Japan) and transmission electron microscope
JEM-2010, JEOL Ltd, Japan). X-ray photoelectron spectroscopy

XPS) measurements for LaFeO3-� nanocrystalline powders were
erformed with monochromated Al K� radiation using X-ray
hotoelectron spectrometer (ESCALAB 250, Thermo Electron Cor-
oration, USA).
Fig. 1. X-ray diffraction patterns of different LaFeO3-� nanoparticles.

2.3. Fabrication and measurements of sensors

The details for the fabrication and measurement of sensors are
described in our previous work [20]. The temperature of the sen-
sor was controlled by the input current on the Ni-Cr heating wire
(resistance = 35 �),  and was  measured by the contact of micro ther-
mocouple on the outer surface of uncoated ceramic tube with Ni-Cr
heating wire inside. Then a correlation between the input current
and temperature was obtained and used as a criterion for sub-
sequent determination of operating temperature. The operating
temperature in our work refers to temperature on the outer surface
of uncoated ceramic tube, and was varied between 96 and 200 ◦C.
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).
In order to make the measurement of sensitivity more precisely,
in our present work, the gas desorption at 220 ◦C was introduced
into each measuring procedure of sensitivity, because good repro-
ducibility of resistance at 220 ◦C could be obtained before and after
each measurement of sensitivity, and the influence of residual gas
adsorption could be eliminated to great extent.

3. Results and discussion

3.1. Structural analysis

Fig. 1 shows the X-ray diffraction patterns of different LaFeO3-�
nanoparticles. All the samples have a single phase with orthorhom-
bic perovskite structure (space group Pnma-62), without any trace
of impurity phase. Their lattice parameters, unit cell volumes, and
average crystallite sizes are summarized in Table 2. The details for

these calculations are described in our previous work [20].

The average crystallite size of PEG400+600 is 18.2 nm,  which
is slightly smaller than 18.9 nm of PEG600. Similarly, the aver-
age crystallite size is 23.6 nm for EG400+600, slightly smaller than
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Fig. 2. SEM and TEM images 
4 nm of EG600. Considering the small change in crystallite size, the
nfluence of additional pre-calcination on the crystallite size is not
bvious by XRD, which will be explored by TEM below. However,

t is obvious that the average crystallite size of the samples using
erent LaFeO3-� nanoparticles.
PEG as raw material showed lower crystallite size than by using
EG, because EG acts as bridge between CA-metal complexes and
prevents the separation of components at later process stages [22],
which would increase the degree of polymerization and facilitate
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Fig. 3. Temperature dependence of resistances in air

Table 2
Lattice parameters, unit cell volume (V), average crystallite size (D), activation
energy (Ea) for different LaFeO3-� samples.

Sample a (Å) b (Å) c (Å) V (Å3) D (nm) Ea (eV)

PEG600 5.5632 7.8381 5.5476 241.90 18.9 0.45
PEG400+600 5.5560 7.8429 5.5549 242.06 18.2 0.42

t
P
p
i

3

e
a
t
o
a
c
i
L
s
a
a

EG600 5.5331 7.8285 5.5422 240.07 24.0 0.64
EG400+600 5.5591 7.8547 5.5521 242.43 23.6 0.50

he growth of crystallite. On the contrary, the non-ionic surfactant
EG acts as dispersant to improve the separation of CA-metal com-
lex [23], which would decrease the degree of polymerization and

nhibit the formation of big crystallite.

.2. Surface morphology

Fig. 2 exhibits the SEM (left) and TEM (right) images of differ-
nt LaFeO3-� nanoparticles. The particles are generally irregular and
gglomerated, which in turn results in blurry outline of most par-
icles. The specific size of ten small particles with relatively clear
utline is indicated in the TEM images for each sample. Big particles
re composed of smaller crystallites, and these selected small parti-
les could be treated as crystallites. Thus the average crystallite size
s 18.33 nm for PEG400+600, smaller than the 19.39 nm for PEG600.

ikewise, the average crystallite size is 25.71 nm for EG400+600,
maller than the 28.81 nm for EG600. The TEM results are in good
ccordance with the XRD results. Although PEG results in smaller
verage crystallite size than EG, compared to PEG400+600, the par-
 for different LaFeO3-� sensors in comparison.

ticles of EG400+600 are more uniform in size and better dispersed.
Thus the specific surface area is increased by EG, which makes
the adsorption of ethanol more easily and the response enhanced.
Different from EG400+600, the nanoparticles tend to agglomerate
and coalesce in plane with direct calcination for EG600, leading
to the formation of layered porous structure with large area. In
other words, additional pre-calcination inhibits the coalescence of
nanoparticles to some extent and results in smaller and better-
dispersed particles when EG was  adopted.

3.3. Electrical properties

The temperature dependence of resistances in air for differ-
ent LaFeO3-� sensors in comparison is shown in Fig. 3. As seen in
Fig. 3(a) and (b), the resistance of LaFeO3-� sensor with additional
pre-calcination is smaller than that with direct calcination whether
using PEG or EG as raw material at each fixed operating tempera-
ture. On the other side, as shown in Fig. 3(c) and (d), the resistance of
LaFeO3-� sensor using PEG as raw material is smaller than that using
EG as raw material, irrespective of additional pre-calcination. With
the increase of temperature, the intrinsic resistivity of the material
should monotonously decrease depending on its semiconducting
nature, the influence of adsorbed oxygen species on the resistiv-
ity can be divided into three stages. From RT to prime working

temperature, oxygen adsorption predominates and the adsorbed
oxygen species (O2−or O−) capture more electrons from material,
and contributes to the decrease of resistance. From prime working
temperature above, oxygen desorption predominates and releases
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reason that the choosing of PEG as raw material and additional pre-
Fig. 4. ln[R/T] vs. 1000/T curve for different LaFeO3-� sensors.

lectrons to the material, which leads to the increase of resistance.
he resistance Ra measured at relatively lower temperature should

e contributed from both the intrinsic nature of the material and
dsorbed oxygen species. Only when the operating temperature is
igh enough for the complete desorption of oxygen species, the

Fig. 5. Operating temperature dependence of sensitivity
ence 393 (2017) 134–143

measured resistance of Ra reflects the intrinsic nature of the mate-
rial.

Fig. 4 shows the ln[R/T] vs. 1000/T curve for different LaFeO3-�
sensors in the measurement range of temperature from 152 ◦C to
200 ◦C, indicating that the intrinsic resistance R of all the samples
fits best to Holsteins model of small polaron hopping conduction
at relatively higher temperature [24–26]:

R(T) = R0Texp(Ea/kBT)

with Ea = EH + ED/2 for T > �D/2, and Ea = ED for T < �D/4, 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 obtained value of Ea for different LaFeO3-� sensors is displayed
in Table 2. Similar to the case of average crystallite size, the Ea
of the sample directly calcined at 600 ◦C is larger than that with
additional pre-calcination at 400 ◦C, whether using PEG or EG as
raw material. In addition, the Ea of the sample using PEG as raw
material is smaller than that using EG as raw material, whether
directly calcined at 600 ◦C or pre-calcined at 400 ◦C. Therefore, the
calcination result in the decrease of resistance is in essence due to
the reduction of Ea, which makes the hopping of small polarons
much easier.

 to 200 ppm ethanol for different LaFeO3-� sensors.
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Table 3
Surface atomic concentrations (in %) and ratios of the different components for
different LaFeO3-� samples.

Sample La Fe O C Fe/La Fe4+/Fe3+ Oads/Ototal C3/Ctotal

PEG600 13.3 5.3 50.2 31.2 0.40 0.35 0.47 0.25
PEG400+600 13.6 5.8 52.4 28.2 0.43 0.32 0.47 0.26
ig. 6. Sensitivity of different LaFeO3-� sensors to different concentration of ethanol
t  prime working temperature of 112 ◦C.

.4. Gas-sensing properties and mechanism

The operating temperature dependence of sensitivity to
00 ppm ethanol for different LaFeO3-� sensors in comparison
s shown in Fig. 5. With increasing operating temperature, the
ensitivity of all LaFeO3-� sensors increases at first, undergoes a
aximum at 112 ◦C, and then decreases again. Therefore, 112 ◦C is

onsidered as the prime working temperature for these sensors.

Fig. 7. The Fe2p XPS for differen
EG600 13.2 6.7 51.4 28.7 0.51 0.30 0.36 0.20
EG400+600 13.4 7.5 51.1 28.0 0.56 0.31 0.37 0.20

As is known that the sensing response is due to the reaction
between introduced ethanol and adsorbed oxygen species on the
surface of sensing material, which results in the change of resis-
tance of the sensor, oxygen from air can adsorb and desorb on the
surface of particles and undergo the following reactions:

(a) : O2(gas) ↔ O2(ads)

(b) : O2(ads) + e− ↔ O−
2 (ads)

(c) : O−
2 (ads) + e− ↔ 2O−

ads

(d) : O−
ads + e− ↔ O2−

ads

With the increase of operating temperature from room temper-
ature, the equilibrium shifts to the right, and oxygen adsorption

predominates. The adsorbed oxygen species (O2

−or O−) capture
more electrons from LaFeO3-�, and contributes to the decrease of
resistance. However, further increase of temperature would make
the equilibrium shift to the left and oxygen desorption predomi-

t LaFeO3-� nanoparticles.
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Fig. 8. The La3d XPS for d

ates, which leads to the increase of resistance. As a consequence, a
rime temperature exists, at which adsorbed oxygen species reach
he maximum and prime sensitivity is obtained.

As shown in Fig. 5(a) and (b), additional pre-calcination did not
ake much difference to the sensitivity to 200 ppm ethanol over

he measurement range of temperature when PEG was adopted,
hile great enhancement of sensitivity was observed from 90 to

20 ◦C when EG was used. Fig. 5(c) shows that the sensitivity of
EG600 and EG600 is close to each other at prime working tempera-
ure, while the sensitivity of EG400+600 is greatly enhanced around
rime working temperature compared to PEG400+600, as shown

n Fig. 5(d). Moreover, from Fig. 5(b) and (d), sharper increase and
ecline of sensitivity were observed below and above prime work-

ng temperature for EG400+600 than for EG600 and PEG400+600,
ndicating that the adsorption and desorption of oxygen are more
onvenient for EG400+600 due to its uniformly-sized and well-
ispersed particles. The best sensitivity to 200 ppm ethanol is 46.1,
hich was obtained at 112 ◦C by EG400+600.

Fig. 6 displays the sensitivity of different LaFeO3-� sensors to dif-
erent concentration of ethanol at prime working temperature of
12 ◦C. The sensitivity of each sensor increases fast with increas-

ng concentration of ethanol in the range of 100–1000 ppm, while
he increase rate becomes relatively slow from 1000 to 2000 ppm
ue to the limited active adsorption sites at the surface of each
ensor. In addition, EG400+600 exhibits better response to ethanol

han PEG400+600 at each fixed concentration, which is related to its
arger specific area as analyzed by TEM. However, the sensitivity of
G600 to 500 ppm ethanol and above is lower than that of PEG600
ue to its special layered porous structure with limited adsorp-
t LaFeO3-� nanoparticles.

tion sites, which disfavors the adsorption of high concentration of
ethanol on the surface of particles.

In our previous work, we  have demonstrated that the ethanol
sensing characteristics of LaFeO3-� sensors is greatly related
with surface composition, hence the effect of synthesis route on
the surface composition was checked by surface-sensitive XPS.
Figs. 7 and 8 display the Fe2p and La3d XPS with peak deconvolu-
tions for different LaFeO3-� nanoparticles, respectively. The results
are similar to our previous work. For all the samples, Fe ions are in
the mixed valence state of +3 (indicated by F1 and F2) and +4 (indi-
cated by F3 and F4), La ions are present in the trivalent form. O1s and
C1 s XPS with peak deconvolutions are displayed in Figs. 9 and 10,
respectively, which verify the existance of adsorbed oxygen and
mondentate La-carbonate La-O-CO2 (indicated by O3 and C3) at
the surface region.

Table 3 displays the surface atomic concentrations (in%) and
ratios of the different components for different samples. The surface
composition ratio is calculated according to the atomic concen-
tration of each peak, which is calculated as: Normalized Peak
Area × 100/Sum of Normalized Peak Areas. The Normalized Peak
Area is calculated as: Peak Area/(SF × TXFN × ECF), where SF is sen-
sitivity factor, TXFN is transmission function, and ECF is energy
compensation factor. The calculation task was  conducted with the
help of Thermo Avantage (software). All samples exhibit La-rich
surface, and the atomic ratio of Fe/La for PEG600 and PEG400+600

is 0.40 and 0.43 respectively, smaller than the corresponding val-
ues of 0.51 and 0.56 for EG600 and EG400+600. In other words,
the choosing of EG as raw material and additional pre-calcination
result in relatively higher concentration of Fe at the surface. Mean-
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Fig. 9. The O1s XPS for di

hile, all the samples were prepared by stoichiometric amount
f La(NO3)3·6H2O and Fe(NO3)3·9H2O, therefore, La-rich surface
eans that La is poor inside the LaFeO3 bulk beneath the surface,

nd relatively higher concentration of Fe at the surface would result
n relatively higher concentration of La, namely, relatively less La
acancy inside the bulk.

The relative content of the adsorbed oxygen in the total surface
xygen (Oads/Ototal) for PEG600 is 0.47, which is identical with that
or PEG400+600, and the ratio of Oads/Ototal for EG600 is 0.36, which
s close with the value of 0.37 for EG400+600, indicating that the
atio of Oads/Ototal is related with the raw materials PEG and EG,
nd additional pre-calcination does not have too much influence
n the ratio. On the other side, the ratio of Oads/Ototal for sample
EG600 and PEG400+600 is higher than that for sample EG600 and
G400+600, meaning that the choosing of PEG as raw material is
eneficial for the increase of adsorbed oxygen on the surface of
anoparticles due to the relatively smaller particle size.

The case for the relative content of carbon in the form of La-
-CO2 in the total surface carbon (C3/Ctotal) is similar to that for
ads/Ototal. Additional pre-calcination has little influence on the

atio of C3/Ctotal, and the choosing of PEG as raw material is bene-
cial for the formation of mondentate La-carbonate on the surface
f nanoparticles which results in relatively higher ratio of La/Fe on
he surface.

For ideally stoichiometric bulk LaFeO3, all Fe ions belong to Fe3+.

owever, in order to maintain the material to be charge neutral-

ty, the La vacancies in LaFeO3 lattice may  induce Fe4+ or oxygen
acancy. When the sample was prepared under oxygen-rich atmo-
phere, oxygen vacancy compensation would be inhibited to some
t LaFeO3-� nanoparticles.

extent, and charge compensation would be dominant. Therefore,
more La vacancy inside the bulk would facilitate the formation of
Fe4+ ions. On the other side, according to ab initio calculation [27],
the electron transfer from Fe ion to adsorbed oxygen could result in
the transformation from Fe3+ to Fe4+ at some Fe site. On the whole,
the formation of Fe4+ ions should be determined by oxygen adsorp-
tion on Fe ions at the surface region and by La vacancy inside the
bulk due to charge compensation.

Since oxygen adsorption could take place on La ions and adven-
titious carbon besides Fe ions, only adsorbed oxygen species on
Fe ions contribute to the formation of Fe4+ ions. Although there are
more adsorbed oxygen species on the surface of PEG400+600, there
are more Fe ions on the surface of EG400+600 as the atomic ratio of
Fe/La is higher for EG400+600 than for PEG400+600, so the chance
of oxygen adsorption on Fe ions is bigger for EG400+600 than
for PEG400+600. In addition, compared to EG400+600, there are
more La vacancies beneath the surface of PEG400+600, which favor
the formation of Fe4+ ions due to charge compensation. The gen-
eral effect is slightly higher atomic ratio Fe4+/Fe3+ for PEG400+600
(0.32) than EG400+600 (0.31). Therefore, the higher sensitivity of
EG400+600 than PEG 400 + 600 is related with its relatively higher
atomic ratio of Fe/La.

Compared to PEG600, there are more adsorbed oxygen species
on the surface Fe ions of PEG400+600, which contribute to the
formation of Fe4+ ions. Meanwhile, there are less La vacancies

beneath the surface of PEG400+600, which deteriorates the for-
mation of Fe4+ ions from charge compensation. The general effect
is little higher atomic ratio of Fe4+/Fe3+ for PEG600 (0.35) than for
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ifferent LaFeO3-� nanoparticles.
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Fig. 10. The C1s XPS for d

EG400+600 (0.32). On the whole, the enhancement of sensitivity
or PEG400+600 is also related with its higher Fe/La.

However, the sensitivity of EG600 to 500 ppm ethanol and above
s lower than that of PEG600, while the atomic ratio of Fe/La for
G600 (0.51) is higher than 0.40 for PEG600. The abnormal is
scribed to the special layered porous structure with large area for
G600 revealed by TEM, which disfavors the adsorption of ethanol
n the surface of particles. Therefore, the best sensing performance
o ethanol obtained by EG400+600 is ascribed to its uniformly-sized
nd well-dispersed particles as well as high atomic ratio of Fe/La
n the surface of particles.

Fig. 11 shows the dynamic response of resistance to 200 ppm
thanol for EG400+600 at 112 ◦C during one whole measuring
rocedure of sensitivity. When ethanol gas was introduced, the

ollowing reactions may  happen:

a) : C2H5OH + 6On−
(ads) → 2CO2 + 3H2O + 6ne−

b) : C2H5OH + 6O−
(native) → 2CO2 + 3H2O + 6e−

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

(native) were released to semiconduc-
or, leading to a decrease of holes, thus an increase in resistance of
emiconductor sensor [20]. When the ethanol gas was  taken out,
xygen from air adsorbed on the surface of LaFeO3-� and captured
lectrons from LaFeO3-�, leading to an increase of hole and recovery

f resistance towards its initial state. However, the resistance of the
ensor at 112 ◦C after gas was taken out was somehow higher than
he resistance at 112 ◦C before gas was set in, similar phenomenon
ccurred for the other measurements between 96 and 200 ◦C. If sub-
Fig. 11. Dynamic response of resistance to 200 ppm ethanol for EG400+600 at
112 ◦C.

sequent measurement of sensitivity was carried out afterwards, the
resistance in the dry air for the calculation of sensitivity would be
different. It is supposed that the ethanol gas can adsorb and release
electrons to the surface of LaFeO3-� pre-adsorbed with high con-

centration of oxygen as the case of CO2 [28]. The residual adsorbed
ethanol would lead to the increase of resistance after gas was taken
out. While perfect recovery of resistance was  observed at 220 ◦C,
indicative of complete desorption of ethanol gas. Therefore, the gas
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esorption at 220 ◦C was introduced into each measuring proce-
ure of sensitivity to make the measurement of sensitivity more
recisely.

. Conclusions

In the present work, we experimentally investigated the effect
f raw material choosing (EG or PEG) and calcination process on the
lectrical and ethanol sensing characteristics for LaFeO3-� nanopar-
icles by sol-gel method. Compared to the sample choosing EG as
aw material or with direct calcination at 600 ◦C, the choosing of
EG as raw material and additional pre-calcination at 400 ◦C can
oth result in the decrease of resistance due to the reduction of acti-
ation energy Ea, which makes the hopping of small polarons much
asier. Temperature dependence of sensitivity suggests 112 ◦C to be
he prime working temperature for these sensors. The best sensi-
ivity to 200 ppm ethanol at 112 ◦C is 46.1 obtained by the sample
hoosing EG as raw material with additional pre-calcination, which
s ascribed to its uniformly-sized and well-dispersed particles as

ell as high atomic ratio of Fe/La on the surface of particles. Our
ork demonstrates that the choosing of EG as raw material and

dditional pre-calcination process during citric sol-gel method is
enificial for the improvement of sensing performance for LaFeO3-�
anoparticles.
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