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Mesoporous  LaFeO3 with  high  surface  area  and  pore  volume  was  prepared  through  a  nanocasting  route  by
using  mesoporous  silica  SBA-15  as  a hard  template.  The  structure  and chemical  composition  of  the  sample
were  characterized  by X-ray  diffraction  (XRD),  nitrogen  adsorption–desorption,  transmission  electron
microscopy  (TEM)  and inductively  coupled  plasma  mass  spectrometry  (ICP-MS).  The  humidity  sensing
properties  of  the  mesoporous  LaFeO3 were  investigated.  Impedance  greatly  changes  by more  than  five
orders magnitude  (1.7  ×  106 to  4.5  k�)  when  the relative  humidity  varies  from  11%  to 98%  at  10  Hz,  and
esoporous
aFeO3

igh surface area
umidity sensor

it  also  exhibits  the satisfactory  response  time,  hysteresis  and  stability.  The  sensor  utilizing  mesoporous
LaFeO3 via nanocasting  method  displays  superior  humidity  performance  compared  to  that  using bulk
LaFeO3 via  sol–gel  technique.  Such  sensing  behavior  of  the  mesoporous  LaFeO3 can  be  attributed  to
the  high  surface  area  (83.2  m2/g)  and  porosity,  which  lead  to highly  effective  interaction  between  the
water  molecules  and  the  surface  active  sites.  A  possible  mechanism  is  discussed  to explain  the  excellent

dity  s
performance  of  the  humi

. Introduction

Humidity sensors play a vital role in numerous fields [1,2]
o maintain a specific conditions, such as environmental mon-
toring, food processing industries, medicine, meteorology and
esearch labs. The relative humidity (RH) [3],  which is the ratio
f actual water vapor pressure to the saturated vapor pressure at

 given temperature, is the most important parameter in specify-
ng humidity. Many types of humidity sensing devices, including
eramic [4–6], polymer [7],  optical type sensors [8,9] and mechan-
cal hygrometer [10] have been exploited to detect humidity in the
ractical environment. Among the various humidity sensors, the
eramic sensors are widely applied because of their simple struc-
ure, low cost and good stability. However, further investigation is
equested in order to optimize the performance of ceramic humid-
ty sensors, such as sensitivity, reversibility, long-term stability as

ell as response and recovery times [11]. The change of the elec-
rical signal (impedance) with humidity in the ceramic humidity
ensors is originated by the adsorption of water molecules exist-

ng in the atmosphere on the surface of the sensing materials
12,13]. Therefore, an increased specific surface area [14] and the
orous structure [15] of the sample are beneficial to the sensing

∗ Corresponding authors. Tel.: +86 431 85167808; fax: +86 431 85167808.
E-mail addresses: lugy@jlu.edu.cn (G. Lu), duyu@szu.edu.cn (Y. Du).

925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2013.02.077
ensing  device  using  the  mesoporous  LaFeO3.
© 2013 Elsevier B.V. All rights reserved.

properties of the humidity sensor owing to the exposure of more
active sites to the adsorbed water molecules.

Mesoporous materials [16,17] have received enormous atten-
tion due to their high internal and external surface area, large
pore volume, uniform pore diameter and easy surface functional-
ization, rendering the unique materials useful in wide spectrum of
fields. Recently, various mesoporous metal oxides have been largely
replicated via nanocasting method [18,19] which is an important
strategy for synthesizing nonsiliceous mesoporous oxides. In this
route, mesoporous silicas (SBA-15, KIT-6 and MCM-41) or car-
bons (CMK-3) are usually used as the “hard templates” [20–24].
The precursor compound (metal salt) for the desired metal oxide
is introduced into the void mesoporous channel of silica or car-
bon templates, and subsequent in situ thermal processing to form
the desired crystalline metal oxide. Mesoporous silica template
is removed using an aqueous NaOH or HF solution and carbon
template is removed by calcination. A negative ordered array of
the metal oxide is obtained by replicating the ordered mesostruc-
ture of the hard template. In the conventional sol–gel processes
by using surfactants and block copolymers (“soft templates”), it is
difficult to obtain crystalline walls or ordered mesostructure for
many non-siliceous mesoporous metal oxides [25,26]. The main

problem is that temperatures required for the crystallization of
metal oxides are normally high and the liquid crystal surfactant
templates would decompose before the crystallization of metal
oxides. However, when mesoporous silicas are used as the hard

dx.doi.org/10.1016/j.snb.2013.02.077
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:lugy@jlu.edu.cn
mailto:duyu@szu.edu.cn
dx.doi.org/10.1016/j.snb.2013.02.077
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Table 1
The textural properties of the samples.

Sample Surface area
(m2/g)

Pore size
(nm)

Pore volume
(cm3/g)

SBA-15 651 6.7 0.9
J. Zhao et al. / Sensors and A

emplates, crystals of metal oxides can grow inside the pores of
he silica templates and the walls of the template can support
he structure of metal oxides in the crystallization process even at
igh temperatures. Therefore, the hard template method is suitable

or producing crystalline mesoporous metal oxides. Some typical
esoporous metal oxides with interesting functionalities, such as

nO2 [27], In2O3 [28], WO3 [29] and LaCoO3 [30] have been syn-
hesized via nanocasting method, which indicate some significant
otential applications in many fields.

Perovskite-type oxides [31–34] (ABO3, A – rare earth, alkali and
lkaline earth and B – transition metal) exhibit high catalytic activ-
ty, thermal stability and low cost, which inspire many explorations
f their broad utilities, such as sensors, catalysts, ferroelectric mate-
ial and fuel cells. As typical perovskite oxides, LaFeO3 and the
elated compounds [35–38] have been frequently used as chem-
cal sensors for detection of humidity, alcohol and gases, including
O, CH4 and NO2. However, perovskites prepared by conventional
ynthetic methods still have low specific surface areas, generally
elow 10 m2/g [39], which limit their efficiency in potential appli-
ations. In recent years, different synthetic routes [30,40] have been
eveloped to increase the specific surface areas of the perovskites.
aking into account the above considerations, an effective strategy
s to synthesize the porous materials in order to obtain the higher
pecific surface areas.

In this paper, the mesoporous LaFeO3 with high surface areas,
igh pore volume and crystalline walls was successfully prepared
hrough nanocasting method by using mesoporous SBA-15 as a
ard template. The humidity sensing properties and mechanism
f the mesoporous LaFeO3 are also investigated. As a result, the
ensor utilizing mesoporous LaFeO3 exhibits excellent humidity
ctivity in contrast to that based on the bulk LaFeO3 synthesized
sing conventional sol–gel method.

. Experimental

.1. Preparation of materials

The hexagonal mesoporous SBA-15 silica as hard template was
repared in a modification according to the previously report [41].

n a typical synthesis process, 2 g of Pluronic P123 (EO20PO70EO20,
W = 5800, Sigma–Aldrich) was dissolved in 60 mL  of HCl (2 M)

nder stirring at 40 ◦C for 2 h. After addition of 4.25 g tetraethyl
rthosilicate (TEOS) into the above solution, the mixture was stir-
ing at 40 ◦C for another 24 h. The resulted gel was  transferred into

 closed Teflon-lined stainless steel autoclave and subsequently
eated at 100 ◦C for 24 h under a static condition. Finally, the solid
roduct was filtered off, washed with deionized water, dried, and
intered at 650 ◦C for 6 h.

The mesoporous LaFeO3 was synthesized via nanocasting
ethod. Typically, lanthanum nitrate, ferric nitrate and citric acid
ere dissolved in a mixture of ethanol and deionized water to form

 homogeneous solution, and the molar ratio of citric acid to metal
ons was 1:1. After stirring for 2 h, 0.5 g of SBA-15 was added to
he above solution and continuously stirring at 40 ◦C until all the
olvent was evaporated, dried at 80 ◦C, and calcined at 500 ◦C for

 h. To achieve higher loadings, the filling procedure was repeated
ollowing the same conditions but the amount of precursor was
educed by half. Sequentially, the resultant powder was  calcined at
00 ◦C for 3 h. Finally, the silica template was removed using excess
aOH solution (2 M).  The conventional bulk LaFeO3 was prepared
y the sol–gel method [42] and calcined at the same temperature.
.2. Characterization

X-ray diffraction (XRD) patterns were recorded on a
igaku D/MAX-2550 diffractometer using Cu K� radiation
Mesoporous LaFeO3 83.2 4.9 0.22
Bulk LaFeO3 7.8 – 0.04

(� = 0.15418 nm). Nitrogen adsorption–desorption isotherms
were measured using a Micromeritics Gemini VII surface area
and porosity system by high purity nitrogen as adsorbate at
77 K. The specific surface area was  estimated by the five point
Brunauer–Emmett–Teller (BET) method, and the pore size distri-
bution was  derived from the desorption branch of the isotherms
by using the Barrett–Joyner–Halenda (BJH) analysis. Transmission
electron microscopy (TEM) images were performed on a JEOL
TEM-3010 instrument, operating at an acceleration voltage of
200 kV. Element analysis was carried out on a PerkinElmer Optima
3300 DV Inductively coupled plasma mass spectrometry (ICP-MS)
instrument.

2.3. Fabrication and measurement of humidity sensors

The as-synthesized samples were mixed with ethanol to
form paste, and then the paste was coated onto the substrate
(10 mm  × 5 mm  × 0.5 mm)  with two  Ag–Pd interdigital electrodes.
Before the sensing test, all the humidity sensors were aged with
a voltage AC 1 V for 24 h under 98% RH vapor environment. The
characteristic curves of humidity response were carried out by a
Solartron SI 1287 electrochemical interface and a Solartron SI 1260
impedance/gain-phase analyzer using Zplot software. The opera-
tion voltage was AC 1 V and the operation frequency was alterable.
All the humidity sensitivity measurements were performed at room
temperature. The sensor response was  defined as the ratio of the
impedance in 11% RH to that in the 98% RH. The controlled humidity
environment was achieved by supersaturated aqueous solutions of
LiCl, MgCl2, NaBr, NaCl, KCl and K2SO4 in a closed glass vessel at
room temperature (20 ◦C), which yielded approximately 11%, 33%,
59%, 75%, 85% and 98% relative humidity, respectively.

3. Results and discussion

3.1. Structure and morphology of as-prepared materials

Fig. 1a shows the small-angle XRD patterns of SBA-15 and meso-
porous LaFeO3. One diffraction reflexes of mesoporous LaFeO3 is
observed which can be indexed as the (1 0 0) reflection, and the
(1 1 0), (2 0 0) diffraction reflexes have diminished compare to the
template SBA-15. It means that the mesoporous LaFeO3 has been
successfully replicated from SBA-15 template and the ordering
of the pore array is decreased. The wide-angle XRD patterns of
mesoporous LaFeO3 in Fig. 1b exhibits the diffraction pattern of
crystalline perovskite-type LaFeO3 (JCPDS No. 37-1493), indicating
that the lanthanum and ferric precursor has been completely trans-
formed into crystalline LaFeO3 and no other crystalline phases are
formed.

The nitrogen adsorption–desorption isotherms and the corre-
sponding pore size distribution of the SBA-15 and mesoporous
LaFeO3 are shown in Fig. 2. The sorption isotherms of all the sam-
ples present the typical type IV shape with H1 hysteresis loops,
which is the characteristic of mesoporous structure. The BET sur-

face area, pore volume and pore size distribution of the template
SBA-15, mesoporous LaFeO3 and bulk LaFeO3 are list in Table 1.
The mesoporous LaFeO3 has a relatively lower specific surface area
and total pore volume than SBA-15, mainly due to the fact that the
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Fig. 1. (a) Small-angle XRD patterns of SBA-15 and mesoporo

ensity of bulk LaFeO3 is higher than that of bulk silica (6.64 and
.26 g/cm3, respectively). In addition, the partial loss of structural
rder must also be taken into account. Interestingly, the BET sur-
ace area and pore volume of mesoporous LaFeO3 (83.2 m2/g and
.22 cm3/g) are remarkably higher than those of the bulk LaFeO3
7.8 m2/g and 0.04 cm3/g).

A detailed study of the mesostructure LaFeO3 is confirmed by
he TEM images. In Fig. 3a, in addition to ordered mesoporous
tructure, there are partly non-ordered mesoporous materials,
hich can be attributed to the LaFeO3 precursor incompletely
lled into the template pores. The similar phenomenon can also
e observed from the other perovskite oxides synthesized by the
anocasting method [43–46].  From the high resolution TEM image
hown in Fig. 3b, the mesostructured network and well crystalline
alls can be observed. The lattice fringes corresponding to the

1 2 1) plane of orthorhombic perovskite LaFeO3 are clearly vis-
ble. In Fig. 3a (inset), selected area electron diffraction (SAED)
nalysis shows that the as-synthesized mesoporous LaFeO3 is
olycrystalline.
The residual Si of the mesoporous LaFeO3 from the template
BA-15 should be considered. From the ICP-MS analysis, we  know
hat about 5% of Si is still present in the sample due to the strong
nteraction of silica with rare earth elements.

Fig. 2. Nitrogen adsorption–desorption isotherms and the correspondin
eO3 and (b) Wide-angle XRD patterns of mesoporous LaFeO3.

3.2. Humidity sensing characteristics

The dependence of impedance on the relative humidity for the
sensor using the mesoporous LaFeO3 was  measured at various fre-
quencies, as shown in Fig. 4. It can be observed that the impedance
at various relative humidity is strongly affected by the measuring
frequencies, especially at low humidity range. It is worth noting
that the impedance greatly decreases by more than five orders
magnitude (1.7 × 106 to 4.5 k�) when the relative humidity varies
from 11% to 98% at 10 Hz, showing the highest humidity response
and the best linearity in the entire humidity range. Hence, 10 Hz is
chosen as the optimum operating frequency. For comparison, the
humidity response of the bulk LaFeO3 sensor was also measured
and shown in Fig. 5. It can be seen that the impedance of the sen-
sor using bulk LaFeO3 changes by about three orders of magnitude
at the same condition. The response of mesoporous LaFeO3 is also
much higher than that of the LaFeO3 sensor reported in the previ-
ous paper [35]. The superior response coupled with linearity in the
wide range humidity of the mesoporous LaFeO3 sensor indicates

its excellent potential in the practical applications.

The humidity hysteresis characteristics of the sensors using
mesoporous (solid symbol) and bulk (hollow symbol) LaFeO3 were
also detected at 10 Hz as shown in Fig. 5. The squares in the figure

g pore size distribution of (a) SBA-15 and (b) mesoporous LaFeO3.
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Fig. 3. (a) TEM image, SAED (inset) an

tand for the course from low to high relative humidity, corre-
ponding to the adsorption process. The dots express the opposite
irection, corresponding to the desorption process. The hysteresis
urves exhibit that the impedance in desorption process is lower
han the adsorption, and the largest humidity hysteresis are about
% and 16% for the sensors using the mesoporous and bulk LaFeO3,
espectively. Adsorption is an exothermic and spontaneous process
hile desorption is more difficult for the higher bonding energy

etween the adsorbed water molecules and the surface of sensing
aterial [47,48]. Therefore, it leads to the hysteresis between the

dsorption and desorption processes. The relative lower humid-
ty hysteresis of the mesoporous LaFeO3 sensor demonstrates its
ood performance as a humidity sensor. The response and recov-
ry behavior, corresponding to water molecules adsorption and
esorption process, is also important for humidity sensors. The
esponse time is defined as the time taken by the sensor to reach
0% of the total impedance change when the sensor is switched

rom 11% to 98% RH, and the recovery time corresponding to the
ase of desorption (from 98% to 11% RH). The response and recov-
ry characteristic curves of the sensors using the mesoporous and
ulk LaFeO3 are evaluated continuously at the frequency of 10 Hz

ig. 4. The dependence of impedance on the relative humidity for the sensor based
n  the mesoporous LaFeO3 measured at various frequencies.
RTEM image of mesoporous LaFeO3.

and displayed in Fig. 6. The response times of the mesoporous and
bulk LaFeO3 sensors are both about 1 s, and the recovery time are
about 148 s and 36 s, respectively. Both of them exhibit the excel-
lent response performance. The relatively longer recovery times of
the mesoporous LaFeO3 sensor can be ascribed to the higher humid-
ity sensitivity response and higher bonding energy between the
adsorbed water molecules and the surface of the sensor material.

The long-term stability of the ceramic humidity sensor is also
important for practical application. Herein, the stability of the
mesoporous LaFeO3 sensor was monitored under different humid-
ity conditions for 6 months (Fig. 7). It can be observed that the
impedance just varies slightly over the entire humidity region,
indicating that the mesoporous LaFeO3 sensor displays excellent
long-term stability.

3.3. Humidity sensing mechanism
The conduction mechanism about the porous ceramic humidity
sensors originates from chemical and physical adsorption of water
molecules on their surface as well as the capillary condensation of
water inside the pores [49,50]. Initially, at the low RH, the water

Fig. 5. The humidity hysteresis characteristic of the mesoporous LaFeO3 sensor
measured at 10 Hz.
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ig. 6. The response and recovery characteristic curves of the mesoporous and bulk
aFeO3 sensor measured at 10 Hz.

olecule is mainly chemisorbed onto the surface active sites of
he sensing material [49,51].  A dissociating mechanism leads to
he formation of a hydroxyl (OH−) and a proton (H+). The former
s chemisorbed on the surface metal cations present in the sur-
ace layer of the grains and the latter associates with the surface
2− group to form a second hydroxyl group. Protons originating

rom the dissociation hydroxyl groups as the charge carriers will
op between the hydroxyl groups [52]. It can be understood that
he conduction process of the sensor mainly originates from the
ater adsorption on the sample surface. Therefore, the excellent
roperties of sensor based on the mesoporous LaFeO3 are related
o the higher surface area and porosity which provide more active
ites for water adsorption, and finally offer more charge carriers for

lectrical conduction.

The chemisorbed layer, once formed, is not further affected by
xposure to humidity. Subsequent water molecules are physically

ig. 7. The stability of the mesoporous LaFeO3 sensor monitored at different humid-
ty conditions for 6 months.
rs B 181 (2013) 802– 809

adsorbed on the hydroxyl layer by double hydrogen bonds with the
oxygen atoms of the water molecule. In this stage, the surface cov-
erage is not complete. Hydronium is the dominant charge carrier
and H+ migrate between the adjacent water molecules in clusters
[53].

With the increase of the RH, when water molecules are abun-
dant, the physisorbed water dissociates due to the high electrostatic
field in the chemisorbed water: 2H2O → H3O+ + OH− [13]. Water
molecules become gradually identical to bulk liquid water, with
H3O+ being hydrated and releasing a proton, H3O+ → H2O + H+. The
charge transport is governed by proton transfer between adja-
cent water molecules in the continuous water film. This process
is known as the Grotthuss chain reaction [54].

With a further increasing of the humidity, the interaction
between the porous structure and water must also be considered.
The multilayers of physisorbed water molecules tend to condense
in capillary pores with a radius below the Kelvin radius [6].  The
effect is described by Kelvin equation [6,50]:

rk = 2�M

�RT ln(Ps/P)
(1)

where rk is the Kelvin radius, � is the surface tension, M is the molec-
ular weight of water, � is the density of water, R is the gas constant,
T is the absolute temperature, Ps and P are the water vapor pressure
at saturation and the actual value, respectively.

Electrochemical impedance analysis is an effective method to
study the various kinds of sensing properties [55,56].  To further
explain the sensing mechanisms of the as-prepared mesoporous
LaFeO3 sensor, the measured and simulated complex impedance
spectra (Nyquist plot) based on the mesoporous LaFeO3 sensor
were recorded in the frequency range from 0.5 Hz to 150 kHz, with
the relative humidity varying from 11% to 98% at the room tem-
perature, respectively (Fig. 8). It is obviously observed that the
equivalent circuit model fits the measured data well. At low RH
(11%), the complex impedance diagram shows a semicircle with a
large radius of curvature. It is well known that semicircle represents
a resistor R, in parallel with a capacitor C in the impedance spectra
[57]. At moderate RH (33%, 59% and 75%), each curve are com-
posed by a semicircle in the high frequency region and a straight
line in the low frequency region. The straight line in the low fre-
quency region represents Warburg behavior [58], which is related
to the diffusion phenomena at the electrode–electrolyte interface
and electrolytic conduction within the water condensed inside the
mesopores of the sensing material. At high RH (85% and 95%),
the semicircle become ignorable in the high frequency and only
a straight line is observed at full frequency range. The equivalent
circuit was  modeled by Zview software and shown in Fig. 9a. The
variation of R, C obtained by the simulated data for the mesoporous
LaFeO3 sensor as a function of RH is shown in Fig. 9b. The resistance
is linear approximation, varying from 109 to 103 � with the RH
increasing from 11% to 98%, which is rather similar with the change
of the impedance in Fig. 4. The capacitance changed slightly in the
entire humidity range. Thus, it is concluded that Zw is an important
parameter to influence the complex impedance with the increase
of RH, while the influence of the capacitance can be ignored.

Furthermore, the improvement of the humidity sensing perfor-
mance for the mesoporous LaFeO3 sensor results from the satisfying
advantages correlated to the unique architecture of mesopores. The
high surface area and pore volume which render the exposure of
accessible active sites facilitate the adsorption and desorption of

water molecules on the internal and external surface of the sensing
material. The pore (about 4.9 nm)  in the range of mesoporous struc-
ture will favor the ions diffusion, and therefore enhancing the high
rate transport throughout the sensor.
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Fig. 8. The measured and simulated complex impedance spectra (Nyquist plot) based on
from  11% to 98%.

Fig. 9. (a) The equivalent circuit was modeled using Zview software and (b) the
variation of R, C obtained by the simulated data based on mesoporous LaFeO3 sensor
with RH varying from 11% to 98%.
 mesoporous LaFeO3 sensor with the frequency from 0.5 Hz to 150 kHz, RH varying

4. Conclusions

Mesoporous LaFeO3 was successfully synthesized via the
nanocasting method by using SBA-15 as a replica matrix. A ceramic
humidity sensor based on the mesoporous LaFeO3 was  fabri-
cated and evaluated. Humidity sensing measurements reveal that
impedance greatly changes by more than five orders magnitude
when the relative humidity varies from 11% to 98% at 10 Hz, and
it also displays high response, fast response time, low hysteresis
and long-time stability in the entire humidity region. The sensing
mechanism of humidity sensors was  interpreted by the complex
impedance spectra (Nyquist plot). Furthermore, the sensor based
on the mesoporous LaFeO3 displays the higher response compared
with that of bulk LaFeO3 prepared by the sol–gel method. It can be
concluded that thus-obtained mesoporous LaFeO3 is an excellent
material for application as humidity sensor because of their high
surface area and pore volume with mesoporous structure.
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