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ABSTRACT: The use of composite materials and polynary compounds
is a promising strategy to promote conductometric sensor performances.
The perovskite oxides provide various compositional combinations
between different oxides for tuning gas-sensing reaction and endowing
rich oxygen deficiencies for preferable gas adsorption. Herein, a sacrificial
colloidal template approach is exploited to fabricate crystalline ternary
LaFeO, perovskite porous thin films, by transferring a La**—Fe** hybrid
solution-dipped template onto a substrate and sequent heat treatment.
The honeycomb-like LaFeO; film consisted of monolayer periodic pore
(size: ~ 500 nm) array can be successfully in situ synthesized in a
homogeneous layout with a single phase of perovskite. This periodic
porous LaFeO; film with p-type semiconductivity exhibits a high gas
response, fast response (~4 s), trace detection capacity (50 ppb), and

favorable ethanol selectivity from similar acetone. It exhibits enhanced sensing performances compared to those of a binary n-
type Fe,O; film and a nontemplated dense LaFeO; film. In addition, a five-axe spiderweb diagram is introduced to make a
feasible evaluation of the optimal practical work condition, comprehensively regarding the response/recovery rate, gas response,
selectivity and operating temperature. The enhanced ethanol sensing mechanism of honeycomb-like LaFeOj; periodic porous film
is also addressed. This novel and facile route to fabricate well-ordered porous LaFeOj thin film can also be applied to many fields
to obtain special performances, such as solar cells, ion conductors, gas separation, piezoelectricity, and self-powered sensing

device system.

KEYWORDS: perovskite structure, semiconducting metal oxides, micro/nanostructure, periodic array, gas sensor

1. INTRODUCTION

The development of high-performance solid-state gas sensors is
a topic of increasing interest, because of their extensive
applications in a variety of fields, such as food safety, medicine
diagnosis, military, and citizen security.'™> For remarkable
sensitivity and fast response, semiconducting metal oxides
(SMOs) have been indicated as the most promising materials,
which can easily award sensors with irreplaceable merits of low
cost, simple fabrication, direct electrical readout, and good
compatibility with Si processes.** With respect to SMO sensor,
the gas response is manifested by the change in electric
conductance resulting from the interaction between the
adsorbed tagget gas molecules and active sites on the sensing
film surface.”” Hence, it is well-understood that both chemical
component and microstructural feature play significant roles in
the final gas-sensing characteristics.>”

In recent years, nanostructured metal oxides are highly
intriguing in gas sensing properties.10 They can easily possess
the increased surface-to-volume ratios, larger portion of near-
surface regions with high chemiresistive variation, more surface
active sites, and strong adsorption to the target gas
molecules.''* Far-ranging gases and vapors can be detected
and monitored with enhanced performances by SMO sensors
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based on a rich variety of nanostructures, such as 0D (zero-
dimensional) nanoparticles,13 1D nanowires, and 2-D nano-
sheets."*™ 'S For practical applications, these nano-objects
(nanoparticles, nanowires, nanosheets, etc.) often need to be
prepared in the form of thin films, preferably on insulating
substrate with conductive electrodes for electrical addressing
and monitoring.'” However, these porous thin films are usually
fabricated on sensor substrates via drop-casting or brush-
coating.'® This often leads to inhomogeneous film thickness,
irreproducible fabrication, instable microstructure, and thus
weak repeatability of gas sensing performances. It remains a
challenge in facile fabrication of nanostructured sensing films
with controllable microstructure and uniform thickness. More
recently, it has been depicted that micro/nanostructured
ordered porous thin films are good candidates to solve above
problems.'”*° Employing the self-assembled colloidal crystal
templates,”"** ordered porous thin films with homogeneous
layouts can be simply fabricated on some desired substrates via
solution-dipping,** sputtering,”* hydrothermal methods, and so
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Figure 1. Schematic illustration of the fabrication strategy for honeycomb-like LaFeO; ordered porous thin films. (a) Flat glass slide covered with a
colloidal monolayer consisted of PS spheres (PSs) is slowly dipped into a mixed precursor solution containing La** and Fe*. (b) Colloidal
monolayer floating on the surface of the mixed solution. (c) Floating monolayer is picked up using a sensing substrate. (d) Substrate covered with
the monolayer is placed and dried. (e) Dried sample is treated with high-temperature annealing to remove PSs spheres and form a film. (f)
Honeycomb-like LaFeO; ordered porous thin films are synthesized on the substrate after heating treatment.

forth.”® Importantly, these template-directed ordered micro/
nanostructured films can also exhibit superior gas sensing
properties than those of nontemplated dense and thick ones,
because of their excellent gas accessibility and high surface
area.”®

As mentioned above, besides the microstructural features, gas
sensing properties can also be tuned significantly by the
chemical components.”’ > Present studies on nanostructured
SMO sensors have mostly concentrated on systems consistin§
of single metal oxide (usually SnO,, ZnO, In,0s, etc.).’*™>
The disadvantage of such sensors is the relatively low selectivity
to gases that have similar chemical characteristics. In this
context, the use of composite materials and polynary
compounds can be a viable alternative to improve conducto-
metric sensors.>*™%’ Recently, perovskite oxides, ABO;, have
been considered as excellent candidates for a series of technical
field applications ranging from catalysts and gas separation to
solar cells as well as gas sensing,38_40 because of their both
multiple functionalities (catalytic, magnetic) and chemical,
thermal, and mechanical stability."’ Many compositional
combinations between A-oxide and B-oxide with different
acid/base properties, catalytic activities, and electrical proper-
ties provide a unique strategy to design high performance gas
sensors. Moreover, defects in ABO; generated from cation
deficiency in either A or B sites or oxygen deficiency can be
well-manipulated by partial substitution for A,A";_,B,B’;_,0;
compounds with tuned structural, catalytic, and electrical
properties.”® Indeed, perovskite oxides (typically, LaFeO,)
with rich oxygen deficiencies can easily realize the favorable
sensing characteristics.** ™ For instance, Simon et al. have
prepared a series of nanoparticulate LnMO; (Ln = La, Pr, Nd,
Sm, etc; M = Fe, Cr) oxides via polyol-mediated synthesis,
indicating a controllable sensing behaviors via chemical
tuning;42 in our previous work, " we also demonstrated that
LaNiOj; nanofiber mats with p-type characteristics exhibited a
remarkably high selectivity for EtOH against interfering CO,
H,, NH;, and NO, gases. Nevertheless, sensing performances
based on perovskite oxides, such as LaFeO;, with template-
directed homogeneous microstructures, possibly favorable for
high performance with good stability, have been barely
investigated.

In this work, a sacrificial colloidal template approach is
exploited to synthesize crystalline ternary LaFeO; perovskite
porous thin films, by transferring a La**—Fe®* hybrid solution-
dipped monolayer template array onto a substrate and sequent
heat treatment. Honeycomb-like porous LaFeO; film can be
successfully in situ synthesized in a homogeneous layout with a
single phase of perovskite. Such a LaFeO; porous film, a p-type
material, exhibits enhanced sensing performances than those of
a binary n-type Fe,O; porous film as well as dense LaFeO; film.
In addition, a five-axe spiderweb diagram is introduced to make
a feasible evaluation of the optimal practical work condition.
The synthetic method for periodic porous LaFeO; monolayer
not only provides a general chemical route to fabricate various
multicompositional periodic porous thin films, but also can be
applied to many fields of applications, such as solar cells, ion
conductors, gas separation, piezoelectricity, and self-powered
sensing device system.

2. EXPERIMENTAL SECTION

Preparation of Monolayer Porous Film. Glass slides (7.5 X 2.5
cm?), with 2 mm in thickness, were cleaned according to the
procedures reported previously.”' Suspension of monodispersed
polystyrene sphere (PS) with 500 nm in diameter (2.5 wt % in
water) was purchased from Alfa Aesar Corporation. The PS colloidal
monolayer template was prepared on the well-cleaned glass slide by
air/water interfacial assembly.>' A La(NO;); and Fe(NO;); aqueous
mixed solution (molar ratio of La and Fe, 1:1) with total cation
concentration 0.1 M was used as the precursor solution. On the basis
of the solution-dipping route shown in Figure 1, the PS monolayer
floating on the solution surface was picked up with the desired
substrates, such as silicon wafer, glass, and alumina sensor substrate
with two Au electrodes (widths: 0.25 mm, separation: 0.15 mm) and a
microheater on its bottom surface, and flat-placed for 10 min and then
dried at 110 °C for 0.5 h in an oven. For the sensing substrates, to
avoid the deposition of the precursors on the underneath heater, we
used the wet cotton swab to wipe the precursors film carefully. Finally,
the dried substrate covered with the PS monolayer was transferred in a
furnace at 600 °C for 3 h to burn the PS spheres away and meantime
form honeycomb-like porous LaFeO; thin films. In addition, 0.1 M
Fe(NO;); is also adopted to synthesize n-type Fe,O; order porous
thin film and prepare another sensor for comparison.

Characterization. The morphologies and microstructures of the
samples were examined on a field-emission scanning electron
microscope (FESEM, S-4700, Hitachi Co. Ltd., Japan) and a
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transmission electron microscope (TEM, JEM-ARM-200F, JEOL,
USA). Phase analysis of the films was carried out on a grazing
incidence geometry X-ray diffraction (XRD, D/MAX-2500 V/PC,
Rigaku, Japan) using Cu Ka (0.15419 nm) radiation with the
incidence angle 0.3°. X-ray photoelectron spectrum (XPS) analysis was
conducted using an Al Ka X-ray source on a Thermo-VG MULTILAB
2000 spectrometer. The n-type silicon (100) substrate was used to
coat porous films for FESEM, XRD, and XPS analyses.

Gas-Sensing Measurements. Sensor devices were built by in situ
fabrication of order porous thin films, such as LaFeO; and Fe,0;, on
the above-mentioned alumina substrates. The gas sensing experiments
were carried out in a dynamical gas sensing system with a 5—1/2 digit
picoammeter/voltage source (Keithley mod. 6487). The sensor
temperatures could be controlled using the microheater underneath
the substrate and measured using an IR temperature sensor (Metis
MP25, Sensortherm GmBH, Germany). The gas concentrations were
independently controlled by mixing between gases (in air balance) and
dry air, and a constant flow rate of 500 sccm was employed. The
sensing response was obtained by measuring the change of the
electrical resistance of the sensing devices by Keithley 6487
picoammeter.

3. RESULTS AND DISCUSSION

Fabrication Strategy. Based on the colloidal crystal
template, we present a facile template-transferring and
solution-dipping strategy for ternary LaFeO; perovskite
periodic micro/nanoporous thin films, as shown in Figure 1.
It starts from a glass slide covered with the self-organized
polystyrene (PS) colloidal monolayer (see Figure Sla in the
Supporting Information). This slide is slowly dipped into a
mixed precursor solution with the concentration ratio of Fe®"
and La’* 1:1 (Figure la). Then, such a monolayer can be
integrally lifted off from its glass substrate, because of its
hydrophobicity and solution surface tension, and floated on
surface of the solution (Figure 1b). Subsequently, the floating
monolayer is picked up using a desired substrate (Figure 1c).
The picked monolayer should also contain the solution in the
interstitials due to the capillarity. The substrate covered with
the monolayer is then placed and subsequently dried at a
certain temperature (Figure 1d). Then, the as-dried sample is
placed into a furnace to burn off the PS spheres and meanwhile
form a homogeneous metal-oxide thin film (Figure le). After
annealing treatment, the micro/nanostructured ordered porous
lanthanum ferrite thin films can thus be in situ synthesized on
the substrates we need (Figure 1f). Figure S1b in the
Supporting Information presents a photo of as-synthesized
LaFeQ; porous thin film on the Si substrate based on the in situ
sacrificial template strategy. It displays iridescent color
originating from diffraction effect of the thin film, indicating a
formation of periodic LaFeOj; pore arrays. On the basis of this
strategy with the same procedures, the periodic porous Fe,O;
thin films can also be in situ synthesized using Fe** precursor
solution for reference.

Phase, Morphology, and Chemical State. Figure 2
shows the XRD patterns of the as-synthesized LaFeO; and
Fe,O; thin films by the sacrificial colloidal template approach
(Figure 1). In the case of Fe,0; porous film, the main peaks
observed at crystalline planes, as well as other small peaks,
coincide with the standard a-Fe,0; card file (JCPDS No. 33—
0664). For the LaFeO; sample, all the peaks are well-matched
with the standard JCPDS card of LaFeO; (No. 75—0541),
indicating a single octahedral perovskite phase.** The mean
crystallite sizes of LaFeO; and Fe,O; are calculated as about
20.4 and 23.5 nm by the Scherrer equation, respectively. There
are no miscellaneous peaks in the spectra of both samples. This
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Figure 2. XRD spectra of the as-synthesized LaFeO; and Fe,O,
porous thin films, respectively.

confirms that such a solution-dipping sacrificial template route
provides a facile synthetic route to prepare multicomponent
porous oxide films successfully.

Further, we have investigated the morphologies and
microstructures of these template-directed LaFeO; and Fe,O;
porous thin films (Figure 3). A typical SEM image of a self-
organized PS colloidal crystal monolayer on the Si substrate is
presented in Figure 3a. The monolayer is composed of PS
spheres (500 nm in diameter) with hexagonal close-packed
arrangement. The high-quality colloidal sphere monolayer can
acknowledge a superior film of good homogeneity. Figure 3b
shows the SEM image of the template-directed LaFeO; porous
thin film. The porous thin film is visually crack-free, and
characterizes as a homogeneous honeycomb-shaped array. A
corresponding two-dimensional Fourier transform of the 40 X
26 pum’ area of this LaFeO; ordered porous film is performed
with a fast Fourier transformation (FFT) filter in image
processing software, as depicted in the inset of Figure 3b. These
distinct uniform hexagonal spots clearly state that the porous
LaFeO; monolayer exhibits a long-range order in nature with
hexagonally ordered pore arrangements, revealing a perfect
template-replica process. It is also confirmed further by the
corresponding high-magnification SEM image (Figure 3c). The
cross-sectional view of the LaFeO; monolayer film readily
demonstrates that the thickness of the pore walls and the height
are about 28 and 192 nm (see the bottom inset of Figure 3c),
respectively. The interior and geometrical structures of as-
obtained honeycomb-like LaFeO; pore arrays are further
elucidated by transmission electron microscopy (TEM)
(Figures 3d, e). In accordance with the SEM features,
hexagonally ordered pores are clearly revealed in the TEM
image of LaFeO; porous thin film (Figure 3d), and numerous
mesopores can be obviously observed within the pore skeleton
(marked with arrows in Figure 3e). The formation of these
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100 nm

Figure 3. Morphological and microstructural characterizations of the honeycomb-like LaFeO; and Fe,O; ordered porous thin films. (a) Typical SEM
image of a PS microsphere (500 nm in diameter) monolayer; (b) typical SEM image of the LaFeO; ordered porous film and the corresponding
Fourier transform image (inset); (c) high-magnification image of b and the corresponding cross view (inset); (d, e) TEM observations with different
magnifications and the insets in (e): HRTEM image (bottom) and SAED pattern (upper); (f) high-magnified SEM image of Fe,O; ordered porous
thin films and the corresponding cross view (inset); (g) elemental mapping showing the homogeneous dispersion of La, Fe, and O element in

LaFeOj; pores. The scale bars if no specification are 2 ym.

mesopores may be attributed to the degassing by the
decomposition of polystyrene template during heat treatment.

A high-resolution TEM (HRTEM) image (the bottom inset
of Figure 3e) clearly shows the LaFeO; grain with the fringe-
spacing of 0.279 nm corresponding to (110) plane. Meantime,
the corresponding selected-area electron diffraction (SAED)
pattern has demonstrated a polycrystalline LaFeO; structure
(the upper inset of Figure 3e), which shows a good agreement
with the XRD result. In addition, an n-type honeycomb-like
Fe,O; porous thin film is also synthesized for comparison using
Fe(NO;); precursor by the same method. Its morphology
(Figure 3f) is similar to the former LaFeO; sample (Figure 3c),
and the cross-section image illustrates the wall thickness and
the Fe,O; film height are about 24 and 188 nm, respectively
(see the bottom inset of Figure 3f). For a polynary material
system, sometimes a phase separation and/or elements
segregation will occur in in the film body, which always have
negative impacts on the related properties."” For the single
perovskite phase LaFeO; film (Figure 2), the elemental
mapping measurement further confirms the coexistence and
homogeneous dispersion of La, Fe and O elements within the
pores (Figure 3g).

The chemical composition and the valence state of the
elements in the LaFeO; porous thin film have been examined
by X-ray photoelectron spectroscopy (XPS). Figure 4a shows
the typical XPS survey spectra of La(3d), Fe(2p), O(1s), and
C(1s) for the LaFeO, film. The binding energies obtained in
the XPS analysis were corrected for specimen charging by

referencing the C 1Is line to 284.5 eV. The La 3d doublet
located at 834.0 and 850.8 eV (Figure 4b), which are ascribed
to La—O bonds of 3ds/, and 3d;/,. Each doublet is further split
into two components, due to the charge transfer from the
ligand 2p level to the La 4f level.*® The spin—orbit splitting gap
of ~16.8 eV between 3d;,, and 3ds,, peaks is also indicative of
the La’* state.*® In the Fe 2p spectrum (Figure 4c), two distinct
peaks at binding energies of ~710.2 eV for Fe 2p;,, and ~723.7
eV for Fe 2p,,, with a shakeup satellite at ~718.9 eV are
observed, which corresponds to the characteristic of Fe® ions
in their oxide form.* Results from deconvolution of the O 1s
binding energy spectrum suggest two peaks at 528.6 and 531.1
eV that are attributed to lattice oxygen Ojyc. (O*7) and surface
adsorbed oxygen O,y (e.g, 07).>° In addition, XPS spectra of
Fe,O; porous thin films are shown in Figure S2 in the
Supporting Information, which also indicates the Fe’* state of
a-Fe,0,>" Obviously, the relative intensity of [O,4,]/[Opice]
of the LaFeO; film (Figure 4d) is higher than the Fe,O; sample
(seeFigure S2b in the Supporting Information), which
corresponds larger populations of surface oxygen species of
LaFeOj; porous film. All above results confirm that the solution-
dipping template approach can be a facile and effective way to
form LaFeO, porous thin films by using a Fe*—La*" mixed
solution precursor. Such periodic micro/nanopores array and
the rich interior mesopores as well as enhanced surface oxygen
species could possibly benefit the gas sensing response, which is
favorable for the gas-oxide interactions.”* >
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Figure 4. XPS spectra of LaFeOj; porous film. (a) Survey spectrum; (b) Fe 2p binding energy spectrum; (c) La 3d binding energy spectrum; (d) O

1s core level spectrum.

Enhanced Gas-Sensing Characteristics. According to
the strategy in Figure 1, we in situ fabricated the honeycomb-
like LaFeO; and Fe,O; porous thin films on alumina substrate
with two Au electrodes and a microheater to construct gas
sensing devices. Herein, the R,/R, and R,/R, values (Rg,
resistance in gas; R,, resistance in air) are defined as the real-
time gas responses for p-type and n-type SMO sensors,
respectively; and the steady gas responses (S) are calculated
using the maximum (in p-type) or minimum (in n-type) value
of resistance in gas (Rg). And the response time (7,,) and
recovery time (Trecov) are fixed as the time spans to reach a 90%
variation in resistance upon exposure to gas and air,
respectively.”® Figure 5 presents the dynamic sensing transients
of ternary LaFeO; and binary Fe,O; sensors toward S ppm
different gases at 450 °C, respectively. The corresponding R, of
the LaFeO; sensor is observed as 1.5 MQ that is almost 150
times lower than R, of the Fe,O; sensor (220 MQ), showing a
preferable electric measurement with lower Johnson noise (as a
square root of the resistance value).>

When exposing to reducing gas (e.g, EtOH), the LaFeO,
sample with increasing resistance behaves as a typical p-type
SMO sensor. Remarkably, this p-type LaFeO; sensor displays a
superior sensing response to ethanol gas than other gases, such
as acetone, toluene, p-xylene (PX), formaldehyde, ammonia,
CO, and H,. The response to 5 ppm EtOH is ~15, much
higher than acetone response (S = 4.5), and the response (7,.)
and recovery time (7,..,) are ~6 and S s, respectively. These
indicate that the LaFeO; sensor not only exhibits high response
and selectivity to EtOH, but also possesses fast responding and
recovering speed. For comparison, the gas sensing properties of
the porous Fe,O; sample were also investigated at the same
conditions. It demonstrates the opposite tendency of resistance
variation against the LaFeO; one, manifesting an n-type metal

16221

254 EtOH e LaFeO,
20 { ° Fe,O,
(¢}
(]
° 3
@ o °
10+ < © PX CO HCHO NH, H,

Resistance (MQ)
o

200 .
@
150 4
1004
50
D
off
0 ¥ T T T T
0 500 1000 1500 2000 2500
Time (s)

Figure S. Dynamic sensing transients of the honeycomb-like LaFeO,
(upper) and Fe,0; (bottom) thin film sensors toward S ppm different
gases at 450 °C, respectively.

oxide characteristic. The response of Fe,O; sensor to S ppm
EtOH is ~6.5, and 7., and 7., are ~ 6 and 71 s, respectively.
The bar plot of Figure S3 in the Supporting Information
compares the 7, and 7., values of LaFeO; sensor and Fe,O;
sensor to different gases, respectively. The 7, values of Fe,O;
sensor are more than 10 s to most gases other than EtOH (see

Figure S3a in the Supporting Information). In especial, its
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Figure 7. Comprehensive investigations of both honeycomb-like LaFeO; and Fe,O; thin film sensors performances at different working
temperatures. (a, b) show the dependence of the sensitivities (S ppm) on the working temperatures of LaFeO; and Fe,Oj; sensors, respectively. (c,
d) list the response and recovery times to S ppm EtOH in 300—450 °C, respectively. (e) Bar graph summarizing the EtOH/acetone selectivity (Q)
in 300—450 °C. (f) Five-axe spiderweb diagram for evaluating the optimal work condition of LaFeOj, sensor. The different colors represent different
operating temperature: orange for 300 °C, red for 350 °C, green for 400 °C, and violet for 450 °C.

recoveries times are around tens of seconds (see Figure S3b in
the Supporting Information) that are much longer than the
LaFeO; one, and also the response differences between
HCHO, acetone and EtOH responses are insignificant for the

16222

Fe,0; sensor (lower graph in Figure 5). In addition, to
investigate the merit of ordered porous morphology, we have
also prepared a nontemplated dense and thick LaFeOj; film by
solution spin-coating on substrate without sacrificial templates
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and subsequent annealing (see Figure S4 in the Supporting
Information), and then measured its gas sensing properties (see
Figure SSa in the Supporting Information). The bar plot in
Figure SS5b in the Supporting Information also demonstrates
the inferior gas sensing responses of the nontemplated dense
LaFeO; thick film comparing with the templated porous
LaFeQ; thin film sensors. Hence, it can be concluded that the
ternary LaFeO; porous film conducts the enhanced sensing
performances than those of the binary Fe,O; sample and
nontemplated dense and thick LaFeO; film, such as a faster
recovery, higher EtOH response, and selectivity.

Figure 6a shows the dynamic sensing transients to 0.05—5
ppm EtOH for LaFeO; and Fe,O; sensing devices at 450 °C,
respectively. Both of the sensors express the good capacity of
fast distinguishing trace ethanol gas (S = 1.22) as low as 50 ppb.
Figure 6b shows EtOH response of each sensor as a function of
gas concentration. A linear response vs concentration trend can
be better observed for the LaFeOj; sensor, showing a better
potential in the quantitative gas analysis. Such dependence can
be well-described by the empirical equation of SMO gas
sensors>

—AcCh
A=AC +1 (1)

where A, represents a constant, and C is the concentration of
the target gas. The power exponent (f) is the parameter
(usually from 0.5 to 1) depending on the charge of the surface
species and the stoichiometry of the elementary reactions on
the surface. Hence, a linear fitting dependence in the 0.05—5
ppm range of the porous LaFeOj; sensor is addressed as below

§=2671C + 1 ()

.Further, we have investigated the stability and reproducibility
for such gas-sensing devices. Figure 6¢ plots their sensing
responses for 5 gas-on/off circles to 5 ppm EtOH at 450 °C.
Both sensors exhibit good reproducibility, because of the merits
of the honeycomb-like ordered porous thin films induced from
in situ template method.*

Optimal Working Condition. In general, metal-oxide
semiconductors need heating to proper temperatures so as to
obtain optimum gas response.”’ Panels a and b in Figure 7
represent the dependence of gas responses on the working
temperatures of honeycomb-like LaFeO; and Fe,O; thin film
sensors, respectively. It can be easily observed that the optimal
temperature for highest responses of each sensor to acetone
and EtOH gas is ~400 °C. The response of the LaFeOj; sensor
to S ppm EtOH reaches as high as 38 (Figure 7a), whereas the
response of the Fe,O; sensor is ~6.4 at 400 °C (Figure 7b).
However, such a LaFeO; sensor also displays a degraded
selectivity to EtOH at 400 °C, because of the much increased
acetone and HCHO responses (see Figure S6 in the
Supporting Information). Further, we have investigated the
Tpes A0d Tyeco, values upon exposures to S ppm EtOH and air,
respectively, at the working temperature range from 300 to 450
°C (Figure 7c, d). When decreasing the temperature to 400 °C,
the responding speed of LaFeO; sensor upon exposure to
EtOH becomes sluggish (7., = 26 s) despite preserving a fast
recovery rate (7., = 10 s). From these curves, it is found that
the LaFeOj; sensor always exhibits a faster EtOH responding/
recovering kinetic than the Fe,O; sample throughout the 300—
450 °C range. And also the increasing temperature shortens the
response and recovery times of LaFeO; sensor, which is
probably due to the thermal promotion of surface reaction for
gas sensing. Herein, it is indicated the best temperature with

high response is 400 °C whereas the optimal temperature with
fastest sensing kinetic is 450 °C, for the LaFeOj; sensor.

The bar plot of Figure 7e summarizes 5 ppm EtOH-
responses of LaFeO; and Fe,O; sensors at 300—450 °C range.
Here the selectivity (Q) is defined as the EtOH response
(Sgion) divided by the acetone response (Syceone)y OF Q =
Skton/Sacetoner The height of each bar represents the
corresponding value of EtOH response from interfering
acetone (S ppm). For the Fe,O; sensor, the Q value is below
2 all along the temperature range, indicating a weak EtOH
selective detection capacity. However, the LaFeO; sensor
displays a favorable selectivity with Q > 3 at 450 °C (Q = 3.28)
or 300 °C (Q = 3.01), if consuming Syceone @S @ noise of the
Sgton signal and thus Q as signal-to-noise ratio (S/N). In spite
of Q appropriate for EtOH selectivity at low 300 °C, it remains
a challenge for the practical applications because of the long
response and recovery time (7., = 40 s and 7., = 74 s, see
Figure 7c, d). At 450 °C, besides the rapid sensing kinetics, the
LaFeOj; sensor also endows a highest selectivity capacity.

For SMO sensors, the optimum temperature for high
response is always not seemly for gaining the fastest
response/recovery rates and highest selectivity simultane-
ously."*** This incompatibility challenges one to determine
the optimal working temperature or condition toward balanced
performances. To address this issue, a five-axe spiderweb
diagram is introduced to make a feasible evaluation of the
optimal practical work condition, comprehensively regarding
the response/recovery rate (1/7,., and 1/7,.,), response (S),
selectivity (Q) and operating temperature (1/T), as depicted in
Figure 7f. The larger values on each axe in the spiderweb, the
more excellent a sensor will be. In the case of LaFeOj sensor, it
is visible that the blue area (450 °C) in the spiderweb diagram
is larger than other color area or other working temperatures,
clearly indicating that the 450 °C is the optimal working
condition with more balanced sensing performances, such as
preferable response, fast response/recovery, and high selectiv-
ity. This spiderweb diagram can provide an alternative way to
make effective evaluations of the sensing properties and
determine the optimal working condition toward balanced
high performances.

Enhanced Sensing Mechanism. As mentioned above, the
ternary LaFeO; porous thin film conducts the enhanced EtOH
sensing response than that of the binary Fe,O; sample. With
respect to SMO sensors, their sensing performances mainly
depend on the type of materials and their surface physical/
chemical properties, such as surface basic/acidic properties and
surface groups (e.g, O,7, O7). In general, the mechanism of
reductive gases detection undergoes an adsorption—oxidation
process. When sensor exposed to reducing gases (e.g., EtOH
gas), the ethanol molecules are oxidized by oxygen species into
CO, and H,0, and simultaneously the electrons are fed back
into sensing body (see reaction 3), leading to a depletion of
holes and thus an increased resistance for p-type sensor
(reaction 4).58

C,H.OH + 60 = 2CO, + 3H,0 + 6~ 3)

ht + ™ = null 4)

Interactions of ethanol molecules with oxide surfaces are quite
complicate, and the sensing response concerns about the nature
of the surface active centers. From previous protocols,*”* the
ethanol molecules can convert to CO, and H,O through two
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types of reactions: (i) dehydration into C,H, in the presence of
acid surface groups as shown in reaction S; and (ii)
dehydrogenation into CH;CHO with the assistant of basic
surface groups as illustrated in reaction 6. And then the
intermediates (C,H,, CH3;CHO, and H,) will react with
chemisorbed oxygen ions and transform into CO, and H,O0.

acidic

C,H,OH — C,H, + H,0 (5)
basic

C,H,OH =5 CH,CHO + H, ©)

According to reactions S and 6, metal oxides with acidic (e.g,
Sn0O, and WO;), amphoteric (e.g, Fe,0; and ZrO,), and basic
(e.g, MgO and La,0;) surfaces involve different interaction
procedures and different sensing behaviors.”" The surface of
amphoteric Fe,O; porous film contains both of Lewis acidic
and basic centers, and thus EtOH molecules mainly decompose
both to C,H, and CH;CHO intermediates. On the other side,
the addition of the typical basic La will reduce the amount of
the acidic sites and make the ternary LaFeO; film more basic.
From the thermodynamic point of view, reaction 6 is more
favorable than reaction 5 under the same conditions.”” Tt will
result in a preferred dehydrogenation process that makes more
ethanol molecules convert to CH;CHO and H,. The mixture
between CH;CHO and H, is much active than the mixture of
C,H, and H,O and hence will be better for conversion into
CO, and H,0.°* From the observation of phase and
morphology, the grain size, wall thickness and film thickness
of the two films are similar, so these factors will show very little
influences on the sensing response differences. Hence, owing to
the more surface basicity and oxygen groups, the LaFeO;
porous thin film shows an enhanced EtOH sensing response
than the Fe,O; porous film. In the literature, the values of
lowest unoccupied molecule orbit (LUMO) energy of different
volatile organic compounds can used as index to show the
easiness of gas sensing reaction.®® Very low LUMO energy
value of EtOH may explain the selective detection of EtOH in
the present study. In addition, the enrichment of adsorbed
oxygen groups probably plays a noteworthy role in the recovery
kinetics p-type oxide which involves the in-diffusion of oxygen
gas to the sensor surface and subsequent surface reactions such
as the adsorption, dissociation, and ionization of the oxygen.*®
The surface reactions, the rate-determining step when a gas
rapidly diffuses, that form the oxygen anions on the surface of
the sensor material can be accelerated with the abundant
adsorbed oxygens, as indicated like our case of p-type LaFeO,
vs n-type Fe,0;.

4. CONCLUSION

In summary, a sacrificial colloidal template approach is
exploited to synthesize crystalline ternary honeycomb-like
LaFeOj; perovskite porous thin films, by transferring a La**—
Fe®" hybrid solution-dipped template onto a substrate and
sequent heat treatment. It is indicated that the honeycomb-like
LaFeO; film can be successfully in situ synthesized in a
homogeneous layout and a single phase of perovskite. Further,
we have investigated the sensing properties of the ternary
LaFeQ; ordered porous thin film and made a comparison with
a Fe,0; film. Such a LaFeOj; porous film, a p-type material,
exhibits a high sensitivity, fast response (~4 s), trace detection
capacity (50 ppb), and favorable selectivity to ethanol from the
similar gas acetone, showing enhanced sensing performances
than those of a binary n-type Fe,O; film and also nontemplated

dense LaFeO; film. In addition, a five-axe spiderweb diagram is
introduced to make a feasible evaluation for the optimal
practical work condition, comprehensively regarding the
response/recovery rate, sensitivity, selectivity, and operating
temperature. A linear response vs concentration trend can be
better observed at the LaFeO; sensor, showing a better
potential in the quantitative gas analysis. The enhanced ethanol
sensing mechanism of such honeycomb-like LaFeO; porous
film vs Fe,O; is addressed, which accounts for the more surface
basicity and increased oxygen groups. This novel and facile
chemical route can be also applied to the fabrication of various
multicompositional periodic porous thin films and many of
distinctive fields of applications, such as solar cells, ion
conductors, gas separation, piezoelectricity, and self-powered
sensing device system.
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