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ABSTRACT: Perovskite oxides are promising candidates for chemiresistive-type gas sensors owing to their exceptional thermal and
chemical stability during solid—gas reactions. However, perovskites suffer from critical issues such as low surface area and poor
surface activity, which negatively influence the sensing characteristics. While metal nanoparticles can be incorporated in perovskites
to improve their reactivity, the fundamental incompatibility between catalytic metals and perovskite oxides often leads to substantial
structural degradation as well as phase instability. Herein, we overcome this challenge through the introduction of an intermediary
phase that forms coherent interfaces with both the perovskite phase and catalyst metals. Specifically, we present the case study of p-
type LaggCag,FeyosPty 0,03 perovskite, whose hole accumulation layer was modulated by the incorporation of metal—organic
framework (MOF)-derived n-type a-Fe,O; nanoparticles decorated with highly dispersed Pt catalysts. The resulting composite
exhibited significantly improved surface activity over the nonmodified La,gCay,FeO; perovskite, leading to exceptional
chemiresistive sensing performance toward acetone gas (Rg/Ra = 39.8 toward 10 ppm of acetone at 250 °C) with high cross-
sensitivity against interfering gases. Importantly, our findings reaffirm the critical influence of interfacial engineering in facilitating
surface chemical reactions on perovskite oxides and, by doing so, effectively provide a general synthetic guideline to the design of
perovskite-based chemiresistors.
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P erovskite oxides have been considered a promising fully exploit the material benefits in the design of high-

alternative to binary oxides owing to their high chemical performance gas sensors.
stability for solid—gas reactions at high-temperature conditions In this respect, the addition of sensitizing noble metal
and their excellent selectivity toward specific target analytes catalysts to perovskite oxides, which generate heterojunctions
among interfering 83595-1_3 However, the clear advantages of at the metal oxide interface for efficient charge transport, has
perovskite oxides are overshadowed by their critically low been shown to improve the electronic properties of the

sensitivity to chemical reactions, holding back their widespread
adoption in chemiresistive gas sensing platforms. Specifically,
the p-type nature of perovskites only provides limited
variability in the carrier transport behavior from interaction
with analyte gas molecules, even when doped with other
elements, leading to low sensitivities and the inability to
differentiate between different gas molecules.* The poor
electronic properties also lead to an unclear understanding of
the interfacial reactions between the gas molecules and the
surface atoms of perovskite oxides, hampering the ability to

perovskite.”~'" While this strategy is promising for realizing
perovskite-based high-performance gas sensors, incorporating
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catalyst metals often destabilizes the perovskite lattice due to
their low nonstoichiometric tolerance, significantly compro-
mising their chemical activity.'"'> Moreover, during repeated
exposure to different target gases at elevated temperatures, the
interplay of dopant atoms and noble metal nanoparticles also
leads to undesired physical transformations that further
mitigate the chemical activity.'” To effectively circumvent
these issues, we could conceive of introducing an intermediary
layer that could coherently interface with both the perovskite
lattice and the catalyst metal lattice to mitigate the phase
instability. In this sense, heterojunctions formed between the
perovskite and the intermediary, as well as the catalyst metal
and the intermediary, must be able to facilitate efficient charge
transfer.'”'* Moreover, the total heterojunction area needs to
be maximized for optimal sensitization, which can be achieved
by designing the intermediary into nanocrystals that are
uniformly distributed throughout the perovskite matrix,
wherein the intermediary itself is homogeneously decorated
with catalyst metal atoms.

Following these design principles, we report the preparation
of LaygCay,FeyosPty 0,03 (LCFP) perovskite oxide nanofibers
decorated with Pt-dispersed a-Fe,0; (Pt—Fe,0;) binary oxide
nanoparticles as the intermediary layer supporting some
amount of noble metal catalyst atoms. In this model system,
the LCFP backbone was systematically investigated as LaFeOj;
derivatives exhibit high electrical conductivities and appro-
priate redox properties.ls_17 Moreover, Fe,O; is known for its
stable n-type semiconductor behavior, which, in combination
with the chemical sensitization effect of Pt, significantly
improves the electron transfer efficiency during the acetone
sensing process with catalytic reliability. Herein, we first
prepared the Pt—Fe,O; nanograins by the pyrolysis of Pt-
dispersed metal—organic framework (MOF) particles,'® which
were then incorporated in the LCFP matrix by an electro-
spinning-based oxide nanofiber synthesis protocol'” for the
production of Pt—Fe,O;-LCFP composite oxide nanofibers.
Remarkably, our approach successfully preserved the structural
and chemical properties of the host LCFP phase while
significantly contributing to the interfacial effects between
the guest Pt—Fe,O; phase and the host LCFP phase. We
demonstrated that the Pt—Fe,O;-LCFP exhibits an out-
standing sensitivity toward acetone gas (AR/R, = 39.8 toward
10 ppm of acetone at 250 °C), outperforming state-of-the-art
perovskite-based acetone sensors due to the effective
sensitization of the Pt—Fe,O; catalyst. Importantly, Pt—
Fe,O; facilitated the adsorption of active oxygen species to
provide sufficient reaction sites for the adsorption and
desorption of acetone molecules. This meticulous report
provides a refreshing perspective on the design of effective
catalyst sensitizers on perovskite-based host materials for
improving the sensing performance while maintaining their
intrinsic durability.

B EXPERIMENTAL SECTION

Materials. Poly(vinylpyrrolidone) (PVP, M, 1300000 g
mol™'), lanthanum(III) nitrate hexahydrate (La(NO;);-6H,0,
99.99%), calcium nitrate tetrahydrate (Ca(NO;),-4H,0, ACS
reagent, 99%), iron(III) nitrate nonahydrate (Fe(NO;);-9H,0, ACS
reagent, >98%), tetraammineplatinum(II) nitrate ([Pt(NH;),]-
(NO;),, 99.995%, trace metals basis), and iron(III) chloride
hexahydrate (FeCl;-6H,0) were purchased from Sigma-Aldrich (St.
Louis). Terephthalic acid(C4H,-1,4-(CO,H),, >99%) was purchased
from Acros Organics. N,N-Dimethylformamide (DMF, 99.9%, SGR
grade) was purchased from Daejung Chemicals & Metals. Ethyl
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alcohol (anhydrous, >99.9%) was supplied from Samchun Chemicals.
All chemicals were used without further purification.

Metal—Organic Framework (MOF)-Mediated Synthesis of a-
Fe,0; and Pt-Dispersed a-Fe,0; (Pt—Fe,0;) Nanoparticles.
MIL-101(Fe) and Pt-dispersed MIL-101(Fe) were synthesized by
modifying the previously reported protocol.”® For the synthesis of
MIL-101(Fe), 662 mg of FeCl;-6H,0 and 206 mg of terephthalic acid
were dissolved in 15 mL of DMF. In the case of Pt-dispersed MIL-
101(Fe), 9.48 mg of [Pt(NH;),](NO,), was additionally dissolved in
the same solution. This solution was stirred at 300 rpm and 3 h
conditions. The mixed solution was transferred into a 30 mL Teflon-
lined stainless-steel autoclave and kept at 120 °C for 12 h (ramping
rate: 5 °C min™"). After the autoclave was naturally cooled to room
temperature, the product was washed and centrifuged once with DMF
and three times with ethanol. The collected samples were dried at 60
°C. The dried powders were then subjected to calcination at 450 °C
for 2 h (ramping rate: 5 °C min™") to obtain a-Fe,O; and Pt—Fe,0;
nanoparticles. After the heat treatment, the samples were crushed with
alumina balls for 3 min using vortex equipment for further usage.

Synthesis of LaggCag,FeqosPto 0203 (LCFP) and Pt—Fe,O;-
Loaded LaggCag,Feqqo5Pt 0,05 (Pt—Fe,05-LCFP) Nanofibers.
To prepare LCFP and Pt—Fe,O;-LCFP electrospinning solution,
0.866 g of La(NO;);-6H,0, 0.118 g of Ca(NO;),-4H,0, 0.99 g of
Fe(NO;);-9H,0, and 0.019 g [Pt(NH;),](NO;), were dissolved in
10 mL of DMF. Then, the solution was vigorous stirring at a stirring
speed of 300 rpm at room temperature for 1 h. 1.422 g of PVP was
mixed with the solution and stirred under the same condition for at
least 12 h. For preparing Pt—Fe,O;-LCFP electrospinning solution,
33, 50, and 100 mg of Pt—Fe,O; powders were poured into the as-
prepared solution above for 5.9, 8.9, and 17.7 wt % Pt—Fe,0;
compared to LCFP. Following vigorous stirring for at least 6 h, the
color of the electrospinning solution turns from dark brown (the color
of pristine LCFP electrospinning solution) to brick color, caused by
the suspension of Pt—Fe,O;. The electrospinning solution was then
transferred to a 24 mL syringe with a 23 G needle. The syringe was
located at a distance of 15 cm from the collector, and the
electrospinning was conducted at a direct current (DC) voltage of
15 kV and feeding rate of 20 yL min™". The as-spun nanofiber sheet
was calcined at 450 °C for 2 h and 700 °C for 2 h (ramping rate: 5 °C
min~"') under static air. To control the mole ratios of Pt to Fe when
preparing La,3Ca,,Fe; Pt O3, stoichiometric amounts of Fe(NO;);
9H,0 and [Pt(NH,),](NO,), were dissolved. Specifically, we varied
«x from 0 to 0.03 and dissolved (1-x)-1.01 g of Fe(NO;);-9H,0 and x-
0.968 g of [Pt(NH,;),](NO;), in the DMF-based electrospinning
solution, following the same procedures for the electrospinning
process and thermal treatment.

Material Characterization. X-ray diffraction (XRD) analysis
(Rigaku SmartLab equipped with Cu Ka) was carried out at a
scanning speed of 10° min~"' with a step size of 0.01° to study the
crystal structures. The average crystallite sizes of (002), (123), and
(202) reflections were calculated by the Scherrer equation as follows:

K1
T =
Pcos O

where 7 is the mean size of crystalline domains, K is a dimensionless
shape factor, A is the wavelength of the incident beam, f is the line
broadening factor at half of the maximum intensity (fwhm) in radian,
and @ is the Bragg angle.

The surface morphology of the samples was analyzed by field-
emission SEM (S4800, Hitachi). Atomic structural analysis, detailed
surface morphology, and energy-dispersive spectrometry (EDS)
mapping were carried out by Titan Double CS-corrected TEM
(Titan cubed G2 60-300, FEI company). X-ray photoelectron
spectroscopy analysis (Axis-Supra, Kratos, with Al Ka radiation)
was conducted. The electronic band structures were confirmed by a
UV—vis/NIR spectrophotometer (UV—vis, Lambda 1050, Perki-
nElmer) and a UV photoelectron spectrometer (UPS, K-Alpha+,
Thermo). The absorbance of the material at 300—800 nm was
provided through UV—vis spectroscopy, and the optical band gap was
calculated using the obtained spectra. UPS analyzed the work function
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Figure 1. (a, b) Schematic illustration of the synthesis procedures to prepare Pt—Fe,05 (a) and Pt—Fe,O5-LCFP (b).

and the valence band maximum (He I source with an energy of 21.2
eV, and in an energy step of 0.05 eV). Brunauer—Emmett—Teller
(BET) surface area was measured with a Tristar II 3020 (Micro-
meritics). Inductively coupled plasma optical emission spectrometer
(ICP-OES) analyses were conducted with a Thermo Scientific iCAP
6300 to quantify the molar ratios of Pt and Fe for a series of Pt—
Fe,0; samples.

Gas Sensing Tests. Dynamic resistance changes upon exposure to
air and target analytes were measured to evaluate the sensing
characteristics. To this end, the coating ink was prepared by
dispersing 3 mg of the sample powder in 150 L of ethanol, followed
by ultrasonication for at least 3 min. Then, a 4 uL aliquot of the ink
was drop-coated twice on the alumina substrate (2.5 X 2.5 mm?)
printed with two Au electrodes (width: 25 um and electrode
separation: 70 um) on one side and Pt microheaters (heater
resistance: 26.5 + 0.5 Q) on the backside. The temperature was
controlled by a specific voltage applied to the microheater via a DC
power supply (E3647A, Agilent). Before the target analytes were
injected, the sensing materials were stabilized for 3 h in a dry air
atmosphere. Then, a target analyte of a specific concentration was
introduced into a sensor chamber at an interval of 10 min. The air was
subsequently injected for recovery also at an interval of 10 min. The
resistance was monitored with a data acquisition system (34972,
Agilent) to measure changes for a 10 min response under a specific
analyte and 10 min recovery under air.

B RESULTS AND DISCUSSION

Figure 1 schematically illustrates the overall synthesis process
to prepare Lay4Cay,Feg 5Pty 0,03 (LCFP) nanofibers function-
alized with Pt-dispersed a-Fe,O; (Pt—Fe,0;). In a standard
synthesis protocol, we first prepared Pt-dispersed MIL-
101(Fe) by the solvothermal method, wherein the metal—
organic framework (MOF) hosted the guest Pt precursor ions
in its pores with a uniform distribution. Notably, MOFs serve
as excellent precursors for creating metal—-metal oxide
composite catalysts, due to their highly porous structure,
tunable compositions, and uniform metal distribution.'®*'
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These characteristics allow for precise control over the size of
metal nanoparticles during the pyrolysis process, resulting in
enhanced catalytic activity and stability. Additionally, the
porous structure of MOF-derived oxides improves effective gas
diffusion and increases the availability of active sites, which is
particularly advantageous for gas sensing reactions.”” Upon
calcination of the Pt-dispersed MIL-101(Fe), the Fe-based
MOF structure was transformed into a porous Fe,Oj; structure
while the Pt species were formed into small clusters, resulting
in the production of Pt—Fe,0; (Figure la). In the next step,
the as-obtained Pt—Fe,O; were dispersed in a dimethylforma-
mide-based poly(vinylpyrrolidone) (PVP) polymer solution
containing the metal precursor ions (i.e., La**, Ca**, Fe*', Pt*"),
which was electrospun into nanofibers. Calcination of these
nanofibers occurred at temperatures high enough to fully
remove the polymers, as determined by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
data (Figure S1), yielded the LCFP perovskite nanofibers
functionalized with Pt—Fe,O; (Figure 1b).

We further established the synthesis mechanism of Pt—
Fe,O5-LCFP nanofibers with the scanning electron microscopy
(SEM) images of the samples corresponding to each synthesis
step presented in Figure 2a—c that help to demonstrate the
transformation of the materials. The as-prepared Pt-dispersed
MIL-101(Fe) exhibited an octahedral polyhedral morphology
with an average particle size of 780 nm (Figure S2). The
subsequent calcination process decomposed the organic linkers
and oxidized metal nodes to form a metal oxide phase, creating
resultant metal oxide composite particles with sizes of 30—150
nm (Figure 2a). X-ray diffraction (XRD) showed the hematite
phase over MOF-derived iron oxides after thermal annealing at
450 °C (Figure S3). The hematite phase was also validated for
Pt—Fe,0; calcined at 700 °C, where the LCFP perovskite
oxide phase is generated, indicating high integrity at the
elevated temperature without phase destruction. To demon-
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Figure 2. (a—c) SEM images of Pt—Fe,0; (a), as-spun Pt—Fe,0;-LCFP nanofibers (b), and calcined Pt—Fe,O;-LCFP nanofibers (c). (d—f) HR-
TEM images of Pt—Fe,0;-LCFP nanofiber (d) and Pt—Fe,0; from Pt—Fe,0;-LCFP (e), and the high-magnitude STEM image of Pt—Fe,O;-
LCFP nanofibers. (g) STEM image and EDS mapping results of Pt—Fe,O;-LCFP nanofibers.

strate the presence of Pt in the Pt—Fe,O; composite, we
quantitatively compared the molar ratio of Pt and Fe at each
MOF-based synthesis step using inductively coupled plasma
optical emission spectrometry (ICP-OES) analyses. As shown
in Table S1, the molar ratios of Pt to Fe were maintained
without significant differences across the synthesis steps. Next,
the as-spun PVP-based composite nanofiber exhibited a
uniform distribution of the nanometer-sized Pt—Fe,0;
throughout the nanofiber structure (Figure 2b). The fine
distribution of Pt—Fe,O; particles was preserved even on the
LCFP nanofibers obtained after the polymer template was
removed and the metal precursors were converted into the
LCFP perovskite (Figure 2c). These composite nanofibers
possessed mesopores (Figure 2d) due to the volume lost from
the removal of the polymer. The lattice parameters of the
LCFP nanofibers and anchored Pt—Fe,O; were estimated to
be 0.39 and 0.27 nm, respectively (Figures S4 and 2e). These
values correspond to the interplanar distance of the (111)
plane of LCFO nanofibers and the (104) plane of a-Fe,O,
crystallite.””** At the same time, Pt—Fe,O; showed a high
dispersion of Pt species on the a-Fe,O, lattice (Figure 2f)
without significant aggregation of the noble metal as observed
from a high-angle annular dark-field scanning transmission
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microscopy (HAADF-STEM) image. EDS mapping results
further validated the high dispersion of Pt and Fe within Pt—
Fe,0; particles while also corroborating the uniform
distribution of La, Ca, Fe, Pt, and O elements throughout
the perovskite oxide nanofibers (Figure 2g). Altogether, our
approach could successfully produce Pt—Fe,O;-LCFP compo-
site nanofibers that could be used as a sensing layer.
Moreover, we studied the evolution of the interfaces
between Pt—Fe,O; and LCFP phases in the composite
nanofibers by monitoring the changes in their structure as a
function of loading of Pt—Fe,O; particles. Specifically, we
compared the detailed morphologies of the composite as the
amount of Pt—Fe,0; was controlled to be 5.9, 8.9, and 17.7 wt
% relative to that of the LCFP perovskite oxide. XRD patterns
in Figure 3a clearly show a linear increase in the intensity of
characteristic peaks assigned to a-Fe,O; as a function of the
amount of Pt—Fe,0; while the peaks corresponding to
orthorhombic-structured LajgCay,FeO; perovskite phases
showed little variation across all samples. The average
crystallite sizes of the host oxide, calculated by the Scherrer
equation, also remained stable in the range of 22—27 nm
(Figure 3b). On these bases, we could conclude that Pt—Fe,0,
particles were successfully functionalized on LCFP nanofibers
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Figure 3. (a, b) X-ray diffraction (XRD) patterns (a) and the corresponding average crystallite sizes (b) of LCFP samples loaded with a
controllable amount of Pt—Fe,0;. (c, d) High-resolution XPS analysis results for surface atomic ratio of Fe (c) and Fe 2p spectra (d) over LCFP

and Pt—Fe,0;-LCFP samples.

without significantly disrupting the perovskite structure of the
host LCFP. In addition, we found that the composite
nanofibers possess larger surface areas (LCFP: 13 m* g/,
and 8.9 wt % Pt—Fe,0;-LCFP: 10 m* g"') than the perovskite
oxides é)repared by conventional methods (0.25—2 m?
g™).”>* This structural advantage of the oxide nanofibers
leads to thicker hole accumulation layers at the nanometer-
sized grains,”” and helps target analytes readily diffuse onto
large-surface-area sensing layers.”* >’

We also utilized X-ray photoelectron spectroscopy (XPS)
analyses to track the changes in the chemical state of Fe of the
composite system (Figure 3c). To this end, for consistency, we
discuss the atomic proportion of Fe within the whole structure
(ie., comprising La, Ca, Fe, Pt, and 0). Upon incorporating
Pt—Fe,O; particles into the LCFP, the surface Fe ratio
increased from 8.8 to 10.3 atom %, which accounts for the
additional Fe from the Pt—Fe,O; particles. Notably, this also
affected the Fe®'/Fe’* peak intensity ratio indicating the
dissimilarity in the nature of Fe species in the Pt—Fe,0O,
compared with those in the LCFP matrix. For reference, Fe*,
Fe®', and Fe*" were located at 709.6, 710.9, and 713.8 eV,
respectively (Figure 3d). While the amount of Fe*'/Fe®*
remained in a similar range (39% for Pt- Fe,O;-LCFP and
43% for LCFP), the Fe®"/Fe®" ratio significantly increased
from 51 to 76% upon the addition of Pt—Fe,0;, indicating a
steep increase in the Fe* species due to the presence of Pt—
Fe,0; (Table S2). The Fe species in Pt—Fe,0; have lower Fe
oxidation states than those in LCFP because the electron-rich
Pt species (Figure SS) can donate electrons to a-Fe,O;,
resulting in a significant deviation in the Fe oxidation states
from the more stable Fe>* state.”””’
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Interestingly, Pt—Fe,O; particles also affected the oxygen
state of the composite surface. For this investigation,
deconvolved XPS spectra for LCFP, 8.9 wt % Fe,O;-LCFP,
and 8.9 wt % Pt—Fe,O;-LCFP samples were obtained and
analyzed (Figure S6). Of the active oxygen species,”” " we
specifically monitored the oxygen vacancy-related peak and the
chemisorbed oxygen peak. We found that the relative
abundance of the oxygen vacancy-related peak increased
from 32.7% (LCFP) to 36.6% (Fe,O;-LCFP) and 39.0%
(Pt—Fe,0;-LCFP), and that of the chemisorbed oxygen peak
increased from 2.1% to 4.6 and 6.0%, respectively. Thus, the
introduction of Fe,O; particles increased the presence of
reactive oxygen species, and the catalytic effect of Pt species
further augmented the total amount of reactive oxygen species.
All of these facts are indicative of the formation of n—p
heterojunctions between dispersed Pt—Fe,O; particles and the
LCFP matrix. Ultimately, the density of active oxygen species
at the heterojunctions makes the composite nanofibers more
favorable for efficient gas sensing.32

We then comparatively evaluated the acetone detection
performance of the Pt—Fe,0;-LCFP against pristine LCFP to
investigate the effects of the engineered interfaces between the
oxide sensitizer and the host perovskite oxide on sensing
characteristics. Among various analytes, acetone is of particular
interest as it is practically relevant for monitoring air quality
and as a biomarker for exhaled breath diagnostics.lg’35 At an
optimized measurement condition (Figure S7), we found that
8.9 wt % Pt—Fe,0;-LCFP exhibits a higher response at 250 °C
(AR/R, = 39.8 toward 10 ppm acetone) compared to the
pristine LCFP nanofibers (AR/R, = 3.5), and the composite
sensing layer also showed a prominent selectivity toward
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Figure 4. (a) Dynamic responses of LCFP loaded with a controllable amount of Pt—Fe,O; particles toward 1—10 ppm acetone. (b) Band diagram
of Pt—Fe,0;-LCFP and modeled carrier movement. (c, d) Comparison of baseline resistance (c) and recovery time (d) of Pt—Fe,0;-LCFP
samples selectivity of 8.9 wt % Pt—Fe,O;-LCFP and LCFP to interfering gases (10 ppm) at 250 °C. (e) Comparison of acetone sensing
characteristics of pristine LCFP, 8.9 wt % Fe,O;-LCFP, and 8.9 wt % Pt—Fe,0;-LCFP. (f) Schematic illustration of reaction mechanism between

acetone gas and Pt—Fe,O;-LCFP.

acetone as shown in Figures 4a and S8. The enhanced sensing
characteristics are explained by the accelerated oxygen spillover
by the Fe,0;,'"" and with extra electrons provided by
electron-rich Pt, the oxygen spillover phenomenon can be
further facilitated to generate a greater number of adsorbed
oxygen species. To quantify the adsorbed oxygen on sensing
layers, we conducted temperature-programmed desorption of
oxygen (O,-TPD) experiments (Figure S9). The LCFP
sensing layer functionalized with Fe,O; exhibited stronger
signals for both weakly adsorbed and strongly adsorbed oxygen
species, compared to the pristine LCFP. The most prominent
signals were observed in the Pt—Fe,O;-LCFP sample. This
enhanced signal clearly demonstrates the increased oxygen
adsorption capacity facilitated by the Pt—Fe,O; sensitizer,
significantly improving gas sensing reactions. Quantitative
analyses revealed oxygen adsorption of 0.8, 1.1, and 1.4 cm®
¢! for LCFP, Fe,O;-LCFP, and Pt—Fe,O;-LCFP, respec-
tively. The adsorbed active oxygen species on oxide surfaces
should react with acetone gas molecules following the
equations below:**
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0,(g) + 2e” - 20 (ads) (1)
CH,COCH; + O —» CH,COC'H, + OH™ + e~ (2a)
CH,COCH, + 20" — CH,0” + C*H,; + CO, + 2¢~
(2b)
e +h - (null) (3)

The active oxygen species that reacted with acetone
molecules at the n—p heterojunctions should decompose to
carbon dioxide and water. However, if there is an excess of Pt—
Fe,0; particles to block the active interface area, the supply of
reactive oxygen species becomes limited, resulting in weaker
activities. Thus, a volcano-type relationship between the
loading amount of Pt—Fe,O; and acetone sensitivities was
observed in Figure 4a. This phenomenon can be further
elucidated through a band diagram of Pt—Fe,0,-LCFP (Figure
4b), constructed by estimating the band gap energies from
Tauc plots and the work function as well as E; — Eypy values
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Figure S. (a) Linear regression results of responses extracted from the response values toward sub-ppm-level (0.1, 0.4, and 0.7 ppm) acetone gases.
(b) Dynamic responses upon cyclic exposure to 0.7 ppm acetone gas. (c, d) Long-term stability (c) and humidity test results (d) of Pt—Fe,O5-
LCFP toward S ppm acetone gas. (e) Comparison of the response values to the state-of-the-art acetone sensors based on perovskite oxides.

from UV—vis/NIR spectrophotometry (UV—vis) and UV
photoelectron spectrometry (UPS) analyses, respectively
(Figure S10). In the equilibrium state, the band structure
was representative of a typical type II heterojunction, wherein
the electrons are preferentially transferred from LCFP to Pt—
Fe,O; and the holes from Pt—Fe,O; to LCFP to achieve
charge accumulation on each side. Charge carriers accumulated
at the interface between Pt—Fe,0; and LCFP promote active
oxygen adsorption, which increases the frequency of reaction
with acetone and ultimately improves acetone detection
performance. Also, the electrons produced by these reactions
between active oxygen species and acetone would recombine
with electron holes on the primary sensing layer, LCFP.
Therefore, the resistance would increase by a significant
magnitude for each of the acetone molecules that interact with
the active oxygen species on the surface of the composite
sensing layer. However, as a side effect, the recombination at
the heterojunction also creates carrier depletion layers. As
depicted in Figure 4c, the carrier depletion layers were
enlarged with an increasing amount of Pt—Fe,O; which
elevates the initial baseline resistance and, considering the p-
type response of LCFP, compromises the sensitivity as a
consequence. Empirically, we found that an 8.9 wt % loading of
Pt—Fe,O; could maximize the response of the LCFP (AR/R,
= 39.8), indicating that the aforementioned contrasting effects
had been balanced. In this case, Pt—Fe,O; could facilitate
oxygen spillover at heterojunctions most effectively, surpassing
the negative influence from charge carrier recombination.
Indeed, when the loading was increased to 17.7 wt % Pt—
Fe,0;, the excess electrons in the conduction band that did
not participate in oxygen adsorption reactions had contributed
more to decreasing the quantity of hole carriers while also
expanding the carrier depletion layer, resulting in a decrease in
the response (AR/R, = 25.5). This relationship between the
sensitivity and baseline resistance could also be supported by
the trend in the recovery time of each sample (Figure 4d). The
recovery time was gradually lengthened as the loading went up

to 8.9 wt % Pt—Fe,0; together with an improvement in the
reactivity, since a larger amount of active oxygen species would
require a greater number of surface sites to be recovered. In
contrast, in the case of the 17.7 wt % Pt—Fe,O5-LCFP, the
excessive electrons in the conduction band cut the recovery
time shorter as these electrons restore the oxide surface more
rapidly by facilitating reactions with oxygen.

In addition, the role of the Pt species in a-Fe,O; as a
catalytic sensitizer should also be rationalized. In the next set of
experiments, therefore, for the same particle-basis loading of
Pt—Fe,0; at 8.9 wt %, we comparatively evaluated acetone
sensing characteristics of the composite nanofibers with and
without the presence of the Pt catalyst. Specifically, we
prepared LCFP nanofibers, 8.9 wt % a-Fe,0;-decorated LCFP
nanofibers (Fe,0;-LCFP), and 8.9 wt % Pt—Fe,0;-LCFP as
shown in Figure 4e for this evaluation. The sensitivity of
Fe,O5-LCFP to 10 ppm of acetone was increased by 6.0 times
compared to that of pristine LCFP, representing the
contribution from the heterojunctions. Interestingly, Pt—
Fe,0;-LCFP exhibited a doubled sensitivity value compared
to that of Fe,O;-LCFP, suggesting that Pt species specifically
help create active-oxygen-rich interfaces that further react with
acetone gas through a heterogeneous sensitization effect.’” In
fact, the deconvolved O 1s XPS spectra (Figure SSb,c) show
that the cumulative area of active oxygen increased from 41.2%
for pristine Fe,O3-LCFP to 45% for 8.9 wt % Pt—Fe,O;-LCFP.
Therefore, Pt dispersed in the hematite catalyst enhanced its
capacity for active oxygen formation, which is cited as a direct
contributor to higher sensitivities.>* >’ Altogether, we visualize
the overall reaction scheme in Figure 4f. Owing to this catalytic
activity, the metal—metal oxide hybrid sensitizer was able to
promote oxygen spillover while minimizing the blockage of the
primary sensing layer and retaining its physical properties.
Based on such a phenomenon, abundant reaction sites were
available for reaction with acetone gases, leading to higher
activity upon functionalization with Pt—Fe,O;.
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Having established that the composite perovskite sensing
layer would exhibit high sensitivities to acetone based on these
mechanisms, we further evaluated their viability as practical
sensors based on a number of design criteria. The limit of
detection (LOD) was estimated with a linear fitting of the
response values toward several sub-ppm-level acetone gases,
where we empirically set the reaction border as indistinguish-
able from the error when the resistance change does not
exceed 20% of baseline resistance as frequently used in
previous studies (Figure 5a).*>*' The calculated LOD for Pt—
Fe,0;-LCFP is 0.16 ppm, which is low enough to reliably
distinguish a wide range of acetone concentrations under
different health conditions. Specifically, acetone concentrations
in healthy individuals range from 0.3 to 0.9 ppm, whereas it
may increase to 1.8 ppm for diabetic patients.”””** This
sensitivity enables the LCFP-based sensor to perform breath
analysis with high efficiency, demonstrating its potential for
practical use.

The stability of the Pt—Fe,O;-LCFP sample was validated
by cyclic experiments and long-term stability tests. The sensing
layer exhibited a stable performance (IARI/R, = 0.78) for 27
cycles of exposure to 0.7 ppm of acetone and recovery under
air (Figure Sb). Also, we compared the sensing characteristics
immediately after sensor fabrication and 10—20 weeks after the
initial test, for which the response values for the aged sensor
were maintained with a deviation of less than 15% from the
initial response value, of which the average response value was
38.5 + 3.1 toward 10 ppm of acetone (Figure Sc). The
microstructure of the sample subjected to the long-term
stability test was analyzed with SEM, TEM, and EDS mapping.
As shown in Figure S11, the post-test sample exhibited no
structural degradation or significant changes, maintaining
nanofiber morphology similar to the as-prepared sample.
Moreover, the EDS mapping results revealed that Pt—Fe,O;
was securely anchored on the LCFP scaffold. This high
stability resulted from the structural advantage of the MOF-
derived oxide catalyst that uniformly traps Pt atoms in pores,
preventing their spontaneous sintering and deactivation."” The
sensing performance was also tested under varied relative
humidity (Figure Sd). Formation of surface hydroxyl groups
on the oxide surface under highly humid environments
typically degrades the sensitivity because more of the adsorbed
oxygen species become unavailable for reaction. Nevertheless,
the sensitivities can be improved by a humidity removal filter
or catalytic overlayer that diminishes the interfering effects of
water vapor.”*™*" Lastly, in similar operating conditions as
other state-of-the-art perovskite-based acetone sensors, we
confirmed that our composite sensor material showed
significantly higher sensitivities (Figure Se and Table
§3).5%¥487>2 Altogether, our design strategy provides a
synthetic route to effectively address intrinsic issues of
perovskite oxide-based sensors, improving their low sensitiv-
ities and also demonstrating the viability of the designed sensor
material with high performance.

B CONCLUSIONS

In this study, we demonstrated the interfacial engineering of
perovskite oxide nanofibers by functionalizing metal/metal
oxide composite sensitizers to form interphase heterojunctions
that help modulate the surface chemistry of the sensing layer
and enhance their sensitivities. Specifically, an abundance of
n—p junctions was formed between the LCFP oxide nanofibers
and the Pt—Fe,0; nanoparticles that were coherently bound to
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the parent LCFP matrix with minimal surface blockage. The
electrospinning process promoted the homogeneous distribu-
tion of the Pt—Fe,0; nanoparticles over the LCFP nanofibers,
successfully forming these active interfacial sites. Furthermore,
the Pt species decorated on the n-type a-Fe,O; served as
chemical sensitizers to increase the electron density in the
conduction band of the composite oxide, facilitating acetone
sensing reactions. The resultant sensing performance of the
heterogeneous oxide nanofiber showed significantly improved
sensitivity toward acetone (AR/R, = 39.8 + 1.96 against 10
ppm of analyte) compared to the state-of-the-art acetone
sensors based on perovskite oxides. The developed material
also exhibited a lower detection limit (estimated 0.16 ppm)
and stable sensing performance. Moreover, the composite
showed exceptional stability owing to the structural benefits of
the MOF-derived oxide catalyst that prevents sintering and
deactivation. The central mechanism of the enhanced sensing
performance can be ascribed to the accelerated oxygen
spillover and vacancy formation induced by the Pt-decorated
Fe,0j; sensitizers catalysts across the heterojunction, as well as
the abundant presence of electrons participating in oxygen
chemisorption. The increased number of active oxygen species
provides sufficient reaction sites for acetone molecules,
increasing the overall sensitivity. Altogether, our study
established how the surface activity of perovskite oxide could
be tuned by oxide sensitizers, facilitating favorable reactions for
gas sensing, based on which we provide an effective fabrication
method to generate heterojunction without degradation and
increase catalytic activity for various chemical reactions.
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