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Itis well known that certain gas molecules can serve as specific markers for characterizing the physiological
and environmental nature of a subject, such as acetylene gas which can be used for determining a person's
smoking status as well as for monitoring air pollution levels. For their reliable detection, gas sensors should
be designed with high sensing capabilities in terms of selectivity, sensitivity and low detection limit. In this
work, we present a rational design approach for the synthesis of p-type LaFeOs/n-type SnO, composite
nanotubes (NTs) via galvanic replacement reaction (GRR) on electrospun perovskite LaFeOz NTs for p—n
type-converted sensing. The GRR process provides LaFeOz/SnO, NTs with high surface area (146.6 m?
g~} by generating SnO, nanograins (<10 nm), as controlled by varying the reaction time. The abundant

. 4 5th July 2022 heterogeneous p—n junctions formed in LaFeOz/SnO, NTs contribute to the dramatic improvements in
eceived 5th July . . . o .
Accepted 14th October 2022 their sensing characteristics. In fact, the LaFeO3z/SnO, NTs exhibited 31.2-fold increased response toward

acetylene (5 ppm) with a far improved response speed (16 s) compared to that of pristine LaFeOs NTs

DOI: 10.1039/d2ta05338a (64 s). Our results demonstrate that the GRR process can be used to engineer the morphology and

Published on 17 October 2022. Downloaded by Korea Advanced Institute of Science & Technology / KAIST on 11/27/2022 3:29:05 PM.

rsc.li/materials-a

Introduction

In general, the presence of specific gas molecules in the envi-
ronment, which are generated by various physical, chemical, or
biological processes, can be used to report various natural and/
or artificial phenomena."? For rapid and accurate detection of
target gas molecules, it is widely accepted that chemiresistive-
type gas sensors based on semiconducting metal oxides
(SMOs) are especially effective.® In a brief description, as gas
molecules interact with the surface of the SMO-based sensing
material, the surface electronic structure is modulated, result-
ing in detectable changes in the resistance of the SMO.* This
allows for high levels of sensitivity and low limits of detection,
particularly for sensors based on n-type SMOs (e.g., SnO,, WOs3,
Zn0).>* However, n-type SMOs generally lack the selectivity
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composition of p-type perovskites to achieve exceptional chemical sensing performances.

toward specific target gas molecules and are overly sensitive to
various environmental factors such as humidity and tempera-
ture. In this regard, p-type ABO; perovskites offer two key
advantages over conventional n-type SMOs for the development
of selective and robust sensors. For one, typical ABO; perov-
skites consist of rare-earth metal atoms occupying the A sites
and transition metal atoms occupying the B site of the cubic
lattice; by tuning the composition of the A and B sites by cation
substitution, their physicochemical materials properties can be
tuned to modulate their selective sensing behaviors.”® More-
over, as a p-type SMO, ABO; perovskites are more resilient
against fluctuations in the environment in comparison to
typical n-type SMOs.'*** Despite their advantages, perovskite-
based chemiresistive sensors have long been hindered by
their inherently slow and/or weak response, largely due to the
relatively lower mobility of holes in p-type semiconductors
compared to the case of electrons in n-type semiconductors.”
As such, to enhance the sensing performance of perovskite-
based materials, various strategies including doping at A-sites
of the perovskite lattice,”'* loading of noble metal nano-
catalysts,” and nanoengineering to increase the surface area
and porosity have been explored in the past.’**® Even now, there
is still outstanding demand for a more efficient and effective
processing method for improving perovskite-based sensors for
practical applications.

From a recent report, the galvanic replacement reaction
(GRR) has been demonstrated as a simple pathway to achieve

This journal is © The Royal Society of Chemistry 2022
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fine control over the elemental composition and porosity of
metal oxide nanostructures.” In the context of metal oxides,
GRR consists of a pair of redox reactions driven by the differ-
ence in electrochemical potentials of two dissimilar metal
species, during which the species with the higher reduction
potential is dissolved from the parent structure via reduction
while the other is deposited onto the surface of the parent
structure via the formation of oxides. As a result, the parent
metal oxide transforms into a porous nanostructure via local-
ized dissolution of the oxide matrix while the secondary phase
is grown on the surface of the parent metal oxide. By applying
GRR through a simple wet chemistry experiment, we hypothe-
sized that the electronic properties and surface reactivity of the
perovskite-based sensing material could simultaneously be
enhanced. Our hypothesis is supported by several case studies
including the work by Jeong et al.,, who applied the GRR to
convert p-type Co;0,4 hollow spheres into Co;0,/SnO, spheres,
whereby controlling the Sn concentration could determine the
gas selectivity.*® Likewise, Jang et al. reported the synthesis of
3D Co0;0,/Sn0O, hollow structures via GRR of zeolitic imidazo-
late framework-67 (ZIF-67)-derived Cos0, polyhedron as well as
the fabrication of 2D C03;0,/Sn0O, derived from exfoliated Co;0,
nanosheets.”*> Altogether, we propose that GRR could be used
to fine-tune the physical and chemical nature of perovskites and
enhance their gas sensing properties.

In this work, we demonstrate the efficacy of GRR treatment
for the development of porous nanostructures and the creation
of abundant p-n heterointerfaces on LaFeO; perovskite nano-
tubes (NTs) for use as effective sensor materials. Herein, LaFeO;
NTs prepared by electrospinning and subsequent calcination
were allowed to react with Sn(u) ions in a simple aqueous
reaction. Due to the asymmetry in the amounts of materials
dissolved from the oxide nanofibers versus deposited on the
oxide surface during GRR, numerous mesopores were formed in
the resulting LaFeO,;/SnO, composite structure. To gain
a mechanistic understanding of the synthesis process, we
systematically analyzed the time-dependent changes in the
composition as well as structural evolution behaviors upon
GRR. We further demonstrate that porous LaFeO;/SnO, NTs
can be fabricated into a gas sensor that exhibits high sensitivity,
low limit of detection, and high selectivity to the target gas
(acetylene), as we had hypothesized. Altogether, we showed that
the GRR-based method is a facile and effective approach to the
fabrication of perovskite-based heterogeneous oxide nano-
structures with high porosity and tailored compositions,
combining the high selectivity and robustness of p-type perov-
skites with the high response of n-type oxides. Selectivity and
robustness of p-type perovskites with the high response of n-
type oxides.

Results and discussion

Fig. 1a presents a schematic illustration describing the
synthesis of hollow LaFeO;/SnO, nanotubes by means of the
GRR process (hereafter, LaFeO3/SnO, NTs). We first prepared
polyvinylpyrrolidone (PVP)-based composite nanofibers (NFs)
containing La and Fe precursors using a single-spinneret
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electrospinning method. Then, the electrospun NFs were
calcined in ambient air at 450 °C, then again for a second time
at 700 °C to obtain polycrystalline perovskite LaFeO; NTs,
following a previous report.*® Subsequently, we initiated the
galvanic replacement reaction (GRR) process by mixing the as-
prepared LaFeO; NTs into a Sn precursor solution, which
resulted in the dissolution of portions of LaFeO; and the
simultaneous deposition of n-type SnO, nanograins on the
surface of NTs. Based on the electrochemical reduction poten-
tials of each pair of redox species in the system, including Fe*"/
Fe* (0.77 V), Sn**/Sn>" (0.15 V), Sn0,/Sn** (—0.09 V), and La*"/
La (—2.38 V) pairs, the GRR between Fe*" and Sn** as well as
between Sn>" and La®" could be described by the following set of
reactions:

2Fe** + Sn** — 2Fe®* + Sn** (E° = 0.62 V) (1)

3Sn?* + 2La>* - 3Sn** + 2La (E° = —2.53 V) 2)

Following eqn (1), we could deduce that a spontaneous
precipitation of SnO, nanograins on the surfaces of LaFeO; NTs
would occur concomitantly with dissolution of Fe from LaFeO;
NTs. Specifically, one Sn>* ion from the SnCl, salt is oxidized to
Sn** for the formation of SnO,, which generates six electrons in
the process. In turn, these electrons are used to reduce two Fe**
ions in the LaFeO; matrix to Fe** species as elucidated in eqn
(1). On the other hand, the GRR between Sn** and La®* ions is
not likely to occur because the La**/La species possess a much
lower standard potential compared to that of the Sn species (i.e.,
cell potential for the reaction in eqn (2) is negative). However,
the chloride ions present in the solution, especially in the form
of additional HCI, can aid in the etching of La for their disso-
lution from the surface of LaFeO; NTs. Therefore, the perovskite
LaFeO; phase could be replaced in part by the SnO, to produce
multi-phase composite nanotubes.

To study the mechanism of GRR-induced transformation
from the viewpoint of morphology and composition of the NFs,
we utilized a precursor solution based on Sn** ions (2 M) and
varied the reaction times from 0 to 10, 30, or 120 min, hereafter
denoted as 0, 10, 30 and 120_LaFeO3/SnO, NTs, respectively.
The scanning electron microscope (SEM) image in Fig. 1b
clearly shows the hollow structure of pristine LaFeO; NTs
(0_LaFeO3/SnO, NTs). A digital camera image of 0_LaFeO3/SnO,
NTs dispersed in xylene shows a deep brown color (inset of
Fig. 1b), which corresponds to that of apparent colors of LaFeO;
powder.> To investigate the microstructures of the LaFeO,/
SnO, NTs, transmission electron microscopy (TEM) analysis
was carried out. The TEM image of 0_LaFeO;/SnO, NTs (Fig. 1c
and S1f) reveals large aspect ratio 1D nanostructures, with
lengths over 1 pm and an average width of 100-200 nm.
Furthermore, the high-resolution TEM (HRTEM) image shown
in Fig. 1d indicates a crystallized structure with interplanar
distances of 0.394 nm, which corresponds to that of the (101)
plane in LaFeO;.”* The overall hollow nanostructure of LaFeO;
NTs promotes the large-scale diffusion of Sn>* ions to the
interior of LaFeO; NTs to facilitate the GRR even on the inner
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Fig. 1 (a) Schematic representation of synthetic process for LaFeOs/SnO, NTs. (b) SEM images with digital camera images of suspension
(respective insets), (c) TEM images and (d) HRTEM lattice spacing images (Inset fig. shows the corresponding fast Fourier transform (FFT) patterns)
of 0_LaFeO3/SnO, NTs, (e), (f), (g) of 10_LaFeO3s/SnO, NTs, (h), (i), (j) of 30_LaFeO3/SnO, NTs and (k), (1), (m) of 120_LaFeO3z/SnO, NTs,

respectively.

surfaces of NTs for a more uniform reaction. Fig. 1e, h and k
show the SEM images of the LaFeO; NTs upon different periods
of GRR treatment. When the Sn*" ions in the solution contin-
uously react with the suspended LaFeO; NTs for 10 min
(10_LaFeOs/SnO, NTs), SnO, grains start to form on the surface
of LaFeO; NTs (Fig. 1e). The color of the 10_LaFeO3/SnO, NTs
solution remains brown (inset in Fig. 1e), similarly to that of
0_LaFeO3/Sn0O, NTs. This indicates that 10 min of GRR was
insufficient to sufficiently change the morphology and compo-
sition of NTs for altering their optical properties. Nevertheless,
the presence of SnO, particles on the surface of 10_LaFeO;/
SnO, NTs was clearly observed, indicating the GRR was rapidly
initiated upon introduction of Sn*>" ions (Fig. 1f and g). When
GRR continued for longer durations, i.e., 30 and 120 min, an
obvious morphological change in LaFeO; NTs was observed.
After the GRR of LaFeO; NTs for 30 min (30_LaFeO3/SnO, NTs),
the highly rough surface could be observed (Fig. 1h and i). In the
case of 120_LaFeO;/SnO, NTs, a large number of SnO, particles
were observed on the surface (Fig. 1k and I). Interestingly, the
color of the LaFeO3/SnO, NTs suspension shows a noticeable
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change from brown-red to white as the GRR time is increased
from 0 to 120 min (Fig. S27), indicating a progressive increase in
the amount of SnO, formed by GRR. Note that HRTEM images
shown in Fig. 1g and j and m clearly display an existence of
precipitated nanoscale (1-10 nm) SnO, grains, at which the
interplanar distances were measured to be 0.335 nm, corre-
sponding to (110) crystal planes of Sn0O,.*® In addition to the
formation of SnO, nanograins on LaFeO; NTs, the porosity of
LaFeO;/SnO, NTs was also developed during the GRR process as
shown in Fig. 1c, f, i and 1. The orientations of numerous SnO,
nanograins are fairly random that these planes corroborated
the perspective fast Fourier transform (FFT) patterns (see insets
in Fig. 1k-m).

To further investigate the compositional changes in LaFeO,/
SnO, NTs (0, 10, 30 and 120_LaFeO;3/SnO, NTs) during the GRR
process, energy-dispersive X-ray spectroscopy (EDS) analysis
was carried out using a scanning transmission electron micro-
scope (STEM). STEM images of 0, 10, 30 and 120_LaFeO3/SnO,
NTs clearly show the hollow structures as well as the develop-
ment of porosity in LaFeO;/SnO, NTs as the GRR progresses

This journal is © The Royal Society of Chemistry 2022
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Fig.2 Scanning TEM (STEM) images of (a) 0, (b) 10, (c) 30, (d) 120_LaFeO3/SnO, NTs. Elemental mapping of La, Fe, O and Sn of (e) O, (f) 10, (g) 30,
(h) 120_LaFeO3/SnO, NTs. Data plots of the EDS line-scan of (i) O, (j) 10, (k) 30, () 120_LaFeO3/SnO, NTs.

(Fig. 2a-d). In the case of 0_LaFeO;/SnO, NTs (Fig. 2e), the
mapping result reveals uniform distributions of La, Fe and O
elements, corresponding to pristine LaFeO; NTs. After initiating
the GRR, as shown in Fig. 2f-h, the visible peak intensity of Sn is
gradually increased as a function of the reaction time, even
surpassing that of La and Fe after 120 min as a result of the
continuous dissolution of LaFeO; NTs and the simultaneous

This journal is © The Royal Society of Chemistry 2022

formation of SnO, nanograins on the surface of LaFeO; NTs.
The relative atomic ratio of Sn to the sum of La and Fe was
increased from 0 to 5.20 (Fig. S3t), indicating that Sn can
become the dominant component in LaFeO3/SnO, NTs after
120 min of GRR process. To further explore the morphological
evolution of SnO, on the surface of LaFeO; NTs during the GRR,
the EDS line-scan profile analysis was also conducted (Fig. 2i-1).
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As shown in data plots of Fig. 2i, the 0_LaFeO;/SnO, NTs only
show La, Fe and O components. Upon addition of the Sn*" ion
precursor solution, the Sn signals start to appear within 10
minutes, as seen from Fig. 2j. Furthermore, 30_LaFeO;/SnO,
NTs show a substantial increase in the Sn signal with respect to
the other transition metals, suggesting that major portions of
LaFeO; were transitioned to SnO, by GRR (Fig. 2k). By 120
minutes, only a minor amount of LaFeO; phase could be found,
while the majority of the signals were contributed by Sn (Fig. 21).

In order to investigate the evolution of the crystal structures
during the transformation of LaFeO; NTs into LaFeO3/SnO, NTs
at different stages of the GRR process, we conducted powder X-
ray diffraction (PXRD) analysis of LaFeO3/SnO, NTs as a func-
tion of GRR treatment time. As a reference, the distinctive peaks
of 0_LaFeO;/SnO, NTs could be indexed to the orthorhombic
LaFeO; phase (JCPDS# 37-1493), which are shown as black lines
in Fig. 3a. Here, we observed that the average grain size of
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LaFeOj; is 39.7 nm, according to the Scherrer formula (Table
S1t). After 10 min of GRR, there were no notiecable changes in
the peak positions and intensities, indicating that the amount
of SnO, formed at this stage is very limited (10_LaFeO;/SnO,
NTs; see orange line). After 30 min, a characteristic peak asso-
ciated with tetragonal SnO, (JCPDS# 41-1445) started to appear
in the low-angle region, indicating the presence of SnO,
throughout the nanostructure. The Scherrer formula indicated
that the SnO, phase existed in grains having sizes around
3.0 nm (Table S17). By this fact, smaller SnO, nanograins can
lead to higher gas response in gas sensing applications. Once
the NTs were treated for 120 min, the tetragonal SnO, peaks
became dominant, while the peaks of LaFeO; phase were no
longer recognizable. Moreover, the peak widths were signifi-
cantly broadened in the case of 120_LaFeO;/SnO, NTs, which
indicates that the nanostructure has overall been refined to
smaller grain sizes. Also, we further confirmed that the ratio of
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(@) XRD patterns from 26 = 20-80° for 0, 10, 30 and 120_LaFeO3z/SnO, NTs. (b) ICP-OES data of La, Fe and Sn for 0, 10, 30 and

120_LaFeOs/SnO, NTs. Ex situ XPS spectra of (c) La 3d, (d) Fe 2p, Sn 3p (e) Sn 3d in 0, 10, 30 and 120_LaFeO3/SnO, NTs.
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XRD peak intensities of SnO, (110) to LaFeO; (121) is gradually
increased from 0.01 (0 min) to 0.05 (10 min), 0.42 (30 min), and
1.4 (120 min), as shown in Fig. S4.1 These results are attributed
to the unique effect of GRR which took place at relatively low
temperature (<90 °C), thus for, it could prevent severe grain
growth of SnO, nanograins on the support of LaFeO; NTs.

Furthermore, the inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES) analyses were conducted to quan-
titatively measure the content of each element (at%, atomic
percent) as a function of the GRR time. If our hypothesis is
valid, the amount of La and Fe in the LaFeO; NTs should
gradually decrease, reflecting their dissolution, and the amount
of Sn should increase, reflecting their deposition. Fig. 3b shows
that the amount of La and Fe in the LaFeO; NTs decreased from
53.24 to 10.14 at% and from 46.75 to 5.67 at%, respectively, as
the reaction time of GRR was increased from 0 min to 120 min.
In comparison, the amount of Sn in the LaFeO; NTs increased
from 0 to 84.19 at% as the reaction time was increased from
0 min to 120 min. This result indicates that the composition of
the final product could be manipulated by simply controlling
the GRR time.

In addition to ICP-OES results, X-ray photoelectron spec-
troscopy (XPS) was examined to elucidate the detailed chemical
states of each element for LaFeO;/SnO, NTs at different stages
of the GRR process. The La 3d doublet peaks were located at
834.0 and 850.8 eV (Fig. 3¢), which are respectively attributed to
the 3ds,, and 3d3,, energy levels of La in the oxidized state.>” The
spin-orbit splitting gap of 16.8 eV between 3ds,, and 3d;,, peaks
specifically indicates the La®* valence state. The remaining four
peaks can be ascribed to the satellite peaks of La 3d. Interest-
ingly, the relative prevalence of each species of La as well as
their peak positions were mostly preserved as the GRR pro-
gressed from 0 to 120 min, although the overall intensity was
diminished by 120 min. In the Fe 2p region, Fe cations are in
a mixed valence state of Fe**, Fe*" and Fe**, even though an
ideally stoichiometric perovskite LaFeO; should consist solely
of Fe*". This is because the La vacancies in LaFeO; lattice may
promote the formation of Fe** or oxygen vacancies in order to
maintain the charge neutrality.® Considering just the Fe®*
species, the binding energies of Fe 2pz, and Fe 2p,, were
observed at 710.2 eV and 723.7 eV with a satellite peak of Fe*" at
718.9 eV (Fig. 3d), all of which appropriately corresponds to the
characteristic peaks of Fe** ions in their oxide form.>” The
overall intensity of Fe 2p XPS was diminished as the reaction
progressed from 0 to 120 min (Fig. S5t for magnified y-axis
scale). In the case of Sn, after 30 min of GRR treatment, we
could identify the characteristic doublet peaks of Sn*" at
487.3 eV and 495.8 eV, respectively assigned to Sn 3ds,, and Sn
3ds/, peaks (Fig. 3e).2**° Moreover, a new peak also appeared at
716.9 eV, assigned to the Sn 3p;, peak of Sn*", which was
notably overlapped with the Fe 2p signals. These results
evidently support the successful formation of the n-type SnO,
phase on the surface of LaFeO; NTs by GRR.*"** Importantly,
while the signal intensity of the Sn*" related peaks remain
relatively strong throughout the GRR process, the signal
intensity of the La 3d and Fe 2p peaks gradually decreased as
the GRR treatment continued, indicating the simultaneous

This journal is © The Royal Society of Chemistry 2022
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dissolution of La and Fe from the NTs lattice.”® Fig. S61 shows
the deconvoluted O 1s spectra for LaFeO; NTs, wherein
0_LaFeO3/SnO, NTs were shown to have three main peaks, one
at 529.3 €V which is assigned to the lattice O atoms (0*7) in
LaFeO; and other one at 531.2 eV representing the adsorbed
oxygen (O~) and physisorbed species (0, ) at 532.6 eV.**** After
the onset of GRR, the peak at 530.3 €V is assigned to the lattice
O atoms in SnO, and 531.2 eV represents adsorbed ionized
oxygen on the SnO, surface. Also, physisorbed species (O, ) are
also formed on the SnO, surface in air at 532.6 €V.*® Taken
together, it is evident that the GRR process could be utilized to
replace the LaFeO; phase with the SnO, phase, and that the
extent of this compositional modulation can effectively be
controlled by tailoring the reaction time.

In the end, we can effectively tune both the morphology and
composition of the GRR-driven heterogeneous LaFeO3/SnO,
NTs to optimize their properties for specific applications. In
particular, the two critical extensive parameters tuned by the
GRR process that needs to be considered for chemiresistive
sensing is: (1) the modulation of electrical properties of the
constituent SMOs; and (2) the change in the microstructures of
the SMOs. As shown in Fig. 4a, the interface between SnO, (d11
= 0.335 nm) and LaFeO; (d;,; = 0.277 nm) was found to be
highly coherent according to the HRTEM analysis, the ultravi-
olet photoelectron spectroscopy (UPS) and ultraviolet-visible
(UV-vis) spectroscopy measurements for LaFeO; and SnO,
samples identified the work functions and band gap of LaFeO;
(work function = 6.24 eV, band gap = 2.25 eV), and SnO, (work
function = 5.22 eV, band gap = 3.62 eV), respectively (Fig. S7
and S87t). A simplified energy band diagram of the LaFeO; and
SnO, is shown in Fig. S9.1 The formation of p-n heterojunctions
and corresponding electron depletion regions formed by
diffusion of the majority holes in LaFeO; and the electrons in
SnO, toward opposite directions to each other as illustrated in
band structures (Fig. 4b). Moreover, it is well known that the
grain size of nanostructured gas sensing materials has a major
influence on their response.* Note that the gas response
(defined as the resistance of the sensing material exposed to the
target gas normalized by its resistance in ambient air) can be
enhanced as the grain size of nanostructured gas sensing
materials is decreased, since it results in an increase of the total
active surface area. Thus, the dramatic modulation of electron
depletion regions can be achieved.?” In our case, the 30_LaFeO3/
SnO, NTs showed a substantially increased Brunauer-Emmett-
Teller (BET) surface area (146.6 m”> g~ ') compared to that of
0_LaFeO3/SnO, NTs (8.0 m* g~ "), as presented in Fig. 4c. This
microstructural evolution of LaFeO; NTs can be explained by
the increase of gas-accessible surface area resulting from the
dissolution of the parent LaFeO;3; phase and the simultaneous
growth of SnO, nanograins (<5 nm) occurring at random across
various sites in the surface of the NTs upon GRR, as shown in
Fig. S10.f Furthermore, the pore volume of 30_LaFeO3/SnO,
NTs (0.25 em® g~ ') were significantly increased compared with
that (0.03 cm® g™*) of 0_LaFeO;/SnO, NTs (Fig. 4d). In partic-
ular, abundant meso-sized pores (2-20 nm) on surfaces of
LaFeO3;/SnO, NTs were created significantly after GRR 30 min.
This porous structure not only allows the permeation of Sn
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Fig. 4 (a) TEM image of p—n junction between SnO, and LaFeOs. (b) Schematic illustration of the band structure of LaFeOs/SnO, NTs. (c)
Brunauer—Emmett—Teller (BET) and (d) Pore size distribution of 0 and 30_LaFeO3/SnO, NTs.

solutions onto both inner and exterior sides of LaFeO; NTs, but
also facilitate gas diffusion into the sensing layer.

As a demonstration of the GRR-derived LaFeO3/SnO, NTs for
gas sensing applications, we prepared gas sensors based on 0,
10, 30 and 120_LaFeO3/SnO, NTs and comparatively evaluated
their sensing performances. For this study, we selected acety-
lene as the target species because of its particularly wide
applicability as a reporter molecule in many diverse fields. For
instance, acetylene could be detected in electrical power trans-
formers as a result of the degradation of transformer oil upon
the increased frequency of electric arc generation, indicating
that their service life had been reached.*® Also, acetylene is
present in the exhaled breath of smokers in significantly higher
concentrations compared to that of non-smokers with values up
to 260 ppb from those that smoke.**** Furthermore, concen-
trated acetylene poses a fire hazard due to its flammability,
which necessitates the early detection of possible leaks from
pressurized containers.** To fabricate the sensors, we first
dispersed the as-obtained LaFeO;/SnO, NTs in ethanol by
sonication to prepare the ink, which was then drop-coated onto
an alumina (Al,O;) sensor substrate and dried (Fig. S11+1). All
sensing measurements were carried out under 80% relative
humidity (R.H.) conditions using a homemade system
(Fig. S12%), considering the potential application toward rapid
health screening in which acetylene gas can be detected from
human exhaled breath.*
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The graphs in Fig. 5a show the dynamic changes in the
resistance of the 0, 10, 30 and 120_LaFeO;/SnO, NTs sensors
toward 5 ppm of acetylene analyte at 440 °C. It is clear that the
formation of the n-type SnO, phase on LaFeO; NTs upon GRR
induces an electrical type transition to n-type with improved
response to acetylene gas, in reference to the p-type pristine

(a) s 1000M

GRR GRR GRR GRR
= 0 min = 10 min 30 min 120 min
<) G 100m —

o o
O 6k o — 4
5 § 10M B |
o o St -
@ T o
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(b)

Fig.5 (a) Dynamic changes in electrical resistance of the 0, 10, 30 and
120_LaFeO3/SnO, NTs sensors at 5 ppm of acetylene gas. (b) EDS
mapping of the La/Fe/O/Sn, La/Sn and Fe/Sn in 30_LaFeO3/SnO5.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2ta05338a

Published on 17 October 2022. Downloaded by Korea Advanced Institute of Science & Technology / KAIST on 11/27/2022 3:29:05 PM.

Paper

LaFeOj; NTs (see in black line). In addition, the baseline resis-
tances of GRR treated LaFeO;/SnO, NTs are three to four orders
of magnitude higher than that (5 kQ) of 0_LaFeO3/SnO, NTs,
signifying the effect of the SnO, phase on the electrical prop-
erties of the parent LaFeOj; phase. This is supported by the EDS
mapping images shown in Fig. 5b, which reveal that Sn is
concentrated at the exterior surfaces of the NT nanostructure
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while the La and Fe are found in the interior of LaFeO; NTs.
This can induce a distinctively higher baseline resistance as
a result of thicker electron depletion region by energy band
bending and make it more sensitive to gas molecule induced
charge transfer.**** Also, the high porosity of 30_LaFeO3/SnO,
NTs also contributes to the increase in baseline resistance since
it decreases the number of electron conduction pathways.
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Fig. 6 (a) Sensor response of 30_LaFeOs/SnO, NTs for different concentrations of C,H, at 400 °C, 430 °C, 440 °C, 450 °C and 500 °C in 80%
relative humidity condition. (b) Dynamic C,H, gas response in a concentration ranging 1-5 ppm at 440 °C. (c) Selective C,H, sensing char-
acteristics of 0 and 30_LaFeO3z/SnO, NTs with respect to interfering analytes at concentration of 5 ppm at 440 °C. (d) Detection limit of
30_LaFeO3/SnO, NTs toward C,H, gas down to 0.1 ppm. (e) Response time for 0, 10, 30 and 120_LaFeO3/SnO, NTs. (f) Response versus C,H,

concentration for previously reported state-of-the-art C,H, sensors.
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To find the optimized acetylene sensing temperature, we
compared the temperature-dependent sensing characteristics of
the sensor based on 30_LaFeO;/SnO, NTs as the representative
sample in a concentration range of 1-5 ppm, since the
30_LaFeO3/SnO, NTs contain appreciable amounts of both the p-
type LaFeO; perovskite phase and the n-type SnO, phase and are
therefore expected to have the largest number of p-n hetero-
junctions. As shown in Fig. 6a, among various operation
temperatures of 400, 430, 440, 450, and 500 °C, the optimal
working temperature was determined to be 440 °C considering
the highest gas response (Rair/Rgas = 32.1 to 5 ppm at 440 °C).
Notably, the response decreases for higher temperature (Rair/Rgas
= 3.35 to 5 ppm at 500 °C), likely due to the accelerated desorp-
tion of surface-adsorbed oxygen species, which facilitates the
complete oxidation of target gases into nonreactive gas species
such as CO, or H,O, thus leading to a low response.*” Subse-
quently, we compared the dynamic responses of the sensors,
measured at 440 °C (Fig. 6b). The 30_LaFeOs/SnO, NTs sensor
exhibited superior acetylene response (Ryir/Rgas = 32.1 at 5 ppm)
over those based on 120_LaFeO;/SnO, NTs (Rui/Rgas = 18.3),
10_LaFeO3/SnO, NTS (Ryir/Rgas = 4.8), and LaFeO; NTS (Ryas/Rair =
1.03), demonstrating that the transformation of LaFeO; NTs to
LaFeO3/SnO, NTs by a controlled GRR process results in a signif-
icant improvement of their gas sensing performance, so long as
the GRR is terminated at an appropriate reaction time. In addi-
tion, the XPS peak ratio of O /O®>~ in GRR treated 30_LaFeOs/
SnO, NTs is much higher than those of 0_LaFeO;/SnO, NTs
(Table S2t). This result directly indicates the tremendously
increased amount of chemisorbed oxygen species on the surface
of 30_LaFeO;/SnO, NTs compared to that of 0_LaFeO;/SnO, NTs
due to a large amount of SnO, nanograins formed by GRR. An
increase in the oxygen adsorption is advantageous to provide
much increased chemical interaction sites, therefore increasing
the response of chemiresistive sensors.** To investigate the
selectivity of the 30_LaFeO,/SnO, NTs sensor, the sensing prop-
erties of 30_LaFeO3/SnO, NTs were investigated at 440 °C toward
seven other potentially interfering gas species (2-propanol
(CsHgO), acetone (CH3;COCHj;), methyl mercaptan (CH;SH),
ethanol (C,Hs;OH), dimethyl sulfide (CH3SCH3;), sulfur dioxide
(SO,), ammonia (NHj)), each at a concentration of 5 ppm (Fig. 6c).
The 30_LaFeO3/SnO, NTs, together with an overall enhancement
in their sensor response, showed a distinct improvement in their
selectivity toward acetylene against other interfering gases
compared to that of pristine LaFeO; NTs. In particular, the
perovskite LaFeO; is well-reported material for selective activation
of the reaction between acetylene and chemisorbed oxygen
species on LaFeOj;.***® This would result in remarkably improved
selectivity, owing to the heterogeneous configurations of p-type
LaFeO; catalytic regions and n-type SnO, nanograins as main
sensing layers. In addition, the 30_LaFeO,/SnO, NTs could readily
detect 0.1 ppm (=100 ppb) of acetylene with noticeable response
value (Ry,ir/Rgas = 2.80) at 440 °C (Fig. 6d), with a limit of detection
(LOD) that is presumably below this concentration. Considering
that transformer oil is typically replaced once the dissolved acet-
ylene concentration reaches a few hundred ppm, the LaFeO,/
SnO, based sensor with sufficient sensitivities in a wide range of
acetylene concentrations seems to be practically viable for
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monitoring the service life of an electrical power transformer. As
shown in Fig. 6e, the 30_LaFeO;/SnO, NTs exhibited faster
responding speeds (16 s at 5 ppm of acetylene) in comparison to
the pristine LaFeO; NTs as well as other GRR-treated samples.
This can be attributed to the contribution of both the mesoporous
morphology, which provides many channels for gas diffusion, as
well as the numerous active surface sites. Also, the 30_LaFeOs/
SnO, NTs exhibited a stable sensing behavior toward 5 ppm
acetylene for 21 repeated cycles of exposure followed by recovery
(Fig. S131). Altogether, we found that the performance of
30_LaFeOs/SnO, NTs based acetylene sensors are unparalleled to
other SMO-based sensors reported in literature,'*****-¢ exem-
plifying the efficacy of GRR as a powerful strategy for engineering
the composition and morphology toward optimizing the sensing
characteristics of SMO-based materials (Fig. 6f).

Conclusions

We have demonstrated the galvanic replacement reaction (GRR)
based process to transform LaFeOj; perovskite nanotubes (NTs)
into heterogeneous oxide nanostructures with high porosity for
highly sensitive and selective gas sensors toward acetylene. Due
to the atomic scale replacement reaction between SnO, and
LaFeO; at low reaction temperature (<90 °C), the numerous p-n
heterogeneous junctions were naturally created within the
tubular structure with high surface area (146.6 m> g '), thus
exceptionally activating the selective chemical reaction to target
acetylene molecules in SnO, nanograin (<10 nm) sensitized
LaFeO; NTs. As a result, the GRR treated LaFeO;/SnO, NTs
exhibited significantly enhanced sensitivity to acetylene even at
sub-1 ppm level of acetylene (Ruir/Rgas = 2.8 to 0.1 ppm) in
a highly selective manner, even without using conventional
noble metal catalysts. Based on our mechanistic study of the
GRR process for perovskite oxides, we believe that our strategy
has the potential for expansion toward perovskites and other
complex oxides, each of which could be fine-tuned by varying
GRR conditions to tailor them toward many industrially and
scientifically relevant applications including electrocatalyst,
energy storage materials, catalyst and sensors.

Experimental section
Preparation of precursor materials

Lanthanum nitrate hexahydrate La(NO;);-6H,0, iron nitrate
nonahydrate Fe(NOj);-9H,0, tin chloride dihydrate (SnCl,-
-2H,0), N,N-dimethylformamide, polyvinylpyrrolidone (PVP, M,,
= 1300 000), xylene, oleic acid, oleylamine were purchased from
Sigma-Aldrich (St. Louis. USA). Hydrochloric acid (HCl solution,
37%) were purchased from Samchun (South Korea). The
precursor metal nitrates with purity 99.9% and all other chem-
icals were used as-received without any further purification.

Synthesis of LaFeO; NTs

LaFeO; (LFO) nanotubes were synthesized by electrospinning.
The precursor solution was prepared by the following proce-
dure. The stoichiometric amounts of 1.0825 g of La(NO3);3-6H,0
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and 1.0100 g of Fe(NO3)3-9H,O0 precursor salts were dissolved in
9.44 ¢ of DMF solvents. Then, 1.422 g of polyvinylpyrrolidone
(PVP) was gently added to the composite metal nitrate solutions
and stirred 12 hours. The precursor solution was then trans-
ferred into 20 mL plastic syringes and electrospun with a pump
at a feeding rate of 10 uL min~", a high voltage of 15 kV, and
a distance between the tip of the syringe nozzle and the drum
collector of 15 cm. After the electrospinning, as-spun composite
nanofibers (La and Fe precursors, PVP) were calcined at 450 °C
and 700 °C for 2 hours, respectively at a heating rate of 5 °C
min~*! in ambient atmosphere to obtain the crystalline perov-
skite phase LaFeO; NTs.

Galvanic replacement reaction of LaFeO; NTs with Sn>* ions

In order to synthesize the LaFeO;/SnO, NTs, the 0.08 g of as
prepared LaFeO; NTs were dispersed in 10 mL of xylene solvents
with 0.14 g of oleic acid and 2.00 g of oleylamine. This
composite solution was placed in oil bath and heated to 90 °C
on a hot plate. In the meanwhile, SnCl,-2H,0 (4 mmol in 2 mL
of deionized water) solution were mixed with 0.5 mL of HCI
(37%) to complete dissolution of stannous salt in water. This Sn
precursor solutions were gently poured into the composite
solution of LaFeO; NTs. Note that the 30_LaFeO;/SnO, NTs can
be achieved through the aforementioned GRR process after
30 min. The resulting galvanically reacted LaFeO; NTs powder
was collected by centrifugation and washed several times with
ethanol. Finally, the product was then dried in oven at 60 °C for
12 h. All the synthetic procedures of LaFeOs/SnO, NTs were the
same except the different duration time in GRR process.

Material characterization

To confirm the change in microstructures and morphologies of
the electrospun and galvanic reaction treated LaFeO; NTs, field
emission scanning electron microscope (SEM, SU8230, Hita-
chi), 300 keV field emission transmission electron microscope
(Fe-TEM, F30 super-twin, Tecnai) and field emission scanning
transmission electron microscope (FE-STEM, HD-2300A, Hita-
chi) were used. High resolution powder X-ray diffractometer
(RIGAKU, SmartLab) with Cu Ka. radiation (A = 1.5418 A) was
used to confirm the crystal structure of each samples. The
chemical bonding states of each samples were investigated by X-
ray photoelectron spectroscopy (XPS, Axis-Supra, Kratos) with Al
K radiation. The Brunauer-Emmett-Teller (BET) surface area
and pore size distribution of the samples confirmed by using N,
adsorption/desorption isotherms (Tristar 3020, Micromeritics
0 at 77 K). Ultraviolet photoelectron spectroscopy (UPS)
measurements were conducted with an AXIS-Supra using a He I
discharge lamp that has 21.2 eV of photon energy. A UV-vis
spectrometer (Shimadzu UV-1800) was used to obtain the UV-
vis absorbance spectrum.

Evaluation of gas sensing performance

To measure the gas sensing characteristics, we prepared gas
sensors on Al,O; substrates patterned with two parallel Au
electrodes on the front side and Pt heater lines on the back side.
3 mg of the prepared sensing materials were dispersed in 150 pL
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of ethanol. Next, the dispersed solutions for each sample were
drop-coated on the front side of the substrate where a pair of
interdigitated Au electrodes (25 pm width and 150 pm electrode
gap) were printed on one side of the Al,O; substrate and Pt heater
lines were attached to the other side. All the sensors were
stabilized under ambient conditions for 3 h before gas in. To
investigate the response to the target gas, the sensors were
exposed to 8 different gas species (acetylene, 2-propanol,
acetone, methyl mercaptan, ethanol, dimethyl sulfide, sulfur
dioxide, ammonia). The target gases were purchased from
a specialized vendor in the form of pressurized gas bombes
calibrated to the specified concentration. The gas bombes,
including those of balance gases such as air, were attached to
mass flow controllers (MFC) for computer-controlled flow and
mixing. The relative proportions of the target gas to the balance
gas were modified for each experiment while keeping the total
gas flow fixed at 1000 sccm. The humidity of the balance gas was
controlled by diverting a portion of the gas flow into a water
bubbler held at 37 °C, and then mixing this wet gas back with the
pristine balance gas using the MFC. We measured the resistance
changes of each samples by using a data acquisition system
(349724, Agilent), and the obtained data were translated into gas
response, Le., resistance ratio of R,jr/Rgas OF Rgas/Rair, Where Ry is
the baseline resistance in ambient air and R, is the resistance
shown in period of gas injection. The response time is defined as
the time for the increase of the resistance from Rg;. to 90% of
AR .- The on/off interval of exposure to gases was 10 min. The
operation temperature was adjusted by applying a DC voltage to
the Pt microheater using a DC power supply (E3644A, Agilent).
Temperature of the heating system can be altered by applying
different voltages (e.g. 6.34 V = 440 °C).
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