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We explore an uncommon ultrasonic reduction method to exsolute
Ag from perovskite Lag g7Ago.03FeOs_; forming a composite with
enhanced catalytic oxidation activity. Such a mild exsolution is
based on the coupling effect of ultrasonic cavitation and reducible
BH,, and holds great potential in the fields of energy and environ-
ment catalysis.

Perovskite oxide-based composites are widely considered to be key
catalysts in the fields of energy and environment due to their
strong electron transfer between components.’® Many efforts
have been made to develop synthetic methods for perovskite
oxide-based composites with tight combination, strong inter-
action, and uniform particle distribution.>™® Despite several
advances in this regard, harsh conditions such as high-pressure
hydrogen atmosphere and high temperature are still the primary
exsolution methods for forming composites. For example, under
conditions of H, and 900 °C, Co®" was exsoluted from bulk
Lag 381 7C0g o7 Tip.9305_s to the surface and formed nano-sized
Co clusters that reduced the anode polarization resistance and
improved the solid oxide fuel cell performance of Lay 3Sr, ;TiO3_5
as well."" Nano-alloy Fe-Ni can be exsoluted from Sr,Fe, 3Nig,-
Mo, 506-5 by H, annealing, showing enhanced oxygen evolution
activity."* Kim’s team constructed an Ir/LaFeq ool 0105 composite
by exsolution, and the composite showed good hydrogen produc-
tion properties.'” It is noted that the classical thermal reduction
exsolution method is conducted at a temperature above 500 °C
and in H, atmosphere,*™* and moreover, the pristine oxides tend
to undergo structural distortion and even structure collapse
during the exsolution process.>® Nowadays, sustainable develop-
ment requires environment-friendly exsolution methods without
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involving harsh conditions such as high temperature and
hydrogen atmosphere, which remains highly challenging.

Ultrasonic reduction exsolution could be promising for
meeting such challenges, due to the coupling effects of ultra-
sonic cavitation®"* and strengthened reducibility of NaBH,
solution. High-intensity ultrasonic waves can generate a
large number of tiny cavitation bubbles in the propagation
medium,”* while the collapse of the cavitation bubbles can
create a local environment of high temperature, pressure, and
shockwaves, providing a special physicochemical environment
for chemical reactions. The ultrasonic waves strengthened the
reducibility of the NaBH, solution, creating a reaction environ-
ment with local high temperature and pressure, and strong
reducibility, which is similar to the classical high-pressure
hydrogen atmosphere annealing exsolution. Even so, thermal
reduction exsolution is carried out in a high temperature
atmosphere, and thus the lattice oxygen could combine with
active hydrogen to form water molecules and escape from the
pristine oxide. In this case, a large number of cations and
oxygen vacancies are generated in the reaction, which could
lead to lattice collapse and even phase transformation.****
Fortunately, ultrasonic reduction exsolution is carried out in an
aqueous solution at room temperature and pressure, and the
solution environment prevents the escape of lattice oxygen after
combining with active hydrogen, confirming the stability of the
catalysts.>**® Therefore, ultrasonic reduction exsolution could
have potential for the fabrication of advanced composites.

In this work, we report an ultrasonic reduction exsolution
that was successfully applied to the synthesis of composite
Ago.03—x/Lag g;AgH,FeO;_s (LAFO-UR). Under ultrasonic waves,
the active hydrogen was inserted into the lattice of perovskite
LAFO, which then transfers electrons to Ag" ions, leading to
their reduction and exsolution from the lattice to form Ag
nanoparticles on the surface of the perovskite, and construct
a composite Agy o;_x/Lags,AgHyFeO;_ s (Fig. 1a). The crystal
structures of the synthesized samples, including LaFeOj; (LFO),
LAFO, and LAFO-UR, were verified by X-ray diffraction (XRD)
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Fig.1 (a) Schematic illustration of LAFO ultrasound reduction, (b) FT-IR
data of LAFO and LAFO-UR, (c) XRD patterns of LFO, LAFO, and LAFO-UR
(Ni is the internal standard), (d) enlarged XRD patterns in the interval of
31-34°, and (e) TG-MS data of LAFO and LAFO-UR.

patterns (Fig. 1b), which showed that all signal peaks of the
synthesized LFO can be attributed to perovskite LaFeO;
(PDF#88-0641), similar to other two samples LAFO and
LAFO-UR. Even so, from the enlarged XRD patterns in the
interval of 31°-34° (Fig. 1c), one can see that the peaks of LAFO
and LAFO-UR shifted towards lower angles relative to pure
perovskite LFO. This demonstrates the lattice expansion after
Ag doping in the perovskite due to the larger radius of Ag"
compared to La**. Additionally, LAFO-UR exhibited a smaller
shift towards higher angles relative to LAFO, indicating that
some of the doped Ag" ions were reduced and escaped from the
perovskite lattice. The results of XRD refined data provide proof
of the above conclusions (Fig. S3 and Table S1, ESIT).

The mechanism of ultrasonic reduction exsolution was inves-
tigated by Fourier Transform Infrared Spectroscopy (FT-IR)
(Fig. 1e) and Thermogravimetric Mass Spectrometry (TG-MS)
(Fig. 1d and Fig. S5, ESIf). The FT-IR analysis revealed that
LAFO-UR contained more O-H species compared to LAFO, as
evidenced by an observable characteristic peak at a wavelength
of 3430 em™* (Fig. 1b). This conclusion is further supported by
TG-MS data; the mass loss of LAFO-UR at 600 °C is 1% higher
than that of LAFO (Fig. 1d), and this difference in mass loss is
originated from the release of water from LAFO-UR, possibly
formed by the condensation of O-H at high temperatures. The
results suggest that hydrogen inserted could combine with lattice
oxygen during the ultrasonic reduction process, leading to the
formation of water, while lattice oxygen does not escape during
the reaction process. The data of TG can indeed be used to
calculate the amount of protons inserted into LAFO, and the
molecular formula of LAFO-UR is Ago.o3-x/Lao s7AgHo 13FeO3_s.
Consequently, no oxygen vacancies were generated during the
LAFO reduction process, as indicated by Electron Paramagnetic
Resonance (EPR) (Fig. S6, ESIYt).

The morphology and elemental distribution of the samples
LFO, LAFO, and LAFO-UR were observed by Transmission
Electron Microscope (TEM) images. Both LAFO and LAFO-UR
exhibited particle sizes ranging from 15 to 50 nm, and no
significant morphology change was observed after ultrasonic
reduction. High Resolution Transmission Electron Microscope
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Fig. 2 (a) and (e) TEM images. (b) and (f) Elemental mapping. (c) and
(g) HRTEM images. (d) and (h) Linear scan of LAFO and LAFO-UR.

(HRTEM) analysis revealed lattice spacings of 0.275 and
0.35 nm for LAFO and LAFO-UR, corresponding to the crystal
planes (002) and (111) of perovskite LaFeOj, respectively.
Additionally, small nanoparticles with a lattice spacing of
0.235 nm were found in LAFO-UR, which was consistent with
the (111) crystal plane of Ag metal (Fig. 2g), suggesting the
formation of Ag nanoparticles on the surface of LAFO. Ele-
mental mapping illustrated that La and Fe were uniformly
distributed in both LAFO and LAFO-UR (Fig. 2b and f); mean-
while, in LAFO-UR, parts of Ag (Fig. 2f) were significantly
aggregated compared to LAFO (Fig. 2b), with the sizes of the
Ag aggregations ranged from 3 to 5 nm, consistent with particle
size of Ag nanoparticles observed in TEM images (Fig. S7, ESIT).
This result is further confirmed by linear scanning. In LAFO,
the changing trend of Ag content is in the same way as that of
La and O (Fig. 2d). Nevertheless, in LAFO-UR (Fig. 2h and
Fig. S8, ESIT), Ag shows an aggregated distribution, and the
surface nanoparticles mainly consist of Ag element, which
provides direct evidence for the exsolution of Ag.

The surface composition and structure of the samples were
obtained by X-ray Photoelectron Spectroscopy (XPS). From Ag
3d spectra of LAFO and LAFO-UR in Fig. 3a, one can see a larger
Ag" signal peak at 367.8 eV, in addition to the signal peak of Ag®
at 368.5 eV for LAFO-UR, which indicates the presence of Ag
nanoparticles after ultrasonic reduction exsolution in LAFO-
UR. The O 1s spectrum (Fig. 3c) shows that the peak at 529.3 eV
corresponds to Fe-O-Fe in the perovskite,”” while the peak at
531.25 eV is attributed to O-H related species (Fe-O-H, H-O-H,
etc.) on the surface of the perovskite. Obviously, the content of
O-H on the surface of LAFO-UR is found to be significantly
higher than that of LAFO. In addition, Fe 2p spectra indicate
that the valence state of Fe is closer to +3 (Fig. 3b).

Synchrotron X-ray Absorption Fine Structure (XAFS) was
used to study the electronic states of the samples LAFO and
LAFO-UR. In Fig. 3d, for Ag K-edge spectra, the intensity of the
white line peak is related to the valence state.”® LAFO-UR

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Ag 3d XPS spectra of LAFO and LAFO-UR, (b) Fe 2p and (c) O 1s
XPS spectra of LAFO and LAFO-UR, relative to LFO; (d) Ag K-edge, (e) Fe
L-edge, and (f) O K-edge XAFS spectra of LAFO and LAFO-UR.

exhibits a lower intensity of the white line peak in comparison
with LAFO, indicating a significant decrease in valence state of
Ag after ultrasonic reduction. Fig. 3e shows the normalized Fe
L-edge spectra. Peaks A and C could be attributed to the Fe
3d-O 2p hybrid t,, orbital, while peaks B and D could be
assigned to the Fe 3d-O2 p hybrid e, orbital.>® The peak
intensity of LAFO-UR is slightly lower than that of LAFO,
indicating that the density of electronic states of Fe in
LAFO-UR is higher than that of Fe in LAFO. Meanwhile, the
ratio of peak B to peak A was calculated (Table S4, ESIt), and
the ratio values of LAFO and LAFO-UR were 2.13 and 2.04,
respectively. This indicates that the probability of electron
transfer from the t,, orbital to the e, orbital increases in
LAFO-UR, as reported elsewhere.”® Therefore, the valence of
Fe decreased after ultrasonic reduction. Fig. 3f is the normal-
ized O K-edge spectra. Peaks a and b could be attributed to the
orbitals t,; and e, in the Fe 3d-O 2p hybrid orbital. Peaks ¢ and
d could be associated with the La 5d-O 2p hybrid zone, while
peaks e and f are derived from Fe 4sp and O 2p.*° To further
discuss the electronic states, we calculated the intensity ratio of
peak b to peak a (Table S5, ESIT). The ratio values for LAFO and
LAFO-UR are 1.07 and 1.11, respectively, and this result sug-
gests a transfer of e, orbital electrons in the Fe 3d-O 2p hybrid
orbital to the t,, orbital, leading to a decrease in the valence of
0, like the observation reported elsewhere.*® The main reason
for the decrease of the O valence state is charge transfer from
the Ag nanoparticles to the perovskite. The peak intensity of
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Fig. 4 (a) CO catalytic oxidation curves and (b) 2D histograms of 10%,

50%, and 90% CO conversion versus reaction temperature for the given
samples; (c) Arrhenius plots, (d) H>-TPR, and (e) O,-TPD for samples LFO,
LAFO, and LAFO-UR. (d) H,>-TPR and (e) O,-TPD of LFO, LAFO, and
LAFO-UR. (f) In situ DRIFTS spectra of LAFO-UR in a reactive atmosphere
(1% CO, 20% O,/He).

LAFO-UR at 538 ~ 542 eV (Fig. 3f) was enhanced because of the
production of hydroxyl groups, as reported elsewhere.?"*>

The oxidation activity of the samples LFO, LAFO, LAFO-UR,
and hydrogen-annealed LAFO (LAFO-H,-400) was investigated,
as shown in Fig. 4a. LAFO-UR exhibits the best catalytic
performance among all the samples. Additionally, the 10%,
50%, and 90% conversion temperatures of LAFO-UR are 150 °C,
175 °C, and 195 °C, respectively (Fig. 4b), all of which are lower
than those of LAFO and LAFO-H,-400. A linear Arrhenius
relationship between In(rate) and the reciprocal of the tem-
perature (1000/T) was obtained for LFO, LAFO and LAFO-UR
(Fig. 4c). Activation energy indirectly reflects catalytic activity.*®
The activation energy of LAFO-UR is calculated to be
61.97 KJ-mol ', which is lower than those of LFO and LAFO,
indicating that the catalytic CO oxidation of LAFO-UR is easier
to occur at low temperatures.

H,-TPR and O,-TPD were used to characterize the change in
the chemical nature of the samples. In the H,-TPR analysis
(Fig. 4d), it is observed that the reduction temperature of Ag”
(135 °C) is below 300 °C, while the temperature range for
reducing Fe** to Fe®" is 300-500 °C. The reduction tempera-
tures of Ag* and Fe®'/Fe®" in LAFO-UR have been significantly
increased compared to LAFO. This result demonstrates that Ag”
and Fe**/Fe®" are activated during ultrasonic reduction, and are
easily reduced at lower temperatures. O,-TPD is further used to
understand the oxygen species desorption behavior of the
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samples (Fig. 4e). Low temperature desorption of physically
adsorbed molecular O, and adsorbed O* (50-200 °C), and
intermediate temperature desorption of O, O*>~ and surface
lattice oxygen (300-500 °C) are shown in Fig. 4e. The low and
medium temperature ranges of LAFO-UR shifted towards lower
temperatures. Moreover, the peak area in the low-temperature
region for LAFO-UR is larger than those for LFO and LAFO, and
a new peak appears at 297 °C. This observation is likely since
exsolution of Ag activates the oxygen species on the surface of
LAFO. In order to reveal the reaction mechanism for CO
catalytic oxidation, in situ Diffuse Reflaxions Infrared
Fourier Transformations Spectroscopy (DRIFTS) was examined
(Fig. 4f). The peak positions of CO (at 2100-2200 cm ™~ '), HCOO
(at 1560 cm™ ') and HCO;* (at 1437 cm ™" and 1339 cm ™ ') are
observed, and the peak signal intensity of CO gradually
decreases as the temperature increases, while the peaks for
Ag adsorbing CO are not observed. Based on these observa-
tions, it can be deduced that with Ag as the absorption sites
of O,, the mechanism of CO oxidation conforms to the
Eley-Rideal (E-R) mechanism. The presence of Ag weakens
the Fe-O bonds,*"*® and the activated -OH on the surface of
the catalyst reacts with CO to produce bicarbonate and formate,
which subsequently react with O, adsorbed on the active site of
Ag to produce CO,. The reaction path of LAFO is the same as
that of LAFO-UR (Fig. S15, ESIf).

In summary, an unconventional exsolution method was suc-
cessfully applied to prepare a Agy,.o3—x/Lag s7AgxH,FeO3;_s compo-
site for CO oxidation. The formation of Ag nanoparticles on the
surface was comfirmed by XPS and HRTEM. Hydrogen was found
to be inserted into the perovskite lattice as indicated by FI-IR and
TG-MS, which compensated for the cation losses caused by Ag
exsolution and maintained the stability of the perovskite struc-
ture. The surface Ag nanoparticles increased the adsorption sites
of O,, weakened the Fe-O bond, and activated the lattice oxygen
on the sample surface, resulting in superior CO oxidation activity.
The ultrasonic reduction exsolution has demonstrated its
potential for synthesizing efficient composite catalysts, holding
great potential in the fields of energy, environment, and catalysis.
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