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ABSTRACT: Piezocatalytic water splitting is an emerging approach for
generating green hydrogen by using noise. However, while the efficiency of
hydrogen production remains limited, barely anything is known about the
long-term usability of the piezocatalysts. In this study, we present single-
crystalline Sr,Bi;Nb,O,;Br nanoplates with precise facet control and
remarkable piezoelectric properties, exhibiting a significantly enhanced
piezocatalytic hydrogen production rate of 5.3 mmol/g/h without needing
any expensive cocatalyst, such as Pt. Furthermore, we extend the
application of these nanoplates to seawater splitting with a commendable
rate retention of 4.1 mmol/g/h seawater, mimicking NaCl solution and 3.5
mmol/g/h in real, unprocessed seawater, surpassing the existing
piezocatalysts operated using pure water. A key finding in this work is
the fatigue-resistant nature of the Sr,Bi;Nb,O,,Br nanoplates originating
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from the layered structure. These maintain ~100% activity for over 150 h of continuous operation, while the existing catalysts have
not been tested beyond 10—15 h, offering a sustainable approach for renewable hydrogen production.

B INTRODUCTION

Catalytic water splitting has become increasingly attractive for
sustainable energy generation, offering an alternative to fossil
fuels, while mitigating challenges from carbon dioxide
emissions. This process involves harnessing various renewable
energy sources, such as solar light, waste heat, and mechanical
vibrations, etc., to produce high-energy-density hydrogen
(H,)."™ Among emerging technologies, piezocatalytic water
splitting, i.e.,, converting waste mechanical energy, such as
ultrasound noise, into chemical energy, stands out for its
potential to improve H, production. This approach leverages
piezoelectric materials that can develop surface charges when
subjected to external pressure. The piezopotential so
developed on the surface across a catalyst particle during
ultrasound-induced piezocatalysis can reduce protons, facilitat-
ing efficient hydrogen production. Even though a technoeco-
nomic evaluation of this approach is yet not available,
piezocatalysis can potentially have several beneficial features
as compared to conventional photocatalysis and electro-
catalysis.”~” Unlike photocatalysis, piezocatalysis does not
require precise band-edge positioning, as the piezopotential
naturally adjusts the energy levels of the conduction and
valence bands, favorable for water splitting. Moreover,
piezocatalysis does not necessitate using materials with high
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electrical conductivity, a prerequisite for electrocatalysis, thus
broadening its applicability in renewable energy produc-
tion.*~?

Furthermore, the vast expanse of the world’s oceans, which
hold 97% of the Earth’s water, presents a unique opportunity
for endless production of hydrogen from unprocessed water.
The ocean environment encompasses a wide frequency
spectrum, including low frequencies generated by shipping
activities (10—500 Hz), medium frequencies from sonars
(0.5-25 kHz), and high frequencies from thermal noise (>25
kHz), which can serve as renewable sources of pressure for
piezocatalytic seawater splitting. This diversity of naturally
available frequencies makes piezocatalytic seawater splitting an
attractive catalytic approach for hydrogen production. In our
previous work, we demonstrated piezocatalytic seawater
splitting feasibility, albeit with low efficiency. Therefore, it is
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necessary to develop catalysts with enhanced seawater splitting
efficiency.”""

Piezoelectric materials have traditionally been used to
convert mechanical energy into electrical energy for
applications, such as sensors, actuators, and transducers.' ">
However, it is only recently that researchers have shifted focus
toward using such materials for piezocatalytic water splitting. A
significant milestone was marked by Hong et al, who
demonstrated water splitting using piezoelectric ZnO micro-
fibers and BaTiO; microdendrites.'* Since then, several
materials, such as BiFeO,;, Bi,WOg, MoS,, and BiOCI, have
been explored as piezocatalysts for hydrogen production.''>'¢
Despite notable progress, challenges persist in enhancing the
piezocatalysis efficiency and expanding the range of candidate
materials.

Additionally, the degradation of catalysts during catalysis is a
significant concern that can limit their long-term performance
and effectiveness. In photocatalysis, catalyst degradation can
occur due to various factors, such as surface oxidation,
photocorrosion, and photocatalyst aggregation. Similarly, in
electrocatalysis, catalyst degradation can result from processes,
such as corrosion, poisoning, and surface restructuring. For
instance, Domen et al. explored ha_yCryO3/GaN/ZnO
powder for photocatalytic water splitting over a much longer
time than the conventional practices and identified the origin
of deactivation as surface damage.'” Similarly, some of us
recently explored Pd—Ni alloy nanowires as an efficient
electrocatalyst for oxygen reduction for extended use of over
200 K cycles and attributed an activity decrease of 45% to Ni
leaching, even though the end-activity is still an order of
maénitude higher than the initial activity of commercial Pt/
C."® To mitigate such catalyst degradation events during
renewable energy harvesting, various strategies have been
devised involving catalysts’ surface modification, the use of
protective coatings, employing support materials, etc.'
Investigation on piezocatalysis, on the other hand, is relatively
recent, and the stability of piezocatalysts during prolonged use
has not received attention so far. Yet, the exploration of the
same is critical since sonic energy is known to severely damage
materials and is often used to exfoliate layered materials,
making the long-term performance of the piezocatalysts
questionable. In this context, developing high-performance
piezoelectric materials that can be used for a long time is of
significance for the realization of sustainable and practically
applicable piezocatalysts.

Herein, we present highly active facet-controlled single-
crystalline Sr,Bi;Nb,O;;Br nanoplates with a relatively high
surface area obtained using a single-step flux method, which
requires much-simplified synthesis conditions compared to the
traditional solid-state synthesis approach. These nanoplates
exhibit a remarkably high piezoelectric coeflicient of 244 pm/V
and piezocatalytic water splitting efficiency, leading to a
hydrogen production rate of 5.3 mmol/g/h at a sonar
frequency of 37 kHz, without requiring any additional
cocatalysts. We further extend the application scope to
seawater splitting through piezocatalysis, achieving a hydrogen
production rate of 3.5 mmol/g/h in real seawater, which is
better than many other piezocatalysts for pure water splitting.
A significant attribution of this work is in exploring the long-
term usability of a catalyst during piezocatalysis. For the first
time, we demonstrate that the Sr,Bi;Nb,O,,Br nanoplates with
an intrinsic layered structure can sustain continuous ultrasonic
treatment for over 150 h, an order of magnitude higher period
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than previously examined. During this period, there was
negligible change in hydrogen production activity, confirming
the fatigue-free nature of the Sillen—Aurivillius phase.

B RESULTS AND DISCUSSION

The alternating (Bi,O,)*" and perovskite (A,_;B,Os,,;)*"
layers in Aurivillius compounds have long been known to
play a crucial role in the realization of fatigue-resistant
ferroelectricity for applications in electrical energy storage.
The (Bi,0,)** layers carry net electrical charges, and their
arrangement within the lattice is self-adjusted to counter-
balance space charges, thereby enhancing the fatigue resistance
of the Aurivillius phase.”' >

The Sillen—Aurivillius (SA) phases share structural
similarities with the Aurivillius phase with the incorporation
of an additional halide layer between the (Bi,0,)** layers.
These widely studied multiferroic phases can be denoted as
[Bi,0,] [A,_;B,0;,,1] [Bi,O,] [X,,], where A represents Ca**,
Sr**, Bi*, etc, B represents Nb%, Ta%, Ti", etc, “m”
represents the number of halide layers (X), and “n” signifies
the number of perovskite layers. SA phases exhibit remarkable
structural flexibility emanating from the compositional
versatility of cations with varying valences and “n”.**™*’

In this context, structural ambiguity emerging from many
studies for varying values of “n” is enticing because when n = 1,
these phases can be unequivocally assigned to a polar crystal
structure. In contrast, the n > 4 phases are nonpolar
structures.”® However, the n = 2 structures are widely reported
to exhibit multiferroic properties, while their average crystal
structure based on neutron and X-ray diffraction belongs to the
centrosymmetric P4/mmm space group. More careful studies
have revealed further symmetry breaking in these struc-
tures.”” " Distinct octahedral tilting, metal off-centering, and
intralayer polarization switching were inferred for the n = 2 and
3 phases from the second-harmonic-generation (SHG) studies.
Notwithstanding such ambiguity, the observation of multi-
ferroic properties inspired us to investigate their unexplored
piezocatalytic properties when n = 2. The n = 2 phase of the
Sr,BisNb,O,Br crystal in the P4/mmm space group is shown
in Figure la—c. Structurally, it comprises four distinct lattice
oxygen sites. O1 and O2 belong to the 12-coordinated Bi-alone
site, where the polyhedron distortion, as confirmed in the n = 1
phase, is expected to be influenced by the presence of
stereochemically active Bi 6s> lone pairs and the off-centering
of adjacent metal octahedra due to the second-order Jahn—
Teller effect (Figure 1d). O3 and O4 are situated at the
interface of [BiSrO,]* and the perovskite layers and near the
halide layer, respectively. The presence of the Bi,O, layer and
the distortion-induced structure of Sr,Bi;Nb,O,,Br as revealed
by the SHG studies is likely to confer inherent polarization
properties, contributing to efficient and fatigue-resistant
piezocatalytic activity,”>*”**~**

The SA phase of Sr,Bi;Nb,O,;Br, featuring double perov-
skite layers, was synthesized using a molten flux method,
employing a eutectic mixture of NaBr and KBr as flux at 800
°C for 4 h. The purity and crystallinity of the product were
assessed using powder X-ray diffraction (XRD, as shown in
Figure 2a). All diffraction peaks could be attributed to pure
Sr,Bi;Nb,O,,Br with lattice constants of a = 3.9231 A, b =
3.9231 A, and ¢ = 18.6066 A, confirming its purity.”*

To evaluate the morphology of the as-synthesized
Sr,Bi;Nb, O, Br, scanning electron microscopy (SEM, Figures
2b and S1) and transmission electron microscopy (TEM

https://doi.org/10.1021/acs.chemmater.4c00828
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Figure 1. Crystal structure of Sr,Bi;Nb,O;;Br observed along two
different planes: (a) bc plane and (b) ab plane. (c) Various lattice
oxygen configurations within Sr,Bi;Nb,O,;Br. (d) The perovskite
block indicates the octahedral off-centering of Nb.

Figure 2c) were employed. These analyses revealed that the
sample consists of rectangular nanoplates with an approximate
edge length of 2—10 um. Subsequently, atomic force
microscopy (AFM, Figure 2d) confirmed the nanoplate
morphology, indicating a thickness of ~90 (£30) nm and
smooth surfaces. These nanoplates exhibit a surface area of 7.9
+ 1.5 m?*/g (Figure S2). High-resolution TEM (HRTEM) and
selected area electron diffraction (SAED) analyses revealed
that the nanoplates are single crystalline. The HRTEM images
of the nanoplate displayed in Figure 2e,f contain lattice fringes
of 0.39 and 0.28 nm corresponding to the (110) and (020)
planes, respectively, suggesting that the basal facet of the
nanoplates is {001}.”*> A typical SAED pattern of a nanoplate
(Figure 2g) recorded along the [001] zone axis confirms the
dominant exposure of {001} facets and the single-crystalline
nature of Sr,Bi;Nb,O;;Br nanoplates. It may be noted that the
flux method appears advantageous, unlike the traditional solid-
state synthesis method that requires multiple heating and
grinding steps and a much longer annealing times. Besides, the
traditional particles may be deemed unsuitable for piezocatal-
ysis due to a smaller surface area and the polycrystalline nature
that can temper with pressure transmission.

X-ray photoelectron spectroscopy (XPS) was employed to
analyze the elemental composition and oxidation states. The
survey spectrum (Figure S3a) confirmed the presence of all
four elements. The high-resolution Bi 4f spectrum (Figure 2h)
can be deconvoluted into four distinct peaks. Among these, the
peaks at 159.4 and 164.6 eV correspond to Bi 4f,, and Bi 4f; ,,
respectively, indicating Bi** ions, while the low-intensity peaks
at 158.58 and 164.01 eV were attributed to a lower valence
state of Bi?*.* The presence of a tiny amount of Bi** suggests
the reduction of Bi’* to Bi** during synthesis, resultmg in
oxygen vacancies to maintain charge neutrality.”” High-
resolution O 1s spectrum (Figure 2i) contains peaks at 529.8
and 531.3 eV, representing lattice oxygen and oxygen
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vacancies, respectively, confirming the presence of a small
number of oxygen vacancies to accommodate Bi**.>® On the
other hand, the high-resolution Nb 3d and Sr 3d spectra
(Figure S3b,c) did not show any lower valence peaks,
suggesting a minimal probability of oxygen vacancy formation
in perovskite layers due to the stronger (Sr/Nb)—O bonds
compared to Bi—O.””*" The high-resolution Br 3d spectrum
(Figure S3d) was deconvoluted into two peaks corresponding
to 3ds, and 3d;/,, confirming the presence of Br. These
Sr,Bi;Nb,O,,Br nanoplates have an average optical band gap
of 2.58 eV (Figure S4).** Additionally, the TEM energy-
dispersive spectroscopy (EDS) elemental mapping also
confirms the presence of all of the constituent elements in
the Sr,Bi;Nb,O;;Br nanoplates (Figure SS).

Piezoelectric force microscopy (PFM) analysis was con-
ducted to investigate the piezoelectric properties of the
nanoplate. This involved applying an alternating current
(AC) voltage for mapping alongside a sweeping direct current
(DC) voltage to the scanning tip for estimating voltage-
induced distortion in the nanoplate. Figure 3a,b illustrates the
corresponding phase and amplitude images of a single
nanoplate. Local piezoresponse hysteresis loops (Figure 3c)
were generated by sweeping the DC bias from —10 to 10 V,
which produced a distinctive butterfly-shaped amplitude loop
characteristic of piezoelectric materials corresponding to a
piezoelectric coefficient of 244 pm/V. The phase-angle—
voltage hysteresis plot (Figure 3d) exhibited a 180° shift upon
DC bias reversal, confirming polarization switching within the
nanoplate.

To measure the piezopotential on the nanoplate surface, a
piezoelectric potential map (Figure 3e,f) was generated by
scanning a Kelvin probe force microscopy (KPFM) cantilever
over the nanoplate, revealing a surface potential of 410 mV.
The work function (@) was determined using the equation®*!

¢tip - qosample = VCPD/e
where Vpp is the contact potential difference between the tip
and the nanoplate, ¢, and @, represent the work functions
of the tip and sample, respectively, and e is the elementary
charge. The work function of the nanoplate was estimated as
4.47 eV, with highly oriented pyrolytic graphite (HOPG, ¢ =
4.66 eV), serving as a reference for calibrating ¢y, which is
superior to n = 1, Bi,TaO4Cl to suggest facile charge transfer
during catalysis.”

B PIEZOCATALYTIC WATER SPLITTING

Motivated by the high surface area, single-crystalline nature,
and prominent piezoelectric properties, we investigated the
piezocatalytic efficiencies of the Sr,Bi;Nb,O,;Br nanoplatelets
toward pure water splitting experiments under ultrasonic
conditions to produce hydrogen. We further used 10 vol %
ethanol as a hole scavenger but no expensive cocatalyst such as
Pt as in photocatalysis. As seen in Figure 4a, the nanoplates
exhibit excellent performance with consistent production of H,
for 4 h while using an ultrasonic frequency of 37 kHz,
corresponding to a production rate of ~5.3 mmol/h/g
(significantly higher than that without ethanol as expected,
as shown in Figure S6). The H, production activity of the
nanoplates was found to vary under different powers and
frequencies of ultrasonication. Figure 4b shows the influence of
two different ultrasonic frequencies on the production rate.
While 80 kHz frequency also gave a consistent H, production

https://doi.org/10.1021/acs.chemmater.4c00828
Chem. Mater. 2024, 36, 6558—6566


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00828/suppl_file/cm4c00828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00828/suppl_file/cm4c00828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00828/suppl_file/cm4c00828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00828/suppl_file/cm4c00828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00828/suppl_file/cm4c00828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00828/suppl_file/cm4c00828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00828/suppl_file/cm4c00828_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00828?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00828?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00828?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00828?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c00828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Sr,Bi,Nb,O, Br
(a)
=
= = -]
w
=
= ~——— Reference
g =
| 4nll.;lk11ll“llllll
10 20 30 40 50 80 70

26 (degree)

(h)
ﬁ
i
£ a9
E¢'o
- 4

Binding Energy (V)

162

Bi 4f

&
99
e 9
3 0

2

2
184 168 188 528 528 530 532 534 538

Binding Energy (eV)

Figure 2. (a) Powder XRD pattern of Sr,Bi;Nb,0O,,Br, field emission, (b) SEM, (c) TEM images, and (d) atomic force microscopy image and the
corresponding height profile (inset, ~70 nm) confirms the formation of the Sr,Bi;Nb,O,,Br nanoplates. (e, f) HRTEM images and (g) single-
crystalline SAED pattern acquired on a single nanoplate. (h, i) High-resolution Bi 4f and O 1s XPS spectra of the sample.

at a rate ~1.2 mmol/h/g, the higher activity achieved at 37
kHz is probably due to proximity to the resonance frequency
of the catalyst.'' Moreover, the H, generation rate
monotonously increased from 2.5 to 2.88, 4, and 5.3 mmol/
h/g when the ultrasonic power (at 37 kHz) was increased from
40 to 60, 80, and 100%, respectively (Figure 4c). The higher
vibrational power could lead to higher stress (T) and more
piezoelectric charge density (Q,) on the catalyst’s surface,
resulting in higher catalytic efficiency, following the relation-
ship Q, = dT, (d is the piezoelectric coefficient of the
nanoplates).

We further investigated the piezocatalytic seawater splitting
efficiency of the nanoplates using 3% NaCl solutions (weight/
volume) and real seawater to investigate the effect of salts and
other impurities on H, production. As seen in Figure 4d, the
production rate slightly decreased to 4.1 mmol/h/g in the
NaCl solution, and the same was 3.5 mmol/h/g when using
water from the Bay of Bengal. The decreases in catalytic
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activities in seawater splitting can be attributed to the blocking
of active sites and also the presence of cations in saline water
that are known to undergo either electrodeposition under
reductive conditions to decrease faradic efficiency or as
hydroxides.””

The H, production rate of ~5.3 mmol/h/g in pure water is
significantly higher than those achieved previously by using
other piezocatalysts, such as BaTiO;, SrTiO;, Bi,TaO4Cl], etc.,
as seen from a detailed comparison in Table S1. In addition,
although we observed a slight (~22%) decrease in H,
production in seawater compared to pure water, this rate
remains notably superior to those achieved via photocatalytic
means using cocatalyst-loaded Sillen—Aurivillius phases, other
oxide photocatalysts (Figure 4e), as well as previously reported
piezocatalysts (Figure 4f and Table S1). For example, a ~60%
decrease to 0.05 mmol/h/g was observed while using a
traditional BaTiOj; piezocatalyst.” Similarly, in the case of the
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Figure 3. (3, b) Amplitude and phase images of a Sr,Bi;Nb,O;;Br nanoplate and their corresponding (c) displacement—voltage and (d) phase
curves, respectively. (e) KPFM potential mapping image of the plate and the corresponding (f) surface potential.

single-perovskite SA phase of Bi,TaOCl, a marked decrease of
~40% to 0.85 mmol/h/g was reported.”

The underlying principle driving the piezocatalytic hydrogen
generation using Sr,Bi;Nb,O;;Br nanoplates is illustrated in
Figure 4g. When these nanoplates are subjected to ultra-
sonication, the implosive collapse of a cavitation bubble
formed during piezocatalysis exerts mechanical pressure on
them.® This pressure triggers a piezoelectric effect, leading to
the generation of positive and negative charges on the
nanoplatelet surfaces. The negative charges (g7) attract
protons in water, promoting H, production. Simultaneously,
the positive charges (q*) on the opposite side of the
nanoplatelets are neutralized by the sacrificial agent.''

B LONG-TERM STABILITY OF THE
SILLEN—AURIVILLIUS PHASES

Considering that the past studies have been focused on
developing highly efficient piezocatalysts but their stability
being checked for barely 10—15 h, while the long-term stability
evaluation is critical for sustainability, the Sr,Bi;Nb,O;;Br
nanoplates were subjected to use for 152 h of piezocatalytic
hydrogen production, with the evacuation of the reaction
system at 4 h intervals. We anticipated high stability due to the
presence of the (Bi,0,)* layers in its crystal structure, as
discussed before, which should help retain the crystallinity and
morphology of the nanoplates. Notably, as depicted in Figures
S and S7, there was a minimal alteration in hydrogen
production even after 152 h of ultrasonic irradiation,
demonstrating significant stability of the nanoplates under
ultrasonic conditions and retention of the piezocatalytic
properties. A range of analyses were performed to evaluate
the used nanoplates. Initially, XRD affirmed the catalyst’s
stability at the bulk level (Figure S8). Subsequent examinations
of morphology using SEM (Figure S9a,b), TEM (Figure S9c¢),
and AFM (Figure S10) revealed no noticeable changes in
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nanoplate morphology. Additionally, Brunauer—Emmett—Tell-
er (BET, Figure S11) data also indicated negligible alterations
in the surface area. The surface of the used catalyst was further
characterized by X-ray absorption spectroscopy (Figure S12)
and does not show any remarkable change, further confirming
stability.

The piezoelectric properties of the used Sr,Bi;Nb,O; Br
nanoplates were also assessed via piezoelectric force micros-
copy. Figure 6a,b illustrates the typical amplitude and phase
image of a used nanoplate, with corresponding spectroscopic
data shown in Figure 6¢,d. The discernible butterfly loop in the
displacement versus potential plot (Figure 6¢c) demonstrates
that the Sr,Bi;Nb,O,;Br nanoplates remain piezoelectric after
catalysis with a piezoelectric coefficient of d3; = 10S pm/V.
The corresponding phase-angle—voltage hysteresis plot
(Figure 6d) shows a 180° shift under the reversal of the DC
bias and confirms the retained polarization switching within
the nanoplate. The open-circuit potential (V,) was also
calculated to find out the magnitude of band bending by
following the equation”

_ WiTds,

P eoer
where Wj is the thickness of the nanoplate, T} is the applied
pressure, di; is the piezoelectric coeflicient, e, is the
permittivity of free space, and e, is the relative permittivity.
Here, the thickness of the nanoplate and the piezoelectric
coeflicient are ~70 nm and 105 pm/V, respectively, while e,
has been considered as 150."> However, the actual pressure
generated under sonication is rather vaguely reported in the
literature in the range of 0.1 to 10 GPa for a single cavitation
bubble collapse. If we consider an average T; = 1 GPa, the
calculated open-circuit voltage across the used Sr,Bi;Nb,O;,Br
nanoplate is ~5.5 V and so is the band-bending potential.
Mott—Schottky measurements on the nanoplates show
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Figure 4. (a) Plot showing the rate of H, production under ultrasound exposure by the Sr,Bi;Nb,O;;Br nanoplates. (b, c) H, production
efficiencies of the nanoplates as a function of ultrasonic frequency and power, respectively. (d) Comparison of H, production from NaCl solution,
pure and real seawater. Comparison of the current H, production performances in pure water and seawater with those observed in past studies
using (e) photocatalytic approach from Pt-loaded SA phases, as well as (f) other piezocatalysts reported in the literature (Table S1 in the
Supporting Information includes the detailed reaction conditions). (g) Schematic showing H, production over Sr,Bi;Nb,O;,Br nanoplates under

piezocatalytic conditions.

conduction and valence band positions of (—0.5 + 0.09) and
(2.16 + 0.09) V vs RHE, respectively. Considering that only
valence band electrons participate in piezocatalysis and
hydrogen reduction potential of 0 V vs RHE, a band bending
of only ~2.16 eV is required for the Sr,Bi;Nb,O,Br
nanoplates for efficient hydrogen generation, much lower
than 5.5 V, leading to a fatigue-free, consistent production over
150 h.

B CONCLUSIONS

In conclusion, we introduce a novel, flux-based method to
produce the n = 2 Sillen—Aurivillius phase of Sr,Bi;Nb,O,;Br
in a nanoplate morphology with precise control over facets,
leading to a high surface area, single crystallinity, pronounced
piezoelectric properties, and enhanced piezocatalytic activity.
These nanoplates demonstrate exceptionally high efficiency in
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splitting water and producing hydrogen without the need for
additional cocatalysts, achieving a rate of 5.3 mmol/g/h. We
also extend their application to seawater splitting, achieving a
rate of 4.1 and 3.5 mmol/g/h for simulated and real seawater
that even surpasses the existing metal-based piezo- and
photocatalysts used in pure water. We further establish the
“fatigue-free” piezocatalytic activity of the nanoplates for the
first time by subjecting them to over 150 h of continuous stress
(an order of magnitude higher than before) but with negligible
loss in hydrogen production activity.

B METHODS

Flux Synthesis of Sr,BizNb,0;;Br. Sr,Bi;Nb,O,;Br nanoplates
were synthesized by mixing a stoichiometric molar ratio (2:1:1:1) of
SrCO;, Bi,O3, Nb,Os, and BiOBr as starting materials. A molten salt
consisting of a eutectic mixture of KCl and NaCl (1:1) was employed
as a flux to promote the reaction and ensure the formation of the

https://doi.org/10.1021/acs.chemmater.4c00828
Chem. Mater. 2024, 36, 6558—6566


https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00828?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00828?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00828?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00828/suppl_file/cm4c00828_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00828?fig=fig4&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c00828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

1"
10
S 9] Fatigue-free catalytic behavior of Sr,Bi;Nb,0,,Cl
<
S 8qr . ]
E 7 1 Typical Durability test Extended Durability test in this work
56—
2 5]
S
[2)
© 4
8 3
£ 2]
14
0-+— T T T T T T T T
0 20 40 60 80 100 120 140 160
Time (h)

Figure 5. Plot showing sustained piezocatalytic H, production by
Sr,Bi;Nb, O, Br nanoplates for over 152 h.

nanoplates. The solute concentration of the flux was maintained at 3.2
mol % relative to the total amount of Sr,Bi;Nb,O;;Br and flux. The
precursors and flux were thoroughly ground with a mortar and pestle,
placed in an aluminum crucible, and then heated at 1073 K for 4 h in
a muffle furnace. Following natural cooling, the resulting product
underwent washing with deionized water and filtration, and the
obtained off-white powder was dried at room temperature.
Piezocatalytic Hydrogen Evolution Experiments. Piezocata-
lytic hydrogen evolution experiments were performed by dispersing S
mg of Sr,Bi;Nb,O;,Br nanoplates in a 10 volume percent ethanolic
aqueous solution of 30 mL volume, and the resulting solution was
enclosed in a 500 mL round-bottom flask (RB). To eliminate air, the
system underwent a 1 h purge with nitrogen (N,). Following this, the
RB was immersed in an ultrasonic bath (ELMA Elmasonic P300H,
110 W power) with switchable frequencies of 37 and 80 kHz. The
temperature of the piezocatalytic system was kept constant at 30 °C

using a water-cooling system. Gas generated during the experiments
was intermittently extracted with a gastight syringe and subjected to
analysis through gas chromatography (GC). For seawater-splitting
experiments, seawater was collected from a rocky beach in
Pondicherry, India, situated on the Bay of Bengal, and was used
after sedimentation.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00828.

Additional X-ray diffraction, SEM, BET, XPS, diffuse
reflectance spectroscopy (DRS), AFM, comparison
table, and experimental details (PDF)
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