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Piezoelectrically enhanced photocatalysis of
K.Na;_,NbO3z (KNN) microstructures for efficient
water purificationt
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Haolin Huang® and Hongti Zhang (2 *>°

As a kind of excellent multifunctional metal oxide semiconductor, K,Na;_,NbOz (KNN) has been widely
applied in a variety of fields such as photocatalysis and energy harvesting due to its excellent piezoelec-
tric, dielectric and photovoltaic properties in recent decades. In this report, octahedron-shaped
Ko.4aNag eNbO3 (KNN-6) microstructures assembled by cubic nanoparticles with {010} exposed facets
were synthesized via a one-pot hydrothermal reaction. Due to the accumulation of electrons on the
exposed facets, which was conducive to the separation of photo-generated electron-hole pairs, the
microstructures could achieve a highly efficient photocatalytic performance for wastewater degradation.
In addition, owing to the piezoelectric effect of KNN crystals, the degradation efficiency could be further
enhanced by introducing ultrasonic vibration. Using methylene blue (MB) as the organic dye to evaluate
their wastewater degradation efficiency, the KNN microstructures achieved their best catalytic perform-
ance when the atomic ratio of KOH to NaOH in the reactant was set at 4 : 6 (KNN-6). Under the synergis-
tic effect of light irradiation and ultrasonic vibration, MB could almost be completely (99%) degraded
within 40 minutes by KNN-6 microstructures, which was several times more efficient than that of pure
NaNbOs or KNbOs in previous reports. This work demonstrated that the Ko 4Nag gNbO3z (KNN-6) micro-
structure could be a prominent candidate for wastewater purification. The formation mechanism of KNN
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Introduction

Photocatalysis is a powerful technology for wastewater treat-
ment, which can completely degrade organic dyes or other pol-
lutants without causing secondary pollution.’” However, in
the case of traditional photocatalysts, their low light utilization
efficiencies and high electron-hole recombination rates limit
their further applications in the photocatalysis field.
Therefore, the fabrication of highly efficient photocatalysts has
become a hotspot in the field of environmental protection.

In recent years, researchers found that photocatalytic per-
formance could be improved by ferroelectric polarization and
piezo-photoelectronic effects. This coupling effect between the
piezoelectric effect and photoresponsiveness was first discov-
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crystals and the role of the piezoelectric effect in the photocatalytic process were also discussed.

ered in ZnO nanowires by Wang et al.® As shown in that report,
by using the piezoelectric field to hinder the recombination of
photogenerated electrons and holes, the combined piezoelec-
tric effect and photoresponsiveness could effectively enhance
the photocatalytic performance, which was also widely applied
in photovoltaic devices or PECs.” In addition, the separation of
photo-generated electrons and holes would generate an
internal electric field, which can lead to the in turn switching
of polarization. This intriguing phenomenon also attracts vast
attention in the environmental protection field.®

Some piezoelectric semiconductors, such as CdS, ZnSnOj;,
BaTiO;, PbZr,_,Ti,O; (PZT), ZnO, ZIF-8, CoFe,0,, NiCo0,0,,
BiOCl, g-C3N, and Bi,Na,_,TiO;-BaTiO;(NBBT), are often used
as piezo-photocatalysts in applications such as wastewater
purification and water splitting.°>* For instance, using CdS as
the piezo-photocatalyst for the photocatalytic production of
H,, Zhao et al. achieved a high hydrogen yield rate reaching
~20 pL h™ with an optimized coupling of piezoelectric field
and photocatalysis.” Wang et al. synthesized a kind of ZnSnO;
nanowires that can degrade more than 92% of rhodamine
(RhB) within 60 min by synergistically applying ultrasonic
vibration and light irradiation, which was 1.53 and 2.3 times
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more effective than applying them separately.'® However,
among all the piezoelectric metal-oxide semiconductors, nio-
bates, especially potassium niobate (KNbO;) and sodium
niobate (NaNbOj;), have the potential of being prominent
piezo-photocatalysts due to their high carrier mobility and out-
standing chemical stabilities.>**® A chemically stable NaNbO;
semiconductor designed by Singh et al. could degrade about
78% of MB within 180 min under the combined effect of
irradiation and vibration, which was much higher than that of
ZnO, demonstrating that niobates might have a great potential
in the field of piezo-photocatalysis.”” Apart from NaNbOs;,
niobate KNbO; was also applied in the field of piezo-photoca-
talysis. As reported by Yu et al, a sheet-like KNbO; catalyst
with the (010) exposed facet alongside one of the polarization
components could degrade about 92.6% RhB solution in
120 min under external vibration, with the photocurrent
density increased by 55%.%® Due to their non-centrosymmetric
structures, niobates also had pyroelectric properties. Jia et al.
synthesized NaNbOj; nanofibers via the hydrothermal reaction,
which could degrade more than 86% RhB in 80 min under
both ultrasonic vibration and 15-50 °C cold-hot cycles without
any light irradiation.*

Recently, researchers have found that antiferroelectric-type
NaNbO; could be dissolved into ferroelectric-type KNbO; to
form a single-phase solid solution K;_,Na,NbO; (KNN).*%3!
Better piezoelectric properties of KNN materials were demon-
strated by Saito et al.>* who prepared hexa-membered ceramics
with piezoelectric constants as high as 416 pC/N, which was
comparable to the conventional lead-containing piezoelectric
material PbZr,Ti; _,Os. Therefore, KNN materials might have a
better piezo- photocatalytic performance than pure NaNbO; or
KNbO;. Although the KNN samples have been used in many
fields such as supercapacitors, energy harvesters, and solar
cells,***” there were only a few reports about their potential as
piezoelectrically enhanced photocatalysts for wastewater treat-
ment (as shown in the ESIT).
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In this study, a series of KNN microstructures with different
K and Na contents were prepared through hydrothermal reac-
tions, and their methylene blue (MB) catalytic degradation
efficiencies were evaluated under conditions of light
irradiation, ultrasonic vibration, and their synergistic effect.
From the results, we found that the KNN samples with the
K:Na atomic ratio of 4:6 (i.e.,, KNN-6) exhibited the best
degradation efficiency, which could almost completely degrade
the MB solution within 40 minutes under the synergistic effect
of light irradiation and ultrasonic vibration, which was several
times faster than the previously reported pure NaNbOj,
KNbO;, and other types of metal-oxide semiconductor
photocatalysts.>”*$3° This work showed the possibility of
using low-cost niobate microstructures as effective photocata-
lysts for wastewater purification and discussed the auxiliary
mechanism of piezoelectricity in photocatalysis.

Experimental section
Material synthesis

Material preparation. Potassium hydroxide (KOH, >96%),
sodium hydroxide (NaOH, >96%) and methylene blue (MB)
were purchased from Collins. Niobium(v) oxide (Nb,Os, >99%)
and p-benzoquinone (BQ) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Terephthalic acid (TA) was pur-
chased from Sangon Biotech (Shanghai) Co., Ltd.
Nitrotetrazolium blue chloride (NBT) was purchased from
Meilun Biotechnology Co., Ltd. tert-Butanol (TBA) and edetate
disodium dihydrate (EDTA-2Na) purchased from
Shanghai Titan Scientific Co., Ltd.

were

Synthesis of K,Na;_,NbO; (KNN)

The KNN powder was synthesized via a hydrothermal reaction.
In a typical process, specific amounts of NaOH and KOH were
dissolved in deionized (DI) water to form an alkaline solution
with the concentration of OH- being 10 M. Then, 0.3 g of Nb,O5
was dispersed in the as-prepared alkaline solution under con-
tinuous stirring. We transferred the resulting suspension into a
Teflon-lined stainless-steel autoclave and held it at 200 °C for
24 h. After the reaction, we washed the final product with DI
water and C,H;OH several times to remove the remaining impu-
rities. Afterwards, the product was dried at 80 °C for 5 h, and
then the white KNN samples were finally obtained.

In order to obtain KNN powders with different Na/K ratios,
we changed the concentration of NaOH and KOH in the reac-
tant, and labeled KNN powders with different Na/K ratios as
KNN-0 to KNN-10, as provided in Table 1. From KNN-0 to
KNN-10, the concentration of the K element in KNN increased
gradually.

In order to investigate the formation mechanism of KNN
microstructures, we changed the temperatures (180 °C, 190 °C
and 200 °C for 24 h) and durations (1, 2, 4, 8, 16 and 24 h at
200 °C) of the hydrothermal reactions to monitor their growth
procedures.
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Table 1 KNN powders with different Na/K ratios

Sample no. KNN-0 KNN-5 KNN-6 KNN-7 KNN-8 KNN-9 KNN-10
KOH concentration (mol L™) 0 5 6 7 8 9 10
NaOH concentration (mol L) 10 5 4 3 2 1 0

Total concentration (mol L™") 10 10 10 10 10 10 10

Material characterization

The morphologies of the as-prepared KNN powders were inves-
tigated using a scanning electron microscope (SEM, JEOL
JSM-IT500HR) and a transmission electron microscope (TEM,
JEOL 2100Plus) operated at accelerating voltages of 10 and 200
kv, respectively. The general phase structures were investigated
by X-ray diffraction (XRD, D2 Advance, Bruker™) using Cu Ko
energy as the radiation source. The elemental compositions
were established by X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi, Thermo Fisher Scientific). The photo-
luminescence spectra were recorded using a photo-
luminescence spectrometer (Fluorolog-3, Horiba Scientific)
using the 315 nm excitation light. Ultraviolet-visible (UV-vis)
spectra were used to calculate the band gaps of KNN powders
and evaluate their MB degradation efficiencies, which were
recorded on a Cary 5000 spectrophotometer (Agilent
Technologies). The ferroelectric properties of the KNN samples
were investigated by piezoresponse force microscopy (PFM
mfp-3d Asylum Research).

Photocatalytic efficiency evaluation

Methylene blue (MB) was used to evaluate the piezo-photo-
catalytic performance of the as-prepared KNN samples. First,
we dispersed 0.1 g of the catalysts (KNN samples, KNN-0 to
KNN-10) in 50 mL of MB aqueous solution at a concentration
of 10 mg L™". Then, we put the suspension into an ultrasonic
cleaner machine (120 W) in a dark environment for
20 minutes to reach a photo-equilibrated state. Finally, a Xe
lamp was placed ~15 cm above the suspension surface as the
light irradiation source. During the whole degradation process,
we stirred the suspension every few minutes to exclude the
influence of catalyst dispersion on our experiment. The MB
solutions were degraded by the KNN powder under three
different conditions: (i) UV light irradiation without ultrasonic
vibration, (ii) dark environment with ultrasonic vibrations, and
(iii) UV light irradiation together with ultrasonic vibrations.
5 mL of the suspension under degradation was collected every
5 minutes to monitor the MB concentration changes using a
UV-vis spectrophotometer (the characteristic absorption peak
of MB was ~660 nm). In addition, water in the ultrasonic
cleansing machine will be replaced every 20 minutes to keep
the reaction temperature stable during the whole degradation
process. The photodegradation efficiency (17.¢) was determined
according to the following eqn (1):

A
Heft = (1 — —t) X 100%)
Ao

(1)
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where A, and 4, stand for the intensity of the MB absorption
peak (~660 nm) before and after the catalytic reaction at a
specific time.

Apart from MB, we also degraded NBT to further investigate
the degradation mechanism of KNN-6. Since NBT can be easily
degraded in the presence of oxidative free radicals O,~, the
relative concentration of ‘O,” generated by KNN-6 could be
evaluated by the degradation efficiency of NBT. The whole
process was the same as that mentioned before except for that
MB was replaced with NBT and the characteristic absorption
peak was changed to 270 nm, accordingly.

The photoluminescence spectra were obtained to detect the
generated "OH" radicals. Typically, we dissolved terephthalic
acid (TA) and NaOH in 50 mL of DI water to form a homo-
geneous solution with the concentration of TA being 0.5 mM
and that of NaOH being 2 mM. Under the stimulation of
irradiation and vibration, TA could react with the generated
‘OH" radicals to form TAOH which can be characterized using
the photoluminescence spectra at 425 nm.

To further investigate which radicals played the most
important role in the degradation process, we performed trap-
ping experiments by introducing different kinds of radical
quenchers. As it was known, disodium ethylenediaminetetraace-
tate (EDTA-2Na), benzoquinone (BQ) and tert-butylalcohol (TBA)
can trap the h', ‘0,7, and "OH™ radicals respectively. We added
these three quenchers into the MB solution and repeated the
abovementioned degradation processes. Then we measured the
UV-vis absorbance of MB solutions to evaluate their degradation
efficiencies in the absence of h*, ‘0,~, or "OH".

Results and discussion
Structure and morphology of KNN

We used XRD to investigate the crystal structures of the as-syn-
thesized KNN samples, and the results are shown in Fig. 1.
The XRD peaks of the as-prepared KNN samples with different
K/Na contents were all similar to the standard diffraction
peaks of the KNbO; phase (JCPDS card no.32-0822),*® with
lattice parameters of a = 5.695 A, b = 5.7213 A and ¢ = 3.9739 A,
indicating that the as-synthesized KNN samples were all per-
ovskite-type niobate materials and no impurities were formed
during the hydrothermal process. In addition, as shown in
Fig. 1, with the increase of Na contents in KNN, the diffraction
peaks of KNN would shift to higher angles due to the shrink-
age of crystal lattices. Fig. 1(b) shows the XRD patterns for all
the KNN samples ranging from 44° to 48°. For KNN-0 (pure
NaNbOj;), KNN-5 (nearly no K element) and KNN-10 (pure

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 The XRD patterns of the as-synthesized KNN samples with different Na/K ratios with scanning ranges of (a) 10° to 70° and (b) 44° to 48°.
With the increase of the Na content, the diffraction angles shifted toward higher angles.

KNbO;3), the diffraction peaks were split into two peaks, which
were consistent with the standard diffraction peaks for
NaNbO; (JCPDS card no.33-1270, orthorhombic symmetry)
and KNbOj; (JCPDS card no.32-0822, orthorhombic symmetry).
However, for KNN-7 to KNN-8, the diffraction peaks at 45°
were split into three peaks indicating that these KNN samples
exhibited monoclinic symmetry (JCPDS PDF#77-1098). For
KNN-6, the broad diffraction peak at 45° indicated more than
one diffraction peak overlapped there. The split diffraction
peaks at 23° and 45° indicated that the space group of the as-
synthesized sample was orthorhombic or monoclinic sym-
metry rather than cubic symmetry.*® As it is known the crystal
symmetry of the orthorhombic and monoclinic space groups
was much lower than that of the cubic space group. Therefore,
the KNN samples exhibited a stronger piezoelectric effect due
to their non-centrosymmetric structures, which played an
important role in the piezo-enhanced photocatalytic process.
To obtain the optimal hydrothermal reaction temperature, we
also synthesized KNN samples at different hydrothermal temp-
eratures and the XRD patterns are shown in Fig. S1.1 As shown
in Fig. S1,7 when the hydrothermal temperatures were below
200 °C, the final product was (K,Na)NbgO;o (JCPDS: No.14-
0360) rather than (K,Na)NbO; due to the lack of activation
energy for the whole reaction.

We used XPS to investigate the element information at the
surface of KNN-6 (K, 4Nay¢NbO3), which is shown in Fig. 2.
The XPS survey scan spectrum of the KNN-6 samples exhibited
distinct Na, K, Nb, and O core level peaks, without any
additional peaks remaining, which was consistent with the
results of EDS listed in Table 2. Fig. 2(b) shows the binding
energies of Nb 3ds, and Nb 3d;, at 206.1 and 208.7 eV
respectively, which were the characteristic peaks for the Nb>*
ion.”® As shown in Fig. 2(c), there were 4 binding energy peaks
for the K 2p energy levels, indexed as K 2ps5, K 2p1/2, K 2p'3/2,

This journal is © The Royal Society of Chemistry 2023

and K 2p’y, at 290.9 eV, 293.6 eV, 292.6 and 295.3 €V, respect-
ively. The K 2p’ binding energies that were not detected in
pure KNbO;*® samples might be caused by the interaction
between the K and Na elements, which was consistent with a
previous report on the KNN sample.?® The binding energy for
Na 1s at 1070.5 eV was not deconvoluted, which was consistent
with the results presented in other reports.**>°

The morphologies of the as-synthesized KNN samples were
first investigated via SEM. Fig. 3(a)-(g) show the SEM images
of the as-synthesized KNN samples. As shown in Fig. 3(a) and
(b), for KNN-0 and KNN-5, due to a large amount of Na
element, the KNN particles were in cubic shapes with an
average size of ~2 pm, which was similar to that of NaNO;.
When the ratio of KOH/NaOH in the reactant reached 6/4, due
to the increased contents of K element, the morphologies of
the as-synthesized KNN-6 samples (K,,Na,cNbO;) were in
regular octahedron shapes with an average size of ~4 pm. As
shown in Fig. 3(c), each single KNN-6 octahedron was
assembled by cubic KNN-6 nanoparticles with sizes of about
50 nm, which is highlighted with a red circle, and this made
the surface coarse. As the edges and corners could act as the
active sites for MB absorption and degradation, the KNN-6
samples with abundant edges and corners exhibited a better
degradation efficiency than other KNN samples. For KNN-7
(Fig. 3(d)) and KNN-8 (Fig. 3(e)), the morphologies were octa-
hedra with missed vertexes, which might be related to the
changes of surface-active energies when increasing the K
content in KNN. For KNN-9 (Fig. 3(f)) and KNN-10 (Fig. 3(g),
pure KNbO3), the shapes were backed to cubic with an average
size of ~1 pm, which were similar to the morphologies of
KNbO; owing to its high K element content. The EDS results
presented in Table 2 showed the actual atomic ratios of Na/K
in different KNN samples. When the atomic ratio of KOH/
NaOH in the reactant was lower than 1/1 (KNN-0 and KNN-5),

Nanoscale, 2023, 15, 6920-6933 | 6923
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(a) XPS patterns of the as-synthesized KNN-6 microstructures showing the presence of O, Nb, K and Na elements; (b) Nb 3d at 206.1 and

208.7 eV; (c) K 2p at 290.9 eV and 293.6 eV; K 2p’ at 292.6 and 295.3 eV; and (d) Na 1s at 1070.5 eV.

Table 2 EDS results of different KNN samples

Na (atom%) K (atom%) Nb (atom%) O (atom%) K/(K + Na) (K + Na)/Nb
KNN-0 16.30 0 19.76 63.94 0 0.8249
KNN-5 13.76 1.17 18.00 67.07 0.0784 0.8294
KNN-6 10.73 6.94 19.02 63.31 0.3928 0.9290
KNN-7 5.03 11.40 18.21 65.36 0.6939 0.9023
KNN-8 3.66 14.41 20.15 61.79 0.7975 0.8968
KNN-9 1.87 15.92 19.26 62.95 0.8949 0.9237
KNN-10 0 17.00 17.30 65.70 1 0.9827

the contents of the K element in the final KNN products were
tiny. However, upon further increasing the KOH content in the
reactant, the content of the K element in the final products
could be increased evidently. The main reason was that the
reactivity of Na* per mole was much stronger than that of K,
and when they coexisted in solution, the Na" would react with
Nb,Os first due to its stronger reactivity. As the reaction pro-
ceeded, the concentration of Na' decreased continuously,
which led to a decrease in Na' reactivity. When the concen-
tration of Na® decreased to a certain extent, the reaction
activity of Na" became lower than that of K'. Thus K" could not

6924 | Nanoscale, 2023, 15, 6920-6933

react with Nb,O5 until the reactivity of Na* was lower than that
of K'. Therefore, only a few K elements were found in KNN-0
and KNN-5 due to the insufficient amount of K.

The morphologies of KNN-6 powders were further investi-
gated by TEM, HRTEM and SAED. As shown in Fig. 3(h), the
cubic-shaped projection of the KNN-6 octahedron along two
opposite vertices could be clearly seen via the contrast between
the black center and the light edges. The rough edges were
consistent with the SEM images in Fig. 3(c). As the
KNN-6 micro-octahedra were assembled by ~50 nm cubic
KNN-6 nanoparticles, Fig. 3(i) and (j) show the SAED and

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The morphology of the as-synthesized KNN samples. (a)—(g) SEM images of KNN powders with different Na/K ratios: (a) KNN-0, (b) KNN-5,
(c) KNN-6, (d) KNN-7, (e) KNN-8, (f) KNN-9, and (g) KNN-10; (h) TEM image of the KNN-6 samples, the cubic shaped projection of the KNN-6 octa-
hedron could be clearly seen; (i) SAED pattern of KNN-6, the zone axis was indexed as (111) with (112) and (211) spots around the center incident
spot; (j) HRTEM image of a KNN-6 nanoparticle on the edge, the lattice spacing of 0.286 nm indicated the (020) lattice plane.

HRTEM images of individual cubic KNN-6 nanoparticles. As
shown in Fig. 3(i), two spots around the (000) spot were
indexed as (112) and (211), indicating that the zone axis of the
SAED pattern was (111). As measured from the HRTEM image
in Fig. 3(j), one lattice spacing of the individual cubic KNN-6
nanoparticles was 0.286 nm, which was indexed to the (020)
lattice plane of orthorhombic KNN. This indicated that the
exposed facet of the KNN cubic nanoparticles was (020). As the
(020) crystal plane was perpendicular to the spontaneous

This journal is © The Royal Society of Chemistry 2023

polarization (P) direction of KNbOj3,>® the KNN-6 octahedron
assembled by cubic KNN-6 nanoparticles with (020) exposed
facets had better piezoelectric properties, which was also con-
sistent with the PFM results presented in Fig. 5.

Formation mechanism of KNN octahedra

A series of time-dependent hydrothermal reactions were
carried out to investigate the formation mechanism of KNN-6

Nanoscale, 2023, 15, 6920-6933 | 6925
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octahedra. Their phase structures and morphologies are separ-
ately shown in Fig. S2 and S3.1 After one hour of reaction, only
the cobblestone-like particles can be observed in Fig. S3(a),t
which was indexed as the intermediate product of (K,Na)
NbgO,9 according to the XRD pattern in Fig. S2.f As high-
lighted with red circles in Fig. S3(b), after two hours of reac-
tion, a few irregular-shaped KNN-6 microparticles assembled
by small nanocubes were observed. As the hydrothermal reac-
tion prolonged to 4 hours, an increasing number of
KNN-6 microparticles stacked by small nanocubes were
formed. Meanwhile, as shown in Fig. S2,1 a small diffraction
peak at 23° appeared (highlighted with a red circle), which was
assigned to the diffraction peaks of KNN, indicating that the
cobblestone-like intermediate products (K,Na)NbO;, began to
evolve into octahedron-like KNN after 4 hours of reaction.
When the hydrothermal time was over 8 hours, almost all the
cobblestone-like intermediate products (K,Na)NbgO; had
been transformed into octahedron-like KNN, which was con-
sistent with the XRD patterns in Fig. S2.f

Based on the evolution of KNN morphologies under
different reaction times (1 h-24 h) presented in Fig. S3,T we
proposed a dissolution and recrystallization mechanism to
illustrate the formation process of KNN-6 octahedra.*’ At the
first stage of the hydrothermal reaction, NbsO,o®~ was first
formed via the reaction between Nb,O5; and OH™, and then the
cobblestone-like intermediate products (K,Na)NbsO,, were pre-
cipitated, as shown in Fig. S3(a)-(c). However, the intermedi-
ate products (K,Na)NbsO,9 could transform into stable struc-
tures (K,Na)NbO; by overcoming the energy barrier. When the
hydrothermal time was less than 4 h or the temperature was
below 200 °C, the whole reaction energy was insufficient to
transform (K,Na)NbgO;4 into (K,Na)NbOj3, which corresponded
to the results shown in Fig. S1-S3. When the hydrothermal
time was longer than 4 h, the cobblestone-like (K,Na)NbsO;so
began to be dissolved in the alkali solution again to precipitate
out a more stable phase of (K,Na)NbO; nuclei with an average
size of 50 nm. As the exposure facet of KNN nanosized nuclei

~
o
~
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200 400 600 800
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Fig. 4 (a) The UV-vis absorption curves of KNN samples with different
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had a higher energy, these KNN nuclei would aggregate
together to form an octahedron-like unit spontaneously to
reduce the surface energy as the reaction proceeded. The
whole formation process is illustrated in Fig. S3(g).T

Optical and piezoelectrical properties of KNN

The light absorption properties and the band gap structures of
all the KNN samples were characterized via UV-vis diffuse
reflectance spectroscopy (DRS) and are presented in Fig. 4.
Fig. 4(a) shows the UV-vis light absorption curves of all the
KNN samples. From the figure, we could find that NaNbO;
(KNN-0) had the weakest absorption edge at 380 nm, indicat-
ing that NaNbO; had the widest band gap. For KNN-6 and
KNN-7, the intensities of light absorption peaks were relatively
higher than that of other KNN samples, indicating their high
light absorption efficiency, which was conducive to their
photocatalytic performances.

The optical bandgap of the KNN was determined using the
Kubelka-Munk function,

ahv = A(hv — Eg)'/?

(2)

where a represents the absorption coefficient; 4 stands for
Plank’s constant; 4 is the absorbance; v stands for the light fre-
quency; and E, is the band gap value.

We calculated the band gaps of all KNN samples via the
Kubelka-Munk transformed reflectance spectra. As shown in
Fig. 4(b), the (ahv)” values changed with the Av values linearly,
thus the intercept of the fitted straight slope line with the
x-axis was the band gap value. From our calculations, the band
gap values of KNN samples ranged from 3.12 eV to 3.47 eV
depending on the K element content in KNN samples. Among
them, the pure NaNbO; (KNN-10) had the widest band gap of
3.47 eV. While for KNN-6, the band gap was as narrow as 3.2
eV. KNN-6 with a smaller band gap could absorb a broader
portion of sunlight and thus is more favorable for the efficient
utilization of solar energy. Therefore, the high light absorption

KNN-0
KNN-§
KNN-6
KNN-7
KNN S8
KNN-9
KNN-10

Irv (eV)

Na/K ratios. (b) The corresponding Kubelka—Munk (K—M) transformation

curves of different KNN powders. The calculated band gaps for the KNN samples ranged from 3.1 to 3.4 eV.
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the piezoelectric amplitude and (e) phase transformation under a bias voltage of 30 V in the “OFF" state; (f) the piezoelectric amplitude and (g)

phase transformation under a bias voltage of 30 V in the "ON" state.

rate and narrow band gap caused the improved photocatalytic
performance of KNN-6.

As a kind of ferroelectric material, we used the PFM to
investigate the ferroelectric properties of the KNN samples.
In this report, KNN-6 was selected to investigate its piezo-
electric properties. The topographic and phase images and
the amplitude of KNN-6 samples are shown in Fig. 5(a)-(c)
respectively. The contour of a single KNN sample with a
cubic shape could be clearly observed in the topographic
image. The piezo response of the KNN sample was also
detected by applying a bias voltage of 30 V. The obtained
PFM amplitude and phase signals of the KNN sample are
shown in Fig. 5(d)-(g) in the “OFF” state (only piezoelectric
displacement) and the “ON” state (the DC offset voltage was
applied to largely amplify the piezoelectric displacement),
respectively. Due to its large size and rough surface, the
measurement error was large (Fig. 5(d) and (e)). The PFM
amplitude and phase signals of the KNN-6 sample in the
“OFF” state were not obvious. Therefore, the DC offset

This journal is © The Royal Society of Chemistry 2023

voltage was used to amplify the piezoelectric displacement
which showed a perfect piezoelectric displacement in
Fig. 5(f) and (g) (the “ON” state). Fig. 5(d) and (e) also pre-
sented a localized hysteresis loop about 80° reverse when the
DC bias voltage was established between —30 V and +30 V,
which suggested the occurrence of a local polarization
switching process and the ferroelectric nature of KNN
samples.*>*?

Piezo-/photocatalytic performance for MB degradation

The degradation of MB under light irradiation without
adding any catalyst is shown in Fig. S4, from which we can
see that nearly no MB (less than 10%) was degraded only
under light irradiation. The photocatalytic and piezo-photo-
catalytic properties of the as-synthesized samples (KNN-0 to
KNN-10) under different catalytic conditions (solely
irradiation or vibration, irradiation together with vibration)
were determined via the degradation of MB (methylene blue)

Nanoscale, 2023, 15, 6920-6933 | 6927
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Fig. 6 The degradation efficiencies of KNN crystals with different Na/K ratios under (a) both light irradiation & ultrasonic vibration, (b) solely light
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irradiation. (e) The recyclability tests of the KNN-6 microstructures. After four cycles of catalysis, the KNN-6 sample remained stable. There were no
obvious changes in the phase (f) and morphology (g) of the KNN-6 microstructures before and after 4 cycles of degradation.

solutions and are summarized in Fig. 6. The detailed UV-vis
absorption spectra for MB solution degraded by different
KNN samples under the synergistic effect of light irradiation
and ultrasonic vibration are shown in Fig. S5.f The charac-
teristic UV-vis absorption peaks for MB at ~660 nm were
continuously decreased as the reaction proceeded. According
to eqn (1), their MB degradation efficiencies were calculated
and are presented in Fig. 6(a). From Fig. 6(a) we can find
that, under the combined effects of light irradiation and
ultrasonic vibration, all the KNN samples (KNN-0 to KNN-10)
could degrade more than 90% of MB within 40 min. Among
them, the KNN-6 samples exhibited the best degradation
efficiency, which could degrade ~90% of MB within
25 minutes and ~99.7% at the time of 40 minutes, and then
the MB solution could be deemed as completely cleaned. As
a comparison, the degradation efficiencies of MB by KNN

6928 | Nanoscale, 2023, 15, 6920-6933

samples under solely UV-light irradiation or ultrasonic
vibration are also summarized in Fig. 6(b) and (c), and their
detailed UV-vis absorption spectra are presented in Fig. S6
and S7,} respectively. Fig. 6(b) shows that, under sunlight
irradiation, the KNN-6 sample still exhibited an excellent
degradation efficiency and could clean ~97% of MB solution
within 40 min. However, the MB degradation efficiencies of
other KNN samples decreased after removing the ultrasonic
vibrations. For example, the KNN-7 sample could degrade
about 90% of MB within 40 minutes under both light
irradiation and ultrasonic vibration, but only ~70% under
light irradiation alone. This demonstrated that the piezoelec-
tric effect could obviously enhance the photocatalytic degra-
dation efficiencies of KNN samples. As shown in Fig. 6(c)
and Fig. S7,1 only negligible MB was degraded under ultra-
sonic vibration without light irradiation, which demonstrated

This journal is © The Royal Society of Chemistry 2023
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that photocatalysis rather than piezo catalysis played the key
role in the MB degradation process of KNN.

Since the concentration of MB solution was very low (10 mg
L"), the degradation process could be recognized as a kind of
pseudo-first-order reaction. Therefore, the value of In (Cy/C)
should be linearly correlated with the degradation time. The
ratio of In (Co/C) to degradation time (¢) was defined as the
kinetic constant k, and a higher k indicates a higher degra-
dation efficiency. The kinetic constant values for all the KNN
samples were calculated from Fig. 6(a)-(c) and are summarized
in Table 3 and Fig. 6(d). As shown in Fig. 6(d), the kinetic con-
stants of KNN under only ultrasonic vibration were quite low.
Under the combined effect of irradiation and vibration, the
kinetic constants increased largely by 50%-100% compared to
those only under light irradiation, which was consistent with
the results in Fig. 6(a)—(c). In Fig. 6(e), the repeatability and re-
cycling stability of KNN-6 for wastewater treatment were exam-
ined. The detailed UV-vis absorption curves are presented in
Fig. S8.7 The results showed that the degradation efficiency of
KNN-6 was very stable and no obvious deterioration in catalytic
performance was observed after 4 cycles of degradation. In
addition, we also examined the phase structures and mor-
phologies of the KNN-6 specimens by XRD and SEM after
degradation. As shown in Fig. 6(f) and (g), there were nearly
no changes in the phase (XRD pattern, (f)) and morphology
(SEM image, (f)) of KNN-6 microstructures before and after
degradation, demonstrating the excellent stability of KNN-6
catalysts.

Roles of oxidative radicals in photocatalysis

Given the crucial role of oxidative radicals in photocatalysis,*?
we detected the contents of ‘'OH™ and "O,~ radicals under two
degradation conditions (light irradiation, light irradiation &
ultrasonic vibration) and made a comparison. Although the
exact concentration of ‘OH™ and ‘O,  radicals cannot be
directly obtained, we can estimate their relative concentration
via the reaction between the radicals and reagents such as
NBT or TA. For the detection of hydroxyl radicals ((OH™), we
used TA as the trapping agent to determine its concentration.
Typically, we dissolved TA in NaOH to form a TA-NaOH solu-
tion and then dispersed the KNN-6 sample in it. The "OH™
radicals generated under irradiation or vibration & irradiation
could react with TA to form an oxidized product of TAOH,
which shows a strong PL fluorescent peak at 425 nm. The
stronger the PL peak intensities at 425 nm, the higher the
concentration of ‘OH™ radicals. Therefore, the concentrations
of the generated "OH™ radicals in water could be reflected by
the PL peak intensities at 425 nm. As shown in Fig. 7(a) and

View Article Online
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(b), the intensities of PL fluorescence responses at 425 nm
became stronger with the prolonging of the degradation time,
indicating the formation of the "OH™ radicals during the
degradation process. Moreover, the PL peak intensities of
TAOH under irradiation & vibration (10800 counts) were
much stronger than that under only light irradiation (6200
counts), which indicated that more "OH™ radicals were gener-
ated with the assistance of ultrasonic vibration. As NBT was a
kind of O, sensitive dye, it can be rapidly degraded in the
presence of O, radicals. Therefore, the relative concentration
of ‘O, radicals could be estimated using the degradation rate
of NBT. As shown in Fig. 7(c) and (d), ~82% of NBT was
degraded within 10 minutes under both irradiation and
vibration. In contrast, only ~76% of NBT was degraded after
60 minutes under light irradiation only, which indicated that
more O, radicals were generated under both irradiation and
vibration. The results shown in Fig. 7(a-d) demonstrate that
under the synergistic effect of ultrasonic vibration and
irradiation, more oxidative radicals such as ‘O, and ‘OH™
were generated.

To figure out which kind of radicals among ‘O,”, 'OH™ and
h* played the most important role in the degradation process,
we further performed free radical trapping experiments by
adding different scavengers into MB solutions and examining
their degradation efficiencies. According to previous research,
radical scavengers BQ, TBA and EDTA-2Na can effectively trap
‘0,7, 'OH™ and h*, respectively.”® As shown in Fig. 7(e) (the
detailed absorption curves are shown in Fig. S97), by adding
them separately into the MB solutions, the degradation
efficiencies were compromised to different extents, which
denoted that all these three oxidative radicals could promote
the degradation process. Among them, the MB degradation
efficiency was the lowest when scavenger BQ was added, which
indicated that compared with other radicals, "O,~ played the
most crucial role in the degradation process.

Piezo enhanced photocatalysis of KNN

In this work, we used ultrasonic vibration to simulate the
external stress field to promote the photocatalysis process.
When the MB solutions containing KNN samples were placed
in an ultrasonic environment, bubbles were formed, grew and
ruptured at the KNN surfaces. Upon the rupture of the
bubbles, a localized high pressure together with a high-velocity
jet of liquid was generated at the KNN surfaces.?® As a kind of
piezoelectric and ferroelectric material, the KNN crystals could
be easily polarized and orderly arranged along the piezoelec-
tric field direction, which could lead to the accumulation of
piezo-generated charges on the crystal surfaces. In this work,

Table 3 The kinetic constant (k) values of the KNN samples with different Na/K ratios

Sample no. KNN-0 KNN-5 KNN-6 KNN-7 KNN-8 KNN-9 KNN-10
Ultrasonic (rninfl) 0.00156 0.0013 0.00131 0.000893 0.00135 0.000695 0.0019

Light (min_l) 0.03606 0.03881 0.15419 0.02913 0.03703 0.03758 0.04858
Ultrasonic + Light (minfl) 0.05524 0.06207 0.17709 0.06334 0.07617 0.05943 0.07479

This journal is © The Royal Society of Chemistry 2023
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piezo-photodegradation process.

the photocatalytic degradation efficiency could be largely
enhanced by the piezoelectric effect; therefore, we proposed a
possible mechanism to illustrate this synergistic effect in
Fig. 8, which depicts the following three aspects. First, the
induced piezoelectric field could increase the concentration of
the photo-generated electrons and holes, which played an
important role in MB degradation. For conventional photocata-
lysts, the photogenerated electron-hole pairs tended to recom-
bine owing to their opposite electric charges. However, as a
piezo-photocatalytic material, under ultrasonic vibration, the
positive and negative charges can be generated at the surface

6930 | Nanoscale, 2023, 15, 6920-6933

of KNN samples. On one hand, due to the electrostatic force,
the photogenerated electrons will be attracted by piezo-gener-
ated positive charges and repelled by piezo-generated negative
charges; on the other hand, the photogenerated holes will be
attracted by piezo-generated negative charges and repelled by
piezo-generated positive charges. Therefore, the electric field
induced by the piezoelectric effect can prevent the recombina-
tion of photogenerated electrons and holes. Second, as
reported in a previous work, the energy band structure would
be affected under external stress.** Specifically, the positions
of the valence band (VB) and the conduction band (CB) would

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 The piezoelectrically enhanced photo-catalysis mechanism of KNN-6.

be tilted by the internal piezoelectric field. As a result, the gap
between the highest position of the VB and the lowest position
of the CB will be closer than that without the introduction of
external stress, indicating a decreased equivalent band gap
under ultrasonic vibration, which made electrons much easier
to be excited from the VB to the CB. Third, owing to the
screening effect, the high energy piezoelectric electrons can be
generated at the surface of KNN samples and react with H,0
and O, to form oxidative radicals such as ‘O,” and "OH",
which can oxidize the dye molecules in solutions
effectively.>®*3*°

In this work, among all the KNN samples, the KNN-6
samples (K, 4Na,cNbO;) had the best piezo-photocatalytic
property. As shown in Fig. 3, the KNN-6 microstructures were
stacked by cubic KNN-6 nanoparticles with sizes of ~50 nm.
The low magnification SEM images (Fig. S101) demonstrate
that all the KNN-6 particles are of homogeneous and uniform
octahedral shape. Therefore, large amounts of edges and
corners were formed on the microstructure surfaces and acted
as the active sites for absorption and catalysis degradation.*®
In addition, the (010) exposed facet for the KNN-6 nanocubes
was alongside one of the polarization components of KNbOj3,
which was conducive to its piezoelectric effect.”® Lastly, com-
pared to other micrometer scale KNN samples, the constituent
particles of the KNN-6 octahedra were at nanometer scales,
which could make the photogenerated electrons and holes
migrate to the surface easily. The size effect caused the easy
separation of holes and electrons could also benefit the cata-
lytic reactions effectively.

Conclusions

In this report, using the environmentally friendly hydro-
thermal strategy, we synthesized a kind of KNN microstructure

This journal is © The Royal Society of Chemistry 2023

as piezoelectrically enhanced effective photocatalysts for waste-
water treatment. By changing the ratios of KOH/NaOH in the
reactant, a series of KNN samples with different K/Na ratios
marked as KNN-0 to KNN-10 were obtained. Among them, the
octahedron-shaped KNN-6 sample (K, 4Nay¢NbOj;) exhibited
the best piezo- photocatalytic performance due to its high
light utilization rate, narrow band gap structure, and excellent
piezoelectric properties. Under the combined effects of light
irradiation and ultrasonic vibration, about 99% of MB could
be degraded by KNN-6 microstructures within 40 minutes,
which was several times faster than that reported in previous
works. In addition, the as-prepared KNN-6 microstructures
could retain their outstanding piezo-photocatalytic capability
after several rounds of cyclic tests, which demonstrated their
excellent stability when used for wastewater purification. This
work offered a new piezo-photocatalyst with excellent catalytic
degradation efficiency of organic dyes, which holds great
potential in the field of environmental protection. In addition,
the proposed “dissolution and recrystallization” formation
mechanism of KNN octahedra also provided a new way for
morphology control in materials synthesis engineering.
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