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Transparent ferroelectric glass-ceramics for
wastewater treatment by piezocatalysis

Gurpreet Singh1'2, Moolchand Sharma® 2 & Rahul Vaish@® 1

In piezocatalysis the polarization field found in piezoelectric materials enables and enhances
catalytic redox reactions. Here, we explore piezocatalytic dye degradation through trans-
parent glass-ceramics containing piezoelectric crystals. 30Si0,-35Li,0-35Nb,05 (in mol%)
glass-ceramics containing varying amounts of LiNbO3 crystallites were fabricated by melt-
quenching, followed by heat-treatment at a crystallization temperature of 650 °C for 2, 3 and
6 hours. During piezocatalysis, the 2 hour heat-treated sample showed up to 90% degra-
dation of methylene blue dye within 150 min of ultrasonication, with no significant change in
performance after three piezocatalysis cycles. This sample showed promising activity for
degrading cationic and neutral dyes, and is optically transparent. This work demonstrates that
transparent ferroelectric glass-ceramics are promising for water-cleaning applications by
piezocatalysis.
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in windows, display panels, kitchenwares, and optical fibers,

etc.l. Glasses are known for their excellent transparency,
tunable chemical composition, easy fabrication, and flexibility of
shape and size?. Glass—ceramics consist of two regions: the glassy
matrix and the crystals. These are commonly formed from their
parent glasses by providing either one step (simultaneous occur-
rence of crystals nucleation and growth) or two step (nucleation
followed by growth of crystals) heat-treatment’. The improved
optical, luminescence properties, mechanical strength, physical,
chemical stability, bioactivity, corrosion strength, and temperature
resistance were noticed due to crystalline phase embedded in glassy
matrix*-%. Similarly, some unique properties such as photo-
catalysis’~?, antibacterial activity’~ and cancer treatment capability
through hypherthermia treatment!, etc., are also induced through
selected crystalline phase in glass—ceramics.

Recently, piezocatalysis has been evolved as a potential process for
water cleaning applications! 12, Piezocatalysis process makes use of
piezoelectric materials to generate polarization field under applied
mechanical deformation!3. The polarization field (piezoelectricity)
forces the free holes (h*)/electrons (e~) to move in opposite direc-
tion toward opposite charge polarity of polarization field and thus
increases their separation!4. Moreover, the piezoelectric polarization
induces favorable band bending, which makes it easy for free holes
(ht)/electrons (e™) to participate in catalytic redox reactions!.
Piezocatalysis phenomenon has been generally observed in piezo-
electric materials such as BaTiO;1!7, ZnO18, MoS,!°, LiNbO,2,
ZnSnO;13, etc. The piezocatalytic activity has been generally reported
using powder particles?’?? or nanostructures such as nanorods,
nanosheets, etc.2324, However, the powder or nanostructures based
piezocatalysts are difficult to recover and reused?”. This limitation
has been removed by using poled ceramic pellets for piezocatalytic
dye degradation?. However, the poling needs high electric field,
which is not a safe practical solution. Our recent article pointed out
the fact that the unpoled micron-sized powder sample of LINbO;
could provide the comparative piezocatalytic performance as
observed in other reported piezocatalysts?’. In this article, it was
mentioned that the individual domain can perform its own piezo-
catalysis?0. Thus, an unpoled ceramics can also provide promising
piezocatalytic activity. If an unpoled sample can perform piezo-
catalysis, then the unpoled glass—ceramics containing piezoelectric
crystals should also be examined for piezocatalytic dye degradation
applications. Glass—ceramics containing piezoelectric crystals are
widely reported in dielectric, optical, and electro-optical applica-
tions?”. However, there is no report on piezocatalysis through
glass—ceramics containing piezoelectric crystals. Glass—ceramics
provide many advantages over polycrystalline ceramics.
Glass—ceramics can be fabricated in large sizes and in variety of
shapes. Physical/chemical properties of glass—ceramics can be tuned
as per applications, as the crystallization can be controlled using
careful selection of heat-treatment time and temperature®%7. Due to
these unique characteristics, glass—ceramics have large number of
applications in diverse scientific fields.

So far, no glass—ceramics have been explored for piezocatalytic
applications. Thus, herein, transparent 30Si0,-35Li,0-35Nb,O5
(in mol%) glass—ceramics containing piezoelectric LINbO; crys-
tals is explored for dye degradation using piezocatalysis process.
The results showed that these glass—ceramics possessed promising
piezocatalytic activity for degrading cationic and neutral dyes.
This works demonstrates that ferroelectric glass—ceramics are
promising for water-cleaning applications by piezocatalysis.

G lasses are commonly used material in our daily life such as

Results and discussion
XRD and Raman analysis. The obtained XRD patterns of AQ-
glass, HT-2h, HT-3h, and HT-6h samples are presented in Fig. la.

The absence of any sharp crystalline peak indicated the amorphous
nature of AQ-sample. The sharp peaks observed in all the heat-
treated samples (HT-2h, HT-3h, and HT-6h) were well matched
with LiNbOj; reference (JCPDS File No. 01-078-0250). Thus, it is
clear from the XRD patterns that all the heat-treated samples
possessed LiNbO; crystalline phase. Figure 1b represents Raman
spectra of AQ-glass, HT-2h, HT-3h, and HT-6h samples. In case of
the AQ-glass sample, no sharp band was observed, though two
weak broad bands were present at ~230 and 650 cm™1, which are
generally observed modes in niobate glasses due to vibrations of
NbOjs type of octahedron?®2°. All the heat-treated samples showed
sharp Raman modes at 155, 238, 261, 274, 327, 365, 432, and
630 cm™1. All these Raman modes belongs to LiNbO; crystalline
phase in the heat-treated samples, as these modes were closely
matched with Raman modes observed in LiNbO; crystalline
materials reported in various reports’®3!, The modes present at
155, 238, 327, 365, and 432cm~! are optical transverse E(TO)
phonon modes of crystalline LiNbO;3031. The remaining bands at
261, 274, and 630cm™! positions are optical transverse A,(TO)
phonon modes of crystalline LiNbO;3031. Tt is to be noted that the
weak broad bands were not visible in all the heat-treated samples,
which may be due to high intensity of crystalline modes of LiNbO;.
Hence, Raman spectroscopy gave another proof of presence of
LiNbOj; crystalline phase in the heat-treated (HT-2h, HT-3h, and
HT-6h) samples.

SEM and TEM results. The observed surface morphology of
present investigated samples is shown in Fig. 2. Figure 2a belongs
to AQ-glass sample, where only a few and very small sized
crystallites of LiNbO; can be observed. It is worth-mentioning
here that the XRD pattern and Raman spectrum of AQ-glass
showed amorphous nature (i.e., no crystallite phase embedded in
the glass matrix). However, SEM micrographs clearly indicated a
presence of very few small sized LINbO; particles, which were not
detected in XRD and Raman spectrum due to their less counts
and small sizes. On the other side, the extensive LiNbOj; crys-
tallites on the surface can be observed in all the heat-treated
samples (HT-2h, HT-3h, and HT-6h). HT-2h sample showed
uniformly distributed small sized LiNbO; crystals (Fig. 2b and its
inset). HT-3h sample mainly showed leaf type of morphology
(Fig. 2¢, d). The crystallites size was large, mostly in the range of
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Fig. 1 Phase confirmation using XRD patterns and Raman spectra. a XRD
patterns of AQ-glass, HT-2h, HT-3h, and HT-6h samples indicating the
amorphous nature of AQ-glass and the presence of crystalline LiNbO3
phase in HT-2h, HT-3h, and HT-6h samples. b Raman spectra of AQ-glass,
HT-2h, HT-3h, and HT-6h samples support XRD results evidenced the
presence of crystalline LINbO3 phase in HT-2h, HT-3h, and HT-6h samples.
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Fig. 2 Visualizing surface crystals. SEM micrographs obtained for a AQ-glass, b HT-2h, ¢, d HT-3h, and e-h HT-6h samples showing the presence of large
number of LiNbOs crystallites on the surface of HT-2h, HT-3h, and HT-6h samples.

| 20nm

Fig. 3 Visualizing bulk crystals. a, b TEM micrographs, d-spacing, and SAED pattern of the HT-2h sample showing the existence of large number of

LiNbO3 crystallites in the bulk of HT-2h, HT-3h, and HT-6h samples.

10-50 pm. The HT-6h sample showed leaf type and moon type of
morphology as depicted in Fig. 2e, f. The moon-type of mor-
phology is basically the aggregates of small sized particles (Fig. 2g,
h). Moreover, the number of crystals were also highest in this
sample. The crystallites sizes were also in the range of 30-50 pm.
Thus, SEM micrographs clearly evidenced the presence of
extensive LINDOj; crystallites on the surface of all heat-treated
samples (HT-2h, HT-3h, and HT-6h). Also, these micrographs
indicated the growth of particles with increase in heat-treatment
time from 2 to 6 h. Figure 3a shows TEM micrographs of the HT-
2h sample. It confirmed the existence of nanosized crystals
(shown by dark region) in the bulk of HT-2h glass—ceramic
matrix (shown by light region) in addition to micron-sized
crystals observed on its surface in SEM micrographs. Thus, it can
be concluded that the LiNbO; crystallites were present at both
sites, ie., at surface and in bulk of the heat-treated samples.

Figure 3b shows the d-spacing of crystalline phase and the inset
present the selective area electron diffraction (SAED) pattern
obtained for HT-2h sample. The observed d-spacing value of
3.7 A was correspond to (012) plane of LiNbO; crystal. SAED
pattern shows the concentric circles of (012) and (104) diffrac-
tions planes of crystalline LiNbOs;.

Transmittance and absorbance spectra. The transmittance and
absorption spectra of all investiagted samples are presented in
Fig. 4a, b, respectively. As depicted from the Fig. 4a, the trans-
parency decreased from the AQ-glass to the HT-6h sample. The
inset of the Fig. 4b provides the photographs of all the samples.
The photographs clealry shows that the HT-6h sample is nearly
opaque. The decrease in transparency of the AQ-glass to that of
the HT-6h sample was due to increase in number and growth of
LiNbO; crystallites from AQ-glass to HT-6h sample, due to
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Fig. 4 Transmittance and absorbance spectra. a Transmittance spectra of AQ-glass, HT-2h, HT-3h, and HT-6h samples indicating the decrease in
transparency from AQ-glass to the HT-6h sample and b absorbance spectra of AQ-glass, HT-2h, HT-3h, and HT-6h samples showing a significant blue
shift in the absorbance edge of HT-6h sample than that of AQ-glass, HT-2h, and HT-3h, samples.
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Fig. 5 Estimating bridging (BOs) and non-bridging oxygens (NBOs). a XPS Ols scan obtained for AQ-glass, and b XPS OTs scan obtained for HT-6h
samples. XPS Ofls scan clearly shows the decrease in NBO/BO ratio in case of HT-6h sample in comparison to AQ-glass.

which more scattering of light ocurred. The attenuation in light
intensity through the medium is majorly caused by atomic scat-
tering32. If the particle size is less than the typical visible light
wavelength, then Rayleigh scattering occurs, which can be
quantified by using following Eq. (1)32.

(14 cos®6) 8n* ([M?> —1
I= — Iy,

Mtz M
where 0 and L represent scattering angle and distance from
scattering centers, respectively. I, and I indicate the initial light
intensity and transmitted light intensity, respectively. M represents
the ratio between refractive indices of particle to that of sur-
rounding medium and r represents the radius of particle. This
equation clearly shows that transmitted light (I) mainly depends
upon § ratio. Smaller this § ratio, more the light will be trans-
mitted. In the present case, the particle size majorly less than
0.4 um range in case of HT-2h sample (see the inset of Fig. 2b,
which is less than or equal to the typical wavelength of visible light
(400 nm or 0.4 um). Thus, the sample preserved adequate trans-
parency. However, in case of HT-3h and HT-6h samples, the sizes
of majority of the particles lie in 10-50 pum and 30-50 um range,
respectively, which is greater than the typical wavelength of visible
light (400 nm or 0.4 um), due to which these samples showed
more scattering and were less transparent. It is to be noted that
there is no requirement of transparency for piezocatalysis appli-
cations. However, glasses are known for transparency and these
have big market due to their unique transparency. For this reason,
the control of transparency has given much attention in this work.
Figure 4b shows the occurrence of fundamental absorption edge in
all samples under study. This absorption edge originates due to
transition of a valence electron from an oxygen ion present in the
glass network to an excited state33. In absorption spectra, the
samples HT-2h, and HT-3h showed no significant change in

the absorbance edge as compared to that of AQ-glass sample.
However, the sample HT-6h showed a significant blue shift in the
absorbance edge than that of other samples. This blue shift was
mainly due to decrease in non-bridging oxygens (NBOs) in HT-6h
sample as compared to AQ-glass. This statement was verified
using XPS Ols scan as discussed later in the paper. The NBOs
possessed more basicity than that of BOs34. Thus, the decrease in
NBOs decreased the oxygen ions  ionicity and consequently
increase the band gap by lowering the top of valence band. Due to
this reason, the heat-treated samples showed blue shift in absor-
bance edge. Moreoever, the absorbance hump at 500 nm can be
observed in all the heat-treated samples, which may be originated
due to excitonic behavior. These exciton states generally exist
below the conduction band edge, thus the absorption due to
excitonic states is mostly observed close to but below the funda-
mental absorption edge as in the present case3”.

XPS analysis. In glass matrix, oxygen (O) element is present in
abundant amount®¢. O element can occupy “bridging” (BO) or
“nonbridging” (NBO) sites0. BOs connect two SiO, tetrahedra
through Si-O-Si covalent bond3¢. NBOs are created when the
network modifiers (Li,O, Na,O, KO, etc.) are added into glass
system3”. NBOs connect SiO, framework to network modifying
cations as Si-O~ Lit, and Si-O~ Nb™ ionic bonds33. Increasing
content of network modifiers results in increase in NBOs and
decrease in BOs?’. In order to quantify BOs and NBOs, the XPS
Ols scan was performed on AQ-glass and HT-6h sample, which
is shown in Fig. 5a, b, resperctively. The Ols curve was fitted
using the Guassian fiiting method and Sherley background. Two
fitted peaks can be seen in both samples, one at ~532.9 and the
other at ~531 eV. The peak at ~532.9 eV was observed due to BO
contribution and the peak at ~531 eV was observed due to NBO
contribution3*49, In AQ sample, BO peak was very weak as
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compared to NBOs. This is mainly due to high Li,O network
modifier content in the AQ-sample. Moreover, it is also reported
in the literature that Nb,Os when present in more than 15 mol%
can act as both; i.e., network former with smallest structural units
of NbOg octahedron and network modifier*!. As Nb,O5 content
is 35 mol% in the AQ-glass, thus as a network modifier, Nb,O5
helps in increasing more NBOs in the AQ-glass. On the other
side, BO peak intensity was increased and NBO peak intensity
was decreased in HT-6h sample. This clearly indicated the
decrease in NBOs in HT-6h sample. This was caused due to
LiNbO; crystallites formation by consumption of NBOs and
network modifier ions, due to which BOs increased and NBOs
decreased. The decreased NBO/BO ratio in case of HT-6h sample
in comparison to AQ-glass can be easily seen in Table 1, which
indicated the superior stability of HT-6h glass—ceramic than that
of as quenched AQ-glass.

Piezocatalysis dye degradation results. Figure 6a-d shows the
results associated with piezocatalytic MB dye degradation
experiments using samples under consideration. Figure 6a shows
the decrease in characteristic peak intensity of MB dye using the
HT-2h sample under ultrasonication for 150 min, which clearly
indicated the promising piezocatalytic capability of HT-2h sam-
ple. The unknown concentration values corresponding to peak
intensity values could be obtained from calibration curve, which
is shown in the Supplementary Fig. S1. The MB dye degradation
under ultrasonication without and with all samples under study
(AQ-glass, HT-2h, HT-3h, and HT-6h) are presented in terms of
€ vs. t plots in Fig. 6b. MB dye solution under 150 min

Co

Table 1 BO and NBOs in AQ glass and HT-6h samples.

ultrasonication without using any sample showed ~15% degra-
dation of MB dye. On the other side, the samples AQ-glass, HT-
2h, HT-3h, and HT-6h showed ~33%, 77%, 79%, and 90%
degradation of MB dye within 150 min of ultrasonication,
respectively. Thus, the degradation performance was greatly
improved in case of the heat-treated samples (HT-2h, HT-3h, and
HT-6h) as compared to that of AQ-glass under ultrasonication.
Generally, the first order kinetics is followed by these catalysis
experiments, which is given in the Eq. (2)1624.
C

In— = —kt.

c )

The rate constant “k” was obtained by calculating the slope of
lnc% vs. t plots The calculated value of k was 0.00108, 0.00267,

0.00938, 0.00966, and 0.01281 min—! for MB dye (without sample),
AQ-glass, HT-2h, HT-3h, and HT-6h samples, respectively. Thus,
the k-value was increased from AQ-glass to HT-6h sample.
Though, the piezocatalytic performance of HT-6h was best among
all the samples understudy, however this sample is nearly opaque.
On the basis of adequate transparency and promising piezocatalytic
performance, the sample HT-2h is an optimum choice. To test the
repeatability, the piezocatalytic performance of sample HT-2h was
observed over the first three cycles. No significant change was
found in the piezocatalytic performance even after third cycle
indicating its promising repeatable performance.

In order to reveal the mechanism behind the piezocatalysis
through the heat-treated samples, the active species were identified
by performing radicals trapping experiments. Various radicals
such as holes (h™), hydroxyl radicals ('OH), electrons (e™), and
superoxide radicals (*O; ) were scavenged/trapped during piezo-
catalytic experiments by adding ethylenediaminetetraacetic acid
(EDTA), isopropanol (IPA), dimethyl sulphoxide (DMSO), and

Sample  BO peak NBO peak HBO (area ratio) g : dd
position (eV) position (eV) ber}zoqulr.lone (BQ) scavengers, respectively?2~44, The arrest of
active radical using scavengers leads to decrease of percentage dye
AQ-glass 532.95 531.69 9.69 . . - X
degradation. Figure 7a depicts that the percentage dye degradation
HT-6h 5329 531123 2.61 . . . _
was reduced after adding scavengers in this order: DMSO (e™) >
BQ ("O;) > IPA ('OH) >EDTA (h™). Thus, the electrons were
HT-2h im0
32 mip
- Gomin| 081
: ;f, mi.n
z (@) 0S| 0.1
g 120 min| O
£ 135 min| G
S 150 min 0.4+
ﬁ —=— MB dye
) —o— AQ-glass
0.2 4——HT-2h
—a— HT-3h
0.0 —»— HT-6h
500 550 600 650 700 750 800 ¢ 30 60 20 120 150
Wavelength (nm) Time (min)
0.0 19 M eyele [ | 2 cycle \ 3 eycle
-0.54 08 \ \ \
_ X \ \\
J 1.04 e
S Juf \ \ v @
= 154 \ o \ \ \
= MBdye (k=0.00108 min™) \
@ AQ-glass(k =0.00267 min™) 04 . \
204 * HT-2h (k=0.00938 min™) ’ o R
@ HT-3h (k=0.00966 min™) » \, N \,
> HT-6h (k=0.01281 min™") HT-2h \ | HT-2h ~ | HT-2h ~
28 0 30 60 2 120 150 30 G % D010 § 30 60 % 130100 0 30 @ % 1R
Time (min) Time (min)

Fig. 6 Piezocatalytic MB dye degradation performance. a Decreasing intensity of characteristic peak of MB dye while performing piezocatalysis using HT-
2h sample. b, ¢ Piezocatalysis results in terms of & vs. time plots and the kinetic rate of dye degradation obtained using all samples under study, and
d repeatability of piezocatalytic capability of HT-2h sample. All results indicating the promising piezocatalytic dye degradation capability of HT-2h sample.
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Fig. 8 Measurement of surface potential. KPFM surface potential
micrographs of a AQ-glass, and b HT-2h samples indicating higher surface
potential in the case of HT-2h sample in comparison to that of the AQ-glass
sample.

main active species. The remaining radicals affected the piezo-
catalytic dye degradation performance in this order: ‘O, > "OH >
h*. In order to check the universal nature of HT-2h sample, the
piezocatalysis dye degradation of two more dyes named
Rhodamine B (RB dye, neutral dye) and methyl orange (MO
dye, negatively charged dye) was performed in addition to MB dye
(positive charged dye) and the percentage dye degradation (see
Fig. 7b). The percentage dye degradation was found to 77%, 73%,
and 32% in case of MB, RB, and MO dyes, respectively. The
performance of HT-2h sample was found to be more promising in
case of cationic and neutral dyes. Moreover, the power of
ultrasonication is an important factor in case of piezocatalysis.
Figure 7c clearly showed that the decrease in power from 70 to 50
W decreased the percentage dye degradation from 77 to 35%. The
decreasing power decreased the effective compressive stress on the
sample, due to which piezocatalysis decreased.

Piezocatalysis in ceramics is generally showed in terms of
piezoelectric coefficient (ds3) value. However, in the present case,
all the samples (AQ-glass, HT-2h, HT-3h, and HT-6h) showed
the overall piezoelectric coefficient (d;3) is zero as attempted
using dj; meter. Besides zero piezoelectric coefficient, the heat-
treated glass—ceramics samples showed promising piezocatalysis.
The only possibility exists is the existence of local piezoelectricity
in glass—ceramics samples. The presence of local piezoelectricity
can be viewed in terms of change of surface potential*>#°. The
surface potential of AQ-glass and HT-2h samples measured using
KPEM is presented in Fig. 8a, b. The high surface potential was
clearly observed in the case of HT-2h sample in comparison to
that of the AQ-glass sample. This increase in surface potential
was mainly due to the existence of large number of piezoelectric
LiNbO; crystallites in the HT-2h sample. It is to be noted that this
is a localized surface potential, which is negative over that area.
AQ-sample also showed a very small surface potential, which is
again due to the presence of a very few crystals of LiNbOj; in it.
The large surface potential in case of the heat-treated samples
indicated the presence of localized piezoelectricity, which is
responsible for piezocatalysis.

Mechanism of piezocatalytic dye degradation. During ultra-
sonication of water, the cavity bubbles firstly form, then grow,
and ultimately collapse*”. These cavity bubbles generally contain
entrapped gases and surrounding water vapors?’. This con-
tinuous phenomena of the formation/growth/collapsation of
bubbles lead to the formation of local hot spots with temperature
of 4000-5000 K and in addition to this, a shock wave having ~108
Pa peak pressure releases!®47. These local hot spots decompose
the contents of bubbles into free "OH radical species using
thermolysis (sonolysis) process#748, The free *OH radicals finally
degraded MB dye and the products of degradation are formed as
indicated in Egs. (3) and (4)47:48,
During thermolysis (also known as sonolysis):

H,O + vibration — OH + H. (3)

(4)

Thus, the thermolysis was the main reason behind the ~15%
degradation of MB dye under 150 min ultrasonication without
using any sample.

Moreover, the pressure exerted by shock waves produces local
piezoelectricity in the glass-ceramics containing piezoelectric
LiNbOj; crystals, due to which piezocatalysis initiates. This local
piezoelectricity forced hole (h')/electron (e™) pairs to move in
opposite direction towards opposite polarity of polarization field.
During this, some of these reacts with OH™ ions and adsorbed O,
and then generate "OH and "O; as shown in Egs. (5)-(8). These
radicals further decompose MB dye into degradation products.

MB dye + OH — Degradation products.

LiNbO; crystallites + vibration — h* + e
O, adsorbed + e~ — 'O, .
OH™ +h't — OH.

MB dye + O, /'OH — Products of degradation. (8)

Also, increasing piezoelectric LiINbO; crystallites in
glass—ceramic from HT-2h to HT-6h samples, an increase in
piezocatalytic dye degradation performance was observed in this
order HT-2h < HT-3h < HT-6h. AQ-sample also showed nearly
33% MB dye degradation within 150 min under ultrasonication,
which was possibly comes from a few LiNbOj; crystals present in
it as shown in SEM micrograph.

For confirming stability of HT-2h sample, the XRD was
performed again after performing three cycles of piezocatalysis.
However, no shift/change in peak position and orientation were
observed in XRD pattern before and after third cycle of
piezocatalysis as shown in Supplementary Fig. S2. Also, no
physical change was seen on the sample. This clearly indicated
that the present glass—ceramic was stable after catalytic reactions.
The piezocatalytic dye degradation performance of present
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Table 2 Comparative piezocatalytic performance of present glass-ceramic with reported piezocatalysts.

Piezocatalyst Dye Concentration Ultrasonicator specification k value Reference
MoS, onto S, N-codoped graphene MB 20 ppm 40 kHz, 200 W 6.916 min~! 19
Bi4Ti3Oq, nanoplates RB 5mg/L 40 kHz, 8O W 0.064 min~! 49
Core-shell BiFeOs/TiO, nanocomposites Methyl violet 10 ppm 40 kHz, 300 W 0.00424 min—1 >0

BaTiO5 nanowires MO 5mg/L 40 kHz, 80 W 0.015 min~" 16

BaTiO5 nanoparticles MO 5mg/L 40 kHz, 8O W 0.019 min~! 51

(Bap g75Ca0.125)(Tio.05SN0.05)05 ferroelectric ceramics  MB 5mg/L Not mentioned 0.00114 min—! 21

Ag loaded BaTiO3 MO 5mg/L 40 kHz, 120 W 0.01622min~1 12

Ko sNaosNbOs RB ~5mg/L ~40 kHz, 180 W 0.0198 min~1 22

LiNbO5 glass-ceramics MB 5mg/L ~40 kHz, 70 W 0.0128Tmin~1  Present work

glass—ceramic (HT-6h) was found to be comparable with reported
piezocatalysts in the literature as mentioned in Table 2.

Conclusions. Piezocatalysis can be induced in glass by embedded
piezoelectric LiNbO; crystals inside the matrix of glass using
heat-treatment at 650°C. The increase in crystallization time
from 2 to 6h decreased the transparency, however increase the
piezocatalytic dye degradation capability due to increase in
LiNbO; crystallites counts and size. The sample heat-treated for
2 h provided sufficient transparency and promising piezocatalytic
dye degradation capability. This study provides a promising
alternative to powder and pellet ceramics in water-cleaning
applications. Since, this is a first report on piezocatalysis
glass—ceramics, there is an untapped potential to further explore
and optimize the performance of ferroelectric glass—ceramics for
catalytic applications.

Methods

Glass-ceramic fabrication. The parent glass (30Si0,-35Li,O-35Nb,0O5 (all
oxides are mentioned in mol%)) was obtained through melt-quenching process.
During this process, various oxide powders (Li,O, Nb,Os, and SiO,) were con-
sidered according to stoichiometric calculation. These oxide powders were mixed
followed by manually grounded for 30 min. The obtained homogenous fine
powder was then transferred to platinum crucible. After this, the powder was
melted at 1400 °C for 10 min in furnace (Nabertherm, Germany). The melt was
poured on polished stainless-steel plate (having temperature of 200 °C) and then
pressed with the help of an electric press (also at 200 °C). At last, as-quenched
glass (AQ-glass) was obtained, which was transparent and light brown in color.
In order to crystallize LiNbO; crystals in AQ-glass, the glass was provided with
additional heat-treatment at crystallization temperature of 650 °C for 2, 3, and 6
h. The crystallization temperature and time were decided from the reference?”.
These heat-treated samples were denoted as HT-2h, HT-3h, and HT-6h
according to their crystallization time.

Characterization. The crystalline phase induced after heat-treatment was identi-
fied with the help of X-ray diffraction (XRD). Rigaku diffractometer, Japan pos-
sessing rotating 9 kW Cu anode was used to get XRD patterns of AQ-glass, HT-2h,
HT-3h, and HT-6h samples. The scanning of samples was performed over 10-90°
26 range using the scanning speed of 3°/min. After identification, Raman spec-
troscopy was performed to confirm phases and to get the knowledge of various
vibrational modes of all investigated samples. Horiba (Lab RAM HR evolution)
Raman spectrometer was utilized to obtain Raman spectra over 100-800 cm~!
wavenumber range using 25% power of 633 nm laser (1800 grating) for 15 s
acquisition time. Scanning electron microscopy (FE-SEM, Nova Nano SEM-450,
JEEL, USA) was utilized for visualizing the surface morphology. High resolution-
transmission electron microscope (HR-TEM, FP 5022/22-Tecnai G2 20 S-TWIN,
FEI, USA) was utilized for visualizing bulk crystals in the heat-treated samples.
The absorbance and transparency were quantified using UV-visible spectro-
photometer (Shimadzu UV-2600) over the 200-800 nm wavelength range. The
NBO/bridging oxygens (BO) present in AQ-glass and the HT-6h samples were
quantified using Ols scan of X-ray photoemission spectroscopy (XPS). XPS spectra
was recorded using Nexsa X-ray photoelectron spectrophotometer having source of
Al-Ka. The surface potential of AQ and HT-2h samples was measured using Kelvin
probe force microscopy.

Piezocatalysis experiments. The piezocatalytic dye degradation experiment was
performed using a model dye named as Methylene blue (MB dye). The initial con-
centration of MB dye solution was 5.5 mgL~!. The 5 mL volume of MB dye solution
was filled in four different glass vials (15 mL). Samples of ~185 mm? surface area were

dipped in these vials. These vials were subjected to ultrasonic vibrations using an
ultrasonicator of 70 W power and 40 kHz frequency. Water was used as an ultra-
sonication medium. The piezocatalysis experiments were executed under dark so as to
exclude the possibility of photocatalysis. The test samples of 1000 uL were taken out
from vials after every 30 min of ultrasonication and measured for absorbance under
UV-visible spectrophotometer. The percentage degradation (D%) in dye concentra-
tion during piezocatalysis was obtained by following Eq. (9).

D(%) = (1 —Ai()) x 100 = <1 - c%) % 100, (9)

where “A,” and “A”; the values of dye solution absorbance recorded at times “t” =0
and ¢ min, respectively. Similarly, “C,” and “C”; the values of dye solution con-
centration at times “#” =0 and ¢ min, respectively. The test sample was recovered
every time into the same glass vial so that dye volume remains constant. Water was
used as medium of ultrasonication, which was regularly replaced after an interval of
15 min to prevent heating.

Data availability

All data are available within the manuscript and supporting information file.
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