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Abstract

The need for sustainable technologies to addressoemental pollution and energy crisis is
paramount. Here we present a novel multifunctiorealocomposite, free standing films by
combining piezoelectric molybdenum sulphide (Mop®anoflower with poly vinylidene
fluoride (PVDF) polymer, which can harness otheenigasted mechanical energy for useful
energy generation or water purification. The unigdeS, nanoflower morphology is
exploited to render the whole nanocomposite piegtvea A number of features are
demonstrated to establish potential practical usagstly, the nanocomposite is piezoelectric
and piezocatalytic simultaneously without requiriagy poling step (i.e. self-poled).
Secondly, the self-poled piezoelectricity is exj@di to make a nanogenerator to produce
electrical power. The nanogenerator produced >80ndWler human finger tapping with a
remarkable power density, reaching 47.14 mW?>cifhe nanocomposite film is made by
simple solution casting, and the corresponding ganerator powers up 25 commercial
LEDs by finger tapping. Last but not the least, deeeloped films show efficient, fast and
stable piezocatalytic dye degradation efficienc@0® within 20 minutes) against four
different toxic and carcinogenic dyes under darkdition using only ultrasonic vibration.
Reusability of at least 10 times is also demorstratithout any loss of catalytic activity.
Overall, our nanocomposite has clear potentialuse as self-powered sensor and energy
harvester, and in water remediation systems. ltlshpotentially also be deployable as a
surface mounted film/coating in process engineerindustrial effluent management and

healthcare devices systems.
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I ntroduction

Bioaccumulation of emerging inorganic and organantaminants such as toxic dyes,
pharmaceuticals, and drugs in wastewater effluewsiral environment and drinking waters
has grown at an alarming rate in recent times aadenmts a huge challenge for water reuse
industry [1,2]. Water pollutants such as commontipeles, herbicides, organic dyes and
biological contaminants such as DNA, proteins,dgpibacteria, virus, spores etc., present a
serious and persistent threat to human health. Adssprompted the development of some
advanced disinfection and water remediation teelesgwhich involves reactive oxygen
species (ROS). ROS consisting of a medley of stmdidizing agents like OHs, He, Os, O
H,O; etc. that can safely and effectively destroy gdartumber non-living and living organic
contaminants in water. Among the contaminants, raogdyes are particularly challenging to
decontaminate since most dyes used in textile, nphegutical, food industries and
agriculture are not only toxic to the environmeut also tend to be potentially carcinogenic.
Thus, complete breakdown and/or removal of theséaoainants in industry effluents as well
as drinking water is absolutely essential for lolgm benefit to human health and
environment [2-5]; and doing so in a safe and enefficient manner is a major scientific
challenge. Current ROS based water treatment témfies such as UV photolysis,
radiolysis, ozonation, sonochemistry, electricalscarge technology, electron-beam
irradiation and supercritical water oxidation reguéxpensive set up and continuous energy
source in the form of electricity or ultravioleght source [4, 6-7]. Although, photocatalysis
has shown promise but is limited by agglomeratemdéency, post-separation difficulty and
low efficiency under solarirradiatiénHere we present passive (i.e. without requiring any
additional energy input), effective, cheap and &mmndly processes for ROS mediated
disinfection and degradation of dyes using a nquiekocatalytic nanocomposite. As an
additional benefit, we also demonstrate the abitifyour nanocomposite to serve as a
nanogenerator for energy-harvesting applicatiothereby offering a promise for self-

powered sensing and optoelectronic devices.

Piezoelectric materials can produce electric chargen subjected to mechanical stress and
vice-versa [8, 9]. Mechanically straining a pieeo#ric material induces an electric field
throughout the material which generates free clsaagés interface with the ambient (e.g. air

or water). Piezocatalytic materials are a subclalspiezoelectric materials, where the
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material composition is engineered such that tee @harges in turn generate several reactive
oxygen species (ROS) includin®H, ‘O, "HO, and HO, by local micro-electrolysis of
water. The ROS generated by mechanical actuatigpiezioelectric materials thus can be
efficiently used to piezocatalytically oxidize addgrade the toxic and/or carcinogenic dyes
and microbes in water from textile, chemical, phacgutical and food industries [10-14].

These piezoelectric materials can also be activatezh subject to ambient vibrations which
are abundant in daily life. For example, piezoelecteramics in the form of ZnO and
Cu/ZnO nanowires, Pb(dgTio43Os fibers, ZnSn@ nanowires, single/few-layers MeS
nanoflowers and nano/micrometer sized BaJiCetc. have all been reported to
piezocatalytically degrade potentially harmful dyeg. Acid Orange 7, Rhodamine B,
Methyl Orange, 4-chlorophenolunder ultrasound \ibres with high efficiency [11, 15-21].
Thus, harnessing the abundant vibrational and wiker wasted mechanical energy to
piezocatalytically treat waste-water can truly Howster purification technology in an
energy-efficient manner. However, using free piézdec nanoparticles directly in water
treatment presents several problems in the forrataility of the nanoparticles, efficacy,
accumulation, toxicity, separation and recyclapiliHere we propose a flexible, polymer
nanocomposite film as an alternative solution t@roeme these limitations. Our hybrid
piezoelectric films are based on PVDF and Mefanoflowers, which can be processed
simply through solution processing and demonsteteellent piezoelectric properties
without requiring energy intensive poling — our oaomposite are self-poled. The
mechanism of self-poling is discussed in detail @ne functionality is established by
demonstrating that our films can also be used argnrharvesting applications, such as the
so called nanogenerators for self-powered sengisigss [22].To demonstrate the dual-use
feature, our hybrid nanocomposite films are showmn exploit vibration induced
electromechanical coupling to promote remarkableergn harvesting capability
(demonstrated by fabricating nanogenerator devib&lwis able to power up LEDs by
human finger tapping) as well as catalytic degradabf potentially toxic and carcinogenic
dyes like, Acridine Orange [23], Eosin Y [24], Ethim Bromide [25] and Rhodamine B
[26].

The piezocatalytic activity in MagSnanoflowers was first reported by VWual. [11], who
showed ultrafast degradation of Rhodamine B in mateler dark condition. However, for
practical application, the process runs the risk coihntaminating water with Ma@S
nanoparticles itself. Further, it is not suitabla treating flowing water due to loss of
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nanoparticles over time. Thus, a self-sustainedesysvhereby the MaSnanoflowers are
held stationary is required for long term applioatiPVDF polymer has been well known for
its robustness, chemical inertness and piezoatdygiriwhich therefore would be an ideal
candidate to act as a substrate for arresting-JMa8oflowers. Currently, MgSPVDF based
nanocomposites reported so far mainly focussesiergg harvesting applications rather than
dye degradation, for example, Gaial. [27], studied mainly MoSnanosheet inducefl
phase transformation and mechanical aspects of PWMBIS. Maity et al. [28], showed
nanogenerator and sensing performance with satiliatdd bulk Mo$ and electrospun
PVDF composite. Similarly, Sahatiyet al. [29], used electrospun PVDF and MeS
cellullose for hybrid piezo-triboelectric nanogester. However, in both the applications,

electrically poled PVDF nanofibers were used angieaocatalytic properties were reported.

In the current work we are introducing a numbeneiv features. For the first time, we are
introducing a self-poled, deployable MoShanoflower doped PVDF film, which
demonstrates excellent piezoelectric (through aerggn harvesting nanogenerator) and
piezocatalytic functions. The unique strategy ombming MoS nanoflowers in PVDF
matrix results in a multifunctional, robust, nontand flexible film where the enhanced
piezoelectricity is achieved by synergistic int¢i@t between Mog and PVDF without
requiring any high voltage poling process [28,30iilevthe piezocatalytic effect is observed
due to vibration induced ROS generation at the sfdte interface. The nanogenerator
developed using our self-poled MeBVDF film exhibited much superior performance
compared to similar nanocomposites and repeatahii-dye degradation capability
showing versatility. The simple solution castingpagach to nanocomposite film synthesis is
scalable and economical, and the embedded,MaS8oparticles offer the potential for long
term activity, recyclability and the ability to &rtelarge volumes of water without any risk of
nanoparticle spillage. Additionally, use of a namoposite film instead of simply using the
MoS, nanoflower for piezocatalytic water remediationam® that there will be no need to
remove the nanoparticles. Therefore, PVDF and Mu&hoflower have a complementary
role in the reported nanocomposite functionalitytably, our approach is different from
recent work by Linet al. [31] who blended nanoflower M@Svith poly(dimethyl siloxane)
(PDMS) to obtain piezocatalytic behaviour and alsed the nanocomposite to develop a
triboelectric nanogenerator; our focus is on the self-polingzpelectric feature imparted to

PVDF by Mo$ nanoflowers. Besides the difference in mechan@mnanocomposites also



shows superior nanogenerator power density antegtédzocatalytic activity for re-usability

(>90% dye- degradation efficiency is maintainedneafter using the same film 10 times).

Materialsand Methods
Synthesis of MoS, nanoflowers

The MoS nanoflowers were synthesized by hydrothermal pmocé@gpically, 0.28 g of
Pluronic F-127 (Merck, Germany) was dissolved i 4L of distilled water. Next 8.5g of
Ammonium heptamolybdatetetrahydrate, ()§M0;0.4.4H,0, (Merck, Germany) and 1.28
mg Thiourea, CEN,S, (Merck, Germany) were added to the solution a@taved to stir at
room temperature for 30 min. The resulting homogesesolution was then loaded in a
stainless-steel Teflon lined hydrothermal reactat was kept in an oven at Z@for 24 h
[12]. After the reaction, the black precipitate wantrifuged and washed with water and
alcohol repeatedly. The precipitate was then digeget a free-flowing powder and stored for

further characterization and use.

Synthesis of MoS,-PVDF films

MoS; nanoflower doped PVDF film was fabricated usinguioh processing. Initially, 250
mg of PVDF (Sigma-Aldrich, Germany; Mw: 180,000 GRM: 71000) was dissolved in 60
mL of Dimethyl sulfoxide (DMSQO) (Merck, Germany) der constant magnetic stirring at
60°C to obtain a homogeneous solution. Next, M@® wt% of PVDF) powder was added
to the PVDF solution and continuously stirred atmotemperature until complete dispersion
was achieved. Afterwards, the colloidal suspensias transferred to a clean petri dish and
dried at 80 C in an oven to get nanocomposite films [22]. Emmparison, pure PVDF film

was also prepared in a similar manner without poS

MoS,-PVDF nanogenerator (MPNG) fabrication

As a first application of the nanocomposite, a mmmerator was fabricated by using an
MoS,-PVDF film of dimension 1 cm x 1 cm x 5dm. A 40um thick copper/aluminium
electrode was attached on either sides of the ditrth two copper wires were connected to
side of the film. Next, the film containing the eflewdes and connecting wires are packaged
in polydimethylsiloxane (PDMS) (Sylgard 184, Dow r8img, ratio of 1:10) by immersing
the nanocomposite films in PDMS gel and drying®&min in a vacuum followed by drying
at 60 °C for 1 h to remove the bubbles from thetanex [22]. The final package size of the

as-fabricated MPNG device was 2 cm x 2 cm x 0.3 cm.



Piezcatalysis experiment

MoS-PVDF nanocomposite film of dimension 2 cm x 2 cm andakhess 50um was
immersed in 10 mL of 10 ppm solutions of each dy&,(Acridine Orange (AO), Eosin Y
(EO), Ethidium Bromide (ET) and Rhodamine B (RHQdHa chemie) in deionised water.
The conical flask containing the dye solution ahd hanocomposite film was placed in a
bath sonicator (RS Pro Ultrasonic Cleaner, 100WJ anobjected to pulsed ultrasonic
vibrations for 20 mins. During the experiment, aafinportion of the dye solution was
pipetted out at regular intervals (0, 5, 10, 15 @0dmin) and measured using UV-Visible
spectrophotometer to check its degradation. Theemérdegradation and the rate constant
were calculated from the measured data. A recyihaltiest was also performed with
Rhodamine B which included 10 cycles of catalyttperiments using 200 mL of 10 ppm
dye concentration to determine the efficacy of tla@ocomposite films for treating large

volumes of water. All the catalytic experiments gearried out in dark at 2%.

I nstrumental

Physico-chemical characteristics including phasemé&tion, microstructure, elemental
distribution and thermal properties of Mag#noflower and MoSPVDF film was performed
using X-ray diffraction (XRD; Model-D8, Bruker AX®Bic., Madison, WI), Fourier transform
infrared (FTIR) spectroscopy (FTIR-8400S, Shimadztield emission scanning electron
microscopy (FESEM; INSPECT F50, Netherlands), Ewyedispersive Xx-ray analysis
(EDAX) and Differential scanning calorimetry (DS©®;6Shimadzu). Ferroelectric properties
of the film were measured in terms of polarizateeetric field (P-E loop) using Hysteresis

version 4.9.0 (Radiant technologies).

Open circuit voltage (W) generated by the MPNG under continuous fingerairtipg and
ultrasound was measured using a digital storagdassope (Keysight, Oscilloscope DSO-X
3012A). Short circuit current ) was recorded under the same condition using Kbtsi
Electrometer B2985.

Catalytic degradation of dyes was monitored usit)/aVisible spectrophotometer (Lambda
650, Perkin EImer) and «OH was measured with tahegic acid (Merck, Germany) using a

Cary Eclipse Fluorescence spectrophotometer (Aigflenhnologies).

Results and Discussion



Figure 1 shows the schematic of M@&d MoS$-PVDF nanocomposite synthesis procedure.
The synthesis procedure described is a simple rvated technique using Pluronic F-127 as

the structure directing agent.

Pluronic F127
Ammonium heptamolybdate

Thiourea
Hydrothermal treatment

C——
200°C
24 h MoS:2 nanoflowers
30 min o ® . Centrifuge “
m— * L, 0 ) ¥ f
Stirring . 10,000 rpm, 10 min " 4
[ ] [ ]

PVDF (in DMSO) + MoS: MoS2-PVDF film

I. Mixing and solution casting

— v 53

1. Drying at 80°C

Figure 1. Scheme of MeSPVDF nanocomposite film preparation.

The role of F127 in promoting mesoporous flowereliktructure iny-alumina is well
documented by Get al. [32], and it is interesting to see that it alsoedis nanoflower
morphology in case of MgS This provides an alternative, less expensive \@n

commonly used solvent like 1-Butyl-3-methylimidamoh chloride.

XRD analysis

The XRD pattern of pure MeSand Mo%-PVDF film is represented in Figure 2a. MoS
shows characteristic broad reflections at 13.@02), 33.66 (102), 39.97 (103), 49.94
(105) and 59.4°1(110) which confirms phase formation in the astlsgsized powder [11]
(JCPDS card No. 37-1492). Addition of Matanoflowers significantly promotes nucleation
of polar electroactiv@-crystals in PVDF film which is indicated by a spaingle peak att?

= 20.5 ((110), (200)) and absence af phase reflections. In addition, reflections
corresponding to MoSare also present indicating the composite nattitbeofilm (Figure
2a). Electroactiv@ phase crystallization in PVDF is often achievedriyoducing variety of

molecules including ceramics, salts, clays, polyanaanoparticles etc., whereby interfacial



interaction with the C-H and fluorine groups leadshe alltrans TTTT conformation [22,

30, 33]. In the present case, addition of M&&ms to be playing a similar role.

FTIR analysis

Comparison of FTIR spectra (Figure 2b) of the pMi&S, and the MogPVDF films also
indicates enhanced electroactp/@hase formation in the composite film. Pure PVIDbvgs
characteristic absorbance bands of nonpelarystals at 488 cth(CF, waging), 532 cii
(CFR: bending), 615 and 764 ¢h{CF; bending and skeletal bending), and 796 and 976 cm
(CH, rocking). A small peak at 840 ¢h{CH, rocking, CR stretching, and skeletal C-C
stretching) is also observed in the spectrum oé (RWDF, which may be due to the slight
presence of or B + vy crystals (Figure 2b). In case of MeBVDF, all of the characteristic
peaks corresponding to nonpolacrystals are absent with absorbance bands at ##5 ¢
(CR rocking and CHrocking), 479 crit (CF, deformation), 510 cih(CF stretching), 600
cm* (CRwag), and 840 and 1274 &rhecoming predominant. The appearance of 518 cm
and 840 cntf band along with 445 cihand 1274 cil bands and the absence of the
characteristic absorbance band/afrystals at 1234 cthconfirms nucleation of electroactive
B-crystals in the Mogdoped PVDF film [28,30]. Presence of Mo8as confirmed from the
vibrations around 480 c¢f(Mo-S stretching), 900 cn(S-S stretching) and 1100 &ngO-H
stretching) which almost merges with the PVDF bafte fraction of electroactié phase
content in the nanocomposite MeBVDF film was calculated by using the Lambert-Beer

Law

F(B) = b

(K—i) Ag + Ag
where A is the absorbance at 764 ¢ is the absorbance at 840 ¢rand K; equals 7.7 x
10* cn? mol™* and K, equals 6.1 x 0cn? mol™* as the absorption coefficients at 840 and

764 cmi* respectively [22,33].
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Figure 2: a) X-ray diffraction pattern of Mg@&nd Mo%-PVDF film, b) FTIR spectra of the
PVDF and the MoSPVDF films, ¢) DSC thermographs of the PVDF and WoS-PVDF
films, d) P-E hysteresis loop, e) strain-field leufity loop for the Mo%PVDF film and f)
FTIR spectra showing interaction of Mp®8ith -CH, backbone of PVDF.

Using this equation, th@ phase crystallization in pure PVDF is found ta3086 whereas for
MoS,-PVDF it reached 80%. It is noted here that potdvents like DMF, DMSO, DMAc
can also induc@ phase to certain extent in native PVDF by intengctvith the chain but
still require poling to exhibit piezoelectric prapies [30]. Since the piezoelectric nature of
PVDF is strongly dependent on the amount of elactireep phase, therefore the addition of

MoS, nanoparticles clearly enhances its piezoelectopegrties.

DSC thermograph analysis

The phase crystallization and melting behaviorwke@VDF and MoSPVDF film was also
analyzed by differential scanning calorimetry (DS®) complement XRD and FTIR
measurements. The melting peak at 164.5 °C in tB€ thermograph of pure PVDF film
indicates presence of nonpolampolymorph [22], whereas for the Mg8oped PVDF, the
melting peak is shifted to a higher temperaturegesting the nucleation of electroactiye
phase in the nanocomposite film (Figure 2c). Thgrele of crystallinity (%) of the films
have been evaluated by the formuleg=XAH./AH1000% (WhereAHy, is the enthalpy of fusion
of the samples andHioois the enthalpy of fusion of 100% crystallite PVE4.6 J/Q))
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[22, 33]. The enthalpy of fusion and crystallintigth increased upon Me8oping; MoS$-
PVDF film had X~ 53.43% compared to % 33% for pure PVDF. This change is due to
interaction between MaShanoflowers and the polymer resulting in the foioratof p-

crystals in the nanocomposite film.

Ferrodectric characterization

Ferroelectric properties of Me®VDF film were determined from the room-temperatur
polarization-electric field (P-E) hysteresis loogasurements at 50 Hz in the 200 kV/cm
range. The area within the loop corresponds torbgémeous charge density and indicates
charge storage capability of the material [22]. d&m be seen from Figure 2d, the MoS
PVDF film shows a strong remnant polarization (Rdue of 3.38uC cm?compared to pure
PVDF (0.038uC cmi? at 100 Hz). This high Pr value can be ascribegdod reversible
ferroelectric behaviour and accelerated heterogengwolarization tendency in the film. It
also indicates that the material is inherently palad piezoelectric in nature [2&hce no
poling was used in our synthesis process, confgntime self-poling property of these
nanocomposite films. Following Katsourasal. [34], the piezoelectric coefficient £4) is
calculated using the equatialgs = -Pr/Y, where Pr and Y is the remnant polarization and
Young's modulus respectively at zero applied eledield (see ESIt). The Young’'s modulus
of the MoS-PVDF film was measured to be 928 N/friTherefore, by using the above
equation, gsof MoS,-PVDFcomes out to be -36.4 pC/N. This value is érgihan observed
in poled PVDF [30] (24 pC/N) showing that the cormsip® film has superior piezoelectric
properties without undergoing any poling procedse Electrostriction coefficient £ was
calculated to be 6.8 16872 using the relatiordss = Qaa/2e¢,Pr, wheree is the dielectric
constant of the MoSPVDF film ande_ is permittivity of free space (8.854 x ¥& m™).
Based on @, longitudinal strain (§ under polarization could be calculated by using t
equationS; = Qs3 P2 Using these strain values, a strain vs field ewnas plotted (Figure 2e)
which shows a characteristic butterfly loop natarel confirms the reversible polarization

and converse piezoelectric behaviour of the nanposite film [35].

The above chemical, thermal and electromechanicaftacterisation establishes the self-
poling feature of the MoSPVDF nanocomposite. In terms of microstructure, gan
rationalise the observed self-poling property tigtoeither a possible hydrogen bonding or

electrostatic interaction between Mo-S dipole im+twentrosymmetric Moghanoflowers and
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positive-CH dipole of the polymer which inducgs phase crystallization by orienting the

polymer in a TTTT conformation as shown in Figure 3

B phase crystallization in PVDF Mechanical
stress/vibrations

voltage

MoS2-PVDF film

* MoS:2 nanoflower - Negative charge (MoS3) ® Fluorine

® Carbon ® Hydrogen

Figure 3: Mechanism of self-polinfl,phase nucleation and the consequent mechanieatstr

induced piezoelectricity in the in the MeBVDF nanocomposite film.

Additionally, the —CE group may also interact with Mo in the S-Mo-S ntpid PVDF
occupies interstitial position in M@$28]. This interaction is further supported byhaftsin
the -CH asymmetric and symmetric stretching band vibrationthe high frequencyb (=
3050-2950 cnl) region of FTIR (see Figure 2f), which indicateseifacial interaction of
MoS, layers with -CH/CF, dipoles [28]. Furthermore, since Mp®&anoflowers with
abundant single and few layers exhibit strong pee=cric potential at the edge sites, their
incorporation in PVDF in the present case may asotribute to the overall enhanced
piezoelectricity of the composite film through ansygistic effect [8, 11]. This morphology
dependent interaction of M@® highlighted by the fact that primarijyanda phase has been
reported in Mo% nanotube doped PVDF [36] while MgB8anosheet inducefl phase in
PVDF by synergistic electrostatic interaction [B],2Thus, in the present case, both inherent
piezoelectricity and morphology of Mg8&anoflower plays important role in contributing
toward the piezoelectric property of the composiée note here that although our work
clearly establishes the self-poled nature and Xoellent piezoelectric features of the MoS

nanoflower doped PVDF, which do make sense basedhalecular interactions and its
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characterisation, a more focussed investigatiomeohanical and electrical characteristics of
this nanocomposite and the role of nanoflower cotradon will be required for a deeper

understanding of the underlying mechanisms.

FESEM imaging

The morphology of the piezoelectric films was asedsby FESEM (see Figure 4). MoS
particles are spherical in shape with particle size0.81m (Figure 4a). A magnified image
(Figure 4b) clearly shows that each particle hasvdr like morphology characteristic of
single and few-layers MoSas described by Wat al. [11]. Each nanoflower particle is in
turn composed of typical aggregation of nano-pdiailsng thickness of <100 nm (see Figure
Sla, ESIY).

MoS;impregnated PVDF shows distinct formation of sphisi of diameter ~5-8m which
confirms B phase crystallization [22] (Figure 4c). The fraetsurface of the MaSPVDF
films shows the presence and distribution of Ma&oflowers in the PVDF matrix (Figure
4d). Most of the Mogis found to be embedded inside the polymer witty Vigtle fraction
exposed to the environment at porous regions osuHace of the film. Although some local
MoS; particle aggregation exist but mostly the distridmatis uniform in the PVDF matrix
where the individual nanoflower particle morpholagynaintained (Figure S1b, ESIT).
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Figure 4: FESEM images of a) hydrothermally synitexs MoSnanoflowers, b) magnified
image of the nanoflowers showing abundant singtefaw layers Mog c) surface of MoS
PVDF film showing spherullite formation due fo phase crystallization and d) fracture
surface of a MoSPVDF film with embedded MoShanoflowers.

Elemental mapping (Figure S2, ESIt) and EDAX (Fg&3, ESItT) was also performed to
analyse the distribution of Mg®articles in the PVDF matrix. A homogeneous dsttion

of particles was observed throughout the film whialdicates uniform dispersion and
interaction with PVDF.

MoS-PVDF nanogenerator (MPNG) performance

Figure 5 captures the nanogenerator functionahtthe MoS-PVDF film (Figure 5a). The
device flexibility and layered construction of thackage are shown in Figure 5b and Figure
5c, respectively. Both the film and the prototymnogenerator device (see Figure 5b) are
highly flexible and robust, showing excellent enehgrvesting capability from mechanical
energy. The piezoelectric output of the MPNG devioder periodic human finger tapping
(=5 Hz) is shown in Figure 5d. An impressive opénuit voltage (M) of 84V is obtained
under a tapping force of 27.5 N and the correspangdhort circuit current {) reached a

value of 3.05 pA (Figure 5e).

The variation of the output voltage from MPNG wastlier evaluated across different load
resistances (ranging from 1 to 400y the instantaneous voltage increased and graduall
reached a peak value of 84 V at 3@Mimilar to open voltage circuit ¢ (Figure 5g). The
corresponding instantaneous currepti$l calculated by the equation# V/R., where, V is
the voltage measured across load resistancel e effective power density is determined
from the equation P = @R.) 1/v, where, v is the effective volume (surfaceaarx
thickness). The device gave an outstanding pealepdensity of 47.14 mW crhat 30 M2
load (Figure 5h). To the best of our knowledges thithe highest power density obtained by
finger tapping in Mog nanoparticle doped PVDF which again highlights #yaergistic
piezoelectric effect in our self-poled nanocompmdim. The observed high power density
can be rationalised for two reasons. First, thetrdmrtions due to the strain induced
piezoelectric potential generated by the self-pd®DF and the Mosnanoflowers, under
vigorous tapping force (~27 N), reinforce each otl$=cond, we surmise that the vigorous

tapping also causes additional strain induced sp@uiLs polarization and consequent dipole

13



formation leading to charge separation (electrod hale pairs) and accumulation at the
abundant edge sites of piezoelectric Modnoflowers and PVDF interface [8, 11, 28]. This
should enhance the piezoelectric output. A comparsf the device with other previously

reported PVDF based nanogenerators is summariz&Sih (table S1). In contrast, pure
PVDF based nanogenerator only produced 4 V undersdme tapping force (see ESIt,
Figure S4). The as fabricated device also prodwedutput of 2V under ultrasonic bath

(100 W) condition (see ESIt, Figure S5) which shehe it is highly sensitive over a wide

range of frequency.

A possible working mechanism of the device is dipicin Figure 3. Under mechanical
stress, the polarization produced (by separatiorchairges) in the piezoelectric film (see
Figure 3) can be harnessed in terms of electricgpdy using electrodes on either side of the
film which drives the electrons through the extériecuit. When the stress is released, the
electrons flow in the opposite direction and a tigggpotential is reached [8-11, 28, 35]. To
demonstrate the application potential of the asidated MPNG, it was connected to a 1uF
capacitor through a bridge rectifier. As shown igufe 5f, the capacitor is charged very
swiftly to 2.5 V within 20 s under finger tappingee Table S2, ESIt for comparison).
Further, the device was able to power up 25 comiadek&Ds when connected in series
through a full wave bridge rectifier (Figure 5i amdeo S1, ESIT) showing that they can be

promising candidates for developing portable seli#pred electronic and medical devices.
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Figure 5. a) Flexible MoSPVDF film, b) nanogenerator prototype (i.e. the N, c)
schematic showing MPNG fabrication design. Perfaoroeaof MPNG under continuous
human finger tapping, d) open circuit voltagedye) short circuit current ), f) capacitor
charging, g) variation of voltage and current asraith different load resistances (1€Mo
40 MQ), inset shows the corresponding circuit diagrajreffective power density variation
with  different load resistances (1(Mto 40 MQ) and i) powering up commercial LED
bulbs.

Piezocatal ytic dye degradation

Piezocatalytic dye degradation was monitored utINgVisible spectroscopy. As observed
from Figure 6, the dyes showed rapid degradatidhiwv20 minutes of ultrasonication with
the nanocomposite Me®VDF film in dark condition. The degradation caa tisually
observed (see Figure S6, ESIt) from the changeym ablour after 25 minutes of
ultrasonication thereby clearly demonstrating tipegzocatalytic property. In contrast, pure
PVDF film failed to any appreciable degradatiordgés even after prolonged sonication (50
mins) (Figure S7, ESIT).
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Figure 6: UV-Visible spectra of dyes undergoingzuicatalytic degradation under ultrasonic
vibration in dark- Acridine orange (top left), Ensy (top right), Ethidium bromide (bottom
left) and Rhodamine B (bottom right).

The percent degradation over time is presentedignr& 7a, where the Me$VDF film
shows excellent catalytic activity in dark with 280degradation achieved for each dye.
However, with undoped PVDF film, the amount of dyesained unchanged even after
prolonged ultrasonication which indicates that prezoelectric effect in MoSPVDF film is
playing a major role in the catalytic process. tegradation reaction followed pseudo first
order kinetics as indicated from the rate of degtiath curve (Figure7b). The highest rate
constant was achieved for Ethidium bromide (ETBZ0min") followed by Eosin Y (0.26
min), Rhodamine B (0.21 mi) and Acridine Orange (0.127 miij respectively. To date,
degradation of these dyes has been mainly limitedising photocatalytic nanoparticles
(Zn0O, TiO,, SNQ, Fenton’s reagent, Au and Ag etc) under lightdiagion [22-25, 37-41]. In
contrast, in the present case this is achieved 6$NVDF film through a fast-piezo driven
catalytic process which harnesses vibrational gnerglegrade dyes under dark conditions,
which are more suited to industrial effluents flagrithrough pipelines. Although MeS
nanoflowers — in powder form —has been reportedetgrade Rhodamine B [8, 10, Hijt
this is the first time where a nanocomposite isnshto piezocatalytically degrade potentially

carcinogenic dyes like Ethidium bromide, Eosin \d &cridine Orange.
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standard error of the mean of five experiments dondriplicate (one way ANOVA).
*p>0.05, *p>0.005 and *p>0.0005.

Based on this observation, a piezocatalytic mesharof dye degradation is proposed as
presented in Figure 8 below. As already mentionedprporation of Mo% nanoflowers
converts an otherwise unpoled piezoelectric PVDR teelf-poled and highly piezoelectric
nanocomposite. Since Mp$s already piezocatalytic, therefore its inclusionthe PVDF
matrix results in boosting the piezoelectric aslwasl piezocatalytic property of the overall
nanocomposite. Thus, when the piezoactive MO¥DF film is subjected to ultrasonic
vibrations in an aqueous solution containing dyeySMnanoflowers are mechanically
agitated to generate electron-hole pairs by spewotas polarization of MgShanoflowers.
This polarization is further enhanced by the it of MoS with PVDF where
piezoelectric phase is induced. These electron and hole pais thigrate (in opposite
direction) and accumulate to the film surface aibdgdhe dispersed Mo®atrticles in PVDF.
Continuous rapid vibration by ultrasound generated accumulates enough electrons and
holes at the film surface to split water form R@& [OH, ‘O™ etc. Hence, the organic dye
molecules are rapidly degraded by the produced Bi®@8ar to a photocatalytic process [8,
10, 11] (Figure 8a). However, it may be mentionecklthat surface of the film (SEM image
in Figure 4d) contains scattered porous regionsreavMoS is partially exposed to the dye

solution and thus will contribute to dye degradatis well.
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Figure 8: a) Mechanism of piezocatalysis of the MBSDFfilm, b) hydroxyl radical
evolution under ultrasonic bath vibration and cusability test of MogPVDF film showing

stable degradation of Rhodamine B for 10 cycles.

Lin et al. [31], reported piezocatalytic activity, where thesed Mognanoflower-PDMS to
degrade Rhodamine B in running water. However, giezocatalytic activity solely came
from exposed Mogon the PDMS surface and showed deteriorationtimigcwith time with
time due to spillage when the composite is subjetbefriction with water. In case of our
MoS,-PVDF nanocomposite however, as explained by XRDRFand SEM, since MaS
actively induces’ phase by interacting with the PVDF chain, therefarleads to a more
robust attachment where we believe that Mwil be held more strongly in PVDF compared
to PDMS at this loading concentration (i.e, 10 wi#6S;). A time lapse photo of the film
immersed in the Rhodamine B dye solution and stdyeto ultrasonic vibration is presented
in Figure S8 (ESIt) showing gradual decolorizatminthe water without any apparent
degradation of the film over a period of 25 min.wéwer, when the film was loaded with
20% (w/w) Mo$S, the water turned greyish due to spillage of tkeess Mo$ particles,
nevertheless showed much faster degradation ofatyafeady reported by \Wual. [8,11]
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The mechanical stimulus driven generation@fl radical in the dye solution is confirmed by
trapping it with terephthalic acid at regular ima&s under ultrasound agitation. Terephthalic
acid forms a fluorescent hydroxyterephthalic acjpbmu reaction withOH radical, which
offers qualitative means to detect the radical fron with high sensitivity [42]. From
Figure 8b, it can be observed th@H radical is being gradually generated with tinfiera
ultrasound exposure and reaching a stable valuendrd0 minutes which coincides with the
catalytic degradation time. One of the main adages of using MoSPVDF films in water
purification would be their reusability since thanocomposite is inherently piezocatalytic
and mechanically robust. In order to assess tlatufe, the piezocatalysis experiment was
repeated using the same film with fresh solutiorRabdamine B (200 mL, 10 ppm). The
result presented in Figure 8c shows stable catapgrformance over 10 cycles with >90%
efficiency using 200 mL of dye solution under dadnditions. However, since the volume is
large the degradation time was over 40 mins. Tlsis eonfirms the robustness of our PVDF
based nanocomposite film in contrast to the worlki iof et al. [31], where the catalytic
activity decreased with progressive cycle (67%"atycle) due to release of Mgarticles
from PDMS surface. FESEM of the film surface pogbeximent (Figure S9, ESIt) shows
that structural integrity is maintained even aftepeated use. Thus, the developed
piezocatalytic film provides safe and reliable protibn of on-demand ROS which may be
applied to degrade ecotoxic organic and inorganitufants from water reservoirs, drainage
and sewer systems where photocatalytic applicaittomot feasible or is difficult to

implement.

Conclusion

This work summarizes the synthesis of a highly svpefficient and self-poled piezoelectric
nanocomposite and applies them to two key areaslyamater remediation and energy
harvesting. The nanocomposite showed strong pitalgtia activity as demonstrated by a
rapid and efficient degradation (>90%) of some ptadly carcinogenic dyes under
ultrasound vibrations within a short time of 20 m8uch catalytic reaction is found to be
initiated by production of reactive oxygen spediesaqueous solution as a result of strong
piezoelectric effect by the nanocomposite film undfark condition as opposed to
photocatalysis which requires light. The originpaézoelectricity in the nanocomposite film
was studied in detail by using different analytiaatl electrical measurements and shows that
MoS; nanoflowers plays a vital role in inducing tRecrystals in PVDF which results in

spontaneous orientation of dipoles leading to geléd piezoelectricity in the nanocomposite
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film. Also, the overall functionality of the nanaoposite is enhanced due to entrapment of
inherently piezoelectric and piezocatalytic Masanoflowers in the polymer matrix. The
films are robust and reusable and showed promiseuoifying large volume of dye
contaminated water (200 mL) over 10 cycles usinly @ibrational energy. In addition, the
nanocomposite has been successfully exploited asffasient energy harvesting device
(nanogenerator) which can be activated by mechlawiceations from common human and
natural activities. The nanogenerator produced &iman output voltage of 84 V and a
power density of 47.14 mW c¢iunder human finger tapping which powered up 25 LED
lights instantaneously. Overall, the developmerdguafh advanced and versatile piezoelectric
nanocomposite materials opens up a novel, enefigieet way to develop novel water

remediation technologies and smart self-powerettreleic devices.
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SEM of MOS; nanoflower and MOS;-PVDF nanocomposite film

Figure S1: SEM micrographs showing a) microstructure of MoS: nanoflower particles which
are composed single or few layers of nanopetals and b) distribution of nanoflower particle as
observed on the surface of the MOS,-PVDF film.



Elemental mapping and EDAX spectra of MoS:-PVDF

Figure S2: Elemental mapping of the surface of MoS;-PVDF piezoelectric film showing
distribution of molybdenum (Mo, top left image), Sulphur (S, top right image) and overlapped
image (below) of MoS; as a whole.
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Figure S3: EDAX spectrum of MoS>-PVDF film surface showing relative concentration of
MoS; in the PVDF matrix.

Calculation of the piezoelectric coefficient ds3

The d33 value was calculated following the commonly used ‘dimensional model’ as reported
by Katsouras et al. (ref. [34] in the main manuscript):

u

dsy = 22 zﬁzpr(m_aﬂ)zpr(w_l)z_ﬂ )

do do do do do Y
E=0

where Ps is the spontaneous polarization due to macroscopic dipole moment p, V is the sample
volume, ¢ applied stress, P; the remnant polarization and Y the Young’s modulus of the film.

Here the % is insignificant and is neglected assuming rigidity of the dipoles, and the

compliance a;iav , by definition, is (1/Y), i.e. the inverse of Young’s modulus (see ref. [34] in

the main manuscript).

Thus, according to this model and assumptions, ds3 can be expressed as a ratio of Prand Y. We
determined P; from P-E loop measurements and measured Y separately.

Calculation for external force (F) on the MPNG

The applied force on the MPNG during finger tapping can be qualitatively estimated

. . 2 .
following momentum and energy conservation law: mgh = MV"/ 2, L.e.,



v= (Zgh)l/z (2)
(F —mg)At = mv 3)

where m, v, h and F represent the mass of the impacting object, i.e. finger(s), velocity of the
object when it touches the MPENG, falling height of the object and applied force, respectively.
The symbol g denotes acceleration due to gravity and 4¢ is the time between two successive
positive or negative peak of the voltage versus time graph.

In present work, m = 1.7 kg, v =1.384 m/s, h = 0.15 m (determined through video recording,
see Video S1), and g = 9.8 m/s?, 4t = 0.2167 s. Thus, using equation (3), the force of the finger
impacts on the MPNG is determined to be /= 27.5 N which corresponds to a pressure of 64.5

kPa.

Output voltage (volt)

1
N

1 2 3 4 5

Time (sec)
Figure S4: Open circuit output voltage of pure PVDF based nanogenerator under human finger
tapping force which shows a weak output voltage due to some amount of piezoelectric phase
developed during solution casting process.
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Figure S5: Open circuit output voltage of MPNG under a) ultrasonic vibration and b)
magnified image from the selected region of a) (marked by yellow rectangle) showing

individual peaks.

Table S1: Comparison of output voltage, current and power density of our MPNG with some
previously reported nanogenerators based on PVDF nanocomposites. Our self-poled, MPNG
device shows highest achievable performance under human finger tapping based on voltage

output, current, power density and force applied.

Nanogenerator Poling Voltage | Current Power Pressure Dimensions
Status V) @ Density
(Area X
thickness)
PVDF/AIO- Self- 36V 0.8 HA 27.97 36 kPa 7.82 cm? x
rGO!! poled uW/ ecm? 0.13 cm
tGO-Ag/PVDF? | Self- 18V 1.08 nA 28 NA 22 cm? x NLA.
poled uW/cm’®
Fe-rGO/PVDFF! Self- 5.1V 0.254 A N.A. 12 kPa 6 cm? x N.A.
poled
ZnO 100 02V 10nA | 2 uW/em® N.A. N.A.
NWs/PVDF" kV/mm
Nano 5MV/m 4V N.A. N.A. 44kPa | 0.25cm’x 10
ZnO/PVDF um
(0.2M ZnO
loading)™
Cerium complex- Self- 36V N.A. N.A. N.A. 3.75 cm? x
PVDF! poled N.A.
y-PVDF/ZnO! Self- 28V 450 nA 0.4 8.43kPa | 7.2cm?x N.A.
poled uW/cm’®
PVDF/DNA Self- 20V 0.184 pA 11 63 kPa N.A.
poled uW/cm?

BaTiO;-PVDFY! 2kV 35V 600 nA NA 1 MPa 1 cm? x N.A.
FAPbBr;- 50kV/icm | 30V 6.2 A 27.4 0.5 MPa 1.68 cm? x
PVDF!"" uW/cm? N.A.

PVDF/ 2D- 10kV 14V N.A. N. A. 8.8 kPa N.A.
MoS,H!




PVDF/few layer 18 kV 50V 30nA N.A. N.A. 9 cm® x N.A.
MoS,-
cellulose!?

PVDF/ZnO (in Self- 50V 3.05 pA 32.8 70 kPa 0.64 cm? x 20
situ)!" poled mW/cm® um
Niobate/PVDF!'*! | Self- 18V 2.6 uA N.A. 125kPa | 4cm®xN.A.

poled
Present work Self- 84V 2.8 uA 47.14 67.5kPa | 1cm*x50 pm
poled mW/cm®




Table S2: Comparison of capacitor charging ability of our MPNG with other PENGs reported
earlier.

Nanogenerator Capacitor (nF) Time required (s)
PVDF/A1O-rGOM! 22 96.6
Cerium complex-PVDF!) 1 70
y-PVDF/ZnOM 1 100
PVDE/DNA film!* 2.2 230
FAPbBr;-PVDF! 3.3 200
PVDEF/ 2D-MoS,!'" 1 44
PVDF/ZnO (in situ)!"™ 1 13
Yb*'/ PVDF!" 1 30
P(VDF-HFP)/Zn*" film!'* 1 70
Present work 1 20

Piezocatalytic effect of MoS:-PVDF

Figure S6: Piezocatalytic degradation of dyes as observed by relative decolourization after 25
minutes of ultrasonic vibration with PVDF-MoS; film.



Figure S7: Assessing degradation of dyes by pure PVDF film (without any MoS;) under
ultrasonic vibration. Clearly there is no dye degradation.

RhodamineB 0 min 10 min 25 min

Figure S8: Time dependent piezocatalytic degradation of Rhodamine B by MoS;-PVDF films
under ultrasonic vibration.



Figure S9: SEM micrograph of MoS:-PVDF film surface after 10 cycles of catalytic
experiment showing negligible degradation of microstructure.

Video S1: Demonstration of lighting up commercially available blue LEDs using our MPNG
under finger tapping.

Video S2: Demonstration of output voltage from the MPNG device under gentle finger tapping.

Video S3: Demonstration of maximum output voltage from the MPNG device under vigorous
finger tapping.

Video S4: Demonstration of output voltage from the MPNG device under bending and twisting
motion (showing negligible triboelectric effect).
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Highlights
MoS, nanoflower embedded self-poled PVDF nanocomposite film is
synthesized by simple solution casting.

The nanocomposite film exhibited both piezoelectric and piezocatalytic
activity.

An impressive power density of 47.14 mW/cm™ has been achieved with
the devel oped nanogenerator under human finger tapping.

The film aso showed high dye degradation capability (>90%) in dark
condition under ultrasonic vibration due to piezocatalytic activity.
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