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Abstract

Piezoelectric Nanogenerators (PENGSs), which can convert ambient mechanical stimuli into
electrical energy, are held in high regard due to their cost-effectiveness, energy harvesting
applications, and potential as self-powered sensors. We report an aluminum-doped zinc stannate
(ZnSn03) PENG that can achieve high electrical outputs with respect to the external force. In
order to enrich the piezoelectric mechanics, a low-temperature solution method was adopted in
our work to synthesize ZnSnOjz nanocubes with an average side length of only 30 — 55
nm. Furthermore, ZnSnOz;was doped with 1 wt% to 5 wt% of aluminum nanoparticles. We
report that 2 wt% of aluminum doped ZnSnO; showed the highest electrical output in terms of
open circuit voltages and short circuit current. The nanogenerator device achieved an average
open-circuit voltage of 80 V to 175 V with a frequency range of 60 BPM (Beats Per Minute) to
240 BPM, an unprecedented electrical output in comparison to current ZnSnO3 -based PENGs.
With the presented high output-to-size ratio taken into consideration, the device was mounted in
a helmet and tested as an energy harvester and wireless human motion sensor, which can
generate electric charge as well as detect human movements and transmit the corresponding
signals wirelessly. Our work- is indicative of a promising smart helmet using organic-inorganic

hybrid materials.
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Graphical Abstract:

1. Introduction

In recent years, research on acquiring energy from innovative sources has accelerated, motivated
by an increasing desire to address the energy crisis and demand for wireless, portable electronic
devices [1-4]. Widely available in the environment, ambient energy, can come in the form of
mechanical, thermal, or solar energy. These sources have spiked interest in the scientific
community [5-7]. Various devices have been fabricated to take advantage of the energy existing
all around us; solar cells, electrostatic generators, pyroelectric nanogenerators, electromagnetic
generators are just a few [4, 8-11]. Among these devices, piezoelectric nanogenerators (PENGS),
which can convert mechanical vibrations (e.g., biological movement, acoustic noise, low-

frequency vibrations, airflow, etc.) into electrical energy are promising candidates for energy



harvesting due to their versatility [12-16]. Additionally, they have many prospective applications

such as in healthcare, self-powered sensing, wearable, and implantable devices, etc. [12, 17-20].

The first PENG was fabricated using ZnO nanowires in 2006 [21], and since then, ZnO-based
nanogenerators have continued to be a focus in research and innovation due to their low cost,
varied possible morphologies, and good piezoelectric properties [22, 23]. However, even as the
output has been improved considerably over the years (from 9 mV to ~200V), it is still
insufficient to fully power portable devices [24, 25]. Meanwhile, the potential of other materials
in energy harvesting has also been explored, including PZT which garnered attention for its high
piezoelectric coefficient. However, its low conductivity and biological incompatibility impedes
its output and limits its implantable or wearable applications, respectively; its lead component is
also toxic [26]. Another example is a flexible HPNG consisting of PVDF and AIO-rGO by
integrating steel woven fabric electrodes. This HPNG showed an open circuit output voltage of

36V, a current of 0.8 pA and a power density of about 28 pW cm™ under repeating finger
tapping [27].

On the other hand, the burgeoning admiration for lead-free perovskite oxides as piezoelectric
energy harvester have drawn attention of the scientific community owing to their non-toxic
tradeoff for piezoelectric output, as well as chemical and structural stability[28, 29]. For
example, in 2017, Baek et. al. synthesized BaZr,Ti; O3 nanoparticles and adopted this
material in a flexible piezoelectric energy harvester; with Zr concentration of 32 mol%, the
resulted device generated a stable output voltage about 20 V and a current signal of 400 nA [30].
Also, a recently published review summarized general approaches and recent progresses in

synthesis, and related energy harvesting devices [31].

In this regard, ZnSnO3- a multifunctional semiconductor, shows promise in the field of energy
harvesting. Its high remnant polarization (P, = 59 pC/cm?) along the c-axis is conducive to
higher output performance. Additionally, unlike many piezoelectric ceramics, which require
electrical poling to align crystal orientations [24], ZnSnOj3 exhibits self-poling behavior under
mechanical strain, facilitating easy nanogenerator fabrication [32, 33]. The carbon-thermal
reaction, hydrothermal, coprecipitation, low-temperature ion exchange methods have all been

used to create ZnSnO; crystallites [32, 34]. However, since the material can present various



morphologies and structures and easily decomposes above 750 °C, a suitable synthesis method is
vital to obtain ZnSnO; with excellent energy-harvesting characteristics. Presently, ZnSnO3
nanowires[35], microbelts [36, 37], nanorods [38], nanoplates [39], and nanocube [32, 40-42]
have been used in energy harvesting. The nanocube morphology is one of the most common.
Aqueous sol-gel techniques have been used for the synthesis of metal oxide nanoparticles.
However, the resulting precipitates are often amorphous, and need an extra annealing step which
leads to particle growth. Hydrothermal synthesis needs high temperatures and long synthesis
periods. The cubic zinc stannate morphology can be obtained by low temperature ion exchange,
which allows for small particles with a larger surface area.[43] These characteristics are desirable
for higher outputs in PENGs. The larger surface area allows for higher sensitivity of the ZnSnO;
sensor. [32, 42].

However, the electric output level of PENGs is still one of their greatest limitations. Many output
enhancing methods have focused on suppressing the free carrier screening effect, by which free
carriers diminish the piezopotential caused when a piezoelectric material is strained [36]. For
example, the effects of doping, surface modifications, and particle treatment on the screening
effect have all been investigated [44-46]. In terms of the enhancement of ZnSnOjs-based
nanogenerators, Paria et al. recently added a CuO layer to their PENG, forming a p—n
heterojunction to screen for electrons [47]. Alternatively, other techniques include the use of
MWCNT to allow for a more uniform distribution of ZnSnOj3 in polydimethylsiloxane (PDMS)
[33] and microstructuration to facilitate the distribution of force that can be converted into
electrical energy [48]. However, doping has been investigated for other semiconductors but it has
never been used for ZnSnOs-based PENGs to enhance output by altering the crystal structure of
ZnSn0s [49].

Herein, we present a novel technique to enhance the efficiency of a ZnSnO3;PDMS piezoelectric
nanogenerator by doping ZnSnOjz with aluminum nanoparticles. ZnSnO3; nanocubes were
synthesized using the low temperature solution method, allowing for the deliberate formation of
small particles sizes (average of 30 — 55 nm). The synthesis of ZnSnO3; nanocubes with the
particle size range of 30 nm to 55 nm in nanogenerators is also unprecedented. Furthermore,
Aluminum oxide (Al,O3) was added in varying amounts to accomplish Al nanoparticle doping
into the ZnSnO3 structure. The ionic radius of AI** is close to the radius of both of Zn?* and



Sn**.  Thus, aluminum doping plays a key role in decreasing the lattice parameters, and the
resulting distortion contributes to the enhanced piezopotential, producing significantly higher
electrical output without any poling operation.[50] Experiments conducted using the range of
1% (w/w) to 5% (w/w) of Al nanoparticle doped in ZnSnO3 nanocubes, among which 2 wt% Al
doped ZnSnOj exhibited the highest piezoelectricity. The doped ZnSnOjz; nanocubes were
dispersed into PDMS to create the piezoelectric film, which retained its functional properties
while enhancing the physical and chemical stability of the nanocubes [51]. The device achieved
an average open circuit voltage of 80 V to 175 V under a finger-tapping load frequency of 60
BPM (60 BPM, 120 BPM, 180 BMP, and 240 BPM is equivalent to 1 Hz, 2 Hz, 3 Hz, and 4 Hz
respectively) to 240 BPM. The maximum short circuit current was found to be 20 pA with a
power density range of 600 mW/m? to 2900 mW/m?. Under finger tapping conditions, enough
energy was produced to lit 28 LEDs, showing the device’s potential to convert ambient
mechanical energy and power portable devices. Additionally, it has applications in self-powered
sensing, the PENG was incorporated into a helmet to detect impact and motion. In this work, we
have demonstrated the application of the as-synthesized piezoelectric film by incorporating it
into a helmet capable of detecting human motion while walking and running. A circuit
comprised of microprocessors was also designed to show the wireless motion sensing capability
of this Al doped ZnSnO3; PENG.

2. Experimental

2.1 Synthesis of Zinc Stannate (ZnSnO3) Nanocubes

All the chemicals were of analytical grade from Sigma Aldrich and used without further
purification. The low-temperature solution method was used to synthesize the ZnSnOj;
nanocubes [52]. 20 mmol of both ZnSO, « 7H,O and Na,SnOs; * 3H,0O were each dissolved in
100 ml DI water, making two solutions. The former was placed in an ice bath to maintain the
temperature at 1 °C while the second solution was added dropwise. The reaction for the ZnSnO;
synthesis is shown by equations 1 and 2. The 1:1 molar ratio mixture was allowed to react at a

temperature of 1°C for 12 hours after the solution was centrifuged (Fisher HealthCare© Horizon



Model 614B) and washed with ethanol and DI water to remove any residual ions. The
centrifuged product was placed in a (Ney© Vulcan 3-1750) oven to dry for 12 hours at 110 °C.
The experimental procedure concluded with ZnSnO3; nanocubes with an average particle size of
30-55 nm.

Equation 1. ZnSnO; formation reaction.

DI H,0
ZnS0, « 7 H,0 + Na,Sn0s 3 H,0 —= ZnSn0,

Equation 2. lon exchange reaction for ZnSnO3 synthesis.

DI Hy0
ZIn?* + Sn0.>" =% ZnSn0,

2.2 Doping of Aluminum in Zinc Stannate

Aluminum oxide (Al,O3) mesoporous particles (3.5 nm) were dispersed in a ZnSnOs-ethanol
mixture. The mixture was then placed in an oven for evaporating and drying for 12 hours at 120
°C. The dried mixed powder was mortared and pestled for 1 hour to ensure uniform mixing
before being placed in the furnace for 8 hours at 600 °C for calcination. The calcined Al-doped
ZnSnO; powder was washed thoroughly with DI water, and ethanol and then centrifuged to
remove any unwanted impurities. After that, the as synthesized powder was again dried in an
oven for 12 hours at 120 °C.

2.3 Nanogenerator Fabrication

To prepare the Aluminum-doped ZnSnOj3 piezoelectric film, Polydimethylsiloxane (PDMS),
Ethyl acetate, and a curing agent were combined in a ratio of 10:6:1 and vigorously stirred.
Subsequently, 20 wt% of the compounded Aluminum-doped ZnSnO3 powder was added to the
PDMS solution and stirred for 3 hours to uniformly disperse it. The resulting solution was placed
into a Petri dish, vacuumed for 1 hour to remove air pockets, and dried in an oven for 5 hours at

120 °C, forming the piezoelectric film of an effective area of 12.25 cm?with a film thickness of



~1mm. After being bilaterally attached to two pieces of copper tape and wire, the film and
electrodes were encapsulated (to enhance durability) with PDMS solution composed of PDMS,
ethyl acetate, and a curing agent in a 10:1:2 ratio. The encapsulated film was dried in an oven
(Ney®© Vulcan 3-1750) in 3 intervals: 1 hour at 60 °C, 1 hour at 100 °C, and 2 hours at 120 °C.

The morphological characterization and electrical characterization are discussed broadly in the

supporting information (S.1 and S.2).

3. Results and Discussion

It has been reported that optimized distribution of dopants parallel to the [0 O 1] direction in
ABO; type perovskite systems contributes to the enhanced piezoelectric potential of the
perovskite system [50]. In our work, during the calcination of Al doped ZnSnO3; powder at 600
°C, AI** ion diffuses into the lattice parameter of ZnSnOs, thus causing a distortion of the
ZnSnO; structure. The AI** substitution at the A-site can increase the doping level of Sn** at the
B-site, maximizing the distortion upon mechanical stress. The ionic radius of AI** (0.62 A°) is
close to the ionic radius of Zn?* (0.88 A°) and Sn** (0.83 A°). Thus, the larger mismatch of the
A-site cation to the B-site cation plays a key role in decreasing the lattice parameters, and the
resulting distortion of the crystal structure contributed to the enhanced piezopotential; producing
significantly higher electrical output without any kind of poling operation. Besides, with the
smaller cubic crystal size of ZnSnOs, it possesses a higher surface area, and uniform distribution
of mechanical stress induces greater distortion of lattice parameters which results in additional
electrical output.

Moreover, the Al-doped ZnSnO3 nanocubes are dispersed into the PDMS maintaining 20 wt%
concentration of Al-doped ZnSnOjz;was demonstrated to be the most optimum ratio for
maximizing the piezoelectric output by previous studies [26, 32]. In addition to
that, the piezoelectric material to PDMS weight ratio of 20:100 is reported to be the most
optimum recipe for the uniform distribution of the piezoelectric material into the PDMS
matrix [53-55]. Increase in Al-doped ZnSnO3 concentration into the PDMS matrix results in high
piezoelectric potential which is attributed to the resultant higher dielectric constant. On the other

hand, increasing the Al-doped ZnSnO3concentration might cause weak insulation of the



nanocomposite leading to electrical breakdown. So, in our study, we have used 20 wt%
concentration to achieve the most possible aligned electric dipoles of Al-doped ZnSnOj; into the
PDMS matrix;

Figure 3.1 illustrates the structure and working mechanism of the PENG. The as-fabricated Al-
doped ZnSnO3; — PDMS film as shown in Figure 3.1(a), was sandwiched between two layers of
thin copper tape attached to copper wires, which served as the electrodes to conduct the electrons
from the film. Together, these pieces formed the functional component of the PENG as shown in
Figure 3.1 (b). Next, the film and electrodes were encapsulated with PDMS to enhance the
device’s durability against various environmental conditions and direct impacts. The device can

be seen in Figure 3.1(c) in comparison to the size of a hand.

The working mechanism of the device can be understood by looking at the effect of a mechanical
load on the Al-doped ZnSnOj3 nanocubes. At first, the ions within each nanocube are uniformly
distributed. When an external force is applied, such as the pressure from a finger, the
compression of the ZnSnOj structure creates a piezopotential from the polarization of its ions, as
seen in Figure 3.1 (d). This polarization can be attributed to ZnSnOs’s non-centrosymmetric
structure [56]. The compression shifts the relative positions of cations and anions and creates a
dipole moment. Simultaneously, the resulting dipoles of each nanocube unidirectionally align
with each other, accumulating a significant potential difference between the top and bottom

electrodes.
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Figure 3.1: Detailed schematic of the (a) encapsulated Al doped ZnSnQOj3; piezoelectric film and
(b) the Al doped ZnSnOj3 piezoelectric film with electrodes. (¢) Size of the film compared to a
hand. (d) Schematic diagram of the working mechanism of the film.



Thus, when the two electrodes are connected in a closed circuit, electrons flow from the
negatively charged electrode to the positively charged one in an attempt to balance the charge,
similar to the current flow which results from a charged capacitor [57]. When the force is
released, the ions within each nanocube briefly invert before returning to their original
distribution. Since electrons had once flowed to the positive electrode, that electrode now
becomes negatively charged from the excess of electrons as the electric dipoles no longer align
to sustain their original positive charge. There is a flow of electrons in the opposite direction
compared to when the PENG was compressed. Thus, continuous compression and release create
an alternating electrical current, which can then be converted into direct current with consistent

voltage using a bridge rectifier and capacitor [58].

The morphology of synthesized samples was examined by SEM. Figure 3.2-(a), (b), and (c)
show the SEM images of undoped ZnSnQOg3, and (d), (e), and (f) are images for ZnSnO3; doped
with 2% (w/w) of Al nanoparticles. Formed particles are round-corner cubes, in the nanometer
range. The size of the particles composed of undoped ZnSnOj is in the range of 35-50 nm, while
for the doped sample, the size ranges between 30-55 nm. After Al doping, the size distribution
of the nanomaterial increases, which significantly contributes to the electrical output properties

of the doped ZnSnOj; piezoelectric film.
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Figure 3.2: SEM images of undoped ZnSnOj3 (a,b,c) and ZnSnO3 doped with 2% (w/w) of Al

nanoparticles (d,e,f).

In Figure 3.3 (a) the SEM image was used to obtain EDX spectrum and elemental mapping
images. The EDX spectrum in Fig. 3.3(b) shows all the elements, i.e., O, Zn, Al, and Sn. Zn and
Sn occupying L-shells were found at 1.01 and 3.44 eV, respectively. O and Al occupying K-
shells were observed at 0.52 and 1.49 eV, respectively. The inset of Figure 3.2 (b) shows the



table with the weight and atomic percentages of the elements present. The weight percent of Al
is 1.90%. EDX spectrum and the inset table prove the successful doping of Al in ZnSnOs. Fig.
3.3 () to 3.3 () show the elemental mapping images which indicate the uniform distribution of
these elements. EDX results of the 2 wt% sample is reported here, as this doping level gives the
best piezoelectric performance. Besides, the same experimental procedures are adopted to
prepare all samples with different doping levels. Under the same experimental conditions,
doping was successful, and the actual weight percentage of doped Al in samples should be very
close to the indicated value (1%, 3%, 4%, and 5%). To support the claim of uniform distribution
of all the components in the synthesized powder; the highest dopant concentration (5 wt% Al

doped) ZnSnO3; EDX mapping is added in the supporting information (Figure S7).

84— EDX Spectrum of 2 wt% Al doped ZnSnO3
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Figure 3.3: (a) SEM image, (b) EDX spectrum, (c) to (f) elemental mapping images of O, Zn,
Al, and Sn, respectively.



The XPS analysis is a useful tool to study structure and surface chemical compositions. Figure
3.4 shows the survey scan XPS spectrum of ZnSnO3 doped with 2% Al (w/w), and the one below
has high-resolution spectra of the individual elements, i.e., Zn, Sn, O, and Al (Figure 3.4- (b) to
(e), respectively). Binding Energy (BE) in the survey scan spectrum has the range of 0-1300 eV
and reveals all the elements. The peak with a BE value 284.11 eV is assigned to C, and the
source of C in the sample is CO; in the air. The Al 2p peak has very low intensity, especially
when comparing with Sn, Zn, and O peaks. The Sn 3d peak can be resolved into two peaks, i.e.,
Sn 3dsy, at 486.97 eV and Sn 3ds/; at 495.45 eV, which correspond to Sn in the sample. In the
spectrum, we also observed Sn 4d, Sn 3psj2, and Sn 3py, signals at 28.15, 718.16, and 760.03 eV,
respectively, which are due to different Sn orbitals in the sample. Note that in high-resolution
spectra for Zn and Sn showed in the figure below, all peaks are deconvoluted into a single peak.
A single component for each peak suggests that almost all Zn and Sn in the sample have the
same oxidation states, i. €., Zn has oxidation state +2, and Sn has oxidation state +4, throughout
the whole sample. The asymmetric O 1s can be split into two peaks. The peaks were observed at
the BE values of 532.22 eV and 530.82 eV related to the oxygen atoms in the form of Sn—O-Sn
and Zn—-O-Sn, respectively. Therefore, the XPS result confirms the uniformity of the sample.
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Figure 3.4: (a) Shows the survey scan XPS spectrum of ZnSnO3 doped with 2% Al (w/w), and
the high-resolution spectra of the individual elements, i.e., (b) Zn, (c) O, (d) Sn, and (e) Al.



Figure 3.5 shows the XRD patterns of undoped and doped ZnSnQOj. Black lines in the Figure
show the XRD patterns of undoped ZnSnOj;. The sample shows XRD spectrums with very
similar peaks that can be successfully assigned to ZnSnOs3-4H,0. However, after doping, the
major component becomes tetragonal SnO, (2%, 3%, and 4% samples) or cubic Zn,SnO,4 (1%
and 5% samples). For 2%, 3%, and 4% samples, peaks that appear at 20 = 26.3°, 33.6°, 51.5°,
65.1°, 71.2°, and 83.4° correspond to the (110), (101), (211), (112), (202), and (222) crystal
planes of tetragonal SnO,, respectively. In the case of 1% and 5% samples, signals at 20 = 34.3°,
41.7°, 51.7°, 55.1°, and 60.4° correspond to the (311), (400), (422), (511), and (440) crystal
planes of cubic Zn,SnO,4, respectively. From 2% sample to 4% sample, when Al doping
percentage is increased, the intensity of XRD peak at 26.3° for the tetragonal SnO, (110) plane
decreases. This might suggest a possible doping position of Al in the crystal structure. In spectra
for 3% and 4% samples, the appearance of peak labeled with 4 suggests the existence of cubic
ZnAl,Q4, which indicates the doping of Al into crystal structures. In addition, the peak labeled
with * at 41.0° could be assigned to monoclinic AI(OH)s, and the peak labeled with W may be
due to hexagonal Zn. Samples with 1% and 5% doping show the conversion from ZnSnO3-4H,0
to Zn,Sn0Os.

The intrinsic electronic structure of ZnSnO; has favored its enhanced piezoelectric potential
compared to the other ABO3 type perovskites [28]. When the lower valent ion (A) in the ABO3
type perovskite is Zn®*; it gives rise to a 3D electronic structure owing to the formation of Zn-Os
covalent bonds. This 3D electronic framework results in enhanced charge distribution followed
by higher carrier mobility and a decrease in the bandgap [59, 60]. In addition to this, the SnOe-
ZnQOg octahedral framework in ZnSnO; causes the semiconducting oxide behavior of this
species. The significantly low resistivity (4x10® Q c¢m), and higher electrical charge mobility of
ZnSnO3 are attributed as the function of its 3D octahedral structure, shows enhanced
piezoelectric potential and structural stability [61-63]. Doping of ZnSnO; with various
concentrations of Al mesoporous particles to achieve non-centrosymmetry coupled with higher
piezoelectric potential have essentially increased the total piezoelectric output in our synthesized
PENG.
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The investigation of Al doping on the piezoelectric properties of ZnSnO3 was done through the
output testing of several PENGs. This work focuses on the influence of Al doping to enhance the

piezoelectric output of unpoled ZnSnO3and the significant output change of the doped samples



over undoped ones are carefully reported. By only varying, the dopant concentration in
the functional piezoelectric material from Owt% (undoped) to 5wit%; this work
has presented the significant influence of Al doping on ZnSnOs in terms of various electrical

outputs (Voc, Isc, and power density).

The piezoelectric output of our PENG is recorded by varying the finger tapping frequency from
60 BPM to 240 BPM (60 BPM =1 Hz, 120 BPM= 2 Hz, 180 BPM= 3 Hz, 240 BPM= 4 Hz; here
BPM stands for Beats Per Minute) and approximate finger tapping force applied is ~0.2 N. Data
obtained for various frequencies and applied force on different Al dopant concentration of
ZnSnO3;. With the increasing finger tapping frequency and applied force on each dopant
concentration; the piezoelectric output increases which is supported by the literature and
discussed widely in our previous works[6, 16, 64-66]. Here in Figure 3.6 (a) shows the results
for the time-dependent open circuit voltage (Voc) at a finger tapping load frequency of 120
BPM. Similar data has been acquired for various finger tappings load frequencies, such as 60
BPM, 180 BPM, and 240 BPM. The results are enlisted in supporting information (Figure S1 to
S3 in S.1I). With no aluminum doping (0 wt% Al), the Al doped ZnSnO3; PENG achieved a
positive Voc of ~50V, which steadily increased to ~90V and ~110V at 1 wt% and 2 wt% of Al,
respectively. Thus, Al doping of ZnSnO3 can markedly improve the Voc of the PENG, at least in
smaller concentrations. Indeed, from 3 wt% and onwards, the output began decreasing at each
concentration, from ~70V to ~60V; 5 wt%, the voltage was ~40V, which was even lower than

the pristine ZnSnO3 nanogenerator.

However, the addition of Al must be carefully measured as excessive amounts are detrimental to
performance. Overall, the largest increase in voltage occurred in that initial 1 wt% addition of Al
but it eventually began tapering and decreasing when more dopant was added until the treatment
became disadvantageous. Significant effects of the dopant wt% on maximizing the output and
the PENGs output limited by an optimal wt% of the dopant concentration is customarily reported
in various works [67-72]. This paper proposes that the cause of the decrease in output as
Al doping concentration increased beyond 2 wt% can be attributed to the oversaturation of
Al at the A-site (Zn) of ABO3 (ZnSnOs) type perovskite systems. As explained earlier, up until
2 wt%, the addition of Al dopants modifies the crystalline structure of ZnSnOg such that there is



greater distortion and charge separation upon mechanical pressure. However, beyond that point,
it follows that additional Al doping into ZnSnO3 lattice leads to an excess of cations which can
no longer be incorporated in the crystal lattice, instead precipitating out. As Al,Os itself has no
piezoelectric properties, its presence in excess begins interfering with the distortion upon stress

of the piezoelectric material. Thus, charge generation and output are hampered.

Note that, in this study, the 5 wt% sample has a very similar XRD pattern to the 1wt%
sample (Figure 3.5), while the piezoelectric performance is the lowest among all doping levels.
A possible explanation is that XRD signals are not monotonic functions of doping level. 1%
doping of Al changed hydrated ZnSnOj3into Zn,SnO,, while higher doping levels (2% to
4%) facilitates the formation of SnO, and Al-containing structures. However, 5 wt% of Al might
be too high, so that hydrated ZnSnO3 can only change into Zn,SnO,4, while the excess of Al
compared to 1% sample greatly suppressed the piezoelectric performance of the device. Further

study is needed to investigate this phenomenon.

Figure 3.6 (b, c) shows that the short circuit current (Isc) and power density followed this general
trend as well. For the 2wt% Al-doped PENG, the short circuit current of ~13 pA. lsc at various
finger tapping frequencies (60 BPM, 180 BPM, 240 BPM) are also recorded and have been
enlisted in the S.1 (Figure S4 to Figure S6).

When comparing the output power densities, it was found that the 2wt% Al
dopant concentration provides a power density of ~1200 mW/m?, which was about four times
greater than the undoped PENG at ~300 mW/m?. This relationship is consistent with the
previous result of roughly a two-fold increase for both voltage and current. The high-
power output of the PENG shows its feasibility as a miniature, portable power source. As
discussed earlier, the dopant contributes to the higher piezoelectric potential which attributes to
the higher dielectric constant. Al doping in ZnSnO3; modifies the crystalline structure, such
that—qgreater distortion and charge separation is ensured upon mechanical stress. But Al itself
does not have any piezoelectric properties, so beyond a certain concentration of Al dopant,
increasing the dopant concentration further directly interferes with the crystal distortion of

ZnSnO3z upon any mechanical stimuli, resulting in a significant decrease in the piezoelectric



output. For our case, that optimal concentration threshold is 2 wt% of Al in ZnSnQg, as at this

concentration the PENG harvested maximum piezoelectric output and shows detrimental effect

in terms of electrical output when the dopant concentration is further increased.
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Figure 3.6: (a) The open circuit voltages, (b) short circuit currents, and (c) power density of
PENGs with various concentrations of Al doping in ZnSnOs. (d) The open circuit voltages, (e)
short circuit currents, and (f) power density for a PENG doped with 2 wt% aluminum at various
finger tapping frequencies. (g) The average peak to peak voltages, and (h) currents for all ranges



of Al doping Concentration in ZnSnO;3 at various finger tapping frequencies. (i) The Peak

voltages for all ranges of Al doping Concentration in ZnSnQOj3 at various frequencies.

Additionally, the output performance of 2 wt% Al doped ZnSnO3; PENG was further evaluated
for different finger-tapping frequencies. As seen in figure 3.6 (d), starting at a rate of 60 BPM,
the PENG produced a positive open circuit voltage of ~80V which steadily increased to ~100V,
~130V, and ~170V with every additional 60 BPM. For this reason, comparing the effect of Al
dopant concentration on output performance required that the frequency of mechanical
disturbance be held constant, preventing it from skewing the results. Figure 3.6 (e, f) shows that
Isc and power density also increased approximately linearly with higher frequencies, starting with
an output of ~10 pA at 60 BPM and reaching ~18 pA at 240BPM. The overall increase in output
is consistent with previous literature and can be attributed to a decrease in impedance caused by
the higher tapping frequency, which leads to better impedance matching and power transfer [73-
76]. The ability of the most optimally Al doped PENG to generate considerable electrical output
at a variety of frequencies demonstrates its feasibility in applications involving the ambient
environment, where the available mechanical disturbances in the ambient environment are likely
to be unpredictable. The high output of the PENG can be reasonably attributed just to the
piezoelectric effect rather than a hybrid of piezoelectric and triboelectric: The
device’s configuration insulates triboelectric charges from the output. Meanwhile, the charge on
the PDMS would not likely have substantially impacted the output due to PDMS’s charge
insulating properties combined with its thickness in our nanogenerator (thickness of the device
after encapsulation ~ lcm). Indeed, for many PDMS-based triboelectric nanogenerators, the
thickness of PDMS is only about 0.5 mm or less [77-80].
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Figure 3.7: (a) Rectified voltage, and (b) current for all the doping concentrations at the finger
tapping frequency of 120 BPM. (c) The open circuit voltages during walking, and (d) running
with the smart helmet. (e) Circuit diagram of the Al doped ZnSnO3; PENG connected to a
rectifier to charge a capacitor. (f) The voltage levels of a 2.2 uF, 4.7 uF, and 10 pF capacitor in

respect to the time for which the PENG charges them at a random finger tapping frequency.



Each wt% of Al doped PENG responds similarly in terms of output when the frequency is
increased. The impact of both the wt% of Al dopant and the frequency of finger tapping on the
peak-to-peak voltage (Vpk-pk) and current (I pi-pi) 1S Summarized in Figure 3.6 (g, h). The 2 wt%
Al doped PENG had the highest average Vpk.pk and | pk-pk, Which was approximately double that
of the pristine PENG at nearly every frequency. The lowest performance was at 5 wt% Al
doping. Additionally, from 60 to 240 BPM, a 4-fold increase, the output average Vp-pk and | pi.
pk roughly doubled. Figure 3.6 (i) illustrates the highest peak voltages from each wt% Al doped
PENG at every frequency, the absolute highest voltage recorded being 176 V.

The PENG’s feasibility as a portable power source and energy harvester was also evaluated. To
make the output from the PENG more useful for that purpose, the alternating current was
rectified to a direct current, which is more appropriate to power electronic devices. As seen in
Figure 3.7 (a) and (b) the rectified voltage and current of the device declined compared to the AC
voltage and current. The rectified voltage and current probed simultaneously, which results in a
similar trend in response to the tapping output. In Figure 3.6 (a) and (b) due to a dissipation of
energy occurring as the current passes through the diodes and the rectifier. The use and

development of higher-efficiency rectifiers could help mitigate this issue [81].
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Figure 3.8: A schematic diagram for a motion-sensing system using the PENG.

The PENG was installed inside of a helmet to allow the device to seamlessly convert the energy
from human motion, namely walking and running. The arrangement demonstrates one way in
which the PENG can be used as an energy harvester. In Figure 3.7 (c), the output of the device
reached up to 400 mV when walking, being compressed from the momentum of each step. The
output from minute compression during random walking and running clearly indicates the high
size to response ratio of the device. The details of the helmet’s energy harvesting feature can be
also demonstrated from the video attached in the supporting information (Video-2). In this case,
the value of the PENG lies in its ability to steadily capture energy unobtrusively and over an
extended period. In contrast, when the wearer of the helmet was running in Figure 3.7 (d), the
peak voltage reaches ~1200 mV, as the compressions on the device increased in frequency. The

increase in electrical output while running due to higher frequency compression and relaxation of



the device into the helmet can be referred to a similar explanation as for the higher outputs

obtained for finger tapping and has been already discussed in the prior sections.
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Figure 3.9: Wireless signal generation testing upon compression of fingers. (a) LED is not lit as
the fingers weren’t touching with the Al doped PENG, (b) LED is lit upon finger tapping. (c) A
helmet with Al doped ZnSnO; piezoelectric film incorporated, and (d) motion (Walking and
Running) detection in terms of open circuit voltage with an oscilloscope using the helmet-PENG
arrangement. (e) Random finger tapping of the Al doped ZnSnOj; piezoelectric film harvests
energy to light 28 LEDs.

Interestingly, the unique patterns of voltage peaks from Figure 3.7 (c, and d) also demonstrate
that the PENG can be used as a self-powered motion sensor. Both the frequency of steps and the
relative magnitude of the footstep force can be indicated. The output of a PENG, especially

harvesting energy from the environment, can be inconsistent. A way to store the energy



generated is important for their practical application (supporting information, Video-2). Figure
3.7 (e) shows one arrangement in which the PENG is connected to a bridge rectifier and
capacitor. The charging of a capacitor voltage: when charged by a PENG under finger-tapping is
illustrated in Figure 3.7 (f). The device was capable of charging capacitors. Tested with 3
capacitors it showed to reach output capacitance-voltage of 3V for 2.2 uF in only 8 seconds. At
this same time, capacitance voltage reaches ~1.5V and ~1.0V for the case of capacitors with a
capacitance range of 4.7 uF and 10.0 pF respectively. Thus, our PENG device is evaluated based
on a number of electrical parameters (Open circuit voltage, short circuit Current, Pk-Pk voltages,
Capacitance voltage, Rectified voltages and Current, and Power). Evaluating our PENG based on
these parameters significantly validates the comparison of this device with other works in this
same field. Also this approach of evaluating the PENG based on these parameters completely
aligns with our previous works [6, 16, 64-66].

In addition to its energy harvesting capacities, the Al doped ZnSnO3 nanogenerator can also be
used in sensory applications, particularly for detecting the motion of any nature. This function is
due to its ability to spontaneously respond to mechanical stress with electrical output. The lack of
requirement for a battery or other external power source bestows the device's advantages over
other sensors that are power-dependent. For example, our PENG can continuously operate for
longer and is more compact. One such motion sensing system to detect human gait is illustrated
in Figure 3.8, the PENG is attached to the top part inside of a helmet, with its AC signal passed
through a rectifier to convert it into a rectified DC signal. The PENG sensors are placed parallel
to the rectifier and capacitor, read the voltage, and send it to a microprocessor (MP), which sends
a wireless signal through a radio frequency (RF) transmitter. After reaching the RF receiver
paired with another MP, the wireless signal prompts that MP to turn on an LED, indicating that
the PENG is generating voltage (supporting information, Video-3). The information can be
displayed in two ways: dichotomously (i.e., with the LED light, ‘on’ for motion and ‘off’ for
motionless) or continuously (having the generated signal being displayed on a computer screen).
Figure 3.9 (a-e) is a physical representation of the idea presented in Figure 3.8, where finger
tapping on the PENG connected to a transmitter wirelessly turns on an LED connected to a
receiver acting as a switch. Of course, as soon as there is no compression on the PENG, the LED

turns off. Figure 3.9 (c) shows the PENG being attached to a helmet, and the unit was worn on



the head and tested to detect walking. As shown in Figure 3.9 (d), the voltage generated by the
PENG can be recorded wirelessly. The electrical output of the PENG was able to be displayed on
Tektronix TDS 1001B oscilloscope when the helmet and PENG device were worn while
walking, The PENG demonstrated its output capabilities by lighting 28 LEDs with only finger
tapping as seen in Figure 3.9 (e). The sensitivity of the device, the large voltage to input ratio,
and wireless signal transmission, demonstrate the ability of the Al doped ZnSnO3; PENG to be
used as a human motion sensor. This work also suggests further studies on the future
improvements in the PENGs sector. Even the implementation of self-healing
noncentrosymmetric molecular crystals can be studied in the future for new PENGs [82].

4. Conclusion

The future utilization of PENGs and sustainable energy share a conjoined prospect of success.
To recapitulate, we have proposed a novel method for the fabrication of a high-output PENG that
comprised a composite of Al-doped ZnSnO3; nanocubes and PDMS. The enhanced output can be
attributed to the modified ZnSnO3’s crystalline structure, the introduction of aluminum cations
modified and the reduced size of ZnSnO3; nanocube particles synthesized through the low-
temperature solution method. It was found that a 2 wt% Al-dopant concentration was most
optimal; the resulting PENG generated an electrical output of ~110 V, 13 pA, and 1200 mW/m?2
under only 120 BPM (2 Hz) finger-tapping input. This conversion efficiency is, to our best
knowledge, unprecedented for a ZnSnOs-based nanogenerator. The high output-to-input ratio
suggests that the PENG has high potential in both scope and practicality for energy harvesting
and sensory applications. The Al-doped ZnSnO3; PENG could charge a 2.2 puF capacitor to 3V in
only 8 seconds with finger tapping. This paper proposes a system in which the PENG can act as
a motion sensor through its integration inside a helmet. The device generated electricity
corresponding to each of the wearer’s footsteps, which was converted into a wireless signal to
detect human mechanical movement. Overall, the Al-doped ZnSnO3; PENG has a high value in
converting and detecting ambient mechanical energy. However, more investigation on specific
applications and systems that can efficiently transfer the energy generated is still needed to

realize further utilization.
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Highlights

Surface modified Al doped ZnSnO3 PENG for enhanced piezoelectric power generation

Low temperature solution method was introduced to synthesize ZnSnO3 nanocubes of

particle size 30nm-55nm.

The as synthesized highly efficient PENG was installed in a helmet

The ability of this helmet to detect human movement and transmit them wirelessly as a

motion sensor transmutes it into a smart helmet.
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