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Abstract

The economically viable production of piezoelectric nanomaterials that can efficiently convert low-
level mechanical signals into electrical power promises to revolutionize the emerging self-powered
technologies in wearable sensors, consumer electronics, and defense applications. Here, we report

the scalable nanomanufacturing and assembly of tellurium (Te) nanowires with chiral-chain structure
into wearable piezoelectric devices, and explore the feasibility of such devices for self-powered sensing
applications, e.g. cardiovascular monitoring. The ultrathin device can be conformably worn onto

the human body, effectively converting the imperceptible time-variant mechanical vibration from

the human body, e.g. radial artery pulse, into distinguishable electrical signals through straining the
piezoelectric Te nanowires. We further uncover the process-structure-property relationships in
designing, manufacturing, and integrating the Te nanowire piezoelectric devices. Our results suggest
the potential of solution-synthesized Te nanowire as a new class of piezoelectric nanomaterial for self-
powered devices and may lead to new opportunities in energy, electronics, and sensor applications.

The capability of functional devices to sense, process, interact, and communicate with the acquired information
carried by the signals from the environment (e.g. the human body), such as vibration and temperature, enables a
multitude of emerging technologies, e.g. wearable electronics, artificial skins, and smart medical devices.
Although non-electrical signals such as mechanical stimuli are ubiquitous and abundant in these applications,
the electrically-controlled operation scheme in existing technologies requires a complex integration of
heterogeneous components to interface the mechanical signals in the working environment. Moreover, the
requirement of the power source (e.g. batteries) further complicates the system design for implementing the
ubiquitous applications.

The conversion of mechanical stimuli into electrical signals can be achieved through various mechanisms,
e.g. electromagnetic induction [1], electrostatic generation [2], contact triboelectrification [3], and
piezoelectricity [4]. The harvesting of mechanical energy using nanostructured piezoelectric materials has
particular technology appeal and recently received considerable attentions [4-20] due to the direct conversion
process which is feasible for integrated applications and its versatility in efficiently harvesting ubiquitous
mechanical energy, hinged on principles of the time-variant piezoelectric polarization induced displacement
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Figure 1. (a) The atomic structure of Te nanowires. (b) The piezoelectric potential distribution (indicated by the color gradient) with
tensile stress in the radial direction. Red and purple colors represent the positive and negative potentials, respectively. (c) TEM image
of Te nanowires after the assembly. (d) High-resolution TEM of the Te nanowires. (e) Histogram representing the size distribution of
Te nanowires obtained from different processes. Sample groups 1-5 are the diameter of Te nanowires from supplementary figures
S1(a)-S1(e), available online at stacks.iop.org/NANOF/3 /011001 /mmedia.

current [21]. Moreover, the low-dimensional geometries and superior mechanical properties of piezoelectric
nanomaterials compared to their bulk counterparts facilitate the integration into flexible devices that can
potentially sustain large strain [22, 23]. Ongoing efforts in the field of piezoelectric nanodevices are primarily
focused on augmenting power generation by further improving the materials’ piezoelectric and mechanical
characteristics [24-26], engineering the dielectric environment [26, 27], optimizing the properties of contact
interface [28], and demonstrating proof-of-concept application [29]. Progress in these fields combined with the
emerging methods for deterministic production and assembly of nanomaterials [26] leads to exciting research
opportunities. Nevertheless, significant roadblocks exist against the demonstrated piezoelectric nanodevices
from realizing their technological potential. There is a lack of options for scalable manufacturing and integrating
piezoelectric nanomaterials at a high-production rate and with good reproducibility. Obstacles concerning
scalable, economical production of related materials such as the intricate fabrication and expensive machinery
continue to prevail.

Here we demonstrate the first scalable nanomanufacturing and integration of tellurium (Te) nanowires into
wearable piezoelectric devices and explore the feasibility of such devices for self-powered sensing applications,
e.g. cardiovascular monitoring. The ultrathin device can be conformably worn onto the human wrist, effectively
converting the pulse-induced imperceptible time-variant mechanical vibration into distinguishable electrical
signals, which are the polarization induced displacement current [30], through straining the piezoelectric Te
nanowires. We further identified the correlation between the piezoelectric outputs from the integrated devices
and the process-controlled structural properties, e.g. diameters, of Te nanowires by revealing the process-
structure-property-performance relationship for the solution-nanomanufactured Te nanowire wearable
piezoelectric devices, which is expected to guide nanomanufacturing and practical application of other
piezoelectric nanomaterials.

The trigonal-structured Te has an anisotropic crystal lattice where individual chiral chains of Te atoms are
stacked together by weak bonding [31-34] (figure 1(a)). Each Te atom is covalently bonded with its two nearest
neighbors on the same chain. Despite that the structure of Te is non-centrosymmetric, few studies have been
reported on the piezoelectricity in bulk Te [35, 36], possibly due to its narrow bandgap (~0.35 eV) as a result of
the lone-pair and anti-bonding orbitals [37, 38]. Recent research shows that nanostructured tellurium could
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exhibit strong piezoelectric property [ 7], leading to a potential high volume-power-density in integrated devices.
Furthermore, the radial distribution of piezoelectric polarization [7] in the Te nanowire (figure 1(b)), due to the
strain-induced relative displacement of the electron distribution against the Te atoms cores [39], facilitates its
integration into ultrathin laminated devices through economic manufacturing approaches, e.g. roll-to-roll
printing, onto various substrates [40].

Despite that a wealth of solution-phase synthetic methods have been developed for synthesizing Te
nanowires [41], the scalable production and rational assembly of Te nanowires with controlled dimensions (in
particular the diameter) and properties remain underexplored [42]. In this article, we report a substrate-free
solution process for manufacturing large-scale, high-quality Te nanowires with controlled diameters
(figure 1(c), supplementary figure S1). The samples are grown through the reduction of sodium tellurite
(Na,TeOs) by hydrazine hydrate (N,H,) in an alkaline solution at temperatures from 160 °C to 200 °C, with the
presence of crystal-face-blocking ligand polyvinylpyrrolidone (PVP) (see Methods) [43]. Due to the hydrophilic
nature, the Te nanowires can be transferred and assembled at large-scale into a single layer continuous thin film
through a Langmuir—Blodgett (LB) process [44] (Methods) for device integration and characterization.

Figure 1(c) shows the low-magnification transmission-electron-microscopy (TEM) image of a such LB film of
Te nanowires with uniform diameters. Figure 1(d) shows a typical atomically-resolved high angle annular dark
field scanning TEM (HAADEF-STEM) image of the Te nanowires. The chiral chains and a threefold screw
symmetry along (0001) are visible, with a corresponding interplanar spacings of 5.9 A (figure 1(e)) [34].

The diameter of as-synthesized Te nanowires can be controlled through modulation of the synthesis
processes. To achieve this, we adopted an alkaline reaction condition (Methods) where the standard
electromotive force (EMF) is smaller than that for an acid media [45]. The consequent slower reduction process
enables the uniform morphology of the as-derived Te nanowires (figure 1(d)). We found that the solvent also
plays a critical role in controlling the diameter of Te nanowires (supplementary figure S1, supplementary table
1). Samples with the smallest diameter (7 & 3 nm) can be derived when pure deionized (DI) water was used as
the solvent. The diameters of the as-synthesized nanowires increased to 23 + 8 nm when half of the DI water
was replaced by ethylene glycol (EG). Thicker Te nanowires (48 £ 12 nm) were obtained when pure EG was
used as the solvent. This can be understood by examining the different solubility of PVP in DI water and EG [46].
The solubility of PVP in EG is much smaller than that in water [46], which leads to the partial polymer collapse of
PVP on the surface of the as-formed Te crystals in EG during the growth. As a result, the insufficient passivation
of PVP on Te in EG allows the Te nanowire grow fast along the radial direction with larger diameters. To further
prove this, we introduced acetone, in which PVP has even poorer solubility than in EG [46], into the solvent. As
is shown in supplementary figures S1(d), (e), the diameter continuously increases with the increase of the
amount of acetone. However, too much acetone (supplementary figure S1(f)) will result in the thick and short
nanostructures with irregular shapes.

We further examined and identified the correlation between the piezoelectric outputs at the integrated
devices level and the process-controlled diameters of Te nanowires at the material level, by revealing the process-
structure-property-performance relationship for the solution-nanomanufactured Te nanowire wearable
piezoelectric devices. Such knowledge will enable the future modeling, design, and processing of Te nanowires
for high-performance piezoelectric devices. The detailed process for fabricating the flexible piezoelectric device
based on Te nanowires is shown in the experimental section. The device (figure 2(a)) consists of multiple layers
stacking of ITO/PET, Te nanowires, and polydimethylsiloxane (PDMS). Figure 2(b) shows the excellent
deformability of our Te piezoelectric device which can withstand large degrees of mechanical deformation
without fracture or cleavage. Tapping-mode atomic force microscopy (AFM) was used to examine the
assembled Te nanowires, showing that uniform Te nanowires with high aspect ratio exceeding 1000:1 were
assembled into a continuous monolayer film at large-scale (figure 2(b)). The high aspect ratio and small diameter
of Te nanowires are beneficial for improving the device’s mechanical robustness and deformability [47]. The
typical results of piezoelectric current and voltage output from devices made of Te nanowires with 7 = 3 nm
diameter are shown in figure 2(c) and supplementary figures S2 respectively. Statistical results for the
piezoelectric outputs from Te nanowires with different diameters are shown in figure 2(d) and supplementary
figures S3. A clear strain-dependent piezoelectric output can be seen for devices made of nanowires with the
same diameters (figure 2(c) and supplementary figures S2), consistent with the previously reported results [48].
More interestingly, we also observed a strong dependence of the piezoelectric output on the nanowire diameters
(figure 2(d) and supplementary figure $3-4): the output voltage and current increase with the decreased Te
nanowire diameters. Such a size-dependent piezoelectric output agrees well with the reported computational
results for other piezoelectric nanomaterials, e.g. ZnO and GaN nanowires [49, 50], which is likely due to the
size-dependent mechanical (e.g. Young’s modulus) [49], piezoelectric (e.g. piezoelectric constant),
semiconductor (e.g. bandgap) [34, 51, 52], and other physical properties for 1D nanomaterials [53]. A stable
peak power density of 1.06 4W m ™2, comparable to reported results [54-56], was obtained for devices built with
the thinnest Te nanowires (figure 2(e) and supplementary figures S5). For the remainder of the device
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Figure 2. (a) Schematic illustration of the flexible piezoelectric device’s structure. (b) Optical image and atomic force microscope
(AFM) image of the device surface after assembly. (c) The piezoelectric current output for the thinnest Te nanowires under different
strains. (d) Current output of the piezoelectric devices built with Te nanowires with different diameters. (e) The output voltage (left
axis) and output current density (right axis) as the function of the load resistance.

characterization and demonstration, we will use one layer of Te nanowires with 7 £ 3 nm diameter in the length
of ~50 pm since they provide the highest piezoelectric outputs.

The development of stretchable piezoelectric devices is highly desirable for many emerging technologies, e.g.
wearable devices [57]. Our results presented in figure 2 show that the Te nanowires flexible device can withstand
50% uniaxial strain without failure. To fabricate stretchable Te nanowire devices, we directly printed liquid
metal (LM) electrodes on the stretchable silicone substrates as the top and bottom electrodes (figure 3(a),
Methods). Here we chose Galinstan (a eutectic alloy with the composition ratio of Ga:68.5%, In:21.5%, and
Tin:10%) as the LM due to its low melting point (15 °C), high electrical conductivity, low viscosity, and low
toxicity [58]. The printed LM electrode shows excellent mechanical stretchability and maintains good electrical
conductivity when being subjected to large deformations (figures 3(a), (b)). Due to the excellent mechanical
stretchability of all constituents, the Te nanowire stretchable device can convert complex straining (e.g. large-
angle twisting in figure 3(a), and hybrid twisting-stretching in supplementary figure S6(b)) into electrical power
and sense these mechanical deformations. Our characterization results (figure 3(c), supplementary figure S6(b))
show that the piezoelectric outputs of the Te nanowire stretchable devices increase when we increase the twisting
angle and/or the stretching. Moreover, the Te nanowire stretchable device can sense bi-axial strains when being
attached to complex surfaces (e.g. the surface of an inflated balloon catheter in figure 3(d) inset). The ultrathin
nature of the Te nanowire stretchable device enables its conformal coverage on the balloon surface during the
deflation/inflation process (figure 3(d) inset), which is controlled by a linear motor and an attached syringe
pump (supplementary figure S7(a)). By tuning the moving speed and distance of the linear motor, we can
precisely control the inflating rate of the balloon catheter. The bi-axial in-plane strains (figure 3(d) inset)
induced in the Te device during the balloon inflation can result in compression along the (12 10) direction of the
Te nanowire and leads to the piezoelectric polarization (figure 1(b)). Figure 3(d) shows the statistic output
voltage and current (supplementary figures S7(b), (¢)) with different inflating rates, which can be used to sense
and estimate the mechanical deformation/strain on the balloon surface during the operation.

Finally, we explored the feasibility of Te nanowire stretchable device for potential self-powered physiological
sensing applications, e.g. cardiovascular monitoring. The wearable device can be attached to the human body
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Figure 3. (a) Optical images of the stretchable piezoelectric device with 0°, 180°, and 360° twist without and with in-plane strain. (b)
The resistance of the LM electrode with different strains. (c) The output voltage and current with different twisting angles and strains.
(d) The output voltage and current attached on the balloon with different inflating speeds.

compliable with minimum deformation. Figure 4(a) shows the application of the device attached to the wrist of a
healthy 30 year-old male for the non-invasive detection of pulse without using an external power source. The
real-time piezoelectric current output from the device for 30 s shows the reliable detection and measurement of
the human pulse signals, with distinct three-peak characteristics for the cardiac cycle (figure 4(b)). Such a pattern
is consistent with the reported results [59, 60] and manifests important information for the health diagnostics.
Here we attempted to analyze the acquired signals. Specifically, the first peak (P;) is the main wave resulting from
the blood ejected by left ventricle [60]. The tidal wave generated by the decrease of the ventricle blood pressure
gives rise to the second peak (P,), known as the point of inflection [59]. Subsequently, the ventricle becomes
diastolic, and the aortic valve closes, leading to the reflection of the blood from the closed aortic valve and the
formation of the last peak (P3), which is the dicrotic wave. The radial artery augmentation index Al, = P, /P,
and the radial diastolic augmentation DAI = P;/P; can be derived from the acquired signals to obtain the heart
rate with time delay Atpyp = 1) — #(p2). The calculated Al,, DAL and Atpyp for our 30 year-old male
participant, are 43%, 21%, and 250 ms respectively, which fall in the normal range for healthy males of the same
age [61]. The demonstrated self-powered sensing capability to detect such small-scale biomechanical signals,
together with the facile and low-cost manufacturing process, can potentially lead to broader applications of our
devices for potential wearable biomedical devices.

In summary, we report a solution-based strategy for the scalable synthesis of chiral-chain piezoelectric
tellurium nanowires with controlled diameters. The assembled Te nanowires by an LB approach are integrated
into a wearable piezoelectric device, which can be conformably worn onto the human body, effectively
converting the imperceptible time-variant mechanical vibration from the human body, e.g. radial artery pulse,
into distinguishable electrical signals through straining the piezoelectric Te nanowires. We further revealed the
process-structure-property relationship between the piezoelectric outputs from the integrated devices and the
diameters of as-produced tellurium nanowires. The performance and efficiency of such a device can be
optimized by controlling the process and the Te nanowire dimension. Our results suggest the potential of
solution-synthesized Te nanowire as a new class of piezoelectric nanomaterial for self-powered devices. The
intriguing piezoelectricity and semiconductor properties in Te nanowires with chiral-chain structures maylead
to exciting opportunities in energy, piezotronics, and sensor applications [62—66].
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Figure 4. (a) Optical image of the wearable device attached on the human wrist. (b) The current output from the piezoelectric device
for measuring the pulse on the wrist of a 30 year-old participant.

Materials and methods

Materials

PVP, hydrazine hydrate (85%, w/w), acetone, EG, aqueous ammonia solution (25%-28%, w/w), N,
N-dimethylformamide (DMF), CHCI; were purchased from Sigma Aldrich. Na,TeO3 (97%) was purchased
from Alfa Aesar. All chemical reagents were used without further purification. Double-distilled DI water was
used for the synthesis.

Synthesis of Te nanowires

In the typical synthesis, Na,TeO5 and PVP was put into double-distilled water at room temperature with
magnetic stirring to form a homogeneous solution. The resulting solution was poured into a Teflon-lined steel
autoclave, which was then filled with aqueous ammonia solution and hydrazine hydrate. The autoclave was
sealed and maintained at 180 °C for 3 h. Then the autoclave was cooled to room temperature naturally. The
resulting blue products were precipitated by centrifuge at 5000 rpm for 5 min and washed with distilled water
and acetone.

LB transfer of Te nanowires

The hydrophilic Te nanowires can be transferred to substrates by the LB technique. The washed Te nanowires
were mixed with a certain volume ratio of N, N-dimethylformamide (DMF) and CHCl;. Then the above
solution was dropped into the DI water. After 30 min, the monolayer Te nanowire can be transferred to any
substrates.

The effect of the reaction media for Te nanowire synthesis
The reduction reaction in acidic and alkaline environment can be formulated as follows:

TeO32~ + N,Hs+ 4+ H = Te + N, + 3H,0 (1)
TeO,2~ + N,Hy = Te + N, + H,0O + 20H". )
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In acidic solution, the reaction comprises two half reactions:
TeO;32~ + 6H" + 4e — Te + 3H,0 E°=0.827 eV 3)
N;Hs + —4e — N, + 5H E° = —0.23 €V. 4)
In alkaline solution:
TeO3%~ 4+ 3H,0 + 4e — Te + 60H™ E* = —0.57 eV (5)
N,H, + 4OH™ — 4e — N, + 4H,0 E° = —1.16 eV. 6)

From the equations (1) and (2), the standard EMF are 1.057 eV and 0.59 eV, respectively. This suggests that
the reduction reaction in acidic media is much more rapidly than in alkaline media.

Device fabrication

The flexible piezoelectric device

A single layer of continuous thin LB film of horizontally-aligned Te nanowires was assembled on an ITO/PET
flexible substrate (surface resistivity 60 €2/sq) coated with a 1 ym thick PDMS. Finally, a 1 ym thick PDMS was
spin-coated to cover the nanowire layer. The hydrophilic Te nanowire can be assembled without any additional
treatment or functionalization.

The stretchable piezoelectric device

First, alayer of 1 pum silicone was deposited on the silicon wafer by spin coating. The LM was printed on the
surface of the silicone by stage and syringe system. After connected the LM with copper wire, another layer of
silicone was deposited to fix it. Then, the total electrode was peeled off from the silicon wafer.

Characterization

The thickness was determined by an AFM (Keysight 5500). High-resolution STEM/TEM imaging and SAED has
been performed using a probe-corrected JEM-ARM 200 F (JEOL USA, Inc.) operated at 200 kV and EDS has
been collected by an X-MaxN100TLE detector (Oxford Instruments). A field emission scanning electron
microscope (Hitachi S-4800 Field Emission SEM) was used to characterize the morphologies of Te nanowires. A
linear motor was applied as the external force to drive Te nanowire piezoelectric devices (operating distance,

20 mm; maximum speed, 1 m s L acceleration, 1 m s~ 2; deceleration, 1 m 572). Electrical measurements were
done using an electrometer (Keithley 6514) and a low current preamplifier (Stanford Research System, SR570).
All statistic data were summarized from three times of tests. For each type of sample, 10 peaks in total were
applied to calculate average outputs and standard deviation.
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