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ABSTRACT: Enhanced piezoelectric and energy-harvesting character-
istics of Mn-doped (Na;;K,s)NbO; (NKN) nanofibers have been
investigated with actual fabrication of potential flexible nanogenerators.
The electrospinning process of nanofibers has been initially optimized with
the proper level of chelating agent and annealing temperature. High quality
nanofibers are successfully obtained only by means of a certain level of
doped-Mn, which incorporates into the NKN perovskite structure and
facilitates significant grain growth. A single-particle-stacked structure along
the direction of fiber length becomes more evident with increasing Mn
content. An XPS analysis confirms that Mn exists in multivalent states of
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Mn®*/Mn*". The effective piezoelectric coefficient of the nanofibers is
found to be enhanced by S times with Mn-doping up to 3 mol % as characterized by piezoelectric force microscopy. The
resultant flexible nanogenerators on PES films have exhibited ~0.3 V output voltage and ~50 nA output current under a bending

strain.
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B INTRODUCTION

Piezoelectric energy harvesting has been attractive as a
promising power source for small self-powered electronic
devices and wireless sensors. Because the power consumption
of nano/micro devices is typically in the range of micro- to
milliwatts, this harvesting technique is presumably applicable to
generating power for specified devices."> Moreover, it can be
operated regardless of the restriction in time and place because
energy sources for mechanical vibration are easily available from
surrounding environments. For high performance piezoelectric
energy harvesters, it is essential to design efficiently harvesting
structures combined with suitable piezoelectric materials and
processing.

Electrospinning has been extensively studied as a promising
technique for preparing controlled nanofibers since the
processing procedure is relatively simple and cost-effective.’
In recent years, numerous attempts have been made to obtain
high quality piezoelectric nanofibers by the electrospinning
process. For examples, Wang et al.* reported that nanoscale
lead zirconate titanate (PZT) fibers could be achieved by
electrospinning. Chang et al.’ successfully fabricated poly-
(vinylidene fluoride) (PVDF) nanofibers patterned directly by
using near-field electrospinning. There have been several
reports on piezoelectric nanogenerators based on PZT
nanofibers prepared by electrospinning.6’7

On the other hand, studies on Pb-free piezoelectric
nanofibers have been very limited probably due to the difficulty
in achieving high quality nanostructures. There are very limited
reports on nanostructured (Na,K)NbO; (NKN) materials even
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though the piezoelectric characteristics of modified NKN bulk
materials are very competitive compared to those of PZT
materials.® ' Jalian and Girishin'" introduced biocompatible
(Na,K)NbO; nanofibers with an average diameter of 150 nm
by electrospinning. They characterized the (Na,K)NbO,
nanofibers as in a superparaelectric state with spontaneous
electric polarization but without providing piezoelectric proper-
ties of nanofibers. There has been so far no report on
piezoelectric properties and energy harvesting characteristics,
which are specified for the Pb-free (Na,K)NbO; nanofibers.

In this work, we first report the piezoelectric properties of
(Na,K)NbO; nanofibers optimized with the level of a chelating
agent at various annealing temperatures. On the basis of several
of our doping studies, Mn-doping was selected for higher
quality nanofibers that are distinguished as continuous structure
with higher crystallinity. The improved crystallinity must be
responsible for enhancement in resultant flexible nano-
generators. The Mn-doping produces the 5X enhancement in
piezoelectric coefficient dj;, compared to the undoped sample.
This work concerns the fabrication of competitive nano-
generators using easily processable high quality nanofibers
doped with Mn. A flexible piezoelectric nanogenerator is able to
generate an output voltage of ~0.3 V and a current of ~50 nA
by simple bending operation, even though the outcomes may
be not meaningful without further optimization.
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B EXPERIMENTAL SECTION

Mn-doped (NajKy5)NbO; (NKN) nanofibers were produced by an
electrospinning process using common solutions. Potassium acetate
(CH;COOK, Sigma-Aldrich Inc., USA), sodium acetate
(CH;COONa, Daejung Co., Korea), and niobium ethoxide (Nb-
(OCH,CHj;);, Sigma-Aldrich Inc, USA) were dissolved into 2-
methoxyethanol (CH;OCH,CH,OH; Sigma-Aldrich Inc., USA) in a
glovebox. Acetic acid (AAc, CH;CO,H, Ducksan Chemicals, Korea)
was added into the solution as a chelating agent to have quality fibers
as reported elsewhere. 12-1% The molar ratio of AAc/NKN solution was
chosen as 0.0, 0.25, 0.5, 1.0, and 2.5.

Manganese acetate tetrahydrate ((CH;COO),Mn-4H,O, Sigma-
Aldrich Inc., USA) was dissolved into the AAc/NKN solution with
different Mn contents of 0.0, 0.5, 1.0, and 3.0 mol %. In addition,
polyvinylpyrolidone (PVP) ((CsHyNO),, M, = 1300000 g/mol,
Sigma-Aldrich Inc.,, USA) was incorporated into the Mn-doped AAc/
NKN solution to obtain an appropriate viscosity of solution for
effective spinning process. For complete dissolution, the resultant
solution was stirred for 6 h at room temperature.

The final Mn-doped NKN solution was electrospun under 13 kV of
electric field with a spray rate of 10 yL/min. The distance between
needle tip and metal collector was about 10 cm. The electrospinning
process was conducted on Si substrates in a closed box maintained at a
relative humidity level of less than 30%. For better alignment of
nanofibers, two pieces of conductive collectors were positioned in
parallel sides of the Si substrate."> Nanofibers were annealed at 750 °C
for an hour with 2 °C/min of heating rate in air.

Crystal structure of NKN nanofibers was investigated by an X-ray
diffractometer (XRD: Ultima IV, Rigaku). Grain size, surface
microstructure, and morphology of nanofibers were analyzed by
field-emission scanning electron microscopy (FE-SEM: JSM 7001F,
JEOL) and high resolution transmission electron microscopy
(HRTEM: JEM-2100F, JEOL). The valence state of selected elements
was studied by X-ray photoelectron spectroscopy (XPS: K-alpha,
Thermo VG) using a monochromated Al X-ray source (Al Ka line:
1486.6 eV).

Ferroelectric hysteresis loops and piezoelectric properties of the
nanofibers were measured by piezoelectric force microscopy (PFM:
Nanoscope V Multimode, Bruker). The PFM samples were prepared
on Pt/Ti/Si substrates acting as a bottom electrode holder. The
mechanical oscillations of piezoelectric samples were induced by
applying an ac field between the tip and holder. A Pt/Ir-coated silicon
cantilever was used for this experiment under the condition of a spring
constant of ~42 N/m and a resonance frequency of 330 kHz. Driving
amplitude and frequency of ac bias were S V rms and 5 kHz,
respectively. Each quantitative measurement by PFM was calibrated by
using a standard piezoelectric response sample of commercially
available periodically poled lithium niobate (PPLN) crystal. The
amplitude of PR oscillations was translated from volts to picometers by
setting up a deflection sensitivity of the cantilever from the
measurement of the standard sample. Local piezoelectric hysteresis
loop was measured by applying a dc bias ranging from —10 V up to 10
V.

To fabricate flexible nanogenerators, annealed NKN nanofibers
were transferred to a flexible polyether sulfone (PES) substrate using
polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning Corp.,
USA). The substrate size was 25 mm X 15 mm with ~200 um in
thickness. PDMS was spin-coated at 3000 rpm for 3 min on the PES
substrate. To improve the contact between nanofibers and Pt
electrodes, dry etching of PDMS was conducted at 150 W at 150
mTorr for S min by using reactive ion etching (RIE). A Pt electrode
with ~100 nm in thickness was deposited in an interdigitated pattern
on PDMS by DC sputtering. The distance between adjacent electrodes
was 500 pm. The transference of nanofibers and their connection to
electrodes were confirmed by optical microscopy. In order to enhance
the mechanical stability of nanofibers, the fabricated structure was
passivated by spin-coating of PDMS under the same coating condltlon
as described above and also in a similar process used previously.'® The
nanogenerators were polled by applying an electric field of 60 kV/cm

across the interdigitated electrodes at 100 °C for 30 min. Output
voltage was recorded by a nanovoltmeter (21824, Keithley) in a
bending tester when a regular bending strain was applied onto the
sample. A galvanostat (IviumStat, Ivium technologies) system was
used to detect output current. Under the same condition, a switching
polarity test was performed by interchanging the connection between
the sample and the measuring machine.

B RESULTS AND DISCUSSION

Prior to the investigation on the effects of Mn doping, physical
quality of NKN nanofibers was initially optimized with regard
to the relative content of AAc and annealing temperature. It
seems that the existence of AAc helps in obtaining more
homogeneous nanofibers by chelating solutions with a
capability of viscosity controller."”>™**'” The average diameter
of electrospun nanofibers was maintained at nearly ~300 nm
even when the molar ratios of AAc/NKN solution was
increased to above 0.5. The diameter was dramatically reduced
to ~130 nm after annealing at 750 °C. According to XRD
analysis (not shown here), the 750 °C annealed sample showed
phase-pure NKN crystalline phase. The as-prepared nanofibers
were initially amorphous (up to 400 °C) and then became
crystallized at 450 °C. Interestingly, the annealing at temper-
ature higher than 850 °C was found to induce the secondary
phase of K,NbgO,, possibly from the evaporation of the alkali
ions. Accordingly, the molar ratio of 0.5 of AAc/NKN and the
annealing temperature of 750 °C were used for further
investigation on the effect of Mn-doping.

Figure 1 shows the XRD patterns of nanofibers containing
different contents of Mn. Regardless of Mn content, phase-pure
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Figure 1. XRD patterns for Mn-doped NKN nanofibers annealed at
750 °C. The inset patterns at certain 26 angles of 44—47° and 65—68°
represent the shift in peak positions with Mn-doping.

NKN perovskite structure [JCPDS No. 77—0038] was
identified without secondary phase. Increasing the Mn content
tends to enhance the crystallinity of the perovskite phase by
showing higher intensity peaks with more distinct peak splitting
as exemplified with the (200) and (020) peaks. Crystalline size
was calculated by using the known Sherrer equation from the
full width at half-maximum (fwhm) of the (110) peak. The
crystallite size of the films was found to increase gradually from
~12.3 nm to ~21.9 nm as the Mn content increased from 0 to
3 mol %, respectively.

It is believed that Mn is incorporated into the perovskite
structure upon annealing, from the evidence that no Mn-
involved secondary phase precipitates out. There is a report
that Mn can be substituted for the A or B site in the structure
up to 3 mol % in the bulk case."® The lattice distortion
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Figure 2. XPS profiles of undoped and 3 mol % Mn-doped NKN nanofibers for the valence state of (a) manganese in the 623—660 eV range and (b)
oxygen in the 526—538 eV range. The peaks of the individual states were fitted with the Gaussian distribution curve for clear demonstration of peak

splitting.

observed in the inset of Figure 1, where the (200) and (020)
peaks at 45—46° tend to shift clearly toward higher angles,
supports that Mn can be easily accommodated into the
structure. When the ionic size of Mn?* (0.72 A) is considered in
the precursor solution, the B site in the ABO; perovskite is
likely to be mainly occupied. The ionic radius of Nb** (0.64 A)
is close enough for the Mn”* size (compared to A site-ions,
Na'* (1.02 A) and K** (1.38 A)). As a result, the overall lattice
parameters were found to decrease gradually with increasing
content of Mn, which is further reasonable with the fact that the
charge imbalance induced by the substitution of Nb>* with
Mn** may incur oxygen vacancies for charge compensation.lg’20

Figure 2a shows the high-resolution XPS spectra of Mn 2p
states in undoped and Mn-doped NKN nanofibers annealed at
750 °C. As expected, the Mn peaks were observed in the 640—
660 eV range only in the case of Mn-doped sample. The peaks
of Mn 2p states were fitted with the Gaussian distribution
curve, resulting in two distinct components that are assigned as
Mn** and Mn*" in both 2p, , and 2p;), states. In the Mn 2p;,
state, for example, the existence of both Mn?* and Mn®*" were
evident at ~641.3 eV (dashed line) and ~645.6 eV (solid line),
respectively.”! From the significant evolution of Mn*" peak, it is
confirmed that Mn*" is dominantly present over Mn*" in the
annealed films.

Asymmetric and broad peaks, which were plotted by two
different kinds of O species, were observed in the O 1s
spectrum as shown in Figure 2b. The O Is profile at around
~530.1 eV is identified as lattice oxygen (O ) in the perovskite;
the other peak at around ~532.5 eV is assigned as absorbed
oxygen (O,) that is related to hydroxyl group.”””** For Mn-
doped NKN nanofibers, slight peak shifts toward the lower
binding energy were observed due presumably to lattice
distortion. The relative ratio of O,/Oy is significantly increased
by the Mn-doping as evidenced in Figure 3b. It has been shown
that the increase of O,/Oy, derives from the increased surface
oxygen vacancies resulting from Mn-doping.”® Hence, the
variation of O,/Oy in the O 1s spectrum is likely to be the
evidence for the B-site substitution of Mn ions.

Figure 3 shows the SEM images of the NKN nanofibers
processed with different levels of Mn-doping and then annealed
at 750 °C. The dimensional stability seems to be kept
regardless of Mn-doping levels even though considerable
shrinkage happens during annealing. It is noticeable that
~300 nm in diameter of the as-deposited nanofiber became
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Figure 3. SEM images of Mn-doped NKN nanofibers annealed at 750
°C, containing (a) 0.0, (b) 0.5, (c) 1.0, and (d) 3.0 mol % Mn.
Significant changes in morphology are evident with more Mn-doping.

~90 nm after annealing at 750 °C with 3 mol % Mn through
the solvent evaporation and densification process.

As expected from the progress of crystallite evolution with
Mn-doping in the XRD pattern of Figure 1, the changes in
morphology with increasing Mn-doping are evident by showing
more distinct grains along the direction of the length of
nanofibers. Smaller grains found in undoped nanofibers were
significantly enlarged by increasing the Mn content. Very large
grains with a peculiar shape, which looks like a single particle
stacked in the direction of the length of the fiber, are easily
discernible in the case of 3.0 mol % Mn-doping (Figure 3d). It
is clear that a small amount of the doped Mn encourages grain
growth similarly as reported in the literature for the bulk
perovskite materials including NKN, BaTiO;, and Pb(Zr,Ti)-
0;."%7%" The promotion of growth is associated with the
creation of oxygen vacancies by the B-site (Nb**) substitution
of Mn ions and thus the enhanced mobility of grain boundary
to facilitate faster grain growth.>**

The observation of the nanofibers via high-resolution TEM
confirms the changed morphology driven by Mn-doping as
shown in Figure 4. Again, a notable transition of morphology,
i.e,, the single-particle-chain shape, was clearly observed in the
case of 3.0 mol % Mn-doping. This type of nanofiber was also
reported in barium hexaferrites annealed at an elevated
temperature with promising enhancement in magnetic proper-
ties.”> Without Mn-doping, small crystallites are evidently
observed with the supporting selected area electron diffraction
(SAED) image standing for small overlapped crystallites
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Figure 4. HR-TEM images of (a) undoped and (b) Mn-doped NKN
nanofibers. The SAED pattern of each nanofiber is shown as an inset
in each fiber.

(Figure 4a). In contrast, the SAED for 3 mol % Mn-doped
sample corresponds to a diffraction pattern representing
considerably grown perovskite crystallites. It is proposed that
the Mn-doping is much more effective in creating well-defined
grain structures than by means of raised annealing temperature
(inducing also the alkali evaporation). This could be the main
reason previous reports were not able to produce high quality
NKN nanofibers via regular electrospinning and annealing
processes.

Piezoelectric characteristics of Mn-doped NKN nanofibers
were investigated by PFM. Figure S demonstrates the set of
local piezoelectric responses (PR) of NKN nanofibers for
samples with Mn-doping. The variation in PR amplitude (the
upper graphs in Figure S) as represented in a typical “butterfly
loop” shape corresponds to the strain—electric field (S—E)
curve of piezoelectric materials. In addition, the hysteresis loops
with DC bias are illustrated with the PR phase (the bottom
graphs in Figure S). Those results indicate that the Mn-doped
NKN nanofibers possess more distinct piezooelectricity. The
difference of PR phase (A®) with the opposite signal is about
180°, which means the occurrence of 180° domain switching by
the applied dc-bias. The applied voltage of 10 V corresponds to
the electric field of ~80—110 kV/mm when the thickness of the
NKN nanofibers is considered as 90—130 nm depending on the
level of Mn-doping. The range of electric field is very similar to
the reported range of 70—90 kV/mm for NKN thin films,

although the direct comparison between nanofibers and thin
films may not be very meaningful. Coercive voltage V, which is
defined by the relation of V. = (V" — V_.7)/2 where V" and
V.” are the starting points for switching polarization in the
positive and negative bias, respectively, was slightly elevated
with increasing of Mn concentration. Table 1 represents the H,

Table 1. Normalized Coercive Field and Piezoelectric
Coeflicient ds; . of Mn-Doped NKN Nanofibers, Which
Were Obtained by Piezoelectric Force Microscopy

Mn (mol %) 0.0 0.5 1.0 3.0
Normalized V.* 1 1.03 1.44 1.79
gy (pm/V) 727 935 2225 40.06

“Normalized to the value of 0 mol % Mn-doping sample.

values normalized to that of the 0 mol % Mn sample to
demonstrate the increasing effect with the addition of Mn. It is
associated with the fact that Mn?* substitutes the B-site and
corresponds to the hard doping effect that brings the increase
in coercive field similar to the studies of piezoelectric thin
films.***"** It means that a higher field is required for the
domain reversal with the Mn-doping. As reported in the case of
Mn-doped NKN films,* the Mn-doping may induce significant
domain wall pinning.

Meanwhile, the PR amplitude was significantly enhanced
with more Mn-doping. These piezoresponses can be converted
to the effective piezoelectric coefficient ds; ¢ and their average
values are listed in Table 1. The piezoelectric coefficient was
calculated by using a known relation of Au = 6 X A = dy3 ¢ X
V., where Au is the piezoresponse displacement, A is the
obtained PR amplitude, & is the deflection sensitivity of the
cantilever, and V__ is the amplitude of the driving ac voltage.34
The improvement of the piezoelectric coefficient is observed
with the addition of Mn. The coefficient is reached to 40.07
pm/V at 3.0 mol % of Mn, which is 5 times larger than the
value for the sample without Mn. This significant improvement
here can be attributed to the enhanced crystallinity and
significant progress of densification with the Mn-doping. As
another possible contributor, the increase in grain size reduces
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Figure 5. Variations of piezoelectric properties of (Na,K)NbO; nanofibers with Mn-doping, as represented by piezoresponse amplitude (top figures)
and phase (bottom figures) diagrams for (a) 0.0, (b) 0.5, (c) 1.0, and (d) 3.0 mol % Mn-doped samples.
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Figure 6. (a) Schematic of flexible piezoelectric nanogenerator based on a Mn-NKN/PDMS
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Figure 7. Switching polarity evaluation of output voltage and current in the piezoelectric nanogenerator for (a) forward connection and (b)
backward connection, with schematic illustrations, indicating that the signals are based on piezoelectric response.

the density of the grain boundary so that the movement of the
domain wall is less restricted by grain boundaries.>>>*

Flexible piezoelectric nanogenerators based on Mn-doped
NKN nanofibers were fabricated as illustrated in the schematic
of Figure 6a. Output performance of the nanogenerators is
represented in Figure 6b,c. When a bending strain is applied to
the flexible nanogenerator, the NKN/PDMS film is subjected
to tensile strain. As a result, the resulting piezoelectric potential
difference is initiated between two electrode ends of piezo-
electric nanofibers by a converse piezoelectric effect.’”” The
piezoelectric potential difference leads to a free electron flow
occurring from two parallel electrodes. Then, the electrons
move around the external circuit and are detected as an output
signal. The representative open-circuit voltage and current
values are ~0.3 V and ~50 nA for the 3 mol % Mn-doped
nanofibers, respectively. These values do not look great
compared to the recent performance of other nanogenerators,
but the optimization of the nanofiber-driven nanogenerators is
not specified in this work. Enhancement in piezoelectricity of
the applicable Pb-free nanofibers may be more meaningful at
this stage with great potential as a nanogenerator with better
structural adjustment in the future.

1

0580

Figure 7 shows the result of switching polarity test for the 3
mol % Mn-doped sample to verify that the output signal is
based on the piezoelectric nature of aligned nanofibers. The
schematics of applying opposite bias for alternative connections
in the nanogenerators are also included. The opposite sequence
of peak occurrence with time according to the =+ direction of
bias confirms that the output signals originate from the
piezoelectricity of Mn-doped NKN nanofibers. In addition, the
output voltage of a reference device without nanofibers was
measured to evaluate the contribution of the capacitance effect
from materials other than nanofibers. The signals are negligible
as ~4 X 107" V compared to the nanogenerator’s output
voltage of ~0.3 V. Accordingly, it is concluded that the
performance of nanogenerators comes from the piezoelectric
effect of the NKN nanofibers themselves. The flexible
nanogenerators have good mechanical stability even after
repetitive folding—releasing evaluations and could be a
promising candidate for portable energy harvesters targeting

implantable and wearable electronics applications.

dx.doi.org/10.1021/am502234q | ACS Appl. Mater. Interfaces 2014, 6, 10576—10582



ACS Applied Materials & Interfaces

Research Article

B CONCLUSIONS

High quality (NagsKys)NbO; nanofibers containing small
contents of Mn were prepared by electrospinning. The
existence of Mn helps crystallite growth, leading to the
formation of single-particle-chain shaped nanofibers with the
apparent enhancement of piezoelectric properties. It is believed
that Mn atoms are incorporated into the B site of perovskite
NKN structure with lattice distortion as mixed-valence states of
Mn**/Mn*" and surface oxygen vacancy as confirmed by the
XPS analysis. Nanofibers with 3 mol % Mn-doping have
exhibited an effective piezoelectric coefficient of ~40.06 pm/V,
which is 5 times higher than that of NKN nanofibers without
Mn. Flexible piezoelectric nanogenerators based on a Mn-
NKN/PDMS structure are successfully demonstrated on PES
films with good mechanical stability even though output voltage
and current values need to be further optimized.
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