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The polarity of the polymer surface charge is important for constructing triboelectric devices where
asymmetric charging tendencies of contacting materials are required. In the present work, we show that
the addition of UiO-66 and UiO-66-NH, metal-organic framework (MOF) particles into a polyether
block amide (PEBA) polymer increases the triboelectric surface charge density and allows controlling the
charge polarity. The composites of the PEBA polymer with 0.1-5 wt% MOFs enhanced the surface
charge density of pristine PEBA in the whole compositional range. The triboelectric properties can be
tuned not only by the amount of MOF fillers but also by modification of UIO-66 1,4-
benzenedicarboxylic acid linkers with additional —NH, groups. PEBA/UiO-66-NH, composites remain
positively charged, while the PEBA/UiO-66 system undergoes a change of the triboelectric surface char-
ging from positive to negative between 0.5 wt% and 1 wt%. This material shows more tendency for a

rsc.li/materials-advances negative charge than Teflon.

Introduction

In recent years, the search for materials possessing higher
triboelectric performance has intensified. This interest stems
from the desire to find materials suitable for enhancing tribo-
electric nanogenerator (TENG) device efficiency. TENG devices,
introduced in 2012, represent a pioneering concept to convert
surplus mechanical energy into electricity, thereby allowing the
powering of autonomous microdevices. This innovation shows
significant promise for mitigating the environmental impact
associated with traditional energy production and battery
usage. Notably, TENG devices have already been demonstrated
to illuminate up to 8000 LEDs, propel autonomous gas sensor
devices, fuel biomedical equipment, and facilitate battery
charging.’”

For an enhanced TENG device output, it is necessary to
design polymers with asymmetric charging tendencies to gain
positive or negative triboelectric surface charges. For this, the
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triboelectric series are used as guidance." However, the
mechanical properties of the polymers from the series do not
always meet the desired characteristics for practical applica-
tions. For mechanical energy harvesting from movement, for
example, soft and flexible materials are needed for more
effective integration in wearables.” Herein, we present a
method of controlling the surface charge polarity of soft
elastomeric PEBA polymers by adding MOF fillers UiO-66 and
Ui0-66-NH,,.

Metal-organic frameworks are a class of crystalline com-
pounds characterized by a three-dimensional network formed
by metal ions and organic ligands.® MOFs have garnered
attention for their versatility and applicability in diverse fields,
ranging from energy storage and gas storage to catalysis and
gas separation.””® The properties of MOFs, such as high surface
area, porosity, and availability to chemical modifications, make
them good candidates for incorporation in TENG contact
layers. Mostly MOFs have been reported as fillers in composites
used for contact layers; however, recently, individual tribo-
electric properties of MOFs such as ZIF-8, MOF-74, UiO-66
and Ui0O-66-NH, have been reported."’

Notably, Wang et al. have shown that the incorporation of
MOF UiO-66-NH, into the PDMS matrix increases the current
output of the assembled TENG by 60 times and voltage by 4
times."' It has been demonstrated that fluorinated MOFs
increase the triboelectric properties of a series of polymers,
such as polyvinylidene fluoride (PVDF), polytetrafluoroethylene
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https://orcid.org/0000-0002-5048-2429
https://orcid.org/0000-0002-5739-0164
https://orcid.org/0000-0002-2942-5585
https://orcid.org/0000-0001-5193-0281
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma01172k&domain=pdf&date_stamp=2024-04-09
https://doi.org/10.1039/d3ma01172k
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma01172k
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005010

Open Access Article. Published on 04 April 2024. Downloaded on 12/4/2025 4:38:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(PTFE), polydimethylsiloxane (PDMS), and polyurethane (PU)
upon incorporation.’” It is believed that MOFs incorporated
into the polymer matrix act as charge trapping sites and
additionally increase the surface roughness, thereby leading
to higher generated charge density in TENG devices.

In this study, we demonstrate the triboelectric properties of
the thermoplastic elastomer PEBA composites incorporating
MOFs UiO-66 and UiO-66-NH, in different contents. We show
that the addition of amounts that do not exceed 5 wt % can
improve the triboelectric properties. Furthermore, the addition of
UiO-66-NH, leads to the formation of a positive surface charge,
while UiO-66 leads to a negative charge. The enhancement of the
charge density in both cases is two orders of magnitude higher
than that of pristine PEBA under the same testing conditions. The
TENG constructed using the PEBA/UiO-66 composite with the
highest observed charge density generated a power density of
47.8 yW cm™ >, which is comparable to that developed by other
MOF-polymer-based TENGs (ESIt Table S1).

Methods
Synthesis of MOFs

UiO-66 was synthesized according to a method reported in the
literature.”® 125.0 mg zirconium(iv) chloride was dissolved in a
mixture of 1.0 mL of 12.0 M concentrated hydrochloric acid
(HC]) and 5.0 mL of N,N-dimethylformamide (DMF) by sonica-
tion for 20 min. The obtained solution was added to 10.0 mL of
DMF, which contained 123.0 mg of terephthalic acid (H,BDC).
After mixing, the solution was heated in an oil bath at 80 °C for
8 h. The as-synthesized products were collected by centrifuga-
tion (8.8 g) for 5 min, then washed with DMF two times and
with ethanol three times, and finally vacuum-dried at room
temperature.

UiO-66-NH, was also synthesized according to a method
reported in the literature. 268.0 mg ZrCl, was dissolved in
a mixture of 2.0 mL of 12.0 M concentrated HCI and 20.0 mL
of DMF by sonication for 20 min. The obtained solution
was added to 10.0 mL of DMF that contained 250.0 mg of
2-aminoterephthalic acid. The mixture was heated in an oil
bath at 80 °C for 24 h. After cooling down to room temperature,
yellow residues were collected by centrifugation (8.8 g) for 5
min, rinsed with DMF and methanol three times respectively,
and finally vacuum-dried at room temperature overnight.

Preparation of composites

Poly (ether-block-amide) (PEBA, Pebax 2533) pellets were
obtained from Arkema. The composition of Pebax 2533 was
80 wt% poly tetramethylene oxide (PTMO) and 20 wt% poly-
amide 12 (PA 12) matrix. To obtain the polymer composites, a
chloroform solution of PEBA (2.5 wt%) was prepared. To
prepare a composite, UiO-66 or UiO-66-NH, was dispersed in
a chloroform/PEBA solution at the amount necessary to obtain
polymer composites with 0.1, 0.2, 0.5, 1, 2 or 5 wt% of filler
MOF. Ultrasonication (2 minutes, 40 W, Hielscher UP200St
ultrasonic processor) was used to obtain a stable colloidal
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suspension. Afterwards, an additional amount of PEBA was
dissolved in chloroform to increase the PEBA content to 5 wt%.
The solution was stirred and cooled to the ambient temperature
for 1 hour. Then, it was poured into a Petri dish and kept
at ambient temperature for 3-4 hours until the solvent
evaporated.

Characterization

Powder X-ray diffraction (PXRD) patterns were collected using a
Bruker D2 PHASER. Scanning electron microscopy (SEM)
images were obtained using a Helios NanoLab 650 microscope
with a TLD-SE detector and an acceleration voltage of 3 kV.

The complex dielectric permittivity measurements of the
composites were performed in the frequency range of 1 Hz to
1 MHz on heating and cooling in a wide temperature range
(150 K-340 K) using an automated Solartron Analytical Mod-
uLab XM MTS measurement system with the MTS Femto
Ammeter low current measurement module. The values of the
real and imaginary parts of the complex dielectric permittivity
at selected frequencies were calculated from the impedance
measurement data using the planar capacitor formalism. A low-
loss sample holder with a protective electrode was used, and
the samples were obtained by cutting 20 mm diameter discs
from the prepared MOF/polymer films of 0.1-0.15 mm thick-
ness. All measurements were carried out at natural ambient
pressure and started with heating to remove water vapour
adsorbed on the sample. The sample holder was heated by
electric coils and cooled by nitrogen vapour, maintaining a
constant temperature change rate of 1-2 K min ™' during the
measurements.

The infrared spectra of the PEBA/UiO composites were
obtained using a Bruker Vertex 80V Fourier transform infrared
(FTIR) spectrometer in the transmittance measurement mode
at room temperature, under vacuum. The spectra registration
range was 400-4000 cm ' with a resolution of - 0.2 cm™".

Atomic force microscopy (AFM) was performed on a Veeco
CPII scanning probe microscope. The topographies of the
pristine PEBA polymer and PEBA/UiO-66 composite (1 wt%)
layers were measured at three individual locations on the
sample. The scan size for each measurement was 50 um X
50 um. For each measurement, the root-mean-square surface
roughness was determined and used to calculate the mean
value and standard deviation.

Triboelectric measurements

The PEBA/MOF contact layers were made by adhering the
composite film onto the ITO electrode using an electroconduc-
tive double-sided adhesive tape. Next, the PEBA/MOF contact
layers were tested against ITO electrodes in the contact-separa-
tion mode. The current generated upon contact separation was
measured under the following controlled conditions: a separa-
tion distance of 5 mm, a pressing force of 10 N, and a contact—
separation frequency of 1 Hz. To ensure repeatability, contact-
separation was carried out using an Instron E1000 material
testing machine. The generated current signals were measured
using a Keithley 6514 electrometer connected to a Picoscope
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5444B PC oscilloscope system. The surface charges, Q (nC),
were calculated from the measured current peaks using the
equation Q = [ids, where i is the instantaneous current (nA),
and dt is the differential of time (s). Accordingly, the charge
density was expressed as the charge per cm” of the contact area
between the ITO and PEBA/MOF contact layers.

TENG devices were tested using a pneumatic device from a
custom-made PLC-controlled (Mitsubishi AL2-24MR-D) pneu-
matic system, utilizing a low friction smooth cylinder actuator
(SMC MQML10) capable of producing a 16 N contact force and
high translation speed (1000 mm s~ ). Additionally, a Faraday
cage was placed around the triboelectric testing area to elim-
inate parasitic signals. All samples were measured at a constant
ambient relative humidity (35%). Electrical measurements were
performed using a Keithley 6514 electrometer connected to a
Picoscope 5444B PC oscilloscope system. In addition to the
current measurements that were used for the charge calcula-
tions, the voltage outputs of TENG devices at different load
resistance values were recorded. Voltage measurements were
used to calculate the energy and power density per contact-
separation cycle. First, the instantaneous power was calculated
using P = V*/R, where V is the voltage and R is the load
resistance. Accordingly, energy values were obtained as the
area of the peaks when the instantaneous power was plotted
as a function of time. The average power was obtained by P = E/
At, where E is the energy and At is the duration of the peak.
Both energy and power densities were obtained by dividing the
energy and power values by the area of the contact layers.
A TENG was also used to charge a 0.47 pF capacitor through
a full bridge rectifier. The energy stored in the capacitor was
calculated as E = 0.5CV*, where C is the capacitance of the
capacitor and V is the voltage across the capacitor.

Tensile tests

Tensile tests were performed using a Zwick/Roell Z2.5 material
testing machine. Three tensile specimens were cut from each of
the composite films. The thickness of the film was 0.13 mm, the
gage width of the specimen was 5 mm and the gage length was
10 mm. Preloading was done up to 0.05 N with a 5 mm min "
speed. The tensile test speed was 10 mm min ™. The strain € was
calculated as ¢ = Al/l,, where Al is the extension and [, is the gage
length. Stress was determined as the tensile force acting on a
cross section of the specimen (gage width x film thickness).

Results and discussion
The structural features of MOFs and PEBA/MOF composites

UiO-66 MOF is a porous crystal material containing zirconium
oxide nodes bridged by terephthalic acid ligands, while these
linkers have one additional -NH, group in UiO-66-NH, MOFs."?
The powder X-ray diffraction (PXRD) analysis showed that there
were no significant differences between the synthesized UiO-66
and UiO-66-NH, patterns and their simulated patterns indi-
cated a successful synthesis process with high crystallinity and
purity (ESIt Fig. S1). The SEM images (ESIt Fig. S2) revealed the
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Fig.1 Infrared spectra of PEBA/UIO-66 and PEBA/UIO-66-NH,
composites.

well-defined morphology of the synthesized MOFs with the size
variation of crystallites in the range of tens of nm.

FTIR studies of the synthesized composites showed that the
infrared spectra are dominated by the response of the support-
ing PEBA matrix (Fig. 1), as was also observed in the case of
PEBA/ZIF-8 mixed matrix membranes."® The spectra of the
composites with the highest 5 wt% amounts of MOF inclusions
show the appearance of an absorption band at 3670 cm™*,
corresponding to the ©(OH) vibrations of UIO-66 and UIO-66-
NH, MOFs."®"” The absorption increasing with MOF concentration
was observed at 1506 cm™ ' in PEBA/UIO-66 and at 765 cm™ " (N-H
vibrations) in PEBA/UIO-66-NH, composites (ESI Fig. S3). The
obtained FTIR spectra showed the successful incorporation of the
MOFs, but no strong matrix/filler interactions were observed.

The morphologies of the prepared composite films were
investigated by SEM (Fig. 2). The images of the pure PEBA
sample revealed a quite smooth and defect-free surface. The
PEBA/UiO-66 samples showed surface roughening with increas-
ing MOF content due to the increased aggregation of UiO-66
nanoparticles in the polymer matrix. Despite the growth of UiO-
66 agglomerates, they were well dispersed at the highest 5 wt%
concentration and no huge variations in particle distribution or
segregation to empty/concentrated regions on the surface were
found. Additionally, AFM revealed that the MOF incorporation
did not influence the overall surface roughness. For pristine
PEBA, the average RMS surface roughness was 32.5 + 9.5 nm,
while for PEBA/UiO-66, the average RMS surface roughness was
relatively similar (31.2 £+ 7.8 nm). The AFM images of each layer
are shown in ESIt Fig. S4. The SEM images of the PEBA/UiO-66-
NH, composites revealed that they were more homogeneous due
to a better distribution of MOF particles; a notably larger portion
of individual UiO-66-NH, nanoparticles was dispersed in the
matrix, with some of them still agglomerated in the aggregates.
The surface of these composites became even smoother with an
increased amount of UiO-66-NH,, contrary to the opposite trend
observed for PEBA/UiO-66. The cross-sectional images suggest the
same particle distribution/agglomeration tendencies throughout

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma01172k

Open Access Article. Published on 04 April 2024. Downloaded on 12/4/2025 4:38:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

PEBA/UIO-66-NH,

Fig. 2 SEM images of the surface (top) and cross-section (bottom) of
selected composites.

the bulk volume without any layering near the bottom or top of
the composite films.

Temperature-dependent complex dielectric permittivity

PEBA is a thermoplastic elastomer comprising rigid polyamide
(PA) and flexible polyether (PE) blocks. The hard segments are
usually crystalline and play the role of cross-linking parts, while
the soft segments have an amorphous structure and are char-
acterized by high elasticity. The hard amide block or crystalline
phase provides high mechanical strength, while the soft ether
block or amorphous phase exhibits rubbery and elastomeric
properties. The specific structure of the PEBA polymer is formed
due to the development of a network of hydrogen bonds between
the amide groups of the polymer.'® The real and imaginary parts
of the complex dielectric permittivity of the pure PEBA film were
measured in the temperature range of 150 K-340 K, where four
dispersion regions with the characteristic shapes are observed
(Fig. 3a and ESIT Fig. S5). At temperatures above 240 K, disper-
sion due to conductivity o and glass transition of the polyamide
blocks oPA is observed, freezing of the polyether blocks oPE is
visible in the 210 K-220 K range, and relaxation dispersion y
caused by local fluctuations of the CH, groups along the polymer
chains occurs at the lowest temperatures.'®

The frequency dependencies of the real and imaginary parts
of the complex dielectric permittivity in the y and oPA disper-
sion regions were described using the Havriliak-Negami (H-N)
equation

Ae

(1 + (iwt)")” ®

&(w) =ex +

where o = 2nf is the angular frequency, t - the average relaxa-
tion time, o and f are the empirical parameters describing the
width and asymmetry of the distribution of relaxation times, Ae¢
is the contribution of the relaxation process to the static
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Fig. 3 (a) Temperature dependencies of the imaginary part of the

complex dielectric permittivity of the PEBA polymer during heating at
different frequencies, (b) frequency dependencies of ¢, ¢’ and ¢’ at a
temperature of 294 K. Solid lines represent fits according to egn (2) with an
additional term accounting for M—W-S interfacial polarization in the (I)
region.

dielectric permittivity and ¢, is the dielectric permittivity value
at high frequencies.

The y relaxation process makes the smallest contribution to
a static dielectric permittivity of Ae ~0.5. It has a quite broad
and asymmetric (¢ ~0.5 and  ~0.3) distribution of relaxation
times, while the average relaxation time varies with tempera-
ture according to the Arrhenius law t = 7, exp (E./kT) with an
activation energy E, = 0.38 eV. At temperatures above 240 K, the
dielectric response comprises several frequency-dependent pro-
cesses (Fig. 3b). In the higher frequency region (III), the aPA
relaxation process is superimposed on the rapid growth of &’
caused by electrical conductivity, which is clearly seen in the
frequency range (II). Such a complex behaviour of ¢* in regions
(I1) and (IIT) can be described in conjunction by adding a e¥(w) =
—i(opc/(s0w))” term to the H-N equation (eqn (1)) accounting
for conductivity, where gp¢ is the conductivity in the limit of
low frequency, and N is an empirical constant according to the

empirical random free-energy barrier model:*°
N
A
&(w) = —'(m) +exo — 7 (2)
& (1+ (iwt)*)

The opc value can also be roughly estimated visually from the
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o*(®) = iwepe¥(w) representation of the measured dielectric
permittivity ¢*(w) as an of the attempt low-frequency value in
the o'(w) plateau region (II) (Fig. 3b). In the lowest frequency
region (I), both ¢ and ¢’ values start to increase again with
decreasing frequency, indicating the onset of electrode polar-
ization or Maxwell-Wagner-Sillars (M-W-S) interfacial polar-
ization process.”

The dielectric strength Ae ~15 of aPA relaxation is much
larger than that of «PE or y relaxation and remains almost
constant in our temperature range. We obtained « ~0.9 and f§
~1 for this process, indicating narrow and symmetrical dis-
tribution relaxation times. The mean oPA relaxation time
increases with decreasing temperature according to the
Vogel-Fulcher law, which is typical for glass-forming systems:

T = Toexp(Ey/(K(T — T)), (3)

where T, is the Vogel-Fulcher temperature and the other
parameters are similar to those of the Arrhenius formula.

We have obtained activation energy E, = 57 meV and glass
transition temperature T, = 194 K values similar to those
reported in Todros et al. ref. 18 for the PA subsystem. It was
not possible to determine the relaxation times in the oPE
dispersion region; the maximum imaginary complex dielectric
permittivity of the dispersion was probably at higher frequen-
cies and did not fall into our measurement frequency range.

The incorporation of UIO-66 and UIO-66-NH, into the PEBA
matrix only slightly affected the dielectric responses. They were
dominated by the same oPA, oPE, and y relaxation and con-
ductivity dispersion regions as those in the empty PEBA matrix
(ESIt Fig. S6). The obtained frequency dependencies of the real
and imaginary parts of the complex dielectric permittivity of
PEBA/UIO-66 and PEBA/UIO-66-NH, 1 wt%, 2 wt% and 5 wt%
composites in the oPA and y relaxation dispersion regions were
approximated using the same H-N formalism (2). The relaxa-
tion times of the y process (movement of CH, groups in the
polymer) vary according to the Arrhenius law in all composites,
and the activation energy (~ 0.4 eV) practically does not
depend on the amount of MOFs in the samples. On the
contrary, a strong influence of UIO-66 MOF impurities was
observed on the freezing (vitrification) dynamics of PA blocks.
By increasing the amount of MOFs in the PEBA/UIO-66 compo-
sites, the freezing temperature of the PA blocks decreases from
194 K to ~172 K, while that of PEBA/UIO-66-NH, increases to
~217 K (Fig. 4). Changes in the transition to the glass phase
(freezing) temperature in polymer/nanoparticle composites are
usually caused by the different strengths of the interaction
between the matrix and the filler particles (in the case of weak
interaction, T, decreases and vice versa). Molecular dynamics
simulations have shown”" that the glass transition temperature
Tg of the composite can be shifted to either higher or lower
temperatures by tuning the interactions between the polymer
and nanoparticles. In the case of attractive interactions
between the polymer and the nanoparticles, the polymer chain
relaxation time is increased and leads to a higher T relative to
that of the pure system.>” Therefore, in our case, the increase of
T, in PEBA/UIO-66-NH, can be considered a clear indication of
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Fig. 4 Temperature dependence of relaxation times.

a stronger interaction of MOF linkers modified with -NH,
groups with the PA blocks of the supporting PEBA matrix,
which probably occurs due to the formation of additional
hydrogen bonds. Enhancement of hydrogen bonding frame-
works between UiO-66-NH, and PEBA leading to improved
dispersibility of these MOFs in the polymer matrix was also
reported by J. Shen,” which coincides with the SEM observa-
tions of our composites (Fig. 2).

Dielectric characteristics at room temperature

The harvest mechanical energy of TENGs by coupling contact
electrification and electrostatic induction is mainly affected by the
charge-inducing ability (surface properties) and charge-trapping
capability (dielectric properties) of triboelectric materials.>**> The
working principle of contact-separation TENGs can be described
using a planar capacitor model, where the nanogenerator acts as a
combination of a polymer capacitor and a variable air capacitor
connected in series. The voltage of such a structure, which drives
electrons to flow through the external load while changing the air
gap distance x(£), can be calculated as follows:**

V= 9 (d +x(t)) +m, (4)

Seo \ &r &0

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where Q represents the transferred charges between the two
electrodes and ¢ is the surface charge density of the tribomaterial
layer of dielectric permittivity ¢, and thickness d. The surface
potential of the triboelectric layer has a linear correlation with the
surface charge, and the output voltage of the TENG is determined by
the surface charges, including the transferred charges at the full-
contact state and the charges maintained in the triboelectric film
during the whole contact-separation process. Therefore, triboelec-
tric materials with both high triboelectricity (¢) and dielectric
properties () are needed to optimize the magnitude of charges
both transferred and maintained by the TENG. Therefore, many
attempts to improve the triboelectric charge density and polariz-
ability by using nanofillers with high dielectric constants and large
specific surface areas have been made to compensate for the
polymer’s low dielectric constant, mainly involving inorganic dielec-
tric nanoparticles such as BaTiO;, PZT, Bi,WOs and SrTiO;.>**
While in most cases, increased charge generation has been
reported, usually, there is no direct charge scaling with a total
amount of polar nanoinclusions. In our case, there was a different
situation. The dielectric permittivity values (¢) of both UiO-66 and
UiO-66-NH,, if fully dehydrated, were around 2@1 MHz at room
temperature.'””**” Therefore, we have a system in which fillers have
a lower dielectric permittivity than the holding polymer matrix, but
these composites still show increased triboelectric properties at
certain concentrations. At room temperature, where the triboelectric
properties were measured, the superposition of oPA relaxation and
conductivity processes was observed in the measured dielectric
spectra of all composites. The obtained o values increase slightly
in PEBA/UiO-66 and decrease in PEBA/UiO-66-NH, composites with
an increasing filler content but remain comparable to the op¢ value
of the PEBA sample, indicating that no long percolation chains or
clusters of dispersed MOF particles occur in these films (Fig. 5a).
The dielectric strength A¢ of oPA relaxation is also of the same order
in all composites as in the PEBA matrix, slightly changing with
temperature but showing no direct relation to the embedded MOF
concentration. On the contrary, the ¢, fit parameter, which in all
our measured samples at room temperature corresponds to the &
value at 100 kHz and higher frequencies, shows a clear dependence
on the filler content decreasing in both PEBA/UIO-66 and PEBA/
UIO-66-NH, composites (Fig. 5b). In general, when different materi-
als are combined, the resulting composite materials will exhibit
altered dielectric properties. This variation is attributed to the
specific composition and structure of the composite, as the dielec-
tric properties are heavily influenced by the distribution of electric
fields within the individual components of the composite. Several
models can be used to estimate dielectric properties if the structure
is known in advance, such as the core-shell®® or brick layer*® model.
If the composite’s structure remains uncertain, a broader model
known as the Lichtenecker model*>*" can be employed. This model
relies on a parameter f to describe the structure of the system,
which can be determined using several different compositions with
the same structure:

=xef+(1 - X8, -1 < p <1, (5)

where ¢ is the dielectric permittivity of the resulting composite,
X is the volume fraction of medium 1, ¢,, ¢, are the dielectric
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Fig. 5 opc (a) and &' values obtained at 100 kHz (b) at 294 K for the
investigated PEBA and PEBA/MOF composites. (c) and (d) Comparison of
the measured ¢’ values at 100 kHz calculated theoretically according to the
Lichtenecker model.

permittivities of medium 1 and 2, respectively, and f is a
parameter describing the structure of the system. According
to this model, if f = —1, the system is made of parallel pillars,
and f§ > 0 indicates percolation in the composite. In situations
where a minor amount of MOFs is embedded within the
polymer lattice, we expected freely suspended MOF clusters,
resulting in a f value of 0. Thus, a slightly modified Lichte-
necker formula was used:*"

In(e) = XIn(e,) + (1 — X)In(e,) (6)

The experimental data were fitted using f values of 0 and
—0.8 (Fig. 5c and d). Notably, UiO-66-NH, demonstrates strong
conformity with the Lichtenecker model (except at a concen-
tration of 1%) when f is set to 0, signifying a well-blended
integration of MOF crystallites within the polymer. However,
for UiO-66, a distinct trend emerges as the experimental values
fall below the theoretical curves. This suggests that the dielec-
tric permittivity at 100 kHz in our composites at room tem-
perature results not only from a simple volume mixing of two
different dielectric media, but also from the filler matrix
interaction, which probably also alters the contribution of the
other relaxation processes (at frequencies higher than 1 MHz)
to the static dielectric permittivity.

Triboelectric surface charge density

The charge was measured by contacting ITO vs. the polymer in
the contact-separation mode and measuring the current
against the ground. Pristine PEBA shows a positive triboelectric
surface charge density of 0.07 nC cm 2. The PEBA polymer
is a positive triboelectric material because of one of its con-
stituents, nitrogen-containing polyamide, which on its own is
categorized as a highly positively charged triboelectric
material.*> The MOFs UiO-66 and UiO-66-NH, tend to charge
negatively in contact with metals.'® The addition of both MOF
particles at concentrations below 0.5 wt% increases the positive
triboelectric charge density up to 1.1 nC em™> (Fig. 6). Both
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UiO-66 and UiO-66-NH, show similar enhancements. When the
concentration increases above 0.5 wt%, the PEBA/UiO-66 com-
posite starts to charge negatively, but with increasing UiO-66-
NH, amount, the composites remain positively charged. The
magnitude of the negative triboelectric surface charge increases
to high values, —2.98 nC cm ™2, which is two orders of magni-
tude higher than that of pristine PEBA. The current peaks used
to calculate the charge density are shown in ESI{ Fig. S7 and
S18. In comparison, the charge densities of PTFE and PDMS
under the same testing conditions are merely 0.05 nC cm™ > and
0.06 nC cm™?, respectively.*> Even a higher current can be
measured at a faster separation; the polymer composites PEBA/
UiO-66 1 wt% and PEBA/UiO-66-NH, 2 wt% were used to
assemble TENG devices with ITO as the counter electrode and
tested by rapid contact-separation tests using a custom-made
pneumatic device. The TENG using a PEBA/UiO-66-NH, com-
posite demonstrated a peak-to-peak current of 1.1 pA while the
TENG with the PEBA/UiO-66 composite reached two times
higher value, 2.25 pA (ESIt Fig. S19 and S20).

To test whether the observed effect is due to matrix-filler
interactions in the composite or arise only from MOF particles
that are closer to the surface, we tested contact layers in which
pristine PEBA was covered by MOF. Here, the MOF suspension
in chloroform was spin-coated directly onto the PEBA film.
During spin-coating, chloroform partially solutes the surface of
PEBA and allows MOF patrticles to tightly grip to the surface in
order to obtain a uniformly exposed MOF particle coating on
the polymer (ESIt Fig. S21). The layered films were contact-
separated with ITO under the same testing conditions and the
charge densities were —0.16 nC cm™> and —0.03 nC cm™ > for
UiO-66-NH, and UiO-66 coatings, respectively (current peaks
shown in ESIt Fig. S22 and $23). Accordingly, since the density
of MOFs on the surface in layered samples was even higher
than that in composites, we can conclude that changes in
charge polarity must be tied to matrix-filler interactions in
the composite.

Dispersed rigid nanoparticles can serve two purposes: add-
ing heterogeneity to the deformability of polymer composites
and acting as stress concentration sites during the TENG
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contact-separation operation.”> We have shown before that
softer polymers tend to gain negative net surface charges while
hard polymers tend to gain positive charges. The physicome-
chanical properties of polymers change their deformation
properties. The regions under compression tend to transfer
positive surface charges, while soft regions undergo stretching
and tend to gain negative surface charges. This can be
explained by the change of the desorption energies of orga-
noions over stretched/compressed regions.>* While the addi-
tion of MOF particles may cause an increase in the modulus of
the polymer, the influence is small. The tensile modulus of
pristine PEBA is 12 MPa, while those of the composites, PEBA/
Ui0-66 (1 wt%) and PEBA/UiO-66-NH, (2 wt%), with the highest
charge densities, are only slightly higher: —16.2 £+ 2.3 MPa and
14.8 £+ 1.6 MPa, respectively. The tensile modulus was deter-
mined from the stress-strain curves obtained from the tensile
tests (ESIf Fig. S24 and S25). This indicates that MOF particles
do not significantly alter the mechanical properties in bulk but
cause local stress accumulation on the surface, which in turn
reduces the energy for covalent bond break and enhances mass
(charged organoion) transfer.?’

Both composites that showed the highest charge values,
PEBA/UiO-66 1 wt% and PEBA/UiO-66-NH, 2 wt%, were tested
against the PTFE, PDMS, PS, PMMA and PET polymers to
determine their placement in the triboelectric series. Pristine
PEBA has previously been shown to be placed in the same
polymer series between PDMS and PS. The results of the
composite contact separation with the aforementioned polymers
revealed that PEBA/UiO-66-NH,, 2 wt% charged negatively only
after contact with PTFE, while PEBA/UiO-66 1 wt% charged
positively after contact with all of the tested polymers (Fig. 7a).
Accordingly, the resulting triboelectric series is shown in Fig. 7b.

In order to explore energy-harvesting possibilities of TENG
devices based on PEBA/MOF composites, the voltages at various
load resistance values were measured. For the PEBA/UiO-66-
NH,- and PEBA/UiO-66 composite-based TENGs, the maximum
open-circuit voltage values of 60 V and 100 V were achieved,
respectively (ESIT Fig. S26-S38). The voltage values at specific
load resistances were used to calculate the energy and power
densities of the tested TENG devices. For both TENG devices,
the highest energies were obtained when they were tested at a
load resistance of 100 MQ. In the case of PEBA/UiO-66, the
energy density was 485.1 & 36.9 uJ m > while that for PEBA/
UiO-66-NH, was 169.0 & 6.0 uJ m~> (Fig. 8a). For the afore-
mentioned TENG devices, the optimal load resistance values
were 10 MQ and 100 MQ, respectively, since the highest power
densities were achieved at these values. The power density of
PEBA/UiO-66-NH,-based TENG reached 13.1 + 1.0 pW cm ™2 but
for PEBA/UiO-66, the highest power density was more than
three times higher, 47.8 4 3.9 uW cm 2.

Next, both TENG devices were used to charge a capacitor
with a capacitance of 0.47 pF. A full bridge rectifier was used to
convert the AC signal generated by the TENG into a DC, as
depicted in ESI{ Fig. S39. Notably, during 1 minute of contact
separation, the TENG device based on PEBA/UiO-66 charged
the capacitor to 5 V, which corresponds to 5.9 nJ of stored

© 2024 The Author(s). Published by the Royal Society of Chemistry
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energy (Fig. 8 b). In comparison, the device built using PEBA/
UiO-66-NH, charged the same capacitor to only 2.9 V, corres-
ponding to 2.0 pJ. Evidently, the PEBA/UiO-66-based TENG,
during 1 minute of operation, stored energy that would be
sufficient to power a variety of IoT sensors (temperature, light,
proximity) in both active and sleep modes.

Conclusions

The synthesized 0.1-5 wt% PEBA/UiO-66 and PEBA/UiO-66-NH,
composites exhibit better triboelectric properties than the pure
PEBA polymer. Modification of the UIO-66 linkers allows tuning
of the triboelectric performance of these composites by choos-
ing an appropriate concentration of the corresponding filler
MOFs. PEBA/UiO-66-NH, composites remain positively charged
at all investigated concentrations due to a stronger MOF/matrix
interaction, which results in the homogeneous dispersion of
filler particles. UiO-66 crystallites tend to agglomerate to larger
formations, increasing the surface roughness and local stress
accumulation on the surface; therefore, the PEBA/UiO-66 com-
posite films show a sudden change of the triboelectric surface
charging from positive to negative between 0.5 wt% and 1 wt%.
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