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Organosulfonate counteranions-trapped coordination polymer as
high-output triboelectric nanogenerator material for self-powered

anticorrosion

Yingying Zhang,® Jiarui Wu,® Siwen Cui,@ Wutao Wei,’® Weihua Chen, Rui Pang,*" Zijie Wul@ and

Liwei Mix[al

Dedication ((optional))

Abstract: Selection of the friction electrode materials is crucial to the
performance of triboelectric nanogenerator (TENG). In the present
study, a metal-organic coordination complex containing
organosulfonate counteranions with electron-donating ability was
synthesized via the coordination-driven self-assembly approach
under mild reaction conditions and was chosen as positive electrode
material to construct a triboelectric nanogenerator, having high-output
performance with a peak value of short circuit current density of 98.6
MA and output voltage of 1180 V. As a practical application, it was
shown to light up 1488 commercial green LEDs and power an
anticorrosion system device to protect metals from corrosion.

The metal-organic coordination polymers (MOCPs), a subclass of
crystalline materials comprised of inorganic metal nodes and
organic linkers, have been deemed as potential candidates of
ideal materials for many applications in various areas.'® Among
the application fields, considerable attention has been paid on the
application of MOCPs in electricity, including the development of
fuel cells,”® supercapacitors,®° thermoelectrics,'*!2 and others.
Recently, the well-known metal-organic frameworks (MOFs), also
known as porous coordination polymers, have been used as
triboelectric nanogenerator (TENG) materials for self-powered
systems and sensor applications,*®* which is advantageous not
only for extending the advanced materials of TENG but also for
expanding the application range of MOCPs. However, the
development of MOCPs-based TENG with high-output
performance for various applications is still challenging.
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As a new type of energy storage and output device that can
convert all kinds of mechanical energy into electrical energy,
TENG is regarded as a sustainable and renewable energy source
and has been widely applied in self-powered sensors,>7
wearable devices,'®?° self-powered electrochemical cathodic
protection,?-? batteries and supercapacitors?6-?° since they were
first present in 2012.%° In general, the output of TENG is highly
dependent on the structure design of TENG device, the frictional
motions, the environmental factors, especially on the nature of the
friction pair materials. For MOCP-based TENG, it is particularly
important to design and assemble compounds with specific
structures. In the assembly process, it is crucial to filter
multifunctional organic linkers to construct a diversity of
coordination polymers. In contrast to the studies on the most
common organocarboxylate linkers,3%® the coordination
chemistry of organosulfonate ligands has been given less
attention, 39 probably due to their weak coordinating ability.
Organosulfonates are ligated with the transition metals so weakly
that they are still as free counteranions,*°#! forming the one-/two-
dimensional (1D/2D) polymer structure but presenting higher
dimensional architectures via hydrogen bonds and Tr-m
interactions in the existence of other aromatic organic ligands.
These architectures with highly conjugated structures might be
ideal candidates for various applications. Herein we report the
straightforward synthesis and structural characterization of an
expanded 3D supramolecular MOCP [{Co(bipy)(H20)a4}:(3-OH-
2,7-NDS)-2H,0], (1) constructed from  3-hydroxy-2,7-
naphthalenedisulfonate (3-OH-2,7-NDS) and 4,4'-bipyridine
(bipy) with transition metal Co(ll). A novel TENG based on
complex 1 was designed, which was introduced into the cathodic
protection system for protecting metals from corrosion.

Complex 1 was prepared by the dropwise addition of bipy in
methanol into the mixture solution of 3-hydroxy-2,7-
naphthalenedisulfonate (3-OH-2,7-NDS) and Co(NOs3),'6H20 in
distiled water at room temperature. Single-crystal X-ray
diffraction reveals that complex 1 contained 1D coordination
electriferous linear chains of [Co(bipy)(H20)4)?* and free 3-OH-
2,7-NDS as counterions (Figure. 1b). The center metal ion Co(ll)
is in representative hexacoordinated octahedral coordination
geometry formed by four oxygen atoms from water molecules and
two nitrogen atoms from bipy bridges. The [Co(bipy)(H20)4]?*
chains interconnect along the plane, counterions 3-OH-2,7-NDS
are embedded between the 1D chains by T-11 interactions,
resulting in the 2D sandwich structure (Figure. 1b). Stacking of 2D
sandwich through H-bonding interactions between coordinated
waters, free water molecules and 3-OH-2,7-NDS vyield three-
dimensional (3D) supramolecular structure (Figure. 1c). The
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Figure 1. (a) The asymmetric unit of crystal structure for 1.4 (b) 2D sandwich structure and (c) 3D supramolecular network of 1. Solvent molecules and hydrogen
atoms were omitted for clarity. (d) PXRD and the corresponding simulated patterns for 1. (e) FT-IR. (f) The state density distribution and the frontier molecular
orbitals of 1 (inside) using the plane-wave-basis-set Vienna ab initio simulation package (VASP).

powder X-ray diffraction (PXRD) pattern of 1 is in good agreement
with the simulated (Figure. 1d). The Fourier transform infrared
spectroscopy (FT-IR) (Figure. 1e) confirmed the existence of the
sulfonate and O-H groups with peaks at 1033-1211 cm™ and a
broad absorption at 3354 cm, respectively.

UV-Visible diffuse reflectance spectroscopy (UV-Vis DRS) was
employed to estimate the bandgap of powder samples (Figure.
S1)*3. The bandgap energy (Eg) of complex 1 is approximately
3.42 eV by a Tauc plot (Figure. S2). Meanwhile, the Mott—
Schottky measurements were explored to elucidate the
semiconductor nature of 1. The slope of the obtained C* versus
the potential plot is positive, indicating that complex 1 can be
considered as an n-type semiconductor (Figure. S3). The material
can be also confirmed to be a semiconductor via the density-
functional theory (DFT) calculations. Furthermore, the entire
structure of 1 is highly conjugated (Figure. 1f), in which the
delocalization of the tr-electron cloud might make the electron
transfer easier.

Generally, the nature of the friction pair materials (including the
polarity, shape and size) plays an important role in the output
performance of TENG.*4> Materials with micro/nanostructures
have larger specific surface area that could enhance the charge
density in the friction process, so the flake sample 1 was milled

into powder to expand the specific surface area and coated on
copper tape (Figure. 3a). After grinding, the morphology of
complex 1 changed from light-pink bulk crystals to powders with
much smaller particle size (Figure. 2), which is helpful in
enhancing the output performance of TENG.

In addition, Nylon-6 (NY), polyvinylidene fluoride (PVDF) and
powder 1 electrodes were matched in pairs for current signal
measurements to determine the polarity of complex 1. Compared
with the direction of the output signals for NY/PVDF, two well-
known triboelectric friction materials with positive and negative
triboelectric polarities, respectively, the triboelectric polarity of the
MOCP powder can be ascertained. As shown in Figure. S4, the
maximum output value is PVDF/NY group, while that of the MOCP
powder/NY is the minimum, suggesting that the MOCP powder
has the similar positive triboelectric polarity as NY, and NY has
greater positive triboelectric polarity than MOCP powder. Thus,
the triboelectric polarity order from positive to negative is Nylon,
complex 1, PVDF. Besides, to further improve the output
performance of TENG, PVDF solution was spin-coated on Kapton
film, which has good ability to store the triboelectrification
charges,*® generating more induced charges and higher external
current (Figure 3a).

This article is protected by copyright. All rights reserved.
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The working principle of TENG based on MOCP powder and
PVDF electrodes in the traditional vertical contact-separation
mode is shown in Figure. 3b. It is acknowledged that coupling
effect of contact initiation and electrostatic induction generates
the electricity from TENG.4"“8 No current signal is detected in the
external circuit without external mechanical stimulation (Figure.
3b(i)). When an external force was applied to make the two active
triboelectric layers contact with each other, electrons of powder 1
were injected into PVDF, leading to the accumulation of negative
charge on the surface of PVDF while MOCP powder was
positively charged (Figure. 3b(ii)). When the two electrodes were
separated, the back electrode (Cu layer) was positively charged
due to the electrostatic induction, which is contrary to the charge
of PVDF, and the potential difference between these two
electrodes caused the current flow from the MOCP powder
electrode to the PVDF electrode (Figure. 3b(iii)). No current is
generated in the external circuit as charge balance is achieved
(Figure. 3b(iv)). Later, the potential difference diminishes due to
the reduced distance between these two electrodes when the
external force is applied again, causing the converse flow of
current from the PVDF electrode to the MOCP powder (Figure.
3b(v)) until the charge accumulation reaches a new equilibrium
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(Figure. 3b(ii)). Figure. 3c shows the generation of a periodic short
current in the contact-separation process.

The output performance of 1-based TENG controlled via a
linear motor moving back and forth at 5 Hz with a contact area of
5 cm x 5 cm is illustrated in Figure. 4a-d. In the case of short
circuit, momentary current is produced to counterpoise the

Figure 2. FE-SEM images, EDS mapping analysis and digital photos (inset) of
complex 1 (a) before and (b) after grinding.
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Figure 3. (a) The schematic diagram of the fabrication process of 1-based TENG. (b) Working principle of 1-based TENG. (c) A periodic current in the contact-

separation process.
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Figure 4. (a) Isc, (b) Vo, (c) o of 1-based TENG and (d) Isc with a rectifier bridge to make it in the same direction. (e) Isc of 1-based TENG after working 50000 cycles.
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Figure 5. (a) Isc and (b) Vo from 1 Hz to 8 Hz. (c) Photograph of lighting 1488
LEDs powered by 1-based TENG at 8 Hz.

electric potential difference caused by friction. As indicated in
Figure. 4a and 4b, the peak value of short circuit current (Isc) and

output voltage (Vo) on the verge of 58.3 pA and 890 V,
respectively. Charge density (o), as a criterion for evaluating
material availability,?4%0 is approximately 86 yC m2 (Figure. 4c),
which is close to that of the TENGs based on the most widely
used triboelectric materials, including various polymers and
metals.'646 From the durability tests at 5 Hz (Figure. 4e and Figure
Sb), it can be seen that both the Isc and Vo output of electrode
material holds stable and no downward trend is observed after
working for 50,000 cycles. Meanwhile, the surface morphology of
the friction layers remained basically after operation (Figure S6).
Both above indicate that the materials have an outstanding
stability and friction resistance.

In addition to the relative polarity between the two friction
electrodes materials, the frequency of TENG operation also plays
a crucial role in improving the output performance.®! Therefore,
the Isc and Vo from 1 Hz to 8 Hz operating frequencies were
measured (Figure. 5a and 5b). Isc and V, reaches the maximum
value of 98.6 pA and 1180 V at 8 Hz, respectively, which could
light up 1488 commercial green LEDs.

Figure. S7 shows the Isc under various loading resistance to
calculate the maximum output power. Isc decreases with the
increase in the connected external resistances and the
corresponding peak power appears at approximately 26.4 mwW
with an equivalent load resistance of 40 MQ. Meanwhile, the
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Figure 6. (a) Schematic diagram of the cathodic protection of Q235 carbon steel by the 1-based TENG. (b) OCP cycle, (c) EIS and equivalent circuit (inset), and
(d) Tafel curves of the carbon steel connected with TENG and without TENG, respectively. (e) Microscopic photographs of the carbon steel immersed in 3.5 wt%
NaCl solution for 1 h, 3 h, 5 h and 7 h coupled with and without TENG, respectively.

Table 1. Resistance parameters obtained from fitting process of Q235
carbon steel with and without 1-based TENG connection

Q
Rs (Q) Ret (Q)
Y(s-sec’n) n
With TENG 78.48 2.387x10° 0.8064 9106
Without TENG 70.28 7.782x10° 0.6531 13930

symmetrical supercapacitors using active carbon as electrode
(potential window from 0 to 0.9 V) were assembled and charged
by the output of 1-based TENG to evaluate its suitability for
practical applications. The voltage of the supercapacitor device
increases rapidly at the beginning of charging but gradually as
time goes on (Figure S8a) because of its self-discharge behavior,
and the supercapacitor charged at 0.473 V can discharge for 788
s (Figure. S8b). The calculated capacitance of the device was 8.3
mF at a galvanostatic current of 5 pA.

In consideration of excellent output performance of 1-based
TENG, it was applied for impressing current cathodic protection
of carbon steel. As shown in Figure. 6a, 1-based TENG is
connected with a rectifier bridge, and the protected Q235 carbon

steel is linked with the negative electrode of TENG while the
platinum electrode is connected to the positive. When the TENG
goes into operation, the generated electrons are injected into the
surface of the protected metal, resulting in a cathodic polarization
to limit further electrochemical reaction.

To evaluate the cathodic protection efficiency, the open circuit
potential (OCP) of the protected metal, the electrochemical
impedance spectroscopy (EIS) and the electrochemical
polarization curves of the corrosion system with and without the
TENG were tested using a three-electrode system. The OCP of
the protected metal stabilizes at -0.72 V (vs. SCE) without the
TENG while the value of the OCP rapidly declines to -1.11 V (vs.
SCE) once the carbon steel is coupled with the TENG. This
negative shift can be attributed to the increasing number of
transferred charges, showing effective cathodic protection by the
TENG. After removing 1-based TENG, the OCP value returns to
its original value (Figure. 6b). As shown in Figure. 6c, the radius
of semi-circle of transfer charge resistance (R¢) produced with
TENG is smaller than that connecting without TENG, which
proves the effectiveness of external current cathodic protection
again. For directly explaining the impedance spectra, the
equivalent circuit diagram was selected according to the fitting
process (inset of Figure. 6c). Parameters of equivalent circuit
including Rs (the solution resistance), R and Qg (the double-layer

This article is protected by copyright. All rights reserved.
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capacitor parallel to R) analyzed from the Nyquist plots are listed
in Table 1. In addition, corrosion potential (Ecor) With TENG is
much lower than that without TENG connection due to the
increasing transfer electrons (Figure. 6d and Table 2), which are
corresponding well to the OCP change. On the contrary,
corrosion current (lcorr) coupled with TENG is slightly higher than
that without TENG because the electrochemical reaction is
strengthened by the increasing number of electrons on the Q235
carbon steel surface generated by TENG. These results also
prove the feasibility of the cathodic protection for Q235 carbon
steel when MOCP-based TENG serves as the power supplier.

To further characterize the effect of TENG cathodic protection
directly, immersion experiments for 1 h, 3 h, 5 h and 7 h with and
without 1-based TENG were conducted, respectively. The
microscopy images (Figure. 6e) show the absence of obvious
rusts on the carbon steel attached to TENG even after 7 h, while
on the carbon steel without TENG, rust appears after 1 h. The
number of rust stains increase with the increase of immersion time,
implying that the generated electrons from 1-based TENG
effectively suppress cathodic protection. Furthermore, the
corrosion products on the surface of carbon steel were analyzed
by EDS spectra (Figure S9). Obviously, the oxygen content of the
corrosion products on the carbon steels coupled with TENG is
much lower than the corresponding content without TENG
protection, indicating that there was much less rust formed
oncarbon steels when they were cathodic protected by TENG,
which also proves the effectively cathodic protection.

Table 2. Electrochemical parameters received from polarization curves of
Q235 carbon steel with and without MOCP-based TENG connection

Ecorr lcorr 'BC Ba
(V(vs.SCE)) (WA) (mv dec'?) (mv dec?)
With TENG -1.126 15.28 6.120 0.624
Without TENG -0.7138 0.217 2.442 16.709

In  summary, a coordination polymer containing
organosulfonate counterions was synthesized and was utilized as
an active electrode material for TENGs. The as-designed 1-based
TENG provides a sustainable high-output performance of
approximately 98.6 pA and 1180 V and shows a good stability
even after 50000 cycles. Moreover, it can serve as a power
supplier to protect Q235 carbon steel from corrosion. Our results
not only further enrich the application areas of MOCPs, but also
provide a theoretical foundation and experimental evidence for
the design and construction of TENGs with high-output
performance.

Experimental Section

Materials

All reagents and solvents in this work were obtained commercially and
used without any further purification.

Preparation of complex 1

10.1002/chem.201904873
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4,4"-bipyridine (78 mg, 0.05 mmol) in 2 mL methanol was added dropwise
to the mixture of disodium 3-Hydroxy-2,7-naphthalenedisulfonate (174 mg,
0.05 mmol) in 1 mL distilled water and Co(NO3)2:6H20 (291 mg, 0.1 mmol)
in 4 mL methanol. The final mixture was stirred for 10 min and then filtered.
Light pink crystals were obtained after one week. Yield: 70%. Elemental
analysis calcd (%) for CzoH26N2013S,Co: C 38.40, H4.19, N 4.48, found C
38.79, H 4.01, N 4.76. IR (KBr, cm™): 3354 (s), 1629 (m), 1609 (m), 1541
(w), 1497 (w), 1455 (m), 1415 (m), 1295 (w), 1270 (w), 1211 (m), 1158 (s),
1100 (m), 1073 (m), 1033 (m), 814 (m), 695 (m), 634(m), 615(m), 590(w),
529(w), 480(w).

Computational section

Calculations were performed using the plane-wave-basis-set Vienna ab
initio simulation package (VASP).52 A 4x4x4 K-point sampling was used
to sample the Brillouin zone. Projector augmented wave potentials were
employed with a kinetic energy cutoff of 425 eV.5® For the exchange-
correlation functional, the Perdew-Burke-Ernzerh of generalized gradient
approximation was utilized® and DFT-D2 method was used to evaluate
the van der Waals interactions between the organics.> A Hubbard U =7
eV and J = 1 eV was used to evaluate correlation effects of 3d electrons
on Co. The Gaussian smearing with 0.1 eV was used to smooth the
occupancy in all calculations. The structural relaxation was end till the
forces on each atom is less than 0.01 eV/A.

Fabrication of 1-based TENG

The fabrication process of 1-based TENG is shown in Figure. 2a. The
negative triboelectric electrode with PVDF was prepared according to the
literature.?>2* Unlike the preparation process of PVDF electrode, MOCP
samples 1 were preground mechanically, and then paved uniformly and
fixed firmly on the sticky side of the Cu tape. An air gun was used to
remove the redundant powder. Finally, a Cu wire was attached on the
other side of the Cu tape by conductive silver epoxy. Combine the positive
part with MOCP materials and the negative part with PVDF together, the
1-based TENG was obtained. The vertical contact-separation mode of
TENG was used, and the effective contact area is 5x5 cm?.

Characterization

The FI-IR spectra were accomplished on Thermo iS50 FT-IR with KBr
pellets in the 400-4000 cm™. UV-Vis absorption spectra were recorded on
a Shimadzu UV-2600 spectrophotometer with a white standard of BaSO4
as a reference. Powder X-ray diffraction (PXRD) patterns were carried out
on Bruker D8 Advance X-ray powder diffractometer with Cu-Ka irradiation
at a scan rate of 0.1°s"t. The morphologies and sizes of the samples were
observed by using Zeiss Merlin Compact field emission scanning electron
microscope (FE-SEM) equipped with an energy-dispersive X-ray
spectroscopy (EDS) system. The short circuit current (Isc) and the output
voltage (Vo) were tested by a SR570 low-noise current amplifier (Stanford
Research System) and a NI-PCI6259 (National Instruments) with a load
resistor of 100 MQ, respectively. The electrochemical measurements
including open circuit potential (OCP) changes and Tafel curves of carbon
steel coupled with and without the MOCP-based TENG were tested in a
three-electrode system using an electrochemical workstation (CHI 660E,
Shanghai Chenhua Instrument Co., Ltd, China) in the 3.5 wt.% NaCl
solution and the discharge time of the active carbon supercapacitor was
recorded on a galvanostatic charge/discharge tester (CT2001A). The
carbon steel, a platinum foil, and a saturated calomel electrode (SCE) were
used as the working electrode, counter electrode, and reference electrode,
respectively. Tafel curves were measured at a scan rate of 1 mV/s. The
protecting effect of Q235 carbon steel was observed by using 4X
metallographic microscope.
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