Open Access Article. Published on 26 September 2023. Downloaded on 3/5/2026 8:39:44 PM.

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

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2023, 13, 28224

Received 6th August 2023
Accepted 17th September 2023

DOI: 10.1039/d3ra05327j

ROYAL SOCIETY
OF CHEMISTRY

(3

Directional design of carboxylic acid coordination
number fine-tuned space structure to improve the
output performance of nanogeneratorst

*ab

Yong-Juan Zhou, €2 ® Shi-Hui Wang,® Zi-Kun Zhang® and Jiabin Xiong

The emergence of nanogenerators, which provide a way to obtain mechanical energy from the
environment and to collect and transmit tiny amounts of energy, has attracted a lot of attention. MOFs,
because of their diverse structures as well as stable pores and large specific surface area, have very
significant advantages to be used as nanogenerator materials. In this paper, two MOFs with similar spatial
structures are designed to take advantage of the different coordination numbers of carboxylic acids to
achieve the regulation of their microstructures. The output performance of friction power generation
was found to be affected significantly by their microstructures. The friction power generation
performance improved with the increase of carboxylic acids, and the obtained polyacid ligand materials
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Introduction

As people pay attention to environmental pollution, new
energy technologies are developing rapidly. Solar, wind and
other sustainable energy sources have a positive impact on
environmental protection."> However, most of them are still
costly compared to fossil fuels and constrained by various
factors,® which has prevented them from being popularized
on a large scale. In 2012, Prof Zhonglin Wang and his team
invented the TENG, which works through the coupling of the
friction electric effect (contact charging) and electrostatic
induction.*® The kinetic energy generated by human
mechanical movements in daily life, such as limb move-
ments, heartbeat and breathing, can be converted into elec-
trical energy and electrostatic induction based on the friction
electric nanogenerator (TENG). The electrical energy con-
verted by TENGs can be applied to self-powered sensors,”**
drug delivery,"*"” wearable electronic devices, self-
powered electrochemical cathodic protection,*** batteries
and supercapacitors.>**” Among the nanogenerators, friction
electric nanogenerators (TENGs) have attracted attention due
to their high output and high energy conversion efficiency.
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can be used for light bulb illumination, which is a step forward for the practical exploration.

There are two ways to increase the output performance of
TENGS, one is to increase the charge density,”® the other is to
reduce the charge loss.>® MOF (metal organic framework)
materials have many excellent properties®**' and are being
considered for use as friction nanogenerator materials. MOFs
have functional frameworks and open channels, which provide
multiple high-speed carrier-ion (electrons, holes, and ions)
transport paths, avoiding the pitfalls of large internal resis-
tances and small output currents. Improving the charge density
can be achieved by increasing the contact area, the increase in
the porous structure of MOFs leads to an increase in the pore
diameter, which increases the effective contact area of the
material, and the holes cause more charge traps to absorb
electrons, creating more charge density and resulting in a TENG
with high output properties. The effect of ligand side chain
differences on the performance of TENGs with similar spatial
structures of the materials was not well understood in litera-
ture. Deep investigations on the relationship between structure
and performance are still in great needs. Those investigations
could provide a guide line for the development of high perfor-
mance TENGs based on metal-organic skeleton.

In this paper, we selected compounds generated by the
reaction of metals Zn and Cu centered on ligands 1,1,2,2-
tetrakis(4-carboxylic acid biphenyl)ethylene (H,TCPE)** and
tetrakis[4-(3,5-dicarboxylic acid phenyl)]tetraphenylethylene
(HgETTB)*® with different spatial structures as friction nano-
generation materials for the preparation of TENGs (respectively,
referred to as compounds 1 and 2), and the prepared Zn-MOF-
TENG devices were named 1-TENG and Cu-MOF-TENG
devices were named 2-TENG. The electrochemical character-
ization test results show that compound 2-TENG has the best
output performance, followed by 1-TENG. We have shown that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the increase in the end carboxylic acid structure, more uniform
refinement of the cavity structure, improving the cavity current-
carrying efficiency, and the increase in electronegativity further
improves the friction power generation output performance,
thus obtaining a high-output performance material. Further-
more, in order to prove its good performance, we applied it to
light up a small light bulb.

Experimental
Compounds preparation

The chemicals and reagents involved in this experiment were
obtained by purchasing through commercial platforms and
used directly without further purification. Both
compounds 1 and 2 (ref. 32 and 33) were prepared according to
the reported literature. The compounds were subjected to Mott-
Schottky test by a three-electrode system on an electrochemical
workstation (CHI 660E, Shanghai Chenhua Instrument Co.,
Ltd., China). The crystal structure is determined by X-ray single
crystal diffractometer, and the crystal structure can be solved.
The single crystal structure was mapped by Diamond Software.

were

Synthesis of [Zn(HTCPE)],, (compound 1)

Zn(NO3),-6H,0 (16.06 mg, 0.054 mmol), H,TCPE (8 mg, 0.009
mmol) and 4,4"-bipyridine (3 mg, 0.017 mmol) were dissolved in
a mixture of methanol (0.5 mL), DMF (2 mL), and 10 pL (1 M)
hydrochloric acid. The mixed solution was then placed in
a 10 mL reactor and heated in a programmable oven that was
preheated to 110 °C for 48 h, and then cooled to room
temperature at a rate of 5 °C h™" to obtain light yellow Zn-MOF
[Zn(HTCPE)] crystals. These crystals obtained were washed with
excess DMF and methanol and dried at room temperature.

Synthesis of [Cuy(ETTB)],, (compound 2)

Zn(NO3),-6H,0 (15 mg) was dissolved with HgETTB (5 mg) in
a solution of N,N-diethylformamide (1.6 mL), and the resulting
mixed solution was placed in a 5 mL heat-resistant vial, fol-
lowed by the addition of 1 drop of fluoboric acid. The mixed
solution was placed in an oven preheated to 75 °C for 96 h and
then cooled to room temperature at a rate of 5 °C h™" to obtain
colorless Zn-MOF [Zn(HgETTB)] crystals. The Zn-MOF [Zn(Hs-
ETTB)] crystals were washed with appropriate amount of DMF
and methanol and dried at room temperature. Colorless crystals
of Zn(HgETTB) (5 mg) and Cu(NOj3), 2.5H,0 (15 mg) were taken
and added to 1.6 mL of N,N-dimethylformamide, and the
resulting mixture was placed in a 5 mL heat-resistant vial, and
the mixture was stored at room temperature for 4 days to obtain
green crystals of [Cuy(ETTB)]. The obtained green crystals were
washed with excess DMF and methanol and dried at room
temperature.

Results and discussion

Compound 2 was synthesized in two main steps. It was first
synthesized from the metal Zn and HgETTB by solvothermal
method, and then Zn was substituted with Cu at room
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temperature. The crystal structures of the compounds are
shown in Fig. 1. In compound 2, all four coordination bonds of
the central metal Cu ion are coordinated to the oxygen atom in
the carboxylic acid (Fig. 1a). One of the oxygen atoms is from
one carboxylic acid of each of the four ligands, and the oxygen
atoms in the bicarboxylic acid at the end of the ligand are each
linked to two Cu ions (Fig. 1b). Fig. 1b-d show the crystal
structures of the compounds along the g-axis, b-axis, and c-axis,
respectively. C, grey; O, red; Zn, blue; and H, white. From the
figure, it is quite obvious that the compounds are rhombic
coordination polymers.

The compounds were tested for characterization by PXRD,
FT-IR and XPS. The PXRD patterns tested for compound 2 were
in agreement with the reported PXRD patterns, indicating
a good compound fit (Fig. 2a), which ensured good crystallinity
and purity of the compounds. The ionic valence and elemental
composition of the metals in the compounds were analyzed by
XPS test.

As can be obtained from Fig. 2b and S2, the characteristic
peaks at 1655 cm ™' of the IR spectrum are the C=0 double
bond stretching vibration peaks of compounds 2, 1. Among
them, the characteristic peak at 773 cm™' in Fig. 2b is the
single-substituted CH out-of-plane bending vibration peak of
the benzene ring of compound 2, and in Fig. S2,7 the charac-
teristic peak at 783 cm ™" is the interstitial double-substituted
CH out-of-plane bending vibration peak of the benzene ring
of compound 2. The XPS full spectrum of compound 1 showed
that the compound contained Zn, C, N, O elements (Fig. S3at).
The XPS full spectrum of compound 2 indicates that it contains
Cu, C, N, O, Zn elements, with 75% of the Zn found to be dis-
placed by EDS (Fig. 2¢ and S137). Fig. S3bt and 2d show the
energy level analysis of compounds 1 and 2 for 2p of metal
elements, respectively. The peaks at 1022.25 eV and 1045.40 eV
in Fig. S3at correspond to Zn”>* 2p;,, and 2py,,, respectively; the
peaks at 933.68 eV and 953.48 eV in Fig. 2d correspond to Cu>*
2pss2 and 2p4,, respectively.

Fig. S4t1 shows the thermogravimetric analysis (TGA) curves
and N, adsorption—-desorption isotherms of compounds 1 and 2
after drying at room temperature. Compounds 1 and 2 showed
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Fig. 1 Perspective view of the crystal structure of Cu-MOF (a)
complex structure of the Cu-metal node (b) crystal structure of Cu-
MOF along the crystallographic a-axis, (c) b-axis, and (d) c-axis. C,
gray; O, red; Zn, blue; H, white.
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Fig.2 (a) XRD; (b) FT-IR; (c) XPS full spectrum; (d) Cu ion XPS profile of
compound 2.

significant weight loss at 392 and 272 °C, respectively, which
corresponds to the literature. The BET specific surface area of
compounds 1 and 2 were 79.27 m* g ' and 217.43.00 m* g,
and the adsorption-desorption values were 82.23 cm® ¢~ and
182.64 cm® g~ ' respectively, which were type IV adsorption-
desorption isotherms, and the pore size distribution curves
indicated the presence of mesopores in the materials.
Compounds 1-2 were synthesized from different metal ions
(Zzn, Cu) with different ligand structures. Since the metal centers
have less influence on their properties,* and as the crystallo-
graphic data of the compounds show that the structures of the
two compounds differ greatly (Table S1t), we mainly discuss the
influence of their structures on the output properties of TENG.
When the difference between the electron-giving and electron-
harvesting abilities of the pair of electrode materials of the
friction nanogenerator is larger, the charge migration between
the electrodes will be larger and the output performance of the
TENG will be better. Since a negative charge on the hydroxyl
oxygen in the carboxylate anion can apportion a portion of the
required negative charge density on the carbonyl oxygen,
reducing its electron-withdrawing induced effect and making
the electron-withdrawing ability weaker, the more carboxylic
acids there are, the better the performance of its TENG.
Mott-Schottky test and UV-2600 spectroscopic test were
performed for compounds 1 and 2 (Fig. 3). The Mott-Schottky
test allows us to determine the semiconductor type of the
compounds as well as the size of the highest occupied orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
to prejudge the corresponding TENG output performance. The
UV-vis diffuse reflectance spectra of compounds 1 and 2 are
shown in Fig. 3a and c, respectively, and their insets are the
corresponding Tauc plots, from which the bandgap energies
(Eg) of compounds 1 and 2 are found to be about 2.58 eV and
2.67 eV, respectively. From the positive slopes of the Mott-
Schottky plots (Fig. 3b and d) versus the potential curves, it is
found that compounds 1 and 2 are both n-type semiconductors,
compounds 1 and 2 have LUMO orbitals of —0.38 Vand —0.16 V
(obtained at —0.58 V and —0.36 V bonding, respectively) and

28226 | RSC Adv, 2023, 13, 28224-28229

View Article Online

Paper

(a) 05

)
:.
§

§

-

@ &

£0.3 4 \ » &

£ y - <

H /M \ 2 s

202 / \ &
C 6

200 300 400 500 600 -1.0 0.5 0.0 0s 1.0
Wavelength(nm) Potential (v) vs.Ag/AgCl

L N Y s o

o8 . § 4] 4 10
i e

0.6 o / 3 If“'_‘:

: B ] &3 w

H

2 \

E ! oo
2

2

z

0.4 \ -
0.2 \_/// ,

0.0 036V

21012

200 300 400 500 600 -1.0 0.5 0.0 05 1.0

Wavelength(nm) Potential (v) vs.Ag/AgCl

Fig. 3 (aand c) UV-vis diffuse reflectance spectra of compounds 1-2
(the insets in the upper right corner are the corresponding Tauc plots,
respectively); (b and d) Mott—Schottky of compounds 1-2 tested in
0.2 M NaySO4 solution.

HOMO orbitals of 2.20 eV and 2.50 eV for 1 and 2, respectively,
for the value of Ag/AgCl as a reference. It can be concluded that
the HOMO orbitals of compound 2 are slightly higher than the
HOMO orbitals, indicating that compound 2 has a stronger
internal electron-leaping ability and higher output perfor-
mance, so we guess that the output performance of 2-TENG will
be slightly better than that of 1-TENG.

The working principle of TENG based on MOF materials is
based on the coupling of friction charging and electrostatic
induction. In this experiment, the simplest vertical contact-
detachment mode (Fig. S5t) is used, in which a pair of fric-
tion electric layers made of materials with different electron
affinities are physically contacted to generate friction charges;
triggered by an external mechanical force, the relative motion
between the friction electric layers disrupts the equilibrium
electrostatic charge distribution on the electrodes; the potential
difference between the electrodes is established, and the free
electrons flow through the external circuits in order to reach
a new equilibrium, and when the friction electric layer moves

(a) (b)

(c)

Fig. 4 Comparison of (a) current—voltage, (b) charge power density,
(c) different Hz currents, (d) different Hz voltages for compounds 1-2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) FE-SEM image of compound 2 before testing; (b) SEM image
of compound 2 after testing; (c—h) EDX-mapping analysis of each
element in compound 2.

backward, the free electron flow returns to the original elec-
trostatic equilibrium.**"*

The friction power generators 1-TENG and 2-TENG were
fabricated by using compounds 1 and 2 as positive electrode
materials and polyvinylidene fluoride (PVDF) as negative elec-
trode material, respectively. Under the same experimental
conditions, the short-circuit currents and open-circuit voltages
of the 1- and 2-TENGs at a frequency of 5 Hz reached 68.23 pA
and 485.32 'V, 84.49 pA and 560.45 V (Fig. 4a). From the output
performance of the TENG, it can be found that the I;. and V. of
the 2-TENG are larger at 5 Hz. The charge density (o) is also
a fundamental parameter to evaluate the performance of TENG.
The charge densities of 1- and 2-TENG at 5 Hz were calculated to
be 96.24 uC m~? and 151.99 uC m™ >, respectively. The power
density was calculated by collecting the short-circuit currents of
the TENG with different load resistances, and it was found that
the instantaneous power reaches its peak value when the load
resistance is 10 MQ, which is 1806.36 mW m™~2 and 2594.93 mW

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Lighting a small bulb with 2-TENG lighting the bulb at 5 Hz.

m? respectively (Fig. 4b), and it is obvious that 2-TENG has
a greater charge density versus power density. In addition, we
also tested the output performance of compounds 1, 2 at
different frequencies and found that I, (Fig. 4c) and V.
(Fig. 4d) increase with the increase of frequency, and the output
performance of 2-TENG is significantly higher than that of 1-
TENG at 1-8 Hz. When 1-TENG is operated at 8 Hz, the current
and voltage reach 105.86 pA and 493.90 V, while 2-TENG can
reach as high as 140.35 pA and 583.48 V at 8 Hz. All these test
results demonstrate that the output performance of 2-TENG is
greater than that of 1-TENG, which suggests that the greater the
number of carboxylic acids in the structure of the compound,
the greater the TENG performance of the compound. The
specific tribological power output properties of compounds 1
and 2 are shown in Fig. S6-S8.}

To determine the stability and durability of 2-TENG. We
tested the output performance of 2-TENG after 50 000 cycles at
5 Hz and found that the values of I,. and V,. did not show
significant changes and were in a stable state (Fig. 5), which
indicates that compound 2 has good stability and lays the
foundation for its practical application. The output perfor-
mance of 1-TENG at 5 Hz was also stable (see Fig. S9 and S107).

To further verify the stability of the friction-generating
materials, we observed the morphology of compounds 1-2
and polyvinylidene fluoride (PVDF) by scanning electron
microscopy (SEM), and the elemental distributions of
compounds 1 and 2 by characteristic K-spectral lines (EDS)
(Fig. 6, S11 and S12%). The illustrated results show that the
morphology of compounds 1 and 2 remained almost
unchanged before and after the experiments, indicating that
the compounds are relatively stable.

We used the 2-TENG to light commercial LED lamps at a test
frequency of 5 Hz and found that we could successfully light
commercial light-emitting diode (LED) lamps (Fig. 7). In
conclusion, 2-TENG with high output performance and excel-
lent cycling stability will have a broad application prospect.

RSC Adv, 2023, 13, 28224-28229 | 28227
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Conclusions

In summary, we have synthesized two MOFs with Zn and Cu as
metal centers, and H,TCPE and HgETTB as ligands, respec-
tively. Those two materials was used as electrode materials for
the preparation of TENG devices by solvent thermogenesis. The
current-voltage outputs of Cu-TENG and Zn-TENG were 68.23
pA and 485.32 V, 84.49 pA and 560.45 V, respectively, at 5 Hz
frequency, and 50 000 cycles of Cu-TENG were found to have
good stability of I, and V,,, which lays the foundation for future
practical applications. Since the metal center has less influence
on its performance, but the final performance structure shows
that the output performance of Cu-TENG is significantly higher
than that of Zn-TENG, this experiment reveals the influence of
the structure on its output performance, and the higher the
number of carboxylic acids, the higher its performance. It
provides a simple method for designing friction nanoelectrode
materials in the future.
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