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Introduction

There is a strong interest to study the contact electrification (CE)
properties of various materials to design triboelectric nano-
generator (TENG) devices with better efficiencies. TENG devices
were introduced in 2012 as an alternative concept for converting
waste mechanical energy into the electricity to power the
autonomous microdevices thus reducing environmental
burden from producing energy or using batteries.» So far TENG
devices have been shown to illuminate up to 8000 LEDs,’
driving autonomous gas sensor devices,* powering biomedical
devices® and charging batteries.®

Metal organic frameworks (MOFs) crystalline
compounds consisting of a 3D network formed by metal ion and
an organic ligand.” MOFs has been proposed for usage in
a broad range of various applications such as energy storage,®
gas storage,’ catalysis,' gas separation,'* etc. Recently, many
MOFs including ZIF-8, ZIF-62, UiO-66-NH,, have been reported
in applications of TENG devices.””™ Guo et al. demonstrated
that the fluorinated MOF can be used as a universal filler in
composites for improving CE of different polymers such as
polyvinylidene  fluoride, polytetrafluorethylene, poly-
dimethylsiloxane (PDMS), and polyurethane. Strong enhance-
ment with 60 times higher electric current output from PDMS
based TENG device was observed when adding MOF UiO-66-
NH,."” In other work, effective power 13 times higher was
measured from PDMS composite containing Cuj,(1,3,5-
benzenetricarboxylate), MOF."”®* MOFs has several advantages
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Triboelectric property investigation for selected MOFs show that the main mechanism for MOF
triboelectrification in contact with metals is electron transfer.

such as high surface area, porosity, and availability for chemical
modification without changing the topology.**

So far MOFs have been used as a filler in polymer matrix to
magnify the contact surface charge.'>”'® The triboelectric
properties of MOFs have been studied by contacting-separating
with polymer films such as Kapton, ethyl-cellulose or
Teflon."****® However, all these polymers exhibit strong CE by
themselves.”>** Individual CE properties of MOFs have not been
reported. MOFs contain metallic and organic counterparts thus
different CE mechanisms may coexist. Metallic counterparts of
MOFs could be involved in electron transfer but heterolytic
breakage of organic ligand may provide transfer of organoionic
moieties.”® In addition, MOFs often contain the water adsor-
bates, which may provide CE charge formation due to ion
transfer.

In the present study we report the individual triboelectric
properties of various MOFs - MOF-74, ZIF-8, UiO-66 and UiO-66-
NH,. The selected MOFs already has been used in TENG
devices,™® as well as can be synthesized by straightforward
approaches with high purity. UiO-66-NH, was selected to study
the influence of -NH, termination on triboelectric charging of
UiO-66. We have designed our experiment so that the individual
CE behaviour of MOFs can be revealed. The present study
deepens the insight in MOF triboelectrification mechanisms for
designing more effective TENG devices in future.

Experimental
The synthetic procedure of ZIF-8

ZIF-8 was synthesized according to method reported in litera-
ture.”* 250.0 mg zinc nitrate hexahydrate (Zn(NO3),-6H,0) was
added into 7.5 mL deionized water (D.I. water) as solution A.
Solution B containing 1725.0 mg 2-methylimidazole and
10.0 mg polyvinylpyrrolidone (PVP) in 7.5 mL D.I. water.
Following, solution A was poured into solution B with sonica-
tion for 5 min. The as-synthesized products were collected by
centrifugation (10 000g) for 5 min, and then washed with excess
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D.I. water three times, and finally vacuum-dried at room
temperature.

The synthetic procedure of UiO-66

UiO-66 was synthesized according to method reported in liter-
ature.”® 125.0 mg zirconium(wv) chloride was dissolved in the
mixture of 1.0 mL concentrated hydrochloric acid (HCI) 12.0 M
and 5.0 mL N,N-dimethylformamide (DMF) by sonication for
20 min. The obtained solution was added to 10.0 mL DMF
which contains 123.0 mg 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 centrifugation
(8800g) for 5 min, then washed with DMF two times, with
ethanol three times, and finally vacuum-dried at room
temperature.

The synthesis procedure of UiO-66-NH,

UiO-66-NH, was synthesized according to method reported in
literature.>® 268.0 mg ZrCl, was dissolved in the mixture of
2.0 mL concentrated HCI 12.0 M and 20.0 mL DMF by sonica-
tion for 20 min. The obtained solution was added to 10.0 mL
DMF which contains 250.0 mg 2-aminoterephthalic acid. The
mixture was heated in an oil bath at 80 °C for 24 h. After cooling
down to room temperature, yellow precipitating residues were
collected by centrifugation (8800g) for 5 min, rinsed by DMF
and methanol for three times respectively, and finally vacuum-
dried at room temperature overnight.

The synthesis procedure of Zn-MOF-74

Zn-MOF-74 was synthesized according to method reported in
literature.?” 1000.0 mg zinc nitrate hexahydrate Zn(NO3),-6H,0
and 250.0 mg 2,5-dihydroxyterephtalic acid (H,DOBDC) were
dissolved in the mixture of 20 mL DMF and 2.5 mL D.I. water by
sonication for 2 min. The obtained solution was heated in an oil
bath at 100 °C for 22 h. After cooling down to room temperature,
the precipitating residues were collected by centrifugation
(3900g) for 5 min and then washed three times with DMF. The
obtained materials were immersed in methanol for one day and
then collected by centrifuge (3900g) for 5 min, and finally
vacuum-dried at room temperature overnight.

Material characterizations

Powder X-ray diffraction (PXRD) patterns were collected using
a Bruker D2 PHASER. Scanning electron microscope (SEM)
images were collected by a Jeol JSM-7000F field emission
scanning electron microscope (FE-SEM). Surface roughness R,
was determined from surface scan of electrodes using atomic
force microscope (Veeco CPII scanning probe microscope).

Contact electrification studies

MOFs were deposited on insulative glass and contacted with
various conductive electrodes — Al, Ni-Mo, Ti and Ag. Glass was
chosen to support MOFs because it does not exhibit any
significant surface charge when contacted with the conductive
electrodes (ESI Fig. S1t). In previous studies on triboelectric
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properties of MOFs, they have been adhered to adhesive
tape.”” ™ The adhesive layer may provide very strong CE charge
by itself,*® therefore insulative glass substrate was chosen.

For deposition, the MOF powders in concentration of 25 mg
mL~' were dispersed in toluene using ultrasonication
(Hielscher UP200St, 10 W mL ™). MOF suspensions were spin-
coated on glass by dripping 350 pL of suspension on rotating
substrate at 1200 rpm. Before deposition, the glass substrates
were cleaned in air plasma (Harrick Plasma PDC-002, 30 W for 5
min). Three parallel samples were prepared for each measure-
ment. After drying MOF samples were directed for CE
measurements. The current generated upon contact-separation
was measured under controlled conditions - a separation
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 Keithley 6514 electrometer connected to a Picoscope
5444B PC oscilloscope system. Surface charges, Q (nC), were
calculated from the measured current peaks using the equation
Q = [idt, where i is the instantaneous current (nA) and dt is the
differential of time (s). The residual charge after contact-
separation was determined by compressing MOF or polymer
with electrode for 1 hour using approximately 10 N force.
Afterwards, the contacted electrode was oscillated without
contact against another electrode connected in Faraday cup
measurement mode. The registered current signal was used to
calculate the residual charge on the previously contacted
electrode.

Numerical studies

The density functional theory (DFT) calculation of the work
functions of MOFs were computed by means of the package
Quantum ESPRESSO**° employing the pseudopotentials (see
Table S17). For determining the number of sampling points for
reciprocal space calculations of energy (K-points), the threshold
criterion of 10 meV atom ™' was applied, according which 1 x 1
x 1 K-points were found to be sufficient for all the considered
MOFs. For minimum surface representations, 1-2 unit cells
were employed for defining single unit thick slab elements (ESI
Fig. S21). According to the method described in software
documentation, work function of a material is estimated as

E fermibulk = EFermibulk — Ubuik + Ugtab (1)
Wl = Uvac - EFermi—slab [2)
W2 = Uvac - E,Fermi-bulk (3)

where Erermi-bulks Erermi-slab — Fermi energies of bulk and slab
(surface) material, respectively, Upuik, Uslaby Uvac — average elec-
trostatic energies of bulk, slab (surface), and vacuum regions of
the material (ESI Fig. S3t1), respectively, W;, W, — work function
estimates by means of pure surface and combined surface/bulk
reference data, respectively.

Due to the relatively large stiffness of MOFs and the small
thicknesses of periodic slab structures, structural relaxation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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effects of MOF surfaces were not considered in the DFT
calculations.

Kelvin probe measurements

Kelvin probe measurements were performed using Scanning
Kelvin Probe system SKP5050. Surface potential of the sample
was scanned by 2 mm radius tip in 3 separate positions to
obtain the average surface potential value. Work function values
of metals were determined by taking highly oriented pyrolytic
graphite (HOPG) as the reference material.

Ultraviolet photoelectron spectroscopy

Ultraviolet photoelectron spectra (UPS) were obtained by using
Sigma Probe, Thermo VG-Scientific. Work function ¢ was
calculated by ¢ = Ege 1 — (Ecutotf — Erermi), Where Eye 1 is the
photon energy of He light source (21.2 €V), Ecycofr iS the
secondary electron cut-off position and Egep,; is the Fermi level
position.

Results and discussion

The purity and crystalline degree of MOFs were examined using
PXRD technique. There were no significant differences between
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the synthesized ZIF-8, Zn-MOF-74, UiO-66, and UiO-66-NH,
patterns and their simulated patterns indicating a successful
synthesis process with well crystallinity and purity (ESI Fig. S41).
The SEM image (ESI Fig. S5f) revealed the well-defined
morphology of the synthesis MOFs and the size of crystal var-
ies from the nanosize (for ZIF-8, UiO-66 and UiO-66-NH,) to
microsize (for Zn-MOF-74).

The triboelectric properties for synthesized MOFs on glass
substrates were studied by contacting-separating against 4
different metals- Al, Ni-Mo, Ti and Ag having different work
functions. The surface roughness of all metal electrodes was
similar, accordingly in the range from 14.6 + 1.2 nm to 62.0 +
15.4 nm as shown ESI Table S2.f Glass was chosen as
a substrate for MOFs because it is not charging by itself when
contacted-separated with different metals. The work function
values for metals were measured by Scanning Kelvin probe
measurements (Fig. 1A). For MOFs work function was calcu-
lated employing DFT calculations that consider bulk properties
(Fig. 1B) (see Experimental section) and also determined from
ultraviolet photoelectron spectroscopy (UPS) measurements
(Fig. 1C).*' The UPS spectra that were used for the calculation of
work function are shown in ESI Fig. S6-S9.7 Generally, we see
that work functions from DFT calculations correlate with the
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Fig. 2 (A) Schematic of test setup used to determine the charge

density of MOFs and (B) current peak generated during contact-
separation of Al and UiO-66-NH,. Charge density of (C) MOF-74, (D)
ZIF-8, (E) UiO-66 and (F) UiO-66-NH, after contact-separation against
Al, Ni—Mo, Ti and Ag electrodes.

ones obtained from UPS measurements. In both cases ZIF-8
shows the lowest work function and UiO-66 the highest. In
the case of UiO-66 and UiO-66-NH, the difference between the
results is 0.05 eV and 0.14 eV, respectively. For MOF-74 the
measured work function is 0.45 eV higher than the one calcu-
lated by DFT. The highest discrepancy can be seen for ZIF-8, the
measured work function is 1.15 eV lower than the DFT result.
Additionally, we must take in account the energetic toll for MOF
structure to gain or lose electron. As we can see from Fig. 1C for
MOF-74, ZIF-8 and UiO-66 energetically the most probable
process is the loss of electron, while for UiO-66-NH, more
favourable would be the addition of an extra electron.

The schematic image of test setup is demonstrated in Fig. 2.
(A) Representative current peak from metal-MOF contact-
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separation and charge density on MOFs after contacting with
different metals are demonstrated in Fig. 2. (B-F) Negative
charge on MOF means that MOF gains electron, while positive
charge shows that MOF loses electron. Generally, electron
transfer happens from the material with the lower work func-
tion to material with higher work function. Among studied
MOFs, ZIF-8 has the smallest work function - smaller than every
metal used in the study. Due to this reason, ZIF-8 is expected to
gain positive charge after contacting-separating with metals
because electrons are transferred to material with larger work
function. In general, it is the case we are observing. ZIF-8
surface carry positive charge after contacting with Ti and Ag.
There is negligible charge transfer between other metals with
smaller work function which means that there is weak driving
force for electronic charge transfer. Metals with large work
functions should be used for ZIF-8 based TENG devices. The
minor negative charge on ZIF-8 after contacting with Al could be
due to the larger tendency to lose not to gain electrons by ZIF-8
as indicated by theoretical studies above.

For a contact pair of Ag electrode and MOF-74 the observed
charge is positive (Fig. 2C). The work functions of Ag and MOF-
74 are very similar. Comparing the work functions of MOF-74
measured by UPS and calculated by DFT of MOF-74 with the
work function of Ag indicates that technically both scenarios
could be possible because UPS measured work function is
lower, but DFT calculated work function of MOF-74 is higher
than work function of Ag. For other MOF-metal pairs no
differences can be observed concerning the use of either DFT-
calculated or UPS-measured work function.

The triboelectric charge measurements correlate with the
differences between work function values for MOFs and metals.
The contact surface charge on MOF increases with increasing
the difference between work function between MOF and metal.
Among MOFs studied here, the highest work function is for
UiO-66. Due to this reason it tends to gain strongest negative
charge on surface when contacted with different metals and the
charge is increasing when the difference between metal and
MOF work function is increasing. Low work function metals for
contacting with UiO-66 should be used.

The experimental correlations let us to assume that the
electron transfer is the mechanism in contact between MOF and
metal (Fig. 3A and B). To verify electron transfer mechanism,
the residual charge on metal (Al) that had previously contacted
MOF, was measured before and after grounding in non-contact
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Fig.3 Schematic of electron transfer when MOF has (A) higher work function than the contacted electrode and (B) lower work function than the

contacted electrode.
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mode. Before grounding a charge density of 1.84 pC cm™ > was
measured (ESI Fig. S10f). However, only noise-level charge
density of 0.08 pC cm ™~ was observed on Al after grounding (ESI
Fig. S117) indicating that the electron transfer is the mecha-
nism, not transfer of charged molecular pieces as it is in case of
polymers.** For comparison, Al electrode that had contacted
PDMS showed charge density of 0.61 pC cm™ > before grounding
and 0.52 pC cm ™ after grounding (ESI Fig. S12 and S131). It has
been observed before that the charged fragments from macro-
molecular chains from material transfer on conductors are
stable and cannot be withdrawn by grounding.**

Conclusions

Different MOFs — MOF-74, ZIF-8, UiO-66 and UiO-66-NH, were
successfully synthesized. MOF materials under the study exhibit
triboelectric charging when contacted with the metal. The
stronger electrification can be expected when there is the larger
difference between work function of metal and MOF due to
larger driving force for transfer. Experimental results indicate
that the main mechanism for MOF triboelectrification is elec-
tron transfer.
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