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A facile synthetic method was developed to prepare Zr-MOFs.
Pseudo capacitor behavior in KOH electrolyte.
Zr-MOF1 with small particle size exhibited higher supercapacitive performance.
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Abstract: Metal organic frameworks (MOFs) as a kind of crystalline porous rabkstdrave attracted
much attention due to their high surface area and controllable porootugruin this paper, we
present a new synthesis of Zr-based MOFs with high electrochemicalnpanfoe by a facile synthetic
method of changing the reaction temperature and stirring conditionvaBying the reaction
temperatures, the different particle sizes and the degree of crystallizatioa werdified. This paper is
focused on the electrochemical properties of Zr-based MOFs as electrode matestiglsrcapacitors.
A maximum specific capacitance of Zr-MQBbtained at 50 °C can reach up to 1144’faga scan
rate of 5 mV 8, which is far higher than Zr-MQK 811 F ¢), Zr-MOF; (517 F ¢) and Zr-MOR(207
F g"), respectively. The results of electrochemical measurements show thar-MOF, we
synthesized has excellent capacitance performance and good cycling stabiliB000 cycles, which
makes it a promising supercapacitor electrode material.

Keyword: Metal organic frameworks, supercapacitor, porous materials, UiO-66

1. Introduction
In response to the ever increasing demand of energy storage devicesgWiiohier density,

supercapacitors have been widely investigated as next-generation power deriags to replace
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lithium ion batteries due to their longer cycle life, faster charging-digoig speed and lower
maintenance cost:

Metal-organic frameworks (MOFs) as a new class of porous crystallaterials have been
employed in a variety of prospective applications including catdiysigas capture-storale
®/separatiolf and selective adsorptidh’® UiO-66 is a 3D MOF composed of a zirconia-based
inorganic building brick and terephthalate (BDC) as organic linker, evbtsacture is built up from the
Zrs04(OH), oxoclusters bounded to twelve terephthalate (BDC) ligaRidsie ).> ** UiO-66 features
an arrangement of secondary building units (SBUs) which is topologiegliyvalent to a cubic
close-packing® The UiO-66 family possesses a good thermal stability (up to 7)7*3 &nd an
outstanding chemical stability with regard to water, ethanol, benzené\ahdimethylformamide
(DMF).” The exceptional stability of UiO-66 can be attributed to strongdZbonds within the
characteristic SBU and to the high degree of interlinking of these SBhlsh has attracted many
scientists’ attention in recent years, resulting in a significant increase in the work based on the Zr-MOF
system.

The synthesis and modification of Zr-based frameworks (UiOaé€)discussed along with their
unique properties and potential technological utility. Generally, UiO-66 wasesjngll from a mixture
containing equimolar amounts of ZyCterephthalic acid (BDC), and HCI in DMF, with addition of
benzoic acid omcetic acid as a modulator to facilitate crystallizatfom case of the synthesis of
UiO-66, Gesa WiRmann et al. were able to vary the size of individual nanocrystejsaumodulation
approach? In our present work, UiO-66 with different particle sizes was obtainexifagile synthetic
method of changing the reaction temperature and stirring conditionf vghéontrollable and feasible.

As far as our knowledge goes, there have only been few systemaliesstn the application of
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UiO-66 in supercapacitorS** However, these materials have low specific capacitance such as the
Co-MOF reported by D. Y. Lee et al. just up to 207.76'B°Herein, we present such a study on a

Zr-based MOF with higher electrochemical performance.

2. Experimental

2.1 Synthesis of four kinds of Zr-M OFs

All the chemicals were obtained from Aladdin and used without fuphefication. The synthetic
procedure of four kinds of Zr-MOFs was performed by disaghzrCl, (0.227 mmol, 98%) and BDC
(0.227 mmol, 98.9%) in 26 g DMF (99%) in a 100 mL rounttdmedflask and adding HCI (0.52 g)
to the slurry dropwise under stirring conditions. Solvothermal treatrokenhe slurry was at the
corresponding temperatures of 50, 70, 90 and 110 °C under waundiimagnetic stirring for 24 h.
Subsequently, the resulting white precipitate was centrifuged, washedGmtih DMF for five times
and dried under vacuum at 120 °C for 16 h. The as-prepared samgresienoted to Zr-MQF

Zr-MOF,, Zr-MOF;, Zr-MOF,, respectively.

2.2. Structural characterization

X-ray powder diffraction patterns were obtained with an X-rayatifion meter (D/Max-rB) using Cu
Ka radiation (A=1.54056 A), with accelerating voltage and current of 50 kV and 100 mA, respectively.
Scanning electron micrographs (SEM) analysis (HITACHI S-3400N) wed toscapture and further
determine the morphologies and the particle size of the crystalline Zr-MQRsishirptiordesorption
isotherms of the as-prepared samples were measured at the tempdraguie &, (77 K) using a
Micromeritics ASAP 2460 analyzer. The specific surface area was calculatdd the

Brunauer-Emmett-Teller (BET) equation.
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2.3. Electrode preparation and electrochemical perfor mance test

The electrode was prepared according to the following steps: The enigamntaining 75 wt%
composite materials, 20 wt% electrical conductors (super P) and 5 wt¥tpaflyoroethylene (PTFE,
60 wt% dispersion in D) binder was well mixed in ethanol and then pressed onto nickel tioat
serves as a current collector. The prepared electrode was dried at 90 °C &/&n The electrode of
Zr-MOF;, Zr-MOF,, Zr-MOF; and Zr-MOFR contained about 5.775, 5.400, 5.775 and 5.475 mg
electroactive materials, respectively.

All electrochemical measurements were performed on a CHI600D electrochemiksiation in 6 M
KOH aqueous electrolyte in a three-electrode system, consisting of the metiggal electrode as
working electrode, a saturated calomel electrode (SCE) as reference electtaaglatinum sheet

electrode as counter electrode, respectively.

3. Resultsand discussion
3.1. Structure of the Zr-MOFs

The X-ray diffraction patterns given kig. 2 reveal that the structure of the Zr-MOFs obtained at
different temperatures. The UiO-66 structure was solved from thegso¥RD pattern, and it can be
seen that all the positions of diffraction peaks of as-synthesized Zrav®©fhe same as the profile of
UiO-66 synthesized previously by Cavka et’aFrom the XRD patterns in Fig. 1, one can see that the
peak intensity from Zr-MORo Zr-MOF, gradually increased with the increase of reaction temperature,
which also clearly indicates Zr-MQFhas better crystallinity compared to Zr-MQFEr-MOF, and
Zr-MOFs.

Figure.3displays SEM images of as-synthesized Zr-MOFs obtained by setnmhreaction for 24

h. SEM images reveal further changes due toiifi@ence of temperature, which demonstrate that
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homogeneous particles of Zr-MOFs were obtained and the particle sizes-N®FH, Zr-MOF,,
Zr-MOFzand Zr-MOR, are around 100, 200, 450 and 500 nm , respectively. In éwops report by
Cavka et al* the particle size of Zr-MOF was 200 HhiThis suggests that smaller size particles could
be obtained via changing the reaction temperature and stirring condition.

The Nitrogen adsorptiemlesorption isotherms of four kinds of Zr-MOFs are showfim 4. The
samples were degassed in & 200°C for 16 h prior to the measurements. It is worth gatiat the
BET specific surface area of Zr-MQ@I5 1047 i g *, which is much higher than that of Zr-M®@33

m? g %), Zr-MOF; (732 nf g %), and Zr-MOF; (596 nf g ™).

3.2. Electrochemical performances of the Zr-MOFs as electrode materialpéocapacitor

The electrochemical behaviors of Zr-MQFZr-MOF,, Zr-MOF; and Zr-MOR, electrodes were
measured using cyclic voltammetry at various scan rates (from 5novs'), as shown irFig. 5. In
an electrochemical capacitor, the charge is accumulated in the double layers byaghdgtrostatic
force. However, in our work, quasi-symmetric redox peaks arde/isilihe CV curves, indicating that
the measured capacitance is mainly based on a redox mechadiféenent from that of electric
double layer capacitors with a CV curve close to an ideal rectangular shaybkedmwords, one can
claim that the ions are adsorbed on the electrode surface by the reversiptetedeaical reactions.
The result demonstrated that the four kinds of Zr-MOFs exhibit infelémtrechemical capacitance
performance with increasing the reaction temperature from 50 t&8ClLIlhe single Zr-MOFelectrode
showed a specific capacitance (SC) as high as 1144 & gcan rate of 5 mV'sn 6 M KOH in a
three-electrode configuration, which can be ascribed to the redox redetiorns place in the surface
of the electrode. Furthermore, the smaller particles for the Zr-MOFs wkesyzed are reckoned to

facilitate fast redox reactions and shofffiBion paths for electrons and ions. The 3D structure of the
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Zr-MOFs not only reduces the diffusion resistance of electrolytealbo enhances the facility of ion
transportation and maintains the very smooth electron pathways in theapéd charge/discharge
reactions. In addition, the larger surface area for Zr-M@B47 ni g%) electrode is utilized efficiently
to accommodate large number of charges which enables to achieve capacitarereth&gthose in
Zr-MOF,, Zr-MOF;, Zr-MOF,. Sweh high specific capacitance is much higher than that of many MOFs,
such as the ZIF-8 (~98 g*) electrode$? the Co-MOF (206.76 F )*° and so on, indicating it may
become a very promising electrode for high-energy and high-pswesrcapacitors. For Zr-MQF
Zr-MOF;and Zr-MOFR electrodes, the SC values are 811, 517 and:2@17at a scan rate of 5 m\is
respectively. Note that with the scan rate increased, the shape of the C¥d;hdmeganodic peak
potential and cathodic peak potential shift in more anodic and cathodic direotigpectively, and the
capacitance, inevitably, decreased, which is consistent with the iiojoresult of galvanostatic
charge-discharge measurement.

The specific capacitances at different scan rates are showg. iiafor all Zr-MOFs samples. The
specific capacitance at a given scan ratean be estimated from voltammetric response by the
following equatiof® ¢ = if&dv whereC is the specific capacitance (F/g)is the scan rate (V/s),
m is the mass of the active material (§)andV are the current density (A) and the corresponding
voltage(V),respectively. A maximum SC value of 1144 'Fags obtained at a CV scan rate of 5 iV s
and an SC value of 369 F-gvas obtained even at a scan rate of 50 mVirglicating the material
exhibits high power density. However, it is clear from Fig. 5a ttetttrease in specific capacitance
for four kinds of Zr-MOFs is apparent with the increase of satn

In order to further evaluate the electrochemical performance of fods kbf Zr-MOFs in 6M KOH

aqueous solution, the galvanostatic charge-discharge curves were adegtsar current density of 5
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mA-cmi?, as shown irFig. 6h No obvious voltage drop can be observed at the beginningeof th
discharge process for all the Zr-MOFs samples. The shape of the dischaxgs suggests the
pseudo-capacitive nature of the material, which is consistent with thk ofghe CV curves. The
nonlinear potential variation of charging/discharging profiles signifie pseudocapacitance behavior
of electrodes, which results from the redox reaction or electrochemicabtdsftesorption at the
interface at certain potentials.

The electrochemical impedance spectroscopy (EIS) technique was employetido dnalyze the
electrochemical frequency behavior of all the samples in 6 M KOH sol@®oshown irFig. 6¢ A
single semicircle in the high frequency region is attributed to the intersigtance and capacitance. A
linear inclination in the low frequency region is due to the difiusibelectrolyte ions appeared during
charging-discharging process. The internal resistaigsf{the Zr-MOR, Zr-MOF, and Zr-MORand
Zr-MOF, electrodes are 0.42, 0.53, 0.60 and @X%2espectively, manifesting the Zr-M@é&lectrode
obtained at 50 °C shows a lower internal resistance.

For a useful pseudocapacitor, the long-term cycle stability of electrode mae@aisther critical
requirement, so an endurance tésy(6d of the Zr-MOFR electrode was conducted using 2000 CV
cycles between -0.05 and 0.7 V at the scan rate of 10’'miV&an be seen that the specific capacitance
of the Zr-MOR electrode remains 654 Fgver 2000 cycles, indicating a relatively good stability of
the material. These results revealed the high specific capacitance and remarkablpalzili¢y oaf

Zr-MOF; for high-performance electrochemical pseudocapacitors.

4. Conclusions
In summary, four kinds of high-performance Zr-MOFs were assgftilly synthesized by changing the

reaction temperature (from 50 to 110 °C) and under stirring conditlua specific capacitance of the
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Zr-MOF; electrode is as high as 1144 Eag scan rate of 5 mV*’sFrom the electrochemical tests, we

can conclude that the Zr-MOFs showed an excellent electrochemical performdnicavanpotential

application in electrode material for pseudocapacitors.
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Figures capations

Fig. 1. lllustration of the UiO-66(Zr) crystalline structure (Zr polyhedbdye; C, gray; O, red).
Hydrogen atoms on the organic linkers were omitted for clarity. The kellow spheres represent the
void regions inside the cages.
Fig. 2. XRD patterns of the Zr-MOFs including Zr-M@QFr-MOF,, Zr-MOF;, Zr-MOF,, respectively.
Fig. 3. SEM images of as-synthesized Zr-MOFs obtained at different temperatures.
Fig. 4. CV curves of different samples at various scanning rates. (a) ZrMOJF Zr-MOR; (c)

Zr-MOF3; (d) Zr-MOF;

Fig.5. Nitrogen adsorptiordesorption isotherm of Zr-MQFZr-MOF,,(c) Zr-MOFR;, (d) Zr-MOF,.
Fig.6. (&) The specific capacitance as a function of scan rate of differentesar(ip Galvanostatic
charge/discharge curves of different samples at a current densitynéf &m>.; (c) EIS of different

samples; (d) Cycling performance of Zr-MQ# scan rate of 10 mV's
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