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Enhanced performance of UiO-66 for
supercapacitor applications through oxidation via
the Hummers' method
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Supercapacitors (SCs) are gaining attention in energy storage due to their high-power density, rapid charge/
discharge ability, and long life cycle. Improving these features relies on developing advanced electrode
materials with better energy storage properties. This study explores UiO-66, a zirconium-based metal-
organic framework (MOF), which offers advantages like a large surface area, tunable pore sizes, and
stability. However, its poor electrical conductivity limits its use in supercapacitors. Herein, we applied the
method to oxidize UiO-66, creating an oxidized form, H-UiO-66, with enhanced
conductivity. This material was characterized by various techniques, including SEM-EDX, XRD, XPS, FTIR,
and BET analysis, while electrochemical tests (GCD, CV, and EIS) confirmed a significant improvement in
specific capacitance—82.8 F g™t for H-UiO-66 versus 0.18 F g~ for pristine UiO-66 at 1 mA. These
improvements stem from

Hummers'
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increased conductivity and electrochemical activity due to UiO-66

DOI: 10.1035/d4ra07779b graphitization, highlighting the Hummers' method's effectiveness in transforming UiO-66 into a viable
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1 Introduction

Supercapacitors (SCs), often referred to as ultracapacitors or
electrochemical capacitors, have attracted considerable
interest as energy storage solutions because of their impressive
power density, swift charge and discharge capabilities, and
extended cycle longevity. These devices bridge the gap between
traditional capacitors and batteries, offering a unique combi-
nation of high energy and power capabilities. To enhance their
performance, extensive research has focused on developing
new electrode materials with improved energy storage char-
acteristics. One promising material that has emerged in recent
years is UiO-66, a metal-organic framework (MOF). UiO-66,
derived from the University of Oslo acronym UiO (Uni-
versitetet i Oslo), is a zirconium-based MOF featuring a three-
dimensional porous structure. It is composed of ZrsO,(OH),
secondary building units connected by carboxylate linkers,
resulting in a highly stable and crystalline framework. UiO-66's
large surface area, adjustable pore size, and exceptional
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stability make it an ideal candidate for applications like gas
storage, catalysis, and energy storage devices, including
supercapacitors.

In the context of supercapacitors, UiO-66 offers several
advantageous properties that contribute to improved energy
storage performance. Firstly, its large surface area provides
numerous active sites for charge storage. Effective electrolyte
penetration is made possible by the porous structure, facili-
tating ion diffusion and improving the electrochemical perfor-
mance of the supercapacitor. Additionally, the chemical
stability of UiO-66 ensures long-term cycling stability, mini-
mizing capacity degradation and enabling extended device
lifetimes. Nonetheless, the weak UiO-66 electrical conductivity
minimizes its use to be an energy storage substance. Enhancing
the UiO-66 electrical conductivity is essential for improving its
electrochemical efficiency and storage of energy capabilities."?

To harness the potential of UiO-66 in supercapacitor
applications, researchers have explored various strategies to
incorporate it into electrode materials. One approach involves
the synthesis of UiO-66 nanoparticles and their subsequent
integration into conductive matrices, such as carbon nano-
tubes, graphene, or conducting polymers. Utilizing conductive
polymers is the typical approach to improve the electrical
conductivity of UiO-66.>° However, the integration of two
materials could lead to issues regarding their compatibility. To
prevent this from occurring, closely following the production
UiO-66 process is anticipated to improve the storage energy
capacity while avoiding compatibility challenges,*” for
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example, the development of amorphous UiO-66,° altering
synthesized temperature, mixing speeds,® and design bime-
tallic Zn/Zr UiO-66.” The post-treatment has also been imple-
mented to improve the electrochemical effectiveness of
MOFs"?** Graphene has been recognized as one of the most
effective materials for SCs because of its behavior as a double-
layer capacitor. Nonetheless, there exists an insufficient study
examining the UiO-66 graphitization for using electroactive
substances for SCs.

In this study, the Hummers' method as a promising and
facile technique for the development of sorbent materials, such
as metal-organic frameworks (MOFs), is being explored for its
potential to improve the physicochemical properties of the
developed structure of UiO-66 far from the high cost pyrolysis
methods. These properties are characterized by measuring the
electrochemical behaviors such as charge/discharge galvano-
static (CDG), cyclic voltammetry (CV), electrochemical imped-
ance spectroscopy (EIS), and the crystallinity check through
XRD, surface morphology by SEM, and chemical characteriza-
tion by XPS, FTIR, and BET. This three-dimensional net-like
structure of atoms provides a variety of binding, catalytic, and
temporary storage sites, establishing it as a promising candi-
date for supercapacitor applications.

View Article Online

Paper

2 Experimental section

2.1. Materials

All materials utilized in this research were of analytically high
purity levels and were employed without additional purifica-
tion. Among the primary chemicals utilized in the study, zir-
conyl chloride octahydrate (ZrOCl,-8H,0), and 1,4-benzene
dicarboxylic acid (BDC), were purchased from Sigma Aldrich.
Sodium nitrate, sulfuric acid (H,SO4, 98%), potassium
permanganate (KMnO,), 304-stainless steel, N-dimethylpyrro-
lidone (NMP), polyvinylidene fluoride (PVDF) and sodium
sulfate anhydrous (Na,SO,, 99%) were purchased from Hime-
dia, India.

2.2. Synthesis of UiO-66(Zr)

To synthesize UiO-66(Zr), (969 mg, 1.5 mmol) of ZrOCl,-8H,0
and (500 mg, 1.5 mmol) of BDC were combined and ground
together at room temperature for 10 min. The resulting mixture
was then transferred to the Teflon lined autoclave and heated at
130 °C for 12 h. After cooling to room temperature, the obtained
white solid was washed with ethanol at 70 °C for 3 h and
subsequently dried under vacuum at 150 °C for 12 h.**

Graphitization route of UiO-66
by Hummer’s method

Stir the

mixture

Autoclave

1g of UiO-66 + 1g NaNO; + 46 mL
of H,SO,

in the ice
bath 3 h

130°C/24 h

Slowly adding 6g of KMnO, at
temp 20 °C with stirring 1h

Removed the mix and stir it for 1h

at 35°C Heating
| the
Grinding Add 92 mL dist. Water and stir 2h m.ixture
10 min at 95 0C without
i boiling
BDC Turn off heater and cool it to room
& tempelrature
Zr0OCl,'8H,0 Add 200 mL of dist. Water and stir
it 1h
[
Add 10 mL of 30% H,0, and stir
for 1h
— v
Filtration and wash it with 5% HCl

Graphitized UiO-66

and deionized water

Fig. 1 Schematic description for the preparation of UiO-66 and graphitization by Hummer's method.
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2.3. Application of Hummers' method on UiO-66(Zr) as
graphene oxide preparation method

A UiO-66 was oxidized following Hummers' method.” 1 g of
UiO-66 was dispersed in 46 mL of sulfuric acid, and 1 g of
sodium nitrate was added, additionally, 6 g of KMnO,, and the
mixture was stirred continuously. The mixture's color changed
from white to dark brown, accompanied by a slightly
exothermic reaction. To control the temperature at around 35 °
C, the reaction vessel was placed in an ice bath and left for 1 h
for extended oxidation. Next, 92 mL of distilled water was
added, and the mixture was stirred at 95 °C for 2 h. The reaction
mixture turned reddish-brown and was quenched with H,0O,. It
was then washed several times with 5% HCI and distilled water.
The final product is referred to as H-UiO-66 as represented in
Fig. 1.

2.4. Electrode preparation

The synthesized H-UiO-66 served as an active component,
mixed with graphite and PVDF, with mass fractions of 80%,
10%, and 10%, respectively. The resulting mixture was carefully
dispersed in absolute N-methyl-2-pyrolidone and then drop-
casting onto a piece of stainless steel (0.3 mm thick, 1 ecm?
area, and 95% purity), which served as the current collector. The
active material exhibited a mass loading of 7.1 mg cm™>. The
prepared electrode was later dried at 70 °C in the oven for 2 h to
eliminate the solvent.

2.5. Characterization

Nitrogen sorption at —196 °C was performed using a 3H-
2000PS1 system after degassing samples at 150 °C for 2 h
under vacuum (1 x 102 torr). XRD patterns were recorded with
a Philips PW 3710/31 X-ray generator (Philips, Japan). XRD
patterns were recorded using a Rigaku D/Max-2550 diffrac-
tometer (Cu Ko, A = 1.542 A) with a SolX Detector, scanning at
260 = 5°-50°. SEM images were captured on a SUPRA 55 with a 20
kV acceleration voltage. FTIR was obtained using the method of
KBr disc with a Nexus 870 spectrometer of FTIR from Thermo
Fisher Scientific, USA. XPS analysis was performed utilizing
(PerkinElmer 5600, USA) which featured a beam diameter of X-
ray of 0.8 mm, with the area for analysis measuring 1 mm.
Samples, which were deposited on indium sheets, underwent
irradiation with a 200 W Mg Ko (Al Ko) radiation source. On
a Shimadzu TA-50, thermal analysis (TGA) was performed under
a nitrogen atmosphere with a heating rate of 10 °C min~". The
Potentiostat (SP-150) was applied to evaluate the electro-
chemical characteristics of the composite samples within a 3-
electrode configuration utilizing Na,SO, as the electrolyte, the
Ag/AgCl electrode (KCl Sat.) is the electrode of reference, and
the platinum wire electrode is the counter electrode.

3 Results and discussion
3.1. Characterization of materials

The UiO-66 and synthesized H-UiO-66 samples underwent
analysis through XRD to investigate structural alterations prior
to and following treatments, particularly the interlayer

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns for various samples.

distances. The UiO-66 pattern reflects the typical structure with
strong peaks around 26 = 7.4°, 8.5°, 14.8° and 25.8°, confirming
the successful synthesis of UiO-66 (Fig. 2).** Upon graphitiza-
tion via Hummers' method, represented by the H-UiO-66, the
XRD pattern changes, indicating the graphitization of the UiO-
66 framework. The broadening of peaks, particularly at lower
angles (below 10°), suggests the maintenance of the Zr-cluster
with some loss of crystallinity or an increased disorder due to
the presence of the graphitic material. Additionally, the pres-
ence of new peaks, especially near 26 = 15.9°, is indicative of
graphitic structures formed during the process and the
acquiring of the hydrophilic oxygen-containing that increased
the d-spacing between interatomic layers."” The XRD results
indicated that the enhanced electrical conductivity of UiO-66 is
likely due to the presence of graphene-like sheets within its
matrix. Additionally, peaks at 37.3°, 39.6°, and 41.6° confirmed
the presence of MnO, in the structure, originating from the
permanganate source.®

The chemical transition of the H-UiO-66 and UiO-66 was
additionally validated through infrared (FTIR) spectroscopy,
and the outcomes are outlined in Fig. 3 for each of the two
samples. Both H-UiO-66 and UiO-66 have bands at 3420 cm™"
attributed to the presence of hydroxyl groups and adsorbed
water. In the case of UiO-66, distinct peaks were observed, with
the symmetric vibration peak of O-Zr-O at 746 cm ' and
another at 664 cm ™' corresponding to the symmetric vibration
peak of O-Zr-0."%° The peaks at 1580 cm ' and 1400 cm ™’
align with the symmetrical stretching vibrations of the C=0
bond in the -COO group within UiO-66. The spectrum of FTIR
of H-Ui0-66 displays an observed peak above 3000 cm™ ", which
displays the -OH stretching of the group of COOH while the
centered bond at 2933 cm ™! is attributed to the stretching of C-
H. Also, the observed peaks at 1140 cm ™' and 1050 cm ™' are
attributed to the bond of Zr-O stretching vibration. While the
peaks at 665 cm™ ' and 471 cm ™' sequentially signify the Zr-OH
and Zr-O bonds stretching vibration within the 12 units of UiO-
66 skeleton denoted as ZrsO4(OH)4(COO).2">

The characteristic absorption peaks of UiO-66 at 1140 cm™
and 1050 cm ™" are evident in the complex's infrared spectrum.

1
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Fig. 3 FT-IR spectra of UiO-66 and H-UiO-66 synthesized materials.

Furthermore, the stretching vibration of C-O (alkoxy) is man-
ifested at 1048 cm ™, and the peak corresponding to epoxy or
peroxide groups is observed at 929 cm ',?® indicating the

oxidation of the organic linker of UiO-66 network. Additionally,
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the characteristic peaks observed at 521 cm ' and 427 cm ™’
could be attributed to Mn-O bonds from the permanganate
reduction. The infrared spectrum of the compound closely
resembled that of MnO,.

Fig. 4 shows the SEM images used to determine the particle
size and morphology of UiO-66 and H-UiO-66, as well as to
examine the surface of each composite, confirming the
successful preparation of H-UiO-66. The synthesized UiO-66
was displayed with a flakelike shape surface morphology,
covered with a fluff layer as shown in Fig. 4a. Fig. 4b displayed
the results obtained from SEM of H-UiO-66, revealing a cobweb
shape covered by grown fibre shape of MnO, as reported
previously in the literature.**** MnO, particles were observed to
have been developed on the surface and surrounding UiO-66,
exhibiting a relatively dense distribution. To confirm the iden-
tity of the particulates present on the surface as UiO-66 and
MnO,, Fig. 4c presents the EDX spectrum of the crystal of H-
UiO-66, which, in conjunction with the UiO-66 components,
further validates the Mn presence resulting from the Hummers'
method.”® The poorly crystallized amorphous phase is antici-
pated to exhibit higher specific capacitance compared to the
crystalline phase. This expectation arises from the unorganized

004
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0.5 |
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Fig. 4 SEM images of UiO-66 (a), H-UiO-66 (b), and EDX spectra of H-UiO-66 (c).
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internal structure of the amorphous phase, which is linked to
increased reactivity and a higher density of active sites.”” Addi-
tionally, the conductivity is improving from graphitization.
The XPS analysis was utilized to further confirm the chem-
ical composition and bonding state of H-UiO-66 and UiO-66, as
shown in Fig. 5. The XPS spectrum of H-UiO-66 Fig. 5a shows Zr,
O, Mn, and C elements. However, Fig. 5b exhibits XPS spectrum

View Article Online
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peaks of C 1s at 284.5 and 286.2 eV, corresponding to sp> carbon
and epoxide ring, respectively.”® The —mt* shake-up G interac-
tions are observed at 291.8 and 294.5 eV for H-UiO-66, and are
characteristic of conjugated systems or aromatic groups.” The
binding energies of Zr 3d;/, and Zr 3ds,, were recorded as 185.1
and 182.7 eV, respectively, without using Hummer's methods.
However, after applying Hummer's methods, these peaks

a H-UiO-66
@ (b) 284.5eV C1s
n-m* shake-up c-C
291.82e.V .
H-UiO-66
294.59 eV
z3d Cls 28638 eV
£ R 3 =
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g ots 2 e
2 2
f= o
cls so82 eV Ui0-66
. 2 ¢
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\ =
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Fig.5 XPS analysis of UiO-66 and H-UiO-66: (a) survey spectra of elements and XPS spectra high resolution of C 1s (b), Zr 2d (c), O 1s (d), and Mn

2p (e).
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Fig. 6 N, sorption isotherm (a) and pore size distribution (b) of UiO-66 and H-UiO-66 samples.

showed a shift of 0.6 eV. As a result, the new values for Zr 3d;,
and Zr 3ds), are 184.5 eV and 182.1 eV, respectively (Fig. 5¢).
This suggested that the chemical bonding environmental
change around the Zr-cluster was due to the deterioration of the
framework via oxidation and the formation of the more elec-
tronegative Mn-O bonds.?® From XPS spectra high-resolution of
O 1s (Fig. 5g), the peak observed at 529.7 eV corresponded to the
bond of Mn-O of MnO,. Furthermore, the observed peak at
531.2 eV was assigned to the Zr-OH bond. The findings indi-
cated that the recombination of H-UiO-66 was successful.

Fig. 6 provides a nitrogen sorption isotherm and pore size
distribution graphs comparing two substances, UiO-66 and H-
UiO-66. The graph shows two distinct curves for each
substance, with the data points for UiO-66 shown in black and
the data points for H-UiO-66 shown in blue. For UiO-66, the
nitrogen sorption isotherm curve exhibits a Type I isotherm
behavior (Fig. 6a). This indicates a material with microporous
characteristics, typically associated with materials having a high
surface area and pore volume (1150 m”> g ' and 0.61 cm® g™ 1).
The steep increase in adsorbed volume at low relative pressures
suggests a well-defined pore structure with high accessibility to

100

- UiO-66(Zr)-green (a)
12.48%
90 4
10.06%
B
F80 N s
é 70 4 °
23.75%
60 4
1.47%
50 T T T T T T T
100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 7 TGA and DTA curves of UiO-66 (a) and H-UiO-66 (b) samples.
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nitrogen molecules.**** On the other hand, the nitrogen sorp-
tion isotherm curve for H-UiO-66 shows a Type IV isotherm
behavior with lower surface area and pore volume (87 m” g~*
and 0.14 cm® g ') due to the deterioration of the framework via
oxidation. This isotherm type is typical of mesoporous materials
with diverse pore sizes. The initial gradual uptake of nitrogen
followed by a sharper increase at higher relative pressures
suggests the presence of larger mesopores within the material
(Fig. 6a). Additionally, Fig. 6b show the pore size distribution
and confirm the microporosity of both samples. In summary,
UiO-66 exhibits a microporous nature with a Type I isotherm,
while H-UiO-66 displays a mesoporous nature with a Type IV
isotherm. These findings provide insights into the porosity and
pore size distribution of the two substances.

The thermal analysis of UiO-66 and H-UiO-66, as shown in
Fig. 7, reveals distinct decomposition profiles that reflect their
structural stability and compositional differences. For UiO-66,
the TGA curve indicates a three-step weight loss: the initial
loss (~12.48%) below 150 °C corresponds to the removal of
adsorbed moisture or residual solvents.**** The subsequent

weight losses (~10.06% and ~23.75%) represent the
100
[——H-Uio-66] (b)
98
064 6.956%
é 94 - 5
£ s
2 92 2.173% E
2 32
3
%07 2.441%
88 =
86 3.09‘&
7'5 1;0 255 3!‘)0 3;5 4;0 555 6!‘)0

Temperature (°C)
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Fig. 8 (a) CV curves of H-UiO-66 and UiO-66 samples at the scan rate of 10 mV s, (b) GCD curves of UiO-66 and H-UiO-66 samples at the

current of 1 mA.

decomposition of organic linkers and the framework collapse
around 500-600 °C.*** H-UiO-66, modified by Hummers'
method, exhibits smaller weight losses (~6.95%, ~2.17%,
~2.44%, and ~3.09%) at corresponding temperature ranges,
indicating reduced solvent retention and a potentially more
defect-rich structure (Fig. 7b). These changes reflect the intro-
duction of oxidative modifications, which slightly lower the
thermal stability of H-UiO-66 compared to UiO-66, while
maintaining significant resilience under heat. The derivative
curves (dW/dT) confirm distinct decomposition events for each
material, highlighting their structural transformations.

3.2. Electrochemical performance test

Measurements of electrochemical properties, such as galvano-
static charge and discharge (GCD), cyclic voltammetry (CV), and
electrochemical impedance spectroscopy (EIS), utilizing a three-
electrode configuration in a 0.5 M Na,SO, aqueous electrolyte.
The active substance electrode on the stainless-steel piece
serves to be the applied electrode, the Ag/AgCl electrode (KCl
Sat.) is the electrode of reference, and the wire of platinum
electrode is the electrode of counter.

10 mV/s
20 mV/s
30 mVis
40 mV/s
50 mV/s
60 mV/s
70 mVis
80 mV/s

AEEREREE!

Current (mA)

0.0 0.2 0.4 0.6 0.8 1.0
Ewe/V vs. Ag/AgCI/KCI (sat'd)

Fig. 9
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3.2.1. Electrochemical properties. First, the electro-
chemical behaviors of H-UiO-66 and UiO-66 were discussed.
Fig. 8a illustrates the CV curves of two samples of H-UiO-66 and
UiO-66, which display semi-rectangles at a rate of scan of 10 mV
s~', primarily indicating electric double layer characteristics
(EDLC). The CV curve of UiO-66 shows the smallest looping
area, indicating a lower specific capacitance attributed to its
poor conductivity. Nevertheless, H-UiO-66 demonstrates the
most extensive looping area, indicating the greatest specific
capacitance. In Fig. 8b, the GCD curves display the data at the
actual applied current of 1 mA, and The H-UiO-66 demonstrates
the longest discharge duration, aligning with the highest
specific capacity observed, which is corroborated by the CV
results. The specific capacitance of the H-UiO-66 has been
calculated to be as high as 82.8 F g~*, which is significantly
greater than that of the UiO-66 (0.18 F g ') because of the
graphitization of UiO-66. The result reveals the conductivity
enhancement of UiO-66 when an electroactive process is per-
formed for supercapacitors by the graphitization method
(Hummer's approach).

Fig. 9, The curves of GCD and CV of H-UiO-66 at several
densities of current and scanning rates are presented. With the
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(a) CV measurement for H-UiO-66 electrode at various scan rates, (b) GCD curve for H-UiO-66 electrode for different currents.
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increase in the rate of scan from 10 to 100 mV s~ *, The curves of
CV exhibit notable deformation, and the areas delineated by the
curves of CV progressively expand, and the defined area of the
CV curves is progressively increasing, This is an impressive
(EDLC) characteristic of SCs. The outcome is primarily attrib-
uted to insufficient interaction between the electrolyte and
electrode, along with a more pronounced effect of polariza-
tion.*® Furthermore, as the current is adjusted to 2 maA,
a specific capacitance of 45.4 F g~ " is obtained, Approximately
54% of the initial capacitance at 1 mA (82.8 F g~ '). The primary
factor contributing to the reduction in the specific capacitance
is that the ions of the electrolyte lack sufficient time for diffu-
sion into the surface of the electrode, particularly under high
currents.”” In short, they demonstrate remarkable rate
capability.

As shown in Fig. 10a, with the increase in the actual current,
the specific capacitances of H-UiO-66 exhibit a decreasing
pattern. Typically, the electrochemical efficiency of H-UiO-66 is
markedly superior to that of UiO-66 due to the conductivity
enhancement and MnO, incorporation during graphitization
by Hummer's method. Specifically, the sample of H-UiO-66
exhibits the highest observed specific capacitance. In Fig. 10c,
it's important to note that the H-UiO-66 specific capacitance did
not decrease through 2000 cycles but increased, which can be

View Article Online
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seen from the increased ratio of the specific capacitance of H-
UiO-66. During the initial 100 cycles, the significant rise in
capacitance is linked to the electro-activation of the electrode
material and the electrochemical reduction of the H-UiO-66.
During the second phase, which spans from 100 to 2000
cycles, there is a consistent increase in capacitance. This trend
may be attributed to the exhaustion of oxygenated groups on the
electrode surface as the reduction of H-UiO-66 advances.*®
Additionally, The coulombic efficiency of H-UiO-66 is consis-
tently higher than that of UiO-66 across the current range
(Fig. 10d), indicating superior charge transfer and electro-
chemical performance for H-UiO-66. H-UiO-66 achieves near
100% efficiency at low currents (2-5 mA), maintaining stability,
while UiO-66 shows lower efficiency, peaking at around 50%,
with significant fluctuations. This suggests that the modifica-
tions introduced in H-UiO-66 enhance its electrochemical
properties, likely due to structural defects or improved
conductivity from the Hummers' method.

The observed plot in Fig. 11 indicates varying behaviors
across the used frequency range, with the high-frequency area
characterized by a half circle and the low-frequency area char-
acterized by a linear representation. This indicates the presence
of both capacitive and resistive characteristics of the examined
electrode. It is evident that at the high-frequency area, one of

—=— H-Ui0-66 @) —=— H-Ui0-66 ®)
804\ —e— UiO-66 1—*— UiO-66
~ 704 D 801
20 ™
€ 60 Y
E g 60 4
£ 50 £
= Q
<9
©
S O 404
2 304 2
] E
3] o
2,20 4 )
& & 20+
10
0 o—o—o oo 0 . o
T T T T ! ! ! !
2 4 6 8 10 20 40 60 80 100
Current densities Scan rate (mV/s)
200 ~—@— H-Ui0-66 __—9 (c) —=— H-Ui0-66 (d)
o o—° 100 1—o— Ui0-66
180 - y
3160 ~ - & 804
3 o
S 140 o g
k] I d S
s / ‘S 60 -
S120-@ L
" s
= 100 o
_‘? 'S 40 4
S 804 g
3 E
O 604 8 20
40 4
0 4
20
0 500 1000 1500 2000 2500 1 2 4 5 6 7 8 10

Cycle number

Fig. 10

Current (mA)

(a) Specific capacitance of H-UiO-66 and UiO-66 samples at different current densities, (b) the UiO-66 and H-UiO-66 specific

capacitance as several scan rates, (c) UiO-66 specific capacitance percentage of H-UiO-66 for cycling performance at an actual current of 3 mA,

and (d) the coulombic efficiency of UiO-66 and H-UiO-66.
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Fig. 11 EIS spectra (a) and dielectric constant (b) of UiO-66 and H-UiO-66 samples.

the samples shows an ideal arc, which corresponds to the
resistance of charge transfer (R.) (262.6 ohm). Furthermore, the
minimal x-axis intercept indicates that the electrode material
internal resistance (Rg) is very low at 5.65 ohm, which may
present a nearly optimal capacitive response for the electrolyte-
filled pores ionic resistance within the electrode.** An almost
perpendicular line indicates reduced resistance of ion diffusion
(Ry) of electrolytes, demonstrating a well-capacitive action in
the low-frequency area.*® According to the Fig. 11b, UiO-66
exhibits a higher dielectric constant compared to H-UiO-66 at
lower frequencies, suggesting a greater ability to store charge.
However, as frequency increases, both materials converge to
similar values, indicating comparable dielectric behavior at
higher frequencies. Since a higher dielectric constant is often
associated with lower conductivity (due to better charge storage
and less dissipation), H-UiO-66, with its consistently lower
dielectric constant across frequencies, is likely more conductive
than UiO-66. This aligns with the modification introduced by
Hummers' method, which typically enhances conductive prop-
erties by graphitization and introducing functional groups that
facilitate charge transport.

Table 1 provides a comparison of the electrochemical prop-
erties from the specific capacitance (F g '), of H-UiO-66 and
UiO-66 with other UiO-66-based materials reported in the
literature. In comparison, the H-UiO-6 in our study

Table 1 Electrochemical properties of some reported electrodes
based on UiO-66

Active material Measured condition ~ C;(Fg™')  Ref.
C-Ui0-66 1Ag! 32.78 1
C-UiO-66-AT 1Ag™" 117.7

PI/5%UiO-66-800 05Ag" 271.2 36
HP-UiO-66 05Ag" 90.0 36
Amorphous UiO-66  0.8A g " 610 6
PEDOT/UiO66-NH,  0.5Ag " 293 40
Ui0-66/Zr0, 1Ag! 913.8 41
H-Ui0-66 0.14A¢g™" 82.8 This work
Ui0-66 0.19Ag " 0.18 This work

© 2025 The Author(s). Published by the Royal Society of Chemistry

demonstrates a specific capacitance of 82.8 Fg " at 0.14 Ag
which still shows promising energy storage applications. On the
other hand, UiO-66 without modifications shows a substantially
lower capacitance of 0.18 F g~ " at 0.19 A ¢~ ', highlighting the
need for further enhancements to its electrochemical properties
as compared with other reported work in the literature. Overall,
the comparison shows that modifications, including composite
formation and structural changes, can significantly improve the
electrochemical performance of UiO-66, making it more suit-
able for applications in supercapacitors and other energy
storage devices.

4 Conclusion

In this study, the potential of UiO-66, a zirconium-based metal-
organic framework (MOF), as a material of electrode for SCs,
was explored. The primary challenge of UiO-66's poor electrical
conductivity was addressed by employing the Hummers'
method to oxidize the organic linker of UiO-66, resulting in
a material referred to as H-UiO-66. Comprehensive character-
ization using (XRD), (SEM), (FTIR), (XPS), and (BET) analysis
confirmed the successful graphitization of UiO-66. The elec-
trochemical performance of H-UiO-66 was significantly
improved compared to pristine UiO-66, as evidenced (CV),
(GCD), and (EIS) measurements. H-UiO-66 exhibited a remark-
able specific capacitance of 82.8 F g~ ' at a current of 1 mA, far
surpassing the 0.18 F g~ " of the original UiO-66. This substan-
tial enhancement is attributed to the increased conductivity and
electrochemical activity achieved through the graphitization
process via Hummer's method. The findings of this study
demonstrate that the Hummers' method is an effective strategy
for improving the electrical conductivity and overall perfor-
mance of UiO-66 in supercapacitor applications. The enhanced
properties of H-UiO-66 make it a promising candidate for use in
high-performance supercapacitors, bridging the gap between
traditional capacitors and batteries. Future research could focus
on further optimizing the synthesis process and exploring other
conductive matrices to integrate with UiO-66, aiming to
improve efficiency in energy storage devices.
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