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ABSTRACT: In the context of recent progress in designing metal−organic framework (MOF)-based supercapacitor electrodes, we
report herein the successful growth of two different crystal morphologies of a cerium-based MOF, octahedral crystals named IRH-2-
O and elongated square-bipyramidal crystals named IRH-2-ESBP (IRH = Institute de Recherche sur l’Hydrogeǹe). The identical crystal
structure of both materials was confirmed by powder X-ray diffraction (PXRD). Furthermore, scanning electron microscopy and
energy-dispersive X-ray mapping analysis corroborated this fact and showed the crystal shape variation versus the surface
composition of synthesized materials. Fourier transform infrared spectroscopy, UV−vis spectroscopy, and PXRD were used to
confirm the purity of pristine MOFs as well as desired MOF//PANI composites. Cyclic voltammetry and electrochemical
impedance spectroscopy highlighted the effect of crystal shape on the electrochemical performance of IRH-2 MOFs; the specific
capacitance tripled from 43.1 F·g−1 for IRH-2-O to 125.57 F·g−1 for IRH-2-ESBP at 5 mV·s−1. The cycling stability was notably
ameliorated from 7 K for IRH-2-O to 20 K for IRH-2-ESBP. Regarding the composites, the cell voltage was notably ameliorated
from 1.8 to 1.95 V. However, the electrochemical performance of IRH-2/PANI composites was drastically decreased due to
instability in the acidic media. To the best of our knowledge, our work is the first work that related the MOF crystal shape and the
electrochemical performance.

■ INTRODUCTION
Energy-related challenges have been a significant issue for
many years and continue to pose major obstacles due to
various factors.1−3 These include the rapid growth in energy
demand,4−6 pollution resulting from the excessive use of fossil
fuels,7,8 and the increasing reliance on energy-dependent
technologies.9 The way we address these energy difficulties will
play a crucial role in shaping the future development of
humanity.10 Renewable energy resources offer interesting
alternatives to fossil fuels for electricity generation;11−14

however, the intermittent nature of these resources necessitates
the development of adequate energy storage devices to handle
production fluctuations.15,16

A wide range of electric energy storage (EES) devices have
been developed, such as metal-ion batteries,17,18 metal−air
batteries,19−22 capacitors, supercapacitors, and a hybrid device
known as a supercapbattery or supercapattery.23,24 Super-
capacitors have garnered significant attention in various

electronic industries due to their ability to store electricity
electrostatically through ultrafast oxidoreductive reac-
tions,25−27 resulting in high capacitance.28−30 They are
renowned for their safety, reliable cyclability, and rapid
charging and discharging rates.31−33 Researchers are focusing
on electrode materials that can combine the electric double
layer (EDLC) mechanism and the pseudocapacitive mecha-
nism to enhance these features. Such hybrid materials facilitate
faster redox reactions, increase the energy density, and provide
a larger accessible specific surface area for the EDLC
mechanism to function.34−36
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Among the promising electrode materials, 2D materials,37−39

including graphene and its derivatives,40,41 as well as porous
materials, like metal−organic frameworks (MOFs),42−46 have
shown potential. MOFs stand out due to their high surface
area, tunable porosity, and thermal and chemical stability.
Their heterogeneous composition makes them advantageous
for use as oxidoreductive materials while offering the necessary
accessible surface area for the EDLC mechanism. Utilizing
MOFs can address the limitations of supercapacitors by
providing additional active surface area for electrochemical
processes and ensuring redox reactions to increase the energy
density.
Although extensive research has been conducted on MOFs

as supercapacitor electrodes in the past decade,47−49 limited
attention has been given to cerium-based MOFs. Only a few
studies on this topic have been reported in the literature.49−51

Therefore, this study aims to explore the electrochemical
performance of cerium-based IRH-252 and its composites as
supercapacitor electrodes. Specifically, we investigate the
impact of varying crystal morphologies53−55 of cerium-based
IRH-2, ranging from octahedral to elongated square-
bipyramidal shapes. Additionally, we examine the influence
of combining these morphologies with polyaniline (PANI) on
their electrochemical properties. The primary objective of this
work is to study the anisotropic/isotropic crystal growth of
different forms of IRH-2 and their composites under various
reaction conditions, highlighting how crystal shape and
morphology affect their performance as supercapacitor electro-
des.

■ EXPERIMENTAL SECTION
Instrumentation/Materials Characterizations. The at-

tenuated total reflection (ATR) method was used for Fourier
transform infrared (FTIR) characterization. Background
spectra were collected before inserting the powder samples
in the pellet holder for measurements. Spectra were collected
with a Nicolet iS 10 Smart FTIR spectrometer within the 500−
4000 cm−1 range. Thermogravimetric (TG) analyses were
performed using a Diamond Pyris 6000 TGA/DTA apparatus
from PerkinElmer, with temperatures ranging from 30 to 800
°C at a heating rate of 5 °C·min−1 under a N2 flow of 20 mL·
min−1. Single-crystal X-ray diffraction (SCXRD) and powder
X-ray diffraction (PXRD) data were collected at room
temperature on the Incoatec Microfocus high-brilliance source
Bruker diffractometer. Prior to measurements, all PXRD
samples were gently ground, then a small amount of powder
was mounted on a nylon loop. UV−vis spectra were recorded
on a Cary 5000 spectrometer. The compounds were first
dissolved in N-methyl-2-pyrrolidone (NMP) which was used
as a blank for these measurements. Scanning electron
microscopy (SEM) analysis was performed using a Hitachi
SU1510 microscope.
Electrochemical Measurements. A carbon thin film was

prepared by mixing active material with acetylene black and
polytetrafluoroethylene binder in a ratio of 90:5:5 wt %. These
three components were mixed in a small volume of ethanol (1
mL) until a homogenized suspension was obtained with a
paste-like consistency. Final films were prepared from these
suspensions by cold rolling. The resulting films were of 1 cm2

in size and ca. 30 mg in weight. Then, they were placed on a
stainless-steel grid (80 mesh, 0.127 mm thickness, Alfa Aesar)
used as a current collector and pressed at 15 × 106 Pa for 1 h.
Electrochemical measurements were performed in a one-

compartment cell using a three-electrode configuration. An
Ag/AgCl/Cl− (saturated KCl) electrode was used as a
reference, while a high surface area platinum gauze served as
the counter electrode. The working electrode was the MOF
electrode film. A deaerated 3 M KOH solution was used as an
electrolyte, and all experiments were performed at room
temperature. The reference electrode was kept at about 5 mm
of the working electrode during all measurements. Moreover,
prior to any measurement, the working electrode was dipped in
the electrolyte and degassed under a N2 atmosphere for 30 min
to allow the removal of O2 and push the electrolyte to infuse
through the porous structure of the electrode material. In all
cases, three replicates were prepared and analyzed. Cyclic
voltammetry (CV) measurements were recorded using an
electrochemical workstation ZAHNER IM6 monitored by
Thales software. The specific capacitance Cs, expressed in
farads per gram (F·g−1) of the tested electrode, was determined
from the CV curve according to eq 1

=
×

C
Q

E ms (1)

where ΔQ is the voltammetric charge (coulomb), ΔE is the
cell voltage (volt), and m is the mass of the electrode active
material (gram).

■ MATERIALS SYNTHESIS
Potassium Cyamelurate. Potassium cyamelurate (K3·Cy)

was synthesized according to the method described in the
literature reported by J. R. Holst et al.56 A suspension of 25 g of
melon in 250 mL of a 2.5 molar aqueous KOH solution was
refluxed for 45 min. The hot reaction mixture was filtered and
slowly cooled to 20 °C. The fine needles of potassium
cyamelurate precipitated from the filtrate, were separated,
washed off with ethanol, and dried at 100 °C under a vacuum.
IRH-2-O. Synthesis was carried out according to the

solvothermal method as published by Mohan et al.52 with
some modifications using an equimolar mixture of N,N-
dimethylformamide (DMF) and H2O. Typically, 160 mg of
potassium cyamelurate was solubilized in 50 mL of H2O, and
1.3 g of cerium salt was solubilized in 50 mL of N,N-
dimethylformamide (DMF). Then, solutions were mixed at
room temperature, stirred, and sonicated for 15 min.
Thereafter, the mixture was sealed and heated at 80 °C for
24 h. After cooling down to 60 °C, the as-synthesized IRH-O
(octahedral colorless crystals) was recovered by filtration and
washed twice with methanol (90% yield based on Cy).
IRH-2-ESBP. Synthesis was carried out according to the

solvothermal method using a mixture of N,N-dimethylforma-
mide (DMF) and H2O (9:1). Typically, 160 mg of potassium
cyamelurate was solubilized in 12 mL of H2O, and 1.3 mg of
cerium salt was solubilized in 108 mL of N,N-dimethylforma-
mide (DMF). Then, solutions were mixed at room temper-
ature, stirred, and sonicated for 15 min. Thereafter, the mixture
was sealed and heated at 80 °C for 24 h. After cooling down to
60 °C, the as-synthesized IRH-2-O (octahedral colorless
crystals) was recovered by filtration and washed twice with
methanol (90% yield based on Cy). PANI. Nanofibers of
PANI were synthesized by a modified method from
literature.57,58 Solution (A) was prepared by dissolving 0.93
g of aniline in 30 mL of HCl solution (1.0 M). The aniline
solution was then mixed with 1 mL of absolute alcohol. 2.28 g
of ammonium persulfate (APS) was dissolved in another 20
mL of HCl solution (1 M) to form solution (B). Solutions (A)
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and (B) were precooled for 20 min at 0−4 °C and then
solution (B) was added into the above solution (A), mixed
quickly, and stirred at room temperature. The polymerization
proceeded for 30 min, and then the resulting deep green
product was washed with excess ethanol and water and dried at
60 °C overnight.
IRH-2/PANI Composites. IRH-2 was degassed overnight

at 120 °C under reduced pressure. Then, aniline monomers
were absorbed in the activated IRH-2 channels at room
temperature for 15 min upon applying reduced pressure and
ultrasound.59 0.6 g of activated IRH-2 was mixed with 10 μL of
aniline and mixed well with a mixing paddle followed by
continuous ultrasonic shock and reduced pressure for 20 min.
Then, 0.5 mL of 1 M HCl solution was added with ultrasonic
shock for 10 min (removing the decompression device) to
form solution (A). 2.28 g APS was dissolved in 20 mL of HCl
solution (1 M) to form solution (B). Solutions (A) and (B)
were precooled for 20 min at 0−4 °C and then solution (B)
was added into the above solution (A), mixing quickly and
stirring at room temperature. The polymerization proceeded
for 30 min, and then the resulting deep green product (IRH-2/
PANI) was washed with excess ethanol and water and dried at
60 °C overnight (Figure 1).

■ RESULTS AND DISCUSSION
SCXRD, PXRD, SEM/EDX (energy-dispersive X-ray), and
FTIR have been performed to confirm the anisotropic/
isotropic growth of IRH-2, depicting the identical crystal
structure of the obtained octahedral (IRH-2-O) and elongated
square-bipyramid crystals (IRH-2-ESBP). Figure 2 shows
almost the same PXRD pattern for IRH-2-O and IRH-2-

ESBP. Also, the conducted SCXRD analysis shows the same
structure as the IRH series published by Mohan et al. and
affirms the identical crystal structure for both synthesized
phases (see Supporting Information). Additionally, IRH-2/
PANI composites show well-matched PXRD patterns which
highlight the same structural behavior of IRH-2-O and IRH-2-
ESBP with PANI and further confirm their identical starting
structure.
SEM/EDX Mapping. The structural regulation of MOFs

and their use in composite materials in terms of distribution
and homogeneity largely depend on their crystal morphology

Figure 1. Coordination mode of the Cy linker and Ce metal nodes in the IRH-2 structure (right). Crystal structure of the extended 3D framework
of IRH-2 (left).

Figure 2. PXRD of synthesized materials.
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and their anisotropic crystal growth during synthesis.59 Most
microporous MOFs exhibit anisotropic and nonspherical
shapes, illustrating their highly crystalline nature.59 Anisotropic
MOFs also exhibit different properties following different
special axes and regions, such as metal nodes and ligand
density in the exposed surface of crystals, surface charge and
energy, curvature, and permeability and diffusivity of solvents
and electrolytes.60,61 Optimization of this parameter can
significantly improve the electrochemical efficiency of elec-
trode materials used for supercapacitors. In the case of IRH-2
materials, intrinsic parameters, such as the surface density of
the cerium nodes and the nitrogen active sites of the Cy
linkers, as well as the diffusivity of the electrolyte in the
electrode material, were enhanced according to the tunable
anisotropic and isotropic crystal growth of IRH-2, which leads

to the improvement of electrochemical features of these
materials and its polyaniline-based composite.
Two different crystal forms were obtained for IRH-2 named

IRH-2-O and IRH-2-ESBP under two different solvothermal
conditions. The equimolar mixture of DMF/H2O leads to an
isotropic growth of a homogeneous phase of octahedral
crystals with an average particle size of 107.3 ± 13.7 μm
(Figure 3a−d). In parallel, increasing the DMF amount in the
reaction mixture to 90% leads to anisotropic growth of the
elongated square-bipyramidal crystals of IRH-2-ESBP with an
average particle size of 198.9 ± 20.6 μm, as shown in Figure 4.
This variation can be explained by the preferential nucleation
of the crystals along the c-axis due to the abundant presence of
DMF molecules in the reaction medium.

Figure 3. (a,c) SEM micrographs, (b) crystal size distribution, and (d) illustration of the octahedral shape of IRH-2-O.

Figure 4. (a,c) SEM micrographs, (b) crystal size distribution, and (d) illustration of the octahedral shape of IRH-2-ESBP.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05385
ACS Omega 2023, 8, 43708−43718

43711

https://pubs.acs.org/doi/10.1021/acsomega.3c05385?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05385?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05385?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05385?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05385?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05385?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05385?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05385?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The final morphology of MOF crystals is influenced by
various parameters related to the synthesis process such as the
compatibility and geometry of precursor blocks (ligands and
metal ions), as well as the kinetics and thermodynamics
controlling the coordination bond formation.62 These factors
are closely related to several parameters, such as the pH, the
temperature, the composition, and the polarity of the reaction
solvent, and act directly on the solubility and the ionic activity
of the organic ligand and of the metal ions in the reaction
medium. The crystal morphology variation of IRH-2 from
octahedral crystals to elongated square-bipyramidal ones can
be related to the synthesis conditions change, especially the
impact of the solvent composition on the ionic activity of
organic linkers and metallic ions. Adding more amount of
water increased the solvent polarity and the solubility of
potassium cyamelurate, which led to the Kirkendall effect,63 for
which the diffusion rates of the ions increased within the
growing structure layers during the crystallization process and
changed the growth rates of different crystallographic facets.
These results show the dependence of the crystal morphology
on the reaction conditions.
SEM and EDX mapping give a view of crystal forms versus

chemical composition. Figures S1 and S2 show that both forms
have different crystal shapes, therefore they exhibit almost the
same EDX surface composition. Such a result confirms that
both crystal forms have the same elementary composition.
From Figures 3, 4, S1, and S2, we note that the IRH-2-ESBP
crystal size is practically double that of IRH-2-O due to the
growth of an extra cuboid between the two pyramidal tops for
IRH-2-ESBP crystals, which highlighted the preferential crystal
growth along the c-axis and leads to cuboid formation between
the two pyramids of the octahedron and elongated the crystal
size. Figures S3−S6 show synthesized PANI fibers at different
magnifications and confirm the desired composite formation.
For IRH-2-O//PANI and IRH-2-ESBP//PANI composites,
we note that MOF crystals lose their morphology. Also, we
note that cerium metal atoms are not detected in the EDX
mapping. Probably, the PANI fibers cover the hole external
surface of the MOFs, and the thickness is enough to prevent
the signal of cerium metal in EDX. From this point, we think
that the pores of the MOF tunnels are blocked, and this can
affect their electrochemical performance.

FTIR. Figure 5a shows the FTIR spectra of pure PANI, IRH-
2-O, and IRH-2-ESBP and of IRH-2-O//PANI and IRH-2-
ESBP//PANI composites. The characteristic bands of PANI
functional groups located at 1508, 1624, 1350, 1190, and 828
cm−1 agree with the emeraldine form. The characteristic bands
at 1508 and 1624 cm−1 are assigned to the C−C stretching
vibration of quinoid rings and benzene rings, while other
bonds at 1350, 1190, and 828 cm−1 correspond to the C−N
and C−N+ stretching vibration modes and the C−H bending
mode of the benzene ring, the C−H bending mode of the
quinoid ring, and the C−H out-of-plane bending vibration of
the 1,4-disubstituted aromatic rings, respectively. In the 3400−
2500 cm−1 range of the IR spectrum of PANI, we can observe
the vibrational bands of N−H groups.57,58,64 FTIR spectra of
IRH-2-O and IRH-2-ESBP are identical to the published ones
with no differences, which confirms the obtention of the
desired IRH-2 structure.52 In the IR spectra of IRH-2-O//
PANI and IRH-2-ESBP//PANI composites, we can see the
fingerprints of IRH-2 MOF and PANI; also a new band
appeared at 935 cm−1 which could be assigned to the band
between PANI and IRH-2. The presence of PANI in the
composites is confirmed by the appearance of its characteristic
band, especially the band at 828 cm−1 appeared at 830 cm−1

and also the band at 2030 cm−1 appeared at 2020 cm−1 in the
composite’s IR spectra. In general, we note a shift of all bands
in the PANI fingerprint and IRH-2’s fingerprints. The shift of
these bands could be explained by the formation of hydrogen
bonds between coordinated water molecules of IRH-2 and the
polymeric chains of PANI, as suggested by Shao et al.64 In fact,
these interactions could result in the confinement of PANI
chains in the IRH-2’s pores during the in situ polymerization
process, which restricts the vibration modes of the character-
istic bands of PANI functional groups, pushing these vibration
frequencies to a relatively less wavenumber.
UV−Vis Spectroscopy. The UV−vis absorption spectra

shown in Figure 5b of PANI, IRH-2-O, IRH-2-ESBP, and the
two composites were performed in NMP. As expected, IRH-2-
O and IRH-2-ESBP did not show any absorption band in the
visible region. The characteristic bands of pure PANI are
observed at 340 and 632 nm, which could be attributed to the
π−π* and polaron−π* transitions in quinoid and benzoid
units of polyaniline, respectively. These values are in good

Figure 5. FTIR (a) and UV−vis (b) spectra of PANI, IRH-2-ESBP, IRH-2-O, IRH-2-ESBP/PANI, and IRH-2-O/PANI.
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agreement with the literature.65−67 The characteristic bands of
PANI are also observed in the spectra of IRH-2//PANI
composites, which confirm the formation of IRH-2-O//PANI
and IRH-2-ESBP//PANI composites. Moreover, we observed
blue shifts of the absorption bands in the composite spectra,
and such shifts can be assigned to the intermolecular
interactions of the PANI within the functional group of

IRH-2 MOFs. FTIR and UV−vis results confirmed the
probability of getting the desired composites.64,68,69

Electrochemical Performance. To estimate the electro-
chemical behavior of the prepared electrode materials, cyclic
voltammograms were collected at various scan rates ranging
from 5 mV·s−1 up to 100 mV·s−1 with a cell voltage equal to
1.8 V for IRH-2-O and IRH-2-ESBP, 1.8 V for the PANI

Figure 6. Voltammograms of (a) IRH-2-O, (b) IRH-2-ESBP, (c) PANI, (d) IRH-2-O/PANI, and (e) IRH-ESBP/PANI. (f) TGA curves of IRH-2-
O and IRH-2-ESBP.
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sample, and 1.95 V for IRH-2-O//PANI and IRH-2-ESBP//
PANI (Figure 6). All compounds except PANI were tested
from 6000 to 20 000 separated cycles until the specific
capacitance decreased. As shown in Figure 6a,b, we notice that
both MOFs have pseudocapacitive behavior with a quasi-
reversible voltammogram shape of two high oxidation peaks at
ca. −0.7 and −0.45 V vs Ag/AgCl and two reduction peaks at
ca. −0.86 V vs and −1.1 V vs Ag/AgCl. This pseudocapacitive
behavior can be related to the oxidoreduction exchanges of
electrolyte anions and the open metal sites formed within the
porous frameworks.70−72

The reticular series of IRH materials previously were
characterized as microporous MOFs by Mohan et al.52 In
this study, the specific surface area of the cerium-based IRH-2
reached 594.5 m2·g−1, indicating a significant accessible surface
area available for various interactions; the effective pore size
aperture was calculated to be around 4.19 Å, and the total pore
volume was about 0.14 cm3·g−1 which emphasize the presence
of narrow channels within the material. These microporous
features of IRH-2 offer several advantages; first, it enables the
efficient insertion of electrolyte ions into the framework,
facilitating their interaction with the internal surfaces. Second,
it allows close contact of these ions with the exposed open
metal sites within the material. This combination of features
particularly enhance the electrochemical interactions between
the framework and the electrolyte. As suggested by

Ramachandran et al.,51 cerium ions can react with OH−

anions, which can reach the accessible pores following eqs 1
and 2. Nevertheless, we notice a quadratic shape of the
voltammograms of the IRH-2 MOFs and their PANI
composites in the range of −0.4 to 0.5 V, which indicates a
capacitive behavior due to the insertion of the electrolyte ions
through the tunnels of IRH-2 and the formation of a
Helmholtz double layer with the walls of the MOF tunnels.73,74

The nitrogen-rich surface of framework walls reinforced their
electrostatic interactions with electrolyte ions, which form an
electric double-layer exchange phenomenon.75,76 Compared to
IRH-2-O and IRH-2-O//PANI, this phenomenon is more
apparent in IRH-2-ESBP and IRH-2-ESBP//PANI voltammo-
grams. The anisotropic crystal growth of IRH-2-ESBP leads to
a higher contact of external crystal facets compared to the
isotropic crystal growth of IRH-2-O that leads to a lower
contact of external crystal facets, which enhances the density of
open metal sites and exposed nitrogen sites in curvature and
crystal facets, as well as surface charge and energy, and foster
the electrochemical interactions with the electrolyte Ions.
From the voltammograms shown in Figure 6d,e, we conclude
that IRH-2-O//PANI and IRH-2-ESBP//PANI electrodes
show practically the same electrochemical behavior of pure
IRH-2-O and IRH-2-ESBP, respectively, except for the
presence of the PANI oxidation peak in the case of IRH-2-O
curves.

Figure 7. (a) Specific capacity, (b) capacity retention, and (c) cyclability of IRH-2-O, IRH-2-ESBP, IRH-2-O/PANI, and IRH-EO/PANI. (d) EIS
of IRH-2-O and IRH-2-ESBP.
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+ +Ce(II) OH Ce(II) (OH) es s ad (2)

+Ce(II) (OH) Ce(III) (OH) es ad s ad (3)

The five samples were tested at different scan rates from 5 to
100 mV·s−1 to study the electrochemical kinetics at high scan
rates, in addition to the feasibility of electrolyte ions’ insertion
at different scan rates. From Figure 7a, we conclude that as the
slew rate decreases the electrolyte ions have a greater chance of
diffusing into the structure of the electrode material, resulting
in more ion storage on the outer surface of the electrode
material. Thus, at a low scan rate, in addition to the external
pores, the internal pores are also involved, and the specific
surface area increases; thus, the charge storage and specific
capacity are improved.
All maximum specific capacitances were calculated from CV

curves to be 125.57 F·g−1 for IRH-2-ESBP versus 43.1 F·g−1 for
IRH-2-O at 5 mV·s−1. This behavior can be explained by the
difference in morphology between IRH-2-O and IRH-2-ESBP
crystals which is characterized by the multiplicity of metallic
cerium nodes and the density of nitrogen active sites on the
exposed facets of crystals in the case of IRH-2-ESBP. Both
forms of IRH-2 drastically lose their high capacitance when
combined with PANI because of their framework’s instability
in the acidic media of PANI composites synthesis and because
of the narrow pore apertures (Figures S5 and S6a). Despite the
low PANI quantity that we used for 60:1 (MOF/PANI), the
pores are probably blocked and prevent the electrolyte ions
from logging into the framework. Instead of that, the
electroactive domain becomes larger compared with pure
PANI and pure MOFs, and the capacitance was also
maintained when recycled at 50 mV·s−1. In the case of IRH-
2-ESBP, we note that the capacitance increases progressively
after the first 1000 cycles until reaching the maximum capacity
retention of 136% (Figure 7b,c). As explicated by Sankar et
al.,77 when the cycling process starts, the electrode does not
entirely contribute to the process because the electrolyte ions
do not reach the kernel of the MOF crystals. After a few cycles,
the electrolyte ions penetrate the structure, and the metal-
coordinated water molecules in the frameworks (Figure 1) are
released continuously causing its collapse which justifies the
specific capacitance decrease after 8k cycles. Sankar et al. also
suggested another possibility, expecting solvent exchange to
not occur entirely and some residual solvent remaining in the
pores, as shown in TGA curves (Figure 6f), and starting to
leave out after certain electrochemical exchanges. IRH-2-O
reacted to the cyclization in the same way, but it is noted that
after reaching the maximum of 108%, its capacity retention was
drastically decreased, which reflects the structure frailness of
IRH-2-O compared to IRH-2-ESBP which maintained 118% of
its specific capacity after 16k cycles. The IRH-2-ESBP/PANI
composite responded differently from the IRH-2-ESBP; after
the drop in the specific capacity retention percentage
compared with the first 1000 cycles, the value remains stable
at around 80% until 16k cycles and then starts to decrease to
reach 65% at 20k. After the cyclization process, PXRD analyses
were carried out, as illustrated in Figure S7. These PXRD
patterns provide valuable insights into the structural character-
istics of the materials after cyclization. The PXRD patterns
clearly demonstrate that the characteristic peaks of IRH-2 are
still present after cyclization. This retention of IRH-2’s
characteristic peaks indicates that the IRH-2 MOFs maintain
their structural stability even after undergoing cyclization. This

stability is a noteworthy finding, as it suggests that the essential
structural features of IRH-2 are preserved throughout the
process. It is also worth noting that the patterns of IRH-2-O
and IRH-2-ESBP were likely analyzed to compare any
differences or modifications in their PXRD profiles after the
cyclization process. These findings are valuable in assessing
how various treatments or modifications may impact the
structural integrity of the MOFs. Overall, the PXRD analyses
provide crucial evidence of the stability of IRH-2 MOFs
following cyclization and offer insights into their structural
characteristics.
To evaluate the charge-transfer phenomenon based on the

concept of frequency in a detailed manner, an electrochemical
impedance spectroscopy (EIS) investigation was performed at
the frequency of 100 kHz to 1 MHz. Figure 7d illustrates two
EIS curves of IRH-2-O and IRH-2-ESBP with typical look of a
pseudocapacitive material.51,78 As expected, the faradic
behavior of IRH-2-O and IRH-2-ESBP was depicted by the
presence of a semiarc at low frequencies. The imaginary part of
the plot increases vertically in the high frequency range, which
highlights the good capacitive performance of both the
electrodes and further shows the improvement noted after
the use of the porous frameworks in the presence of PANI.
Surface chemical compositions and valence states of IRH-2-

O and IRH-2-ESBP were extensively probed using X-ray
photoelectron spectroscopy (XPS). Survey spectra in Figure S9
unequivocally confirm the presence of carbon, oxygen,
nitrogen, and cerium, integral components of these materials’
composition. Notably, the Ce 3d XPS spectra in Figure S9b
unambiguously reveal the coexistence of Ce3+ and Ce4+ within
the samples, as manifested by characteristic peaks at
approximately 885 and 900 eV for Ce3+ and at 882, 898,
903, and 916 eV for Ce4+.79 These findings strongly reinforce
our proposition that the surface of the material is the site of the
reaction, underscoring the pivotal role played by different
cerium valence states. This insight significantly advances our
comprehension of the materials surface chemistry and our
desired application.

■ CONCLUSIONS
In summary, we successfully synthesized two different crystal
forms of cerium-based MOFs denoted IRH-2-O and IRH-2-
ESBP comprising octahedral and elongated square-bipyramidal
crystals, respectively. SCXRD and PXRD analyses showed an
identical crystal structure and composition for both MOFs.
The anisotropic crystal growth of these materials was
highlighted by SEM and EDX mapping analyses, the difference
in their synthesis conditions leading to an isotropic growth of a
homogeneous phase of octahedral crystals for IRH-2-O with an
average particle size of 107.3 μm and an anisotropic growth of
the elongated square- bipyramidal crystals for IRH-2-ESBP
with an average particle size of 198.9 μm. We demonstrated
the significant effect of the tunable anisotropic crystal shapes of
IRH-2 to enhance the density of open cerium sites and
nitrogen-active sites on the exposed crystal facets and improve
the electrochemical performances of IRH-2 as a supercapacitor
electrode. The specific capacitance of IRH-2-ESBP reaches
125.57 F·g−1 compared to 43.1 F·g−1 for IRH-2-O at 5 mV·s−1.
IRH-2-ESBP shows very high stability reaching 20 000 cycles
compared to IRH-2-O with 8k cycles. The composite with
PANI contributed to increasing the cell voltage up to 1.95, but
a decrease in the electrochemical performance was observed
for all IRH-2/PANI composites and has been explained by the
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instability of IRH-2 in the acidic conditions of composite
synthesis.
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