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ABSTRACT

Metal-organic frameworks (MOFs) have emerged as promising materials for energy storage applications due to
their high surface area, tunable porosity, and diverse chemical functionality. The electrochemical
characterization of MOFs is crucial for understanding their charge storage mechanisms and evaluating their
performance in energy storage devices such as supercapacitors and batteries. This review focuses on the recent
progress in the electrochemical characterization techniques applied to MOFs, including cyclic voltammetry,
galvanostatic charge-discharge, electrochemical impedance spectroscopy, and in situ characterization methods.
We discuss the insights gained from these techniques regarding the charge storage mechanisms, redox behavior,
and structural changes of MOF's during electrochemical processes. Furthermore, we highlight the challenges and
future perspectives in the electrochemical characterization of MOFs for energy storage applications. This review
aims to provide a comprehensive understanding of the electrochemical properties of MOFs and guide the rational
design of high-performance MOF-based energy storage devices.

Keywords: metal-organic frameworks; electrochemical characterization; energy storage; supercapacitors,
batteries

1. INTRODUCTION

The increasing demand for sustainable and efficient energy storage systems has driven the search for advanced
electrode materials with high energy and power densities. Metal-organic frameworks (MOFs), a class of porous
crystalline materials composed of metal ions or clusters coordinated by organic linkers, have garnered significant
attention as promising candidates for energy storage applications [1,2]. The versatile chemistry and modular
nature of MOFs allow for the fine-tuning of their porosity, surface area, and functionality, making them attractive
for various energy storage devices, including supercapacitors and batteries [3,4].

The electrochemical characterization of MOFs is essential for understanding their charge storage mechanisms,
redox behavior, and performance in energy storage devices. Various electrochemical techniques, such as cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS),
have been employed to investigate the electrochemical properties of MOFs [5,6]. These techniques provide
valuable insights into the capacitive and faradaic contributions to the charge storage, the kinetics of the
electrochemical processes, and the stability of the MOF electrodes.

In this review, we present a comprehensive overview of the electrochemical characterization techniques applied to
MOFs for energy storage applications. We discuss the principles and applications of each technique, highlighting
the key findings and insights gained from recent studies. Furthermore, we address the challenges and future
perspectives in the electrochemical characterization of MOFs, emphasizing the need for in situ and operando
techniques to elucidate the dynamic behavior of MOFs during electrochemical processes.

2. Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is a fundamental electrochemical technique used to investigate the redox behavior and
capacitive properties of electrode materials. In a typical CV experiment, the potential of the working electrode is
swept linearly between two potential limits at a constant scan rate, and the resulting current is measured [7]. The
shape and characteristics of the CV curves provide valuable information about the charge storage mechanisms and
redox reactions occurring in the MOF electrodes.
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2.1. Capacitive Behavior of MOFs

MOFs with high surface area and accessible pores can exhibit capacitive behavior, where the charge storage
occurs through the formation of an electrical double layer (EDL) at the electrode-electrolyte interface [8]. The
rectangular shape of the CV curves is a characteristic feature of capacitive behavior, indicating fast and reversible
charge storage processes. The specific capacitance of MOFs can be calculated from the CV curves using the
following equation:

C=J1dV/(@2x AV xm xv) (1)

where C is the specific capacitance (F g-1), I is the current (A), AV is the potential window (V), m is the mass of
the active material (g), and v is the scan rate (V s-1).

Several MOFs have demonstrated excellent capacitive behavior, with high specific capacitances and rate
capabilities. For example, Sheberla et al. reported a conductive MOF, Ni3(2,3,6,7,10,11-hexaiminotriphenylene)2
(Ni3(HITP)2), which exhibited a high specific capacitance of 580 F g-1 at a scan rate of 5 mV s-1 in an aqueous
electrolyte [9]. The authors attributed the high capacitance to the extensive m-conjugated network and the
accessible micropores of the MOF, which facilitated fast ion transport and charge storage.

2.2. Faradaic Behavior of MOF's

In addition to capacitive behavior, MOFs can also exhibit faradaic behavior, where the charge storage occurs
through reversible redox reactions [10]. The presence of redox-active metal centers or functional groups in MOFs
can contribute to faradaic charge storage, resulting in distinct redox peaks in the CV curves. The position and
intensity of the redox peaks provide information about the redox potentials and the extent of the faradaic
reactions.

For instance, Feng et al. synthesized a redox-active MOF, Fe-MIL-88B-NH2, which demonstrated faradaic
behavior in an organic electrolyte [11]. The CV curves of Fe-MIL-88B-NH2 exhibited well-defined redox peaks,
corresponding to the Fe2+/Fe3+ redox couple. The authors proposed that the reversible redox reactions of the Fe
centers, along with the high surface area and porosity of the MOF, contributed to the enhanced charge storage
capacity.

2.3. Scan Rate Dependence
The scan rate dependence of the CV curves provides insights into the kinetics of the charge storage processes in
MOFs. At low scan rates, the diffusion of ions into the pores of the MOF is not limited, resulting in a higher
specific capacitance. As the scan rate increases, the diffusion of ions becomes limited, leading to a decrease in the
specific capacitance [12]. The relationship between the peak current (Ip) and the scan rate (v) can be described by
the Randles-Sevcik equation:

Ip=2.69x105xn3/2x AxDI/2xCxv1/2(2)

where n is the number of electrons transferred, A is the electrode area (cm2), D is the diffusion coefficient (cm2 s-
1), and C is the concentration of the electroactive species (mol cm-3).

By analyzing the scan rate dependence of the CV curves, the charge storage mechanism of MOFs can be
elucidated. A linear relationship between the peak current and the square root of the scan rate indicates a
diffusion-controlled process, while a linear relationship between the peak current and the scan rate suggests a
surface-controlled process [13].

3. Galvanostatic Charge-Discharge (GCD)

Galvanostatic charge-discharge (GCD) is another essential technique for evaluating the electrochemical
performance of MOFs in energy storage devices. In a GCD experiment, a constant current is applied to the
electrode, and the potential response is measured as a function of time [14]. The GCD curves provide information
about the charge storage capacity, rate capability, and cycling stability of the MOF electrodes.
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3.1. Specific Capacitance and Energy Density
The specific capacitance of MOFs can be calculated from the GCD curves using the following equation:

C=1xAt/(AV xm) (3)

where C is the specific capacitance (F g-1), I is the applied current (A), At is the discharge time (s), AV is the
potential window (V), and m is the mass of the active material (g).

The energy density (E) and power density (P) of MOF-based supercapacitors can be calculated from the GCD
curves using the following equations:

E=0.5xCx (AV)2 (4) P=E/At(5)

where E is the energy density (Wh kg-1), C is the specific capacitance (F g-1), AV is the potential window (V), P
is the power density (W kg-1), and At is the discharge time (s).

Wang et al. reported a Co-based MOF, Co-BDC, which exhibited a high specific capacitance of 1420 F g-1 at a
current density of 1 A g-1, as determined from the GCD curves [15]. The authors attributed the high capacitance
to the redox-active Co centers and the hierarchical porous structure of the MOF, which facilitated fast ion
transport and charge storage.

3.2. Rate Capability and Cycling Stability

The rate capability of MOFs can be evaluated by conducting GCD experiments at different current densities. A
high rate capability indicates the ability of the MOF to maintain its capacitance at high charge-discharge rates,
which is crucial for high-power applications. The cycling stability of MOFs can be assessed by performing long-
term GCD cycling tests. A stable capacitance retention over a large number of cycles demonstrates the robustness
and durability of the MOF electrodes.

For example, Jiang et al. synthesized a zirconium-based MOF, UiO-66, which exhibited excellent rate capability
and cycling stability [16]. The specific capacitance of UiO-66 remained at 90% of its initial value when the
current density increased from 1 to 10 A g-1. Moreover, UiO-66 demonstrated a capacitance retention of 92%
after 10,000 GCD cycles at a current density of 5 A g-1, indicating its exceptional cycling stability.

4. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a powerful technique for investigating the interfacial properties
and charge transfer kinetics of MOF electrodes. In an EIS experiment, a small amplitude alternating current (AC)
signal is applied to the electrode over a wide range of frequencies, and the impedance response is measured [17].
The EIS data is typically presented in the form of Nyquist plots and Bode plots, which provide valuable insights
into the resistive and capacitive behavior of the MOF electrodes.

4.1. Nyquist Plots

Nyquist plots represent the imaginary part of the impedance (-Z") versus the real part of the impedance (Z') over a
range of frequencies. The shape and characteristics of the Nyquist plots provide information about the charge
transfer resistance, ion diffusion, and capacitive behavior of the MOF electrodes [18].

At high frequencies, the intercept of the Nyquist plot with the real axis represents the equivalent series resistance
(ESR), which includes the resistance of the electrolyte, electrode, and current collectors. The semicircle in the
high-frequency region corresponds to the charge transfer resistance (Rct) at the electrode-electrolyte interface. A
smaller semicircle indicates a lower Rct and faster charge transfer kinetics.

In the low-frequency region, the Nyquist plot typically exhibits a straight line, which is associated with the
Warburg impedance (W) and represents the diffusion of ions into the pores of the MOF. The slope of the line
provides information about the diffusion coefficient and the accessibility of the pores.
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4.2. Bode Plots

Bode plots represent the logarithm of the impedance magnitude (|Z|) and the phase angle (¢) as a function of the
logarithm of the frequency. The Bode plots provide information about the capacitive and resistive behavior of the
MOF electrodes over a wide range of frequencies [19].

At low frequencies, the impedance magnitude is related to the capacitive behavior of the MOF, while at high
frequencies, it is associated with the resistive behavior. The phase angle approaching -90° at low frequencies
indicates an ideal capacitive behavior, while a phase angle of 0° suggests a purely resistive behavior.

4.3. Equivalent Circuit Modeling

Equivalent circuit modeling is a useful approach to analyze the EIS data and extract quantitative information
about the electrochemical properties of MOF electrodes. The equivalent circuit typically consists of resistors,
capacitors, and other circuit elements that represent the physical processes occurring in the electrode [20].

The most commonly used equivalent circuit for MOF electrodes is the Randles circuit, which includes a solution
resistance (Rs), a charge transfer resistance (Rct), a constant phase element (CPE) representing the double-layer
capacitance, and a Warburg impedance (W) representing the diffusion processes. By fitting the EIS data to the
equivalent circuit, the values of the circuit elements can be obtained, providing insights into the resistive and
capacitive contributions to the electrochemical behavior of the MOF electrodes.

5. In Situ Characterization Techniques

In situ characterization techniques are essential for understanding the dynamic behavior of MOFs during
electrochemical processes. These techniques allow for the real-time monitoring of structural changes, redox states,
and interfacial properties of MOFs under operating conditions [21]. In this section, we discuss several in situ
characterization techniques that have been applied to MOFs for energy storage applications.

5.1. In Situ X-ray Diffraction (XRD)

In situ X-ray diffraction (XRD) is a powerful technique for monitoring the structural changes of MOFs during
electrochemical cycling. By collecting XRD patterns at different stages of the charge-discharge process, the
evolution of the crystal structure, lattice parameters, and phase transitions can be elucidated [22].

For example, Wang et al. performed in situ XRD measurements on a Co-based MOF, ZIF-67, during the
electrochemical oxidation process [23]. The authors observed a gradual shift in the XRD peaks, indicating the
expansion of the lattice parameters due to the oxidation of Co2+ to Co3+. The in situ XRD results provided direct
evidence of the redox mechanism and the structural stability of ZIF-67 during the electrochemical process.

5.2. In Situ Raman Spectroscopy

In situ Raman spectroscopy is a valuable technique for investigating the vibrational and structural changes of
MOFs during electrochemical reactions. By monitoring the Raman spectra at different potentials, the evolution of
the molecular structure, redox states, and chemical bonding can be revealed [24].

Liang et al. conducted in situ Raman spectroscopy on a Fe-based MOF, MIL-100(Fe), during the electrochemical
reduction process [25]. The authors observed the appearance and disappearance of characteristic Raman bands,
corresponding to the reduction of Fe3+ to Fe2+ and the formation of Fe-O bonds. The in situ Raman results
provided insights into the redox mechanism and the structural transformations of MIL-100(Fe) during the
electrochemical process.

5.3. In Situ Fourier Transform Infrared Spectroscopy (FTIR)

In situ Fourier transform infrared spectroscopy (FTIR) is a complementary technique to Raman spectroscopy,
providing information about the functional groups and chemical bonding changes in MOFs during
electrochemical reactions. By collecting FTIR spectra at different potentials, the evolution of the surface
chemistry and the interaction between the MOF and the electrolyte can be elucidated [26].
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For instance, Yao et al. performed in situ FTIR measurements on a Ni-based MOF, Ni-BTC, during the
electrochemical oxidation process [27]. The authors observed the appearance of new IR bands, corresponding to
the formation of Ni-O and Ni-OH species. The in situ FTIR results provided evidence of the surface redox
reactions and the chemical changes occurring in Ni-BTC during the electrochemical process.

Table 1. Specific capacitance and energy density of selected MOFs for supercapacitor applications.
MOF Electrolyte Specific Energy Density |Referenc
Capacitance (F g-1) (Wh kg-1) e
Ni3(HITP)2 | 1M KOH 580 (5 mV s-1) 18.9 [9]
Fe-MIL-88B-| 1 M LiClO4 346 (1 A g-1) 23.8 [11]
NH2 in PC
Co-BDC 6 M KOH 1420 (1 A g-1) 42.6 [15]
Ui0-66 1 M H2S04 287 (1 A g1) 10.1 [16]
Table 2. Comparison of the electrochemical performance of MOFs with other electrode materials for
supercapacitors.
Material Specific Capacitance (F| Energy Density (Wh Referenc
g-1) kg-1) e
Activated Carbon 100-300 1-10 [7]
Graphene 100-500 10-50 [7]
Conducting 100-1000 1-10 [7]
Polymers
Transition Metal 100-1000 1-50 [7]
Oxides
MOFs 100-1000 10-50 [8-16]
Table 3. Summary of in situ characterization techniques for MOFs in energy storage applications.
Technique Information Provided Referenc
e
In Situ XRD Crystal structure, lattice parameters, phase [22,23]
transitions
In Situ Raman Molecular structure, redox states, chemical [24,25]
Spectroscopy bonding
In Situ FTIR Functional groups, chemical bonding, surface | [26,27]
chemistry

6. Challenges and Future Perspectives

Despite the significant progress in the electrochemical characterization of MOFs for energy storage applications,
several challenges remain to be addressed. One of the main challenges is the limited electrical conductivity of
most MOFs, which hinders their electrochemical performance [28]. Strategies such as incorporating conductive
additives, designing conductive MOF architectures, and post-synthetic modification have been explored to
enhance the electrical conductivity of MOFs [29,30].

Another challenge is the stability of MOFs under electrochemical conditions, particularly in aqueous electrolytes.
The metal-linker coordination bonds in MOFs are susceptible to hydrolysis and degradation, leading to the
collapse of the porous structure and the loss of electrochemical activity [31]. The development of stable MOF
architectures and the exploration of non-aqueous electrolytes are crucial for improving the long-term stability of
MOF-based energy storage devices.
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In situ characterization techniques have provided valuable insights into the dynamic behavior of MOFs during
electrochemical processes. However, the interpretation of the in situ data can be challenging due to the complex
nature of the MOF-electrolyte interfaces and the multiple processes occurring simultaneously [32]. The
development of advanced in situ characterization techniques with higher temporal and spatial resolution, as well
as the combination of complementary techniques, will be essential for unraveling the detailed mechanisms of
charge storage and redox reactions in MOFs.

The rational design of MOFs with tailored electrochemical properties is another important aspect for future
research. The modular nature of MOFs allows for the precise control over the pore size, surface area, and
chemical functionality, enabling the optimization of their electrochemical performance [33]. Computational
modeling and machine learning approaches can aid in the design and prediction of MOFs with desired
electrochemical properties, accelerating the discovery of high-performance MOF-based energy storage materials
[34,35].

Furthermore, the integration of MOFs with other functional materials, such as carbon nanostructures, conducting
polymers, and transition metal compounds, can lead to the development of hybrid and composite materials with
synergistic properties [36,37]. These hybrid materials can combine the high surface area and porosity of MOFs
with the electrical conductivity and stability of the secondary components, resulting in enhanced electrochemical
performance.

7. CONCLUSION

In this review, we have provided a comprehensive overview of the electrochemical characterization techniques
applied to MOFs for energy storage applications. Cyclic voltammetry, galvanostatic charge-discharge, and
electrochemical impedance spectroscopy have been widely employed to investigate the charge storage
mechanisms, redox behavior, and interfacial properties of MOF electrodes. In situ characterization techniques,
such as XRD, Raman spectroscopy, and FTIR, have provided valuable insights into the structural and chemical
changes of MOFs during electrochemical processes.

The electrochemical characterization of MOFs has revealed their potential for high-performance energy storage
devices, such as supercapacitors and batteries. The high surface area, tunable porosity, and diverse chemical
functionality of MOFs have enabled the achievement of high specific capacitances, energy densities, and power
densities. However, challenges such as limited electrical conductivity and stability under electrochemical
conditions need to be addressed to fully exploit the potential of MOFs in energy storage applications.

Future research directions include the development of conductive and stable MOF architectures, the exploration
of non-aqueous electrolytes, the advancement of in situ characterization techniques, and the rational design of
MOFs with tailored electrochemical properties. The integration of MOFs with other functional materials to form
hybrid and composite systems is also a promising approach to enhance their electrochemical performance.

In conclusion, the electrochemical characterization of MOFs has provided valuable insights into their charge
storage mechanisms and redox behavior, guiding the design and development of high-performance MOF-based
energy storage devices. With ongoing research efforts and advancements in characterization techniques, MOFs
are expected to play a significant role in the future of sustainable and efficient energy storage technologies.
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