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Abstract: Ni- and Fe-based metal-organic frameworks (NiFe-MOFs) have abundant valence states and
have the potential to be used as bifunctional electrode materials. However, unannealed NiFe-MOFs
are still not widely used in electrode materials, including electrochemical sensing, supercapacitors,
and overall water splitting. In addition, the direct growth of active material on a conductive carrier
has been developed as a binder-free strategy for electrode preparation. This strategy avoids the use
of insulating binders and additional electrode treatments, simplifies the preparation process of the
NiFe-MOFs, and improves the conductivity and mechanical stability of the electrode. Therefore, in
this study, we employed a simple solvothermal method combined with an in situ growth technique
to directly grow NiFe-MOF-X (X = 4, 8, 12) nanomaterials of different sizes and morphologies on
nickel foam at low reaction temperatures and different reaction times. The NiFe-MOF-8 electrode
exhibited high capacitive properties, with an area-specific capacitance of 5964 mF cm−2 at 2 mA cm−2

and excellent durability. On the other hand, NiFe-MOF-12 exhibited strong catalytic activity in
electrocatalytic tests performed in a 1 M KOH aqueous solution, demonstrating hydrogen evolution
reaction (η10 = 150 mV) and oxygen evolution reaction (η50 = 362 mV) activities. The electrochemical
sensing tests demonstrated a good response to BPA. Overall, our results suggest that the direct growth
of NiFe-MOFs on nickel foam using a simple solvothermal method combined with an in situ growth
technique is a promising strategy.

Keywords: NiFe-MOFs; self-supporting; electrochemical active sites; supercapacitor; overall
water splitting

1. Introduction

Environmental protection has led to the increasing global demand for green-efficient
energy, and economically sustainable energy sources have become an important object
of exploration and research [1–3]. Renewable energy sources, such as wind, solar, and
tidal energy, are considered to be an effective solution to the fossil fuel crisis and the
greenhouse effect [4,5]. However, their intermittent usage makes them require reliable
electrochemical devices for practical application. The development of conversion and
energy storage devices, such as water electrolysis devices and supercapacitors (SCs), is
particularly important [6,7]. Among the many electrochemical energy storage devices,
supercapacitors have shown great potential as a new and superior energy storage device
due to their extraordinary power density, long-lasting cycle protection, and their ability
to act as a bridge between conventional supercapacitors and lithium-ion batteries [8].
However, their low energy density limits the large-scale application of supercapacitors.

Meanwhile, electrochemical water splitting is a simple technology for the production
of high-purity hydrogen and is considered one of the most promising production methods
for sustainable hydrogen production [9]. Both half-reactions of the processes of OER and
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HER are limited by the high reaction energy barrier and the large overpotential caused
by the slow reaction kinetics of the electrocatalytic process [10]. More efficient catalysts
can reduce the reaction onset potential and overpotential, which, in turn, increases the
energy conversion efficiency of water electrolysis [11]. Currently, noble metal-based ma-
terials are the preferred active catalysts [12,13], but their expensive cost and rarity have
prevented their industrial breakthrough. Additionally, electrochemical sensing is a promis-
ing monitoring method due to its fast response, high sensitivity, and low cost. However,
the performance of electrochemical sensors or supercapacitors and electrochemical water
splitting is largely determined by the active materials, especially those with high activity
and low-cost electrode materials [14–16]. Metal-organic frameworks (MOFs) [17], con-
sisting of organic ligands and metal ions, have numerous redox active sites [18]. Among
them, Ni-, Co-, and Fe-based MOFs with d-band electrons, which have high corrosion
resistance and abundant valence changes, thus have the potential to be a bifunctional
electrode material [19]. However, MOFs prepared without further annealing treatment are
still not widely used as electrode materials, including electrochemical sensing, SCs, and
water electrolysis [20].

In addition, the direct growth of active materials on conductive carriers has been
developed as a binder-free strategy in electrode preparation, where the synthesis and
loading of active materials and their construction on collectors (conductive carriers) are
carried out simultaneously in a single process without involving insulating binders and
additional electrode processing [21–23]. This not only simplifies the preparation of elec-
trodes for MOFs but also electrode conductivity and mechanical stability are improved. In
this study, NiFe-MOF-X (X = 4, 8, and 12) of different sizes and morphologies that were
grown on nickel foam were synthesized by a simple solvothermal method at lower reaction
temperatures and different reaction times. The self-supported NiFe-MOF-8 samples show
high capacitive properties with an area-specific capacitance of 5964 mF cm−2 at 2 mA cm−2

and stable durability. In contrast, NiFe-MOF-12 exhibited strong catalytic activity in elec-
trocatalytic tests performed in a 1 M KOH aqueous solution (HER (η10 = 150 mV) and OER
(η50 = 362 mV)).

2. Experimental Section
2.1. Experimental Medicines

Nickel (II) nitrate hexahydrate, iron (III) chloride hexahydrate (FeCl3·H2O), N, N-
dimethylacetamide (DMA), potassium hydroxide (KOH) and anhydrous ethanol, tereph-
thalic acid (PTA).

2.2. Synthesis of NiFe-MOF-X

As shown in Figure 1, 124.6 mg of PTA, 109.05 mg of Ni(NO3)2·6H2O, and 101.36 mg
of FeCl3·6H2O were dissolved in a mixture of 32 mL of DMA and 2 mL of anhydrous
ethanol during the synthesis, which was stirred continuously for 30 min until completely
dispersed. The mixture was then transferred to a hydrothermal reactor, and two pieces
of nickel foam (2 cm × 1 cm) were placed and reacted at 150 ◦C for 4, 8, and 12 h. After
cooling to room temperature, the powder was collected by centrifugation, washed with
water and anhydrous ethanol, and dried overnight at 80 ◦C under a vacuum. The nickel
foam containing the active component was also rinsed several times, then dried and set
aside. To investigate the effect of reaction time on the NiFe bimetallic MOF material, the
reaction time was adjusted to 4, 8, and 12 h. Other conditions were kept constant, and the
products obtained were named NiFe-MOF-X (X = 4, 8, and 12).
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Figure 1. Diagrammatic drawing of synthesis process of NiFe-MOF-X (X = 4, 8, 12).

2.3. Materials Characterization

The surface microstructure of the material was characterized using a GeminiSEM
300 with an accelerating voltage of 5 kV, and elemental distribution maps was obtained for
different reaction times. The chemical bonds and functional groups in the metal-organic
framework were analyzed using Fourier transform infrared spectroscopy (FT-IR, Thermo
Nicolet, NEXUS 670, Singapore). The crystal structure of the material was obtained by
powder XRD (XRD, Bruker, D8-Advance, Billerica, MA, USA) analysis. Raman spectra
were obtained by a confocal laser microprobe (Autosorb-mi-MP, Quantachrome, Boynton
Beach, FL, USA) system to reveal the molecular vibrations of the electrode materials. XPS
(Thermo Fisher Scientific, ESCALAB 250Xi, Waltham, MA, USA) was used to characterize
the elemental composition, chemical valence state, and content.

2.4. Electrochemical Measurements

The electrocatalytic performance was tested using a standard three-electrode system
in 1.0 M KOH electrolyte with a CHI660E electrochemical workstation (CH Instruments,
Inc., Shanghai). During the testing, the synthesized NiFe-MOF-X (X = 4, 8, 12) was used as
the working electrode, a platinum sheet as the counter electrode, and a saturated calomel
electrode as the reference electrode. Prior to the formal testing, multiple cyclic voltammetry
(CV) tests were performed until the curve showed a stable trend. Then, the polarization
curve was recorded using linear sweep voltammetry (LSV) with a scan rate of 2 mV s−1.
The obtained potential in this work can be calibrated to be consistent with the standard
reversible hydrogen electrode (RHE) using the following formula:

ERHE = E(vs SCE) + 0.0591pH + 0.244 (1)

The cyclic stability was tested at multiple current densities of 10, 20, 50, 80, and
100 mA cm−2. The chrono-potential (CP) was used to characterize the stability of the
electrode material in OER and HER at the same current density (10 mA cm−2).

For the full water splitting test, NiFe-MOF-X was separately used as the anode and
cathode to assemble a simple electrochemical water splitting device, and the polarization
curve of LSV was obtained with a scan rate of 2 mV s−1. The cyclic stability of the device
was evaluated by reacting at a current density of 10 mA cm−2 for 12 h.
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3. Results and Discussion
3.1. Conformational Characterization of NiFe-MOF-X

The NiFe-MOF-X was grown directly in situ on nickel foam substrates by a facile and
inexpensive solvothermal method, and it exhibited versatile electrochemical properties.
The SEM images of the NiFe-MOF-X electrode materials synthesized at different reaction
times are shown in Figure 2. Under the same temperature and change in the reaction time,
it can be seen that the morphology of NiFe-MOF grown in situ on nickel foam substrates
was significantly changed. Specifically, when the reaction time is short (4 h), the reaction
may not be complete and sufficient, and NiFe-MOF-4 consists of small particles tightly
clustered together with a rougher surface, as shown in Figure 2a,b. After an extended
reaction time, the NiFe-MOF-8 morphology changes to a melon-like structure and is not as
tightly packed (Figure 2c,d), which is particularly important for faster electrolyte transport
and improved charge storage capacity. After extending the reaction time to 12 h, NiFe-
MOF-12 can be clearly seen in Figure 2e,f as interlocking smooth nanosheet shapes loaded
on a nickel foam substrate and showing ultrathin properties. The large specific surface
area of NiFe-MOF-12 enhances the electrochemical catalytic activity of the material by
providing more open channels and enabling access to the active sites. Furthermore, by
looking at the element mapping images, it can be seen that the four elements, C, O, Fe,
and Ni, are evenly distributed across the electrode material (Figure 2g). Since the directly
grown NiFe bimetallic MOF has strong adhesion to nickel foam, the above interconnected
arrangement and the strong adhesion of the nickel foam substrate can reduce resistance to
charge transfer and ion diffusion during the electrochemical reaction [24–26], promising
good electrochemical properties.
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Figure 2. Morphology characterization: SEM images of (a,b) NiFe-MOF-4; (c,d) NiFe-MOF-8;
(e,f) NiFe-MOF-12 at various multiples; (g) the elemental mapping pictures of NiFe-MOF-8.
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3.2. Structural Characterization of NiFe-MOF-X

Figure 3a shows the X-ray diffraction (XRD) patterns of NiFe-MOF-X (X = 4, 8, and 12).
The characteristic diffraction peaks of all three samples are observed to be consistent with
those of MIL-53(Fe), indicating that the prepared samples are MIL-53(Fe). Furthermore,
it can be concluded that changing the reaction time has a minimal effect on the crystal
structure of the material. The Raman spectra in Figure 3b show similar characteristic
peaks at 860, 1140, 1440, and 1610 cm−1 for NiFe-MOF at different reaction times, further
demonstrating the successful synthesis of NiFe-MOF. Figure 3c,d show the IR spectra,
which were used to reveal the chemical bonding in the metal-organic framework. NiFe-
MOF-X (X = 4, 8, and 12) also had similar characteristic peaks, demonstrating that the
molecular structures of the three samples were essentially identical. The absorption peaks
at 1382 cm−1, 1589 cm−1, and 752 cm−1 in the amplified FT-IR spectra at wave numbers
from 600 to 2000 cm−1 are attributed to the stretching vibration of the benzene ring C=C,
the symmetric and asymmetric vibration of COOH, and the bending vibration of CH on
the benzene ring, respectively (Figure 3d) [2]. Meanwhile, a broad and strong peak around
3000 cm−1 is due to the presence of physiosorbed water, and the peak at 1618 cm−1 is also
due to the presence of water. All the above results are good evidence that NiFe-MOF was
successfully synthesized.
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X-ray photoelectron spectroscopy (XPS) reflects the composition and electronic states
of materials. The full XPS spectrum in Figure S4 is consistent with the elemental distribution
results and also indicates the presence of four elements: C, O, Fe, and Ni. In order to further
determine the chemical bonding states of the C, O, Fe, and Ni elements, the NiFe-MOF-
X electrode material was analyzed using refined XPS spectra. Figure 4a shows the two
compositions of carbon atoms in different functional groups. For the C 1 s spectrum, the
peak at 284.7 eV is attributed to C sp2, which enhances the material’s wettability, thereby
accelerating the permeation of electrolyte ions [26]. Additionally, the peak at 288.7 eV
corresponds to O-C=O, which is favorable for redox reactions and increases the capacitance
of the electrode material. In the O 1s XPS spectrum, the peak at 531.7 eV is attributed to
lattice oxygen (Figure 4b) [27]. The peaks at 881.5 and 863.9 eV indicate the presence of Ni2+

in the sample. The characteristic peaks at 878.9 and 860.6 eV suggest the existence of Ni3+

(Figure 4c) [28,29]. Similarly, the Fe 2p spectrum can be analyzed (Figure 4d), where the
characteristic peaks of Fe 2p3/2 and Fe 2p1/2 appear at 711.6 eV and 724.9 eV, respectively,
indicating the presence of Fe3+ and Fe2+ in the electrode material [30]. However, when
the reaction time is short, there are no characteristic peaks at 727.8 eV and 714.8 eV for
NiFe-MOF-4, indicating that the Fe in this sample exists only in the divalent chemical state.
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3.3. Electrochemical Properties of NiFe-MOF-X

The effect of different solvothermal reaction times on the electrocatalytic performance
of NiFe-MOF-X was tested in a three-electrode system. Figure 5a shows the OER linear
scanning voltammetry curves for the three samples at different reaction times, and it can be
seen that the overpotentials of NiFe-MOF-8 and NiFe-MOF-12 are closer to approximately
362 mV at a current density of 50 mA cm−2, with both being lower than NiFe-MOF-4
(480 mV). Notably, an oxidation peak between 1.35 V and 1.5 V appears on the LSV curve,
which may be attributed to the redox of the Ni material [31]. Meanwhile, the HER perfor-
mance of the three samples was explored. The HER polarization curves of NiFe-MOF-4,
NiFe-MOF-8, and NiFe-MOF-12 are shown in Figure 5b, from which it can be seen that
NiFe-MOF-12 has the best HER catalytic activity, requiring only 150 mV compared to NiFe-
MOF-8 and NiFe-MOF-4. The required overpotentials of 192 and 206 mV are much lower,
which suggests that increasing the length of the reaction time is beneficial for improving the
electrocatalytic performance of the material. Figure 5b,c show the calculated Tafel slopes
corresponding to the LSV, from which it can be learned that the Tafel slopes of NiFe-MOF-4,
NiFe-MOF-8, and NiFe-MOF-12 are 203, 180, and 134 mV dec−1. The relatively smaller
Tafel slope of NiFe-MOF-12 indicates its fast HER kinetics and more efficient electron
transport [32]. Similarly, electrochemical impedance tests (Figure 5d) demonstrate that,
in general, the smaller semicircles formed in the Nyquist diagram correspond to better
electrocatalytic performance and higher Faraday efficiency [33]. From Figure 5d it can
be observed that NiFe-MOF-12 exhibits smaller semicircles than NiFe-MOF-8 and NiFe-
MOF-4, implying a smaller charge transfer resistance (Rct) for NiFe-MOF-12. in Figure 5e,
the tested HER cycling stability of NiFe-MOF-4 and NiFe-MOF-12 at a current density
of 10 mA cm−2 shows good stability. Figure 5f shows the HER cycling curves for NiFe-
MOF-4 and NiFe-MOF-12 for multiple current steps, and it is found that the samples move
from lower current densities to higher current densities and finally back to lower current
densities with negligible differences between the overpotential and the initial potential,
and NiFe-MOF-12 exhibits a lower overpotential than NiFe-MOF-4 at any current density,
further demonstrating the excellent HER cycling stability of NiFe-MOF-12. The superior
electrocatalytic activity of NiFe-MOF-12 may be due to its 3D mesh-like nanosheets inter-
twined and connected, which have a larger specific surface area and an increased number
of exposed reactive sites.

Based on the good electrocatalytic OER and HER performance of all samples, the
materials were assembled as cathodes and anodes, respectively, in a two-electrode elec-
trolyzer system, where the electrolyte remains an aqueous 1.0 M KOH solution. H2 and
O2 are produced on the electrode surface during the reaction. The experimental results
show that the NiFe-MOF-12 electrode requires only 1.61 V to achieve a current density of
10 mA cm−2 (Figure 6a), which is less than the 1.64 V of NiFe-MOF-4. Figure 6b shows
the stability of the device for electrocatalytic hydrodecomposition at a current density of
10 mA cm−2, where the NiFe-MOF-12 device voltage remains stable after 12 h of contin-
uous hydrodecomposition, as can be seen from the timing potential curve, which was
not very significant (Figure 6a). From these results, it can be seen that the electrochemi-
cal catalytic decomposition of water using NiFe-MOF-12 as an electrode exhibited good
mechanical stability.

In order to explore the performance of NiFe-MOF-X (X = 4, 8, and 12) electrodes as
supercapacitor materials, electrochemical evaluations, such as CV, GCD, EIS, and cycling
stability tests of the materials, were performed. The CV curves are of NiFe-MOF-4, NiFe-
MOF-8, and NiFe-MOF-12 at a scan rate of 5 mV s−1. Instead of a similar standard
rectangular shape, the CV curves of the three materials show a Faraday redox peak that
can be clearly observed, indicating the typical pseudocapacitance characteristics of the
materials. In addition, we can also know that the CV curve area of NiFe-MOF-8 is larger
than the other two materials, indicating that NiFe-MOF-8 can store more charge as a
supercapacitor anode material. The CV curves of NiFe-MOF-4, NiFe-MOF-8, and NiFe-
MOF-12 are shown in Figure S5a–c, where an increase in the scan rate will increase the
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area of the corresponding CV curve. When the scan rate reaches 50 mV s−1, the redox peak
potentials in the CV curves undergo a slight positive or negative shift [34]. The GCD of
NiFe-MOF-4, NiFe-MOF-8, and NiFe-MOF-12 as electrode materials was analyzed in depth
by GCD tests at different current densities. The GCD curves for all three materials have a
voltage window of 0–0.34 V, the curves are all nearly symmetrical and nonlinear in shape
(Figure S5d–f), once again demonstrating their pseudocapacitive properties [35]. NiFe-
MOF-8 has the longest discharge time, implying a higher specific capacitance, which is in
agreement with the conclusions drawn from the CV curves. NiFe-MOF-8 has the largest
area-specific capacitance of 5964, 5329, 4458, 3671, 3074, and 2343 mF cm−2. NiFe-MOF-8
has specific capacitances of 5964, 5329, 4458, 3671, 3074, and 2343 mF cm−2 at current
densities of 2, 3, 5, 8, 10, and 15 mA cm−2, respectively.
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Figure 5. Comparison of electrocatalytic performance of NiFe-MOF-X (X = 4, 8, 12): (a) OER
polarization curves; (b) HER polarization curves; (c) relevant Tafel slopes; (d) Nyquist diagram;
(e) chronopotentiometry curves at 10 mA cm−2; and (f) galvanostatic test curves for HER under
different current densities for NiFe-MOF-4 and NiFe-MOF-12.

Chemosensors 2023, 11, x FOR PEER REVIEW 8 of 13 
 

 

10 mA cm−2 (Figure 6a), which is less than the 1.64 V of NiFe-MOF-4. Figure 6b shows the 

stability of the device for electrocatalytic hydrodecomposition at a current density of 10 

mA cm−2, where the NiFe-MOF-12 device voltage remains stable after 12 h of continuous 

hydrodecomposition, as can be seen from the timing potential curve, which was not very 

significant (Figure 6a). From these results, it can be seen that the electrochemical catalytic 

decomposition of water using NiFe-MOF-12 as an electrode exhibited good mechanical 

stability. 

 

Figure 6. Electrochemical properties of overall water decomposition: (a) LSV curves of initial and 

after 12 h cycles of NiFe-MOF-4 and NiFe-MOF-12; (b) chronopotentiometry curves for NiFe-MOF-

4 and NiFe-MOF-12 at a current density of 10 mA cm −2. 

In order to explore the performance of NiFe-MOF-X (X = 4, 8, and 12) electrodes as 

supercapacitor materials, electrochemical evaluations, such as CV, GCD, EIS, and cycling 

stability tests of the materials, were performed. The CV curves are of NiFe-MOF-4, NiFe-

MOF-8, and NiFe-MOF-12 at a scan rate of 5 mV s−1. Instead of a similar standard rectan-

gular shape, the CV curves of the three materials show a Faraday redox peak that can be 

clearly observed, indicating the typical pseudocapacitance characteristics of the materials. 

In addition, we can also know that the CV curve area of NiFe-MOF-8 is larger than the 

other two materials, indicating that NiFe-MOF-8 can store more charge as a supercapaci-

tor anode material. The CV curves of NiFe-MOF-4, NiFe-MOF-8, and NiFe-MOF-12 are 

shown in Figure S5a–c, where an increase in the scan rate will increase the area of the 

corresponding CV curve. When the scan rate reaches 50 mV s−1, the redox peak potentials 

in the CV curves undergo a slight positive or negative shift [34]. The GCD of NiFe-MOF-

4, NiFe-MOF-8, and NiFe-MOF-12 as electrode materials was analyzed in depth by GCD 

tests at different current densities. The GCD curves for all three materials have a voltage 

window of 0–0.34 V, the curves are all nearly symmetrical and nonlinear in shape (Figure 

S5d–f), once again demonstrating their pseudocapacitive properties [35]. NiFe-MOF-8 has 

the longest discharge time, implying a higher specific capacitance, which is in agreement 

with the conclusions drawn from the CV curves. NiFe-MOF-8 has the largest area-specific 

capacitance of 5964, 5329, 4458, 3671, 3074, and 2343 mF cm−2. NiFe-MOF-8 has specific 

capacitances of 5964, 5329, 4458, 3671, 3074, and 2343 mF cm−2 at current densities of 2, 3, 

5, 8, 10, and 15 mA cm−2, respectively. 

In order to investigate the electrical conductivity of the electrode material in depth, 

the impedance of the material (EIS) was tested, as shown in Figure 5d. The Nyquist curves 

for the different samples were all straight lines close to 90°, and all samples had no signif-

icant semicircle, indicating a smaller charge transfer resistance. The fact that NiFe-MOF-8 

has the largest slope in the low-frequency region indicates the ability of the electrolyte 

ions to transfer rapidly between the active materials. It is well known that the phase angle 

of a capacitor is a measure of the capacitive behavior of a supercapacitor and that an ideal 

Figure 6. Electrochemical properties of overall water decomposition: (a) LSV curves of initial and
after 12 h cycles of NiFe-MOF-4 and NiFe-MOF-12; (b) chronopotentiometry curves for NiFe-MOF-4
and NiFe-MOF-12 at a current density of 10 mA cm −2.
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In order to investigate the electrical conductivity of the electrode material in depth, the
impedance of the material (EIS) was tested, as shown in Figure 5d. The Nyquist curves for
the different samples were all straight lines close to 90◦, and all samples had no significant
semicircle, indicating a smaller charge transfer resistance. The fact that NiFe-MOF-8 has
the largest slope in the low-frequency region indicates the ability of the electrolyte ions
to transfer rapidly between the active materials. It is well known that the phase angle of
a capacitor is a measure of the capacitive behavior of a supercapacitor and that an ideal
capacitor has a phase angle of 90◦ [36]. The excellent conductivity of NiFe-MOF-8 is further
demonstrated by the phase angle versus frequency plots, from which we can conclude
that the phase angles of the three electrode materials, NiFe-MOF-4, NiFe-MOF-8, and
NiFe-MOF-12, are 80.3◦, 81.5◦ and 81.1◦, and NiFe-MOF-8 has a phase angle closer to 90◦.
This result indicates that the electrochemical behavior of NiFe-MOF-8 is very close to that of
an ideal supercapacitor. The melon-like morphology and nanosheet structure of NiFe-MOF-
8 and NiFe-MOF-12 effectively avoid agglomeration of nanoparticles and prevent their
overgrowth. Thus, by varying the time of the solvothermal reaction and modulating the
surface morphology and electronic structure of the NiFe bimetallic MOFs, the conductivity
of the materials can be increased to further promote the electron transport capacity. In
addition to the electrochemical assessment of the electrode materials described above,
cycling durability is also an indicator of supercapacitor performance. Under the current
density of 10 mA cm−2, the cycle stability test results after 3000 times of repeated charging
and discharging show that NiFe-MOF-8 can still retain 88.54% of the initial capacitance.

In order to confirm the charge storage mechanism, logarithmic calculations based
on the NiFe-MOF-8 anode and cathode peak currents in Figure 7a at sweep rates from
5 to 50 mV s−1 yielded b values of 0.45 and 0.41 (b < 0.5) for the anode and cathode
peaks, respectively, and the sample was diffusion-control dominated for charge storage;
the electrochemical behavior of the material was pure cell behavior.

Another strategy for determining the electrochemical behavior of the reaction process
is that the CV curves can be processed and analyzed according to the above equations, as
shown in Figure 7b for the NiFe-MOF-8 capacitance and diffusion control contributions at
a scan rate of 5 mV s−1, where it is clear that the capacitance control only accounts for a
small fraction. By separating the capacitive control component at either voltage from the
total current response in the CV curve, the proportion of NiFe-MOF-8 capacitive control
at different scan rates can be derived (Figure 7c). The proportion of capacitive control
increases gradually with increasing sweep rate, but overall diffusion control dominates.
Similarly, the electrochemical behavior of the NiFe-MOF-4 and NiFe-MOF-12 electrodes
was quantitatively evaluated according to the method described above. It is not difficult
to find that the NiFe-MOF-4 and NiFe-MOF-12 electrodes are also mainly influenced by
diffusion control during the charge storage process.

Figure 7d shows a plot between the NiFe-MOF-4, NiFe-MOF-8, and NiFe-MOF-12
peak currents versus the square root of the scan rate. The linear relationship between the
two shows that diffusion control determines the electrochemical reaction rate. From the
above equation, it is clear that the diffusion coefficient of the reactants is proportional to
the slope of the straight line in the graph. This, therefore, indicates that the electrolyte
ions have a faster diffusion rate on the NiFe-MOF-8 surface, which facilitates the contact
between the electrolyte ions and the electrode material, thus increasing the specific capacity
of the electrode material.

The differences in the properties of NiFe-MOF-8 and NiFe-MOF-12 may be attributed
to differences in their material structure, surface properties, and catalytic activity. Firstly,
there is a difference in the morphology of NiFe-MOF-8 and NiFe-MOF-12, which affects
their electrochemical properties and applications. Specifically, NiFe-MOF-8 has a melon-like
aggregate structure, while NiFe-MOF-12 has an interlocking smooth nanosheet structure.
Due to these structural differences, the two materials exhibit differences in properties
such as specific surface area, pore size, and pore structure. Based on these differences,
NiFe-MOF-8 has been shown to be an excellent pseudocapacitive supercapacitor electrode
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material, with high specific surface area and reversible redox reactions. NiFe-MOF-12,
on the other hand, is more suitable for use as an electrocatalyst due to the presence of
abundant Fe(III) ions in its structure, which exhibit good catalytic activity and selectivity
in water-splitting reactions. Additionally, although both NiFe-MOF-8 and NiFe-MOF-12
contain Ni(III) ions, their content and ratio are different, which is also one of the reasons for
the differences in their applications. In NiFe-MOF-8, the content of Ni(III) ions is relatively
low, and their catalytic activity in electrocatalytic hydrogen production is relatively poor.
In NiFe-MOF-12, the content of Ni(III) ions is higher, which may contribute to its improved
catalytic activity in electrocatalytic hydrogen production.
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Figure 7. Charge storage mechanism of NiFe-MOF-8: (a) relationship between logarithm peak current
and logarithm scan rates; (b) contribution of the capacitive and diffusion process at scan rates of
5 mV s−1 (blue for capacitive contribution); (c) comparison of contribution ratios between capacitive
contribution and diffusion-controlled at different scan rates; (d) the relationship between the cathodic
and anodic peak currents versus square root of scan rates.

The electrochemical behavior of NiFe-MOF-X electrode in a 0.010 mol/L phosphate-
buffered solution (PBS, pH = 7.4) with the addition of 50.0 µmol/L BPA was studied using
differential pulse voltammetry (DPV), and its electrochemical sensing response to bisphenol
A (BPA) was tested as shown in Figure 8. A low peak current was observed in NiFe-MOF-4,
indicating slow electron transfer between BPA and the electrode. The oxidation peak of
NiFe-MOF-12 appeared at 0.39 V, indicating a significant increase. Compared to other
electrodes, Fe-MOF-8 had the highest peak current with its oxidation peak at 0.48 V,
indicating the highest detection sensitivity and fastest BPA response.
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4. Conclusions

In summary, this study synthesized NiFe-MOF-X (X = 4, 8, and 12) electrode materials
directly on nickel foam and varied the reaction time to study the effect of different mor-
phologies and structures on their electrochemical properties. The excellent electrochemical
performance exhibited by the NiFe-MOF-8 and NiFe-MOF-12 electrode materials may
be attributed to three factors. Firstly, the interwoven melon-like structure and ultrathin
3D-nanosheet structure effectively prevent the agglomeration of nanoparticles and facilitate
electrolyte penetration and transport. Secondly, the NiFe bimetallic has multiple valence
states, which can provide sufficient reactive sites for redox reactions and increase the
material’s specific capacitance, and Fe3+ acts as an efficient promoter for electrochemical
OER catalytic reactions. Thirdly, the large, specific surface area of the electrode material
can provide more open channels and increase the accessibility of the active sites, thereby
enhancing the overall electrochemical performance of the material.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11040242/s1, Figure S1: EDS mapping images for
C, O, Fe and Ni elements of NiFe-MOF-12 nanosheets; Figure S2: Comparison of electrochemical
properties of samples with different reaction times: (a) cyclic voltammetry (CV) curves at 5 mV s−1

(b) galvanostatic charge-discharge (GCD) curves at 2 mA cm−2 (c) specific capacitances derived from
the discharge profiles at different current densities (d) Nyquist plots of impedance (e) phase angle
versus frequency plots (f) cyclic stability test of NiFe-MOF-8; Figure S3: NiFe-MOF-4 and NiFe-MOF-
12: (a,d) Logarithmic relationship of peak current and scanning rate (b,e) contribution of the capacitive
and diffusion process (c,f) comparison of contribution ratios between capacitive contribution and
diffusion-controlled at different scan rates. Figure S4: Measurement of NiFe-MOF-X (X = 4, 8, 12)
with different reaction times in a three-electrode system: (a–c) CV curves at different scan rates (d–f)
GCD curves at different current densities. Figure S5: XPS spectra of NiFe-MOF-X: survey spectrum;
Table S1: The comparison of hydrogen evolution reaction (HER) catalytic activities of Ni/Fe-MOF
and other metal catalysts at 10 mA cm−2. References [37–51] cited in Supplementary Materials.
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