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A B S T R A C T

In this work, Ce-substituted CaMo metal–organic frameworks (MOFs) were successfully synthesized via the 
precipitation method. The characterization of the synthesized MOFs was performed using various experimental 
techniques. The XRD confirmed a tetragonal structure, with crystallite sizes ranging from 37 to 49 nm. The XPS 
shows that the elements Ca, Mo, and Ce are present within the synthesized MOFs. The FTIR shows a slight shift of 
the peak at 430 cm, indicating Ce incorporation induces structural distortion. The SEM shows well-determined 
spherical morphology, and EDX confirms an increase in the Ce peak with variation in Ca. The magnetization 
behaviour of Ce-substituted CaMo MOFs shows their tendency towards soft ferromagnetic materials. The well- 
defined oxidation/reduction peaks of Ce-substituted CaMo MOFs define their pseudocapacitive nature and 
tend towards supercapacitor applications.

1. Introduction

MOFs represent one of the fastest-growing classes of materials in 
modern material science due to their exceptional tunability in porosity, 
structure, and chemical functionality, arising from their modular as
sembly of metal ions or clusters with organic linkers [1,2]. This modular 
nature enables the rational design of diverse framework architectures 
tailored for a wide range of applications, including gas storage, sepa
ration, catalysis, luminescence, magnetism, and energy storage [1–3]. 
Among the various MOF families, transition-metal-based MOFs have 
demonstrated remarkable multifunctionality beyond conventional 
adsorption-based applications, owing to their diverse coordination en
vironments and redox-active metal centres [1,3]. In particular, 
molybdenum-based MOFs have gained increasing attention due to the 
multiple accessible oxidation states of Mo and the formation of highly 
stable frameworks through strong Mo-O bonding [4,5]. The 

incorporation of alkaline-earth metals such as calcium further improves 
framework robustness and chemical stability, yielding materials that 
combine mechanical durability with functional adaptability [5,6].

The introduction of rare-earth elements, especially cerium, as dop
ants has emerged as an effective strategy to tune the electronic, mag
netic, and electrochemical properties of MOFs and MOF-derived 
materials [7–9]. Cerium exhibits mixed valence states (Ce³⁺/Ce⁴⁺) and 
strong 4f electronic interactions, which significantly influence 
charge-transfer processes, defect chemistry, and magnetic exchange 
interactions [7,8]. Ce-based MOFs have been shown to exhibit multi
functional behaviour, including catalytic and enzyme-mimetic activity, 
highlighting the versatility of Ce-centred frameworks [9]. In addition, 
Ce substitution in inorganic and hybrid systems has been reported to 
induce room-temperature ferromagnetism, demonstrating its ability to 
manipulate spin-dependent properties through exchange coupling 
mechanisms [10]. Despite these promising attributes, systematic 
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investigations focusing on Ce incorporation into CaMo-based MOFs and 
its influence on structural property relationships remain rare [11,12].

Magnetic properties in transition metals and rare-earth-modified 
MOFs are of significant interest because they provide an ideal plat
form for studying spin-lattice interactions, exchange coupling, and 
electron delocalization within highly tunable crystalline frameworks [8,
13]. Unlike conventional oxides or metallic alloys, MOFs offer precise 
control over coordination geometry and metal–metal separation, 
enabling the deliberate engineering of long-range magnetic ordering 
through controlled cation substitution [11,14]. Furthermore, the coex
istence of variable oxidation states such as Ce³⁺/Ce⁴⁺ and Mo⁵⁺/Mo⁶⁺ 
facilitates mixed-valence interactions, which strongly affect spin align
ment, magnetic ordering, and electronic transport behaviour [4,8]. 
MOF-derived hybrid materials with redox-active metal centres have 
demonstrated enhanced electrochemical performance, underscoring the 
close relationship between charge-storage mechanisms and electronic 
structure [15]. Establishing correlations between magnetic and elec
trochemical properties is therefore crucial for the development of 
advanced multifunctional materials in which spin-dependent phenom
ena and charge storage are intrinsically coupled, enabling applications 
in spintronics, magnetic sensors, and hybrid energy-storage devices 
[10–16].

In the present work, we report the synthesis of a new series of eight 
different Ce-substituted CaMo MOFs, denoted as CCM1, CCM2, CCM3, 

CCM4, CCM5, CCM6, CCM7 and CCM8, which were synthesized with 
varying Ce/Ca/Mo ratios according to the general formula CexCa1-xMoy 
for CCM1-CCM4 and CeyCaxMo1-y for CCM5 to CCM8 MOFs. In this 
notation, x and y represent the molar fraction of Ce³⁺ substituting the 
Ca²⁺ or Mo⁶⁺ sites. Specifically, CCM1-CCM4 are Ca-site-dominated 
compositions with x = 0.01 − 0.04 (1–4 mol % Ce³⁺) and full Mo con
tent (y = 1), while CCM5-CCM8 are Mo-site–dominated compositions 
with y = 0.01 − 0.04 (1–4 mol % Ce³⁺) and full Ca content (y = 1). The 
exact precursor concentrations for each sample are summarized in 
Table S1. The phase purity, bonding environments, and microstructural 
features of the CCM1, CCM2, CCM3, CCM4, CCM5, CCM6, CCM7, and 
CCM8 were established by XRD, FTIR, Raman, SEM/EDAX, and XPS, 
respectively. In order to investigate their multifunctionality, the mag
netic properties of CCM1, CCM2, CCM3, CCM4, CCM5, CCM6, CCM7, 
and CCM8 MOFs were studied by VSM. Further, the electrodes of CCM1, 
CCM2, CCM3 and CCM4 MOFs were prepared and used for the CV and 
EIS studies.

2. Experimental Section

The materials, methods, characterizations, and electrode formation 
used for the studies are discussed in the supplementary file.

3. Results and discussions

Fig. 1 shows the XRD spectra of the CCM1, CCM2, CCM3, CCM4, 
CCM5, CCM6, CCM7 and CCM8 MOFs. The XRD peaks are observed at 
2θ = 18.59◦, 28.64◦, 31.16◦, 34.16◦, 39.69◦, 46.93◦, 49.10◦, 53.91◦, 
57.82◦, 59.29◦, and 75.86◦, corresponding to (hkl) values (011), (112), 
(004), (020), (114), (024), (220), (031), (312), (017), and (028), 
respectively. All these diffraction peaks match well with the tetragonal 
scheelite CaMoO₄ phase without resolvable secondary phases (Reference 
code: 96-157-0755). The absence of extra reflections further indicates 
that Ce incorporation, either at the Ca or at the Mo site, does not induce 
the formation of secondary or impurity phases. For the CCM1, CCM2, 
CCM3 and CCM4 MOFs, in which Ce3+ partly substitutes Ca2+, with Mo 
remaining constant, the diffraction peaks are still sharp and intense, thus 
indicating high crystallinity. Only slight broadening and differences in 
peak intensity are observed, which suggests that the structural strain is 
minimal. This is further a result of the near-comparable ionic radii for 
Ca2+ (1.00 Å) and Ce3+ (1.01 Å), where the equivalent replacement of 
Ca by Ce allows the latter to be hosted at the A-site with negligible lattice 
distortion [17,18]. The results confirm that Ce substitution at the Ca-site 
is structurally beneficial. However, for the CCM5, CCM6, CCM7, and 
CCM8 MOFs, in which Ce is substituted at the Mo site, with Ca remaining 
constant, there is a shifting of the peaks indicating changes in lattice 
parameters due to Ce incorporation. This peak shifting arises from lat
tice distortion induced by Ce substitution, particularly when Ce occupies 
the Mo site, where the large ionic radius mismatch and valence differ
ence promote structural deformation and charge-compensation mecha
nisms such as oxygen vacancy formation. The difference in ionic radii 
explains the contrasting lattice responses. Doping at the Ca²⁺ site (1.00 
Å) with Ce³⁺ (1.01 Å) involves nearly identical ionic sizes, leading to 
negligible lattice strain. In contrast, substitution of Mo⁶⁺ (0.62 Å) by the 
much larger and lower-valence Ce³⁺ causes significant structural 
distortion and requires charge-compensation mechanisms, most likely 
through the formation of oxygen vacancies. However, it can be pointed 
out from the beginning of the CCM1 MOF that two peaks were observed 
at 46.93◦ and 57.82◦, which do not match those observed in the 
Ref. code 96-157-0755. These two peak positions are at 47.10◦ and 
58.07◦, respectively, very close to the peaks seen in the XRD spectra. The 
little difference in the peak positions is due to the Ce dopant from the 
beginning of the reaction. The average crystallite size is calculated using 
the equation (Debye Scherrer’s equation). 

Fig. 1. XRD pattern of the CCM1, CCM2, CCM3, CCM4, CCM5, CCM6, CCM7 
and CCM8 MOFs, respectively.

Fig. 2. WH plot of the CCM1, CCM2, CCM3, CCM4, CCM5, CCM6, CCM7 and 
CCM8 MOFs, respectively.
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D =
nλ

βCosθ
(1) 

where symbols have their own meaning. The calculated values are 47, 
47, 38, 49, 37, 41, 38, and 39 nm for CCM1, CCM2, CCM3, CCM4, 
CCM5, CCM6, CCM7, and CCM8 MOFs, respectively. The results indi
cate that Ce substitution at different incorporation sites has a varying 
impact on crystallite growth. For the Ca-substitution series of CCM1, 
CCM2, CCM3, and CCM4 MOFs, the crystallite size remains relatively 
stable with only slight variations, indicating a minimal lattice distortion 
due to the closer ionic radii of Ca²⁺ and Ce³⁺. In contrast, for the Mo- 
substitution series CCM5, CCM6, CCM7, and CCM8 MOFs, more pro
nounced variations in crystallite sizes are observed, which could be 
attributed to the ionic radius and charge incompatibility between Ce³⁺ 
and Mo⁶⁺, followed by the local lattice strain and partial inhibition of the 
crystallite growth. Further, the lattice parameters and cell volume of the 
CCM1, CCM2, CCM3, CCM4, CCM5, CCM6, CCM7, and CCM8 MOFs are 
given in the supplementary file (Table S2).

To gain further insight into the Ce incorporation-induced lattice 
distortions, the Williamson-Hall (W-H) method was employed (Fig. 2). 
In contrast to the Scherrer approach, which assumes peak broadening 
arises exclusively from crystallite size, the W-H analysis separates the 
contributions from size and microstrain. A plot of βcosθ versus 4sinθ was 
constructed for each sample, and the linear fitting parameters were used 
to extract the stress (σ) using the relation: 

σ = εE (2) 

where ε is the strain obtained from the slope of the W-H plot and E is the 

Fig. 3. (a) XPS spectra (b) Ca peaks (c) Mo peaks and (d) Ce peaks of the CCM1 and CCM5 MOFs, respectively.

Fig. 4. Raman spectra of the CCM1, CCM2, CCM3, CCM4, CCM5, CCM6, CCM7 
and CCM8 MOFs, respectively.
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Young's modulus of the material. The calculated stress values are 0.077, 
0.152, 0.351, 0.032, 0.440, 0.350, 0.152 and 0.070 (GPA) for CCM1, 
CCM2, CCM3, CCM4, CCM5, CCM6, CCM7, and CCM8 MOFs, respec
tively. These values indicate that Ce doping generates measurable in
ternal stresses within the CaMoO₄ lattice. In the case of Ca-site 
substitution, the values are relatively low due to the similar ionic radii 
between Ca²⁺ and Ce³⁺, while for Mo-site substitution, higher values are 
observed, which may be associated with the significant size and charge 
difference between Ce³⁺ and Mo⁶⁺. Overall, XRD analysis highlights that 

Ce substitution at a Ca site maintains the structural stability with very 
little distortion, whereas substitution at the Mo site induces more sig
nificant lattice perturbation. The findings point toward the different 
structural roles of Ca and Mo ions in the stabilization of the scheelite 
lattice and provide an effective way of tuning crystallographic and 
microstructural properties of Ce-substituted CaMo MOFs.

To verify the successful incorporation of Ce and Mo into the CaMo 
framework, XPS analyses were performed. Fig. 3a presents the full sur
vey spectra of CCM1 and CCM5 MOFs, confirming the presence of the 

Fig. 5. (a, b) FTIR spectra of the CCM1, CCM2, CCM3, CCM4, CCM5, CCM6, CCM7 and CCM8 MOFs, respectively.

Fig. 6. (a-d) SEM images of the CCM1, CCM2, CCM3 and CCM4 MOFs, respectively.
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constituent elements. The high-resolution deconvolution of Ca 2p 
spectra for CCM1 and CCM5 displays distinct peaks in the range of 344- 
352 eV, corresponding to Ca 2p1/2 and Ca 2p3/2 states (Fig. 3b) [19]. 
Similarly, the Mo 3d spectra reveal peaks within 228-232 eV, attributed 
to Mo 3d5/2 and Mo 3d3/2 states (Fig. 3c) [20]. The Ce 3d spectra exhibit 
multiple peaks between 870 and 930 eV, characteristic of both Ce³⁺ and 
Ce⁴⁺ oxidation states, confirming the mixed-valence nature of cerium in 
the structure (Fig. 3d) [21]. The deconvolution curves of the Ca, Mo, and 
Ce spectra clearly demonstrate the successful incorporation of Ce in all 
MOF compositions (CCM1-CCM8). The significant variations in peak 
intensity and broadening between CCM1 and CCM5 MOFs are caused by 
Ce substitution at the Ca sites in CCM1-CCM4 MOFs and at the Mo sites 
in CCM5-CCM8 MOFs. Further, the atomic and photoelectron peak 
percentage of elements are given in Table S3.

Fig. 4 presents the Raman spectra of CCM1, CCM2, CCM3, CCM4, 
CCM5, CCM6, CCM7 and CCM8 MOFs. The dominant band at ~872 cm⁻¹ 
corresponds to the symmetric stretching vibration (ν1, Ag) of Mo-O 
bonds in the MoO₄ tetrahedra, while additional modes at ~321 cm⁻¹ 
(Ag), 391 cm⁻¹ (Eg), and 787 cm⁻¹ (Eg) are assigned to internal vibra
tions of (MoO₄)²⁻ units [11]. For the CCM1-CCM4 MOFs, wherein Ce 
replaces Ca, very slight spectral changes are observed, demonstrating 
some lattice distortions, whereas for the CCM5-CCM8 MOFs with Ce for 
Mo substitution, more pronounced shifts and band broadening can be 
seen, especially in ν1, corresponding to a stronger perturbation in the 
Mo-O tetrahedra. The progressive peak shift in the sequence of CCM1, 
CCM2, CCM3, CCM4, CCM5, CCM6, CCM7 and CCM8 MOFs confirms 
the effective incorporation of Ce, with much more pronounced struc
tural modification when Ce substitutes Mo rather than Ca.

Fig. 5 (a,b) illustrates the FTIR spectra of CCM1, CCM2, CCM3, 
CCM4, CCM5, CCM6, CCM7, and CCM8 MOFs, respectively. All the 

synthesized MOFs show characteristic vibrational modes representative 
of the CaMo framework. The absorption at 751 cm⁻¹ corresponds to the 
antisymmetric stretching vibration of the Mo-O bond in the (MoO₄)²⁻ 
tetrahedra and the band at 430 cm⁻¹ is related to Ca-O vibrations [12,
14]. The decrease in intensity and slight shifts of these bands within 
CCM1, CCM2, CCM3, CCM4, CCM5, CCM6, CCM7, and CCM8 MOFs 
reflect structural distortions caused by Ce incorporation. Furthermore, 
the band at 829 cm⁻¹ is due to the asymmetric O-Mo-O stretching mode 
[22]. The absorption peaks at 1652 and 3409 cm⁻¹ are due to the 
bending and stretching vibrations of water molecules, respectively, 
while the band at 2859 cm⁻¹ corresponds to C-H stretching vibrations 
[5]. All these absorptions collectively indicate the presence of Ca-O and 
Mo-O linkages as the fundamental building blocks of the framework, 
with slight changes induced by Ce doping.

The surface morphology of CCM1, CCM2, CCM3, CCM4, CCM5, 
CCM6, CCM7 and CCM8 MOFs was studied by using SEM and their 
corresponding images are presented in Fig. 6(a-h). All samples pre
dominantly showed a spherical morphology, confirming the uniform 
growth of crystallites during synthesis. For the case of CCM1-CCM4 
MOFs, in which Ce is incorporated at the Ca site while maintaining 
the same Mo content, the particles are well-defined and show clearly 
distinguishable spherical domains that become more homogeneous, 
with clearly separated domains for higher Ce contents, as depicted in 
Fig. 6a-d. In fact, this improvement in morphological regularity may be 
ascribed to the stabilization effect promoted by the substitution of Ce at 
the Ca site that favors crystallization and diminishes structural 
imperfections.

In contrast to this, for the CCM5-CCM8 MOFs, where Ce substitutes 
at the Mo site, significant changes in morphology are observed. The 
spherical particles appear larger and slightly agglomerated compared to 

Fig. 6. (e-h) SEM images of the CCM5, CCM6, CCM7 and CCM8 MOFs, respectively.
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Fig. 7. (a-d) EDX spectra of the CCM1, CCM2, CCM3 and CCM4 MOFs, respectively.
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the CCM1-CCM4 MOFs (Fig. 6e-h). These might be attributed to the 
substitution of Ce for Mo, which incorporates changes in ionic size and 
differences in oxidation states (Ce³⁺/Ce⁴⁺ versus Mo⁶⁺) and thus induces 
lattice strain and modifies the growth kinetics, facilitating partial coa
lescence of particles and leading to less regular morphologies. In sum
mary, from SEM analysis, a clear trend is developed between the site of 
Ce substitution and morphological evolution, i.e., Ce doping at the Ca 
site promotes spherical uniformity, while substitution at the Mo site 
induces agglomeration and enlargement of particles. Fig. 7 (a-d) illus
trates the EDX spectra of the CCM1, CCM2, CCM3, and CCM4 MOFs, 
respectively. EDX spectra confirm Ce doping in the CCM1, CCM2, CCM3, 
and CCM4 MOFs. It can be seen that the concentration of Ce ions in
creases from CCM1 to CCM4 MOFs, determining their successful 
incorporation. Also, some content of Na is seen in the EDAX spectra, 
which might be due to the Sodium Molybdate used during the synthesis 
of CCM1, CCM2, CCM3, and CCM4 MOFs.

The magnetic behavior of the CCM1, CCM2, CCM3, CCM4, CCM5, 
CCM6, CCM7 and CCM8 MOFs was examined using vibrating sample 
magnetometry (VSM) at room temperature to investigate the influence 
of Ce incorporation on their magnetic properties. The magnetization (M- 
H) curves were recorded to determine the key magnetic parameters, 
including saturation magnetization (Ms), remanent magnetization (Mr), 
and coercivity (Hc). Fig. 8 (a, b) shows the VSM spectra of the CCM1, 
CCM2, CCM3, CCM4, CCM5, CCM6, CCM7 and CCM8 MOFs. All samples 
exhibit a typical S-shaped magnetization behavior with no significant 
hysteresis loop, which is characteristic of paramagnetic or soft ferro
magnetic materials. Among the series, CCM5 and CCM6 display the 
highest magnetization values (0.00986 emu/g and 0.00959 emu/g), 

indicating enhanced magnetic response compared to the other compo
sitions. The CCM2, on the other hand, shows the lowest magnetization, 
suggesting a nearly diamagnetic character with negligible response to 
the applied field. The gradual increase in magnetization from CCM3 to 
CCM8 reflects the compositional dependence of the magnetic properties, 
likely originating from variations in the Ce/Ca/Mo ratio and its influ
ence on unpaired electron density. The magnetic parameters of the 
CCM1, CCM2, CCM3, CCM4, CCM5, CCM6, CCM7 and CCM8 MOFs 
were systematically analyzed to gain insights into their intrinsic prop
erties (Table 1). The hysteresis curves derived from VSM measurements 
reveal extremely low coercivity values, ranging from 68.50 Oe in CCM3 
to 97.76 Oe in CCM1 MOFs. These values are characteristic of soft 
magnetic systems, where the energy required to reverse the magneti
zation is minimal. Such low coercivity suggests weak magnetic domain 
interactions and a strong tendency toward reversible magnetization 
under an external field. The Ms values of the synthesized MOFs vary 
from 8.1 × 10⁻⁴ emu/g in CCM2 to 9.8 × 10⁻³ emu/g in CCM5. Among 
the series, CCM5 and CCM6 MOFs display the largest magnetization, 
signifying an enhanced contribution of unpaired electrons or para
magnetic centers within their frameworks. By contrast, CCM2 MOF ex
hibits the lowest magnetization, indicating a nearly diamagnetic 
character with very limited field-induced spin alignment. The observed 
compositional dependence suggests that a slight variation in the Ce/Ca/ 
Mo ratio strongly modulates the density of localized magnetic moments. 
The values of Mr further establish the weak magnetic behavior of these 
materials. The recorded values remain within the range of 4.5 × 10⁻⁵ to 
4.78 × 10⁻⁴ emu, which is significantly lower than those generally re
ported for conventional ferromagnetic nanostructures. Among all the 
synthesized MOFs, CCM6 MOF shows the highest remanent magneti
zation, implying a relatively stronger spin alignment that is not entirely 
lost after the removal of the external field. In contrast, CCM2 MOF ex
hibits the lowest remanence, indicating its limited ability to retain 
magnetization. The squareness ratio given by (SQR = Mr/Ms) provides 
additional insights into the nature of the magnetic ordering. The 
calculated SQR values fall between 0.0162 and 0.0878, which is well 
below the threshold of 0.5 that typically distinguishes single-domain 
ferromagnetic materials. The consistently low SQR values confirm the 
superparamagnetic-like or weakly paramagnetic nature of the MOFs. 
Among the series, CCM1 MOF exhibits the highest SQR (0.0878), sug
gesting a relatively greater proportion of aligned magnetic moments 
retained after field removal. Conversely, CCM3 and CCM4 MOFs display 
the lowest SQR values, indicating negligible magnetic ordering and 
nearly complete reversibility of magnetization. The combined 

Fig. 8. (a, b) VSM of the CCM1, CCM2, CCM3, CCM4, CCM5, CCM6, CCM7 and CCM8 MOFs, respectively.

Table 1 
Magnetic parameters of the CCM1, CCM2, CCM3, CCM4, CCM5, CCM6, CCM7 
and CCM8 MOFs.

Samples Magnetization ‘Ms’ 
(emu/g)

Intrinsic 
coercivity ‘Hc’ 
(Oe)

Retentivity 
‘Mr’ (emu)

SQR =
Mr/Ms

CCM1 0.00206 97.76 0.000181 0.0878
CCM2 0.00081 87.23 0.000045 0.0555
CCM3 0.00308 68.50 0.000050 0.0162
CCM4 0.00313 74.05 0.000058 0.0185
CCM5 0.00986 86.23 0.000277 0.0280
CCM6 0.00959 82.54 0.000478 0.0498
CCM7 0.00631 75.18 0.000226 0.0358
CCM8 0.00619 80.88 0.000186 0.0300
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coercivity, magnetization, retentivity, and SQR indicate that the CCM1, 
CCM2, CCM3, CCM4, CCM5, CCM6, CCM7, and CCM8 MOFs behave 
predominantly as soft magnetic systems.

The CV studies of the CCM1, CCM2, CCM3, and CCM4 electrodes 
were recorded at various scan rates ranging from 5 to 100 mV/s (Fig. 9 a- 
d). At lower scan rates, the curves of CCM1, CCM2, CCM3, and CCM4 
electrodes look more defined in shape because electrolyte ions have 
enough time to diffuse inside the framework and reach the redox-active 
sites. The current response increases continuously as the scan rate in
creases, showing that the current is exactly proportional to the scan rate. 
However, curve distortion and widening also represent the kinetic lim
itation and resistance effect present in the electrode material. The 
consistent rise in current with potential at a greater scan rate of CCM1, 
CCM2, CCM3, and CCM4 electrodes suggests an increased capacitive 
contribution of a pseudocapacitive nature [13]. Furthermore, the in
crease in the enclosed area of the CV curves with the scan rate evidently 
demonstrates the hybrid storage mechanism, which combines both 
electric double-layer capacitance and faradaic charge transfer. Fig. 10
(a) shows the peak-to-peak separation of the CCM1, CCM2, CCM3 and 
CCM4 electrodes, respectively. Here, it is observed that both the anodic 
and cathodic peak currents increase linearly with the scan rate. 

However, the electrochemical storage mechanism of the CCM1, CCM2, 
CCM3 and CCM4 electrodes was usually demonstrated through a power 
law given as 

i = avb (3) 

log
(
ip
)
= Loga+blogv (4) 

Here, a and b are constants, i is the current and v is the scan rate 
(mV/s). The b values are estimated by plotting log (v) versus log (i). 
Fig. 10 (b) illustrates the power-law relationship of the CCM1, CCM2, 
CCM3 and CCM4 electrodes, respectively. The validity of this model for 
CCM1, CCM2, CCM3, and CCM4 electrodes is shown by the linear fits of 
log i vs log v with strong correlation coefficients (R² = 0.997-0.999). In 
contrast to strictly diffusion-controlled processes, the retrieved b values 
for CCM1 (0.715), CCM2 (0.805), CCM3 (0.852), and CCM4 (0.746) 
electrodes fall between 0.5 and 1.0, suggesting a mixed charge-storage 
behavior dominated by pseudocapacitive contributions. In comparison 
to the other compositions, CCM3 has the greatest b value, indicating 
quicker surface-controlled kinetics and better electrochemical activity.

Furthermore, the Trasatti method was applied to quantify the 
surface-controlled and diffusion-controlled charge storage contributions 

Fig. 9. (a-d) CV curves of the CCM1, CCM2, CCM3 and CCM4 electrodes, respectively.
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of the CCM1, CCM2, CCM3, and CCM4 electrodes. Based on the Equa
tion Ci = CT - Co, the total specific capacitance (CT), surface-controlled 
capacitance (Co), and diffusion-controlled contribution (Ci) of the 
CCM1, CCM2, CCM3, and CCM4 electrodes were quantitatively evalu
ated from the linear fitting of the data shown in Fig. 11 (a,b). The 
extracted capacitance values are summarized in Table 2, while the 
corresponding percentage contributions arising from diffusion- 
controlled processes are illustrated in Fig. 10c. The capacitive contri
bution analysis reveals that charge storage in all CCM1, CCM2, CCM3 
and CCM4 electrodes is predominantly governed by pseudocapacitive 
mechanisms, with a negligible contribution from EDLC. The CCM1 
electrode shows a pseudocapacitive fraction of 97.24% (EDLC: 2.67%), 
which increases further for CCM2 and CCM3 to 99.0% and 99.88%, 
respectively, indicating a progressive enhancement of rapid surface and 
near-surface faradaic reactions enabled by improved electroactive sites 
and ion-transport kinetics. Among all the electrodes, the CCM3 electrode 
exhibits the highest pseudocapacitive dominance, suggesting an optimal 
synergy between redox-active centers and ion diffusion. In contrast, 
CCM4 displays a slight decline in pseudocapacitive contribution 
(97.27%) with a corresponding increase in EDLC behavior (2.72%), 
possibly due to limited accessibility of active sites arising from micro
structural effects. Overall, these results confirm that the CCM1, CCM2, 
CCM3 and CCM4 electrodes store charge mainly through fast 

pseudocapacitive processes, underscoring the effectiveness of composi
tional and structural optimization in enhancing faradaic charge storage

The specific capacitance values of the CCM1, CCM2, CCM3 and 
CCM4 electrodes are determined by using the formula 

Cp =
A

mSV
(5) 

Where A is the area of the CV curve, m is the active mass of the 
material (grams), S is the scan rate (V/s) and V is the potential window 
(volts). Fig. 12 shows the specific capacitance versus scan rate of the 
CCM1, CCM2, CCM3 and CCM4 electrodes, respectively. The specific 
capacitance values are 33, 33, 32, 28, and 25 (F/g) for the CCM1 elec
trode, 32, 31, 31, 29, and 27 (F/g) for the CCM2 electrode, 34, 33, 32, 
32, and 32 (F/g) for the CCM3 electrode and 33, 33, 32, 28, and 25 (F/g) 
for the CCM4 electrode. The higher specific capacitance values of the 
CCM3 electrode indicate that a dominant surface-controlled charge 
storage mechanism occurs, where fast and reversible redox reactions 
occur at the electrode-electrolyte interface. Overall, the variations found 
in the specific capacitance of the CCM1, CCM2, CCM3, and CCM4 
electrodes can be related to differences in surface morphology, acces
sibility to active sites, and charge transfer dynamics. The relatively 
stable capacitance of the CCM3 electrode at higher scan rates indicates 
its superior rate capability and faster electrochemical kinetics. While the 

Fig. 10. (a) peak to peak separation (b) Log V versus Log current and (c) electrodes versus capacitive contribution of the CCM1, CCM2, CCM3 and CCM4 electrodes, 
respectively.
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stable performance of CCM1 and CCM2 may suggest enhanced revers
ibility and favorable ion diffusion characteristics, making them potential 
candidates for efficient energy storage. A comparative study of specific 
capacitance values with the literature report is given in Table 3.

To further elucidate the electrochemical conductivity and interfacial 
charge-transfer behavior of the CCM1, CCM2, CCM3, and CCM4 elec
trodes, electrochemical impedance spectroscopy (EIS) measurements 

Fig. 11. (a) Inverse square root of scan rate versus specific capacitance and (b) square root of scan rate versus inverse specific capacitance of the CCM1, CCM2, CCM3 
and CCM4 electrodes, respectively.

Table 2 
Ci, CT and Co values of the CC1, CCM2, CCM3 and CCM4 electrodes.

Sample CT Co Ci

CCM1 37.43 1.02093 36.40
CCM2 64.14 0.63737 63.50
CCM3 242.13 0.26689 241.86
CCM4 37.43 1.02093 36.41

Fig. 12. Specific capacitance versus scan rate of the CCM1, CCM2, CCM3 and 
CCM4 electrodes, respectively.

Table 3 
Comparative study of specific capacitance values of the present work with the 
literature report.

S. 
No

Electrode Material Electrolyte Specific 
Capacitance

Ref.

1. Mo-doped 
LDHs@MOF-Se

KOH 5.16 C cm-2 23

2. CoSe2/CNT KOH 58.4 mAhg-1 24
3. MnSe@NF KOH 62.4 mAhg-1 25
4. Mo-doped 

LDHs@MOF-Se
KOH 132 Fg⁻¹ 23

5. CC@@CoO@S-Co3O4 PVA/KOH 1.99 Fcm⁻¹ 26
6. CuCo2S4 NS PVA/KOH ~ 2.1 mAhcm-3 27
7. M-MOF-74 KCl 0.05-1.94 F/g 28
8. Co-L/MOF KOH 74 Fg⁻¹ 29
9. CCM3 KOH 34 F/g Present 

work

Fig. 13. Nyquist plot of the CCM1, CCM2, CCM3 and CCM4 electrodes, 
respectively.
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were carried out. Fig. 13 presents the corresponding Nyquist plots of the 
CCM1, CCM2, CCM3 and CCM4 electrodes, respectively. All samples 
exhibit typical capacitive characteristics, with the absence of a well- 
defined semicircular feature in the high-frequency region and the 
presence of an inclined line in the low-frequency region. This behavior 
suggests that the electrochemical processes are predominantly governed 
by ion diffusion and capacitive charge storage rather than being limited 
by charge-transfer resistance. The extracted series resistance (Rs) values 
for CCM1, CCM2, CCM3, and CCM4 electrodes are 1.00, 0.90, 1.10, and 
0.85 (Ω), respectively, indicating low internal resistance and good 
electrical conductivity of the electrode materials. The corresponding 
charge-transfer resistance (Rct) values are 1.80, 2.30, 2.70, and 2.55 (Ω), 
respectively, reflecting efficient interfacial charge-transfer kinetics, with 
CCM1 exhibiting the lowest Rct and thus the most favorable electron- 
transfer behaviour. Overall, the low Rs and moderate Rct values 
collectively confirm efficient charge transport and rapid electrochemical 
kinetics, which are consistent with the superior capacitive performance 
of the CCM1, CCM2, CCM3 and CCM4 electrodes.

4. Conclusion

Ce-substituted CaMo-based MOFs were synthesized through a simple 
precipitation route and systematically characterized to illustrate their 
structural, morphological, magnetic, and electrochemical properties. 
The XRD confirmed the formation of a tetragonal phase with nanoscale 
crystallite sizes, and XPS and EDX confirmed the presence of Ce within 
the CaMo framework. These Ce substitutions result in slight structural 
distortions, as reflected in the observed FTIR peak shifts. The SEM im
ages revealed spherical morphologies with uniform sizes. The Magnetic 
studies indicated soft ferromagnetic behavior in the synthesized MOFs. 
The well-defined redox peaks in the respective CV curves indicate the 
pseudocapacitive nature of the electrodes. Overall, Ce-substituted CaMo 
MOFs are promising due to their structural stability, magnetic 
tunability, and corresponding electrochemical activity.
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