
Giant, 26, 2025, 100380 

Fu
ll-

le
ng

th
 
ar

ti
cl

e Lanthanum-substituted CaMo-MOF via 

controlled metal nitrate ratios for 

Electrochemical Performance 

P. Arularasan 

a , Mohd Arif Dar 

b , g , ∗, Mohammad Rezaul Karim 

c , P Rajesh 

d , M Pavithra 

e , 
Sambasivam Sangaraju 

f , ∗

a Department of Physics, Dwaraka Doss Goverdhan Doss Vaishnav College, Chennai, Tamil Nadu 600107, India 
b Institute of Power Engineering, Universiti Tenaga Nasional, Jalan IKRAM-UNITEN, Kajang, Selangor-43000, Malaysia 
c Center of Excellence for Research in Engineering Materials (CEREM), Deanship of Scientific Research, College of Engineering, King Saud University, Riyadh 11421, 
Saudi Arabia 
d Department of Physics, School of Basic Science, Vels Institute of Science and Technology & Advanced Studies, Pallavaram, Chennai, Tamil Nadu 600117, India 
e Department of Condensed Matter Physics, Saveetha School of Engineering, Saveetha Institute of Medical and Technical Sciences (SIMATS), Chennai, Tamil 
Nadu-602105, India 
f National Water and Energy Center, United Arab Emirates University, Al Ain 15551, United Arab Emirates 
g Faculty of Allied Health Sciences, Chettinad Hospital, and Research Institute, Chettinad Academy of Research and Education, Kelambakkam-603103, Tamil Nadu, 
India 

Keywords: Precipitation method, Tetragonal scheelite-type structure, Electrochemical analysis 

In this study, a series of Lax Ca1-x Mo-based metal-organic frameworks (MOFs), designated as CML1, 
CML2, CML3 and CML4, were synthesized via a controlled precipitation method. A comprehensive 

characterization was performed using X-ray diffraction (XRD), Fourier transform infrared spectroscopy 

(FTIR), Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). The XRD confirmed the 

formation of a single-phase tetragonal scheelite-type structure (I41 /a), with no secondary phases 
detected. The average crystallite size is found to be 54, 52, 42 and 16 (nm) in CML1, CML2, CML3 

and CML4 MOFs. The SEM reveals a morphological evolution from irregular granules in CML1 to well- 
faceted rods in CML4 MOFs. The electrochemical analysis revealed a clear performance hierarchy, with 

CML3 electrode exhibiting the highest the specific capacitance in a two-electrode system. The coulombic 

efficiency of 96 % is retained by the CML3 electrode even after 1000 GCD cycles in a two-electrode system. 

 

 

 

 

 

 

 

 

 

1 Introduction 

MOFs represent an expansive class of crystalline hybrid materials
constructed from metal nodes or clusters coordinated with
multidentate organic linkers. Due to their high surface area,
adjustable pore size, structural tunability, and multifunctional
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chemistry, MOFs have found widespread application in
gas separation, drug delivery, catalysis and energy storage
technologies [ 1 ]. Their unique architecture facilitates the
rational integration of electroactive components into highly
porous structures, making them attractive for electrochemical
energy storage devices such as supercapacitors and batteries. In
supercapacitors, MOFs enable surface-driven charge accumulation
via electric double-layer capacitance and on the other hand,
depending on the metal centre, they can also contribute
pseudocapacitive behaviour through faradaic redox reactions.
 license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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urthermore, their ability to accommodate alkali and multivalent 
ons within a stable lattice has rendered them viable hosts in
ithium-ion and emerging sodium- or calcium-ion batteries [ 2–4 ].
n addition to energy storage, MOFs have shown strong potential
n environmental energy technologies such as CO2 capture and 

as storage. Their open metal coordination sites and high surface-
o-volume ratios facilitate both physisorption and chemisorption 

f gas molecules with high selectivity and capacity [ 5 ]. 
MOFs can also be functionalized with catalytic centres, 

uch as lanthanides or transition metals, and have been 

eveloped for CO2 conversion reactions, including hydrogenation 

o formate and cycloaddition to produce cyclic carbonates, 
hereby expanding their utility in carbon-neutral energy cycles 
 6 ]. Among the many MOF systems, calcium-based MOFs (Ca-

OFs) have recently attracted attention due to the natural 
bundance, low toxicity, and favourable coordination chemistry 
f calcium. The divalent nature of calcium enables the formation
f stable carboxylate-based frameworks with relatively large 
ore sizes and good aqueous stability, offering an eco-friendly 
latform for scalable MOF development. However, like many 
lkaline earth MOFs, Ca-MOFs often suffer from limited electrical 
onductivity and poor electrochemical activity, necessitating 
hemical modification strategies to enhance their performance 
n energy-related applications [ 7 , 8 ]. A promising strategy to
ddress these limitations is the isovalent or aliovalent substitution 

f metal centers, among which lanthanum (La ³+ ) has shown
articular promise. As a trivalent rare-earth ion, La ³+ has a
elatively large ionic radius (1.16 Å) compared to Ca ²+ (0.99 Å), 

g ²+ (0.72 Å), or transition metals like Ni ²+ (0.69 Å). This 
ifference can significantly influence crystal field geometry, 
onding angles, and framework flexibility, resulting in pore size 
odulation and structural distortion within the MOF lattice 

 9 ]. The ionic size mismatch introduces local strain and may
lter the symmetry of coordination polyhedra, often expanding 
attice parameters, a feature favourable for ion mobility and 

lectrolyte accessibility, which are both crucial for electrochemical 
nergy storage. However, excessive or uncontrolled substitution 

ay destabilize the framework, reduce crystallinity, or induce 
morphous phase formation, underscoring the importance of 
ptimizing metal ratios [ 10 ]. 

Although La ³+ is generally considered redox-inactive due to 

ts stable + 3 oxidation state, its incorporation into MOFs can
rofoundly influence their electrochemical behavior and overall 
unctional properties. The La ³+ does not directly participating 
n redox reactions but contributes indirectly by modifying 
he structural, electronic, and defect characteristics of the 
ramework. The substitution of La ³+ into the lattice often leads
o the generation of intrinsic defects such as oxygen vacancies,

issing linker sites, or charge-compensating proton losses. 
hese structural imperfections create localized energy states 
ithin the band gap, improving electronic conductivity and 

acilitating rapid charge transfer across the electrode–electrolyte 
nterface. Additionally, the introduction of La ³+ ions can lower 
he activation barrier for ionic diffusion, thereby enhancing 
on mobility and rate capability, which are essential for high-
erformance energy storage applications [ 11 ]. Further, La ³+ 

oping exerts a pronounced influence on the crystal field 
 

nvironment and local coordination geometry. Such changes 
an alter the electronic band alignment, modulate charge 
ensity distribution, and optimize carrier transport pathways. 
he presence of La ³+ also tends to stabilize the framework by
trengthening metal-oxygen coordination bonds, improving 
hermal and chemical stability under electrochemical cycling 
onditions [ 12 ]. The incorporation of La ³+ into Ca-MOFs 
ntroduces dual-metal coordination sites that synergistically 
nhance redox activity and ion adsorption dynamics. The 
esulting heterometallic interaction promotes efficient charge 
eparation and facilitates reversible electrochemical reactions. 
hese structural and electronic modifications collectively 
ontribute to superior pseudocapacitive behavior, improved 

ydrophilicity, enhanced solvent compatibility, and optimized 

harge storage efficiency, making La-modified Ca-MOFs promising 
andidates for advanced energy storage devices [ 13 ]. 

Metal substitution in MOFs has emerged as an effective 
trategy to tailor their structural properties, electronic structure 
nd functional behaviour. The transition-metal doping has 
een widely explored for improving conductivity, redox 

ctivity and electrocatalytic efficiency, however, the role of 
anthanum incorporation in alkaline earth metal frameworks, 
articularly Ca-based MOFs, remains largely unexplored. In 

his study, La-substituted Ca-MOFs were synthesized through 

 precisely controlled co-precipitation route using calcium 

nd lanthanum nitrates at varying molar ratios to achieve 
niform cation distribution and compositional tuning. The 
esulting materials, designated as CML1, CML2, CML3, and 

ML4, were systematically characterized using XRD, SEM, TEM, 
nd BET techniques to examine their crystalline structure, 
orphology and surface textural properties. Subsequently, 

he corresponding electrodes were fabricated to evaluate their 
lectrochemical characteristics and to elucidate the influence 
f La incorporation on charge storage behaviour, ion diffusion 

ynamics and electrical conductivity. This work establishes 
 novel framework for understanding how La substitution 

odulates the electrochemical properties of Ca-MOFs, thereby 
roviding a pathway for designing high-performance materials 
or next-generation energy storage applications. 

 Experimental section 

.1 Materials 
alcium nitrate tetrahydrate [Ca(NO3 )2 ·4H2 O], lanthanum 

itrate hexahydrate [La(NO3 )3 ·6H2 O], sodium molybdate 
ihydrate [Na2 MoO4 ·2H2 O], and 2-methylimidazole (C4 H6 N2 ) 
ere obtained from Sigma Aldrich and used as received without 

urther purification. Distilled water and ethanol were purchased 

rom Hyma Chemicals and used as solvents. 

.2 Synthesis of Lax CaMo1-x MOF 
 series of Lax Ca1-x Mo MOFs was synthesized via a controlled 

recipitation method by systematically varying the La:Mo molar 
atios. In each synthesis, a predetermined amount of calcium 

itrate tetrahydrate was dissolved in 25 mL of distilled water under
ontinuous stirring to achieve complete dissolution. Lanthanum 

itrate hexahydrate was then added to this solution in varying 
mounts, corresponding to the desired La substitution levels 
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Table 1 

Different ratios of Lanthanum nitrate and Calcium Nitrate. 

Sample Code Ca(NO3 )2 ·4H2 O (M) [La(NO3 )3 ] (M) 

CML1 0.9 M 0.1 M 

CML2 0.8 M 0.2 M 

CML3 0.7 M 0.3 M 

CML4 0.6 M 0.4 M 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 

TGA-DTA analysis of CML1 MOF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(detailed in Table 1 ), and the mixture was stirred further to achieve
homogeneity. Separately, sodium molybdate dihydrate was
dissolved in 25 ml of distilled water to form a clear solution, which
was then added to the resultant solution under constant stirring.
Upon addition, immediate precipitation occurred, indicating
the formation of metal–molybdate complexes. Following this,
a stoichiometric amount of 2-methylimidazole (solution in 50
ml of distilled water) was added to the mixture to act as the
organic linker. The resulting suspension was stirred continuously
at 60 °C for 2 h to promote crystallization and framework
formation. The precipitated solids were collected by filtration,
washed thoroughly with ethanol to remove uncoordinated species
and dried overnight in a hot air oven at 80 °C. The materials were
labelled CML1, CML2, CML3, and CML4 in order of increasing
La ³+ content (i.e., increasing x in Lax Ca1-x Mo). 

2.3 Materials characterization 

The phase purity of the synthesized materials was confirmed
by XRD using a Bruker D8 diffractometer equipped with Cu-
K α radiation ( λ = 1.514 Å). The FTIR spectra were recorded
using a PerkinElmer spectrometer to identify functional groups.
The Raman spectra were obtained using a Bruker RFS 27
spectrometer. The UV-Visible (JASCO UV VIS-V-730) was used
for determining the absorbance, and for the TG/DTA (NETZSCH
STA 449F3) instrument was utilized. The surface morphology
and microstructure were examined using SEM (Zeiss Scanning
Electron Microscope) and high-resolution transmission electron
microscopy (HR-TEM, JEM-2100 Plus). The surface chemical
composition and oxidation states of the elements were analysed
using XPS (Thermo Fisher Scientific K-Alpha). The electrochemical
studies were performed using Metrohm Autolab PGSTAT204. 

2.4 Electrochemical setup and electrode preparation 

In a standard three-electrode electrochemical setup, a platinum
wire and an Ag/AgCl electrode were employed as the counter
and reference electrodes, respectively. The working electrode was
fabricated by homogenously blending the synthesized active
material with polyvinylidene fluoride (PVDF) and acetylene black
in a weight ratio of 80:10:10, using N-methyl-2-pyrrolidone
(NMP) as the solvent to form a uniform slurry. This slurry was
subsequently coated onto a pre-cleaned nickel foam substrate
(2 × 1 cm ²) and coin-sized graphite for a two-electrode setup. The
electrodes are dried at 80 °C for 12 h to ensure solvent evaporation
and electrode integrity. A 0.5 M aqueous KOH solution was used
as the electrolyte for all electrochemical measurements. The mass
loading of the active material on the electrode was maintained
at approximately 1–1.5 mg/cm ² for Ni foam and 2–3 mg/cm ² for
graphite substrate. 

3 Results and discussion 

3.1 Thermal stability 
To investigate the thermal strength of the synthesized LaCaMo-
MOF, thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) were performed under a nitrogen atmosphere from
room temperature to 1000 °C. The corresponding TGA/DTG
curves of CML1 are shown in Fig. 1 . The initial weight loss
of ∼1–2 % below 150 °C is attributed to the desorption of
physiosorbed water and loosely bound solvent molecules. The
DTG curve displays a mild endothermic peak in this region,
which is consistent with physical evaporation without structural
decomposition. In the second degradation step, extending from
150 to 500 °C, it involves a gradual mass loss of ∼3 %, which
is attributed to the stepwise removal of coordinated solvent
molecules and partial decomposition of organic linkers. The
absence of sharp DTG peaks in this region suggests overlapping
low-energy degradation events or a continuous defragmentation
of the MOF’s ligand framework. A prominent DTA peak minimum
at approximately 630 °C, accompanied by a sharp mass loss,
signifies the breakdown of the MOF architecture, particularly
the decarboxylation of the linker molecules and disruption of
metal-ligand bonds. Beyond 700 °C, no significant weight
loss is observed, indicating the formation of thermally stable
inorganic residues, presumably La2 O3 , CaO, or mixed metal
oxides, which are known to be stable under inert atmospheres at
elevated temperatures [ 19 ]. The high residual mass ( ∼95 %) further
reflects the excellent char-forming ability of this MOF system, a
favourable trait for applications. 

3.2 Structural analysis 
The phase purity and structure of the CML1, CML2, CML3 and
CML4 MOFs were investigated using XRD spectra ( Fig. 2 ). The
diffraction peaks are located at 2 θ = 18.04 °, 28.83 °, 31.52 °, 34.52 °,
39.59 °, 47.21 °, 49.30 °, 54.30 °, 58.26 °, 59.61 °, 75.82 °, 79.41 °,
80.68 °, 82.39 ° and 85.61 ° corresponding to the (101), (112),
(004), (200), (211), (204), (220), (116), (303), (224), (208), (332),
(307), (420) and (334) hkl planes, respectively. The observed peaks
match closely with the reference pattern for synthetic Powellite
3 
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Fig. 2 

XRD spectra of the CML1, CML2, CML3, and CML4 MOFs. 
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CaMoO4 ), which is indexed to the tetragonal crystal system with
pace group I41 /a (PDF No. 01–077–2238) (JCPDS card no. 29–
351) [ 14 ]. Notably, the absence of any secondary reflections
onfirms the single-phase nature of all samples and indicates that
a ³+ has been successfully incorporated into the CaMoO4 lattice 
ithout forming any discrete phases like La2 (MoO4 )3 or LaMoO4 . 
he average crystallite size was calculated using Debye-Scherrer 
quation. 

D = K λ

βcos θ
(1) 
Fig. 3 

a) XPS survey spectra (b) Ca 2p peaks (c) Mo 3d peaks and (d) La 3d peaks of the CM

 

here D is the average crystallite size, K = 0.9 is the shape factor,
= 1.5406 Å is the X-ray wavelength, β is the full width at

alf maximum (FWHM) in radians, and θ is the Bragg angle. 
he average crystallite size of the CML1, CML2, CML and CML4

s 54, 52, 42 and 16 (nm), suggesting that La ³+ incorporation
nto CaMo. The ionic radius of La ³+ (1.16 Å) is slightly larger
han that of Ca ²+ (app. 1.0 Å). Thus, La ³+ substitution at the
a ²+ site induces slight lattice relaxation that minimizes strain, 
nhances structural stability and facilitates controlled nucleation, 
eading to the formation of larger, well-ordered crystallites. The 

agnified XRD window between 26 ° and 34 ° ( Fig. 2 ) reveals
ubtle variations in peak intensity and a widening of the peaks
ith increasing La content, indicative of enhanced crystallinity. 
oreover, there is a slight shift of peaks towards lower theta

alues from CML1 to CML4 MOFs, implying that La ³+ substitutes 
nto the Ca ²+ sites without significant distortion of the unit cell.
owever, the increase in peak sharpness and symmetry reflects 

educed microstrain and defect density at higher Lanthanum ion 

ubstitution. 
To analyze the surface chemical composition and oxidation 

tates of the elements present in the CML1, CML2, CML3 and
ML4 MOFs, the XPS studies were done for the CML1 MOF.
he survey scan confirms the presence of Ca, Mo, La, and O
 Fig. 3 a). Fig. 3 b shows the deconvolution curves of Ca 2p spectra,
here two well-defined peaks are observed at binding energies of 
L1 MOF. 
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Fig. 4 

Raman spectra of CML1, CML2, CML3, and CML4 MOFs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 

FTIR spectra of the CML1, CML2, CML3, and CML4 MOFs. 

Fig. 6 

UV-Vis absorbance spectra of the CML1, CML2, CML3, and CML4 MOFs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

approximately 346.5 eV and 350.1 eV, corresponding to Ca 2p1/2 

and Ca 2p3/2 , respectively [ 15 ]. Fig. 3 c shows the deconvolution
curves of the Mo 3d peaks at 232.5 eV and 235.6 eV, assigned
to Mo 3d5/2 and Mo 3d3/2 , respectively. These binding energies
are characteristic of the Mo6 + oxidation state, indicating that
molybdenum exists primarily as MoO4 ²− within the lattice, and
no evidence of lower oxidation states (Mo5 + or Mo4 + ) is observed
[ 16 ]. Fig. 3 d displays the deconvolution spectra of the La 3d peaks
observed between binding energies of 820–870 eV. The peaks are
observed at 835.6 eV (La 3d5/2 ) and 852.5 eV (La 3d3/2 ). The
presence of two satellite peaks further validates the La ³+ oxidation
state and suggests strong hybridization between La 4f and O 2p
orbitals [ 17 ]. The XPS analysis confirms the successful formation
of a La-substituted CaMoO4 -type structure with the expected
oxidation states of Ca ²+ , Mo6 + and La ³+ . This confirms the doping
of La in the CaMo MOFs. 

3.3 Raman analysis 
Fig. 4 shows the Raman spectra of the CML1, CML2, CML3 and
CML4 MOFs. The spectra show major peaks at 199, 320, 388, 791
and 877 (cm−1 ). The peaks observed at 320 and 877 (cm−1 ) belong
to the Ag active modes and the bands observed at 199, 388 and
791 (cm−1 ) belong to the Eg active modes, confirming the integrity
of the MoO4 ²− tetrahedra [ 18 ]. All these bands show a slight shift
from CML1 to CML4 MOFs due to the incorporation of La ions
into the Ca ions. Further, the small bands observed below 150
cm−1 correspond to the Ca2 + cations [ 19 ]. 

3.4 FTIR analysis 
FTIR spectroscopy was performed to investigate the functional
groups and bonding of the CML1, CML2, CML3 and CML4
MOFs. Fig. 5 shows the FTIR spectra of the CML1, CML2, CML3
and CML4 MOFs. The three main peaks are consistent from
CML1 to CML4 MOFs, observed at 427, 733 and 770 (cm−1 ).
The absorption bands at 733 and 770 (cm−¹) are assigned to
the antisymmetric stretching vibration of the Mo-O bond in the
(MoO4 ) ²− tetrahedra, while the band at 427 cm−¹ corresponds
to Ca-O vibrations [ 20 , 21 ]. The shifting and intensity changes
of these three main FTIR peaks from CML1 to CML4 MOFs
confirm the incorporation of La ³+ ions into the CaMoO4 lattice
without altering the fundamental structure. . Furthermore, the
band observed around 531 cm−1 in LCM1 and LCM2 MOFs may
be raised due to the doping of La ions. 

3.5 UV–Visible analysis 
UV–Visible absorption spectroscopy was employed to investigate
the optical properties and electronic structure of the CML1, CML2,
CML3, and CML4 MOFs. The absorption spectra recorded in the
200–800 nm range are shown in Fig. 6 . All samples exhibit strong
absorption in the UV region, which is typical for molybdate-
based materials due to charge-transfer transitions between oxygen
2p and molybdenum 4d orbitals. The absorption edge for CML1
appears near 250 nm, attributed to the O ²− → Mo6 + ligand-to-
metal charge transfer (LMCT) [ 22 ]. As La ³+ content increases from
CML1 to CML4, the absorption edge systematically shifts toward
higher wavelengths, indicating a reduction in the optical band
gap. This shift may be ascribed to local lattice distortion and
electronic structure modification introduced by the substitution
of Ca ²+ with La ³+ ions. The broadening of absorption profiles and
increasing absorbance with La ³+ content suggest improved light-
harvesting ability and enhanced defect-related sub-band states,
which could influence the electrochemical or optoelectronic
properties of the materials. 
5 
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Fig. 7 

SEM images of the (a, b) CML1, (c, d) CML2 (e, f ) CML3 and (g, h) CML4 MOFs. 
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.6 Morphological analysis 
ig. 7 shows SEM Images of CML1, CML2, CML3, and CML4
OFs. The SEM studies were employed to analyze the surface
orphology, particle shape and size distribution of the CML1, 
ML2, CML3 and CML4 MOF. Figs. 7 (a, b) show the SEM images
f the CML1 MOF. For CML1 Fig. 7 (a, b), the particles appear
 

s agglomerated irregular granules with spherical/polygonal-like 
orphology. Fig. 7 (c, d) show the SEM images of the CML2 MOF.
ere, more uniform grain distribution with better-defined faceted 

tructures is seen in CML2 MOF. The particles are slightly larger
nd more angular compared to CML1 MOF. Fig. 7 (e, f) shows the
EM images of the CML3 MOF. Here, the particles evolve into well-
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Fig. 8 

EDX spectra of the (a) CML1, (b) CML2, (c) CML3, and (d) CML4 MOFs. 

 

 

 

 

 

 

 

 

 

formed rod-like or elongated morphologies. Fig. 7 (g, h) shows the
SEM images of the CML4 MOF. Here, oval structures are observed.
The change in morphology from CML1 to CML4 MOF implies
enhanced structural reorganization and improved particle packing
with increasing La ³+ content. 
Energy Dispersive X-ray Spectroscopy (EDX) was performed in
conjunction with SEM to determine the elemental composition
of the synthesized CML1, CML2, CML3 and CML4 MOFs. The
representative EDX spectra are shown in Fig. 8 (a-d) for CML1,
CML2, CML3 andCML4 MOFs, respectively. For CML1 Fig. 8 a
7 
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Fig. 9 

(a, b) TEM images (c) HRTEM image and (d) SAED image of CML1 MOF. 
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he distinct peaks corresponding to Mo, Ca, O, and minor Na
re observed, confirming the expected stoichiometry of CaMoO4 . 
 low-intensity La peak observed can be attributed to the

ncorporation of La ³+ ions in the lattice of CaMo. In CML2 Fig. 8 b,
he intensity of the La peak increases, accompanied by a slight
eduction in the Ca signal, which can be ascribed to the partial
ubstitution of Ca ²+ by La ³+ . Moreover, Mo remains as a dominant
lement, confirming the structural integrity of the molybdate 
ramework. Fig. 8 c further demonstrates the progressive increase 
n La content with a corresponding decline in Ca signal. The
ntensity of the Mo peak remains nearly unchanged, reaffirming 
he fixed Mo from CML1 to CML4 MOFs. Finally, CML4 Fig. 8 d
hows a significant La peak, which is indicative of higher doping
evels. The Ca peak is the weakest in this sample, supporting
he successful substitution of Ca ²+ ions by La ³+ ions to the
reatest extent among the series. These results strongly support 
he findings from XRD, FTIR, and XPS, reinforcing the phase
urity and chemical integrity of the synthesized materials. 

Further, TEM/SAED analyses were carried out to examine the 
article morphology, crystallinity, and lattice structure of the 
ML1, CML2, CML3 and CML4 MOFs. Fig. 9 (a, b) shows the
EM images of the CML1 MOF. The TEM images reveal well-
efined, faceted particles with predominantly polygonal shapes, 
uggesting high crystallinity and anisotropic growth. The particles 
ppear relatively uniform in size and the sharp edges and
at facets indicate a well-developed crystallates, consistent with 
f

 

cheelite-type molybdate morphologies observed in SEM. Fig. 9 c 
hows the High-resolution transmission electron microscopy 
HRTEM) image of the CML1 MOF reveals clear lattice fringes, 
ndicative of long-range crystalline order. The interplanar spacing 

easured from the fringes is consistent with the (112) plane of
etragonal CaMoO4 ( d = 3.07 Å), supported by XRD analysis. 
he corresponding SAED pattern ( Fig. 9 d) exhibits a well-defined
ing structure composed of discrete bright spots determines the 
rystalline nature of the synthesized MOFs. These findings are 
onsistent with the structural and morphological information 

btained from XRD and SEM, further validating the phase-purity 
nd crystalline nature of the synthesized MOFs. 

 Electrochemical analysis 
ig. 10 (a-d) presents the CV curves of the CML1, CML2,
ML3 and CML4 electrodes in a three-electrode system over 
 scan rate range of 10–100 mV/s−¹. All the electrodes exhibit
uasi-rectangular-shaped CV profiles with distinguishable redox 

eaks, which signify a predominant pseudocapacitive charge 
torage behaviour governed by fast and reversible surface or 
ear-surface faradaic redox reactions [ 23 ]. This characteristic 

s commonly observed in transition metal-based MOFs, where 
edox-active centres contribute significantly to energy storage 
ia interfacial charge transfer [ 23,24 ]. As the scan rate increases,
 progressive enhancement in current response is observed 

rom all the samples, affirming their good rate capability 
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Fig. 10 

CV curves of (a) CML1, (b) CML2, (c) CML3 and (d) CML4 electrodes in a three-electrode system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 

Co , CT and Ci values of the CML1, CML2, CML3 
and CML4 electrodes. 

Sample electrode Co CT Ci 

CML1 5.52 55.00 49.48 
CML2 12.70 56.43 43.73 
CML3 28.14 60.06 31.92 
CML4 11.30 56.92 45.64 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and rapid ion diffusion kinetics. Notably, the CML3 electrode
demonstrates the highest current density throughout the scan
range, with clearly defined redox peaks and minimal potential
separation, indicating superior electrochemical reversibility, fast
charge-transfer kinetics, and low internal resistance. In contrast,
the CML1, CML2 and CML4 electrodes display moderately
symmetric CV curves with appreciable redox activity, suggesting
partially effective La incorporation that supports improved but
suboptimal electrochemical behaviour. Further, the charge storage
mechanism of CML1, CML2, CML3, and CML4 electrodes was
analysed using the Trasatti method to distinguish between
capacitive and diffusion-controlled contributions. The Trasatti
method involves evaluating the relationship between specific
capacitance and scan rate. The total specific capacitance (CT )
was calculated from Fig. 11 (a, b). The y-intercept of the plot
specific capacitance versus the inverse square root of the scan rate
represents the intrinsic capacitance (Co ), while the y-intercept of
the plot of inverse specific capacitance versus the square root of
the scan rate corresponds to the total capacitance (CT ) for the
CML1, CML2, CML3, and CML4 electrodes. Thus, the diffusion
contribution of the specific capacitance (Ci) can be calculated
using the equation given below. 

CT = Ci + Co (2)

The calculated values of CT , Ci and Co are given in Table 2 .
Finally, the percentage of diffusion-controlled contribution for
CML1, CML2, CML3, and CML4 electrodes is illustrated in
Fig. 12 (a). The observed transition in charge storage mechanism
from pseudocapacitive to EDLC behaviour from CML1 to CML3
electrodes can be attributed to the progressive incorporation of
La ³+ ions into the CaMo framework, which modulates both the
electronic structure and surface characteristics of the material. As
the La ³+ content increases, the electrical conductivity and surface
defect density are enhanced, facilitating faster ion transport
and charge accumulation at the electrode/electrolyte interface,
characteristics typical of EDLC behaviour. Additionally, the
increased La substitution can lead to a more stable and less
redox-active surface, thereby suppressing faradaic reactions and
promoting non-faradaic charge storage. However, in the case of
the CML4 electrode, the dominant pseudocapacitive behaviour
may arise due to excessive La incorporation, which can distort
9 
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Fig. 11 

(a) Inverse square root of scan rate versus specific capacitance (b) Square root of scan rate versus inverse specific capacitance of the CML1, CML2, CML3 and CML4 
electrodes. 

Fig. 12 

(a) Capacitive contribution (b) Nyquist plot of the CML1, CML2, CML3, and CML4 electrodes in a three-electrode system. 
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he crystal lattice and introduce localized defect sites or oxygen
acancies. These defects act as active redox centers, enhancing 
aradaic charge transfer processes. Consequently, CML4 exhibits a 
igher contribution from pseudocapacitive reactions compared to 

he more EDLC-dominated CML3 electrode. Fig. 12 (b) shows the
yquist plots of the CML1, CML2, CML3 and CML4 electrodes.
he Nyquist plot provides further insights into the charge transfer
esistance and ion diffusion behaviour of CML1, CML2, CML3, 
nd CML4 electrodes electrodes. The semicircle in the high- 
requency region corresponds to the charge transfer resistance 
Rct), while the low-frequency linear tail relates to Warburg 
mpedance (diffusion resistance). The CML3 electrode exhibits the 
mallest semicircle and steepest tail, signifying the lowest Rct and
uperior ion transport behaviour. These results are consistent with 

he CV performance. Further, the increase in the contribution of
0 
DLC nature can also be seen in the CV curves of the two-electrode
ystem. 

To check out further insights into the electrode performance, 
 two-electrode cell was made for the CML1, CML2 and 

ML3 electrodes separately (acting as cathode), in which the 
C electrode acts as anode, separated by a glass microfibre 
lter (thickness 1.6 μm). A few drops of 0.5 M KOH aqueous
olution were poured on a glass microfibre filter acting as an
lectrolyte. Fig. 13 (a-c) presents the CV curves of the CML1,
ML2 and CML3 electrodes in a two-electrode system. The 
V profiles exhibit nearly rectangular shapes, especially at low 

can rates, which is indicative of ideal double-layer capacitance 
ith negligible resistive or faradaic contribution. As the scan 

ate increases, the area under the curves expands consistently 
ithout significant distortion, demonstrating robust capacitive 
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Fig. 13 

(a-c) CV curves of the CML1, CML2 and CML3 electrodes in a two-electrode system and (d) GCD curves of the CML1, CML2 and CML3 electrodes in a two-electrode 
system at a current density of 0.05 A/g. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 

Comparative values of specific capacitance with the literature report. 

Ac tive elec trode Electrolyte Specific capacitance Ref. 

CMOF-5–80 H2 SO4 218 [ 25 ] 
Porous Carbon NEt4 BF4 175 [ 26 ] 
CZIF69a H2 SO4 168 [ 27 ] 
Cu-MOF - 135 [ 28 ] 
Co-MOF - 129 [ 29 ] 
PVDF-Bonded KCL 74 [ 30 ] 
Carbon 80 
Co-L/MOF KOH 74 [ 31 ] 
CML1 90 Present work 
CML2 - 101 
CML2 132 

 

 

 

 

 

 

 

 

 

behaviour and good rate capability. Also, the CV curves of all
the electrodes increase from CML1 to CML3 electrodes. Further,
the absence of sharp redox peaks across the scan rates suggests
that the charge storage is predominantly electrostatic (i.e., EDLC
nature), though minor deviations at higher scan rates might
hint at limited pseudocapacitive contributions from CML1 to
CML3 electrodes (consistent with the results of the three-electrode
system). Fig. 13 (d) shows the GCD curves of the two-electrode cell
of the CML1, CML2 and CML3 electrodes at a current density of
0.5 A/g. All the curves show near-triangular shapes with linear
charge/discharge slopes and sharp transitions at the beginning
and end of each cycle, indicating high coulombic efficiency and
low internal resistance. The following equations were used to
calculate specific capacitance (Cp ), energy density (Ed ) and power
density (Pd ). 

Cp = 4
I�t 

m�V 

(3)

Ed =
1 

2 

Cp �V2 (4)

Pd = �t 
Ed 

(5)

where I (A) represents the discharge current and �t (s) represents
discharge time, m represents the mass (grms) and �V represents
the potential window (V). The Cp values are 90 F/g for the CML1
electrode, 101 F/g for the CML2 electrode and 132 F/g for the
CML3 electrode at the current density of 0.05 A/g ( Fig. 14 a). These
values are compared with the literature report given in Table 3 .
These Cp values demonstrate that the CML3 electrode delivers
stable and high-performance electrochemical behaviour, making
it a promising candidate for advanced supercapacitor applications.
Fig. 14 b shows the GCD curves of the CML3 electrode at the
current density of 0.05, 0.06, 0.07, 0.08 and 0.09 (A/g) in a
two-electrode system. The calculated specific capacitance values
11 



Giant, 26, 2025, 100380 

Full-length
 article

 

Fig. 14 

(a) Specific capacitance of the CML1, CML2 and CML3 electrodes in a two-electrode system, (b) GCD curves, (c) Specific capacitance versus current density and (d) 
Ragone plot of the CML3 electrode in a two-electrode system. 
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Fig. 15 

Coulombic efficiency of the CML3 electrode in a two-electrode system. 
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re 132, 128, 127, 122 and 118 (F/g) at the current density of
.05, 0.06, 0.07, 0.08 and 0.09 (A/g), respectively ( Fig. 14 c). The
alculated specific capacitance values indicate a gradual decrease 
n capacitance with higher current density. This determines that 
t lower current densities, the electrolyte ions have sufficient 
ime to diffuse deeply into the porous framework and access all
ctive sites, leading to higher charge storage. However, at higher
urrent densities, the limited ion diffusion and reduced electrolyte 
enetration restrict the utilization of active sites, resulting in a

ower specific capacitance. This behavior confirms the diffusion- 
ontrolled charge storage mechanism in the La-doped CaMo- 
ased MOF electrodes. Fig. 14 d shows the Rangone plot of
he CML3 electrode. The calculated energy density values are 
.58, 4.45, 4.41, 4.27 and 4.13 (Wh/Kg) at the power density
f 50, 60, 70, 80 and 90 (W/Kg). these values determine that
t lower power densities, the CML3 electrode allows sufficient 
ime for ion diffusion and full utilization of active sites within
he CaMo-doped MOF electrode, resulting in higher energy 
torage. As the power density increases, the charge–discharge 
rocess becomes faster, restricting ion transport and reducing 
he effective participation of redox-active sites. Consequently, the 
tored energy decreases, highlighting the trade-off between energy 
nd power densities characteristic of MOF-based supercapacitors. 
ig. 15 shows the coulombic efficiency of the CML3 electrode
n a two-electrode system. The CML3 electrode retains 96 %
2 
fficiency even after 1000 GCD cycles at a current density of 0.1
/g, determines the stability of the electrode for future generation 

upercapacitors (last 16 cycles inserted in the Fig. 15 ). 

 Conclusion 

ax Ca1 −x Mo-based MOFs were successfully synthesized via a 
ontrolled precipitation route and systematically characterized 

or their structural, morphological, optical and electrochemical 
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201300147 . 
properties. The XRD analysis confirmed the formation of a
pure tetragonal scheelite-type CaMoO4 phase (space group I41 /a)
without secondary impurities. The average crystallite size of
the CML1, CML2, CML3 and CML4 MOFs is 54, 52, 42 and
16 (nm). The SEM and TEM analyses showed a morphological
evolution from irregular agglomerates to well-defined rod-like
structures, indicating improved crystallinity and directional
growth. The increase in the specific capacitance values from CML1
to CML3 electrodes determines the improved charge storage
capability and conductivity with La incorporation. Overall,
La substitution effectively tailors the structural and functional
properties of CaMoO4 MOFs, making them promising candidates
for high-performance energy storage and related multifunctional
applications. 
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