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1. INTRODUCTION

Layered double hydroxides (LDHs), commonly known as hydrotalcite-like compounds, are
a class of ionic lamellar materials composed of positively charged brucite-like layers separated
by charge-balancing anions and interlayer water molecules [1]. Since their discovery in the
19th century, LDHs have been studied for their versatility in catalytic applications, anion
exchange, adsorption, and electrochemical energy storage [2]. Their structural flexibility and
tunable composition allow researchers to tailor their physicochemical properties to specific
applications, making them one of the most promising materials in the field of advanced
materials engineering 3, 4].

Traditionally, LDHs are synthesized through alkali co-precipitation, often using sodium
hydroxide or potassium hydroxide to maintain alkaline pH conditions [5]. However, the use
of strong alkalis poses significant environmental and operational drawbacks. Alkaline residues
can lead to reactor corrosion, generate excessive wastewater due to repeated washing steps,
and cause leaching of active species, ultimately compromising catalyst performance [6, 7].
These challenges necessitate the development of alternative synthesis methods that are both
effective and sustainable. Alkali-free synthesis, which replaces corrosive agents with benign
acidic salts like ammonium nitrate, offers a green alternative while preserving material
performance [8, 9].

Despite growing interest in alkali-free methods, research on their application in
manganese-based LDHs remains limited, particularly for systems incorporating multiple metal
cations such as cobalt and chromium. Ternary LDHs with three different metal cations have
shown the potential for enhanced functionality due to synergistic effects between the
constituent metals [10, 11]. However, the physicochemical behavior of MnCoCr LDHs
synthesized via alkali-free routes remains poorly understood, and existing studies often focus
on more commonly used Zn- or Ni-based systems [12, 13].

This study addresses that gap by investigating the structural and physicochemical effects
of incorporating chromium into MnCo LDH using an alkali-free synthesis approach. The
objective is to evaluate how the ternary composition alters crystallinity, interlayer spacing,
morphology, and thermal stability compared to binary systems. The novelty of this work lies
in three aspects: first, it demonstrates the successful synthesis of MnCo and MnCoCr LDHs
entirely without alkali agents, which is rarely reported for Mn-based systems; second, it
reveals a unique crystallization behavior driven by Cr inclusion that promotes lattice
expansion and uniformity without requiring hydrothermal conditions; and third, it introduces
Mn-based ternary LDHs as sustainable candidates for catalysis and energy storage, an area
still underexplored in current materials science research. Through this exploration, the study
contributes to the broader goal of developing environmentally responsible and application-
specific advanced materials.

2. METHODS

Manganese (Il) sulfate-1-hydrate was purchased from Bendosen, whilst cobalt (ll) nitrate
and chromium (lll) nitrate were bought from R&M Chemicals. The ammonium nitrate was
obtained from R&M Chemicals and was used as a buffer in the preparation of a buffer
solution. Manganese (Il) sulfate-1-hydrate, [Mn(SO)4.H,0] (100, 1.5 M), cobalt (lI) nitrate
hexahydrate, [Co(NOs),:6H,0] (100, 1.5 M), and chromium (ll) nitrate, [(Cr(NO)3)2] (100, 1.5
M) solution have been diluted using distilled water into 100 mL volumetric flasks each. A
volume ratio of 4:1:1 Mn:Co:Cr and 4:1 Mn:Co in 100 mL of mixed metal nitrate solution has
been prepared. The solution has been stirred at room temperature with a constant pH of 8.5.
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2 M of ammonium nitrate (acidic salt) has been added as a buffer. The mixture then
underwent an ageing process at 65°C overnight under stirring. Then, the alkali-free solid
product has been filtered and washed with deionized water until the pH reaches 7. The
sample was first dried in the oven at 100 °C for 24 hours. This sample was denoted as a fresh
sample with the acronym F-MnCoCr. Next, this white solid product has been calcined under
a flow of 20 mL/mint at 425°C for 5 hours based on the TGA result of fresh MnCoCr LDH. This
sample was denoted as a calcined sample with the acronym C-MnCoCr. This method has been
adapted from Ref (Erma et al., 2020). This method has also been applied in the synthesis of
MnCo LDH, except the pH was changed while stirred at constant with a constant reading of
9.0, and the calcined temperature was set at 375°C. The sample was denoted as a fresh
sample with the acronym F-MnCo. Next, the white solid product has been calcined under a
flow of 20 mL/min at 375°C for 5 hours based on the TGA result of fresh MnCo LDH. This
sample was denoted as a calcined sample with the acronym F-MnCo.

The physicochemical properties of samples were characterized using powder X-ray
diffraction (PXRD), thermogravimetric analysis (TGA), Brunauer-Emmett-Teller (BET), Field
Emission Scanning Electron Microscopy (FESEM), and Fourier transform infrared spectroscopy
(FTIR). Powder X-ray Diffraction (PXRD) performed by the PANalytical X'pert PRO model was
operated at 40 kV and 40 mA using Cu-ka. Measurements were made with a diffraction angle
of 20 from 8 to 90° at a speed of 1.2°/min. The chemical composition of major elements
present in the material, the structure, and the crystallography of the synthesized catalyst
samples were identified using PXRD. The samples were further analyzed using a high-
performance modular simultaneous TGA and DTA/DSC thermal analyzer (ambient/2400 °C)
under a nitrogen flow rate of 30 mL/min in dry air with a temperature range of 0 to 800 °C
and a heating rate of 20 mL/min to determine the thermal transition of the sample. SETARAM
Evolution 18 (TG-DSC/DTA) was used to evaluate the interlayer water and carbonate content
at a heating rate of 800 °C at 10 m/min under nitrogen flows.

The surface area (SA) and pore size distribution measurements were obtained with the
Quantachrome Autosorb iQ; instrument. N, gas was used as the adsorbate at 77 K. The
surface area was measured using a multipoint approach by Brunauer, Emmett, and Teller
(BET), and the pore size distribution was calculated using the Barret, Joyner, and Halenda
(BJH) desorption method with a gradually increasing temperature in three steps and a ramp
rate of 10. Before analysis, samples were degassed at 120 °C for 12 hours to get rid of any
adsorbed species. With a Schottky emitter at an accelerating voltage of 3.0 kV and a beam
current of 1.0 mA, a JOEL JSM-7600F apparatus was used to study the surface morphologies
of the produced materials. Before examination, the samples were placed on Au-coated silicon
chips in ethanol after being ultrasonically dispersed. The apparatus allows for high-resolution
imaging and analysis of the samples. FTIR was used to identify the functional group and
chemical bonds of the samples by producing an infrared absorption spectrum using a Perkin
Elmer (Model: Spectrum One) FTIR spectrometer at a wavenumber of 4000—600 cm™.

3. RESULTS AND DISCUSSION

MnCo and MnCoCr LDHs have been successfully synthesized and characterized by PXRD,
TGA, BET, FESEM, and FTIR. The PXRD patterns for fresh LDH, F-MnCo, and F-MnCoCr are
shown in Figure 1(a), whereas the results for calcined LDH, C-MnCo, and C-MnCoCr are shown
in Figure 1(b). The discovered crystalline phases for F-MnCo are due to reflections of 26 at
25°, 337, 38°%, 41°, 46°, 51°, 52°, and 61°, which correspond to the HKL planes of (003), (101),
(102), (108), (109), (110), (113), and (116). These planes were identical to those in [14-16].
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All of the peaks mentioned above were narrow, with a single crystalline phase and duplets
at 51 and 52°, confirming the successful synthesis of the LDH [17]. These diffraction peaks
also correspond well with the standard JCPDS card no. 22-0700, thereby confirming the
successful formation of the LDH phase. The identical diffraction patterns, but with stronger
peaks, have appeared on F-MnCoCr (Figure 1(a)). The position of duplets in the PXRD patterns
might be shifted, but they are all positioned ranging from 40°- 65° [13, 14, 16]. These results
demonstrated that LDH was successfully synthesized.

Figure 1(b) depicts the calcined LDH, C-MnCo, and C-MnCoCr PXRD patterns, respectively.
The results confirmed that interlayer regions of H,0, OH~ and CO3% have completely collapsed
and are being decomposed during the calcination process. The process of dehydration,
dehydroxylation, and decarboxylation occurred during the calcination process, which affected
the interlayer spacing, hence collapsing and turning to mixed oxides. These can be proven
where the LDH peaks at (003), (110), (113), and (116) were diminished.
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T ——C-MnCoCr
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Figure 1. PXRD diffraction for fresh (a) and calcined (b) LDH with formation of mixed oxides.

The production of mixed oxide during calcination is shown by obvious diffraction at 37° for
C-MnCo and 29°, 32°, and 36° for C-MnCoCr in Figure 1(b). The diffraction peaks observed are
consistent with the standard pattern for mixed metal oxides, as indexed by JCPDS card no.
45-0946 [18]. The C-MnCoCr PXRD patterns feature sharper peaks than C-MnCo, indicating
that C-MnCoCr has higher crystallinity than C-MnCo. The textural features d spacing and the
LDH lattice parameter are shown in Table 1.

With the addition of a tertiary component in ternary LDHs, there could be further changes
in interlayer spacing. In LDH’s structure, positively charged layers are separated by anionic
species, forming a structure with distinct interlayer spaces. The introduction of a third
element (Cr) has proven remarkably influential effect on the arrangement of these layers,
hence potentially leading to modifications in the distance between them. These can be
confirmed as the fresh ternary F-MnCoCr sample produced a slightly higher d-spacing
between crystal lattice planes in a crystalline material compared to the binary F-MnCo
sample. This analysis provides valuable information about the arrangement of atoms or
molecules within the crystal lattice. Changes in d-spacing can indicate variations in the crystal
structure, lattice parameters, or the presence of impurities. It is crucial to note that the
specific effects of calcination on d-spacing will vary depending on the composition of the
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ternary LDH, the calcination conditions (temperature, time, atmosphere), and the overall
crystallographic alterations induced by the process [19]. In the context of ternary LDHs,
changes in the lattice parameters might indicate structural differences, such as the
introduction of various metal cations (MnCoCr), and this drastically alters the layer stacking
sequence and, as a result, the interlayer spacing increases [18]. The fresh ternary LDH
comprises water molecules and anions that contribute to the expansion of the original lattice
structure. During calcination, these interlayer species are often removed by dehydroxylation
and decarbonation processes. As these species (water and anions) are eliminated, the layers
compress, leaving more distance between them. This process may result in an expansion of
the interlayer region and may manifest as a surge in lattice parameters, as shown in Table 1.

Table 1. The textural properties of the d spacing and lattice parameter of binary and
ternary LDH.

Lattice Parameter (A°)

Systems Materials d spacing (4) a c
Binary F-MnCo LDH 3.5 8.3 10.5
C-MnCo LDH 24 2.7 3.5
Ternary F-MnCoCr LDH 3.6 2.7 4.4
C-MnCoCr LDH 17.1 8.3 10.5

The TGA investigations confirmed that the temperatures employed for calcination samples
should be set at 375 and 425 °C, respectively. Table 2 presents a summary of the
thermogravimetric data for binary and ternary LDH. Three weight losses were observed in
both binary and ternary samples the temperature range of 98-425 °C. Dehydration happened
at 98-125 °C, releasing the physically absorbed water and exposing the metal catalysts to high
temperatures. This finding is consistent with the results of the study mentioned in another
reference [1]. The second weight loss occurred between 225-280 °C and was ascribed to the
dehydroxylation process caused by the disintegration of LDH, which resulted in the
elimination of interlamellar water molecules and ions [20]. The final major weight loss for F-
MnCo occurred at 375 °C, which is linked to the disintegration of the Mn-Co LDH molecule,
also known as decarbonation or decarboxylation [21]. The ternary F-MnCoCr decomposed at
425 °C, indicating the decomposition temperature of the Mn-Co-Cr LDH. The results closely
paralleled those in references (Zhang et al., 2019) and [15].

The addition of binary and ternary metals to LDH structures has a substantial effect on
their decomposition temperatures. The addition of binary metal cations has proven to modify
the bonds between metal and oxygen, hence impacting the thermal stability [11]. Ternary
LDHs, which include a third metal or have a changed anionic composition, exhibit intricate
decomposition characteristics. The presence of ternary cations has created stronger bonding
and coordination effects between the layers, requiring higher temperatures for
decomposition to occur [22].

Therefore, the progressive increase in decomposition temperature from binary to ternary
LDHs demonstrates that the addition of Cr not only modifies the thermal stability profile but
alsoimproves the structural resilience of the material. These findings align with earlier studies
[22, 15] and affirm that multi-metal LDHs can be strategically tailored to optimize their
thermal and physicochemical properties for applications such as catalysis, adsorption, and
energy storage. The results also validate the calcination temperatures chosen (375 °C for
MnCo and 425 °C for MnCoCr), ensuring complete structural transformation into mixed metal
oxides without premature collapse or loss of functional integrity.
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Table 2. The thermogravimetric analysis data of binary and ternary LDHs measured by
TGA.

Weight  First weight Second weight Third

D .
ecomposition loss loss (°C) loss (°C) weight

Systems Materials

°C
(c) stages (dehydration) (dehydroxylation) loss (°C)
Binary F-MnCo 375 Three 98 280 375
LDH
Ternary  F-MnCoCr 425 Three 125 225 425
LDH

A pore distribution investigation was conducted using a QuantaChrome Autosorb device in
the presence of nitrogen gas at a temperature of 77 Kelvin. Figures 2(a) and (b) show a type
IV isotherm accompanied by an H3 hysteresis loop. The surface area of F-MnCo and F-MnCoCr
in Table 3 exhibits a significant disparity in magnitude, with F-MnCoCr demonstrating a
superior value of 112 m2/g. The result associated with the PXRD graph of F-MnCoCr
demonstrates superior crystallinity in comparison to F-MnCo. Introducing Cr into the MnCo
matrix, such as in MnCoCr, has further impacted the surface area and the pore size. Cr may
alter the crystal structure and affect interlayer distances, leading to changes in both
parameters. Cr doping can also influence the formation of specific phases with distinct
porosity characteristics. The addition of Cr has enhanced the surface area and altered the
surface properties of F-MnCoCr (ternary LDH) compared to F-MnCo (binary LDH). The
interaction between the tertiary and binary layers, as well as their impact on the primary
layers, can collectively contribute to adjustments in pore size. The findings indicate that the
ternary LDH (F-MnCoCr) exhibited superior parameter values for surface area compared to
the binary LDH (F-MnCo).

Following calcination, the surface area of C-MnCo remains mostly unaffected, yet C-
MnCoCr experiences disturbance, resulting in a decrease in value (Table 3). The LDHs
exhibited a mean surface area similar to the values reported in references (Tajuddin et al.,
2022) and [16]. Although the surface area of both calcined LDHs remains unaffected and
decreased, respectively, the pore size of the C-MnCo and C-MnCoCr has steadily increased
from their fresh samples, respectively. The decrease in MnCoCr surface area after calcination
may be ascribed to a variety of structural and chemical changes that occur throughout the
process. Calcination, the process of heating a material to high temperatures (425 °C), has
resulted in an array of physical and chemical changes [23]. Calcination causes crystallization,
which leads to particle expansion and aggregation in the interlayer [24], consequently
reducing the total surface area of individual particles. Sintering is a high-temperature process
that occurs during the calcination process [25]. As a consequence, the overall surface area
may decrease. Aside from that, the calcination of MnCoCr may result in phase shifts, possibly
resulting in a more compact or less porous structure.

It can additionally result in the removal of volatile components, leading to a decrease in
porosity and surface area [26]. At high temperatures, calcination may cause chemical
processes that culminate in the production of more stable compounds or phases, such as
mixed oxides. These processes involve atom rearrangement and may result in a decrease in
accessible surface area [25].
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Figure 2. Nitrogen adsorption/desorption of isotherm linear plot of fresh (a) and calcined (b)
LDHs consist of binary and ternary compounds.

Table 3. The summary of surface area, BJH pore size, and FESEM particle size of fresh and
calcined binary and ternary LDH.

. Surface area BJH Pore size (nm) FESE'_VI M(?an
Systems Materials (m?/g) particle size
Absorption  Desorption (nm)
Binary F-MnCo LDH 71 6 5 115
C-MnCo LDH 72 18 13 15
Ternary F-MnCoCr LDH 112 5 5 289
C-MnCoCr LDH 53 12 13 30

Figures 3(a) and (b) depict the morphology of both fresh and calcined binary and ternary
LDHs observed by FESEM. The binary LDH (F-MnCo) exhibits agglomeration, resulting in an
irregular shape, as presented in Figure 3(a). In contrast, the structure of ternary LDH (fresh
and calcined) shows a more uniform distribution and less interconnection with higher particle
size; 289 nm and 30 nm for both fresh and calcined ternary LDH, respectively (Figure 3(b) and
Table 3). The previous studies [26] reported the presence of an uneven edge in the LDH
structure, but our study only observed a clumped and irregular structure. Despite the
apparent clustering of F-MnCo and F-MnCoCr, the pore size progressively increases during
the calcination of LDHs, as shown in Table 3. Therefore, this clarifies that while the pore
diameters are larger than those of fresh, they do not result in any pore blockage. In addition
to the ternary LDH synthesis process, the degree of crystallinity also significantly influences
the morphology of LDH as the results are correlated in PXRD dan FESEM data.

Figure 4 presents field emission scanning electron microscopy (FESEM) images of the
ternary MnCoCr layered double hydroxide (LDH) samples in their fresh (F-MnCoCr, image a)
and calcined (C-MnCoCr, image b) states, both captured at 4000x magnification. The
morphological differences between these two samples are distinct and highlight the
structural evolution induced by the calcination process.
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Figure 3. FESEM images for samples binary F-MnCo (a) and C-MnCo (b) at 4k magnification.

In Figure 4(a), the F-MnCoCr sample exhibits a highly aggregated morphology with
irregularly shaped, bulky clusters. The particles appear loosely packed, with significant surface
roughness and non-uniform distribution. This suggests incomplete crystallization and
uncontrolled particle growth, likely due to heterogeneous nucleation sites during the alkali-
free synthesis. The inset histogram confirms this observation, showing a broad particle size
distribution centered around 300 nm, with some particles exceeding 600 nm. This indicates a
lack of uniformity and possible agglomeration, common in freshly precipitated LDH systems.

By contrast, Figure 4(b) shows the microstructure of C-MnCoCr after thermal treatment.
The morphology transitions to more uniform, spherical particles with smoother surfaces and
more compact packing. The calcination process appears to enhance structural reorganization
and densification, possibly due to the removal of interlayer water and decomposition of
carbonate anions, leading to the formation of mixed metal oxides. The corresponding particle
size distribution shows a much narrower range, centered around 30-40 nm, indicating a
significant reduction in particle size and improved homogeneity.

Figure 4. FESEM images for samples ternary F-MnCoCr (a) and C-MnCoCr (b) at 4k
magnification.

This morphological refinement from fresh to calcined state not only demonstrates the
effectiveness of calcination in tuning particle structure but also reinforces the impact of Crin
facilitating a more ordered transition. The size reduction and improved uniformity in C-
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MnCoCr may contribute to enhanced surface area and reactivity traits highly desirable in
catalytic applications.

The disparities in the morphology between MnCo and MnCoCr may be attributed to the
addition of chromium (Cr) as a third metal cation in MnCoCr introduces a different element
with its size, electronic properties, and crystal structure. The addition of Cr modifies the
interactions between metal cations, as well as the nucleation, development, and organization
of crystal structures, resulting in increased particle size, as shown in Figure 5. Cr, which has a
bigger atom than Mn or Co, alters the interlayer gap in the LDH structure, causing it to expand
or shrink depending on how it interacts with surrounding hydroxide layers. The introduction
of foreign species (such as Cr in the preceding context) during crystal formation alters lattice
characteristics, resulting in changes in d-spacing, as previously observed and described [27,
28]. Cr has induced lattice expansion, as shown by the increase in d-spacing (Table 1),
morphology (Figures 3(a)-(b) and 4(a)-(b)), and particle size. Changes in lattice properties and
interatomic distances may occur during crystal growth, notably in the nucleation and
following phases [29]. Cr functions as a crystal formation catalyst, allowing LDH crystals to
form and grow more easily. Its distinct electronic structure may improve the LDH's capacity
to interact with anions or ligands during synthesis, especially in ion-exchange procedures [10].
Cr may also change the surface charge of LDH particles, influencing their reactivity with
surrounding anions or ligands, thereby improving their functioning in a variety of applications.

) nucleation growth

MZ'AP‘LDH ¢
synthesis

¢ %, Ca

9,7 Mn ()

*" @
Bl J

Cr .~ .
nucleation * * : " L
SRE >

growth MnCoCr LDH
Figure 5. Schematic illustration of a proposed evolution process of binary and ternary
LDH hierarchical architecture leading to the enhancement of the aggregated network along
with the increment of the particle growth.

The presence of Cr not only influences the cationic framework but also has a profound
effect on the interlayer region of the LDH, where it can modify the spacing between hydroxide
layers by altering electrostatic forces and hydrogen bonding interactions with intercalated
anions and water molecules. As a result, the interlayer gap may either expand or contract,
depending on the spatial and electronic interactions induced by Cr’s presence. Furthermore,
the incorporation of a foreign cation such as Cr introduces localized lattice distortions and
modifies the symmetry of the crystal lattice, leading to observable changes in basal spacing
(d-spacing). These structural variations are not merely of academic interest—they directly

DOI: https://doi.org/10.17509/ijost.v11i1.87940
p- ISSN 2528-1410 e- ISSN 2527-8045



Nazrizawati et al., Structural and Physicochemical Tuning of Binary and Ternary ... | 90

impact the material's surface properties, accessibility of active sites, and suitability for
catalytic applications. Thus, the integration of Cr into the LDH structure plays a multifaceted
role, acting both as a structural modulator and a functional enhancer within the ternary
MnCoCr LDH system.

The FTIR analysis of MnCo and MnCoCr LDHs was performed on both fresh and calcined
samples and tabulated in Table 4. The weak broad absorption peaks at 3323.60, 3350.20,
3356.16, and 3350.00 cm™ correspond to the OH group in the interlayer of carbonate ions
and water molecules [29, 30]. In contrast to the calcined samples, both fresh binary and
ternary samples produced a dense O-H wide signal. This is due to the presence of OH-/H,0
molecules in new samples, which are found between interlamellar layers. These compounds
were exposed to interlayer removal and decomposition during calcination, resulting in layers
that collapsed and formed mixed oxide, as shown by PXRD data. The FTIR spectra of both
calcined binary and ternary materials are less dense than fresh samples, indicating a
successful calcination procedure [30].

The tiny remaining peak of O-H might be due to trapped ambient air on the samples, which
can be removed by heating before analysis. Weak peaks at 1754.30, 1758.50, 1803.23, and
1632.00 cm™ indicate C=0 stretching for both binary Mnco and ternary MnCoCr, with a lower
absorption peak at 1500 cm™ corresponding to O-C-O bending. Most absorption peaks in all
samples were relatively comparable, with a slightly distinct LDH band at 950 to 720 cm™. The
absorption bands below 1000 cm™ correspond to metal oxide stretching modes in the brucite-
like layer or may be simplified as LDH bands [16]. A similar distortion of LDH wavelength was
discovered in [1, 13] at 816-854 and 784-683 cm™.

Table 4. The summary of characteristic bands and wavenumbers of binary and ternary
LDHs obtained from this study and previous references.

Wavenumber Wavenumber

Systems Materials  Characteristic band (cm™1) (cm™1) References
(this study) (ref)

F-MnCo O-H stretching 3323.60 3445.37 [30]
LDH C=0 stretching 1754.30 1500 [16]
CO; bending 1371.10 1363-1384 [31]

Mn-O / Co-O 861.0 854.41

stretching

Binary Mn-Co LDH bending 722.50 784-683
C-MnCo O-H stretching 3356.16 3448 [30]
C=0 stretching 1803.27 1500 [32]
CO; bending 1390.60 1363-1384 [31]
Mn-0O / Co-0 bending 861.00 854.41 [33]

Mn-Co LDH bending 726.15 784-683
O-H stretching 3335.20 3448 [30]
F-MnCoCr C=0 stretching 1758.50 1500 [8]
LDH CO; bending 1370.20 1363-1384 [32]
Ternary Mn-O / Co-O 839.90 854.41 [25]

stretching 722.50 784-683

Mn-Co-Cr LDH
bending
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Table 4 (Continue). The summary of characteristic bands and wavenumbers of binary and
ternary LDHs obtained from this study and previous references.

Wavenumber Wavenumber

Systems Materials  Characteristic band (cm™1) (cm™1) References
(this study) (ref)
O-H stretching 3350.00 3448 [30]
C-MnCoCr C=0 stretching 1632.00 1500 [32]
CO3 bending 1405.00 1363-1384
Mn-Co-Cr LDH 943.10 816-854
bending

4. CONCLUSION

This study emphasizes the critical role of chromium in enhancing the structural and
functional properties of layered double hydroxides (LDHs). The ternary MnCoCr LDHs
exhibited superior crystallinity, larger particle size, and more uniform morphology compared
to binary MnCo LDHs. Chromium incorporation significantly influenced interlayer spacing,
crystal growth, and thermal stability, as supported by PXRD and FESEM analyses. These
modifications are essential for improving material performance in catalysis and other
applications. Importantly, this work demonstrates how careful control of metal composition
in LDHs enables the precision engineering of structure—property relationships, offering a
strategic pathway for developing high-performance, application-specific materials.
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