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Abstract 

This research examines the impact of Cu and W incorporation on the surface properties 

of Mg/Fe-layered double hydroxides (LDHs), with an emphasis on structural, morpho-

logical, and thermal changes. Mg/Fe LDH with molar ratio 2/1 and their transition met-

al-based modification (Cu and W) with molar ratio (1/1/1) for both are prepared. The 

materials obtained were characterized by TGA, XRD, SEM and BET techniques to reveal 

structural information regarding both the parent and modified LDH materials. The re-

sults revealed multiple stages mass loss, corresponding to dehydration, dehydroxylation, 

and carbonate decomposition, with the W/Mg/Fe-LDH exhibiting the highest thermal 

stability and largest residual mass, while Cu/Mg/Fe-LDH showed accelerated decompo-

sition. XRD patterns confirmed the formation of well-crystallized hydrotalcite-like struc-

tures with rhombohedral symmetry (R-3m). Metal substitution markedly increased crys-

tallite size from 9.9 nm (Mg/Fe-LDH) to 62.7 nm (Cu/Mg/Fe-LDH) and 70.6 nm 

(W/Mg/Fe-LDH), indicating enhanced structural ordering. SEM images showed that 

pristine Mg/Fe-LDH consisted of irregular, loosely packed platelets, whereas Cu and W 

incorporation produced more compact and uniform morphologies—Cu leading to 

flake-like aggregates and W yielding dense, spherical nanostructures. N₂ adsorption–

desorption analyses indicated type IV isotherms with mesoporous characteristics. The 

pristine Mg/Fe-LDH exhibited the highest surface area (87 m²/g) and pore volume (0.086 

cm³/g), while Cu substitution drastically reduced these values (14 m²/g and 0.015 cm³/g), 

suggesting pore blocking and densification. The W/Mg/Fe-LDH maintained moderate 

porosity (38 m²/g, 0.050 cm³/g) with improved pore uniformity. Overall, intercalation of 

metal significantly influenced the structural, morphological, and textural features of 

Mg/Fe-LDHs—Cu decreased porosity and thermal stability, whereas W enhanced crys-

tallinity, stability, and mesoporous structure—highlighting their potential for catalysis 

and adsorption applications. 
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1. Introduction 

Layered double hydroxides (LDHs), Two-dimensional (2D) nanomaterials with 

sheet-like structures, are a class of ionic solids characterized by their layered structure, 

which adheres to the general sequence [AcB Z AcB]n. In this structure, c represents layers 

of metal cations, while A and B denote layers of hydroxide (OH⁻) anions, and Z includes 

layers of other anions and neutral molecules (such as water). Lateral offsets between the 

layers can result in longer repeating periods [1]. They stand out as an emerging and ver-

satile class of inorganic layered nanomaterials, as well as natural or synthetic anionic clay 

minerals, characterized by the general formula [M1-x2+ Mx3+ (OH)2] x+ (Ann-)x/n• mH2O, 

where M2+ represents a divalent metal ion (e.g., Mg²⁺, Ni²⁺, etc.), M3+ denotes a trivalent 

metal ion (e.g., Al³⁺, Cr³⁺, etc.), Ann- is an anion (e.g., CO₃²⁻, Cl⁻, etc.), and the charge den-

sity of the LDH layers is determined by x = M3+ / ( M2+ + M3+ ), with values typically rang-

ing from 0.2 to 0.33 for pure LDH phases [2]. LDHs are potential candidate nanomaterials 

for several applications as environmental applications (adsorbents and sensors), catalysis, 

magnetization, biomedical science (drug delivery), electrochemistry, polymerization, 

controlled release formulation and photochemistry [3] due to their outstanding structural 

and physicochemical properties. The activity and broader applications of LDHs are con-

strained by the absence of functional groups and structural components in pure LDHs. 

To address these limitations, modified LDHs have been developed by incorporating 

functional groups or structural elements. These modifications aim to create novel func-

tional LDH-based catalysts. In this context, the presence of hydroxyl groups on the sur-

face and the positively charged [Mg(OH)6] octahedra allows LDHs to interact both elec-

trostatically and chemically with various functional groups or structural components [4, 

5]. Additionally, several modification strategies for LDHs have been proposed, including 

the incorporation of metal nanoparticles, metal oxides, polyoxometalates (POMs), car-

bon-based nanomaterials, and intercalation techniques [6-8]. 

The immobilization of metallic nanoparticles (e.g., Au, Pt, Pd, etc.) onto LDHs results in 

the formation of nanocomposites (NCs) with enhanced characteristics and reactivity. The 

interaction between metal NPs and LDHs, along with the synergy between the metal and 

LDHs, imparts significant advantages to the resulting NCs [9]. Metal nanoparticle-LDH 

nanocomposites are commonly employed as catalysts in various chemical industrial re-

actions, such as catalytic oxidation and hydrogenation, electrocatalysis, and photocataly-

sis [10]. Gevers et al. made a comparison nano-structured transition metal modified 

tri-metal MgMAl–LDHs (M = Fe, Zn, Cu, Ni, Co) on the influence of the quantity and 

type of transition metals (TMs) incorporated into the LDH layers, with an emphasis on 

purity, structural differences, morphological variations, and differences in thermal stabil-

ity, all while synthesizing the LDHs under identical conditions [11]. Mostly, modifying 

LDHs by transition metal effects their textural properties and therefore changes their 

performance in different applications. LDHs are most commonly synthesized through 

co-precipitation, which is favored for its simplicity and the high purity of the resulting 

LDHs [11]. Alternative methods include urea hydrolysis, sol-gel synthesis, and hydro-

thermal synthesis [12]. 
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2. Materials and Methods 

2.1. Materials and chemicals 

All reagents used in this study were of analytical grade quality. Magnesium chloride 

hexahydrate (MgCl2·6H2O) (98.0% pure), cupric chloride (CuCl2) (97.0% pure), and so-

dium tungstate (H4Na2O6W) were obtained from El Nasr Pharmaceutical Chemicals Co. 

Ferric chloride hexahydrate (FeCl3·6H2O) (99.0% pure) was sourced from Egypt Chemi-

cals. Sodium hydroxide (NaOH) (97.0% pure) and hydrochloric acid (HCl) were pur-

chased from NATCO Laboratory Chemicals Reagent. Sodium carbonate (Na2CO3) (99.8% 

pure) was acquired by Alfa Chemical Group. All solutions were prepared using deion-

ized (DI) water with a resistivity of 18 MΩ/cm³, which was also used for rinsing and 

cleaning. All chemicals were used directly in this study without further purification. 

2.2. Synthesis Methods 

2.2.1. Preparation of Mg/Fe LDH   

Mg/Fe-LDH was synthesized using a co-precipitation method. In accordance with stand-

ard procedures outlined in the literature [13, 14], (FeCl3·6H2O) and (MgCl2·6H2O) solu-

tions was mixed together in molar ratio of Mg²⁺ to Fe³⁺ ions of 2:1. A mixture of 1 M 

NaOH and 1 M Na2CO3 in a volume ratio of 3:1 was added dropwise to the solution until 

the pH reached approximately 10, while continuously stirring for one hour. The resulting 

mixture was aged 24 hours at 70 °C. The precipitate was then filtered and thoroughly 

rinsed with deionized water multiple times to remove chloride content, dried at 60 °C 

overnight, and finely ground. 

2.2.2. Preparation of Cu and W Modified Mg/Fe-LDH   

Cu/Mg/Fe (1:1:1) and W/Mg/Fe (1:1:1) LDH solutions were prepared. The pH of both so-

lutions was adjusted to approximately 10 by gradually adding a mixture of 1 M NaOH 

and 1 M Na2CO3 in a volume ratio of 3:1 while stirring continuously for one hour. The 

resulting mixtures were allowed to age for 24 hours at 70 °C. The precipitates were then 

filtered, rinsed with ultrapure water, and dried overnight at 70 °C. Following this, the 

prepared LDH samples were symbolized as MgFe, CuMgFe, and WMgFe LDHs. 

2.3. LDH characterization 

Thermogravimetric analysis (TGA) was conducted using a V2-2A DUPONT 9900 thermal 

analyzer, with α-Al2O3 serving as a reference material, to examine the thermal behavior 

of the prepared samples across a temperature range from room temperature to 1000 °C in 

a static air environment. TG measurements were performed on samples weighing be-

tween 5 and 15 mg at a heating rate of 10 °C/min. The crystal phases of the synthesized 

LDH were characterized using an X-ray diffractometer (XRD; JSX-60PA/Jeol, Japan). 

Morphological features were analyzed using a scanning electron microscope (SEM, 

FEGSEM, THERMOSCIENTIFIC QUATTRO S.). Textural properties, including Brunau-

er-Emmett-Teller surface area (SBET) and total pore volume (VTotal), were determined from 

N2 adsorption/desorption isotherms at −196 °C using a NOVA 3000 high-speed gas sorp-

tion analyzer (version 6.10, Quantachrome Corporation, USA). 
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3. Results and Discussion 

3.1 Characterization 

3.1.1 Thermogravimetric Analysis 

Thermogravimetric analysis for all three LDH samples is presented in Figure 1. All sam-

ples exhibit multistep weight lose mass (typical for LDHs): an initial weight loss at low 

temperature (physiosorbed water), one or more mid-temperature losses (interlayer water 

+ dehydroxylation), and a higher-temperature loss associated with LDH decomposition / 

collapse to mixed oxides. W/Mg/Fe shows the smallest total mass loss and a clear plateau 

at high temperature which exposes highest thermal stability and highest final residue 

(heavy W-oxide contribution). Cu/Mg/Fe shows the largest mass loss (especially through 

the mid to high temperature region) and additional structure in the curve lowest thermal 

stability; Cu appears to accelerate decomposition (catalytic effect) or increase labile chlo-

ride/hydroxyl removal. Mg/Fe LDH sits between them (overlaps early with others) base-

line LDH behavior. At Room to ~150 °C (first small drop); assigned to loss of adsorbed 

and surface water and loosely bound interlayer water. All samples show this; magnitude 

slightly higher for Cu and W samples if they retain more physiosorbed water after syn-

thesis. At ~150 → 300 °C (first major loss); removal of interlayer water + beginning of par-

tial dehydroxylation of brucite-like layers. Here, a significant mass drop in all curves was 

shown; Cu sample often shows a sharper step (more labile interlayer species). the second 

stage of weight loss at ~300 → 500(–600) °C; dehydroxylation of layers and decomposi-

tion of interlayer carbonate; collapse of layered structure to mixed oxides. This is where 

the Cu/Mg/Fe loses the most mass — large and continuous loss — indicating either more 

carbonate content or that Cu catalyzes the dehydroxylation/carbonate decomposition. 

The W/Mg/Fe shows a smoother, smaller loss here and then levels off indicates greater 

structural stability and heavier oxide residue (WO3) remains. The last mass loss at > 

~600 °C; plateau corresponds to final oxide residue. WMgFe LDH sample retains the 

highest % residue (W oxide heavy), CuMgFe sample retains the least (more volatile mass 

lost earlier or lower metal oxide fraction). The final residue composition likely: MgO + 

Fe₂O₃ + (WO₃ or CuO/Cu₂O) depending on dopant and redox changes [15, 16]. 
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Fig. 1. TGA for Mg/Fe, Cu/Mg/Fe and W/Mg/Fe LDHs. 

3.1.2 X-Ray Diffraction 

The crystal structure of the prepared samples was examined using XRD (Fig. 2).  In Fig-

ure. 2, all XRD patterns samples of the three samples confirm the formation of 

well-crystallized with sharp and symmetric reflections at low angles corresponding to 

the basal spacing of (003), (006) and (012) which characteristic of the hydrotalcite  

(Rhombohedral phase and its symmetry is R-3m), confirmed the development of a 

well-crystallized layered structure [17] as shown in table 1. In addition to these peaks, 

there are other peaks like: for Mg/Fe-LDH: at 2θ = 61° Corresponding to (440) with 

d-spacing 1.55 Å, which is distinguishing MgFe2O4 (PDF#01-085-9166, cubic spinel phase 

and its space group Fd-3m). And also, for Cu/Mg/Fe- LDH: ferric oxide (Fe2O3) at 2θ = 

27.61° corresponding to (112) with d-spacing 3.23 (PDF# 00-058-0266, Orthorhombic 

phase, and its space group Pna21). The XRD results indicate that the Cu/Mg/Fe LDH ex-

hibits superior crystallinity compared to other samples. The average crystallite size ac-

cording to Sherrer equation (Eq. 1) was calculated and cited in Table 1. Substitution with 

transition metals (Cu and W) significantly affects the crystallinity and peak sharpness, 

increase in average crystallite size is observed upon metal substitution: from 9.9 nm 

(Mg/Fe-LDH) to 62.7 nm (Cu/Mg/Fe-LDH) and 70.6 nm (W/Mg/Fe-LDH). This implies 

that the addition of Cu²⁺ and W⁶⁺ ions promote crystal growth and improves structural 

ordering, likely due to changes in nucleation and growth kinetics during synthesis. 
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𝐷ℎ𝑘𝑙 =
𝐾𝜆

𝛽ℎ𝑘𝑙cos⁡𝜃
   (1) 

 

where: 

• Dₕₖₗ = crystallite size corresponding to the diffraction plane (hkl), 

• K = shape factor (usually ≈ 0.9), 

• λ = X-ray wavelength (for Cu Kα radiation, λ = 1.5406 Å), 

• βₕₖₗ = full width at half maximum (FWHM) of the diffraction peak (in radians), 

• θ = Bragg angle (in degrees or radians). 

Table 1. XRD parameters; Miller indices for LDH samples, 2θ, d-spacing and average crystallite size. 

LDH sample 
Miller indices characteristic for LDH 

(hkl) 
2θ (°) 

d-spacing [Å] 

 

Average crystallite 

size (nm) 

Mg/Fe-LDH 

(003) 11.58 7.63  

9.9 (006) 23.2 3.83 

(012) 34.52 2.6 

Cu/Mg/Fe-LDH 

(003) 11.62 7.61  

62.7 (006) 24.48 3.63 

(012) 35.78 2.51 

W/Mg/Fe-LDH 

(003) 11.73 7.54  

70.6 (006) 23.4 3.8 

(012) 34.4 2.61 
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Fig. 2. XRD patterns of the LDH samples. 

3.1.3 Scan Electron Microscope images 

SEM technique was employed to examine the morphological properties of the synthe-

sized materials. The SEM images of the LDH samples are presented in Figure 3. The SEM 

micrograph of MgFe LDH (Fig. 3a) shows irregularly shaped, aggregated plate-like 

structures typical of layered double hydroxides. The particles are loosely packed with 

noticeable voids and rough surfaces, indicating a less crystalline and less compact mor-

phology. This suggests that the pristine Mg/Fe-LDH has a heterogeneous particle distri-

bution and possibly smaller crystallite size, consistent with the XRD result (≈9.9 nm). 

The Cu-modified LDH (Fig. 3b) exhibits a denser and more uniform morphology, with 

flower-like or flake-assembled structures formed by agglomerated nanosheets. The sur-

face appears smoother and more compact than that of Mg/Fe-LDH, suggesting enhanced 

crystallinity and better particle intergrowth. The presence of Cu²⁺ likely promotes nuclea-

tion and structural ordering, resulting in larger crystallites (≈62.7 nm, as confirmed by 

XRD). 

The W-containing LDH (Fig. 3c) displays well-defined, spherical-like or clustered 

nanostructures with smaller, densely packed grains, forming a highly uniform and com-

pact morphology. This indicates a significant improvement in particle interconnection 

and crystallite growth, consistent with the largest crystallite size (≈70.6 nm). The incor-



El-Naggar et al 8 of 13 
 

Publisher; Faculty of Science, Damanhour University, Egypt 

poration of W⁶⁺ ions may enhance electrostatic interactions and layer stacking, promoting 

crystal growth and surface uniformity. 

 

 

Fig. 3. SEM for (a) MgFe, (b) CuMgFe and (c) WMgFe LDH samples 

 

3.1.4 N2-Adsorption-Desorption 

BET Isotherms 

The textural features of the LDH samples, including surface area, pore volume, pore ra-

dius, and BJH pore size distribution, were investigated through N₂ adsorption–

desorption measurements at –196 °C. All samples exhibited type IV isotherms in accord-

ance with the IUPAC classification [18], characteristic of materials containing micro- and 

mesopores. The Mg/Fe-LDH displayed an H3-type loop, typically associated with slit- or 

wedge-shaped pores resulting from stacked plate-like particles and capillary condensa-

tion within mesopores [19]. In contrast, the Cu/Mg/Fe and W/Mg/Fe samples exhibited 

H4-type hysteresis loops, indicating the development of narrow slit-like mesopores de-

rived from the aggregation of lamellar sheets [20]. 

As shown in the adsorption isotherms (Fig. 4a), a clear difference in N₂ uptake is ob-

served among the samples. The W/Mg/Fe material records the highest adsorption over 

the entire relative-pressure range, while Cu/Mg/Fe and Mg/Fe show progressively lower 
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uptakes. The gradual rise in adsorbed volume with increasing P/P° reflects the domi-

nance of mesoporosity [21], characterized by multilayer adsorption and capillary con-

densation. The pronounced slope of the WMgFe sample suggests enhanced pore accessi-

bility and larger pore volume, whereas the passive uptake of the CuMgFe LDH indicates 

partial pore blocking and denser particle packing, which limit nitrogen diffusion through 

the pore structure. 

Pore size distribution  

The pore-size distribution (Fig. 4b) confirms that all samples show main contributions in 

the mesopore range (~20–40 Å), but the W/Mg/Fe sample displays a stronger, sharper 

peak (especially near ~30 Å), indicating a larger population of fairly uniform mesopores. 

The Cu/Mg/Fe sample has a broader, lower intensity distribution consistent with fewer 

and more variable mesopores, while the Mg/Fe sample shows the smallest ΔV/Δr signals 

across radii, supporting its low pore volume and limited mesoporosity. 

t-Plots 

The t-plot (Fig. 4c) shows the relationship between the adsorbed N₂ volume and statisti-

cal film thickness, providing insight into the microporous and external surface area of the 

samples. The W/Mg/Fe-LDH exhibits the steepest slope and highest intercept, indicating 

the largest total pore volume and external surface area, while Mg/Fe-LDH shows moder-

ate adsorption and Cu/Mg/Fe-LDH the lowest. The nearly linear trends at higher thick-

ness values suggest a predominance of mesoporous structures, with limited micropore 

contribution [22]. The significantly higher adsorption of W/Mg/Fe-LDH confirms that 

tungsten incorporation enhances the formation of textural porosity, possibly through 

distortion of LDH layers and generation of interparticle voids. 

S-Plots 

Similarly, the αs-plot (Fig. 4d)—which relates the adsorbed volume to the relative surface 

area—supports these observations. The W/Mg/Fe-LDH again demonstrates the highest 

adsorbed volume across the αs range, confirming a well-developed porous network and 

enhanced surface accessibility. In contrast, Cu/Mg/Fe-LDH exhibits the lowest adsorption, 

implying reduced surface area and denser particle aggregation, consistent with its com-

pact morphology observed by SEM. These results collectively indicate that metal substi-

tution notably alters the LDH textural properties: W incorporation increases surface area 

and pore volume, while Cu incorporation decreases them, correlating with the observed 

variations in crystallite size and microstructure. 

Textural data 

Correlating isotherms (Fig. 4a) and PSD (Fig. 4b) with the t-plot (Fig. 4c) and αs-plot (Fig. 

4d) produces a consistent picture: the W-doped material shows the highest adsorbed 

volumes, the largest external/total pore contribution in the t-plot and the greatest relative 

surface accessibility in the αs-plot, all pointing to a well-developed mesopore network 

and high accessible surface area. Mg/Fe sits between the extremes (moderate uptake and 

broader pore sizes), while Cu/Mg/Fe consistently shows the poorest textural develop-

ment (lowest uptake, lowest pore volume, and smallest αs response), which explains its 
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low BET surface area and suggests densification or interparticle sintering/aggregation 

that blocks pores. Together these four plots demonstrate that metal substitution modifies 

LDH textural properties: W promotes formation of uniform mesopores and high accessi-

bility, whereas Cu promotes densification and reduced accessible porosity. 

The BET analysis results (Table 2) reveal that the specific surface area (SBET), total pore 

volume (VP), and average pore radius (rP) vary notably with metal substitution in 

Mg/Fe-LDH. The pristine Mg/Fe-LDH shows the highest surface area (87 m²/g) and larg-

est pore volume (0.086 cm³/g), indicating a well-developed mesoporous structure that fa-

cilitates gas adsorption. Its relatively large pore radius (22.3 Å) suggests a predominance 

of mesopores, consistent with the gradual slope observed in the t- and αs-plots. In con-

trast, the Cu/Mg/Fe-LDH exhibits a dramatic decrease in both surface area (14 m²/g) and 

pore volume (0.015 cm³/g), implying that Cu incorporation leads to denser aggregation 

and pore blocking within the LDH framework. The slightly smaller pore size (20 Å) 

supports the formation of more compact structures, as observed in the SEM images. 

Conversely, the W/Mg/Fe-LDH sample displays an intermediate surface area (38 m²/g) 

and pore volume (0.050 cm³/g), suggesting that tungsten enhances structural compact-

ness while still maintaining accessible porosity. The smaller pore radius (17.4 Å) indicates 

a shift toward narrower mesopores, consistent with its highly crystalline and uniform 

morphology. 

Table 2. Textural data for the LDHs. 

Sample CBET SBET (m2/g) St (m2/g) VP (cc/g) rP (Å) 

Mg/Fe 15.4 87 81 0.086 22.3 

Cu/Mg/Fe 30.6 14 13.6 0.015 20 

W/Mg/Fe 12 38 36.2 0.050 17.4 
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Fig. 4: (a) N2 adsorption/desorption/desorption isotherm, (b) pore size distribution curves, (c) t-plots and (d) S-plots 

for Mg/Fe, Cu/Mg/Fe and W/Mg/Fe LDHs respectively. 

4. Conclusions 

Mg/Fe-LDH and its Cu- and W-modified derivatives were successfully synthesized via 

the co-precipitation method, yielding well-crystallized hydrotalcite-like structures. 

Structural characterization results confirmed that metal substitution significantly influ-

enced the structural, morphological, and textural properties of the LDHs. XRD confirmed 

the preservation of the layered double hydroxide phase, while Cu²⁺ and W⁶⁺ incorpora-

tion promoted crystal growth and increased crystallite size. SEM observations showed 

that Cu addition led to compact, flake-like aggregates, whereas W incorporation pro-

duced highly uniform, densely packed nanostructures. Thermal analysis demonstrated 

that W/Mg/Fe-LDH exhibited the greatest thermal stability, attributed to the formation of 

thermally robust tungsten oxides, while Cu/Mg/Fe-LDH showed accelerated decomposi-

tion due to the catalytic role of copper. BET and pore analyses indicated that W doping 

enhanced mesoporosity and accessible surface area, leading to improved pore connectiv-

ity, while Cu doping caused pore blockage and reduced surface accessibility. Overall, 
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metal substitution effectively tuned the crystallinity, morphology, and textural charac-

teristics of Mg/Fe-LDH, with W incorporation enhancing structural order and porosity, 

and Cu incorporation promoting densification and decreased surface area. 
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