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Abstract: Recently, the synthesis and application of layered double hydroxides (LDHs) have received 

great interest. In this study, non-doped and Co-/Ni-doped nano Mg-Al-LDHs were prepared by co-

precipitation coupled with the hydrothermal method. The synthesis parameters, such as type of alkaline 

medium, temperature, and concentration of dopants, were investigated and optimized. All prepared 

LDH nanopowders were inspected by the appropriate techniques as XRD, FT-IR, SEM, and TEM. The 

sinterability of prepared nano LDHs was studied to produce sintered spinel at a lower temperature than 

those prepared from micro-sized precursors published in the literature, which need a higher sintering 

temperature. The prepared nano LDHs powders were calcined, pressed, and sintered at 1500 oC. The 

sintered bodies were also examined by suitable tools such as XRD, SEM, and physical properties 

measurements. The results revealed that non-doped and doped nano LDHs were successfully prepared 

using NaOH solution rather than NH4OH solution. Nano LDHs is an excellent precursor for producing 

sintered spinel at a lower temperature (1500 oC) with significant properties. The microstructures of 

sintered spinel exhibited nano grains agglomerated together. The spinel doped with nickel showed the 

highest sintering parameters. 
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1. Introduction 

LDHs, or hydrotalcite-like compounds (HTCs), have received great interest owing to 

their layered structure and high anion exchange capability [1]. They are considered hydroxyl 

carbonates of Mg and Al under the anionic-clay category with the chemical formula of 

Mg6Al2(OH)16CO3·4H2O [2]. Their conversion into sintered ceramic gives an important 

category named spinel-containing composites, which have many applications starting from 

engineering structural and refractory materials to electronics and medical applications [4-6]. 

The structure of LDH is analogous to brucite Mg(OH)2 with a divalent metal-cation in the 

midpoint of octahedral M(OH)6. Every two-edged M(OH)6 octahedron forms two dimension 

layered sheet structures. Fractional replacement of trivalent cations for divalent ones tends to 

have a positive charge on the layers which are neutralized by the organic- or inorganic anions. 

The water of crystallization is also normally created between the interlayers [7, 8]. The known 
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formula of LDHs is [L(II)
1-xL

(III)
x(OH)2]

+[An-]x/n.yH2O [2]; since LII denotes a divalent-metal 

like Mg2+, Ni2+, Co2+, Fe2+, Cu2+, Zn2+, Ca2+ etc.; LIII is a trivalent-metal like Al3+, Co3+, Fe3+, 

Mn3+, Ga3+, Cr3+, La3+ etc. and An− is an anion as Cl-, F-, CO3
2-, NO3- etc.; and x lies between 

0.25 and 0.33. So, the following formula is probable to be formed [L(II)
0.75L

(III)
0.25(OH)2][A

n-

]x/n.yH2O to [L(II)
0.67L

(III)
0.33(OH)2][A

n-]x/n.yH2O or [L(II)
2L

(III)(OH)6][A
n-]x/n.yH2O and 

[L(II)
3L

(III)(OH)8][A
n-]x/n.yH2O which are considered as 2:1 LDHs or 3:1 LDHs, respectively. 

The values of y are ≤ 2. The amount of counter-anion (An-) depends on the charge of the anion, 

such that x/n achieves charge neutrality in the LDH structure [2]. During doping in octahedron 

sites, the radii should not exceed those of divalent and trivalent cations. LDH is a white-

hydrated material having rhombohedral construction, small hardness (2.00), and small specific 

gravity (2.06) [9]. Many simple and low-cost synthetic approaches have been effectively 

utilized to prepare LDHs. The selection of preparation technique is preferred depending on the 

desired interlayer anions [10]. The recognized methods are co-precipitation or co-precipitation 

with hydrothermal treatment methods [11], ion exchange [10], reconstruction or rehydration 

using "Memory effect" [12-19], sol-gel, fast nucleation [20], urea precipitation, and microwave 

synthesis method. It is well known that the thermal decomposition of LDH structure at 

moderate temperature (300°C) increases its specific surface area [21, 22]. On the other hand, 

the sintering of material at high temperatures tends to cause a noticeable decrease in specific 

surface area. 

Magnesium aluminate is the origin (normal) spinel, MgAl2O4 [23,24], in which divalent 

cation Mg2+ ion fills the tetrahedral sites and trivalent cation Al3+ ion occupies the octahedral 

positions in the cubic-closed packing of O2- anions. The vacancies in the spinel structure assist 

the doping by transition metals and producing spinels with good characteristics. Owing to its 

serious properties, MgAl2O4 is doped with transition metals such as Co2+, Ni2+, Cu2+, etc. has 

attracted huge attention from researchers and technologists [25]. Spinels having transition 

metals are colored and usually used as inorganic pigments. Magnesium aluminate (MgAl2O4), 

cobalt aluminate (CoAl2O4), and nickel aluminate (NiAl2O4) spinels have many interesting 

properties such as high melting point (2135℃, 1955℃, and ~2110°C), excellent electrical and 

mechanical properties; high hardness, high chemical stability, good optical characteristics, 

lower thermal expansion, adsorption behavior and good catalytic performance [26-36]. 

Although the synthesis, structural properties, and applications of MgAl2O4, CoAl2O4, and 

NiAl2O4 have been extensively investigated individually, little attention has been directed to 

studying the synthesis and characteristics of MgAl2O4–NiAl2O4 and MgAl2O4-CoAl2O4 solid 

solutions. Many researchers [38, 24] have examined the spreading of Ni-ion among octahedral 

and tetrahedral sites in NiAl2O4–MgAl2O4 solid solutions. When produced by solid-state 

reaction, most of these materials require high temperatures and long periods; for example, 

commercial MgAl2O4 is usually sintered at temperatures more than 1650°C for 2h to produce 

full sintered bodies when prepared by conventional solid-state methods [24, 25, 39]. 

It is challenging to prepare sintered spinels having no porosity from micro-sized 

materials using traditional methods at low temperatures owing to higher grain boundary energy 

which makes grain coarsening. Thus, the incorporation of sintering aids or utilizing nano-sized 

precursors, or elevating the sintering temperature are the main factors controlling the sintering 

process. The preparation of spinel through LDHs leads to obtaining rich divalent metal ions, 

which facilitate the sintering process. Moreover, excess divalent cations restrict grain growth 

and enhance the sintering process. Many researchers have studied the sintering of spinels 

prepared from different sources [40], but few studies have been conducted on the sintering of 
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spinel prepared from LDHs [41, 42]. In those studies, the researchers succeeded in preparing 

porous sintered Mg-Al spinel using LDHs. Therefore, the objectives of the present study are to 

optimize the synthesis conditions and sintering of nano Mg-Al-layered double hydroxides 

doped with Co or Ni ions to obtain densely sintered spinel. Both synthesized nanopowders and 

sintered bodies are subjected to full characterization by different tools.   

2. Materials and Methods 

2.1. Materials. 

The entire chemicals; magnesium-nitrate Mg(NO3)2·6H2O, nickel-nitrate 

Ni(NO3)2·6H2O, cobalt nitrate Co(NO3)2·6H2O, aluminum nitrate Al(NO3)3·9H2O, sodium 

hydroxide NaOH, ammonium hydroxide NH4OH and sodium carbonate Na2CO3 utilized in the 

current work were ultra-pure grade and supplied by Sigma Aldrich. 

2.2. Synthesis of MgAl-CO3-LDH using NaOH. 

The original MgAl-CO3-LDH was prepared by the co-precipitation method as 

described by Miyata [43,44], followed by hydrothermal treatment [45, 46]. Figure 1 shows the 

flowchart for the preparation of LDH. Typically, about 38.463 g of Mg(NO3)2·6H2O and 

18.762 g of Al(NO3)3·9H2O were dissolved in 180 ml deionized water (denoted as Solution A) 

to give 2:1 (Mg2+/Al3+) molar ratio. In another container, 13.64 g NaOH and 11.31 g Na2CO3 

were dissolved in 80 ml deionized water (symbolized as Solution B). At room temperature, 

solution-B was added to solution-A with energetic stirring, keeping the pH value of the mix at 

about 10. The resulting suspension (formed as a white precipitate gel) was centrifuged at a rate 

of 6000 rpm six times and washed with deionized water; then divided into three portions; the 

first part was dried at 70 °C for 24 h in an oven (sample a), while the second and third parts 

were washed and retained in a small amount of distilled water as is then put in a Teflon stainless 

autoclave and hydrothermally treated in an oven at 140 and 180 °C for 24 h (samples b and c), 

respectively, for LDH formation. Afterward, the autoclave was cooled to ambient temperature, 

and the formed LDHs were collected. This work was followed by synthesizing of Mg-Al-CO3-

LDH doped with different ratios (10, 20, and 30%) of Ni2+ or Co2+ by the same aforementioned 

methods using Mg(NO3)2·6H2O & Ni(NO3)2.6H2O or Co(NO3)2.6H2O  and  Al(NO3)3·9H2O 

with a molar ratio of  (MII ): Al3+ (MIII) equal 2:1 at pH value ca. 10, since (MII = Mg2+ (Ni2+ 

or Co2+)). The ratios of Ni2+or Co2+: Mg2+ in the prepared samples were (15.15 : 84.8), (33 : 

66), and (45.5 : 54.5). In other words, the Al3+ ion ratio was still constant during the reaction 

while that for Mg2+ decreases by replacing Ni2+or Co2+. The ratios of (Mg2+: Ni2+ or Co2+: Al3+) 

in all suggested compounds were (50.6 : 10 : 33.3), (40.6 : 20 : 33.3) and (30.6 : 30 : 33.3). The 

steps for preparation of LDHs doped with different ratios of (MII) were as the previously 

mentioned with only one difference that the solution A contained a mixture of Mg(NO3)2·6H2O 

& Ni(NO3)2.6H2O or Co(NO3)2.6H2O  and  Al(NO3)3·9H2O with the same molar ratios as 

mentioned before and autoclaved at 180 oC for 2 h. In order to examine the effect of heat 

treatment on the changes in phases and morphology, the synthesized LDH was calcined at 400, 

600, 800, and 1000 °C for 2 h. 
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2.3. Synthesis of MgAl-CO3-LDH using NH4OH. 

Solution A was prepared as previously mentioned in this method, and NH4OH was used 

to reach the desired pH value. Typically, 11.31 g Na2CO3 was dissolved in 40 ml of deionized 

water. At room temperature, a three-necked flask containing solution-A, Na2CO3 solution, and 

NH4OH solution, was added to solution-A with dynamic stirring, preserving the pH value of 

the mix at about 10. The produced white suspension was centrifuged at 6000 rpm and washed 

with deionized water several times. The washed precipitate was divided into three portions; the 

first part was dried at 70 °C for 24 h in an oven (sample a), while the second and third parts 

were added to a small amount of distilled water and put in Teflon stainless autoclave and treated 

hydrothermally in an oven at 140 and 180 oC for 24 h (sample a and b), respectively for LDH 

formation. Afterward, the autoclave was cooled at ambient temperature, and the synthesized 

LDH was collected. Table 1 illustrates the weights of starting materials used to prepare pure 

LDHs and those doped by Ni or Co with their expected formula. 

 
Figure 1. Flowchart for preparation of LDH. 
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Table 1. Weights of starting materials used for the preparation of LDHs from pure chemicals using 

NaOH and those doped by Ni or Co with their expected formula. 

Sample identification Expected LDH formula Mg(NO3)2· 

6H2O  

Ni(NO3)2· 

6H2O 

Co(NO3)2· 

6H2O 

Al(NO3)3·9H2O 

Mg2+, 

%  

Wt.,  

g 

Ni2+, 

 % 

Wt., 

 g 

Co2+, 

 % 

Wt., g Al3+, 

 % 

Wt., 

 g 

As-synthesized LDH 

prepared using NaOH 

[Mg0.66Al0.33(OH)16](CO3)0.16

7.4(H2O)0.5 

66.6 38.46     33.3 18.76 

LDH doped with 10% 

Ni2+ 

[Mg0.567Ni0.1Al0.333(OH)16](C

O3)0.167·4H2O0.5 

50.6 17.80 10 3.56   33.3 15.29 

LDH doped with 20% 

Ni2+ 

[Mg0.467Ni0.2Al0.333(OH)16](C

O3)0.167·4H2O0.5 

40.6 14.06 20 6.83   33.3 14.67 

LDH doped with 30% 

Ni2+ 

[Mg0.367Ni0.3Al0.333(OH)16](C

O3)0.167·4H2O0.5 

30.6 10.62 30 9.85   33.3 14.1 

LDH doped with 10% 

Co2+ 

[Mg0.567Co0.1Al0.333(OH)16](

CO3)0.167·4H2O0.5 

50.6 17.79   10 3.56 33.3 15.28 

LDH doped with 20% 

Co2+ 

[Mg0.467Co0.2Al0.333(OH)16](C

O3)0.167·4H2O0.5 

40.6 14.06   20 6.83 33.3 14.66 

LDH doped with 30% 

Co2+ 

[Mg0.367Co0.3Al0.333(OH)16](C

O3)0.167·4H2O0.5 

30.6 10.61   30 9.85 33.3 14.09 

2.4. Characterization of prepared LDH powders. 

Phase identification of as-prepared and calcined (400, 600, 800, and 1000 °C) pure and 

doped LDHs with Ni2+ or Co2+ was conducted using the x-ray diffraction tool model "Philips 

PW 1373" with CuKα-Ni target. The phase fractions of the obtained phases were determined 

by XRD semi-quantitative analysis. The crystal sizes of as-prepared LDHs were estimated 

using the Scherrer equation [47-49], according to the obtained XRD data using the following 

formula: 

𝐷 =  
0.9𝜆

𝐵𝐶𝑜𝑠𝜃
           ……………………………… (1) 

where λ=1.5418 oA  (wavelength) for Cu-Ni radiation, B is the full width at half maximum 

(FWHM) and θ is the angle in radians. 

To confirm the structure and composition of synthesized LDH, FT-IR spectroscopy 

model Vertex 70 was utilized at ambient temperature in the wave number range 4000-400 cm-

1. 

Scanning electron microscopy model SEM Inspect-S, T810-D8571, FEI Co., Japan, 

operated at 30kv acceleration volt with ultra-high magnification, was used to explore the shape 

and particle size of prepared LDHs. The samples were coated with a gold thin film before 

investigation. On the other hand, transmission electron microscopy model JEOL JEM-1230 

was used to examine the shape and particle size of as-prepared LDHs suspension after ultra-

sonication for 30 min before investigation.  

2.5. Sintering of prepared LDHs. 

The starting pure and doped LDHs powders calcined at 1000 oC were uni-axially 

compacted at 100 MPa to achieve samples of 2.54 cm diameter and 1.27 cm thickness. Then, 

the samples were sintered in a normal atmosphere at 1500 oC as the temperature was elevated 

at the rate of 8 degrees per minute from room temperature up to 1000 oC, then 5 oC/min up to 

the maximum temperature, then held for 2 h. 
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2.6. Characterization of sintered materials. 

The changes in phase composition of sintered specimens were identified by XRD 

analysis (as previously mentioned) after grinding the sintered pellets to a fine powder in an 

agate mortar. The physical properties in terms of bulk density and apparent porosity of sintered 

pellets were examined by the Archimedes displacement method. The pellets under examination 

were soaked in distilled water under air vacuum suction for 1 h to get rid of the air found in the 

pellets and displaced with water. Microstructure features of sintered pellets were examined 

using a scanning electron microscope (Type: previously mentioned). The pellets were coated 

with thin gold film before investigation. 

3. Results and Discussion 

3.1. Properties of synthesized LDHs from pure chemicals. 

For the production of Mg-Al-LDH by hydrothermal treatment, several parameters 

control its formation. These include the amount of substitution for divalent cations (e.g., Mg) 

with trivalent ones (e.g., Al), the type of interlayer-anion, the pH of the solution (it increases 

till the desired pH at which the LDH is precipitated) and, in some cases, the reaction atmosphere 

[42, 50]. The preparation of Mg-Al-LDH using the reaction between magnesium nitrate and 

aluminum nitrate aqueous solution at pH ~ 4-6) can be represented by the following reactions:  

6Mg(NO3)2 + 2Al(NO3)3 +nH2O→  6Mg2+(aq.) + 2Al3+(aq.) + 18(NO3)
–(aq.) + mOH– 

As the pH increases (by the addition of Na2CO3, NaOH, or NH4OH), the reaction 

proceeds as follows:  

6Mg2+(aq.) +2Al3+(aq.) + 18 (NO3)
– (aq.) + mNa+(aq.) or m(NH4)

-(aq.) + m(CO3)
2–(aq.) 

+ mOH– → (Mg6Al2(OH)16(CO3)·4H2O) (precipitated)  + NaNO3 or NH4NO3 

The net result equation is: 

6Mg(NO3)2 + 2Al(NO3) + NaOH or NH4OH + Na2CO3 →  

(Mg6Al2(OH)16(CO3)·4H2O) + NaNO3 or NH4NO3 

3.1.1. Phase composition of LDHs synthesized using aqueous NaOH: 

Figure 2 displays XRD patterns of as-synthesized LDH using aqueous NaOH at various 

temperatures; (a) as-synthesized and dried at 75 °C (b) synthesized at 140 °C, and (c) 

synthesized at 180 °C. It is noted that pure LDH is successfully prepared with dissimilar 

crystallinity at 75, 140, and 180 °C after a period of 24 h [48]. LDH prepared at 180 °C shows 

the highest crystallinity since it displays higher intensity and harsh peaks. The percentage of 

peaks' intensities of LDH synthesized at 75, and 140 °C as compared to that synthesized at 

180°C are 87.12 and 12.87 %, respectively. This indicates that increasing the temperature leads 

to improving the crystallinity in this process [52]. As detected in the XRD chart, the typical 

peaks of crystalline-LDH seem to be at 2θ = 11.52, 23.27, 34.71, 39.18, 45.8, 60.61, and 61.91° 

(JCPDS file No: 00-014-0191). Mostly, crystallinity enhancement may be realized in water 

vapor at temperatures lower than the decomposition temperature of LDH, typically up to 200 

°C for 1 - 24h under autogenous pressure [52]; this idea has been reported by Miyata [53]. The 

larger crystal size is achieved for the sample treated for 24h at 180 - 200 °C. Due to the growth 

that occurred at the edges, hexagonal-plate sheets are formed. Several researchers [53-58] 

reported on the parameters affecting the crystallinity of LDH and MgAl2O4 spinel 

hydrothermally prepared. They indicated that long reaction time and temperature at about 200 
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°C with the presence of pressure led to crystallinity development due to water being higher 

than the mother liquid. The crystal size of LDH prepared at 180 °C is found to be 28.52 nm. 

 
Figure 2. XRD patterns of LDHs prepared using aqueous NaOH at different temperatures (a) dried in the oven 

at 75°C for 24 h, (b) hydrothermally treated at 140, and (c) hydrothermally treated at 180°C for 24 h. 

3.2. Phase composition of LDHs synthesized using aqueous NH4OH. 

In this section, for comparison and selection of the best method to synthesize LDHs, 

LDH was synthesized using aqueous NH4OH instead of NaOH at the same conditions. Figure 

3 depicts typical XRD patterns of as-synthesized LDH at various temperatures using an 

aqueous NH4OH: (a) as-synthesized and dried at 75°C (b) hydrothermally treated at 140 °C 

and (c) hydrothermally treated at 180 °C. It is indicated that the characteristic peaks of the Mg-

Al-CO3-layered double hydroxide phase are not detected in the as-synthesized LDH and dried 

at 75°C. An unnamed mineral with the general formula [NR]Al5(OH)13CO3.xH2O appeared in 

this sample [51].  

 
Figure 3. XRD patterns of LDHs prepared using aqueous NH4OH at different temperatures (a) dried in the oven 

at 75°C for 24 h, (b) hydrothermally treated at 140, and (c) hydrothermally treated at 180°C for 24 h. 
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On the other hand, LDHs synthesized by hydrothermal treatment at 140 and 180°C for 

24 h reaction time exhibit no pure LDHs but combined with other compounds formed during 

the reaction, such as scarbroite Al5(OH)13CO3.5H2O at 2θ equal 9.88, 20.21, 27.7, 36.44, 37.6, 

40.19, 45.57, 50.59, 60.73 and 62.03°, Gibbsite Al(OH)3 at 2θ equal 18.2, 20.21, 27.7, 36.44, 

37.6, 44.18, 45.57, 50.59, 60.73 and 62.03° and unnamed mineral [NR]Al5(OH)13CO3.xH2O at  

2θ equal 9.88, 18.2, 20.21, and 37.6°. As indicated from XRD patterns, the synthesized LDH 

has low crystallinity since lower peak intensities are detected at 2θ equal to 11.09, 22.41, 34.48, 

45.57, 60.73, and 62.03°. This means that the synthesis of LDHs using aqueous NH4OH is not 

preferable, while that prepared by aqueous NaOH is ideal, so it was selected for all preparations 

in the present work. 

3.3. Phase composition of LDHs doped with different Ni2+ ratios. 

Figure 4 depicts XRD patterns of synthesized LDHs doped with different Ni2+ ratios (a; 

10, b; 20, and c; 30 %) from pure chemicals after autoclaving at 180 °C for 24 h. The close 

radii of Ni2+ (0.069 nm) and Mg2+ (0.072 nm) [62,63] facilitate the replacement of Mg2+ by 

Ni2+. The figure shows that the diffraction peaks become broader and less intense with 

increasing nickel content. This means that the crystallinity decreases with increasing nickel 

content. The characteristic peaks for the prepared LDH appeared as combined peaks of 

magnesium aluminum hydroxide carbonate hydrate Mg4Al2(OH)12(CO3)0.5(H2O)3 and nickel 

aluminum carbonate hydroxide hydrate Ni2Al(OH)6(CO3)0.5(H2O). This leads to some shifting 

to lower 2θ values with increasing Ni2+ content. The characteristic peaks of Mg-Ni-Al-LDH 

appear at 2θ equal 11.91, 23.81, 34.78, 39.69, and 47.58°. The crystal sizes of as-prepared 

LDHs doped with Ni are represented in Table 2. It is indicated that it decreases with increasing 

Ni amount. Its values ranged between 26-25 nm. 

 
Figure 4. XRD patterns of LDHs doped with different Ni2+ratios autoclaved for 24 h at 180°C. 

Table 2. Crystallite size of synthesized LDHs doped with Ni2+. 

No. Material type Ni2+ content, 

% 

Average crystal size, 

nm 

1 [Mg0.567Ni0.1Al0.333(OH)16](CO3)0.167·4H2O0.5 10 27.66 

2 [Mg0.467Ni0.2Al0.333(OH)16](CO3)0.167·4H2O0.5 20 26 

3 [Mg0.367Ni0.3Al0.333(OH)16](CO3)0.167·4H2O0.5 30 25.04 
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3.4. Phase composition of LDHs doped with different Co2+ ratios. 

By the same concept as previously mentioned, the near radii values of Co2+ (0.075 nm) 

and Mg2+ (0.072 nm) enable the replacement of Mg2+ by Co2+ [45,56,57]. Figure 5 shows XRD 

patterns of synthesized LDH doped with different Co2+ ratios (a; 10, b; 20, and c; 30%) after 

autoclaving at 180ºC for 24h. It also appeared that the diffraction peaks become broader and 

have weak intensity with increasing cobalt content; consequently, a decrease in crystallinity is 

obtained. The characteristic peaks for prepared LDHs are detected as a combined peak of 

magnesium aluminum hydroxide carbonate hydrate Mg4Al2(OH)12(CO3)0.5(H2O)3 and cobalt 

aluminum carbonate hydroxide hydrate Co2Al(OH)6(CO3)0.5(H2O) with shifting to lower 2θ 

values as the cobalt content decreased. Generally, the shifting is appeared due to the change in 

crystal size. The characteristic peaks of Mg-Co-Al-LDH appear at 2θ equal 12.01, 23.81, 34.95, 

39.59, and 46.56°. The crystallite sizes of synthesized LDHs doped with cobalt are illustrated 

in Table 3. It is indicated that the size decreases with increasing cobalt amount. Its values 

ranged between 20-26 nm. 

 
Figure 5. XRD patterns of LDHs doped with different Co2+ ratios autoclaved for 24 h at 180oC. 

Table 3. Crystallite size of synthesized LDHs doped with Co2+. 

No. Material type Co2+ content,% Average crystal size, nm 

1 [Mg0.567Co0.1Al0.333(OH)16](CO3)0.167·4H2O0.5 10 26.6 

2 [Mg0.467Co0.2Al0.333(OH)16](CO3)0.167·4H2O0.5 20 25.8 

3 [Mg0.367Co0.3Al0.333(OH)16](CO3)0.167·4H2O0.5 30 20.82 

3.5. Phase composition of calcined LDHs. 

It is important to investigate the phase changes of LDHs calcined at different 

temperatures by XRD. Figure 6 displays XRD patterns of LHD calcined at 400, 600, 800, and 

1000 °C for 2h. For the sample calcined at 400 °C, it reserved layered structure while the inter-

layer adsorbed water vanished at this temperature [61] with the occurrence of slight broad peaks 

conforming to MgO (periclase phase). The typical peaks of LDH are detected at 2θ = 11.42, 

22.86, 34.58, 38.69, 45.73, and 52.05° but the peaks of MgO appeared at 2θ = 37.37 and 43.09°. 

Furthermore, the reflections of LDH are low compared to as-synthesized at 180°C, 

demonstrating the failure of a layered structure with the formation of a new phase. With rising 

temperatures up to 600 and 800 °C, the typical peaks of crystalline LDH convert into weak 
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peaks with the increasing intensity of MgO peaks. For the sample calcined at 1000°C, the LDH-

phase vanishes, and some typical peaks of MgAl2O4 spinel appeared at 2θ = 19.17, 31.43, 

37.05, and 44.99° [62]. At that temperature, migration of A1 ions from the Mg-A1 double 

hydroxide phase into a spinel phase (MgA12O4) occurs, and then the double hydroxide 

decomposes.  

 
 

Figure 6. XRD patterns of pure LDHs calcined at different temperatures. 

3.6. Phase composition of calcined LDHs doped with 30 % Ni2+. 

Figure 7 shows XRD patterns of LDHs doped with 30 % Ni2+ calcined at 400, 600, 800, 

and 1000 °C for 2h. For the sample thermally treated at 400°C, it keeps hold of layered-

structure while the inter-layer adsorbed H2O vanished in this step [61] with the existence of 

slight broad peaks consistent with bunsenite (NiO) and periclase (MgO) phases. The typical 

reflections of LDH seem at 2θ=11.72, 23.57, and 35.6° whereas the peaks of MgO and NiO 

are noticed at 2θ = 43.37°.  

 
Figure 7. XRD patterns of LDHs doped with 30% Ni2+ calcined at different temperatures. 
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Also, for the sample calcined at 400 °C, the reflections of LDH turned into small 

reflections compared with that of as-synthesized at 180 °C, demonstrating the collapse of the 

layered structure with the formation of the new phase. The characteristic reflections of 

crystalline LDH became much weaker at 600 and disappeared at 800 °C. After increasing the 

temperature to 600 and 800 °C, the intensity of periclase and bunsenite peaks increased, and 

some typical peaks of MgAl2O4 and NiAl2O4 spinels appeared at 2θ=37.35° [62]. At 1000°C, 

there is an increase in the intensity of the characteristic peaks for bunsenite NiO and periclase 

MgO at 2θ equal 37.04 and 43.23°.This is due to the decomposition of formed double 

hydroxide into spinel, MgO, or NiO. Also, the peaks of MgAl2O4 and NiAl2O4 spinels appear 

at 2θ equal 19.7, 31.12, 37.04, 44.86, and 59.44°. This indicates that the replacement between 

Ni2+ and Mg2+ leads to a NiMgAl2O4 solid solution [63]. 

3.7. Phase composition of calcined LDHs doped with 30 % Co2+. 

Fig. 8 shows XRD patterns of LDH doped with 30 % Co2+ calcined at 400, 600, 800, 

and 1000 °C for 2h. In the case of cobalt addition, a relatively similar behavior to that of nickel 

is obtained after calcination at 400 °C with a small broad reflection corresponding to cobalt 

oxide CoO and a big reflection peak corresponding to MgO. The typical reflections of LDH 

are looked at 2θ = 11.34, 22.34, 34.5, and 38.8° whereas the peaks of MgO and CoO are noticed 

at 2θ = 36.90 and 42.97°. Also, for the sample calcined at 400 °C, the reflections of LDH turned 

into small peaks compared with that of as-synthesized at 180 °C, signifying the collapse of a 

layered structure with the formation of new phases. The characteristic reflections of crystalline 

LDH disappeared at 600°C. With increasing the temperature to 600, 800, and 1000 °C, the 

intensity of periclase and cobalt oxide peaks increases and appears at 2θ=37.1 and 43.02°. 

Some characteristic reflections of MgAl2O4 and CoAl2O4 spinels are detected at the same 

reflections at 2θ =19.2, 31.5, 37.1, 44.99, and 55.9° [62]; their intensities increase with 

increasing temperature. This means that MgCoAl2O4 spinel solid solution is formed [63]. 

 
Figure 8. XRD patterns of LDHs doped with 30% Co2+ calcined at different temperatures. 

For comparison, Fig. 9 exhibits XRD patterns of LDHs calcined at 1000 oC doped with 

30% Ni2+ or Co2+. It is indicated that the peak intensity increases in the following order, LDH 

doped 30% Co < LDH doped with Ni < Pure LDH. This means that the crystal size of LDH 
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doped 30% Co < LDH doped with Ni < Pure LDH; which is reflected consequently in the 

sinterability of these materials as discussed later. 

 
Figure 9. XRD patterns of LDHs calcined at 1000oC (a) pure LDH, (b) doped with 30% Ni2+, and (c) doped 

with 30% Co2+. 

3.8. FT-IR for pure LDHs. 

Figure 10 displays FT-IR spectra of as-prepared pure LDH that calcined at various 

temperatures. Comparable spectra with some nonconformity appeared for all samples. The 

bands at 3470 and 1646 cm−1 are allocated to the characteristic OH stretching and bending 

vibrations of the layered structure's inter-layer H2O molecule and OH groups [64,65]. After 

raising the temperature from 180 to 1000 °C, the band intensity is reduced owing to the 

evaporation of inter-layer H2O molecule or dehydroxylation practice.  

 

Figure 10. FTIR spectra of LDHs: a) autoclaved at 180ºC for 24 h; (b), (c), (d) and (e) calcined at 400, 600, 

800, and 1000ºC, respectively. 

The bands at 1519 and 1362 cm−1 are attributed to stretching vibrations of CO3- ions 

[66-68]. The band intensity reduces with the rising temperature and converts into a small one 

at 1000 °C. This is owing to the elimination of intercalated CO3- from the LDH structure [61]. 

https://doi.org/10.33263/BRIAC136.527
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC136.527  

 https://biointerfaceresearch.com/ 13 of 26 

 

The bands at 747-634 cm−1 seem to be allocated for Al–OH and Mg–OH translational modes 

[69]. Those bands are noticeably reduced and even disappear as the temperature increases to 

1000 °C, signifying the collapse of Al–OH and Mg–OH translation modes after thermal 

treatment [70]. After increasing the temperature to more than 400°C, the decomposition of 

LDHs is started with the development of metal-oxides [61]. These results confirm the results 

achieved by XRD [63]. 

3.9. Particle shape and size of as-synthesized and calcined LDHs. 

The particle shapes and sizes as well as their aggregation could be detected by SEM 

and TEM microscopy systems. Due to the specific structure of LDH, which contains inorganic 

anions in inter-layer structure with growing grains in a and b axes, this leads to the formation 

of hexagonal plate crystals [71].  

Figs. 11 and 12 represent SEM images of LDHs as-synthesized using NaOH after 

autoclaving at 180ºC for 24h and that thermally-treated at 1000°C, respectively. The as-

prepared LDH at 180°C (Figure 11) displays gel-like morphology with nanoparticles connected 

together, creating agglomerate. For the sample thermally treated at 1000 °C (Figure 12), grain 

growth occurred with the development of well-defined plate-like grains of 160 nm. The 

particles incline to form aggregates owing to their inherent properties [72- 75]. 

  
Figure 11. SEM images of as-synthesized LDH after autoclaving at 180ºC for 24 h (The inserted numbers 

indicate the diameters of small grains). 

  
Figure 12. SEM images of LDH calcined at 1000oC. (The inserted numbers indicate the diameters of small 

grains). 
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Figure 13 shows TEM images of as-synthesized LDH prepared using NaOH or NH4OH 

co-precipitated at 75oC (without hydrothermal treatment). It appears in Figure 13a that 

hexagonal-plate crystallites are noticed in the micrograph, which has a size of around 12.93 

nm length and 1.12 nm diameter. The crystals have a remarkable tendency for particle-particle 

interaction, so the crystals appear from their edges [74,75]. The crystals seem to be relatively 

weekly formed due to the rapid reach of pH, and the reaction did not take enough time. On the 

other hand, TEM images of LDH prepared using NH4OH (Figure 13b) exhibit the formation 

of crystalline gibbsite with other intermediate phases.  

 
Figure 13. TEM images of as-synthesized LDHs (a) using NaOH and (b) using NH4OH) co-precipitated at 

75oC (without hydrothermal treatment). 

 
Figure 14. SEM images of as-synthesized LDHs doped with (a) 10, (b) 20, and (c) 30% Ni2+ after autoclaving 

at 180oC for 24 h (The inserted numbers indicate the diameters of small grains). 
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Figures 14 and 15 show SEM images of as-synthesized LDHs doped with 10%, 20%, 

and 30% Ni2+ or Co2+ after autoclaving at 180oC for 24 h, respectively. In these cases, a similar 

feature (morphology) to pure LDH is obtained, but particle sizes are different. They exhibit 

gel-like morphology with nanoparticles connected, creating agglomerates. The agglomeration 

in the case of LDH doped with Co2+ is much more condensed than that formed when LDH 

doped with Ni2+. The average sizes of agglomerated grains are indicated in the Table. 4. 

Generally, adding Ni2+ or Co2+ causes a reduction in grain sizes. This indicates that these 

environments for synthesis lead to the formation of nanocrystalline materials due to their 

inherent properties [72-75]. This result confirms the result obtained by XRD. 

 

 

Figure 15. SEM images of as-synthesized LDHs doped with (a)10, (b)20, and (c) 30% Co2+ after autoclaving at 

180oC for 24h. 
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Table 4. Average grain size of LDH agglomerated particles as calculated from SEM images. 
No. Sample identification Sample formula Average size, nm 

1 as-synthesized LDH prepared 

using NaOH 

[Mg0.667Al0.333(OH)16] 

(CO3)0.167·4H2O0.5 

88.12 

2 LDH calcined at 1000 °C MgAl2O4 161.26 

3 LDH doped with 10% Ni2+ [Mg0.567Ni0.1Al0.333(OH)16](CO3)0.167·4

H2O0.5 

39.55 

4 LDH doped with 20% Ni2+ [Mg0.467Ni0.2Al0.333(OH)16](CO3)0.167·4

H2O0.5 

22.26 

5 LDH doped with 30% Ni2+ [Mg0.367Ni0.3Al0.333(OH)16](CO3)0.167·4

H2O0.5 

36.74 

6 LDH doped with 10% Co2+ [Mg0.567Co0.1Al0.333(OH)16] 

(CO3)0.167·4H2O0.5 

86.69 

7 LDH doped with 20% Co2+ [Mg0.467Co0.2Al0.333(OH)16] 

(CO3)0.167·4H2O0.5 

80.11 

8 LDH doped with 30% Co2+ [Mg0.367Co0.3Al0.333(OH)16] 

(CO3)0.167·4H2O0.5 

34.30 

Figures 16 and 17 exhibit TEM images LDHs doped with 30% Ni2+ or Co2+ without 

hydrothermal treatment, respectively. It appears that homogenous grain morphology and sizes 

are detected in both LDHs. The grain size of LDH doped with Ni is smaller than that doped 

with Co. The grain size of LHD doped with Ni is about 10-25 nm, while that for LDH doped 

with Co is about 20-35nm. 

 
Figure 16. TEM images of LDH doped with 30% Ni2+ without hydrothermal treatment. 

 
Figure 17. TEM images of LDH doped with 30% Co2+ without hydrothermal treatment. 
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3.11. Characteristics of sintered spinel prepared from LDHs. 

LDHs have many attractive applications, especially in the ceramic area. Their 

applications in ceramics yield interesting class-named spinels such as MgAl2O4-NiAl2O4 and 

MgAl2O4-CoAl2O4 solid solutions with essential characteristics and applications like 

engineering materials, refractories, electronics, fusion-reactors, optical-devises and biomedical 

[24,25,33,76].  

Generally, sintered Mg-A1 spinel is often prepared by solid-state reaction sintering 

between high-purity calcined MgO and calcined A12O3 [77]. The sintering process usually 

needs a high temperature of more than 1600oC, even if the starting materials are in submicron 

sizes [78]. The production of spinel from nanopowders reduces the sintering temperature and 

improves the properties of the products. The production of spinel powder through synthesized 

LDHs proceeds via several steps as follows: 

Up to 250oC, physically adsorbed water and interlayer water has been removed. 

(2) In the range 250–600oC, the layer structure collapses, and the LDH changes into 

mixed oxides-like phases due to de-hydroxylation to brucite-like (MgO ) layers; and  

(3) In the range 600-1000oC, the mixed oxide decomposes to MgO and MgAl2O4 spinel 

due to the de-carbonation of interlayers and de-hydroxylation of the LDH. 

The temperature of de-hydroxylation and de-carbonation, as well as the rate of thermal 

decomposition, depend on the mole fraction of M2+ [9,79]. In the present work, the 

decomposition of LDH during the calcination process leads to the formation of metal oxides 

M(II)O and spinel phases when the temperature is further increased to 1000 oC. This calcination 

process increases the reactivity of powder and facilitates the formation of well-sintered spinel 

during the sintering at high temperatures. In the presented work, sintering of LDHs (doped and 

none doped with Co or Ni) synthesized from pure chemicals was conducted and investigated. 

Figure 18 shows images of sintered spinels prepared from synthesized LDHs. 

 
Figure 18. Images of spinels sintered at 1500oC prepared using LDHs (a) pure spinel, (b) doped with 30% Ni 

and (c) doped with 30% Co. 

3.11.1. Phase composition of spinel sintered at 1500oC. 

Figure 19 shows XRD patterns of pure spinel doped with 30% Co or 30% Ni sintered 

at 1500oC. From this figure, it appears that the general feature of the patterns indicating the 

presence of different forms of MgAlO4, MgNiAlO4, or MgCoAlO4 spinels with some amounts 

of metal oxides, e.g., MgO, NiO, or CoO. Also, a little shift toward lower 2θ after the addition 

of transition metal is due to the differences in atomic radii between Mg2+, Ni2+, Co2+ ions. The 

spinels' characteristic peaks appeared at approximately 2θ equal 18.992, 31.298, 36.9, 44.859, 

55.757, 59.458, and 65.314º (JCPDS file No. 96-900-3481), while the characteristic peaks of 

metal oxides appear at 2θ approximately equal 36.9, 43.087 and 62.589º. The spinel doped with 
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Co2+ prepared from pure chemicals exhibits the lowest crystallinity as indicated by their lower 

peak intensity (Figure 19c). This means the incomplete formation of spinel structure is 

detected, even after firing at 1500oC, which might reflect on the other properties as discussed 

later on. On the other side, pure spinels and others doped with Ni2+ exhibit well-crystalline 

materials after sintering at 1500oC. The crystallinity of spinel doped with 30% Ni2+ is the 

highest among other none doped or Co-doped spinels. Different parameters can affect the 

crystallinity of sintered materials, such as sintering temperature, purity of materials, crystal 

size, and crystallinity of starting materials.  

 
Figure 19. XRD patterns of spinel sintered at 1500oC; (a) pure spinel, (b) doped with 30% Ni2+and (c) doped 

with 30% Co2+. 

In the present work, some of the aforementioned factors can affect the crystallinity and 

spinel formation in the cobalt sample. It needs a higher sintering temperature to complete spinel 

formation and increase the crystallinity. The probability of forming different oxidation states 

of cobalt might also have an additional effect on delaying the formation of crystalline spinel. 

The excess metal oxides indicated in XRD patterns are probably due to the changes in the 

stoichiometry of reactants (LDH) and products (spinels), or extra sintering temperature is 

needed to allow whole Mg2+, Ni2+, or Co2+ to enter the reaction completely. According to the 

general molecular structure of the LDH [(Mg or Co or Ni)6Al2(OH)16CO3·4H2O] and spinels 

(MgAl2O4, CoAl2O4, and NiAl2O4), LDH has 6 divalent ions and 2 trivalent ions. In 

comparison, spinel has one divalent ion and 2 trivalent ions [25,36]. This means the sintering 

of LDH should give spinel with excess metal oxides (MgO, NiO, or CoO) after removing the 

hydroxides and carbonates in LDHs. 

3.11.2. Bulk density and apparent porosity of sintered spinels. 

It is worth mentioning that, during the preparation of sintered spinel using micro-sized 

starting materials, it is not easy to produce sintered spinel without pores when prepared by the 
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traditional sintering technique or without adding sintering aids. Thus, the production of spinel 

from nano-sized precursors could simplify the sintering with little amounts of pores formation. 

Furthermore, in the Mg-Al spinel system, the grain boundary mobility of the divalent metal 

rich-zone (e.g., Mg-rich zone) is higher than that of the Al-rich zone by about 100−300 times. 

Thus, spinel doped with transition metals, e.g., Ni or Co, might enable the grain-boundary 

mobility and sintering process by forming a solid spinel solution [25]. Table 5 illustrates the 

values of bulk density and apparent porosity of pure and doped spinels sintered at 1500oC. 

LDH gives sintered spinels at low temperatures better than when precursors are 

hydroxides/oxides of aluminum and magnesium. This is considered an interesting finding in 

the present work. Also, the sinterability is improved after the addition of Co2+ or Ni2+ as 

compared with pure spinels. As indicated from XRD results, the sintered materials compose of 

spinel plus relevant metal oxide as a result of the decomposition of LDH, which contains excess 

metal oxides than the stoichiometry of spinel. Thus, two factors can affect the sintering process. 

The first one is the density of both formed spinel and relevant metal oxide, while the second 

one is the densification process itself due to grain-grain interaction and diffusion after 

subjecting the material to heating at a suitable temperature and formation of spinel solid 

solution (spinel doped with Ni or Co). Considering the theoretical density of magnesium 

aluminate 3.65 g/cm3, cobalt aluminate 4.26g/cm3, nickel aluminate 3.44 g/cm3, NiO 6.6 g/cm3, 

CoO 6.11 g/cm3, MgO 3.58 g/cm3, 30 % Co-containing magnesium aluminate (MgCoAl-

spinel) 3.833 g/cm3 and 30 % Ni-containing magnesium aluminate (MgNiAl-spinel) 3.587 

g/cm3, so, the obtained bulk density values of sintered materials are incomparable, and the 

densification of sintered materials can be followed up by the obtained apparent porosity or 

calculated relative density since it is difficult to calculate the exact relative density of sintered 

materials because the exact amount of each phase is not known. However, the relative density 

was calculated roughly according to the amount of phases obtained from the XRD semi-

quantitative analysis (Table 6). The results of relative density are comparable with the values 

of measured apparent porosity. The apparent porosity decreases after the addition of cobalt 

and/or nickel. For the sintered materials, the obtained apparent porosity range is 4.4-3.1%. 

According to the apparent porosity results (Table 5), the best-densified bodies are the materials 

that contain nickel. These materials exhibit lower porosity and the best grain-grain interaction 

at 1500oC. In all cases, due to the formation of nanograins obtained after the decomposition of 

LDHs and the formation of sintered spinel ceramic, most of the formed pores are on the 

nanoscale. Satapathy [25,80] reported that the reduction of apparent porosity after adding few 

quantities of transition metals could be explained by the fact that this amount lies within the 

solubility limit of that material which improves the densification. For the double stages of the 

sintering process of spinel ceramics, the calcination of starting materials is also considered an 

important factor affecting the sintering process, where the conversion of the higher percentage 

of LDH into spinel and metal oxide might facilitate their sintering. Also, calcination can 

activate the materials and make them ready for sintering, but it might accelerate grain growth. 

This means that the developed spinel and metal oxides during calcination help to get better 

densification owing to the expansion of spinel unit-cell with the development of oxygen vacant-

sites, i.e., spinel-structure develops anion deficient owing to the extra divalent cations as MgO 

or CoO or NiO [81-83]. 
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Table 5. Bulk density and apparent porosity of spinels sintered at 1500oC. 

No. Material type Apparent 

porosity, % 

Bulk density, 

g/cm3 

Relative 

density, % 

A Spinel prepared from pure chemicals 4.415 3.45 94.52 

B Spinel doped with Co2+, from pure 

chemicals 

3.358 4.077 96.00 

C Spinel doped with Ni2+, from pure 

chemicals 

3.12 3.86 96.46 

Table 6. Semi-quantitative analysis of sintered spinels as indicated from XRD results. 

No. Material type Phase percentage, % 

A Spinel prepared from pure chemicals MgAl2O4 

46.4 

MgO   53.6 

B Spinel doped with Co2+, from pure chemicals MgAl2O4-CoAl2O4 

65.3 

MgO-CoO 

34.7 

C Spinel doped with Ni2+, from pure chemicals MgAl2O4- NiAl2O4 

(28.9+19.3=48.2) 

MgO-NiO 

51.8 

3.11.3. Microstructure of sintered spinel. 

SEM images of pure and doped spinels sintered at 1500oC are shown in Figure 20. 

Generally, the sintering of nanomaterials at high temperatures causes grain growth, but in the 

present work, sintered spinels with in situ formed nano-sized crystals agglomerated together 

are obtained as indicated in all SEM images. This might be due to the conversion of LDHs into 

spinel. This is considered an interesting finding in the present work. Also, free divalent ions 

hinder grain growth and control grain boundary migration [84]. Extra research studies are 

requested to understand the mechanism of this solid reaction and this interesting phenomenon 

for the conversion of LDH into spinels. For pure spinel (Figure 20), well-compact and dense 

microstructure with homogenous shape and size are obtained after sintering at 1500oC. Nano-

sized grains are agglomerated together, forming micro-sized octahedron agglomerates. The 

size of nanograins is ranged between 50-100nm, while the size of agglomerates is ranged 

between 500-1200nm. The percentage of pores is decreased while the degree of compactness 

is increased after adding Co2+ or Ni2+, with a slight change in the case of Ni2+-containing spinel. 

The excess divalent metal oxides (Mg, Co, Ni) have appeared as bright grains that hinder grain 

growth. 

4. Conclusions 

The following remarks were concluded. The co-precipitation coupled with the 

hydrothermal method successfully prepared nano LDH powder up to 180oC. NaOH was more 

effective than NH4OH in the co-precipitation method. LDHs is considered an interesting 

precursor for production of sintered spinel with improved sinterability at lower temperature as 

compared with those prepared from micro-sized precursors as published in the literature. As 

previously mentioned, sintered bulk spinel fabrication through the conventional solid state 

method needs a higher temperature than the current studied method. As a new finding, the 

microstructure of sintered spinel was composed of nanograins agglomerated together, forming 

coarse grains. This can affect its mechanical properties when applied as a structural material. 

Doping of pure spinel Ni2+ and Co2+ led to improving the sinterability as compared with pure 

spinel. 
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Figure 20. SEM images of spinel sintered at 1500oC; a) pure spinel, b) doped with 30% Co2+, and c) doped with 

30% Ni2+ (The inserted numbers indicate the diameters of small grains) 
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