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Layered double hydroxides having different cationic (Mg2+, Co2+, Al3+) composition were successfully synthesized by 

the low supersaturation method. The samples were thermally decomposed and reconstructed using water and nitrate 

media at different temperatures. X-ray powder diffraction analysis, X-ray fluorescence analysis, thermogravimetry and 

BET/BJH methods were used to investigate the differences between the directly obtained layered materials and those 

after the reconstruction process.  
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1. INTRODUCTION* 

Layered double hydroxides (LDHs) are the commonly 

used names to describe a class of layered materials  

based on the brucite Mg(OH)2 crystal structure and  

having a general chemical formula of  

[MII
1-x MIII

x(OH)2]x+(Am-)x/m]·nH2O [1, 2]. LDHs can be 

prepared with different divalent and trivalent cations in the 

structure and serve as precursors for the preparation of 

mixed metal oxides used as catalysts. The exact features, 

such as the nature of the cations in the brucite-like layers 

and the specific surface area have a significant effect on 

their final catalytic properties. In the past decades, a 

number of cobalt containing LDHs, where Mg2+ is 

replaced by Co2+, have been prepared [3 – 9]. The obtained 

Co/Mg/Al LDHs showed a unique layered structure. The 

evolution of the lattice parameter a with the cations Co2+, 

Mg2+, and Al3+ composition provided evidence that they 

are combined in the same layer. The crystallinity of LDHs 

showed dependents on the amount of Co2+and/or Mg2+, 

probably due to their respective ion radii. The isomorphous 

replacement of Co2+ by Mg2+ showed effect on the amount 

of water in the interlayer due to the well-known ability of 

these cations to be hydrated. A higher thermal stability of 

samples containing a low amount of cobalt were explained 

by the higher local charge density of the layers or by the 

higher affinity of Mg2+ towards CO3
2-.  

Calcined Co/Mg/Al LDHs form CoxMg1-xAl2O4 solid 

solutions having the spinel structure and various cations 

distributions. Depending on the nature of cations and the 
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temperature of activation, the formation of monophasic 

solid solutions with rock salt or spinel-like structures or 

segregation of several phases was also observed [10 – 12]. 

The Co/Mg/Al LDHs showed different decomposition 

profiles compared to the binary compositions. 

Thermogravimetric analysis showed two mass losses 

corresponding to the dehydration and 

dehydroxylation/deanionation. The decomposition 

temperature of Co/Mg/Al system was reported to be higher 

than that of Co/Al LDHs but lower than Mg/Al LDHs [9]. 

Detailed reconstruction studies, however, are 

practically limited to the Mg/Al systems. It has just been 

shown that Co/Al LDHs do not easily recover the original 

structure [9, 13-15]. It has been shown that the Co/Mg/Al 

system with lower loadings of cobalt forms only Mg(Al)O 

mixed oxide phase after calcination at 1023 K, avoiding 

the spinel formation which could influence the reformation 

of LDHs with cobalt in the structure. Cobalt mixed oxide 

Co/Mg/Al supported on calcined hydrotalcite was obtained 

by dipping calcined Mg-Al hydrotalcite in a cobalt nitrate 

aqueous solution [16 – 18]. This compound was used as 

catalysts for the total oxidation of toluene. 

The LDHs are widely used in commercial products as 

adsorbents, catalyst support precursors, anion exchangers, 

acid residue scavengers, flame retardants, polymer 

stabilizers, osmosis membranes, sensors and so on  

[19 – 22]. 

Investigation of mixed oxides derived from calcined 

LDHs prepared by direct and indirect methods is an 

interesting topic, since the reformation media could have 

an effect not only on the composition of a solid but also on 

the morphology of oxides. In this study, the synthesis by 

co-precipitation method at low supersaturation was chosen 
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as a direct route to prepare Co/Mg/Al LDH materials. The 

synthesized LDHs were thermally decomposed and 

following the indirect method, they were reconstructed. 

The surface area and porosity as important characteristics 

of these materials were investigated in this study in detail. 

2. EXPERIMENTAL 

For the synthesis of LDHs Al(NO3)3·9H2O, 

Mg(NO3)2·6H2O, Co(NO3)2·6H2O, NaOH, NaHCO3 from 

Lach-Ner, s.r.o. (Neratovice, Czech Republic) were used. 

Deionised water was used for all syntheses, solution 

preparations and washing of synthesis products. LDHs 

were prepared by the coprecipitation under low 

supersaturation from a solution of the appropriate metal 

nitrates with a molar ratio of (Co + Mg):Al = 3:1 and a 

solution of NaHCO3:NaOH with a molar ratio of 1:2. 

During the preparation, 15 % of the 1 mol L-1 Mg(NO3)2 

solution was replaced by a 1 mol L-1 Co(NO3)2 solution. 

The solution of metal nitrates was added very slowly to the 

solution of NaHCO3 + NaOH (pH ≈ 12) under vigorous 

stirring. After mixing the obtained gel was aged at 353 K 

for 6 h. The slurry was filtered and washed with distilled 

water and dried in open air. The resulting powder was 

marked as Co/Mg/Al. The mixed-metal oxide obtained by 

subsequent heating at 923 K for 3 h was labelled as 

Co/Mg/Alcal. The reconstruction of LDHs from 

Co/Mg/Alcal was performed in water at pH ≈ 6 (2 g of 

mixed oxide in 40 mL of water) and in magnesium nitrate 

solution at pH ≈ 3.7 (2 g of mixed oxide in 40 mL of 

1 mol L-1 Mg(NO3)2) at 293 K and 353 K for 6 h. The 

samples reconstructed in water were labelled as 

Co/Mg/AlW293, Co/Mg/AlW353 and the specimens 

reconstructed in nitrate media were named as 

Co/Mg/AlN293, Co/Mg/AlN353. After the reconstructed 

processes, the samples were washed with water and dried 

in air. Schematic presentation of synthesis and post-

synthesis modifications of LDH samples is shown in 

Fig. 1.  

 

Fig. 1. Flow-chart of synthesis and post-synthesis modifications 

of LDH samples 

The influence of the reconstruction conditions on the 

specific surface area, pore volume and pore size 

distribution were investigated after thermal treatment in air 

at 923 K for 3 h using nitrogen adsorption/desorption 

isotherms. The specific surface area was evaluated by the 

Brunauer-Emmet-Teller method (BET) [23] and the pore-

size distribution by the Barret-Joyner-Halenda (BJH) 

procedure [24]. Prior to analysis, the calcined cobalt 

containing LDHs were outgassed at 523 K for 5 h. The 

measurements were carried out on a Quantachrome 

Autosorb-1MP instrument using the program Autosorb. 

The specific surface area was also calculated using two 

models (cylinder pores and pores between parallel plates) 

and compared to experimentally obtained specific surface 

area. The calculation was made according to [25]. The X-

ray powder diffraction (XRD) patterns of the synthesized, 

calcined and reconstructed LDH samples were recorded 

with a conventional Bragg-Brentano geometry ( –

 2  scans) on a DRON-6 automated diffractometer, 

equipped with a secondary graphite monochromator. Cu 

K radiation (λ = 1.541838 Å) was used as a primary 

beam. The patterns were recorded from 5 to 70° 2θ in steps 

of 0.02° 2θ, with the measuring time of 0.5 s per step. 

Silicon was used as a reference sample. The cell 

parameters a and c of the rhombohedral structure were 

determined from the positions of the (110) and (003), (006) 

diffraction lines, respectively. The lattice parameter 

a = 2d(110) corresponds to an average cation–cation 

distance calculated from the 110 reflection, while the c 

parameter corresponds to three times the thickness of 

d(003) parameter. In this case c was calculated from two 

diffraction lines using equation c = 3/2 [d(003) + 2d(006)]. 

Thermogravimetric (TG) analysis of Co/Mg/Al samples 

was carried out with a Netzsch STA 409 PC Luxx 

instrument using a heating rate of 10 K/min in air 

atmosphere. Metal loadings of the LDHs were analyzed by 

X-ray fluorescence technique (XRF) on a Spectro 

Analytical Instrument GmbH&Co.KG spectrometer with a 

Pd window X-ray tube. Mean values of relative standard 

deviation for analysed elements were 1.54 % for Mg, 

1.42 % for Al and 3.7 % for Co. 

3. RESULTS AND DISCUSSION 

The XRD patterns of synthesized, decomposed and 

reconstituted LDHs are shown in Fig. 2.  

 

Fig. 2. XRD patterns of synthesized, decomposed and 

reconstructed LDHs: a – Co/Mg/Al; b – Co/Mg/Alcal;  

c – Co/Mg/AlW293; d – Co/Mg/AlN293; e – Co/Mg/AlW353; 

f – Co/Mg/AlN353. Additional phases are marked: o – MgO 

and *  – Si used as a reference 
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The characteristic hydrotalcite type structure of as-

synthesized sample Co/Mg/Al was confirmed by the XRD 

analysis data (Fig. 2 a) [7, 10]. Intensive and sharp 

reflections of the (003) and (006) planes at low 2θ values 

(11 – 23º), and broad asymmetric reflections at higher 2θ 

values (34 – 66º) can be observed. The calculated cell 

parameter c = 23.6 Å (Table 1) for the synthesized LDH 

sample is slightly higher compared to the published value 

of 23.4 Å for carbonate-containing Mg/Al LDHs [26]. 

After thermal decomposition only two broad reflections 

located at around 2θ = 43 – 44º and 62 – 63º are seen in the 

XRD pattern (Fig. 2 b). The XRD analysis of heat-treated 

sample revealed the formation of poorly crystalline 

magnesium oxide (PDF # 75 – 1525). No reflections of 

cobalt of aluminium oxides were observed. Moreover, the 

XRD patterns of calcined samples do not show the 

formation of spinel-type crystalline phases.  

To reconstruct the LDHs, the mixed metal oxides were 

immersed in water or magnesium nitrate solutions to 

restore the layered structure. An influence of media 

temperature on the reconstruction effect was also 

investigated. The XRD patterns of LDH samples obtained 

after the hydration process at 293 and 353 K are given in 

Fig. 2 c and Fig. 2 e, respectively. At room temperature, an 

incomplete regeneration was observed in water since a 

weak MgO reflections were present in the XRD pattern. 

Interestingly, this oxide phase disappeared when the 

reconstruction process was carried out at higher 

temperature (353 K), suggesting the significance of the 

medium temperature on the reformation of LDHs. The 

XRD patterns of mixed oxides after treatment in a 

Mg(NO3)2 solution at 293 and 353 K are given in Fig. 2 d 

and Fig. 2 f, respectively. The XRD patterns of LDH 

reconstructed in magnesium nitrate solution are slightly 

different in comparison with those of as-synthesized 

(Fig. 2 a) and reformed in water (Fig. 2 c and e). The 003 

reflection is shifted to a lower 2θ angle for both samples, 

indicating that the interlayer region is expanded by the 

intercalation of a larger anion, which is most likely nitrate. 

Obvious decrease of intensity and broadening of 

reflections can be also observed. The reformation in the 

magnesium nitrate solution has the strongest effect on the c 

parameter of LDHs (Table 1).  

Table 1. Crystallographic data and crystallite size of synthesized 

and reconstructed LDHs 

Sample 
d003 d006 d110 

Cell 

parameters, Å 
Crystallite 

size, Å 
Å c a 

Co/Mg/Al 7.93 3.92 1.53 23.60 3.07 61 

Co/Mg/AlW293 7.88 3.90 1.53 23.52 3.06 91 

Co/Mg/AlN293 8.08 3.99 1.53 24.10 3.07 61 

Co/Mg/AlW353 7.89 3.91 1.53 23.57 3.06 131 

Co/Mg/AlN353 8.12 4.01 1.54 24.22 3.08 80 

The basal spacing represents the thickness of a single 

layer and is normally related to the size of charge 

balancing interlayer anions. For the samples reconstructed 

in the magnesium nitrate solution, the d003 values are 

higher than 8 Å.  

Thermogravimetric analysis was performed on as-

synthesized Co/Mg/Al LDH (Fig. 3). Evidently, three 

typical mass loss steps can be observed in the TG curve 

associated with the removal of interlayer and adsorbed 

water, the elimination of the interlayer structural water and 

finally the dehydroxylation and decarbonation [26]. As 

seen in Fig. 3, the endothermic processes of water removal 

continue until 523 K and two DTG minima at 360 K and 

493 K could be determined. The coupling of 

dehydroxylation and decarbonation processes can be 

observed because of the single mass loss in the temperature 

range of 523 – 773 K. The presence of cobalt in the 

synthesized LDH sample showed a very minor effect on 

the thermal behaviour of LDH comparable to previous 

results reported on Ni/Mg/Al LDHs [27]. According to the 

TG results, the temperature of 923 K was chosen for full 

decomposition of LDH. The annealing temperature is very 

important because it is crucial for a successful 

reconstruction of the layered structure. During the 

calcination of LDHs, the temperature should be higher than 

the layer collapse point but lower than the formation 

temperature of the spinel phase. This solid phase is stable 

and cannot be converted back to LDHs in water. Thus, for 

LDHs the calcinations temperature is usually set between 

673 and 973 K.  

 

Fig. 3. TG (solid line), DTG (dotted line) and DSC (dashed line) 

curves of as-synthesized Co/Mg/Al LDH 

The as-synthesized Co/Mg/Al sample and 

reconstructed Co/Mg/AlN293 sample were investigated 

using the XRF analysis method. The dissolution-

crystallization mechanism of mixed oxide regeneration 

explains the formation of LDHs with new anions and 

implies a possibility for changing the cation composition 

of LDHs during the reconstruction process. The proposed 

formula for the synthesized Co/Mg/Al sample is 

[Mg0.62Co0.12Al0.26(OH)2](CO3)0.13·0.91H2O, where cations 

and water contents were measured, all other stoichiometric 

coefficients were calculated. After reconstruction, the 

results of XRF measurements showed an increase of 

magnesium concentration in the Co/Mg/AlN293 specimen. 

Apparently, the lower amount of cobalt calculated in its 

formula [Mg0.68Co0.11Al0.21(OH)2](Am-) x/m]·nH2O is 

associated with an increase of Mg content in the material.  

A very important characteristic of LDHs is their high 

specific surface area obtained after thermal treatment. The 

adsorption of N2 gas is often used to evaluate the surface-

accessible area and pore size distribution by the Brunauer-
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Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH) 

methods. There is a correlation between the shape of the 

hysteresis loop and the texture (e.g., pore size distribution, 

pore geometry, connectivity) of a mesoporous material. An 

empirical classification of hysteresis loops was given by 

the IUPAC [28], which is based on an earlier classification 

by de Boer. The accessible surface is generally that of the 

internal pores within the crystallites and the external 

surface between the crystallites. Correspondingly, the 

measured pores are those inside and between the 

crystallites. The influence of reconstruction process on the 

specific surface area and pore size of mixed metal oxides 

obtained from reconstructed LDHs by heating in air at 

923 K were investigated and the results are presented in 

Table 2 and Table 3.  

Table 2. Surface area, pore volume and pore diameter of mixed 

metal oxides obtained from reconstructed LDHs 

Surface properties 
Samples calcined at 923 K 

Co/Mg/Alcal Co/Mg/AlW293 Co/Mg/AlW353 

Total surf. 

calc.,m2g-1 

Cylindrical 244.6 128.3 188.4 

Paral. 

plates 
155.2 85.5 125.6 

Surface area (BET), 

m2g-1  
170 94 131 

Total pore volumea, 

cm3g-1 
0.365 0.303 0.334 

Average pore diam., Å 85.9 128.6 102.3 

Max. pore diam. BJH, 

Å 
62.3 100.1 74.1 

a At p/p0 = 0.99 

Table 3. Surface area, pore volume and pore diameter of mixed 

metal oxides obtained from reconstructed LDHs 

Surface properties 
Samples calcined at 923 K 

Co/Mg/Al N293 Co/Mg/AlN353 

Total surf. 

calc.,m2g-1 

Cylindrical 125.9 207.0 

Paral. plates 82.9 129.9 

Surface area (BET), m2g-1 111 145 

Total pore volume a, cm3g-1 0.342 0.372 

Average pore diam., Å 123.9 102.5 

Max. pore diam. BJH, Å 99.4 74.0 
a At p/p0 = 0.99 

The N2 adsorption-desorption isotherms of heat-treated 

cobalt containing LDHs exhibited type IV isotherms with 

an H1 hysteresis which are characteristic for the 

mesoporous materials. The t-plot analysis by de Boer 

method showed the absence of micropores. An increase at 

high relative pressure indicates interparticle porosity, 

which seems to show that the formed mixed oxides consist 

mainly of non-porous nanoparticles within the nanometer 

range (Fig. 4).  

It has been reported that the decomposition of 

hydrotalcites preserves the overall particle shape and that 

the surface perpendicular to the basal planes appears 

cratered [29 – 32]. Assumption about the shape of the pores 

can be made on the basis of N2 adsorption–desorption 

isotherms (hysteresis), but it also can be determined using 

different pore models calculations. Thus, experimentally 

defined specific surface area value should be equal to the 

value of calculated one when the form of pores is uniform. 

The most suitable model of pore shape is the one whose 

value is the closest to the value of the calculated area. 

Calculations were made according two models - cylinder 

pores and pores between parallel plates (Tables 2 and 

Table 3). The obtained results showed that the parallel 

plates model suits the description of the pores of 

reconstructed and calcined LDHs (except the calcined 

Co/Mg/AlN293 sample). 

 

Fig. 4. a – adsorption/desorption isotherms for sample 

Co/Mg/Alcal; b – thermally treated at 923 K and 

reconstructed samples Co/Mg/AlW293;  

c – Co/Mg/AlW352; d – Co/Mg/AlN293;  

e – Co/Mg/AlN353 

The small interparticle porosity occurs due to a 

“cratering” process. On the other hand, the irregular 

stacking of plate-like particles creates interparticle pores 

[33]. The size of these interparticle pores depends mainly 

on the crystal size; interparticle porosity contributes largely 

to the total pore volume (Table 2 and Table 3). The pore 

size distribution for all samples showed one main 

maximum between 50 – 130 Å except for Co/Mg/AlN293 

which displayed two maxima at 19 and 100 Å. The mixed 

oxide samples containing cobalt showed a decrease in total 

pore volume and an increase of average pore diameter 

when compared to Co/Mg/Alcal material. The chosen 

process to form mixed oxides (synthesis of LDH – 

calcination – reconstruction to LDH – second calcination) 

showed minor effects on pore dimensions. Materials with a 

high specific surface area were obtained upon 

decomposition of LDHs irrespective of the starting 

material [32, 34 – 36].  

The specific surface area of cobalt containing LDHs 

samples decreased upon reconstruction and calcination 

from 170 m2 g-1 for Co/Mg/Alcal to 94 m2 g-1 and 131 m2 g-1 

for Co/Mg/AlW293 and Co/Mg/AlW353, respectively. 
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Introduction of cobalt into Mg-Al-O mixed oxides lowered 

the specific surface area [9]. Reformation medium had a 

considerable influence on the morphology of mixed metal 

oxides when nitrate solution provided higher specific 

surface area and higher pore volumes for the same 

reconstruction temperature. Moreover, a significant 

increase of specific surface area values were observed for 

the samples reconstructed in magnesium nitrate solution. 

Therefore, the better performance of Co/Mg/Al mixed 

oxides could be achieved [37, 38]. 

4. CONCLUSIONS 

In this study, the influence of the third metal cation on 

the reconstruction process in layered double hydroxides 

was investigated. The Co/Mg/Al LDHs were successfully 

synthesized by the low supersaturation method, thermally 

decomposed and reconstructed in water or magnesium 

nitrate media. The XRD measurements provided direct 

evidence for the phase transformation processes during 

calcination and reconstruction of layered structures at 

different temperatures. The partial substitution of the 

magnesium by cobalt showed changes in the LDHs 

behaviour during the cycle of synthesis-thermal 

decomposition-reconstruction. An incomplete regeneration 

of LDH samples at room temperature in aqueous media has 

been observed. However, with increasing temperature the 

reconstruction process of LDHs proceeded to completion. 

After reconstruction in magnesium nitrate solution the 

increase of magnesium concentration was observed. It was 

demonstrated, that the reconstruction medium had a 

considerable influence on the morphology of mixed metal 

oxides. The most suitable model of pore shape in 

reconstructed and calcined cobalt-containing LDH samples 

was parallel plates model.  
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