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ABSTRACT: Doped and non-doped MgO coated thin films on alumina substrates were prepared 

using a chelating sol-gel method under controlled conditions to prepare nanomaterials with 

unprecedented properties. The effect of doping of ZnO on thermal, surface and structural properties 

was investigated using DTA-TG, BET and XRD respectively. Also microstructural studies and coating 

thickness measurements of MgO thin film were conducted using SEM. An increase in the thermal 
stability of MgO with increasing ZnO doping percent was observed. The increase of ZnO doping 

percent showed a marked decrease in the average particle size of MgO powder as a result of the 

replacement of some Mg2+ by Zn2+ which has similar ionic radius as Mg2+. This decrease in particle 

size of MgO was also related to the decrease of the degree of MgO crystalinity. The increase of ZnO 

doping also showed a marked decrease in coating thickness values of the prepared membranes. This 

decrease was related to the  mechanism of ZnO doping into a MgO crystal lattice. 
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تحضير أغشية سيراميكية مطعمة وغير مطعمة من نانو أكسيد الماغنيسيوم    

 شيراز لبيب  

الخارصيٌن كطبايار رقٌايط مطي    بأكسٌدكسٌد الماغنٌسٌوم المطعم أكسٌد الماغنٌسٌوم و أفى هذا البحث تم تحضٌركل من  :ملخص
ظروف تحضٌر محكميط و ذليل لتحضيٌر ميواد نانومترٌيط عند  sol-gelكسٌد الألومنٌوم باستخدام طرٌاط أعلى دعامار مصنعط من 

الخصياص  و السيطحٌط و ذار مواصفار غٌر مسبوقط. تم عمل دراسط تأثٌر التطعٌم بأكسٌد الخارصٌن عليى المواصيفار الحرارٌيط
حٌود و حط السطوحقٌاس مسا و الوزنًو  التفاضلً يالتحلٌل الحرار لأكسٌد الماغنٌسٌوم و ذلل بدراسط الظاهريالبللورٌط و الشكل 

لٌط تطعٌم أكسٌد الماغنٌسيٌوم بأكسيٌد آ. تم استنتاج ع قط بٌن للأغشٌط المحضر  الإلكترونًوسكوب الماسح رالأشعط السٌنٌط و المٌك
الثبيار الحيرارلأ لأكسيٌد الماغنٌسيٌوم المطعيم ماارنيط  فيًالخارصٌن و النتاصج المختلفيط للاٌاسيار المعنٌيط. هيذا و قيد ليوحظ تحسيٌن 

 للأغشيٌط المحضير  بزٌياد  نسيبط التطعيٌم. يجسٌمار و السيلول البلليورالحجم  فًلوحظ وجود ناصان و قد لأكسٌد الغٌر المطعم. با
ن العنصيرٌن لمميا قيٌم أالخارصٌن خاصيط و  بأٌونارٌونار الماغنٌسٌوم أبعض  بإح لحجم الجسٌمار له ع قط  فًوهذا الناصان 

 تقليل سمك الطبقاث المحضرة للأغشيت بزيادة نسبت التطعيم. ٌضا السبب وراء أبا كما ٌوضح تارٌ الأٌونًمماثلط لنصف الاطر 
 

 ، الماغنيسيم المطعم ، مواد نانومتريت ، طبقاث رقيقت.    Sol-gel: اكسيذ الماغنيسيم ، اكسيذ الخارصين ، طبقاث  مفتاح الكلمات

   

 

1.   Introduction 

gO is a highly ionic crystalline solid, which crystallizes into a cubic rock salt structure. It is characterized by a 

large band gap (7.8 eV), high thermal conductivity and stability (Raj et al., 2007). It has extensive applications 

in the area of toxic waste remediation, refractory, paint and superconductor products. It also shows excellent adsorption 

properties in enhanced surface areas and intrinsically higher surface reactivity (Niu et al., 2006). Due to its superior 
electronic properties, it can be used as a substrate for high temperature superconductor film deposition. It has a wide 

application in microwave devices (Raj et al., 2007). MgO thin films are of scientific and technological importance due 

to their applications in optical and electronic devices, in catalytic reactions, as protective coatings on metals and in gas 

sensors (Raj et al., 2007). Therefore, MgO is considered an important applied and economical material. Nano MgO 

ceramic membranes are prepared by a sol-gel process that offers enhanced homogeneity and better control for the size, 

the shape and the degree of agglomeration of the resulting nanocrystals, as well as simple compositional control and 

low processing temperature (Maensiri et al., 2007; Iyer et al., 2009; Desai et al., 2007; Caruntu, 2006; Cernea, 2005; 
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Willard et al., 2004). A better control of precursor reactivity may be achieved through the addition of chelating agents 

such as ß-diketones, carboxylic acids or other complex ligands (Cernea, 2005; Sanchez et al., 1988).  

This paper deals with the preparation of doped and non-doped nano MgO membranes using a polymeric sol-gel 

method that offers the possibility of controlling the synthesis of thin film hierarchical internal structure (Crisan et al. 

2000). Doping MgO with ZnO is studied in order to create doped nanocrystals and nanostructures with unprecedented 
properties (Yang et al., 2010). The effect of ZnO doping on thermal, surface and structural properties is studied. Also 

microstructural studies and coating thickness measurements of MgO thin film are conducted. The relationship between 

the mechanism of ZnO doping into a MgO crystal lattice and the properties studied is discussed.   

2. Experimental   

2.1 Substrate preparation 

Disk alumina substrates of thickness (0.1cm), diameter (10 cm), pore size distribution (0.1 µm), and porosity 

(18.42 Vol. %) (Labib, 2006)  were  used for doped and non-doped MgO coating thin films. 
These substrates were synthesized by a polymeric sol-gel process using aluminium tri-second butylate (99.9 % 

Merck, Germany), distilled water, isopropyl alcohol (99.8 % Scharlau, Spain) and glacial acetic acid (98 % Merck, 

Germany). The precursors used were of A.R. grade. 

Glacial acetic acid (2 mol), as a chelating agent, was added to the alcoholic solution of aluminium tri-second 

butylate having the molar ratio (isopropyl alcohol/aluminium tri-second butylate: 5:1 respectively). This solution was 

stirred for ten minutes, then it was exposed to a controlled rate of hydrolysis with a diluted solution of isopropyl 

alcohol having the  molar ratio (isopropyl alcohol/distilled H2O: 5:0.5 respectively). The prepared polymeric sol was 

stirred for ten minutes and then aged at room temperature for 48 h. The aged polymeric sol was dried at 120 oC for 1h, 

calcined at 500 oC for 1h, ground for 15 min, pressed uniaxially at 12 k.N using (poly vinyl alcohol) as a binder and 

then  sintered at 1100 oC for 1h (Labib, 2006). 

2.2 Membrane preparation 

Doped and non-doped MgO ceramic membranes were initially prepared using magnesium nitrate hexahydrate 

[99% Winlab, England], zinc nitrate hexahydrate [99% Merck, Germany], isopropyl alcohol [99.8% Scharlau, Spain], 

acetylacetone [≥ 99% Merck, Germany] and distilled water. All the reagents used were of A.R. grade. The composition 

of the prepared samples is shown in Table 1. 

 

Table 1.  Composition of the prepared samples. 

Sample MgO % ZnO % 

M100 100 00 

M99 99 01 

M95 95 05 

M90 90 10 

 

Polymeric magnesium oxide sol was prepared by drop-wise addition of an alcoholic mixture of isopropyl alcohol 

(5.0 mol) and distilled water (1.0 mol) to the stirred alcoholic solution of magnesium nitrate hexahydrate and acetyl 

acetone having the molar ratio (isopropyl alcohol /magnesium nitrate /acetyl acetone: 10:0.8:1.6 respectively).  

The different doped MgO-ZnO sols were prepared by adding 1, 5 and 10% of zinc nitrate hexahydrate to each of the 

alcoholic solutions of 99, 95 and 90% of magnesium nitrate hexahydrate, followed by adding acetyl acetone. The 

mixed polymeric sols were prepared by drop-wise hydrolysis with the alcoholic mixture of isopropyl alcohol and 
distilled water. The different prepared polymeric sols were stirred vigorously for 20 min. 

The dip coat process was performed at room temperature by immersing alumina substrates into the different 

polymeric sols for 2 h (Peters et al., 2005), (immersion and withdrawal rate: 0.5 mm
1s  ). After dip coating, the 

different ceramic membranes were left overnight to be dried at room temperature. The different prepared membranes 

and the unsupported membranes were dried at 200 oC for 1h with a heating rate of 3 oC
1

min


. The process of dipping, 
withdrawing and drying was repeated 6 times to obtain suitable coating thicknesses (Sekulic et al., 2006) and  then the 

membranes were sintered at 400 and 600 oC for 6 h with a heating rate of 3 oC
1

min


. 

2.3 Membrane characterization 

The thermal degradation behaviors of the unsupported membranes were studied using differential thermal 

analysis (DTA) and thermogravimetric (TG) analysis (Shimadzu 60, Japan). DTA/TG studies were performed by 

heating the sample from room temperature to 400 oC in an air atmosphere with a heating rate of 3 oC
1

min .
 Specific 

surface area measurements were taken, applying the Brunauer-Emmet-Teller (BET) method, using (Nova 3200 Series, 
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USA). Prior to the analysis, the different samples were evacuated at 300 oC for 2h. Particle size values of the 

unsupported membranes were calculated from:    

 

                                 dBET = 6/SSABET.ρsample                                                                             (1) 

 
where, ρsample is the density of the samples used (Mikhail and Robens, 1975), ρsample  was calculated from the 

density of MgO (ρMgO ) = 3.58 x 103 kg/m3 and the density of ZnO (ρZnO) = 5.61 x 103 kg/m3 taking into 

consideration the appropriate amount of both components (Samerjai et al., 2009). The crystal structures of the different 

unsupported membranes were identified using X-ray diffraction (XRD) (Philips X’pert multi-purpose diffractometer, 

USA). A copper-tube X-ray tube operating at 40 kV and 30 mA was used, and the wavelength Kα1 used was 1.54056 

A0. The scan was performed over the range 2 (40-70). The identification of the crystalline phases present was done 
using the JCPDS database cards. The microstructures and coating thicknesses of the prepared membranes were studied 

using a scanning electron microscopy (SEM) (JEOL JSM-5600, Japan). Prior to SEM analysis, the samples were 

sputtered with a thin layer of gold using JEOL Fine Coat (JFC-1500 Ion Sputtering Device, Japan). 

3. Results and discussion  

3.1 Unsupported membranes 

3.1.1 Differential thermal analysis-thermogravimetric analysis (DTA-TG) 

Thermal properties of the unsupported membranes were investigated using DTA/TG analysis and the 

corresponding curves are shown in Figure 1. Owing to the low heating rate used (3 oC
1

min


), the samples were heated 

only to 400 oC. TG curve for the sample M100 shows two weight losses at T< 300 oC. The gradual mass loss below 

300 oC could be assigned to the evaporation and the elimination of the bonded water, residual organic solvents as well 

as to  the burning of nitrate groups from the metal nitrate precursor. This result was correlated to the two endothermic 

peaks of the DTA curve at T<100 oC (Li et al., 2008; Anas et al., 2010). The third distinct weight loss ~37.83% at 100-

400 oC  was due to the crystallization of Mg(OH)2 to cubic MgO as indicated from the weight loss value (37.83%).  

 

 
 

Figure 1. DTA-TG analysis for (a) M100 and (b) M90 membranes in air with a heating rate of 3 oC/min. 

 

The theoretical weight loss for Mg(OH)2 transformation to MgO is (30.8%) (Niu et al., 2006). The exothermic 

peaks at 400 oC in the DTA curve demonstrated the occurrence of the reaction (Li et al., 2008). On the other hand, the 

TG curve for M90 shows four distinct weight loss regions at temperatures (20-400 oC): two weight losses ~ 13.8 and 
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20.4% from 20 to 250 oC corresponding to the combined evaporation of bonded water, residual organic solvents and 

the nitrate groups from both magnesium nitrate and zinc nitrate. This explained the increase in weight loss percent with 

respect to the pure material. The two weight losses ~ 16.5 and 8.7% at 250-400 oC correspond to the transformation to 

MgO and ZnO respectively taking in mind the stoichiometric ratio of the metal precursor used. An important feature 

which was observed was the shift of weight loss to  higher temperature with respect to the case of pure material. This 
result indicated the role of dopant (ZnO) in increasing the thermal stability of the MgO phase (Han et al., 2007). Also, 

the presence of two weight losses at 250-400 oC confirmed the presence of two phases: cubic MgO and hexagonal ZnO 

wurtzite structures.  

3.1.2  Specific surface area measurements (SSA) 

Table 2 shows the specific surface area values of the unsupported membranes thermally treated at 600 oC for 6h. 

A marked increase in specific surface area values  was  observed with increasing ZnO doping percent. This increase  

was accompanied by a decrease in particle size as shown in Table 2. The decrease in particle size means a decrease in 

the crystalline behavior of the cubic MgO by incorporating ZnO. This result was explained as follows: since the ionic 

radius of Zn2+ (0.083) nm is similar to that of Mg2+ (0.078) nm, the position of Mg2+ can be occupied by Zn2+ (Huang 
et al., 2008; Saraiva et al., 2010). MgO structure is similar to the well-known NaCl structure. The O2- anions are in a 

cubic closest packing and the Mg2+ cations fill all the octahedral sites (Saraiva et al., 2010). The increase in doping 

percent of ZnO indicated that the octahedral positions occupied by Mg2+ ions were replaced by Zn2+ ions and when the 

doping percent reached 50% the structure became unstable and a disappearance of MgO structure was observed 

(Saraiva et al., 2010). In general, the MgO structure was determined under thermodynamic conditions, the increase of 

doping percent can decrease the mobility of adatoms (ZnO atoms) within the structure. So, the structure became 

kinetically not thermodynamically determined (Saraiva et al., 2010). This result was confirmed by the increase in the 

MgO peak broadness given in XRD results. 

 

Table 2. Specific surface area and particle size values of the unsupported membranes thermally treated at 600 oC for 

6h. 

 

 

Sample 

 

Specific Surface Area (SSA) (m2/g) 

 

Particle Size 

                       dBET (nm) 

M100 

M99  

M95  

M90 

26.56 

74.37 

106.70 

121.54 

63.0 

22.4 

15.0 

13.0 

 

3.1.3 X-Ray diffraction analysis (XRD) 

Figure 2 shows the XRD patterns of doped and non-doped MgO powder thermally treated at 600 oC for 6 h. The 

characteristic peak of pure MgO (200) was presented at 2 ~ 43 degrees as indicated from (JCPDS-card N0 45-0946). 

The development of ZnO peak (103) at 2 ~ 62 degree (JCPDS-card N0 36-1451)  was observed with increasing ZnO 
doping percent. A marked increase in the peak broadness of MgO, as marked by the arrow, was observed which 

confirms the decrease in the particle size and the crystallinity of MgO with adding ZnO, as given previously. Two 

important features were observed: 

 

i- The increase of MgO peak broadness and its shift to a higher angle with increasing ZnO doping percent. This shift 

was  due to the variation of the lattice parameters confirming that ZnO was alloyed with MgO forming a Mg(Zn)O 

solid solution. This trend was known as Vergard's law which states that the lattice parameters depend on the 

composition (Saraiva et al. 2010). From this behavior, it was concluded that Mg(M)O systems can  be  treated as 

solid solutions (Saraiva et al., 2010). This means that the replacement of Mg by a cation with smaller radius was 

accompanied by a decrease in the lattice parameter and the opposite was noticed with a replacement by a larger 
cation (Saraiva et al., 2010).  

ii- The development and the intensity increase of ZnO peak (103) with increasing the doping percent indicated the 

presence of ZnO as a secondary phase. This result was also confirmed from TG results. So, not all ZnO was  

alloyed with MgO.  
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Figure 2. XRD patterns of doped and non-doped MgO membranes thermally treated at 600oC for 6h. (a) M100, (b) 

M99, (c) M95 and (d) M90. 

 

3.2 Supported membranes 

3.2.1 Scanning electron microscopy (SEM) 

Figures 3 (a-d) show the SEM, at a magnification power of 8000 x, of doped and non-doped MgO thermally 

treated at 600oC for 6h. A dense film of nanoparticles (200 nm) was shown in M100. The aggregated nanoparticles 

were in fact formed from tiny nanocrystallites within the size range of a few nm. The increase in the doping percent of 

MgO film with ZnO shows the development of a porous structure with slight variation in the average particle size. This 

decrease in structure density with increasing the doping percent can be attributed to the low mobility of the adatoms on 

the surface of the MgO films (Park et al., 2005). The decrease in adatom mobility on the MgO surface leads to the 
decrease in MgO (200) orientation, i.e. the decrease of the degree of crystallinity (Park et al., 2005). This result 

confirmed the result obtained in the SSA and XRD results. The adatoms acted as a grain growth inhibitor and 

influenced the grain growth kinetics either by pinning grain boundary or by changing the thermodynamic factors such 

as surface and grain boundary energies respectively (Suzuki et al., 2002). The energy necessary for the movement of 

MgO grain boundary increased and the driving force for the grain boundary migration decreased (He et al., 2002) 

leading to an inhibition of the grain growth. Similar behavior was reported in MgO-doped Al2O3 (Suzuki et al., 2002). 

The reduction in the spread of dihedral angles leading to a homogeneous microstructure was observed because of the 

presence of dopants (Suzuki et al., 2002). 

3.2.2 Coating thickness 

Coating thickness measurements were done to give a detailed explanation of the kinetic role of ZnO 

incorporation into the MgO system, the mechanism of the film formation and the limit mobility of ZnO into MgO 

crystal lattice. Coating thickness measurements were calculated for the prepared membranes thermally treated at 200, 

400 and 600 oC using cross SEM investigations. 

Figure 4 shows the plot of coating thickness values for the different prepared membranes versus thermal temperatures. 

The decrease of coating thickness layer with increasing temperature was due to the release of organic by-products and 

the crystalline formation of the final product, leading to a uniform coated film over the substrate. 
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Figure 3. SEM of doped and non-doped MgO membranes thermally treated at 600oC for 6h. (a) M100, (b) M99, (c) 

M95 and (d) M90. 

 

The marked decrease of coating thickness values of the prepared thin films were observed with increasing ZnO 

doping percent. This behavior was interpreted as follows:   

The thickness per deposited layer was dependent on several parameters: the concentration of the precursors, the sol 

viscosity and the density of the deposited film (Liebrecht, 2006). In a (MgO-ZnO) system, the mobility of the adatoms 

is more dependent on the film thickness than the other parameters (Guillén and Herrero, 2010). A direct correlation 

coexists between the mobility increase and both the coating layer thickness and grain size increase (Guillén and 

Herrero, 2010). On the other hand, the decrease in mobility occurs as a result of the strong interfacial interaction 
between the deposited film and the substrate leading to the decrease in coating thickness value (Park et al., 2005). It is 

certain that the adatomic mobility was an important factor affecting the coating thickness as well as the microstructure 

of the deposited films.  

 

Figure 4. Coating thickness values for doped and non-doped MgO membranes at different thermal temperatures. 

 

4.  Conclusion 

Doped and undoped MgO membranes  were prepared using a chelating sol-gel process. ZnO  was  chosen as a 

dopant to MgO in different proportions. The addition of ZnO to MgO increased the thermal stability of MgO, as 
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investigated from DTA-TG results. The marked increase in specific surface area and decrease in particle size values, 

with increasing doping percent, was due to the decrease of the adatom  mobility within the structure when increasing 

the percent of Zn2+ replacing Mg2+ ions. The increase of MgO peak broadness with increasing doping percent confirms 

the BET results. The decrease of adatom mobility affected the microstructure of the obtained films by increasing the 

porous structure of the obtained films, as shown in SEM investigations, and decreasing the coating thickness values. 
This was attributed to the strong interfacial interaction created between the deposited film and the substrate as a result 

of the decrease in adatom mobility. Therefore, the mechanism of increasing the percent of Zn2+ replacing Mg2+ ions 

played an important role in obtaining nano-coated thin film membranes. The aim of this paper was to understand the 

true role of doping ZnO into MgO matrix because this system is very important and opens the key of knowing the link 

between the mechanism of doping and the  resultant properties. As concluded, the above results are compatible 

together leading to an improvement in MgO thin film microstructure with increasing ZnO doping percent and the field 

allows for other systems that have similar trends to be studied and applied. 
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