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Abstract In this work we describe the synthesis, micro

structure (XRD, SEM, AFM) of magnesium oxide nano-

particles and magnesium oxide thin films synthesized by

urea-based combustion method and solution growth route

using magnesium nitrate as the source of Mg. We used

fuel-to-oxidizer ratio (W) as a control parameter to inves-

tigate how lattice parameter, particle size, and micro strain

vary with W = 0.25–2 in the steps of 0.25. Earlier we have

studied NiO as a substitutional solute in MgO (Rao KV,

Sunandana (2005) Solid State Phys 50:235). The average

crystalline size of MgO was estimated from the full width

half maximum (Gaussian and lorentzian fits) of the X-ray

diffraction peaks using Sherrer’s formula and Williamson–

Hall plot. The particle size varies from 15(±0.3) nm to

60(±1.2) nm as W is varied systematically. Surface areas of

the MgO powders measured using BET method were used

to calculate the particle size, which is comparable with the

crystalline size calculated from XRD. We also calculated

porosity and microstrain in the MgO nanoparticles with

varying W. Thin films of MgO are well characterized from

XRD and AFM. The size of the particles and RMS

roughness of the thin films were calculated using AFM.

Introduction

Oxide nanomaterials have a wide range of applications

including as catalysts and starting materials for preparing

advanced structural ceramics [1, 2]. MgO is highly insu-

lating crystalline solid with NaCl crystal structure with

excellent properties such as chemical inertness, electrical

insulation, optical transparency, high temperature stability,

high thermal conductivity, and secondary electron emission

[3]. Magnesium oxide is attractive for both fundamental

and applicable research areas [4]. Magnesium oxides are

used in a variety of industrial applications, e.g., as heat-

resistant and high-temperature insulating materials, and

fuel-oil additives [5–7] besides as a heat-resistant glass

composite in liquid crystal display panels, electrolumi-

nescence display panels, plasma display panels, and

fluorescent display tubes [8]. Nanocrystals of common

metal oxides such as MgO, CaO, and ZnO have been

shown to be highly efficient and active absorbents for many

toxic chemicals, including air pollutants, chemical warfare

agents [4], and acidic gases. There are several methods for

preparing MgO including high-temperature solid state

synthesis, sol–gel techniques, and vapor-phase oxidation

[9]. In this work, we have explored a relatively new, simple

and energy-saving combustion technique for well-opti-

mized synthesis of MgO nanoparticles. The synthesis has

been optimized by a systematic variation of fuel/oxidizer

ratio (W) and the resulting nanoparticles have been probed

for crystalline size, porosity, and microstructure. MgO thin

films also find several applications in different developing

areas. MgO thin films find application as protective layers

in alternative current (AC) plasma display panels (PDPs)

because of their low erosion rate and high secondary

electron emission coefficient [10, 11]. An alternative

dielectric for silicon dioxide (SiO2) and dynode in electron
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multipliers in Zeus display panel. MgO single crystal is an

excellent substrate for preparing ferroelectric and super-

conductor thin films [12]. Recently, there have been a

number of studies on the preparation of MgO films depo-

sition by various methods, for example reactive magnetron

sputtering [13], pulsed laser deposition [14], ion beam

sputtering [15], and plasma enhanced metal organic

chemical vapor deposition [16]. In this work, we adopted a

novel wet chemical route [17] for preparation of MgO thin

films on glass substrates based on a solution containing

magnesium (+2) ion and urea and present results on their

structure and microstructure.

Samples preparation and experimental techniques

This article has two goals

(1) Synthesis and characterization of nanocrystalline

magnesium oxide powder by chemical combustion

method.

(2) Fabrication and characterization of nanocrystalline

magnesium oxide thin films by solution growth route.

Interestingly, in both methods the starting materials are

same, namely magnesium nitrate Mg(NO3)2 � 6H2O and

urea (NH2CONH2).

Nanocrystalline MgO by chemical combustion

Techniques available for the preparation of nanomaterials

are based upon dividing or breaking down a bulk solid or

building up processes. Some well-known methods are laser

ablation, plasma synthesis, chemical vapor deposition,

mechanical alloying or high-energy milling, and sol–gel

synthesis [18]. All these techniques are involved, requiring

special chemicals and equipment. During the course of our

studies, we prepared Mg1–xNixO, NiO, and MgO solid

solutions by the low-temperature initiated self-propagating,

gas producing combustion method [19, 20]. The self-

propagating combustion process involves the exothermic

reaction of an oxidizer such as metal nitrates, magnesium

nitrate, and an organic fuel, typically urea (CH4N2O) or

carbohydrazide (CH6N4O) or glycine (C2H5NO2). The

mechanism of combustion reaction is quite complex.

Parameters that influence the reaction kinetics and mecha-

nism include, type of fuel, fuel to oxidizer ratio, use of

excess oxidizer, ignition temperature, and water content of

the precursor mixture. For the preparation of the samples of

MgO in the present study, the required amount of nitrate

Mg(NO3)2 � 6H2O (MERCK Ltd.) was dissolved in distilled

water along with fuel urea (NH2CONH2) (QUALI-

GENS). Stoichiometric composition of the metal nitrate and

fuel is calculated based upon the propellant chemistry. The

heat of combustion is the maximum when the fuel to oxi-

dizer ratio (W) equals to 1 [20]. The fuel to oxidizer ratios

(W) [21] are calculated using the below equation,

W ¼ nf1 � 4C þ 4 � 1H þ 2 � 0N þ 1 � ð�2ÞOg
af1 � 2Mg þ 2ð1 � 0N þ 3 � ð�2ÞOÞg

ð1Þ

where n is mole fraction of fuel and a is the mole fraction

of nitrate. We prepared MgO for different fuel to oxidizer

ratios W = 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, and 2 by doing

stoichiometric calculations as above. The aqueous solution

is thoroughly stirred using a magnetic stirrer and placed on

a hot plate to initiate the reaction. As the temperature

reached 100 �C, water started to boil and evaporate from

the solution, which increased solution viscosity substan-

tially, during which the compound caught fire. Finally we

are left with light weight white powder which is the pre-

cursor. The as-obtained precursor and precursor annealed

for 2 h at 300 �C were both characterized. Structural

characterization on these samples was performed using

Philips X-Ray Diffractometer with Cu–Ka1 radiation.

Microstructure studies were carried out using Philips

XL-30 SERIES SEM by spreading samples over a well-

cleaned microscopic slide after applying vacuum grease.

The specific surface area was estimated using N2 absorp-

tion isotherm at 77 K by BET method using an Autosorb-1

instrument (Quanta chrome). AMBIOS XP-1 diamond

stylus profilometer was used to measure the thickness of

the thin films. To analyze the surface morphology, MgO

films were examined by SPA 400 atomic force microscope

(AFM) using noncontact dynamic force mode (DFM).

The theoretical equation assuming complete combustion

of the redox mixture used for synthesis of MgO is

Mg(NO3)2 � 6H2Oþ NH2CONH2

! MgO(s)þ 8H2O(g)þ CO2(g)þ 2N2(g)þ O2(g) ð2Þ

Nanocrystalline MgO thin films by solution growth

route

Preparation of the substrates

For the fabrication of MgO thin films, standard microscope

cover glasses were used as substrate. Before thin film depo-

sition float glass slides were cut into 3 cm · 2.5 cm pieces.

They were cleaned subsequently as indicated in steps

1–10 below:

(1) Glass slides were kept for 24 h in sulfochromic acid

and cleaned with water;

(2) Warming up to boiling point in 10% soap solu-

tion + 90% water;
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(3) Removing, withering by rubbing with cotton in cold

water;

(4) Warming in chromic acid up to boiling point for

removing organic contamination;

(5) Rinsing and washing in cold water to remove

surface contaminants;

(6) Ultra-sonification in distilled water for setting down

dust particles;

(7) Ultra-sonification in iso-propyl alcohol for 3–5 min

duration;

(8) Ultra-sonification in trichloro ethylene for 3–5 min

duration to remove greases. The solution becomes

whitish in color if substrates were not properly

cleaned;

(9) Ultra-sonification in isopropyl alcohol for 3–5 min

duration. (No change in color of the solution);

(10) Drying in air before loading into the system for

deposition.

Deposition of MgO thin films

The proposed methodology is similar to the [17]. The

magnesium oxide films growth is based on thermal treat-

ment of an aqueous solution, which contains magnesium

(2+) ions and urea. The deposition bath was prepared by

mixing 50 cm3 1 mol/dm3 Mg(NO3)2 � 6H2O and 25 cm3

1 mol/dm3 urea. Previously prepared substrates were ver-

tically supported against the walls of a 100 cm3 laboratory

beaker. This beaker is kept in oil bath at 100 �C. Upon

heating at 100 �C for about 1 h the reaction mixture slowly

turned turbid. Within 2 h, the reaction mixture became a

white bulk precipitate of 3Mg(OH)2 � 2H2O settled at the

bottom of the beaker. As-deposited films were washed in

deionized water and annealed at a temperature of 400–

4250 �C for about 48 h. The annealed films were appar-

ently white, uniform, and homogenous. The dependence of

the film thickness on the deposition time is shown in the

Fig. 1. As can be seen, the deposition practically completed

after about 2 h. The terminal thickness is about 2 lm.

Thicker films can be prepared by re-immersing the initially

deposited thin films into a fresh bath. The overall chemical

reaction of the deposition process may be expressed with

the following equation

3Mg2þ þ 2NH2CONH2 þ 10H2O

¼ 3Mg(OH)2 � 2H2Oþ 4NHþ4 þ 2CO2 þ 2Hþ ð3Þ

The chemistry of the deposition process is based on the

fact that urea decomposes to CO2 and NH3 by heating at

higher temperature (90–100 �C).

Results and discussion

X-ray diffraction of chemical combustion synthesized

MgO

X-ray diffraction patterns indicate that the monophasic fcc

MgO phase is obtained by annealing precursor at 300 �C for

fuel to oxidizer ratio w = 0.75–2 in the steps of 0.25. For

W = 0.25 and 0.5, two phases MgO and Mg(OH)2 arise due

to insufficient heat generated during combustion resulting

in residual moisture in the sample mixture. The intensities

of (111), (200), (220), (311), and (222) XRD peaks are

comparable with JCPDS (78-0430) values as shown in

Fig. 2. Lattice parameters are almost coincident for all the

fuel to oxidizer ratios (W) (in good agreement with JCPDS)

but, as the size of the particle or crystalline size is

decreasing there is a small contraction in the lattice

parameter. Thus systematic variation of the lattice param-

eter versus crystalline size is observed. The contraction of

lattice parameter with decrease of the crystalline size sug-

gests that surface tension probably plays a major role in

determining the lattice parameter [22]. The surface-free

energy of a nanocrystal arises from the surface chemical

bonds created during formation. The total surface energy is

the product of the number of surface chemical bonds and the

surface bond energy [23]. The surface energy increase of

nanoparticles will tend to contract their sizes by distorting

their crystal lattice elastically. Of course, this kind of dis-

tortion is very small compared to the whole particle size.

Crystallite size

All samples produce appreciable diffraction broadening

and it is reasonably assumed that this arises from the

Fig. 1 The dependence of the film thickness on the deposition time in

minutes
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crystalline and internal stresses. Diffraction theory predicts

that the breadth due to crystallite size varies with angle as

sec h and that due to elastic strain as tan h [24]. The

additional broadening in diffraction peaks beyond the

inherent peak widths due to instrumental effects can be

used to measure crystallite sizes as low as 1.0 nm .The

crystallite size of prepared and annealed compositions were

calculated from the full width at half maximum (FWHM)

of all the peaks (111), (200), (220), (311), and (222) using

the Debye–Scherrer formula [25]

t ¼ 0:9k
w cos h

ð4Þ

Use of the Gaussian function and Lorentzian function

to fit the FWHM of all the peaks yields more accurate

results.

We also used another procedure based on the William-

son–Hall equation to calculate strain and particle size of

the each sample [26]. The Williamson–Hall equation is

Bcosh ¼ Kk
t
þ 2e sin h ð5Þ

where B is the full width at half maximum (FWHM) of the

XRD all peaks, K is Scherrer constant, t is the crystalline

size, k the wave length of the X-ray, e the lattice strain, and

h the Bragg angle. In this method, Bcosh is plotted against

2sinh. Using a linear extrapolation to this plot, the intercept

gives the particle size Kk/t and slope gives the strain (e).
Here, as we vary the fuel to oxidizer ratio the average size

of the particle is varied from 15(±0.3) nm to 60(±1.2) nm

as shown in Fig. 3. The heat of combustion is maximum

for W = 1 [21], and hence the size of the particle is

Fig. 2 Room temperature XRD

patterns of MgO nanoparticles

prepared by chemical

combustion with different fuel

to oxidizer ratios (w) (a)

w = 0.25, (b) w = 0.5, (c)

w = 0.75, (d) w = 1, (e)

w = 1.25, (f) w = 1.5, (g)

w = 1.75, (h) w = 2
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minimum for W = 1 and as W increases from 0.75, the size

of the particle is decreased till W = 1 and then it is

increased. This can be explained as due to differences in

ignition temperature, burn rate and adiabatic flame tem-

peratures and enthalpies resulting from systematic changes

in the thermodynamic conditions and the properties of the

gas(es) evolved thereof. For w = 1 the above parameters

are probably optimized to produce the smallest particles.

The same phenomenon was observed by us earlier in the

preparation of NiO [27].

Measurement of surface area

The specific surface area measurement is one of the

important parameters used to characterize powder samples

and it is related with other parameters, such as particle size,

shape, and density. The specific surface area of MgO

samples prepared by combustion processes were measured

by using Brumauer Emmett Teller (BET) equation [28]

which describes the physical absorption of gas (nitrogen)

on a solid is utilized in obtaining the specific surface area.

The specific surface area is maximum when W = 1 and

while for W less then or greater then 1 it decrease. It is the

consequence of mechanical-free energy changes with W.

The particle size is given by

D ¼ 6� 103

S � q ð6Þ

where S is the specific surface area and q is the density of

MgO (3.58 g/cm3) [29]. From a perusal of Table 1, one can

infer that the particle size is comparable with the

crystalline size which is calculated in Debye–Scherrer and

Williamson–Hall plot methods.

Micro strain

Micro strain in the system is calculated using the

Williamson–Hall plot equation. By seeing the Table 2,

micro strain is maximum when the average particle size is

minimum, that is, for W = 1. The micro strain is decreasing

when the W is increasing and decreasing as shown in the

Table 2. This could be because the mechanical surface-free

energy of the metastable nanoparticles is probably maxi-

mized for W = 1. As the size decreases the lattice

parameter probably contracts thereby increasing micro

strain in the samples.

X-ray diffraction of thin films of MgO

The results of X-ray diffraction in as-prepared and annealed

MgO thin films are shown in Fig. 4. As can be seen, the

annealing process influences the film structure of MgO.

Also, an increase of the degree of the crystallinity of the

MgO is observed upon annealing. The observed diffraction

peaks are in a very good agreement with the standard values

of JCPDS (78-0430). The MgO has a cubic (NaCl-type)

structure with lattice parameter 0.4225(±0.008) nm. Using

the Debye–Scherrer and Williamson–Hall formula using

Fig. 3 Average crystalline size of the MgO powders prepared by

chemical combustion are calculated from Debye–Scherrer formula

and Williamson–Hall plot

Table 1 The crystalline size calculated from XRD using Debye–

Scherrer formula and Williamson–Hall plot are comparable with

particle size calculated from specific surface are (BET)

W Debye–Scherrer

crystalline size

(nm)

Williamson–Hall

crystalline size

(nm)

Particle size from BET

surface area (nm)

0.75 30 ± 1.5 29 ± 0.58 28 ± 0.56

1 18 ± 0.9 15 ± 0.3 12 ± 0.24

1.25 28 ± 1.4 29 ± 0.58 29 ± 0.58

1.5 47 ± 2.4 49 ± 1 46 ± 0.9

1.75 55 ± 2.8 69 ± 1.4 62 ± 1.2

2 53 ± 2.7 60 ± 1.2 55 ± 1.1

Table 2 Micro strain of the

combustion synthesized MgO

samples with different W

W Micro strain ·(10–4)

0.75 7.39 ± 0.22

1 32.5 ± 0.97

1.25 28.3 ± 0.84

1.5 26.9 ± 0.80

1.75 25.2 ± 0.75

2 5.35 ± 0.16
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the full width at half maximum intensity of the XRD peaks,

we have calculated the average crystalline size. It varies

from 24(±0.48) nm to 27(±0.54) nm.

Porosity measurement

Generally products of combustion synthesis are highly

porous due to evolution of gases in the processes involved

.Thus they possess much less densities compared to theo-

retical values [30]. The porosity of the annealed samples

was determined by the X-ray spectrum. The percentage of

porosity was calculated from the measured and theoretical

density, according to the following equation

Porosity ðPÞ ¼ ð1� D

DT

Þ100 ð7Þ

Fig. 4 Room temperature X-ray diffraction of the as-deposited and

annealed thin films of MgO

Fig. 5 Scanning electron

micrographs shows the

microstructure of MgO particles

at room temperature. (a)

w = 0.25, (b) w = .75 (c)

w = 1.5, (d) w = 1.75, (e)

w = 2, (f) w = 1 the powder of

MgO particles are

ultrasonificated in toluene

Table 3 Porosity of the MgO

powder calculated from XRD
W Porosity

0.75 0.5084 ± 0.015

1 0.0416 ± 0.001

1.25 0.0558 ± 0.001

1.5 0.0866 ± 0.002

1.7 0.0224 ± 0.0006

2 1.4492 ± 0.0434
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where DT is theoretical density. The calculated porosity

values are presented as in Table 3. The porosity first

decreases as the W increases and after W = 1 the

porosity is increased because the excess fuel to oxi-

dizer ratio leads to the progressive evolution of gases.

In case of the MgO thin films the percentage of the

porosity is 0.88 ± 0.01, which is small when com-

pared to the combustion-produced MgO material. The

SEM micrographs provide visual proof for increasing

the porosity.

Fig. 6 AFM images of the

MgO thin film (sample 1) with

scan area (a) 5,000 · 5,000 nm2

(2-D view), (b)

5,000 · 5,000 nm2 (3-D view),

(c) 10,000 · 10,000 nm2 (2-D),

(d) 10,000 · 10,000 nm2 (3-D )

(e) 20,000 · 20,000 nm2 (2-D),

(f) 20,000 · 20,000 nm2 (3-D)
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Scanning electron microscope studies

The SEM micrographs of combustion synthesized MgO

powders are shown in Fig. 5. These powders of MgO show

increase in the porosity as expected due to the excess of

fuel corroborating to the values of the porosity calculated

from XRD. As the fuel to oxidizer ratio is increasing, the

porosity is increasing in Fig. 5a (W = 0.25), Fig. 5b

(W = .75), Fig. 5c (W = 1.5), Fig. 5d (W = 1.75), and

Fig. 5e (W = 2), respectively. We ultra-sonicated the MgO

Fig. 7 AFM images of the

MgO thin film (sample 2) with

scan area (a) 5,000 · 5,000 nm2

(2-D view), (b)

5,000 · 5,000 nm2 (3-D view),

(c) 10,000 · 10,000 nm2 (2-D),

(d) 10,000 · 10,000 nm2 (3-D )

(e) 20,000 · 20,000 nm2 (2-D),

(f) 20,000 · 20,000 nm2 (3-D)
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powders in toluene for 10 min to disperse the particles and

the SEM micrograph is as shown in Fig. 5f. Due to ultra-

sonication, we could get uniform and spherical particles of

average grain size which vary from 300 nm to 350 nm.

AFM

In order to get a direct morphological view of the thin films

MgO nanoparticles and to estimate the distribution of the

particle sizes and RMS roughness, AFM seems to be the

ideal probe. The AFM micrographs are shown in the

Figs. 6 and 7. In Figs. 6 and 7, two samples of MgO thin

film at different scan areas 5,000 · 5,000 nm2,

10,000 · 10,000 nm2, and 20,000 · 20,000 nm2 are

shown in two and three dimensions. From a careful

examination of AFM micrographs, one can observe col-

umns elongated along a preferential growth direction and

agglomeration of grains with some truncated cone like

growth are seen. These dome-shaped grains having dif-

ferent sizes vary from 55 nm to 250 nm. The size of the

particles varies from 250 nm to 520 nm. The RMS

roughness of the samples is varying from 203 nm to

350 nm. We can conclude from these observations that it is

possible to make MgO thin films with controlled size and

roughness in a simple synthesis procedure.

Conclusions

we synthesized MgO nanoparticles size 15(±0.31) nm to

60(±1.2) nm, varying fuel to oxidizer ratio W = 0.75–2 in

the steps of 0.25. We also synthesized MgO nanocrystalline

thin films by solution growth route with same starting

materials. Surface area of the combustion synthesized MgO

nanoparticles were measured using BET. From the surface

area the size of the particles calculated is comparable to the

crystalline size that was calculated from XRD. We deter-

mined the micro strain in the combustion synthesized MgO

using Williamson–Hall plot, the strain is maximum for

W = 1 and it is decreased as the W is increased. Porosity of

the MgO is increased with increase in W, the same is

observed in SEM micrographs. Thin films MgO are char-

acterized by XRD and AFM. The thickness of the films

increases with time. The crystalline size of the MgO thin

films are varying from 24(±0.48) nm to 27(±0.54) nm. The

porosity of the thin films is less when compared to com-

bustion synthesized MgO. The RMS roughness of the thin

films samples are varying from 203 nm to 350 nm which is

measured from AFM.
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