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a b s t r a c t

In this study, nanocrystalline forsterite (Mg2SiO4) powder was synthesized via two-step combustion–cal-
cination procedure. Mixtures of citric acid and glycine were used as fuel and nitrate ions were used as
oxidizers. The samples were synthesized with different fuel to nitrate (F/N) molar ratios. The synthesized
sample was characterized by X-ray diffraction, transmission electron microscopy, scanning electron
microscopy and photoluminescence spectroscopy. The effect of fuels on formation of the forsterite phase
was studied. The X-ray diffraction (XRD) patterns of the samples revealed that the forsterite was formed
as a major phase for all the samples containing citric acid. The crystallite size was found to be in the range
of 18–50 nm. Photoluminescence spectra showed that the luminescent intensity of Mg2SiO4:Eu3+ parti-
cles were much higher than that of MgO:Eu3+ ones.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Forsterite (Mg2SiO4) is an important material in the magnesia–
silica system with many notable properties, such as high melting
point, chemical stability even at high temperatures, great electrical
and refractory characteristics, as well as good mechanical proper-
ties, bioactivity and biocompatibility [1]. Therefore, it has found
commercial applications in many industrial areas, e.g. electronics
as insulators working at high frequencies [1], refractory industry
[2], advanced technologies such as SOFC (solid oxide fuel cells)
[3], biomedicine [4] and luminescent technology [5].

Forsterite can be made through solid state reaction but neces-
sarily at of high temperature and long reaction time. Meanwhile,
low chemical homogeneity and large crystal sizes of the sintered
power have led to preference of the ‘‘solution based’’ methods.
However, the synthesis of pure nanocrystalline forsterite with con-
trolled particle size has still remained challenging [6]. Therefore,
many alternative synthesis techniques have been reported for the
synthesis of pure forsterite including the citrate–nitrate method
[7], combined mechanical activation [8], molten-salt approach
[9], polymer precursor method [10], mechano-thermal synthesis
[11], mechano-chemical synthesis [12], Flame Spray Pyrolysis
[13], combustion synthesized [14] and sol–gel techniques
[1,15,16].
ll rights reserved.

: +98 21 22947537.
.

Patil et al. [17] invented the combustion method in order to
synthesize different oxide nanopowders. Recently, an important
part of researches in the field of synthesis of oxide nanoparticles
has been focused on microwave-assisted combustion process be-
cause of its advantages of rapid reaction velocity, uniform heating,
and efficient energy utilization [18–20]. On the other hand, one of
the most important parameters in this process is the kind of fuel.
Some researchers have employed citric acid [7,21] and glycine
[22,23] as suitable fuels in the combustion method. More recently,
a mixture of citric acid and glycine has been used [24,25] to recog-
nize co-effect of these fuels. The main reasons of this selection are
the simultaneous effect of chelating agent and flammability in the
former and the high rate of ignition in the later. Although using the
citric acid contributes to formation of more uniform particles, the
intense ignition of the glycine fuel creates better structures.

Recently, rare-earth ion doped luminescent materials have re-
ceived an extensive attention due to the unique characteristic of
RE dopants, as well as their stability and potential applications in
the fields of luminescence devices, optical transmission, biochem-
ical probes, medical diagnostics, and so forth [26]. Emission of light
from the RE ions is mainly due to electric and magnetic dipole opti-
cal transitions with 4fn energy manifolds and may also involve
4fn–5d. In recent years, new luminescent nanomaterials have
seemed promising, since nanostructures exhibit interesting lumi-
nescent properties [26,27].

In this work, two-step combustion–calcination processes were
applied for the synthesis of forsterite nanoparticles. To the best
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of our knowledge, the effect of F/N molar ratio on particle size, uni-
formity, morphology and structure of forsterite nanoparticles have
not been reported. Moreover, Tetraethyl orthosilicate (TEOS) was
utilized as the precursor of silica instead of other silica species (like
colloidal silica) to synthesize forsterite by this process. Further-
more, luminescent intensity of the samples which were doped
with Eu3+ has been investigated. Modification of the luminescent
properties is the main goal of solution combustion in the presence
of fuel mixtures.
Fig. 1. Schematic flow chart of the synthesis of forsterite nano-powder.
2. Experimental details

All materials used in this study were of chemical grade, supplied by Merck Com-
pany. Experimental procedure was on the basis of propellant chemistry which was
presented by Patil et al. [17]. In the propellant chemistry, chemistry balance is
established between fuel and oxidant compounds [25]. In this study, the mixture
of fuels is balanced by magnesium nitrate as oxidant. For example, the combustion
reaction which leads to the formation of forsterite in the presence of glycine and cit-
ric acid could be described as Eq. (1).

16MgðNO3Þ2 þ 2NH2CH2COOHðaqÞ þ 9C6H8O7 �H2Oþ 8 � O—Si—O þ 5O2

! 8Mg2SiO4ðs-amourphousÞ þ 58CO2ðgÞ þ 50H2OðgÞ þ 17N2ðgÞ ð1Þ

Tetraethyl orthosilicate (TEOS) starts hydrolysis in the presence of citric acid.
Probably, it hydrolyses to „Si–O–Si species before adding the glycine. It is expected
that the source of silicate during the ignition of combustion causes the formation of
MgO–SiO2 systems. Nominal equation of reaction for citric acid and glycine as fuels
are given by Eqs. (2) and (3), respectively.

2MgðNO3Þ2 þ 2C6H8O7 �H2Oþ � O—Si—Oþ 4O2

!Mg2SiO4ðs-amourphousÞ þ 12CO2ðgÞ
þ 10H2OðgÞ þ 2N2ðgÞ ð2Þ

5MgðNO3Þ2 þ 2NH2CH2COOHðaqÞ þ ðCH3CH2OÞ4Siþ 4O2

! 5MgOðs-periclaseÞ þ SiO2ðs-amourphosÞ þ 12CO2ðgÞ þ 15H2OðgÞ
þ 6N2ðgÞ ð3Þ

The amount of oxidant was kept constant in all samples. As a typical example,
2.5 g magnesium nitrate, 1 cc TEOS, 10 ml ethanol and a known amount of citric
acid were dissolved in 5 ml distilled water (Table 1) and mixed together for 2 h.
pH value of the final solution was set to the range of 3–4. A stoichiometric amount
of Eu2O3 was dissolved in nitric acid to form Eu(NO3)3 solution. The doping concen-
tration of Eu3+ was fixed at 4 mol.% in all samples. The Eu(NO3)3 solution was added
to the previous solution. The resulting solution was kept in a reflux system at 80 �C
for 2 h. The final solution was aged for 24 h. Schematic chart of the experimental
procedure is illustrated in Fig. 1.

A given amount of glycine calculated based on the propellant chemistry was
added to the aged solution. Then, the solution temperature was reached up to
80 �C. Transparent gel was obtained by keeping the temperature constant for 1 h.
The obtained gel was finally transferred to a microwave oven to complete the com-
bustion reaction. Time of combustion reaction was about 50 s and the samples were
prepared by high speed ignition with a large amount of exhaust gases. At last, the
obtained powders were calcined at 800 �C for 1 h. Samples were coded based on
the weight contents of citric acid and glycine (according to Eq. (1)). The amount
of fuels in AC100 and G100 samples were calculated according to Eqs. (2) and (3),
respectively (Table 1).

Structure of the obtained samples was determined by X-ray diffraction using A
D-500 (Siemens, Karlsruhe, Germany) diffractometer. Morphology, size and unifor-
mity of different samples were examined by LEO 1455 VP scanning electron micro-
scope (SEM) and transmission electron microscopy (TEM) using a CM200 Philips
instrument. The samples were prepared by dipping 150-mesh carbon coated copper
Table 1
Composition of mixture of fuels.

Sample ID G/N C/N F/N Composition

AC100 – 1 1 100% AC
G10–AC90 0.009 0.359 0.368 10% G + 90% AC
G20–AC80 0.018 0.319 0.337 20% G + 80% AC
G30–AC70 0.024 0.299 0.323 30% G + 70% AC
G40–AC60 0.033 0.256 0.289 40% G + 60% AC
G50–AC50 0.045 0.206 0.253 50% G + 50% AC
G100 0.4 – 0.4 100% G

G: glycine, AC: citric acid.
grids into dispersion solution of the particles in EtOH. At the end, a known amount
(0.2 gr) of the obtained products was analyzed for photoluminescence properties by
photoluminescence spectrophotometer (Perkin–Elmer LS55).

3. Results and discussion

3.1. Crystal structures of synthesized samples

Fig. 2 depicts the XRD patterns of the as-synthesized samples
with calcinations process. It can be observed that AC100 sample
is generally amorphous with no distinguishable phases in its pat-
tern. However, crystalline structures are formed by increasing gly-
cine content of the fuel mixtures. It can be observed that the
samples obtained at the lowest content of glycine fuel (G10–
AC90) display patterns of Mg(NO3)2�6H2O phase (JCPDS No. 00-
001-0349), while periclase (MgO) phase (JCPDS No. 01-087-0651)
is appeared at higher contents of glycine. It is believed that the
amount of energy which is released by citric acid during the syn-
thesis is not sufficient to form crystalline phases [24]. On the other
hand, glycine shows high ignition intensity possibly due to the
presence of amine-groups in the chemical composition [28]. It
Fig. 2. X-ray diffraction patterns of the samples obtained by different F/N ratio
before calcinations.



Fig. 3. X-ray diffraction patterns of the samples obtained by different F/N ratio after
calcination at 800 �C for 1 h.

Table 2
Effect of F/N ratios on crystallite size and luminescent intensity of forsterite phase.

Sample ID Average crystallite size
calculated by XRD

Luminescence
intensity at 614 nm

AC100 43.9 178
G10–AC90 44.4 253
G20–AC80 27.3 305
G30–AC70 26.6 176
G40–AC60 26.5 149
G50–AC50 18.8 152
G100 – 126
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can be inferred from the patterns that the non-calcined samples
are not crystallized properly and calcination plays a key role in for-
mation of the crystalline structure in different samples.

Fig. 3 illustrates the XRD patterns of the calcined samples with
different amounts of glycine and citric acid. The results indicate
that the structure of all samples except G100 and G50–AC50 has
been converted to forsterite (JCPDS No. 00-001-1290). However,
the structure G50–AC50 sample consists of periclase (JCPDS No.
01-087-0651) as the major phase along with minor phase of crys-
talline SiO2 (JCPDS No. 01-076-0941) and forsterite. It seems that
the absence of citric acid hinders the hydrolysis of TEOS which
can be attributed to the low content of acid catalysis. Therefore,
glycine is not able to adjoin Mg and Si ions together [26].

Forsterite has been formed according to the heterogeneous
reaction between Mg ions and Si(OH) species which are produced
by the hydrolysis of TEOS in the presence of acid citric [27]. By
increasing the amount of acid citric and decreasing the amount
of glycine, the intensity of forsterite is increased and that of peri-
clase is decreased.

As mentioned previously, the samples prepared via two-step
combustion-calcination stages (CC) were essentially consisted of
forsterite and periclase phases. Fig. 4 shows variations of F (120)
(the main peak of forsterite phase)/P (220) (the main peak of peri-
clase phase) ratio with respect to the fuel ratios. The greatest
amount of F/P belongs to G20–AC80 sample. It indicates that the
F/N ratio significantly affects the formation of forsterite. The gly-
cine fuel transforms the mixture of Mg2+ and TEOS to the periclase
phase while the combustion process is activated. In this situation,
TEOS will probably fail to be hydrolyzed completely. Furthermore
the ignition intensity of glycine is rather high [25]. Subsequently,
Mg2+ ions are transformed to periclase following Eq. (3).
Fig. 4. Variations of F/P ratio by changing F/N ratio.
Saberi [15] reported that the forsterite formation starts at
730 �C, while it is poorly crystallized. Also, the forsterite phase only
can be detected in samples which are calcined at higher tempera-
tures (800–1000 �C). But in current work, the XRD patterns of G100
obtained from CC method showed that the major phase was peri-
clase. This can be assigned to the absence of Si(OH) groups beside
Mg ions. However, the periclase phase has become the minor phase
in other F/N ratio.

Table 2 summarizes the average crystallite size of forsterite
phase in the samples prepared via CC method. The evaluation of
crystallite size was determined based on Scherrer equation. The
main diffraction peaks, namely (120), (211) and (222) were se-
lected to measure the crystallite size. The forsterite crystallites
provide a wide range of size from 18 to 50 nm due to their oriental
growth of them. According to the obtained results, sample G20–
AC80 forms more uniform particles with narrow size distribution
(25–50 nm).

3.2. Microstructure of synthesized samples

Fig. 5 depicts TEM micrographs, particle size distribution (PSD),
selected area electron diffraction (SAED) pattern and EDS analysis
of G20–AC80 sample. Fig. 5a and c demonstrate that morphology
of the synthesised powder has a semi-sphere shape with crystallite
size distribution in the range of 20–50 nm (Fig. 5b) which is in
agreement with the XRD patterns. However, Fig. 5c shows a small
amount of some larger particles. EDS analysis (Fig. 5f) reveals that
the smaller particles are forsterite, while the larger ones are peri-
clase (Fig. 5e). The SAED pattern (Fig. 5g) which was taken from
the smaller particles also verifies that these particles are forsterite.

SEM images (Fig. 6) illustrate the powders produced using
much higher contents of citric acid have fine and loosely agglom-
erated particles with uniform size as compared to those produced
with higher contents of glycine. This indicates that citric acid has a
better effect on producing powders with proper distribution and
less agglomeration as the chelating agent.

The high-resolution of the regions indicated by arrows (insets in
Fig. 6) show that glycine has reduced the size of individual parti-
cles because of the greater energy released from glycine. Neverthe-
less, the glycine has localized heat on the particle boundaries
during the combustion process which results in semi-sintered par-
ticles [24]. Therefore, samples with higher contents of glycine will
have hard and large agglomerate after the calcination process.

Eqs. (1)–(3) indicate that a large amount of exhaust gasses are
produced during the combustion process. Probably, the huge
amount of exhaust gases in the G20–AC80 sample leads to better
reaction of ingredients and thus production of more uniform mor-
phologies [29].

3.3. Photoluminescence properties of synthesized samples

Fig. 7 shows excitation and emission spectra of Mg2SiO4:Eu3+

particles synthesized in different F/N ratios. As it can be seen from
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Fig. 5. TEM images (a, c and d), PSD curve measured from image a, EDS spectra (e and f) and SAED pattern (g) of the G20–AC80 sample.
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Fig. 7a, the excitation peaks of samples are distributed within 240–
289 nm and the maximum peaks are located at 245 and 393 nm.
The former maximum peak can be attributed to the charged-trans-
fer band of Eu3+ which corresponds to the electronic transition
from 2p orbital of O2� to 4f orbital of Eu3+ and the later is assigned
to the f–f transitions from7F0 ground state to 5L6 excited state [6].
Intensity of the photoluminescence results (Fig. 7b) is impressively
high in G20–AC80 sample which has the maximum amount of for-
sterite phase. Rare-earth (RE) ions like Eu3+ are very attractive
luminescent centers owing to their high color purity and lumines-
cence efficiency [30]. Most europium doped inorganic oxides show
the characteristic red emission located at 611 nm, but some
researchers have reported the red shift at 611 nm [31,32]. Previous
works carried out on europium doped forsterite reveal that the
wavelength location of the characteristic emission could be varied
with respect to the change of crystal field resulting from type of the
synthesis method [6,33,34]. In current work, the wavelength of red
emission from Mg2SiO4:Eu3+ is located at 614 nm. The lumines-
cence intensity of samples at 614 nm is shown in Table 2. The
emission spectrum of MgO:Eu3+ (synthesized by combustion
method) is also presented to be compared with the results. It is
clear that just the characteristic emission line (5D0�7F2) is ap-
peared in the MgO:Eu3+ spectrum, while more characteristic emis-
sion lines are presented in the spectra of the samples obtained via
CC method.

The Mg ion occupies two non equivalent octahedral sites in the
crystalline structure of Mg2SiO4: one (M1) with inversion symme-
try (Ci), and the other (M2) with mirror symmetry (Cs). When RE3+

ions were doped into the host, they could probably occupy the
both sites. However, the PL results show that RE3+ ion in Mg2SiO4

is mainly situated more at the low symmetry sites [6]. Because
of the largely different in ionic radius of Mg2+ and Eu3+, it is sug-
gested that only a minor fraction of the total amount of RE3+ goes
into Mg substitution sites and a larger amount may be precipitated
into Mg2SiO4:RE3+ clusters, or even separated as a rare earth oxide
phase. The excess amount of RE2O3 will likely reside on either sur-
face or grain boundaries of the nanocrystals to yield optimum
strain relief [35]. On the other hand, Yang et al. have reported that
the Eu3+ ions only replace the Mg2+ ions in M2 (Cs) site [33]. There-
fore, situation at such low-symmetry local sites for RE3+ ions leads
to transition emission 4F9/2–6H13/2. Therefore, Eu3+ ions in the for-
sterite structure exhibit a bright red emission at 614 nm.



Fig. 6. SEM micrographs of samples with different fuel mixtures (after calcinations): (a) G50–AC50, (b) G30–AC70, (c) G20–AC80 and (d) G10–AC90.

Fig. 7. (a) Excitation (kem = 614 nm) and (b) emission (kex = 245 nm) spectra of
samples obtained with different F/N ratios after calcination at 800 �C for 1 h.
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4. Conclusions

Nanocrystalline forsterite (Mg2SiO4) was synthesized via two-
step combustion–calcination stages in the presence of different ra-
tios of glycine and citric acid. It was shown that citric acid can be
used as a fuel to synthesize forsterite phase, but the glycine just
forms periclase one. For all samples calcination of the precursor
was required to obtain a crystalline forsterite, whereas the peri-
clase phase formation was completed during the combustion by
using glycine as a fuel. The greatest amount of forsterite was ob-
served in G20–AC80 sample. The crystallite size of the powder cal-
cined at 800 �C was in the range of 18–50 nm. Photoluminescence
spectra revealed that the luminescent intensity of Mg2SiO4:Eu3+

particles were much higher than that of MgO:Eu3+ ones.
References

[1] K.P. Sanosh, A. Balakrishnan, L. Francis, T.N. Kim, J. Alloys Comp. 459 (2010)
113–115.

[2] A.J.J. Bos, Nucl. Instrum. Meth. B 184 (2001) 3–28.
[3] C. Kosanovi, N. Stubicar, N. Tomasic, V. Bermanec, M. Stubicar, J. Alloys Comp.

389 (2005) 306–309.
[4] M. Kharaziha, M.H. Fathi, Ceram. Int. 35 (2009) 2449–2454.
[5] L. Lin, M. Yin, C. Shi, W. Zhang, J. Alloys Comp. 455 (2008) 327–330.
[6] S.C. Prashantha, B.N. Lakshminarasappa, B.M. Nagabhushana, J. Alloys Comp.

509 (2011) 10185–10189.
[7] A. Saberi, Z. Negahdari, B. Alinejad, F. Golestani-Fard, Ceram. Int. 35 (2009)

1705–1708.
[8] F. Tavangarian, R. Emadi, Mater. Res. Bull. 45 (2010) 388–391.
[9] H.T. Sun, M. Fujii, N. Nitta, M. Mizuhata, H. Yasuda, S. Deki, S. Hayashi, J. Am.

Ceram. Soc. 92 (2009) 962–966.
[10] M.H.T. Martin, C.K. Ober, C.R. Hubbard, W.D. Porter, O.B. Cavin, J. Am. Ceram.

Soc. 75 (1992) 1831–1838.
[11] M.H. Fathi, M. Kharaziha, Mater. Lett. 62 (2008) 4306–4309.
[12] M.H. Fathi, M. Kharaziha, J. Alloys Comp. 472 (2009) 540–545.
[13] T. Tani, S. Saeki, J. Am. Ceram. Soc. 90 (2007) 805–808.
[14] B.N. Lakshminarasappa, S.C. Prashantha, F. Singh, Curr. Appl. Phys. 11 (2011)

1274–1277.
[15] A. Saberi, B. Alinejad, Z. Negahdari, F. Kazemi, A. Almasi, Mater. Res. Bull. 42

(2007) 666–673.
[16] L. Lin, Y. Min, S. Chaoshu, Z. Weiping, Y. Baogui, J. Rare Earths 24 (2006) 104–

107.
[17] J. Kingsley, K. Patil, Mater. Lett. 6 (1988) 427–432.
[18] Sheetal, V.B. Taxak, Mandeep, S.P. Khatkar, J. Alloys Comp. 549 (2013) 135–

140.
[19] N.C.S. Selvam, A. Manikandan, L.J. Kennedy, J.J. Vijaya, J. Colloid Interface Sci.

389 (2013) 91–98.
[20] P. Tang, Y. Tong, H. Chen, F. Cao, G. Pan, Curr. Appl. Phys. 13 (2013) 340–343.
[21] M. Hashim, S.E. Alimuddin, S. Shirsath, R. Kumar, A.S. Kumar, J. Roy, R.K. Shah,

Kotnala, J. Alloys Comp. 549 (2013) 348–357.
[22] V. Vasanthi, A. Shanmugavani, C. Sanjeeviraja, R. Kalai Selvan, J. Magn. Magn.

Mater. 324 (2012) 2100–2107.
[23] J. Bai, J. Liu, C. Li, G. Li, Q. Du, Adv. Powder Technol. 22 (2011) 72–76.
[24] S. Rasouli, S.J. Moeen, J. Alloys Comp. 509 (2011) 1915–1919.
[25] H. Palneedi, V. Mangam, S. Das, K. Das, J. Alloys Comp. 509 (2011) 9912–9918.
[26] Y. Mao, T. Tran, X. Guo, J.Y. Huang, C.K. Shih, K.L. Wang, J.P. Chang, Adv. Funct.

Mater. 19 (2009) 748–754.
[27] T. Aitasalo, P. Deren, J. Holsa, H. Jungner, J.C. Krupa, M. Lastusaari, J.

Legendziewicz, J. Niittykoski, W. Strek, J. Solid State Chem. 171 (2003) 114–
122.

[28] S. Sasikumar, R. Vijayaraghavan, J. Mater. Sci. Technol. 26 (2010) 1114–1118.
[29] Y.T. Wu, L.S. Qin, H.S. Shi, Y. Zhang, Y.X. Yang, K.Y. Shu, IEEE Trans. Nucl. Sci. 57

(2010) 1343–1347.



K. Mostafavi et al. / Journal of Alloys and Compounds 555 (2013) 62–67 67
[30] S.K. Lathika Devi, K. Sudarsana Kumar, A. Balakrishnan, Mater. Lett. 65 (2011)
35–37.

[31] S. Yi, J.S. Bae, B.K. Moon, J.H. Jeong, J.H. Kim, Opt. Mater. 28 (2006) 610–614.
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