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Abstract
Themixed phases of the un-dopedMgAl2O4/MgO/Sr3Al2O6/SrAl2O4 (MMSS),MgAl2O4/MgO
(MM) Sr3Al2O6/SrAl2O4 (SS), and the dopedMMSS:x%Er3+ (0�x�1.8)nanopowders were
synthesized using the citrate sol-gelmethod. The effect of Er3+ concentration on the structure,
morphology and optical properties were investigated. X-ray powder diffraction (XRD) analysis
indicated the cubicalMgAl2O4,MgOand Sr3Al2O6; andmonoclinic SrAl2O4 phases. The scanning
electronmicroscopic images revealed the transformation of irregular particles to rod-like structure
with an increase in Er3+ concentration. Transmission electronmicroscope indicated the nanosized
particles depends on Er3+ concentration. Severals distinct absorption bands located at 444, 546, 653
and 704 nmunderUV excitation (285 nm) corresponding to the defects states of theMgAl2O4,MgO,
SrAl2O4, and Sr3Al2O6 phases were observed. Therewere traces of emission peaks at 546 and 653 nm
attributed to the 4S3/2→4I15/2 and

4F9/2→4I15/2 transitions of Er
3+ ion. An exponential decrease in

luminescence was observedwith an increase in Er3+ concentration.

1. Introduction

The advancement of new luminescentmaterials has attractedmany researchers due to their compelling
properties as a function of crystalline size and technological applications [1]. Amongmany studied luminescent
materials,magnesium aluminate (MgAl2O4), magnesiumoxide (MgO) and strontium aluminates (Sr3Al2O6 and
SrAl2O4) have shown great interest tomany researchers due to their fascinating properties [2–4].MgAl2O4 is
described as anAB2O4 spinel and exhibits a cubic structure consisting of face centred cubic (fcc) structure [5].
TheMgAl2O4 has awide band gap∼5.82 eV [6].MgOwith band gap of∼5.26 eV [7]has been reported to be a
promising inorganicmaterial which can show crystallization in sodium chloride structure [7]. It hasmany
applications such as in optical coatings, sensor, water treatment, catalysis and antimicrobial [8]. Sr3Al2O6 is
another interesting compoundwhichwas used tomake transparent ceramics,mechanoluminescence, long
lasting luminescence etc [9].Mindru et al [10] reported cubical symmetry of Sr3Al2O6 phase havingwide band
gap∼6.3 eV [11]. SrAl2O4 is considered a good luminescentmaterial and a higher chemical stability withwide
band gap∼6.5 eV [12]. Garcia et al [13] reported that SrAl2O4 consist ofmonoclinic phase structure. Different
methods have been used to synthesize the bulkmaterials of theMgAl2O4,MgO, Sr3Al2O6 and SrAl2O4 such as
hydrothermal synthesis [14], solid-state reaction [15], precipitation [16], combustionmethod [17] and citrate
sol-gelmethod [18]. The citrate sol-gelmethodwas used in this study as it is economical, low temperatures
∼80 °C synthesis, less time consuming, and having good control ofmorphological particles. Thesewide band
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gapmaterials can bemade to emit emission in visible- infrared (IR) region by activating the hostmatrix by
foreign atoms such as the lanthanide rare earth (Ln)metals [19]. One good example of the Ln is Er3+ ion. Er3+ is
one of efficient ions to achieve IR to visible up-conversion [20].Mironova-Ulmane et al [21] reported a study on
the up and down conversion analysis of Er3+ doped onMgAl2O4 spinelmatrix. The emission results showed
peaks at 550 and 660 nm,whichwere attributed to the 4S3/2→4I15/2 and

4F9/2→4I15/2 transitions of Er
3+.

Balakrishnan et al [8] reported the study of optical and photocatalytic properties ofMgOnanoparticles via
combustionmethod. The PL results showed that under excitation of 385 nm three emissionswere observed at
425, 461, and 495 nmwhichwere attributed to defects band transition and oxygen vacancies. Choudhary et al
[22] reported a study on effect of the Er3+, Yb3+ andZn2+ ion concentration and temperature on the up-
conversion behaviour of Er3+/Yb3+ co-doped SrAl2O4 phosphor. The study of Er

3+ and Er3+/Yb3+ co-doped
Sr3Al2O6 phosphors was carried out by Singh et al [23], inwhich sample was prepared via a soft combustion
synthesis route. TheUV-Visible absorption results suggested that the presence of various bands correspond to
the doped trivalent Ln ions.With this previous reports, it is clear that the investigations of doping the Er3+ on the
single phases or bulkmaterials (MgAl2O4,MgO, Sr3Al2O6 and SrAl2O4) and other related foreign ions have

Figure 1.XRDpatterns of the (a) un-dopedMMSS,MM, SS phases (b) un-dopedMMSS, ICSD files ofMgAl2O4,MgO, Sr3Al2O4,
SrAl2O4 and (c)MMSS:x%Er3+ (0�x�1.8) samples.
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already been reported in literature [21–23]. However, there is no evidence on the studies of themixed phases of
MgAl2O4/MgO/Sr3Al2O6/SrAl2O4 dopedwith Er

3+which have been reported to date. Thus, this study is aimed
at investigating the effects of Er3+ concentration on the structure,morphology and optical properties of
MgAl2O4/MgO/Sr3Al2O6/SrAl2O4 prepared by citrate sol gelmethod. Themain objective is to fabricate better
luminescentmaterials for practical applications such as the light emitting diode (LED). Emission channels
associatedwith the observed emissions are also proposed.

2. Experimental

2.1. Synthesis
The citrate sol-gelmethodwas opted for the synthesis of various samples i.e. un-dopedMMSS,MM (MgAl2O4

andMgO), SS (SrAl2O4 and Sr3Al2O6) andMMSS:x%Er3+ (0�x�1.8). All of the chemicals used in this study

Figure 2.The analysis of the (a) crystalographic plane (311) ofMgAl2O4; (b) plane (002)MgO, (c) plane (044) Sr3Al2O6 and (d) plane
(112) of SrAl2O4 for theMMSS:x%Er3+ (0�x�1.8) samples.

Table 1.Phase quantification ofMgAl2O4,MgO, Sr3Al2O6 and SrAl2O4.

Sample ID MgAl2O4 (%) MgO (%) Sr3Al2O6 (%) SrAl2O4 (%)

MMSS 24.8 16.8 14.3 44.0

x=0.2% 23.0 19.3 18.4 39.3

x=0.4% 27.3 17.1 8.10 47.4

x=0.6% 20.4 18.0 18.4 43.3

x=0.8% 11.8 19.6 21.2 47.4

x=1.2% 20.2 17.9 22.4 39.6

x=1.4% 17.4 17.9 24.6 40.0

x=1.8% 16.8 18.4 15.0 49.8
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were purchased at SigmaAldrich. The un-dopedMMSS samplewas prepared bymixing appropriate amount of
3.808 gMg(NO3)2.6H2O (98%), 3.411 g Sr(NO3)2.4H2O (99%), 10.919 gAl(NO3)3.9H2O (98%) and 2.328 g
citric acid C8H8O7.H2O (99%), respectively in 30 ml deionizedwater. Similarly, for un-dopedMM
(MgAl2O4/MgO) and SS (SrAl2O4 and Sr3Al2O6) samples separate bulk solutions were prepared by dissolving
same desired amount ofMg(NO3)2.6H2O (98%), Al(NO3)3.9H2O (98%) and Sr(NO3)2.4H2O (99%) in separate
30 ml deionizedwater, inwhich citric acidwas added later on. The doped samples were prepared by adding the
required amount of ErCl3.6H2O (99.99%) for a range (0�x�1.8) in an un-dopedMMSS solution. A
magnetic stirrer was used to constantly stir the different solutions whichwas kept at∼80 °C temperature until
transparent solution gels were formed. Initially, the gels were dried in an oven for an hour at 130 °C and later on
annealed at 1200 °C for 2 h until white powders were formed. The powders were taken for characterizations
using different techniques.

2.2. Characterization
TheXRDBrukerD8-Adance powder diffractometer with aCu-Kα (1.5405 Å) radiationwas used to characterize
the crystal structure of the prepared nanopowders. The phaseswere identified using X’PertHighscore plus
software. The relative phase amounts (weight%)were estimated using the Rietveldmethod. The Zeiss Supra-55
scanning electronmicroscope (SEM) coupledwith an energy dispersive x-ray spectroscopy (EDS)was used to
analyse the surfacemorphology and elementary composition of the prepared nanopowders. JEOL JEM1010
transmission electronmicroscopy (TEM)was used to study the particle size of the prepared nanopowder
samples. The absorption characteristics of the prepared samples were investigated on the Perkin-Elmer LS-55
UV–vis spectrophotometer. TheHitachi F-7000fluorescence spectrophotometer was used tomonitor
photoluminescence spectra and radiative decay curves.

Table 2. Summary of the crystallite size estimated by considering planes of
different phases.

Crystal size (nm)

Sample ID

MgAl2O4

(311)
MgO

(002)
Sr3Al2O6

(044)
SrAl2O4

(112)

MMSS 23 40 60 17

x=0.2% 22 38 59 18

x=0.4% 24 37 51 15

x=0.6% 21 37 46 17

x=0.8% 19 41 56 17

x=1.2% 21 38 49 15

x=1.4% 21 40 51 18

x=1.8% 19 43 45 17

Figure 3.EDS spectrumof the un-dopedMMSS.
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3. Results and discussion

3.1. XRDanalysis
Figure 1(a) shows the x-ray patterns of the un-dopedMMSS,MMand SS phases which correspond to the
diffraction patterns of cubicMgAl2O4 andMgO samplesmatches well with the standard ICSDno. 77-1203 and
64 928, respectively shown infigure 1(b). On the other hand strontium aluminate sample exhibits two phases
namely cubical Sr3Al2O6; (ICSD: 71860) andmonoclinic SrAl2O4 (ICSD: 26466) phases. Furthermore,
magnesium strontium aluminate sample co-exhibits four crystallographic phases of theMMSS. The
quantification of each phase present inMMSS is presented in table 1. Figure 1(c) shows the patterns of the
MMSS:x%Er3+ (0�x�1.8) samples, which revealed similar patterns as obtained in the un-dopedMMSS
sample shown infigure 1(a). This observation reveal that Er3+ ion doping did not affect the crystal structure of
the phaseswithinMMSS.

The analysis of themost intense peaks (311), (002), (044) and (112) of theMgAl2O4,MgO, Sr3Al2O6 and
SrAl2O4 phases are shown infigure 2, respectively. Figure 2(a) shows themost intense diffraction peak (311) of
MgAl2O4 phase does not have significant peak shift with the Er

3+ ion doping. This is attributed to the
comparison of the ionic radius ofMg2+ (0.72 Å) [5], which is comparable to the Er3+ ionic size (0.88 Å) [24] and
hence possibility ofMg ion substitution cannot be ruled out. Similar results were observed in our previous study
ofMgAl2O4:Mn2+Dlamini et al [25]. Figure 2(b) shows themost intense peak (002) ofMgOphase which
generally indicates that at�0.6%Er3+ the peaks slightly shifted to higher angle while at the�0.8%Er3+ the
diffraction peakwas slightly shifted to lower angle. The results therefore revealed that the lattice constant in the
case ofMgOdepends on the Er3+ concentration. In the plane (044) corresponding to the Sr3Al2O6 phase shown
infigure 2(c), the results generally show that for the�0.6%Er3+ the diffraction peak (in comparison to the
MMSS) shifted towards higher angles, while therewas no shift for the�0.8%Er3+. Comparing the ionic radius
of Er3+ (0.88 Å)with Sr2+ (1.21 Å) [26] andAl3+ (0.53 Å), the difference between the ionic radius is similar i.e.
0.33 Å and 0.35 Å for for Sr2+ andAl3+with Er3+ ion, it becomes a difficult task for the substitution of Er3+

either toAl3+ or Sr2+. Further, it is obvious that to accommodate Er3+ ion at Sr2+ site, charge compensation is
required although at Al3+ ion site charge compensation is not required. Apparently Er3+ ionmay substitute Al3+

ion in Sr3Al2O6 and SrAl2O4 phases. It is expected that due to the higher coordination number of Al3+ ion site in
Sr3Al2O6 phase, Er

3+ ionwould prefer to accommodate in (cubical) Sr3Al2O6 phase rather in distorted
(monoclinic) SrAl2O4 phase [27]. In the case of plane (112) of SrAl2O4 phase shown infigure 2(d), the peak
slightly shifted to lower angles. This is attributed to similar observation and explanation infigure 2(b).

Figure 4.EDS elementalmap of the un-dopedMMSS sample.
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The crystallite sizes of theMMSSmixed phases shown in table 2were estimated using the Scherrer’s
equation (1) [28]. The crystal sizes were estimated from themost intense diffraction peaks (311), (002) (044) and
(112) of theMgAl2O4,MgO, Sr3Al2O6 and SrAl2O4 phases, respectively. It can be observed from table 2 that
varying the Er3+ concentration slightly affected the size of crystallite size. Overall, the crystalline size reduces in
doped than the un-doped sample. However, the crystalline size corresponding to SrAl2O4 phase is smaller than
other phases.

3.2. EDS analysis
The EDS spectrumof the un-dopedMMSS sample is shown infigure 3. The spectrum confirms the presence of
theMg, Sr, Al andO elements in the prepared samples. The observed extra peak of carbon (C) around 0.3 eV is

Figure 5. SEM images of the (a) un-dopedMMSS, (b) x=0.2% (c) 0.4% (d) 0.6% (e) 0.8% (f) 1.2% (g) 1.4%and (h) 1.8%Er3+.

6

Mater. Res. Express 7 (2020) 106302 CDlamini et al



attributed to the carbon tape attached to the sample holder during sample preparation for the EDS
measurements [29]. Note that the Erwas not detected in all of the doped samples and that can possibly be
attributed to the lowEr3+ concentrations, whichwere not sensitive to the EDS technique used in this study.
Figure 4 presents the elementalmap of the un-dopedMMSS. The individual and layered image shows thatMg,
Sr, Al andO elements are distributed all over the surface.

Figure 6.TEM images of the (a) un-dopedMMSS, (b) x=0.2% (c) 0.4% (d) 0.6% (e) 0.8% (f) 1.2% (g) 1.4%and (h) 1.8%Er3+.
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3.3. SEManalysis
Themorphology of the un-doped andMMSS:x%Er3+ (0�x�1.8) samples are shown infigure 5. For the
un-doped and lower concentrations 0.2�x�0.4 shown infigures 5(a)–(c), themorphology consists of the
irregular particles closely packed and distributed over the sample surface. The particles are smaller and highly
agglomerated to each other at x=0.4. For the 0.6�x�0.1.2 themorphology starts to transform from
irregular particles to rods-like structures. The degree of rods-like structures seem to be increasing with Er3+

concentration. At the higher Er3+ concentrations 1.4�x�1.8, the rod-like structures seems to be
transforming into the bigger particles of different shapes. Therefore, the results clearly suggest that the surface
morphology highly depends on the Er3+ doping concentration.

3.4. TEManalysis
The TEManalysis technique was further used to estimate the particle sizes of the prepared nanopowders. The
image of the un-dopedMMSS is illustrated in figure 6(a). It shows particles that are closely packed together
with the estimated particle size around 51 nm.Generally, all other Er3+ doped (0.2�x�1.8) samples
clearly indicate that the particle sizes are at least below 50 nm. It is interesting to realize that the rods-like
structures are clearly observed at x=0.6%Er3+, which agrees very well with the SEM results in figure 5(d).
From x�0.6%, it can be seen that the average particle sizes get bigger as it was also observed on the SEM
results shown in figure 5. The results show that varying the Er3+ doping concentration influences the average
particle sizes and shapes.

3.5. UV-Visible reflectance analysis
Figure 7 display theUV-Visible reflectance spectra of the un-dopedMMSS, SS,MMandMMSS:x%Er3+

(0�x�1.8) samples. From figure 7(a), it can be seen that the un-dopedMMSS, SS andMMsamples shows
broad absorption bands at around 265 and 310 nm. The absorption band at 265 nm is related to the defect levels
of the phases present in the lattice. In particular, absorption band arise from theO2−→Al3+ charge transition
inMgAl2O4 phase during the excitation of electrons from the valence band to the conduction band [29, 30]. The
obseved absoprtion band in all four phases ofMMSS at around 310 nm is attributed to the change of lamp to the
other lamp during the reflectancemeasurement on the system [31].When considering the Er3+ doped samples
shown infigure 7(b), it can be seen that there are additional five sharp absorption bands located at 380, 406, 493,
524 and 652 nm. These absorption peaks are attributed to f-f transitions in Er3+ ions from the ground state
4I15/2→2H9/2,

4G11/2,
4F3/2,

2H11/2 and
4F9/2, respectively [32]. The results clearly shows that the addition of

the Er3+ concentration to the un-doped sample results in new absorption peaks.

3.6. Photoluminescence analysis
The photoexcitation and photoluminescence (PL) spectra of themixed phases of the un-dopedMMSS,MM, SS
andMMSS:x%Er3+ (0�x�1.8) series are presented infigure 8. PL analysis of un-doped samples revealed
three excitation peaks located around 234 nm, 285 nmand 310 nmwhenmonitoring the emission peak at
653 nm. The observed excitation peaks at 234 nmand 285 nmare certainly attributed to the band-to-band
excitation [33] and neutrally charged vacancy known as F center [34], respectively. The 310 nmexcitation peak

Figure 7.UV-Visible reflectance spectra of the (a) un-dopedMMSS,MM, SS phases (b)MMSS andMMSS:x%Er3+ (0�x�1.8)
series.
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can be attributed to the defect levels within the SrAl2O4 of the SS phase [35]. There are four emissions peaks
located at around 444, 546, 653 and 704 nmwhenmonitoring 285 nmexcitation. Peaks at 444 and 546 nmare
assigned to the defect levels within the F and F2—centers in pure a -Al2O3 for both phases of SrAl2O4 and
Sr3Al2O6 phases [36], which are evidently shown by the normalized emission spectra (see figure 8(b)). It can
observed from figure 8(b) that there is a shoulder appearing at 500 nmwhich is attributed to the defect level
within the F2—center of Al2O3 of the SrAl2O4 phase [37]. Previously, Balakrishnan et al [8] reported emission
peaks at 425, 432 and 495 nm to be fromdefect band transition and band to band transition forMgO
nanoparticles, hence the observed emissions at 444 and 500 nmcan also be attributed to the defect level within

Figure 8. (a)Excitation and emission spectra of the un-dopedMMSS,MM, SS (b)normalized emission spectra of theMMSS,MM, SS
(c) excitation and emission spectra of theMMSS:x%Er3+ (0�x�1.8) series (d)normalized emission intensity and (e) emission
intensity as a function of Er3+ concentration for the 653 nm emission.
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theMgOphase. Emission peak observed at 653 nm is associatedwith the abundance of oxygen vacancywithin
the lattice of all phasesmaybe due to higher calcination temperature [33]. On the other hand, the green and red
emission peaks at 546 and 653 nm, respectively are due to Er3+ ions. These peaks are respectively attributed to
4S3/2→4I15/2 and

4F9/2→4I15/2 transitions of Er
3+ [38]. Similar emissions were reported byWei et al [39].

The emission peak at 704 nm is originating from theMgAl2O4 defects. Taking into account the annealing
temperature considered by Yoon et al [37] and this study, it is indeed reasonable to conclude that 704 nm for the
un-doped sample is originating from theMgAl2O4. Figure 8(c) shows the excitation and emission spectra of the
MMSS:x%Er3+, it can be observed that doping theMMSS did not results in new emission peaks which is
evidently shown by the normalized emission spectra infigure 8(d). The same emission peaks observed in
figures 8(a) and (b) are also observed in (c) and (d). The emission intensity for the 653 nmpeak as a function of
Er3+ concentration is shown infigure 8(e). For the investigated range, the results revealed an exponetial decrease
of emission intensity as Er3+ concentrationwas increased. The decrease in luminescence with an increase in
Er3+ for the 653 nmpeak is attributed to the concentration quenching [40], which is induced by the rates of non-
radiative transitions known as the cross-relation ormigration between the activator ions being increased [41]. In
order to enhance and optimize the 653 nm emission intensity inMMSS:x%Er3+mixed phases, it is
recommended that thewindow 0%–0.4%Er3+ concentration be investigated to explore the optimumEr3+

concentration into thesemixed phasesmaterial. However, for the emission peak at 444 nm, the optimum
luminescence intensity is found at x=0.4%Er3+ concentration.

The un-dopedMMSSwas excited by different wavelengths (240–300 nm) in order to obtain and confirm the
optimumexcitationwavelength and the results are shown infigure 9(a). The result indicate that there arefive
emission peaks located at 444, 486, 546, 653 and 704 nmunder the excitation of 240 nm. These emissions are
attributed to arise from the same notion as discussed above. The shoulder at 486 nm is in this case clearly visible,
this emissionmay be a second order peak from the excitation of 240 nm. Figure 9(b) shows the emission
intensity as a function of excitationwavelength and the results revealed theGaussian behaviourwith the
maximumat 285 nm,which correspond to the excitationwavelengths used infigure 8.

Figure 10 present the proposed excitation and emission pathwaymechanism of the un-dopedMgAl2O4,
MgO, SrAl2O4 and Sr3Al2O6. The pathways proposed are based on the PL results displayed infigure 8.
Figures 10(a) and (b) shows themechanism for theMgAl2O4 andMgO.Considering the band gaps of the
Sr3Al2O6 (6.3 eV) [9] and SrAl2O4 (6.5 eV) [10] into account, it can be seen as shown infigures 10(b) and (c) that
the 310 nm (4 eV) excitation energy is lower than the energy band gaps of both Sr3Al2O6 and SrAl2O4 phases,
indicating that this excitation goes to an intermediate energy level below the conduction band. The excited
electrons are de-excited by non-radiative relaxation through different channels resulting in the observed
emissions. Figure 10(e) shows the resultedmechanismof Er3+ from the 285 nmexcitationwavelengthwhich
produced the emissions at 546 and 653 nm.

The radiative lifetimemeasurements of the prepared nanopowders were undertaken at 285 nm excitation
and 653 nmemission. Figure 11(a) shows the exponential decay curves of the un-dopedMMSS,MMand SS,
while theMMSS:x%Er3+ (0�x�2) series is shown in figure 11(b). Generally, all of the samples exhibit the
same afterglow phosphorescencemechanism andwere fitted using the second order exponential decay [32],

Figure 9. (a)The emission spectra of the un-dopedMMSS sample at various excitationwavelength and (b) emission intensity as a
function of excitationwavelength.
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shown in equation (1).

( ) ( )( ) ( )= + +- -t tI t I A e A e 10 1 2
t t
1 2

Where I(t) represent the phosphorescent intensity, Io is the initial luminescence intensity,A1 andA2 are
constants which contribute to the fast and slow decay component and t is the time ofmeasurement. The τ1 and
τ2 are the fast and slow decay time values are presented in table 3.

Figure 10.The proposed excitation and emission pathwaymechanismof the (a)MgAl2O4, (b)MgO, (c) Sr3Al2O6 (d) SrAl2O4

and Er3+.
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4. Conclusion

The un-dopedMMSS, SS,MMandMMSS:x%Er3+ (0�x�2) series were successfully prepared by the citrate
sol-gelmethod. TheXRD results showed that the structure of the prepared nanopowders consists of themixture
of the cubic (MgAl2O4,MgO and Sr3Al2O6) andmonoclinic SrAl2O4 phases. Varying the Er

3+ concentration did
not affectmuch the crystal structure of theMMSS phases. Electronmicroscopy results showed that doping
affected themorphology of the prepared powders. The reflectance spectra showed absorption bands at 210, 265,
310, 380, 406, 493, 524 and 652 nmwhichwere attributed to theMgAl2O4, Sr3Al2O6 host and Er

3+ ions. Vaying
the Er3+ concentration resulted in addition of absorption peaks. PL results showed four emission peaks located
at 444, 500, 546, 653 and 704 nm. These peakswere attributed to theMgAl2O4, Sr3Al2O6 and SrAl2O4 phases.
Increasing the Er3+ concentration lead to the 653 nm emission luminescence quenching.
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