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A B S T R A C T   

In this study, BaAl2O4/MgAl2O4/MgO:x% Gd3+ (BMM:x% Gd3+) (0 ≤ x ≤ 1.1) mixed phases nanophosphors 
were prepared for the first-time using sol-gel method. The effect of Gd3+ concentration on the morphology, 
structure, and optical characteristics were examined. X-ray diffraction (XRD) confirmed the presence of hex
agonal (BaAl2O4), cubic (MgAl2O4 and MgO) phases. Varying the Gd3+ concentration has no significant influence 
on the prepared nanophosphors morphology. Energy dispersive X-ray spectroscopy (EDS) confirmed the presence 
of the anticipated elementary compositions. Photoluminescence (PL) results showed three emissions peaks 
located around 312, 616 and 730 nm. The emission peak at 312 nm was ascribed to 6P7/2 → 6S7/2 transition in 
Gd3+ whereas other emission peaks originated from other impurities such as Cr3+.   

1. Introduction 

Rare earth ions (RE3+) doped nanophosphors have emerged as ma
terials with great potential in light emitting diode (LED) manufacturing 
[1]. Barium aluminate (BaAl2O4) has different applications and is a 
light-cumulative fluorescent material with afterglow phosphor proper
ties [2,3]. It has a hexagonal structure with band gap (Eg) of ~3.34 eV 
[4]. Magnesium aluminate (MgAl2O4) is another oxide material with 
various technological applications such as in solid-state lighting and 
electrical industry [5,6]. It has a face centered cubic (fcc) unit cell with a 
wide Eg of ~3.20 eV [7,8]. Magnesium oxide (MgO) is said to be an 
encouraging inorganic material with various applications in water 
treatment, sensors, and optical coatings [9]. MgO has a cubic structure 
with Eg of ~4.35 eV [10]. Several synthesis techniques have been 
adopted in preparation of the various oxide nanophosphor materials 
[11–15]. In this study, the sol-gel method was used as an alternative 
synthesis method due to its simplicity compared to other methods [16]. 

It is reported that rare earths (RE3+) ions doping has an influence on 
the morphology, particle size, band gap structure and colour tuning of 
nanocrystals [17,18]. Gd3+ ion is one of the RE3+ ions most known for 
the magnetic and good optical behavior [19,20]. Singh et al. [19] re
ported the luminescence and electron paramagnetic resonance proper
ties of the ultraviolet Gd3+ doped MgAl2O4 phosphors. Two emission 
peaks were observed at 306 and 312 nm which were respectively 
attributed to the 6P5/2 → 8S7/2 and 6P7/2 → 8S7/2 transitions in Gd3+. 
Singh et al. [20] investigated the luminescence properties of the 
BaAl2O4:Gd3+ using combustion method and obtained a dominant violet 
emission at 314 nm which was due to the 6P7/2 → 8S7/2 transition of 
Gd3+. Shehata et al. [21] investigated the effects of Gd3+ concentration 
on the Mgo–MgAl2O4 nanocomposite synthesized by the 
co-precipitation method. The XRD results showed that the nano
composite samples consist of the face-centered cubic structures of both 
the MgAl2O4 and MgO. PL results of the undoped and Gd3+-doped 
nanocomposite showed a green emission in the range of (545–565 nm). 
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There are few works that were done on mixed phases [22–24]. With 
these previous investigations, it is clear that Gd3+ has been added as a 
dopant too in the single phases of both the MgAl2O4, BaAl2O4 and 
nanocomposite of MgO–MgAl2O4. However, it is emphasized here that 
BMM mixed phases has not been doped by Gd3+. Thus, this study reports 
the effects of varying the Gd3+ concentration in BaAl2O4/MgAl2O4/MgO 
(BMM) mixed phases with the main aim of producing an alternative 
material that could potentially be used on the light emitting devices. 

2. Experimental 

2.1. Sol-gel procedure 

The precursors, Mg(NO3)3⋅6H2O (98 %), Ba(NO3)3⋅6H2O (98 %), Al 
(NO3)3⋅9H2O (98 %), and citric acid (CA) C8H8O7⋅.H2O (99 %) were 
dissolved in deionized water to prepare the undoped BMM samples. 
Various concentrations of Gd(NO3)3⋅6H2O (98 %) were added to the 
undoped BMM sample to produce doped BMM:x% Gd3+ (0 ≤ x ≤ 1.1) 
nanophosphors. The heating temperature was kept constant at 80 ◦C 
during the magnetic stirring of the solution. The stirring continued until 
the gels were formed. After 24 h the gels were annealed in a furnace at 
1000 ◦C for 2 h to form a solid product. The solid product was grinded 
using mortar and pestle to form powder samples. Lastly the fine powders 
were taken for analysis using different characterization techniques. 
Fig. 1 shows the summarized version of the procedure followed. 

Fig. 1. Schematic diagram of the synthesis of BMM:x% Gd3+ (0 ≤ x ≤ 1.1) via sol-gel method.  

Fig. 2. The X-ray patterns of the (a) BMM and (b) BMM:x% Gd3+ (0 ≤ x ≤
1.1) series. 

Table 1 
Phase quantification of BaAl2O4, MgAl2O4, MgO and GdAlO3.  

Sample ID BaAl2O4(%) MgAl2O4(%) MgO(%) GdAlO3(%) 

BMM 44.6 50.4 5.00 0.00 
x = 0.1 52.4 39.4 5.10 3.10 
x = 0.3 57.7 29.7 6.80 5.80 
x = 0.5 42.4 53.2 2.20 2.20 
x = 0.7 41.7 54.2 2.20 2.00 
x = 0.9 62.9 28.2 4.10 4.70 
x = 1.1 63.2 26.7 5.40 4.60  

Table 2 
Estimated crystallite sizes (nm) of the prepared mixed phosphors.  

Sample ID BaAl2O4 (022) MgAl2O4 (113) MgO (002) 

BMM 51 18 49 
x = 0.1 39 14 54 
x = 0.3 45 22 33 
x = 0.5 37 14 59 
x = 0.7 44 17 30 
x = 0.9 32 13 27 
x = 1.1 47 18 32  
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2.2. Characterization of BMM nanophosphors 

The structural, morphological and chemical composition were 
investigated using a Bruker D8-Advance powder XRD with a Cu-Kα 
(1.5405 Å) radiation, Zeiss Supra 55 scanning electron microscope 
(SEM) in conjunction with energy dispersive X-ray spectroscopy (EDS) 
and a JEOL JEM 1010 transmission electron microscope (TEM). From 
XRD scans of the prepared nanophosphors, the phases were identified 
using X’Pert Highscore Plus software. The relative phase amounts 
(weight %) was estimated using the Rietveld method. The optical 
properties were investigated using PerkinElmer Lambda 7505 ultra
violet–visible (UV–vis) spectrophotometer and FLS980 fluorescence 
spectrophotometer from Edinburgh Instruments. 

3. Results and discussion 

3.1. Structural, morphological and chemical composition 

Fig. 2 (a) shows the XRD pattern for the BMM (undoped) sample. The 
results indicate that nanophosphors are made up of a mixture of hex
agonal (BaAl2O4, ICSD: 75427), cubic (MgAl2O4, ICSD: 91375 and MgO, 
ICSD: 52026). Fig. 2 (b) shows the XRD patterns of the BMM:x% Gd3+(0 
≤ x ≤ 1.1) samples with similar diffraction patterns to that of the BMM 
sample. This indicates that doping has no effect on the crystalline 
structure of the BMM mixed phases. A similar trend was also observed by 
Zhang et al. [25] in the study of the structure and luminescence prop
erties of CaAl2O4 phosphor doped with Sm3+. Table 1 presents the BMM: 

Fig. 3. The EDS spectrum of the (a) BMM sample and (b) x = 0.7 % samples.  

Fig. 4. The EDS elemental map of the x = 0.7 % sample.  
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x% Gd3+ (0 ≤ x ≤ 1.1) phase quantification results. The results indicate 
that there is an additional GdAlO3 phase that results from doping with 
Gd3+. The reason why there is GdAlO3 phase on the doped sample might 
be due to the chemical affinity between the nitrates of both Gd 
(NO3)3⋅6H2O and Al(NO3)3⋅9H2O used during synthesis. The quantifi
cation results also indicate that in all the samples, BaAl2O4 and MgAl2O4 
are the major phases contributing to more than 80 % of the samples, 
while MgO and GdAlO3 are the minor phases. The crystallite sizes were 
estimated using the Scherrer equation [26] by using the most intense 
diffraction peak of each individual phase present in BMM and the results 

are presented in Table 2. The results showed that the crystallite sizes 
fluctuate with an increase in Gd3+ concentration. Thus, the crystallite 
size is influenced by the Gd3+ concentration. 

Elemental analysis was performed by the EDS. Fig. 3 (a) shows the 
EDS spectra of the BMM, which confirms the presence of the Ba, Mg, Al, 
and O. Fig. 3 (b) shows with the x = 0.7 % Gd3+ which confirms the 
presence of additional Gd in comparison to the BMM sample. The carbon 
(C) peak in Fig. 3 (a) and (b) are due to carbon being used as a coating 
material during the sample preparation for SEM analysis. Fig. 4 shows 
the elementary map for the x = 0.7 % sample and the results confirmed 

Fig. 5. SEM images of the (a) BMM (b) x = 0.1 % (c) x = 0.7 % and (d) x = 1.1 % samples.  

Fig. 6. TEM images of the (a) BMM (b) x = 0.1 (c) 0.7, and (d) 1.1 % samples.  

A. Bele et al.                                                                                                                                                                                                                                     



Physica B: Condensed Matter 673 (2024) 415525

5

the distribution of elementary composition all over the surface. 
The morphological aspects were further investigated by SEM and the 

images for selected samples are shown in Fig. 5. The results of BMM 
sample in Fig. 5 (a) reveal the agglomerated non-homogeneous mixture 
of some scattered nano-rod structures and irregular particles. Fig. 5 (b)– 
(d) shows morphology for the samples doped with the x = 0.1, 0.7 and 
1.1 %, respectively. The sample doped x = 0.1 % showed a mixture of 
irregular particles with nano-rods. Similar morphology is observed for 
the other samples. Generally, doping with Gd3+ did not show significant 

Fig. 7. (a) The diffuse reflectance spectra of BMM:x% Gd3+ (0 ≤ x ≤ 1.1) (b) Tauc of BMM: x% Gd3+ (0 ≤ x ≤ 1.1).  

Table 3 
Estimated Eg of the selected samples.  

Sample ID BMM x = 0.1 x = 0.5 x = 0.7 x = 0.9 

Eg (eV) 3.98 4.31 3.99 3.96 4.09  

Fig. 8. (a) Emission spectrum of undoped samples (MgAl2O4, BaAl2O4, and BMM), (b) normalized spectra of the Fig (a), (c) excitation and emission spectrum of the 
BMM:x% Gd3+ (0 ≤ x ≤ 1.1) and (d) emission intensity at 312 nm as a function of Gd3+ concentration. 
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change in morphology. 
Furthermore, the selected samples were analyzed with TEM. Fig. 6 

(a) shows the image for the BMM and the results reveal that the samples 
contain an agglomerate and scattered irregular rod-like structures. The 
sample doped at x = 0.1 and 0.7 % sample in Fig. 6 (b)–(c) show scat
tered thick rod-like structures like the BMM sample. However, it is noted 
that for the x = 0.7 % there are development of the spherical particles. 

The spherical like particle are clearly more pronounced at x = 1.1 % in 
Fig. 6 (d). 

3.2. Optical properties 

3.2.1. Uv–vis analysis 
Fig. 7 (a) shows the diffuse reflectance spectra of BMM:x% Gd3+ (0 ≤

Fig. 9. The PL intensity of the BMM:x% Gd3+ (0 ≤ x ≤ 1.1) samples as a function of time over (a) 1 day, (b) 2, (c) 3, (d) 4 days, and emission intensity at 312 nm as a 
function of Gd3+ concentration for different days. 
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x ≤ 1.1). The findings showed absorption bands at 274, 366 and 464 nm. 
The absorption band at 274 nm is ascribed to the O2− →Al3+ charge 
transition within the BaAl2O4 of the prepared material [27]. This charge 
transition arises from electrons that are excited from the valence 
bandgap energy of O to the conduction bandgap energy of Al [27]. Note 
that Gd3+ ions have a narrow absorption band near 275 nm due to their 
6IJ ← 8S7/2 transition [28], but here the absorption band at 274 nm 
occurs even when the Gd3+ doping is low or absent, so the observed 
absorption is not due to the Gd3+ ions. The absorption band at around 
366 nm is attributed to the defects absorption within MgAl2O4 [29] 
while the absorption band located at 464 nm is assigned to the defects 
absorption within BaAl2O4 [27]. The results indicate that varying the 
Gd3+ concentration results in the shift in the absorption edges to lower 
wavelengths compared to BMM even though there is fluctuation. To 
convert the reflectance R (%) to values proportional to the absorbance 
and the Tauc plot of (Khv)n, the Kubelka-Munk function K = (1-R)2/(2R) 
[30] was used and plotted versus incident photon energy (hv) as shown 
in Fig. 7 (b). The Eg were determined by extrapolation of the linear re
gion of the plot (Khv)2 = 0, where n = 2 because of that BaAl2O4, 
MgAl2O4, MgO being direct band gaps [4,8,10]. These results show a 
fluctuation in the band gap as the concentration of Gd3+ is increased. 
This might be due to the fluctuation in crystallite sizes of the phases 
present in BMM as shown in Table 2. This is motivated by Singh et al. 
[31] suggestion that the band gap of materials depends on the crystallite 
sizes of the materials. Table 3 shows the extrapolated Eg. These esti
mated Eg are close to the theoretical band gap of BaAl2O4 (3.34 eV) [4], 
MgAl2O4 (3.20 eV) [8] and MgO (4.35 eV) [10]. The increase in Eg is due 
to the to the increase in carrier concentration known as Burstein-Moss 
(BM) effect [32]. 

3.2.2. PL analysis 
Fig. 8 shows the PL spectra for excitation and emission for the BMM 

and BMM:x% Gd3+ (0 ≤ x ≤ 1.1) samples. Fig. 8 (a) shows the results for 
undoped BMM samples. The excitation was first monitored at 730 nm 
emission wavelength; however, no excitation peaks were detected. The 
emission was then monitored at 312 nm, the results showed a narrow 
excitation peak at 274 nm. This peak is assigned to the excitation peak of 
Gd3+ due to the 6IJ ← 8S7/2 transition of Gd3+ [20]. The BMM samples 
were then excited by 274 nm, emission peaks were observed at 312, 616, 
and 730 nm as illustrated in Fig. 8 (a). Fig. 8 (b) shows the normalized 
spectra for the BMM samples, the results confirmed the emission peaks 
as shown in Fig. 8 (a). The narrow emission at 312 nm is assigned to 
Gd3+ (6P7/2 → 8S7/2 transition) [22] and the narrow emission band at 
616 nm might be due to Eu3+ (5D0→7F2) transition) contamination [33]. 
Lastly, we propose that the broad emission at 730 nm be assigned to Cr3+

present as an impurity in Al [34]. Fig. 8 (c) illustrates the excitation and 
emission spectra for the BMM:x% Gd3+ (0 ≤ x ≤ 1.1) samples. The re
sults show absorption peaks at 246, 253, 274 and 276 nm, these peaks 
relate to the f-f transitions of Gd3+ and are attributed to the transitions of 
8S7/2 → 6D7/2, 8S7/2 → 6D9/2, 8S7/2 → 6I15/2 and 8S7/2 → 6I9/2, respec
tively [20]. The results also revealed the emission peaks at 312, 616, and 
730 nm. The emission peak at 312 nm was assigned to 6P7/2 → 8S7/2 
transition of Gd3+ [22]. The peak at 616 nm was attributed to be maybe 
a Eu3+ contamination [33]. Fig. 8 (d) shows the emission intensity as a 
function of Gd3+ concentration. The results show an increase in 312 nm 
emission intensity with an increase in Gd3+ concentration which was 
fitted using the Gaussian fit. The intensity increases with an increasing 
concentration of Gd3+. The observed increase is attributed to the phe
nomenon of the luminescence enhancement that is associated with Gd3+

doping [35]. 
Fig. 9 (a)-(d) shows the PL intensity as a function of time over the 

days for the BMM:x% Gd3+ (0 ≤ x ≤ 1.1) samples. The emission 
wavelength was monitored at 312 nm and two excitation wavelengths at 
246 and 274 nm were observed. These excitations were also observed in 
Fig. 8 and were attributed to Gd3+ transitions. All samples were then 
excited with 274 nm and emission peaks at 312, 430, 573 and 630 nm 

were observed. The peaks at 430, 573 and 630 nm were not observed in 
Fig. 8 and this may be due to material (powder) handling. Lovén et al. 
[36] suggested that powder handling generates high emissions. These 
peaks are assigned to the intrinsic defects within BaAl2O4 such as oxygen 
vacancies (VO) and Ba vacancies (VBa) [37]. Fig. 9 (e) shows the emis
sion intensity at 312 nm as a function of Gd3+ concentration for different 
days. The results show an increase in luminescence intensity with an 
increase in Gd3+ concentration. The luminescence intensity also varies 
with days and this is attributed to the material degradation. This is 
motivated by Peng et al. [38] suggestion that luminescence intensity 
depends on material degradation. 

4. Conclusion 

The citrate sol-gel method was used to successfully prepare BMM:x% 
Gd3+(0 ≤ x ≤ 1.1) nanophosphors. The structural, morphological and 
optical studies were performed on the prepared BMM: x% Gd3+ (0 ≤ x ≤
1.1) mixed phases nanophosphors. XRD results indicated that the ma
terial consists of hexagonal (BaAl2O4) and cubic (MgAl2O4 and MgO) 
mixed phases. SEM results showed a slight change in morphology of the 
samples with an addition of Gd3+. All the anticipated elements were 
confirmed using the EDS. TEM results demonstrated that the particle 
morphology is affected by varying the Gd3+ concentration. The UV–vis 
results suggested that the Eg values depend on the Gd3+ concentration. 
PL results showed excitation and emission peaks assigned f-f transitions 
of Gd3+. PL results as a function of time over days showed evidence of 
material degradation. 
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