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Abstract

MgAIl,04:x% Gd** (0 < x < 3) nano-powders were prepared via citrate sol-gel method. The X-ray
diffraction (XRD) confirmed that the prepared samples consists of the cubic crystalline structures. There
was ho secondary phases due to Gd** doping. The estimated average grain sizes were found to be in the
order of 8 nm. Energy dispersive spectroscopy (EDS) showed the presence of the anticipated elements (Mg,
Al, O, and Gd). The scanning electron microscope (SEM) results revealed that the morphology of the
samples is influenced by the Gd** concentration. Transmission electron microscopy (TEM) analysis

revealed that the prepared samples are in the nano-scale range. Selected area electron diffraction (SAED)
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patterns indicated highly crystalline structure and the intensities of the bright spots varied with Gd®*
concentration. Photoluminescence (PL) studies showed two distinct emission peaks at 385 and 392 nm,
which are certainly attributed to the defects levels located at different positions on the host material
(MgAI20s). The emission peaks located at 315 and 628 nm were respectively attributed to the ®P7,—8S7,
and °G7,—°Psp transitions in Gd®* ion. The luminescence intensity of the 388 nm decreased with an increase
in the Gd®* concentration. Commision Internationale de 1I’Eclairage (CIE) coordinates showed that the violet

emission color from host cannot be tuned by varying Gd** concentration.
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1. Introduction

Recently, many aluminate materials have been extensively studied as phosphors for the next
generation of display and lighting devices.! Magnesium aluminate (MgAl.Q4) spinel has attracted many
researchers around the globe based on the unique combination of optical and mechanical properties both at
normal and elevated temperatures.> MgAl,O, strength in both temperatures is due to the fact that it has no
phase transition up to the melting point. As a result, MgAIl.O4 has received great attention as a
technologically important material on account of its attractive properties such as high melting point (2135
°C), high chemical inertness and high thermal stability.® It is widely used in many areas like fusion
technology,* nanodevices,® humidity sensors,® photoluminescent material’ and catalysts for many
reactions.®® The need of tuning the optical properties made researchers to intentionally incorporate or dope
various types of foreign impurities such as rare earth (RE) metals into MgAl.O, (host) crystal structure.*®
RE ions are well known for their high color purity emission lines due to their f-f or f-d transitions.!* The
incorporation of the RE ions such as Eu®*, Th® and Gd** have been reported in literature on different host
materials.'! For the examples, Omkaram et al.'? reported the emission analysis of green-emitting Th** doped
MgAl,O,4 phosphors. Khatkar et al.®® reported the preparation and photoluminescence characteristics of
Eu®* doped MgAl1sY0.04 nanocrystals. Trivalent gadolinium (Gd**) is one of the most investigated RE
ions on various host materials during the past years. It is a well-known quantum cutting or photon cascade
emission ion.™ Quantum cutting (QC) is a phenomenon that one high-energy photon is converted into two
or more than two photons with low energy.'* Gd®" ion has 4f’ electronic configuration and the energy gap
between the ground state (8S72) and the excited state (°P72) is 32000 cm™.2® Singh et al.* reported the
synthesis of Gd** doped MgAl,O4using a simple and fast (short time of 5 min) one-step combustion method.

The luminescence of the Gd** doped MgAl,O4 shows two emission bands centered at 306 nm (°Ps;, — 8S7,2)



and 312 nm (°Pz2 — 8S72), under ultraviolet (UV) excitation 273 nm. The narrow ultraviolet burning rays
(UVB) peak centered at 312 nm serves the better material for phototherapy lamp preparation.* Gd** ion
can also exhibits emission around 628 nm due to Gz, — ®P3, transitions.® From synthesis point of view,
variety of techniques such as combustion,!* sol-gel,'” spray drying,'®, freeze-drying!® and mechanical
activation? have been developed to synthesize MgAl.O, phosphor. The advantages of the sol-gel method
are; it offers high purity, homogeneity, single phase, small and uniform particles size at relatively lower
preparation temperature in comparison with other conventional methods.”? In this work, the citrate sol-
gel method was hence adopted as an alternative for the synthesis of MgAl,O4:x% Gd** nanophosphors.
Even though MgAl,04:Gd** prepared by combustion method was reported in the literature.** The
focus was more on the luminescence and electron paramagnetic resonance (EPR) investigation of ultraviolet
emitting MgAl,04:Gd*" phosphors. In this present work, we report the citrate sol-gel synthesis of the
MgAI,04:x% Gd** (0 < x < 3) nanophosphor. This study focuses on the effects of the variation of the
concentration of the Gd** ions on the morphology, structure and photoluminescence properties of the
MgAIl,04:x% Gd** (0 < x < 3) nanophosphor with the main aim of producing more alternative phosphor
materials for the practical applications such as blue light emitting diodes (BLED’s) and better material for

phototherapy lamp preparation.

2. Experimental
2.1 Sample synthesis

The MgAIlO4: x% Gd** (0 < x < 3) powder samples were synthesized using the citrate sol-gel
method. Citric acid (CA) was used as a chelating agent. The host (MgAl,O4) was prepared by dissolving
Mg(NO3)..6H,0 (98%), AI(NO3);.9H,0 (98.5%) and CA (CsHsO7.H20O) (99%) in deionized water.
Al(NO3)3.9H,0 was added to Mg(NO3)..6H,0 to form a homogeneous mixture in which the molar ratio of
Mg:Al was 1:2. To this solution, CA in the molar ratio of CA:(Mg?* + AI**) equals to 1:1 was also added.
Gd** doped samples were prepared by adding different concentrations of the Gd(NO3)3.6H,0 (99.9%) in
the range of (0 < x < 3) into the separate beakers of the host solution. In all samples, the temperature was
kept ~ 80 °C while constantly stirring using a magnetic stirrer until the transparent gel solutions of the
mixed metals were formed. The prepared gel were annealed at 800 °C in a furnace for 1 h. The resulting

products were ground using a pestle and mortar and later analyzed using different techniques.



2.2 Sample characterization

The crystal structure of the samples was characterized by X-ray powder diffraction (XRD) (Bruker
D8-Advance powder XRD) with Cu Ka (1.5405A) radiation. In addition, the samples were characterized
by Shimadzu Super scan ZU SSX-550 scanning electron microscope (SEM) attached with energy-
dispersive X-ray spectroscopy (EDS), transmission electron microscopy (TEM) performed with was
performed with a JEOL JEM 2100 containing a LaBg filament. The photoluminescence (PL) study was
performed at room temperature using Hitachi F-7000 fluorescence spectrophotometer with a 150 W Xenon

lamp as an excitation source.

3. Results and discussion
3.1 XRD results

Fig.1 shows the XRD patterns of the MgAIl.04:x% Gd** (0 <x < 3) series. The observed diffraction
peaks correspond to those of the standard patterns of the cubic MgAIl,O4 (JCPDS 75-1796) structure. No
extra diffraction peaks which can be related to the secondary phases were detected suggesting that the
prepared powder samples consists of the single phase. The average value of the lattice constant (a) of the
prepared samples was calculated to be 8.03 A (see Table 1), which is very close to the previously reported
value of 8.05 A.?® The crystallite size was calculated from (400) diffraction peaks by using Scherrer’s
equation.?* The calculated crystallite sizes are presented in Table I. It is clear that doping MgAl,O4 with

various Gd** concentration does not significantly influence crystallite sizes.

The analysis of the (400) diffraction peak is shown in Fig. 2. Generally and in comparison with the
host (un-doped) sample, it can be clearly seen that there is a slightly peak shift to the higher angle at the
higher Gd** concentration. A clear shifting of the (400) diffraction peaks toward higher angle (especially
for the x = 1.8 and 2.6%) is attributed to the decrease in a as shown in Table 1. Note that the a values were

calculated by using equation (1)%2:

a=dvh?+1%2+k? (1)

where d is the crystalline surface distance for hlk indices, which is given by equation (2)?":

d = 2)

~ 2sin8



where is the A stands for the radiation wavelength (0.15406 nm) and 6 is the angle of diffraction.

Based on the ionic radiuses of the Gd®* (0.94 A),® Mg?* (0.72 A)%% and AI** (0.53 A),22%0 it was
expected that the shift be towards the lower angle if the Gd®* replaces either Mg?* or AI**. In ZnAl,04:x%
Pb?* system, our group® have previously reported similar kind of behavior not obeying the Vegard’s law.
Thus, in this study the decrease in a (for the x = 1.8 and 2.6%) is therefore attributed to the shrinkage or
suppression of the Gd** outer electron shell due to its electronic interactions with more neighbouring Mg?*
ions, which causes its ionic radius becomes smaller than that one of Mg?* ion and hence the observed
decrease in a or shift to the lager angle. It is important to note that at the higher Gd** concentration (e.g. X
= 3.0%) the shift is to the lower angle which can be attributed to the increase of the a. The proposed reason
for this behavior is that; the electronic interaction of the neighboring Mg?* ions becomes insignificant as
more Gd®* ions (due to higher concentration) replaces or substitutes Mg?* ions and as a results, the Gd**
outer electron shell can no longer be suppressed anymore. Thus, the system starts to obey the Vegard’s law.
The other possible reason might be the fact that maybe the Gd** is no longer replacing the Mg?* but AI®*
ions at the higher Gd** concentration (x = 3.0%). Our group® have previously observed similar kind of
behavior on the ZnAl,04:x% Cr* system where Cr3* was observed to be able to replace either Zn?* or AP+,
The results clearly demonstrated that the replacement or substitution of Zn?* or AI** highly depends on the
Cr3* concentration, which might also be the case in this results. The change on the (400) diffraction peak

intensity indicates that the crystallinity depends on the Gd** concentration.®

3.2 EDS and SEM results

The elementary composition of the prepared nanopowder samples were confirmed by the EDS
technique as shown in Fig. 3. In Fig. 3a, EDS results show that the host sample consists of the Mg, Al and
O. Fig. 3b and ¢ shows the presence of Gd on the spectra. Although the EDS technique cannot be used to
quantify the dopants concentration, it is interesting to observe that the wt% for the x = 1.4% is lower than
that of the x = 3% doped sample. The C peak in all of the spectrum in Fig. 3a — c is attributed to carbon (C)
tape used during the EDS measurement. The EDS results did not detect any presence of the secondary

phases, which agrees pefectly with the XRD results (see Fig. 1).

To confirm the compositional distribution of the constituent elements of the powder samples, the

EDS maps of the host and x = 1.4% Gd** concentration are shown in Fig. 4 and 5, respectively. These maps



suggest that the elemental composition present on the selected samples are distributed unevenly over the

surface.

The microstructure of the host, x = 1.4 and x = 3% Gd*" doped samples were examined using SEM
and the results are shown in Fig. 6a, b and c, respectively. In Fig. 6a and b, it is clear that the crystallites
are agglomerated and homogenously distributed. It can be observed that the crystallites with additional
irregular crystallites (this is clearly illustrated on the insert of this Fig. 6b) distributed all over the surface
of the agglomerated crystallites. The morphology of the sample at the higher Gd®* concentration (x = 3%)
shows similar kind of morphology as in Fig. 6a and b with higher degree of crystallites agglomerated
together over the surface to make bigger crystallites. Therefore, the SEM results clearly indicate that the

prepared nanopwders is influenced by the Gd** concentration.

3.3 TEM results

The TEM image of the host, x = 1.4 and x = 3% nanopowder are shown in Fig. 7a — c, respectively.
Due to the high degree of crystallites agglomeration for the host sample shown in Fig. 7a and b, it is not an
easy task to predict the accurate crystallite sizes. However, the crystallites agglomeration for the x = 1.4%
(see Fig. 7b) seems to have been diminished lesser compared to the host sample, which is exactly what was
observed on the SEM results in Fig. 6a and b. For the x = 3%, it can be noticed that the average crystallite
sizes is around 10 nm, which agrees with the XRD results presented in Table I. The lattice fringes for the
samples presented in Fig. 7a — ¢ can clearly be observed on the zoomed version shown in Fig. 7d — e,
respectively. The related SAED images confirms that the prepared nanopowders are crystalline as it was
suggested by the XRD results. Furthermore, the SAED patterns indicate that the intensities of bright spots

varies with Gd®* doping concentration, which suggests different crystallite sizes.3

3.4 PL results

Fig. 8a demonstrated the excitation and emission spectra of the MgAl.04:x% Gd*" (0 < x < 3)
series. The excitation spectra measured when monitoring the emission at 385 nm revealed that there are
three excitation bands located at around 225, 275 and 335 nm. The band at 225 nm (5.51eV) is attributed
to band-to-band transition and the motive being the fact that the band gap (Eg) of MgAl,O. can range from
5.1-5.8eV.%3% The 275 nm excitation is attributed to be due to the host defects for the un-doped sample,?
which is surely not the case for the Gd** doped samples (only if we assume that the Gd** ground state is
located at the edge of the host valence band (VB) as shown in Fig. 10) and this will be explained later in

this paper. The 335 nm excitation is purely attributed to arise from the defects absorption within the host in



all samples.?® The results also showed that when exciting the Gd** doped samples at 275 nm, there are three
emission peaks located at 315, 385 and 628 nm. The intense emission peak at 385 nm is attributed to
originating from the intrinsic intraband gap defects within the host material.?® The emission band at 315 nm
is related to transitions of Gd** ion corresponding to the ®P7,—8S7,,.3"4%. The emission at 628 nm can either
be attributed to the °G7,—8Ps2 (Gd®* transition) or second order emission of ®P7,—2S7, (315 nm). Since it
is not an easy task to differentiate the second order and ®P7,—®S7, Gd** transition, in this study, we propose
that the emission at 628 nm might only be due to the second order contribution not the 6G7,—8P3, Gd**
transition. The reason being the fact that the excited electrons cannot reach (taking into account the 275 nm
excitation used in this study) the conduction band (CB) of the host material where the ®G; excited state or
levels of the Gd®* is found. Thus, the 628 nm (8G7,,—®P312) from Gd®** is therefore unreasonable and hence
the 628 nm is attributed to the second order emission of 6P7,—2S7, (315 nm). In order to investigate the
effects of the Gd®*" doping into the host lattice, the normalized emission as a function of wavelength is
presented in Fig. 8b. It can clearly be seen that there is a slight emission peak shift to the higher wavelength
with an increase in Gd** concentration. The peak shift from 385 to 392 nm is certainly attributed to arise
from the host since the emission at around 385 - 392 nm (violet) is not the characteristic of the Gd**
spectroscopy.®4° Therefore, the results suggest that as the Gd®* concentration is increased, the defects
levels within the host responsible for the 385 nm is slightly modified or shifted a little bit downwards within
the Eq. Thus, it is reasonable to conclude that Gd3* serves as a very unique foreign candidate into the host
crystal structure, which donates the observed emission located at 315 nm. This results also suggest that the
Gd®* is responsible to controls or slightly adjusting the violet emission originating from the host materials
(385 — 392 nm). In addition to this, our group** have previously observed an emission at 388 - 392 nm in
MgAIl,04:0.3% In® system, which were both attributed to originate from the host. Therefore, this further
gives an evidence without any doubt that the violet emission in this study is due to the host material. In
comparison to the Gd** doped MgAl,O, synthesized by combustion method in 5 min reported by Singh et
al. * we emphasize that in this results, the emission linked to the 306 nm was not observed. However, the
additional emission due to the host and depending on the Gd** concentration located at 385 and 392 nm
were observed and these emissions were not observed in ref.!! It is also important to note that the excitation
wavelength used in ref!! and the current study is almost the same. It is with this concept which makes this
study different and unique from the ref.1! Firstly, this study and ref!! results suggest that the luminescence
properties of the prepared phosphor material might probably be depending on the synthesis method.
Secondly, this study evidently shows how the Gd** concentration is regulating the emission from the
MgAI,O4 (host).



Fig. 8c shows the emission intensity of the violet emission (located at 385 - 392 nm) as a function
of the Gd** concentration. The results shows that the luminescence intensity decreases linearly with an
increase in Gd** concentrations. The decrease in luminescence is attributed to the concentration
quenching.*>* In order to determine the critical energy transfer distance (Rc)* between the neighboring
Gd** ions, it is clear that further investigation at a range of (0 < x < 1.2) must be conducted urgently. Such
investigation will also serves as the main drive to explore the possibilities of enhancing and optimizing the
violet emission from MgAl.O.:x% Gd*" nanophosphor. The zoomed version of the emission intensity from
315 nm as a function of wavelength is shown in Fig. 9a. Fig. 9b illustrates the emission intensity from 315
nm as a function of the Gd*" concentration, which shows that the 1.8% Gd** is the optimum concentration
for the 315 nm emission. An increase in luminescence at the lower Gd®** concentration (x < 1.8) is attributed
to the luminescence enhancement, while the decrease in luminescence at the higher Gd** concentration is
attributed to the concentration quenching.“>** Note that the emission at 628 nm (not shown in this paper)

shows similar behavior as the 315 nm emission.

The proposed excitation and emission channels on the MgAl,0s:x% Gd*" (0 < x < 3) series is
summarized in Fig. 10. The following abbreviations have been used: intrinsic defects level (DL) and
electrons de-excite by non-radiative emission (indicated by the *). After the excitation at 275 nm (which
can either excite the electron from the VB to the trap level (of the host) situated around 4.5 eV or the
electron can be excited from the 8S7,—?Sls, if we assume that the ground state (8S7,) of the Gd** is
positioned at the edge of the VB), the excited electrons can either follow the emission from the host 385 -

392 nm or can be de-excited via Gd®* cascade emission, which can lead to the 315 nm emissions.*®

The luminescence decay curves for the prepared MgAl,04:x% Gd** phosphor is shown in Fig. 11.
All the decay time curves were obtained when exciting at 275 nm for the emission at 385 nm. The results
indicate that all the prepared samples have the same afterglow decay mechanism, which could be fitted
using the second order exponential decay. The calculated fast 11 and slow 12 decay times are presented in
Table | for each sample.

Fig. 12 shows the Commission on Illumination (CIE) chromaticity diagram of the MgAl.04:x%
Gd®* (0 < x < 3) series determined using the CIE coordinate calculator software.* Based on the emission
spectra, the software shows the position of the coordinates in the chromaticity diagram and the expected
color of the material. The (x; y) color coordinates are presented in Table I. The CIE results showed that all
of the prepared samples exhibit violet emission located all most on the same position. Thus, the results

suggest that the emission color cannot significantly be tuned by varying the Gd** concentration.



4. Conclusion

MgAILLO4sx% Gd** (0 < x < 3%) powder phosphors were successfully prepared by sol-gel
technique. The XRD patterns indicated that all the prepared samples consists of the cubic phase and Gd**
ions were successfully incorporated into the crystal lattice of MgAl.O. matrix. The SEM results revealed
that the morphology of the samples is influenced by the Gd** concentration. The expected elements (Mg,
Al, O, and Gd*") were confirmed by the EDS analysis. The TEM analysis confirmed that the prepared
samples are on the nano-scales, which clearly agrees very well with the XRD results. The PL results showed
that the violet emission is due to Gd** ions associated with ®P7,—8S;, while the 628 nm could not be
attributed to the 5G7,,—%P32 transitions but it was attributed to the 315 nm second order emission. Decay
curves indicated that all the samples have the same afterglow decay mechanism. The CIE color coordinates
show that the samples exhibit violet color emission, which were not influenced by varying the Gd**

concentration.
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Fig. 1. The XRD pattern of the MgAl,04:x% Gd** (0 < x < 3) series.

Intensity (a.u.)

45.5

—T v ~—
435 #HO 45 450

2 Theta (degrees)

Fig. 2. The analysis of (400) diffraction peak for the MgAI>04:x% Gd** (0 < x < 3) series.
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Fig. 3. The EDS spectrum for (a) host, (b) x = 1.4 and (c) x = 3%.

Fig. 4. The EDS map for the host (MgAI.O.).
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Ohvertay of Mg, O, Al and Gd™

Fig. 5. The EDS mapping for the x = 1.4% Gd*" doped sample.

Fig. 6. SEM images of the (a) host, (b) x = 1.4 and (c) x = 3 %.
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Fig. 7. TEM images of the (a) host, (b) x = 1.4, (¢) x =3 %, (c) — (f) zoomed version of the (a) — (c) images
and (g) — (h) SAED images of the (a) — (c) samples, respectively.
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Fig. 8. (a) Excitation and emission spectra of the series MgAl.O4: X% Gd** (0 < x < 3) (b) normalized
emission spectra of the MgAl,04: x% Gd**and (c) violet emission (at 385 - 392 nm) intensity as a function

of x% Gd**.
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Fig. 9. (a) Emission spectra of the MgAl,04: x% Gd*" (0 < x < 3) series for the 315 nm and (b) x% Gd** as

a function of emission intensity.
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Fig. 10. The proposed excitation and emission pathways mechanism on the MgAl,04:Gd** (0 < x < 3)

series.
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Fig. 11. The decay curves of MgAI,04:x% Gd*" (0< x < 3%) series.

CIEY

)
0 0.2 04 0.6 0.8
CIE X

Fig. 12. CIE color of the MgAl,04:x% Gd** (0 < x < 3%) series.
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