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Highlights 
 ZnAlxO1.5x+1:0.1% Tb3+ (0.25 ≤ x ≤ 5.0) nano-powders were synthesized via citrate 

sol–gel method. 

 For the x < 1.5, the samples crystal structure consists of mixed phases of the cubic 
ZnAl2O4 and hexagonal ZnO phases.PL emission colour and intensity highly depend 
on the Tb3+ environment within the ZnAl2O4 matrix. 

 The prepared nano-powders have similar decay mechanism. 

 Emission colour can be tuned from blue to green by varying the Alx moles. 

 

Abstract. Un-doped and ZnAlxO1.5x + 1:0.1% Tb3+ (ZAOT) nano-powders were synthesized 
via citrate sol-gel method. The Alx moles were varied in the range of 0.25 ≤ x ≤ 5.0. The X-
ray powder diffraction (XRD) data reveal that for x < 1.5, the prepared samples crystal 
structure consists of mixed phases of the cubic ZnAl2O4 and hexagonal ZnO phases, while for 
x ≥ 1.5 the structure consists of single phase of cubic ZnAl2O4. The Raman and Fourier-
Transform Infrared (FTIR) vibrational spectroscopy shows the presence of vibrations 
emanating ZnAl2O4 spinel. Scanning electron microscopy (SEM) and Transmission electron 
microscopy (TEM) shows the presence of irregular sphere at x ൒ 2.0 attributed to ZnAl2O4. 
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The photoluminescence (PL) spectroscopy revealed emissions from both the host and Tb3+ 
transitions. Emissions from Tb3+ are observed at 382, 414, 439, 458 and 489, 545, 585, 621 
nm, which are attributed to the 5D3 → 7F6,5,4,2 and 5D4 → 7F6,5,4,3, respectively. The results 
confirmed that the Tb3+ occupation site depend on the Alx moles. The International 
Commission on Illumination (CIE) colour chromaticity shows that the emission colour could 
be tuned from blue to green by varying the Alx moles. 

Graphically abstract 

 

The polyhedron unit cell of ZnAl2O4 with schematic depicting the elemental occupation 
together with the obtained emission colour at Alx moles (2.0 ൑ x ൑ 5.0) 
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1. Introduction 

In the past few decades, metal oxides (MO) have enticed many researches in different fields 
due to their unique physical and chemical properties 1. MO are on the cutting edge of 
technology in various field of science such as water splitting 2–4, energy storage and 
conversions 5,6, photoluminescence (PL) 7–9 and transparent conducting oxide 1,10,11. This is 
mainly due to their band gap located directly at the gamma (Г) point which was determined 
theoretically and experimentally to be around few electron volts (eV) 12–14. The MO denoted 
by the AB2O4 formula are usually referred to as spinel contains around 120 compound 
members with ZnAl2O4 (zinc aluminate or gahnite) being one of the most investigated host 
material 1,9,15,16. ZnAl2O4 is well known to crystallizes in the cubic crystal structures of the 
𝐹𝑑3ത𝑚 space group, where Zn and Al respectively occupies the tetrahedral (Td) and 
octahedral (Oh) sites in the crystal matrix while oxygen atoms occupies the Wyckoff 32e 
position located at (u, u, u), where u ൎ 0.25 1,17,18. The above-mentioned formation is referred 
to as normal (Zn)[Al]2O4 configuration. Several studies have shown a sight inverted 
(ZnAl)[ZnAl]2O4 configuration where the Td (denoted by parentheses) and Oh [denoted by 
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bracket] are shared amongst the Zn and Al ions 17–20. The positioning of the atoms or the 
structural configuration of the ZnAl2O4 has been shown to depends on synthesis parameter 
such as the temperature. ZnAl2O4 have shown great potential application in glass ceramic and 
photoelectronic devices [21,22]. Some spinel such as NiFe2O4 and CoFe2O4 5,17,21 can 
crystallise in inversion configurations where di – and tri – valent ion occupies the Oh and Td 
sites. Raman spectroscopy has been an wonderful technique of detecting such behaviours 18–

20. 

Various studies have been conducted on ZnAl2O4 to optimize and tune the emission colour. 
Most researchers introduce foreign ions (i.e. dopants) mostly form the rare earths within the 
ZnAl2O4 spinel at various doping concentrations 7–9,22–24. Trivalent terbium ion (Tb3+) is one 
of the most explored dopant due to its emission broadband covering the entire visible 
wavelength with an intense green emission colour around 525 – 560 nm due to the 5D4 → 7F5 
magnetic dipole (MD) transition which is known to hardly varies in different in crystal field 
environment 22–26. Linganna et al. 27 have shown that the emission colour of Tb3+ ion can be 
change due to the presence of various crystal field environment. This phenomenon can be 
attributed to the increase and decrease of the 5D4 → 7F5 electrical dipole (ED) transition 
emission intensity which is sensitive to the local environment and depends on the symmetry 
of the crystal field; in asymentric enviroment the intensity of this peak is higher as compared 
to in symmetric enviroment which drastical impact the emission colour. However, other 
studies optimize and tune the emission colour by triply, doubly, and singly doping Tb3+ with 
other dopants within the ZnAl2O4 matrix 22–24,28–32. Refs 22–24,26,29 shows a successful 
incorporation of Tb3+ and other dopants within the ZnAl2O4 matrix which led to some 
astonishing results such as; the possibility of a full – colour field emission from the doped 
ZnAl2O4 and the presence of two energy transfer (ET) system. The intra – ET within Tb3+ 
ions and between Tb3+ to Mn2+, which were described as follows Tb3+ (5D3) + Tb3+ (7F6) → 
Tb3+ (5D4) + Tb3+ (7F2,1,0) and Tb3+ → Mn2+23, respectively. The intra – ET happened via 
overlapping of the Tb3+ band and ET between Tb and Mn happened via the absorption of 
excitation energy at 350 nm from Tb3+ by the 654 nm emission peak of Mn2+ transitions. 
Most of the reported work on ZnAl2O4 focuses on the varying the dopant/s concentration 22–

24,26,28–32 and synthesis conditions 16,25,29,33–35. Only a few studies reported the effect of the 
host constitution element concentration 36–39. Our group has previous reported; the effect of 
the Mgx moles on the MgxAl2O3+x: 0.88% Cd2+ (0.25 ൑ x ൑ 4.5) system 15 and interchanging 
Ba and Zn within Ba1-xZnxAl2O4:0.1% Eu3+ (0 ൑ x ൑ 1) 9. The XRD results showed that the 
structural phase changes from MgAl2O4 to MgO occurred at x = 2.5 (Mg2.5) and PL also 
changed based on the concentration of Mgx moles. While the XRD of Ba1-xZnxAl2O4:0.1% 
Eu3+ shows single phase of BaAl2O4 and ZnAl2O4 at x ൑ 0.2 and x ൌ 1.0 , respectively.  

The effect of Alx moles on the structure and luminescence properties of ZnAlxO1.5x + 1:0.1% 
Tb3+ (ZAOT) (0.25 ≤ x ≤ 5.0) has not been reported in literature to date. Thus, this study 
explores the influence of varying the Alx moles on the structure, morphology, and PL 
properties with the aim of producing alternative phosphor material for the practical 
application such as on the lighting emitting devices (LEDs) particularly the bluish and 
greenish colour emitting LEDs. The results showed that the variation on the structural and 
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luminescence properties highly depends on the Alx moles. The emission intensity depends on 
the phases present and Tb3+ site occupation, which is regulated by the Alx moles. The 
observed emission pathways are also proposed. 

 

2. Experimental 

2.1. Synthesis 

The ZnAlxO1.5x + 1:0.1% Tb3+ (0.25 ≤ x ≤ 5.0) series was synthesized via citrate sol-gel 
technique. The materials were prepared by dissolving stoichiometric masses of zinc nitrates 
hexa-hydrate (Zn (NO3)2ꞏ6H2O, 99.9%] corresponding to 1 mole while aluminium nitrates 
nano-hydrate [Al (NO3)3ꞏ9H2O, 98.5%] was added at the range of 0.25 ≤ x ≤ 5.0 moles; citric 
acid (CA) [C6H8O7ꞏH2O, 99%] was also dissolved in deionized water (prepared using 
DRAWELL, laboratory water purification system) to chelate and stabilize the solution 34,40. 
The stoichiometric molar ratios of Zn:CA was kept constant at 1:0.75 for all the prepared 
samples while varying the moles of Al3+. A specified amount of terbium nitrate penta-hydrate 
[Tb (NO3)3ꞏ5H2O, 99.9%] was added to dope with 0.1% Tb3+. All the chemicals used in this 
study were purchased at Germany’s Sigma-Aldrich. The solution was heated at ~ 80 oC while 
constantly stirring using the magnetic stirrer until the gels were formed. The gels were dried 
for 12 h in room temperature and subsequently annealed at 1000 oC in a furnace (carbolite 
gero, United Kingdom, CWF 1300 furnace) for 1 h. The resulting solid-like-foam products 
were ground into fine powder samples using the pestle and mortar. 

 

2.2.Characterization 

The powder samples were analyzed with the Bruker D8-Advance X-ray powder diffraction 
(XRD) (USA) with a CuKα (1.5405 Ǻ) radiation, WITec 300 RAS+ confocal Raman 
microscopy (Germany) using the 532 nm at 2 mW and Bruker Alpha platinum-ATR Fourier-
transform infrared spectroscopy (FTIR) (USA) in the range of 400 to 1000 cm-1 was used to 
analyze the crystal structure, phase, functional group, and the vibration bands. The structural 
phase from the XRD were identified using X’pert Highscore plus software (United Kingdom) 
and the relative phase quantification (%) were estimated using the Rietveld method. The 
particle shape, surface morphology and elementary constituents were characterized by the 
Zeiss Supra 55 scanning electron microscope (SEM) at 20 kV coupled with an energy 
dispersive X-ray spectroscope (EDS) (Japan). Crystallite shape and sizes was analysed via 
the JEOL JEM 1010 transmission electron microscopy (TEM) (Japan). The room temperature 
photoluminescence (PL) spectra and lifetime measurements were performed by the Hitachi F-
7000 fluorescence spectrophotometer (Japan) using a 150 W monochromatized Xenon lamp 
as an excitation source. 
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3. Results and discussion 

3.1.X-ray powder diffraction 

The XRD patterns of the prepared samples are shown on Fig. 1. These diffraction patterns are 
polycrystalline and could be indexed to the standard patterns of the hexagonal ZnO (JCPDS 
80-80075 and space group P63mc No. 186) and cubic ZnAl2O4 (JCPDS 82-1043 and space 
group Fd3തm No. The unit cells of both the ZnO and ZnAl2O4 created using VESTA software 
(Ver. 3.5.2, 64-bit Edition) and crystallographic information files corresponding to the P63mc 
No. 186 and Fd3തm No. 227 space group are shown in Fig. 2 (a) and (b), respectively. The 
quantification percentages of these phases are shown on Table 1. From Fig. 1, the results 
show that the ZnO phase quantity decreased with an increase in Alx moles up to x = 1.0, 
while the ZnAl2O4 phase quantity increased as Alx moles was increased. ZnAl2O4 phase 
quantity reached 100 % at x ൒ 1.0. The results showed that at a lower Alx moles of x < 1.5, 
the XRD patterns consists of the mixed phases of both the hexagonal ZnO and cubic 
ZnAl2O4. This observation is attributed to the insufficient Al atoms to bond with the Zn 
atoms to completely form ZnAl2O4. This led to the excess Zn2+ which easily reacts with O2- 
to form ZnO. Similar XRD with both ZnO and ZnAl2O4 phases has been reported in Refs 
18,25. When x ൒ 1.5 the results suggest that the samples constitute of only cubic ZnAl2O4 
phase, which is attributed to enough Al atoms available to completely form ZnAl2O4 in a 
solution. These results suggest that the transition from dual ZnAl2O4/ZnO mixed phases to 
ZnAl2O4 single phase occurred in a range of Alx moles is 1 ൑ x < 1.5. Thus, the mixed 
phase/s in ZAOT highly depends on the Alx moles. The XRD patterns of the doped (x = 2.0) 
and un-doped (x = 2.0*) are similar, signifying a successful incorporation of Tb3+ within the 
ZnAl2O4 crystal lattice.  

 

Fig. 1 The XRD pattern of the x = 2.0* (un-doped ZnAl2O4) and ZnAlxO1.5x + 1:0.1% Tb3+ (0.25 ≤ x ≤ 5.0) 
nanopowders. 
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Fig. 2 Unit cell of the (a) ZnO and (b) ZnAl2O4 with atom vibrational schematic.  
 
Analysis of the most intense diffraction peaks (101) and (311) from ZnO and ZnAl2O4 phase are shown on Fig. 
3. Fig. 3 (a) shows the decrease of the ZnO (101) diffraction peak intensity with an increase of Alx moles and 
completely disappears at x > 1.5, signifying the total removal of the ZnO phase. The increase of the ZnAl2O4 
(311) diffraction peak intensity as Alx moles increases suggest an increase in the crystallinity (or formation) of 
the ZnAl2O4 phase. This is due to the availability of enough Al atoms to completely form ZnAl2O4 single phase. 

  

Fig. 3 Analysis of diffraction peak (a) intensities and (b) shift of the (101) ZnO and (311) ZnAl2O4 phase of 
ZnAlxO1.5x + 1 :0.1% Tb3+ (0.25 ≤ x ≤ 5.0). 

 
The stacked analysis of the ZnO (101) and ZnAl2O4 (311) displayed on Fig. 3 (b) shows that 
both peaks have shifted towards a lower diffraction angle for x ≤ 1.5 suggesting an increased 
lattice constant 9,15. On the ZnAl2O4 phase, the lattice increased due to the occupation of 
excess Zn2+ (ionic radius = 0.74 Å 9,41) within the Al3+ (ionic radius = 0.53 Å 7,41) site in the 
ZnAl2O4 crystal lattice. As for the ZnO phase, the lattice constant increases due to the 
incorporation of Al3+ ions forming octahedral holes within the ZnO matrix which pave the 
formation of single phase ZnAl2O4. Note that octahedral holes (voids or occupation site) are 
larger than tetrahedral holes. Thus, this result in an expansion of the lattice parameter. When 
x ≥ 1.5, the (311) diffraction peak broadens and shifts towards higher diffraction angle 
signifying a decrease in lattice constant. Meaning that some of the Al3+ are occupying the 
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Zn2+ sites 42,43. The lattice constant of the ZnAl2O4 and ZnO were estimated using the 
equation (1) 9,12 and (2) 9,44, respectively. 
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where a and c are the lattice constant, 𝑑 is the interplanar distance and ℎ𝑘𝑙 are the miller 
indices. The lattice constant (a) for ZnAl2O4 were calculated from the (311) diffraction peaks. 
The lattice constant (a) and (c) for ZnO were calculated from the (002) and (101) diffraction 
peaks, respectively. The estimated lattice constant for both the ZnO and ZnAl2O4 are 
presented in Table 1. The obtained values are in agreement with those previously reported 
values in literature by the Refs 25,44–46. The average lattice constants a = b and c for ZnO are 
2.836 and 5.158 Å, respectively, and ZnAl2O4 average lattice constants is a = b = c = 8.011 
Å. The ZnAl2O4 lattice constant as a function of Alx moles is depicted on Fig. S1 (a) 
(supplementary information). The lattice constant increase from x = 0.25 to 1 due to the 
excess of Zn atoms compared to Al atoms. The dramatic decrease to x = 1.5 is due to the 
completely removal of ZnO phase due to reasonable Zn:Al ratio to start forming ZnAl2O4 
single phase. An increase in lattice parameters from x = 1.5 to 2.5 might be attributed to the 
full formation of stable ZnAl2O4 single phase. The observed decrease in lattice parameter at x 
> 2.5 is possibly due to the Al3+ occupying the Zn2+ ions in ZnAl2O4 crystal lattice. This can 
be further motivated by the absence of alumina (Al2O3) related diffraction patterns in Fig. 1 
and Table 1. These results are consistence with the MgxAl2O4:0.88% Cd2+ (0.25 ൑ x ൑ 4.5) 
system 15, which showed that an increasing in the Mg2+ ions transformed the MgAl2O4 
structure to MgO.  

The crystallite size for the ZnO and ZnAl2O4 were estimated from the dominant diffraction 
peaks ZnO (101) and ZnAl2O4 (311) using Scherrer’s formula equation S1 47. The estimated 
values are presented in Table 1 and the crystallite size of the ZnAl2O4 as a function of Alx 
mole is presented in Fig. S1 (a). The graph of crystallite resembles a similar behaviour as that 
of the lattice constant. The strain on the ZnAl2O4 and ZnO phases were calculated from 
Williamson and Hall method 48, and the values are presented in Table 1. The strain for the 
ZnAl2O4 as a function of the Alx is shown on Fig. S1 (b). When 0.25 ≥ x > 1.0 the strain 
decreases due to incorporation of smaller ionic radius Al3+ ions within the ZAOT system. At 
x = 1.5, the strain increases due to the formation of ZnAl2O4 single phase. At 1.5 < x < 2.5, 
the decrease in strain is probably due to easy incorporation of Al3+ ions into ZnAl2O4. Above 
x ≥ 2.5, the strain increases linearly as it becomes more difficult to incorporate more Al3+ ions 
into the ZnAl2O4 matrix.  
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Table 1. Sample identification, strain, lattice constant and crystallites size of ZnO and ZnAl2O4. 

Sample ID Quantification (%) Lattice parameter (Å) Crystallite Size 
(nm) 

Strain (%) 

     

x ZnO ZnAl2O4 ZnO ZnAl2O4 ZnO ZnAl2O4 ZnO ZnAl2O4 

  

a(Å) c(Å) a(Å) 

0.25 47.6 52.4 2.830 5.147 8.003 22 20 0.0182 0.0223 

0.5 30.8 69.2 2.839 5.163 8.033 25 23 0.0156 0.0189 

1.0 13.7 86.3 2.839 5.164 8.036 24 30 0.0166 0.0148 

1.5 - 100 - - 8.003 - 13 - 0.0323 

2.0 - 100 - - 8.010 - 16 - 0.0267 

2.0* - 100 - - 8.033 - 30 - 0.0144 

2.5 - 100 - - 8.020 - 18 - 0.0240 

3.0 - 100 - - 8.006 - 16 - 0.0279 

4.0 - 100 - - 7.996 - 13 - 0.0342 

5.0 - 100 - - 7.970 - 10 - 0.0407 

* denotes un-doped sample 

 

3.2.Raman Spectroscopy 

Raman spectroscopy was employed to identify the molecular structure of the prepared pure 
phase samples and the obtained spectra are shown on Fig. 4. The results show that there are 
three Raman peaks located at 62, 420 and 660 cm-1. The Raman peaks at around 420 and 660 
cm-1 are due to ZnAl2O4 17,18. It is generally accepted that Raman modes within the medium 
frequency range (300-600 cm-1) modes are due to the MO6 octahedral while the high range 
frequency (> 600 cm-1) modes are due to the MO4 tetrahedral. Thus, the 420 and 660 cm-1 
bands can be attributed to the Eg and F2g mode ascribed to the Oh and Td site 19,20 as shown in 
Fig. 2 (b), respectively. These observed two peaks from ZnAl2O4 is in good agreement with 
the previous reports 17–20. Previous studies 17,49 have shown that Eg and F2g modes of Raman 
spectrum of the inverse spinel occurred in the 350 - 400 and 490 - 640 cm-1 region. 
Zn0.9Cu0.1Al2O4 and Zn0.9Ni0.1Al2O4 have also shown a lower frequency Raman shift located 
in the 395-410 and 630-650 cm-1 which was attributed to appearance of minor inverse spinel 
17,19. Therefore, these results suggest that the prepared ZnAl2O4 spinel has crystallised in the 
normal configuration. The Raman peak located at 62 cm-1 can be attributed to the Zn 
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interstitial 50 and/or the presents of Tb3+ within the ZnAl2O4 hosts matrix. The Raman 
confirms the presence of ZnAl2O4 single phase for the x ≥ 2 samples. Note that the intensity 
of the Raman peak at 62 cm-1 for the x = 2.0 (un-doped) sample is lower than the doped 
sample, which suggest that the Zn interstitial sites are more pronounced for the doped 
compared to the un-doped sample [43]. Thus, the presence of Tb3+ within the ZnAl2O4 has an 
influence on this Raman peak intensity. Based on the XRD (Fig. 1) and Raman (Fig. S2) 
results, it is therefore reasonable to exclude the samples with Al content (x < 2.0) in further 
structural and spectroscopic analysis because they consist of dual phase. 

 

 

Fig. 4 Spectra for the x = 2.0* (un-doped ZnAl2O4) and ZnAlxO1.5x + 1:0.1% Tb3+ (2.0 ≤ x ≤ 5.0). 

 

To further investigate the structural effects of Alx moles on the ZnAl2O4 phases, the zoomed 
version of the Eg (Oh of ZnAl2O4) Raman peaks within the range of 390 – 470 cm-1 is shown 
in Fig. S3. The shift to higher wavenumber of the Eg with an increase in Alx suggest that the 
Al3+ might be substituting the Zn2+ on the lattice site, which result in shrinking of the unit 
cell. D’Ippolito et al. 17 has shown that the Eg peak shift to higher wavenumber as the Td ion 
decrease in size. 

 

3.3.Fourier-transform infrared spectroscopy 

The FTIR spectra of the x ≥ 2 samples is shown in Fig. 5. It is well known that infrared 
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spectra of spinels are characterized by absorption band in the range between 400 -700 cm-1 
17,20. The result shows that there are four bands at 479, 547, 656 and 803 cm-1. The three low 
occurring frequency bands at 479, 547, and 656 cm-1 are attributed to the vibration modes of 
normal ZnAl2O4 spinel. Several studies have attributed them to the following vibration 
modes: Zn-O, Al-O and Zn-O-Al vibration 51–53. These peaks are through-out the entire 
ZAOT samples because they all contain ZnAl2O4 phase as observed on the XRD and Raman 
results. The additional absorption band at 803 cm-1, which is clearly noticeable from x ≥ 3 can 
be attributed to the Al-O bond arising from Al in the Td site of ZnAl2O4 (i.e. AlO4). These 
results are in line with those of da Silva et al. 54 observed during the different annealing 
temperature of ZnAl2O4 showing the change of Al3+ site occupation.  

  

Fig. 5 The FTIR spectra for the x = 2.0* (un-doped ZnAl2O4) and ZnAlxO1.5x + 1:0.1% Tb3+ (2.0 ≤ x ≤ 5.0). 

 

3.4.Energy-dispersive X-ray spectroscopy 

The EDS technique was deployed to analyse the chemical composition of the un-doped and 
ZAOT nano-powders and the spectra for the selected is shown on Fig. S4. The expected 
elements namely Zn, Al, and O are observed in all spectra. Except for the element Tb, due to 
its low doping concentration. The additional peak of carbon (C) observed at the lower energy 
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is due to the sample coating or substrate carbon black during the sample preparation and 
measurement for the EDS spectrum.  

 

3.5. Scanning Electron Microscopy 

The SEM micrographs of the selected samples are shown on Fig. 6. The micrograph 
displayed on Fig. 6 (a) shows the morphology of x = 2.0 (un-doped) illustrating the presence 
of spherical particles can be attributed to the ZnAl2O4 since it is observed in all samples as 
shown on Fig. 6 (a) – (c). It is also clear that Tb3+ doping and varying the Alx moles does not 
significantly influence the morphology of the prepared samples. 

 

Fig. 6 The SEM micrographs of the (a) 2.0* (un-doped ZnAl2O4), (b) 2.0, and (c) 4.0 nanophosphor. 

 

3.6.Transmission Electron Microscopy 

The EDS and SEM selected samples were further analysed by the TEM to investigate the 
crystal sizes and shapes. The TEM images of the selected samples are shown in Fig. 7. In 
general, the TEM images confirm what has been observed on SEM in terms of the presence 
of irregular sphere of ZnAl2O4. The average crystallites size of the investigated prepared 
samples is in nanometer range (i.e. below 30 nm), which agrees very well with the XRD 
results.  
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Fig. 7 The TEM micrographs of the (a) 2.0* (un-doped ZnAl2O4), (b) 2.0, and (c) 4.0 nanophosphor. 

 

3.7.Photoluminescence spectroscopy 

The room temperature PL emission spectra excited at various exitation wavelength in a range 
of 200 – 280 nm for the ZnAlxO1.5x + 1:0.1% Tb3+ (x = 2.0) sample is illustrated in Fig. 8 (a). 
The emission spectra show the presence of eight emission peaks located at around 382, 414, 
439, 458, 489, 545, 585 and 621 nm, which can be attributed to the 5D3 → 7F6, 5D3 → 7F5, 
5D3 → 7F4, 5D3 → 7F2, 5D4 → 7F6, 5D4 → 7F5, 5D4 → 7F4 and 5D4 → 7F3 transitions of Tb3+ 
23,30,55–57, respectively. The usual emissions at 398 nm from the ZnAl2O4 host was not 
detected and this might be due to the high annealing temparature used in this study which 
quenched the luminescence active traps within the ZnAl2O4 

26. Singh et al. 26 showed that the 
luminescence active defects within ZnAl2O4 decreases dramatically after the annealling 
temperature of 600 oC. The emission intensity of the most intense peak at 545 nm as a 
function of excitation wavelength is shown on Fig. 8 (b), which shows a Gaussian behaviour 
and reveal that the optimum excitation wavelength is at 225 nm. This could be a good reason 
why a similar excitation wavelength of 228 nm was used to excite the ZnAl2O4:4 mol. % 
Tb3+ system, which were prepared via solution combustion method 57. 
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Fig. 8 The (a) emission spectra of the ZnAlxO1.5x + 1:0.1% Tb3+ (x = 2.0) sample excited at various excitation 
wavelength and (b) emission intensity of the most intense peak (545 nm) as a function of excitation wavelength. 

 

The room temperature PL excitation and emission spectra of the x = 2.0* (un-doped 
ZnAl2O4) and ZAOT series are presented in Fig. 9 (a). The excitation spectra of the doped (x 
= 2.0) displayed in Fig. 9 (a) were measured when monitoring the 545 nm emission which 
shows the presences of the prominent excitation band located at around 225 nm. This 
excitation band at 225 nm can be attributed to the spin allowed transition (∆S = 0) from the 
4F8 (ground state) → 4F75d1 of the Tb3+ ions 30,57. The emission spectra show the presences 
of eight peaks which were like those observed on Fig. 8 (a). For the undoped (x = 2.0*) 
sample shown in Fig. 9 (a), it is important to point it out that the excitation was found when 
monitoring an emission at 458 nm. To further investigate the origin of the observed 
emissions, the emission spectra of both the x = 2.0 and un-doped (x = 2.0*) samples was 
normalized as shown in Fig. 9 (b). The excitation band at 267 nm is most likely to be due to 
the band-to-band transition of AlO6 anion grouping in ZnAl2O4 

58. To clearly mark the 
difference between the excitation and emission spectra, the line breaks on the horizontal axis 
and dotted vertical lines have been used. Fig. 9 (c) shows the deconvolution emission spectra 
of the un-doped (x = 2.0*) sample excited at 265 nm. The results shows that there are three 
emission bands located at around 407, 458, and 548 nm. These emission bands are ascribed to 
the ZnAl2O4 (host) intrinsic intraband gap defects, such as oxygen vacancies (Vo*) 54,58. The 
excitation and emission spectrums of the ZAOT series is shown on Fig. 9 (d). The results 
show that there were no new emission peaks which were observed except the ones discussed 
in Figs. 8 (a) and 9 (a). Fig. 9 (e) shows the normalised emission intensity of the ZAOT 
series, it can be easily seen that the emission peak is similar to those in Figs. 8 and 9. 
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Fig. 9 Excitation and emission spectra of the (a) un-doped (x = 2.0*) and doped (x = 2.0), (b) normalized 
excitation and emission of un-doped and doped; and (c) deconvolution of the un-doped emission spectra. (d) 
Excitation and emission spectra and (e) normalised emission of the ZnAlxO1.5x + 1:0.1% Tb3+ (2.0 ≤ x ≤ 5.0), and 
(f) emission intensity ration for the Tb3+ emission at 489 nm to 545 nm. 

 

Since the Tb3+ ion can be present in the host material at various crystal field environment and 
the decrease and increase in 5D4 → 7F6 transition emission intensity depends on the symmetry 
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of the crystal field. In asymentric enviroment the intensity of this peak is higher as compared 
to the symmetric enviroment and as a result this has an impact on the emission colour [24-
28]. To investigate and estimate the Tb3+ environment or occupation on the host lattice site 
the I489 nm/I545 nm as a function of Alx moles is shown in Fig. 9 (f). The 545 nm emission peak 
attributed to the 5D4 → 7F5 magnetic dipole transition hardly varies in the presents of crystal 
field strength, while the 489 nm ascribed to the 5D4 → 7F6 electrical dipole is exceptional 
sensitive to the local environment and depends on the symmetry of the crystal field 30,59. It 
can be seen that ZnAl2O4 has attained symmetric environment at x = 2.5 due to the formation 
of singly ZnAl2O4. When Alx increase beyond x ≥ 2.5 Tb3+ gradually moves to asymmetric 
environment due to the stabilization of ZnAl2O4 crystal structure. The variation in I489 nm/I545 

nm is in consistent with the XRD results in Fig. S1 (a). Therefore, it can be concluded that the 
Tb3+ environment is regulated by the Alx moles. 

The emission intensity of the most intense peak (545 nm) as a function of Alx moles is shown 
on Fig. 10. The result shows an optimum emission intensity when x = 2.5, which can be 
simply attributed to the change in the crystal field environment (see Fig. 9 (f)) and the Tb3+ 
occupation in symmetric site within the cubic ZnAl2O4. That is when the Al3+ substitutes the 
Zn2+ in crystal lattice, which also causes the reduction on the unit cell. This result clearly 
shows that the emission intensity highly depends on the Alx moles, Tb3+ environment and the 
phases present in the sample.  

The proposed pathway channels for the excitation and emissions discussed in this paper are 
shown in Fig. 11. The energy level location of Tb3+ within ZnAl2O4 was predicted based on 
the Dorenbo’s diagram 28,60. 

 

Fig. 10 Emission intensity of the 545 nm as a function of the Alx moles.  
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Fig. 11 The proposed excitation and emission pathways mechanism for the ZnAl2O4:0.1%Tb3+. 

 

3.8.Lifetime 

Fig. 12 shows the RT phosphorescence lifetime of the prepared ZAOT series. The normalised 
decay curves shown in Fig. 12 was taken when monitoring the 545 nm emission and 225 nm 
excitation for the doped samples. For the undoped (x = 2.0*), the decay curve was taken 
when monitoring 458 nm emission and 267 nm excitation. All the samples where fitted using 
the first order exponential decay presented in equation 3 28,41,61.  

                                                           𝐼ሺ𝑡ሻ ൌ  𝐴 ൅ 𝐵𝑒ሺି௧/ఛሻ                                            … (3) 

where 𝐼 represents the phosphorescent intensity, A is the background, 𝐵 is the fitting 
parameters, 𝑡 is the time of measurement and 𝜏 decay time values. The fitting parameter and 
decay times are presented in Table 2. As expected, the lifetime results are very similar for the 
doped samples and this is because the content of the Tb3+ in the sample is constant, while the 
Alx contents was varied.  
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Fig. 12 The normalised decay curve of host at x = 2.0 and ZnAlxO1.5x + 1:0.1%Tb3+ (2.0 ≤ x ≤ 5.0) 

 

Table 2. Sample identification of fitting parameter, decay times and CIE colour coordinates. 

Sample ID fitting parameter decay times  CIE 

x 𝑨𝟏 𝝉𝟏 (ms) (x;y) 

2.0 8493.06 ± 2.00 26.94 ± 0.01 (0.232;0.455) 

2.0* 3309.75 ± 3.45 26.63 ± 0.04 (0.153;0.147) 

2.5 7974.16 ± 1.77 26.89 ± 0.01 (0.243;0.531) 

3.0 8096.12 ± 2.59 26.87 ± 0.01 (0.238;0.502) 

4.0 7310.85 ± 1.80 26.85 ± 0.01 (0.223;0.429) 

5.0 7814.12 ± 1.73 26.84 ± 0.01 (0.219;0.397) 

* - denotes un-doped sample 

 

3.9.Colour chromaticity 

The International Commission on Illumination (CIE) chromaticity diagram with vertex region 
of different colour and the co-ordinates of the luminescent material are displayed on Fig. 13. 
The colour co-ordinates of the prepared sample were calculated using the CIE co-ordinate 
calculator software 62. The colour co-ordinates for the x = 2.0 sample excited at different 
excitation wavelength is shown on Fig. 13 (a). The results show that the excitation 
wavelength influences the emission colour. Fig. 13 (b) compares the emission colour co-
ordinates of the un-dope (x = 2.0*) and ZnAl2O4:0.1% Tb3+ dope sample. The un-doped (x = 
2.0*) sample shows a blue colour emission while the Tb3+ doped shows the green emission, 
which clearly shows that doping influences the emission of the host material 57. The colour 
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co-ordinates for the ZAOT series is shown on Fig. 13 (c) and the (x;y) values are also 
presented in Table 2. The results clearly show that varying the Alx moles influence the 
emission colour due to the changing crystal field environment of the Tb3+ induced by varying 
Alx moles. The emission colour could be tuned from greenish to bluish. Fig. 13 (d) shows the 
CIE colour co-ordinates for the x = 2.5 sample when excited at 225 and 308 nm. The results 
show that the emission colour highly depends on the excitation wavelength.  

 

Fig. 13 CEI colour for the (a) x = 2.0 at various excitation wavelength, (b) Tb3+ doped and un-doped (x = 2.0*) 
sample at x = 2.0, (c) ZAOT series, and (d) x = 2.5 at the excitation wavelength of 225 and 308 nm. 

 

4. Conclusion 

In summary, ZAOT nano-powders were successfully synthesized via citrate sol-gel method. 
The XRD shows the presence of both ZnO and ZnAl2O4 phases on the prepared materials, 
which highly depends on the Alx moles. The SEM showed that varying the Alx moles does 
not significantly influence the morphology of the prepared nanophosphor. The PL emission 
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spectra showed a maximum of eight emission peaks which were attributed to the 5Dj (j = 3 
and 4) → 7Fj (j = 3 - 6) from Tb3+ emission. The PL emission colour and intensity depends on 
the crystal field and Tb3+ environment within the ZnAl2O4 matrix, which is regulated by the 
Alx moles. The lifetime measurement for the 545 nm showed that the prepared nano-powders 
have similar decay mechanism despite different crystal environment of Tb3+. CIE colour 
chromaticity showed that varying Alx moles and excitation wavelength significantly influence 
the emission colour. 
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