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A B S T R A C T   

Green-emitting ZnGa2O4:Mn2+ persistent luminescent nanoparticles were synthesized via a solvothermal method followed by a microwave-assisted sintering at 
1150 ◦C. The obtained cubic-like particles averaged 62 ± 16 nm by Transmission Electron Microscopy (TEM) and presented afterglow for up to 2 h after a 5 min 
excitation in the UV. By Electron Paramagnetic Resonance (EPR), it was observed that the Mn2+ dopant replaces uniquely Zn2+ sites during synthesis. The obtained 
particles were dispersed with hydroxypropyl methylcellulose (HPMC) in water to create thin films by drop-casting. The films with different concentrations of 
nanoparticles (1 g/m2, 10 g/m2 and 100 g/m2) had average visible transmittances between 20% and 24%, and presented persistent luminescence after UV excitation, 
with longer duration by increasing nanoparticle concentration. By synchrotron X-ray Fluorescence (XRF) nanomapping of these films it is possible to see clusters of up 
to 6 μm of the nanoparticles in the film due to water pockets during film-casting. The X-ray Excited Optical Luminescence (XEOL) showed only Mn2+ emission and the 
XEOL-XRF mapping proved the integrity of the nanoparticles after film fabrication. By combining the solvothermal method, microwave-assisted sintering, and drop 
casting, this study establishes a promising pathway for the development of advanced flexible and translucent persistent luminescent composites.   

1. Introduction 

Persistent luminescent (PersL) materials, for the most part, are found 
as inorganic solid crystals doped with an activator center (usually d- 
block and/or f-block metals). Activators are mainly responsible for the 
phenomenon of photoluminescence in crystals, attributing very well- 
defined excitation and emission spectra to materials [1–7]. The energy 
storing occurs in trapping centers within the material and the releasing 
occurs by thermal energy absorption, resulting in a glow phenomenon 
that can last from a few seconds to hours after ceasing the irradiation 
source [8–10]. The traps are impurities, (co-)dopants or lattice defects 
(natural or doping-induced) in the inorganic matrix, which creates en
ergy levels within the band gap energy of the material. Innumerous 
PersL materials are currently known, ranging from UV to NIR emitters 
[11]. 

Their applicability is intrinsically related to the emission wave
length, as well as the physical and chemical properties of the material. 
For instance, one of the most well-known PersL materials is the blue- 
emitter Sr2MgSi2O7:Eu2+,Dy3+ featuring applications on e.g. forensic 
chemistry, LEDs, fibers, films and glasses [12–14]. On the green-emitters 

list, ZnGa2O4:Mn2+ has grown attention, with studies on novel trans
parent single-crystals PersL materials and thin-films production [12,15, 
16]. Furthermore, ZnGa2O4:Mn2+ (ZGO) spinel compounds featuring 
persistent luminescence are suitable materials for a wide range of 
application, e.g. vacuum electroluminescent displays (VEDs), field 
emission displays (FEDs), light emitting diodes (LEDs), solid-state lasers, 
UV photodetectors, thermally and optically stimulated dosimeters, 
anticounterfeiting and long persistent materials [17–20]. To increase 
the range of applications, one strategy is to produce novel materials or 
composites with specific properties that are not usually found in usual 
PersL compounds. One trending property for PersL materials is trans
parency. Transparent materials featuring PersL properties might be 
applied on bioreactor installations for extended photosynthesis during 
dark times, as visual indicators of UV or X-ray irradiation, or novel 
electronic devices, such as in a new generation of AC-LEDs. 

Recently, our group reported the production of translucent cellulose- 
based composites, featuring PersL on blue region and great trans
mittance on the visible range [12]. The methodology of the film depo
sition achieved homogeneous dispersion of inorganic particles within 
the organic matrix. In this context, this work aims to expand the 
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methodology of translucent PerL composites production to produce a 
green emitter translucent PersL composite. For that, the synthesis and 
optimization of Zn Ga2O4:Mn2+-nanoparticles combining hydrothermal 
synthesis method and microwave annealing, aiming to enhance the 
optical properties of ZGO:Mn2+ nanoparticles (nZGO:Mn2+) is reported. 
Furthermore, the so obtained nZGO:Mn2+ was applied to hydroxypropyl 
methylcellulose (HPMC) films in order to create a thin-film composite, 
following the method of drop-casting thin-film deposition and the op
tical properties of the film are studied regarding its transparency and 
persistent luminescence. 

2. Experimental section 

2.1. Materials 

ZnO (Sigma Aldrich 99,0%); Ga2O3 (Sigma Aldrich 99,99%); Mn 
(NO3)2 (Sigma Aldrich >97,0%); HNO3 concentrated (Sigma Aldrich); 
Toluene (Sigma Aldrich, 99,8%); Oleic acid (Sigma Aldrich technical 
degree); NaOH (Sigma Aldrich 97,0%) were used as raw materials 
without further purification. 

2.2. nZGO:Mn2+ synthesis procedure 

The synthesis of the ZnGa2O4:Mn2+ (0.05% of Mn2+ in mole% of 
Zn2+) was a modification of the one reported by Srivastava et al. [21] 
and it was carried out by converting the metal oxides (Ga2O3 and ZnO) 
into their corresponding nitrates solution with an excess of concentrated 
HNO3. Then, 2 mmol of Ga(NO3)3, 0.9995 mmol of Zn(NO3)2 and 
0.0005 mmol of Mn(NO3)2 were stirred, the pH was adjusted to 10 with 

NaOH 1 M and the volume was completed to 15 mL with distilled water. 
2 mL of oleic acid and 30 mL of toluene were added to the solution, 
obtaining a biphasic system with some suspended metal hydroxides (Zn 
(OH)2 and Ga(OH)3) in the aqueous phase. The mixture was transferred 
to a Teflon-lined stainless-steel autoclave and then heated at 160 ◦C for 
24 h. The freshly synthesized zinc gallate nanoparticles (nZGO:Mn2+) 
were precipitated with ethanol. Then, it was washed with ethanol and 
centrifuged four times (9000 rpm, 5 min). The precipitate had a brown 
color due to the presence of organic compounds coating the inorganic 
particles. The material was then annealed at 1150 ◦C (heating rate: 
40 ◦C/min) for 30 min in a PYRO-Milestone Microwave system. Finally, 
white crystalline nZGO:Mn2+ particles were obtained after cooling, and 
further characterized with morphological, structural, and spectroscopic 
methods. 

2.3. HPMC/nZGO:Mn2+ fabrication 

The fabrication of HPMC/nZGO:Mn2+ films followed the process 
previously described [12]. Succinctly, 1 mg, 10 mg and 100 mg of the 
nanoparticles were mixed with 5 mL of HPMC aqueous solution (10 g/L) 
and dropped on a 10 cm2 circle-shaped silicone rubber substrate mold, 
resulting in films containing 1 g/m2, 10 g/m2 and 100 g/m2 of the 
persistent luminescence material. The mixture was left to dry over 24 h 
at 50 ◦C and the film was obtained (Fig. 1). 

2.4. Characterization techniques 

The X-ray diffraction (XRD) patterns of the samples were examined 
on Rigaku-Miniflex II XRD. The XRD measurements were performed at 

Fig. 1. Schematic representation (a) of the ZGO synthesis procedure and of the (b) film casting procedure. (c) Representation of luminescent and translucent 
properties of produced HPMC/nZGO:Mn2+. 

Fig. 2. XRD pattern of the nZGO:Mn2+ particles (black patterns) and standard pattern (JCPDS 38–1240).  
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room temperature using a copper anode as radiation source (CuKα =
1,54 Å, 30 kV and 40 mA), using a slit of 1 mm and CCD detector, step of 
0.05 ◦ and scan speed of 0.05 ◦/s. Morphology of the samples was 
characterized by Scanning Electron Microscopy (SEM), using a JEOL 
JSM-740 1F microscope, and Transmission Electron Microscopy (TEM) 
using a MET JEOL JEM 2011. Isopropyl alcohol was used as a dispersing 
medium for SEM and TEM samples preparation followed by a 30 min 
sonication, then dropped on a carbon stub and copper grid, respectively, 
and dried before imaging. Excitation and emission spectra measure
ments and the afterglow decay curve measurement at room temperature 

(300 K) were recorded in an Edinburgh Spectrometer FLS 1000 spec
trophotometer equipped with a continuous 450 W Xenon lamp as exci
tation source. The measurements were simply carried out by 500 mg of 
the powder prepared as a thin-pressed pellet on a sample-holder. Elec
tron Paramagnetic Resonance (EPR) measurements were carried out 
utilizing continuous wave Bruker EMX equipment at X-Band (9.5 GHz), 
2 mW power and 7 G of modulation amplitude with a standard cavity at 
room temperature (295 K). The solid samples were accommodated at a 
3 mm diameter quartz tube at room temperature (RT). EPR simulation of 
the sample was provided by the Easyspin [22] program and the 

Fig. 3. (a) and (b) SEM images showing good size distribution of ZGONPs in aggregates. c) TEM image of ZGO particle with nanometric dimensions. (d) Particle size 
frequency graph obtained from analysis of 107 nanoparticles in SEM image. 

Fig. 4. (a) (left) Excitation spectrum of ZGO, emission monitored at 505 nm at 300 K; (right) Emission spectrum of ZGO, excitation monitored at 300 nm at 300 K. (b) 
Persistent Luminescence decay time of ZGO particles after 5 min charging at 300 nm, monitored at 500 nm. (c) Pictures of nZGO:Mn2+ under room light (left) and 
dark (right). (d) CIE Diagram of nZGO:Mn2+ emission created with SpectraLux [30]. 

D.L. Fritzen et al.                                                                                                                                                                                                                               



Optical Materials: X 20 (2023) 100271

4

SimultiSpin [23] program attached to Matlab software. The X-ray fluo
rescence (XRF) mapping and X-ray Excited Optical Luminescence 
(XEOL) mapping were carried out at Tarumã endstation of the Carnauba 
beamline from the Sirius Synchrotron facility (LNLS-CNPEM, 
Campinas-SP, Brazil) [24]. For these measurements, the films supported 
on aluminum frames were raster scanned at room temperature and 
ambient pressure with excitation energy of 12 keV. The XRF measure
ment used a Vortex SDD, 4 elements, Hitachi and the XEOL used an 
Ocean Optics QE Pro (200–950 nm) spectrometer. The XRF and XEOL 
data were treated using PyMCA as reported by Solé et al. [25]. 

3. Results and discussion 

3.1. nZGO:Mn2+ nanoparticles 

The nZGO:Mn2+ diffractogram is in accordance with the crystallo
graphic data for ZnGa2O4 indexed at the Joint Committee on Powder 
Diffraction Standards (JCPDS), card #38–1240 (Fig. 2). No phase 
segregation from the presence of the Mn2+ was observed. As shown in 
the SEM (Fig. 3a and b) and TEM (Fig. 3c) images, the produced nano
particles have a cubic-shaped morphology with high homogeneous 
distribution with average size 62 ± 16 nm (Fig. 3d). Even though ag
gregates of nanoparticles are formed - which is expected due to high 
temperature annealing procedure - the aggregates did not grow bigger 
than 300 nm. The TEM micrograph reveals, with high resolution, the 

Fig. 5. EPR spectrum of ZnGa2O4:Mn2+, experimental (orange) and simulated 
with Easyspin (purple). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. (a) HPMC films with 1 mg of nZGO:Mn2+ under room light, UV light, and Dark; (b) transmittance spectra of HPMC/nZGO materials. (c) HPMC films with 10 
mg of nZGO:Mn2+ under room light (A), UV light (B) and Dark (C) and HPMC films with 100 mg of nZGO:Mn2+ under room light (D), UV light (E), and Dark (3). 
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shape of a single crystallite and the nanometric size of the produced 
particles. Both particle shape and particle size observed in this TEM 
micrograph coincide with those shown previously in SEM micrographs. 

The photoluminescence spectra of nZGO:Mn2+ measured with high 
spectral resolution at room temperature are shown in Fig. 4a. The 
excitation spectrum (λem = 505 nm) shows an excitation band in the 
ultraviolet (UV) spectral range with a maximum at 300 nm, which could 
be related to absorption around the band-gap energy in the spinel ZGO 
host (~4.4 eV) [26]. The strong green emission band is assigned to the 
spin-forbidden 4T1 → 6A1 transition, which is the first excited energy 
state and the fundamental energy state of the Mn2+, respectively, as 
shown on Tanabe-Sugano diagram for d5 metals in high-spin state [27, 
28]. After irradiating the nZGO:Mn2+ powders for 5 min at UV wave
length (300 nm) it shows persistence luminescence during more than 2 h 
at green region (500 nm) up to the limit of the equipment detection 
(Fig. 4b–d). This long time indicates that these nanoparticles are effi
cient in trapping charge carriers after UV excitation. Although the exact 
defect nature for these Mn2+-doped materials are not well known, for 
Cr3+-doped materials, the main traps are spinel anti-site defects as re
ported by Bessière et al. [29]. 

Regarding the lattice structure, it is expected that Mn2+ preferen
tially occupies Zn2+ sites in ZGO spinel [17]. This preferential substi
tution occurs not only due to charge similarity but also due to ionic radii 
match. Mn2+ radius in tetrahedral sites (CN = 4) is 0.66 Å and in 
octahedral sites (CN = 6) is 0.83 Å, while Zn2+ (CN = 4) and Ga3+ (CN =
6) radii are 0.6 Å and 0.62 Å, respectively. 

EPR measurements of solid ZGO:Mn2+ were registered showing the 
expected six line EPR signal characteristic for the Mn2+ species, with a 
nuclear spin of 5/2 (Fig. 5). The spectra showed a clear isotropic Mn2+

signal, with six split bands corresponding to g constant equal to 2.0132 
and A equal to 82 G. A signal corresponding to an unpaired electron on g 
equal to 2.0160 is also observed. It is possible to notice shoulder peaks at 
the manganese signal, which could be interpreted in two different ways: 
(i) an indicative of a second Mn2+ species with a slightly different 

chemical environment, in this case Ga3+ octahedral site, instead of the 
Zn2+ tetrahedral site, resulting in a partial inverse spinel [31,32]; (ii) a 
zero-field splitting due to magnetic interaction between two manganese 
centers, or even the interaction between unpaired electrons belonging to 
the same Mn2+ 3 d5 orbital. Although zero-field splitting due to two 
manganese centers is more commonly reported for Mn3+ high spin 
species [33–35], it is also known for Mn2+ [36]. 

Using the Easyspin platform to simulate the EPR data, it was possible 
to determine that the shoulder peaks shown on the EPR spectrum are 
from the magnetic interaction between unpaired electrons belonging to 
the same Mn2+ center. A single Mn2+ species was settled using the 
described parameters above, adding a zero-field tensor, D, equal to 5.76 
10− 4 cm− 1. The simulation configuration, as shown in Fig. 5, matches 
the experimental spectrum, leading us to believe that the Manganese 
occupies only the zinc site. 

3.2. HPMC/nZGO:Mn2+ films 

The film composites formed by HPMC and nZGO:Mn2+ exhibit the 
characteristic green emission and persistent luminescence observed in 
solid nanoparticles. The films demonstrate acceptable transparency 
under room light, with a green emission like the solid particles (Fig. 6a). 
To evaluate the films’ transparency quantitatively, we measured their 
transmittance across a range of wavelengths from 200 nm to 800 nm 
(Fig. 6b). The mean transmittance in the visible range (400 nm–700 nm) 
for films containing 1 mg, 10 mg, and 100 mg of nZGO:Mn2+ was 24%, 
23%, and 20%, respectively. Besides the increased amount of nano
particles that scatter light, one other reason for the decrease in trans
mittance (from 1 to 100 g/m2) is the increase in the film thickness with 
concentration: 18, 24 and 30 μm for the 1, 10 and 100 g/m2, respec
tively. The films also exhibit remarkable flexibility, as demonstrated by 
their ability to be bent by hand without breaking (Fig. 6c). 

The excitation and emission spectra of the composites depicts pat
terns similar to the ones observed for pure luminescent particles (Fig. 7a 

Fig. 7. (a) Excitation spectrum of HPMC/nZGO:Mn2+ thin composite film with different nanoparticle concentrations. (b) Emission spectrum of HPMC/nZGO:Mn2+

thin composite film with different nanoparticle concentrations. (c) Persistent luminescence spectrum of HPMC/nZGO:Mn2+ thin composite film. (d) Visual expla
nation of shadowing effect and filtering effect. 
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and b). However, Mn2+ excitation spectrum is shifted, with its maximum 
now around 375 nm instead of 300 nm. This happens due to the ab
sorption of HPMC, the major compound in the composite film, which 
starts around 350 nm and increases with smaller wavelengths [37], 
leading to the excitation shift as all incident photons are absorbed by 
HPMC and do not lead to Mn2+ emission, which is also known as 
filtering effect [38] (Fig. 7d). The green emission observed in the com
posites, as before, is attributed to the 4T1 → 6A1 transition in nZGO: 
Mn2+. The emission intensity as well as the afterglow duration decrease 
as the concentration of the particles in the film diminishes. The persis
tent luminescence duration (up to detector sensibility) ranges from 5 
min for 1 g of particles per m2 of film, to approx. 25 min for 10 g/m2 

reaching up to 2 h for the maximum concentration of 100 g/m2, which is 
similar to the maximum persistent luminescent duration of the pure 
nZGO:Mn2+ powder (Fig. 7c). This indicates that no shadowing [39] 
effect takes place in these composites (Fig. 7d). This dampening effect 
take place due to the nanoparticles located closest to the surface of the 
film absorb more light than those located deeper in the film [39]. In our 
materials, probably due to the combination of small particle size and 
film thickness, we did not observe it. 

Those findings reveal a significant relationship between the con
centration of nanoparticles within the composite and the intensity of the 

emission/excitation bands. Specifically, as the concentration of nano
particles decreases, the intensity of these bands also diminishes. This 
trend can be attributed to the reduced number of photons absorbed and 
emitted by the luminescent particles within the films, resulting in a 
weaker glow and a shorter afterglow duration. The decreased concen
tration of nanoparticles leads to a lower probability of photon capture, 
which ultimately limits the amount of emitted photons that can be 
detected. 

To gain insight into the distribution of nanoparticles within the film, 
X-ray fluorescence (XRF) nano-mapping was registered on the films with 
nominal loading of 1, 10 and 100 g/m2. The XRF mapping images 
(Fig. 8a and b) were generated integrating the Zn and Ga Kα fluores
cence signals from the XRF spectra (Fig. S1) pixel by pixel. The results 
indicated that at both 1 and 10 g/m2 nanoparticle loadings, the nano
particles were evenly distributed throughout the film, except for a few 
clusters. Specifically, small, localized regions of higher nanoparticle 
concentration were observed, which may be attributed to the formation 
of water pockets during the HPMC film-casting process. These water 
pockets can lead to the formation of agglomerates. The agglomerates 
observed in this study had an approximate size of 6 μm, which is 
consistent with previous findings reported by our group. In a study of 
Sr2MgSi2O7:Eu2+,Dy3+/HPMC composites, we observed agglomerates 

Fig. 8. a) XRF nanomaping images of HPMC/nZGO:Mn2+ in the surface concentration of 1 g/m2 of the particles in three different magnifications (pixel size = 5 μm, 
500 nm and 20 nm). b) XRF nanomaping images of HPMC/nZGO:Mn2+ in the surface concentration of 10 g/m2 of the particles in three different magnifications. c) 
Mn Kα and d) Zn + Ga Kα XRF mapping of the 10 g/m2 film registered simultaneously with the e) XEOL mapping. 
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of the same size for the luminescent particles. This suggests that the 
formation of agglomerates may be a common phenomenon in the pro
duction of luminescent polymer composites, based on HPMC [12]. The 
100 g/m2 film exhibited very high particle concentration, covering 
almost the entire surface of the film composite (Fig. S2). The simulta
neous XEOL and XRF nano-mapping measurement was also performed 
by integrating simultaneously the XEOL spectra (which exhibited only 
Mn2+ emission; Fig. S3) with the XRF at selected lines. The perfect su
perposition of XEOL and XRF signals suggest that Mn2+-emission is only 
present at the same locations of Zn2+ and Ga3+, which guarantees the 
integrity of the nanoparticles during the film casting (Fig. 8c–e). 

4. Conclusions 

In summary, ZnGa2O4:0,05mol%Mn2+ nanomaterials were success
fully synthesized using a hydrothermal method followed by microwave 
annealing. XRD analysis confirmed the high purity and crystallinity of 
the spinel host, with no segregation or formation of undesired phases 
observed due to the incorporation of manganese. SEM and TEM images 
revealed uniform cubic nanocrystals of nZGO:Mn2+, with a mean size of 
62.38 ± 16.18 nm. EPR analysis indicates that Mn2+ occupies only the 
tetrahedral site of the spinel. Moreover, the optical properties of the 
nanoparticles were found to be similar to those of the bulk material 
reported in the literature, as confirmed by excitation and emission an
alyses. The long-lasting persistence curve also demonstrated an after
glow duration of over 2 h at room temperature after UV-light irradiation 
ceased. These results suggest that nZGO:Mn2+ nanoparticles have po
tential for use in optoelectronic applications, particularly as persistent 
luminescence materials. Nonetheless, the HPMC/nZGO:Mn2+ compos
ites presented applicable flexibility, and transparency with homoge
neous distribution and no lixiviation of nanoparticles as shown by XRF 
and XEOL mappings. The PersL duration of the films increases with 
higher concentration of nZGO:Mn2+ until the limit of pure nano
particles. For the first time, HPMC/nZGO:Mn2+ composites are reported 
featuring transparency and afterglow at the green region. 
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