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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Mn2*-doped MgGeO3 (MgGeO3:Mn>") is an efficient persistent phosphor that emits red luminescence for long

time after stopping excitation with UV light. For optical and biotechnological uses a precise control of particle

Keywords: size and shape is highly desired since these parameters may have a strong influence on the properties and
MgGeOs suitability of phosphor materials for the intended applications. To the best of our knowledge, MgGeO3:Mn>* has
Il;/leirslii?:tseluminescence been synthesized by conventional solid-state-reaction, which yields particles of heterogeneous size and shapze.
Nanophosphor Here, we report for the first time in the literature a salt-assisted method for the synthesis of MgGeO3:Mn*"

nanoparticles with uniform shape (nanorods) and a mean size of 350 nm x 99 nm. The rigorous study of the
luminescence properties of the MgGe03:Mn2+ nanorods revealed that whereas the optimum doping level for
photoluminescence was 2.0 mol% Mn?", the best persistent luminescence was attained with just 0.5 mol% Mn?*,
which is ascribed to the different mechanisms of both luminescence processes. The optimum persistent nano-
phosphor showed an intense red emission, which persisted at least 17 h after stopping the excitation. Such
excellent properties make the developed nanophosphor an attractive candidate for use in optical and biotech-

Salt-assisted

nological applications.

1. Introduction

Much attention has been paid in the last years to research involving
persistent luminescence (PersL) materials [1-4]. This kind of phosphors
emit light for extended periods of time (from minutes to days) after
stopping the excitation radiation (near-infrared light, visible light, ul-
traviolet light, X-rays, electrons or gamma radiation) [3,5]. This phe-
nomenon is due to the storage of excitation energy in intrinsic traps
(holes or electrons) and the further release of the trapped charges, which
produce the emission of photons under proper (mainly thermal) stimu-
lation [2]. PersL materials are currently used in several areas of tech-
nology, the most popular being displays and safety signaling [1]. Their
use for other novel applications such as photocatalysis [6], solar cells
[71, anticounterfeiting [8], optical information storage [9], sensing
[10], bioimaging [11], and therapy [12], has also been proposed. PersL
materials are particularly interesting for bioapplications, as PersL
phosphors are charged prior to injection into biological tissues, thus
preventing tissues autofluorescence that usually occurs with conven-
tional phosphors, resulting in higher signal to noise ratio of the images
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[11].

For many of these applications, a control of particle size and shape is
highly desired since these parameters may have a strong influence on
the properties and suitability of the phosphor materials for the intended
applications. For example, for biological applications nanoparticulated
materials with uniform shape and appropriate size (<200 nm) are
required [3,11]. In addition, it is well known that for the preparation of
films for optical applications, a very simple and economical method is
spin-coating from colloidal suspensions, which must consist of nano-
particles (NPs) to achieve transparency and optical quality [13].

In 2003, Iwasaki et al. reported that Mn®"-doped MgGeOj3 is an
efficient persistent phosphor that emits red luminescence for long time
after stopping excitation with UV light [14]. In this material, MgGeOs3
shows an orthorhombic pyroxene-type structure consisting of single
chains of Ge** tetrahedra running parallel to the c-axis and two types of
Mg2+ octahedral sites [15]. Due to their similar ionic radii and same
oxidation state, Mn>" substitutes Mg?* in the MgGeOs crystal structure,
as indicated by the red emission of the material under UV light, which is
characteristic of Mn?*t in octahedral sites [16]. Since the pioneering
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work by Iwasaki et al., some other papers on this phosphor have
appeared, most of them aiming to increase the intensity and duration of
the persistence luminescence by co-doping with different trivalent cat-
ions (bismuth, lanthanides) to modulate the emission features [17-20]
or to explore their potential applications for optical information storage
[20] or bioimaging [19,20]. In these works, the co-dopant content has
been optimized to achieve maximum persistence. However, the effects
of Mn?* doping level on this magnitude has not been addressed to the
best of our knowledge, which is surprising since this task is essential to
optimize the persistence properties [4]. Moreover, in most previous
works, the samples were synthesized through the conventional
solid-state method, which requires high calcination temperatures lead-
ing to aggregation and sintering, thus precluding any control of the
morphological properties of the obtained phosphor.

During the last decades, several salts-assisted methods for the syn-
thesis of materials by solid-state reactions have been developed, which
have been shown to be suitable to decrease the temperature of formation
of the desired phase and/or to control the particle size and shape.
Depending on the melting point of the salt, these methods are classified
into molten-salt methods (with low melting point salts) [21-23], or
salt-templated synthesis (with high melting point salts) [24,25]. In the
first case, the salt melts during calcination favoring the dissolution of
reagents and the diffusion processes required for phase formation, which
eventually reduces the crystallization temperature [22]. This also affects
to nucleation and particle growth processes and, therefore, a certain
control on particle size and shape can be achieved [21]. When working
at lower temperature than the melting point of the added salt, the later
may act as template [25] or as dispersing agent to avoid particle growth
and sintering [26], in both cases leading to different nanostructured
materials. In these synthesis methods, the chosen salts must be water
soluble so that they can be easily removed by washing after calcination.

Here, we report on the synthesis of Mn?"-doped MgGeO3 nano-
particles by using a salt-assisted method at temperatures below the
melting point of the salt (K;SO4), which allows a certain control on
particle size and shape for the first time in literature for this kind of PersL
phosphor. The effects of Mn®>" doping level on the photoluminescence
and persistent luminescence properties, which has not been reported yet
for this system, are also evaluated aiming to optimize the nanophosphor
performance.
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2. Experimental
2.1. Reagents

Germanium (IV) oxide (GeOs, Sigma Aldrich, >99.99%), magnesium
carbonate hydroxide pentahydrate (Mgs(CO3)4(OH)2-5H20, Sigma
Aldrich), manganese (II) chloride (MnCl,, Sigma Aldrich, >99%), po-
tassium sulphate (KoSO4, Sigma Aldrich, >99.0%), phosphate buffered
saline (PBS solution, pH 7.4, Sigma Aldrich) and hydrochloric acid (HCI,
Sigma Aldrich, 37%) were used as received.

2.2. Synthesis procedures

Undoped MgGeOs3 particles were synthetized according to three
different procedures (Scheme 1).

Method I In a typical synthesis, 0.30 mmol of GeO5 were dissolved in
15 mL of double distilled water at 80 °C under magnetic
stirring until the solution became completely transparent.
The solution was then allowed to cool down. Next, K;SO4
(4.5 mmol) was dissolved in 15 mL of double distilled water
and Mgs(CO3)4(0OH)2-5H20 (0.06 mmol) was added to the
solution, which was magnetically stirred at room tempera-
ture (RT) for 5 min. A slight turbidity was observed, which
may be due to the incomplete dissolution of the later com-
pound. Both solutions were then admixed and homogenized
under magnetic stirring at RT for 5 min. The final solution
was poured into a crystallizer (11 cm diameter) and allowed
to evaporate to dryness in a conventional oven preheated to
120 °C for 3 h. The obtained powder was gently ground in an
agate mortar and annealed in a porcelain crucible at
different temperatures (10 °C:min~1) for 4 h. The resulting
solid was washed with double distilled water to remove
K5SO4.

Method II Following a solid-state reaction, GeO; (0.30 mmol),
Mgs(C0O3)4(OH),-5H20 (0.06 mmol) and K2SO4 (4.5 mmol)
were mixed together and homogenized by grinding in an
agate mortar during 10 min with addition of acetone. The as
prepared powder was placed into a porcelain crucible and
calcined at different temperatures for 4 h.

Method III This method involved the same experimental conditions
described above for method I without the addition of K3SO4.

For the synthesis of Mn?"-doped MgGeO3 (MgGeO5:Mn>") particles,

Method |
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Ge0, in H,0 Mgs(COs)(OH),:5H,0

+K,S0, in H,0
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Method II

Method IlI

K,SO4 + GeO, +
Mgs(CO,),(0H),5H,0

\ = |5
\\—]//

10 min 500 °C, 700 °C, 900 °C
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Same as Method | but without K,S0,

Scheme 1. Description of MgGeOs3 synthesis methods used in this study (RT = Room Temperature).
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we used method I, but adding the desired amount of MnCly, from a
concentrated solution, to the starting solution. Different doping levels,
from 0.2 to 4.0 mol% Mn?*, were assayed aiming to optimize the
luminescent properties of the synthesized phosphors.

2.3. Characterization techniques

Transmission electron microscopy (TEM, JEOL2100Plus) and scan-
ning electron microscopy (SEM-FEG, Hitachi S4800) were used to
examine particle shape and size. The size distribution (fitted with a
Gauss function) was obtained from the TEM images by counting several
hundreds of particles using the free software ImageJ. High resolution
transmission electron microscopy (TEM, JEOL2100Plus) was used to
study the microstructure of the MgGeOs:Mn?" nanoparticles. The
chemical composition of the particles was analysed under a TEM mi-
croscope (FEI TALOS S200) using energy dispersive X-ray spectroscopy
(EDX) mappings.

Phase identification was carried out by X-ray powder diffraction
(XRD) using a P’ Analytical X Pert Pro diffractometer (CuKa) with an X-
Celerator detector over an angular range of 10° < 20 < 70°, a 20 step
width of 0.05°, and 300 s counting time. Lattice parameters of the
MgGeO3:Mn?" samples were determined from their XRD pattern by the
Le-Bail method using PDF 00-034-0281 as starting parameters. The full
width at half maximum of the (220) reflection (located around 35° 26)
was used to calculate the crystallite size of the particles by using the
Scherrer equation.

Fourier transform infrared (FTIR) spectra were recorded for
powdered samples diluted in KBr pellets using a JASCO FT-IR-6200
Fourier transform spectrometer.

Inductively coupled plasma atomic emission spectroscopy (ICP-AES,
Horiba Jobin Yvon, Ultima2) was used to determine the quantitative
composition of the MgGeOs:Mn?* particles. For this purpose, powdered
samples (~8 mg) were previously digested in hydrochloric acid (3 mL)
with magnetic stirring for 3 h at RT.

The optical characterization of the MgGeO3:Mn?" samples was car-
ried out in an Edinburgh FLS1000 spectrometer. For a quantitative
comparison of the luminescent properties, a small hole (2 mm diameter,
0.5 mm depth), made in a quartz slide, was filled with the same mass of
powdered samples, and then covered with a quartz lid. The excitation
and emission spectra were recorded using wavelengths of 678 nm and
250 nm, respectively. All spectra were corrected for the optical system
responses. For the measurement of persistent luminescence decay
curves, the samples were previously excited for 5 min at 250 nm to
charge the traps, and the decay curves were then monitored every 0.4 s
at 678 nm after stoppage of the excitation. The excitation and emission
slits were both set at 13 nm for maximizing the intensity. During exci-
tation, an optical density filter (OD 3) was placed in the emission
pathway to avoid detector saturation and it was quickly removed to
record the persistent emission when the excitation was stopped.
Persistent luminescence excitation spectra were obtained by integrating
the first minute of the persistent luminescence decay curves, recorded at
different wavelengths in the interval 250-400 nm. The integrated values
were corrected by the lamp response at each wavelength and the sample
was discharged by heating with a hair dryer after each experiment.
Finally, persistent luminescence emission spectra were obtained by
integration of the persistent luminescence decay curves (first minute),
recorded after excitation at 250 nm at different detector positions (from
500 to 900 nm). The first two data points after switching off the UV light
were discarded for integration of all persistent luminescence decay
curves. Finally, persistent luminescence decay curves were also recorded
in the same way as before but using a 639 nm laser (output power 200
mW).

Digital photographs were taken with a digital camera while illumi-
nating the powdered samples (deposited by filtration on a 100 nm pore
size Millipore filter) with both white light and UV light (conventional
UV lamp at 312 nm). The same amount of powder was used for each
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sample so that the photographs could be compared to each other. The
acquisition parameters were: manual-ISO 250-1/3 s.

Persistence images were acquired using an IVIS Lumina LT Series III
equipment. Powdered samples were dispersed in PBS (pH = 7.4) at a
concentration of 27 mg/mL and sonicated for 2 min. Then, 0.150 mL of
each dispersion were placed in a Microplate 96 well (F Bottom, Black,
Greiner. Bio-one). The microplate was subsequently illuminated with a
conventional UV lamp (312 nm) for 5 min and the persistent lumines-
cence signal was recorded at different times after stopping the UV
illumination.

3. Results and discussion
3.1. Synthesis and characterization of undoped MgGeO3 nanoparticles

MgGeOs nanoparticles were synthesized following method I (see
Scheme 1 in Experimental section), which involves the admixture of
Mg?" and Ge** precursors and K,SOy4 salt in water to ensure their inti-
mate mixing followed by evaporation to dryness at 120 °C, and calci-
nation at increasing temperatures (500, 700 and 900 °C). The sample
obtained after each calcination was washed with double distilled water
to facilitate its characterization by removal of the K;SO4 contribution.

The XRD pattern of the product obtained after drying at 120 °C (and
washing to remove KySO4) (Fig. 1a) indicated that the mixture of the
precursors in water and further evaporation to dryness not only led to
the intended intimate mixing of the precursors, but to a chemical reac-
tion between Ge and Mg precursors. Thus, the XRD pattern matched
with PDF 00-012-0063 which corresponds to a product obtained after
prolonged boiling of KyGeOs and MgCl, [27]. The authors observed that
their diffraction pattern was very similar to that of a layered magnesium
silicate obtained in the same conditions [28] and concluded that their
product was a magnesium germanium oxide hydrate with a layered
structure very similar to that of such magnesium silicate.

FTIR spectroscopy also supports the occurrence of a chemical reac-
tion between the Ge and Mg precursors during the drying treatment at
120 °C. Thus, comparison of the FTIR spectrum of the sample dried at
120 °C with those of the Mg and Ge precursors (Fig. 2a) showed
important variations in the position and relative intensity of the bands

e
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Fig. 1. Experimental XRD patterns of the sample obtained after evaporation to
dryness of the precursor solution at 120 °C (following method I) (a) and of the
powders obtained after calcination of such sample at 500 °C (b), 700 °C (c) and
900 °C (d). PDF 00-012-0063 (magnesium germanium oxide hydrate) and PDF
00-034-0281 (orthorhombic MgGeOs) are also included.

36793



D. Gonzalez-Mancebo et al.

Sample dried at 120 °C

Mg5(CO3)4(OH),(H,0),

Absorbance (a.u.)

GeO,

——
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Fig. 2. a) FTIR spectra of the sample obtained after evaporation to dryness of
the precursor solution at 120 °C (following method I) and of the Mg and Ge
precursors. b) STEM-HAADF image and O, Ge, and Mg EDX mappings of the
sample dried at 120 °C.

corresponding to the lattice (<1000 crn’l) and OH (3700-3200 cmfl)
vibrations as well as the almost complete disappearance of the carbonate
bands (~1500 cm_l) corresponding to the Mg precursor. Finally, in
agreement with the above findings, the EDX compositional mapping of
the sample dried at 120 °C (Fig. 2b) showed the presence of Ge and Mg
not segregated but intimately mixed within all the particles. We can,
therefore, conclude that a chemical reaction between the germanium
and magnesium precursors took place during their drying pretreatment
at 120 °C giving rise to a magnesium germanium oxide hydrate with
layered structure.

As revealed by XRD (Fig. 1b), no structural changes were detected
after calcination of the dried product up to 500 °C while orthorhombic
MgGeOs was completely formed at 700 °C (Fig. 1c). When the calcina-
tion temperature was increased from 700 to 900 °C (Fig. 1d), only a
narrowing of the reflections was noticed, which indicates an increase of
crystallite size (from 35 to 43 nm). It is outstanding that the formation
temperature of MgGeOj3 following this synthesis method is much lower
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than that required to crystallize the phase through conventional solid-
state reaction (SSR), which, according to literature [29] and our own
experiments (Fig. S1), was >1100 °C. It should be noticed that such
reduction of crystallization temperature cannot be ascribed to the pro-
cesses associated to the molten salt method since, in our case, we work
below the K3SO4 melting point (1065 °C) and therefore, a liquid phase is
not present to favor the diffusion process required for crystallization
[21-23]. To elucidate the reason for such important reduction in the
formation temperature of the MgGeOgs phase following method I, two
separate sets of experiments were conducted. Firstly, the magnesium
and germanium precursors and the K3SO4 salt were not dissolved in
water previous to calcination, but they were just mixed in dried form
and gently ground in an agate mortar in the presence of a small amount
of acetone to favor homogenization (method II).

The XRD pattern obtained after calcination of this precursors mixture
at 500 °C (Fig. 3a) showed several broad reflections that suggest a poorly
crystallized phase probably coming from the decomposition of the
starting magnesium carbonate hydroxide. A set of intense, narrow re-
flections corresponding to tetragonal GeOz (PDF 00-035-0729) and
several tiny peaks corresponding to the incipient crystallization of
K4GegO4p (PDF 00-014-0157) were also present. After calcination at
700 °C, the XRD pattern (Fig. 3b) was characteristic of a well crystallized
powder showing narrow and intense reflections corresponding to
K4GegOy (PDF 00-014-0157). The pattern also showed several weak
reflections of both KyGe4Og9 (PDF 00-040-1188) and MgGeOs (marked
with asterisks). Finally, the sample calcined at 900 °C (Fig. 3c) consisted
mainly of KoGe4Og9 (PDF 00-040-1188) and, in a much lower proportion,
of MgGeOj3 (marked with asterisks) and Mg,GeO4 (marked with circles).
Therefore, the full crystallization of MgGeOs is not observed at the
highest calcination temperature (900 °C) following method II. This
result indicates that the low crystallization temperature of MgGeOs3
observed following method I (700 °C) cannot be only due to the addition
of KzSO4.

Secondly, the magnesium and germanium precursors were dissolved
in double distilled water without adding the salt and the resulting so-
lution was evaporated to dryness in a conventional oven at 120 °C for 3h
(method III).

The XRD pattern of the obtained product (Fig. 4a) was similar to that

“ ‘\I ‘lPDFO -014-0157

T

Intensity (a.u.)

a
‘ | PDF 00-035-0729
| I | L1

10 20 30 40 50 60 70
20 (degrees)

Fig. 3. Experimental XRD patterns of samples prepared by method II and
annealed at 500 °C (a), 700 °C (b), and 900 °C (c). PDF 00-035-0729 =
tetragonal GeO,, PDF 00-014-0157 = tetragonal K4GegO,, PDF 00-040-1188
= hexagonal K;Ge4O9. Symbols: Asterisks = orthorhombic MgGeO3 (PDF 00-
034-0281), circles = orthorhombic Mg,GeO,4 (PDF 00-036-1479).
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Fig. 4. Experimental XRD patterns of the sample obtained after evaporation to
dryness of the precursor solution at 120 °C (following method III) (a) and of the
powders obtained after calcination of such sample at 500 °C (b), 700 °C (c), and
900 °C (d). PDF 00-012-0063 (magnesium germanium oxide hydrate) and PDF
00-034-0281 (orthorhombic MgGeOs) are also included.

resulting from method I, which consisted mainly of layered magnesium
germanium oxide hydrate phase, although a lower degree of crystal-
linity (broader reflections) was observed in this case. The same XRD
pattern was observed after calcination at 500 °C (Fig. 4b), while a phase
transformation into the MgGeO3 was inferred from the XRD pattern of
the sample annealed at 700 °C (Fig. 4c). Therefore, the temperature
necessary for the formation of MgGeOs following method III was the
same temperature as for method I. This result reveals that the main
factor responsible for the speeding of the MgGeOs crystallization is the
formation, during the drying pretreatment at 120 °C, of the layered
magnesium germanium oxide hydrate phase, in which the Mg and Ge
cations are intimately mixed thus favoring the diffusion processes
required for the crystallization of MgGeOs. When the calcination tem-
perature was further increased to 900 °C (Fig. 4d), a narrowing of the
reflections was noticed, indicating an increase of crystallite size (14 nm
at 700 °C and 29 nm at 900 °C). Irrespective of the calcination tem-
perature, crystallite sizes were smaller than those obtained with salt
addition (method I) indicating that a higher crystallinity was attained
using method I.

The addition of salt had also a strong influence on the morphological
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features of the products as shown in the micrographs displayed in Fig. 5.

It can be observed that after drying the starting solutions at 120 °C,
the product obtained in the absence of salt (method III) (Fig. 5a) con-
sisted of lamellae organized into a sponge-like microstructure, whereas
such hierarchical structure of lamellae was not detected when adding
salt (method I) (Fig. 5d). It should be noticed that the observed lamellae
are compatible with the formation of the layered magnesium germa-
nium oxide hydrate as revealed by XRD in both methods (Figs. 1a and
4a). On calcination, the sponge-like microstructure obtained in the
absence of salt was kept up to 900 °C (Fig. 5b and c). However, in the
presence of salt, the starting lamellae transformed into small (<100 nm)
crystallites at 700 °C (after MgGeOs formation) (Fig. 5e) and into well-
defined nanorods, after calcination at 900 °C (Fig. 5f). The nanorods,
with dimensions 350 (6 = 100) nm x 99 (¢ = 25) nm (Fig. S2) exhibited a
high degree of crystallinity, as revealed by the HRTEM micrograph
(Fig. 6), which clearly showed bright fringes running parallel to the long
axis of the rod. The fringes were spaced 4.68 A, which corresponds to the
(400) planes of the orthorhombic MgGeOjs structure. This result in-
dicates that the a axis of the orthorhombic MgGeOs unit cell was
perpendicular to the large dimension of the rod.

In addition, it is worth mention that the microstructures shown
above differ significantly from that observed after a conventional solid-
state reaction (Fig. S3), which consists of sintered, irregular shape
crystals.

In summary, all these findings reveal that the addition of K;SO4 to
the starting solution of the magnesium and germanium precursors is
essential to obtain MgGeOs nanoparticles with well-defined
morphology. Although, the reason for the different particle size and
shape caused by the addition of salt are not fully understood, it may be
attributed to the different microstructure and crystallinity observed for
the dried precursors, since these factors may affect to the nucleation and
crystal growth processes taking place during calcination.

3.2. Synthesis of Mn?"-doped MgGeO3 nanophosphors and study of their
luminescent properties

MgGeO5 nanorods doped with different Mn?* contents (nominal
values from 0.2 up to 4.0 mol%) were synthesized following the salt-
assisted method (method I) using a calcination temperature of 900 °C.
The experimental Mn?" contents were determined by ICP resulting close
values to the nominal ones (Table 1), the differences have been ascribed
to weighing errors. The samples will be named hereafter as MgGeOs:x%
Mn?" where x stands for the nominal mol% Mn?". Fig S4 shows that the
Mn2* doping level did not alter either the size or the shape of the syn-
thesized particles, all of which consisted of rods with approximate mean
size 350 nm x 95 nm. However, the XRD patterns of the samples
(Fig. 7a) showed a shift of the reflections towards lower 26 angles with

Fig. 5. Top: SEM micrographs of the sample obtained
after evaporation to dryness of the precursor solution
at 120 °C (following method III) (a) and of the pow-
ders obtained after calcination of such sample at
700 °C (b) and 900 °C (c). Bottom: SEM micrographs
of the sample obtained after evaporation to dryness of
the precursor solution at 120 °C (following method I)
(d) and of the powders obtained after calcination of
such sample at 700 °C (e) and 900 °C (f). The inset in
f is a TEM micrograph of the same sample.
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Fig. 6. Top: HREM micrograph of a MgGeO3 nanorod. The inset shows the
digital diffraction pattern obtained from the red area. Bottom: Magnification of
the red area showing lattice fringes and interplanar distance. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Table 1
Nominal and experimental (ICP) Mn*" content and unit cell volume of MgGeOs:
x%Mn?" nanorods. The associated errors are given in brackets.

% Mn?* (Nom.) % Mn2* (Exp.) Unit cell volume (A%)

0.0 0.00 899.09(1)
0.2 0.18 899.24(1)
0.5 0.50 899.42(1)
1.0 1.11 899.91(1)
2.0 2.30 900.83(1)
4.0 4.63 902.78(1)

Ceramics International 49 (2023) 36791-36799

a T T T
4.0 % Mn?*
3: [ 2.0 % Mn?*
S
oy l 1.0 % Mn2*
[72]
C
[ ! \ 0.5 % Mn?*
= |
0.2 % Mn?*
| I | PDIF: 00-034-0281
10 20 30 40 50 60
20 (degrees)
904 T T T T T
b
) 9031 -
(0] i |
2 902
=
S 9014 .
S 900 !
5 899 .
898 T T T T T

0 1 2 3 4 5
Experimental [Mn?*] (mol %)

Fig. 7. a) Experimental XRD patterns of MgGeOs:x%Mn?" nanorods. Re-
flections of orthorhombic MgGeO3 (PDF 00-034-0281) are shown at the bottom.
b) Unit cell volume versus experimental Mn>" content of the samples shown
in a.

increasing Mn?* content. This shift must result from the expansion of the
unit cell as a consequence of the larger size of Mn?" cations (0.83 [D\)
replacing the smaller Mg?* ones (0.72 A) in the octahedral sites of the
orthorhombic MgGeOs5 structure. The unit cell volume values obtained
from LeBail refinements are given in Table 1 and plotted versus Mn%*
content in Fig. 7b. The cell volume increases linearly with increasing
Mn?* content which indicates the effective replacement of Mn?* for
Mg?* in the orthorhombic MgGeOs unit cell.

The excitation photoluminescence spectrum of the MgGeO3:2.0%
Mn?" nanorods monitored at 678 nm (Fig. 8a) showed a broad band at A
< 350 nm with maximum below 250 nm that is due to the 6Alg—>4A1g
transition of Mn?" ions. The weak bands in the wavelength range
340-450 nm can be attributed to electron transitions of Mn?* from the
6A1g to the 4A1g,4Eg(G) states [30]. The emission spectrum of the same
sample excited at 250 nm exhibited a broad band from around 600 to
850 nm, peaking at 678 nm (Fig. 8b, green line). This emission band is
characteristic of Mn2" ions located in an octahedral environment and it
is due to the 4T1g—>6A1g transition [31]. Fig. 8b shows that the emission
spectra of the rest of MgGeO3:x%Mn>" nanorods were identical to that
of the 2.0% Mn?*-doped sample in terms of bandwidth and position.
However, their intensity progressively increased from the sample doped
with 0.5% Mn?* up to the sample doped with 2.0% Mn?* and then
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Fig. 8. a) Excitation spectrum recorded on the MgGe03:2.O%Mn24r nanorods; b) emission spectra of MgGe03:x%Mn2+ nanorods (x = nominal content); c) integrated
area of the emission spectra shown in b vs. experimental Mn?* content; and d) images of the different MgGe03:x%Mn2+ nanorods under white light (top) and under

UV lamp (312 nm) (bottom).

decreased for the 4.0% Mn2?'-doped sample. This trend is better
observed in Fig. 8c, where the area under the curve of the spectra in
Fig. 8b were plotted versus Mn?* content. In summary, the MgGeO3
nanorods doped with 2.0% Mn?" showed the highest emission intensity
while concentration quenching effect took place for Mn2" contents be-
tween 2.0% and 4.0%. The broad emission band observed under UV
excitation is responsible for the red emission of the samples as observed
in the digital photographs of Fig. 8d which were taken under white light
(top) and under a portable UV lamp (bottom). The bottom photographs
agree well with the evolution of the emission intensity observed in
Fig. 8b and ¢ with the 2.0% Mn?"-doped sample showing the brightest
photoluminescence emission under UV light.

20— T

Fig. 9a shows the persistent excitation spectrum obtained after
excitation of the MgGe03:0.5%Mn>" nanorods at the different wave-
lengths between 250 and 400 nm for 2 min and monitoring the emission
at 678 nm. Likewise, Fig. 9b shows the persistent emission spectrum of
the same sample obtained after excitation of the powder at 250 nm for 2
min and monitoring the emission between 500 and 900 nm. Both the
persistent luminescence excitation and emission spectra, reported here
for the first time for the MgGeOrg:Mn2+ persistent phosphor, have pro-
files identical to those of the corresponding photoluminescence spectra
(Fig. 8b), indicating that the red persistent luminescence originated
from the same Mn?" emitting centers.

Fig. 9c shows the persistent luminescence decay curves of MgGeO3:x
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Fig. 9. Persistence excitation spectrum (a) and persistence emission spectrum (b) of MgGe05:0.5%Mn?" nanorods; ¢) Persistent luminescence decay curves of
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%Mn>" nanorods with different Mn?* doping levels, recorded at an
emission wavelength of 678 nm after excitation at 250 nm for 5 min. The
same amount of powder was used for each measurement so that the
intensity of the curves can be compared to each other. It can be observed
that all samples showed emission after stopping the excitation radiation,
although the emission intensity varied with the Mn?* doping level. The
MgGe03:0.5%Mn>" sample clearly showed the more intense emission at
any time, while the one doped with 4.0% Mn?* always showed the
lowest one. To easily evaluate the evolution of the persistent emission
with Mn?" content for all samples, we have plotted, in Fig. 9d, the area
under the curves of Fig. 9c versus Mn?* doping level. The persistent
luminescence intensity increased from the sample doped with 0.2%
Mn?* to the one doped with 0.5% Mn?* while higher Mn%* contents
gave rise to the decrease of such magnitude. In conclusion, although the
optimum Mn?* doping level for the maximum photoluminescence
emission was found to be 2.0% Mn2+, a much lower level (0.5% Mn>")
was enough to get the highest persistent emission. Such difference can
be explained on the basis of the different mechanisms involved in the
photoluminescence and persistent luminescence processes [32]. Photo-
luminescence emission in MgGeO3:x%Mn?" is caused by direct excita-
tion (with UV light) of Mn?* electrons from the ground energy level E’Alg
to the higher excited state 4A1g followed by non-radiative decay to the
4Tlg level and radiative red emission from this level to the ground state.
Increasing Mn?" content leads to the increase of the photoluminescence
emission until concentration quenching takes place. The PersL process
is, however, a very different, involving storage of the excitation energy
in lattice defects (energy traps), consisting mainly of oxygen vacancies
[14] followed by charges release, recombination and luminescence
emission from Mn?" ions residing mainly near the traps. This explains
why the optimal doping concentration of emitters is usually at a much
lower level when compared with the photoluminescence process.

Interestingly, Wang et al. demonstrated that in comparison with the
most common high-energy UV lamp used for achieving NIR persistent
emission, long-wavelength red light can also induce NIR PersL in
MgGeO5:Mn?*,Yb3" phosphor through an upconverison charging (UCC)
strategy [20]. As a proof of concept, the persistent luminescence curve of
our MgGe03:0.5%Mn>* nanorods was recorded after 10 min irradiation
with a 639 nm laser (output power 200 mW) observing an intense NIR
PersL (Fig. S5). This excitation strategy can be of interest for
bio-applications. Further studies are in progress to analyse the persistent
luminescence mechanism after UCC in MgGeO3:Mn>" nanorods.

The effect of Mn?* content on the emission brightness with time can
be easily observed in Fig. 9e, that shows the images of persistence
luminescence acquired, in an IVIS Lumina, for the MgGeOg:x%Mn>"
nanorods at different periods of time after illumination for 5 min with a
UV lamp (312 nm). The sample doped with 0.5% Mn?* is the brightest
one at any time, in good agreement with the decay curves presented in
Fig. 9c. Moreover, Fig. 9e shows that the luminescent signal of the latter
was detected for more than 1020 min (17 h), illustrating the excellent
persistent luminescent properties of our Mn2+—doped MgGeOs
nanophosphor.

4. Conclusions

A salt-assisted method has been developed for the synthesis of
MgGeO3 nanorods, which consists of dissolving GeOs,
Mgs(CO3)4(OH)2-5H50 and K2SO4 in water, followed by evaporation to
dryness and further calcination of the dried powder. Crystallization of
MgGeO3 was observed at 700 °C, a remarkably lower temperature than
that required by conventional solid-sate reaction (>1100 °C). This
behaviour is ascribed to the formation of a layered Mg-Ge oxide hydrate
during the drying stage in which, the Ge and Mg cations are intimately
mixed thus favouring the diffusion processes required for MgGeOs3
crystallization. Moreover, this method allows to control particle shape
and size producing, after calcination at 900 °C, particles with uniform
shape (nanorods) and a mean size of 350 nm x 99 nm. By adding a Mn**
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precursor to the starting solution, the proposed method yields Mn?*-
doped MgGeO3 nanophosphors with the same morphological and
structural characteristics as the undoped sample. Noticeably, this is the
first time in the literature that uniform MgGeOs:Mn?' nanophosphors
are reported. The nominal Mn?* doping level giving rise to the
maximum photoluminescence emission was found to be 2.0 mol%
whereas the sample doped with 0.5 mol% Mn?" showed the best
persistent luminescence. The optimum persistent nanophosphors
showed an intense red emission, which persisted at least 17 h after
stopping excitation. Such excellent properties make the developed
nanophosphor an attractive candidate for their use in optical and
biotechnological applications.
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