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A B S T R A C T   

In recent years, NIR-II-type fluorophores with emission wavelengths within the 1000–1700 nm range have 
garnered widespread attention in the field of bioimaging due to their high tissue penetration ability. Here, Mn- 
doped BaAl2O4, Ba3Al2O6, and Ba7Al2O10 with NIR-II-type luminescence were synthesized by solid-phase or 
liquid-phase methods. Confirmed by XPS and EDS analysis, Mn is found uniformly distributed in the structure in 
the valence state of + 5. The optimal doping concentration of Mn5+ in the three matrices was analyzed by PLE 
and PL spectroscopy. In addition, the samples exhibit a wide excitation range spanning from 600 to 900 nm, 
coupled with a narrow emission band peaking between 1150 and 1200 nm. As both the excitation and emission 
wavelengths have excellent penetration capabilities in biological tissues, the synthesized fluorescent phosphors 
in this study hold potential for meaningful applications in the realm of fluorescence imaging.   

1. Introduction 

Biological imaging technologies including magnetic resonance im
aging, computed X-ray tomography, optical imaging, and fluorescence 
imaging are of great importance in the biological field [1]. Owing to fast 
feedback and high sensitivity [2], fluorescence imaging technology has 
become one of the fastest-growing techniques in the biomedical field 
[3]. The emission wavelengths of traditional fluorescence imaging 
technology are located in the first near-infrared biological window 
(NIR-I, wavelength 700–900 nm) [4]. Two NIR-I fluorescent dyes which 
shows deeper tissue penetration than visible light, indocyanine green 
and methylene blue, are already certified in the United States [5]. 
However, their wavelength shifts are relatively small and they have a 
certain background noise, which tends to limit their applications. In 
2009, scientists at Stanford University revealed a new biological imag
ing window called the second near-infrared biological window (NIR-II, 
wavelength 1000–1700 nm) [6]. In contrast to NIR-I, NIR-II has better 
tissue penetration ability. Furthermore, it reduces photon scattering and 
background fluorescence, resulting in higher resolution and sensitivity 
[7]. Consequently, over the past decade or so, researchers have pri
marily focused on NIR-II. Various systems of NIR-II-type fluorophores 

have emerged, including single-walled carbon nanotubes (SWCNTs) [8], 
various quantum dots (QDs) [9], rare-earth doped nanoparticles 
(RENPs) [10], a few organic dyes [11] and so on. However, these fluo
rophores also have certain limitations. SWCNTs and QDs exhibit lower 
fluorescence quantum yields, and certain QDs may potentially present 
toxicity risks to human health [12]. The rare-earth elements in RENP 
require higher costs, while organic dyes have poor photostability [13]. 
These limitations have restricted their further application in the field of 
biomedical research. So for the time being, scholars continue to explore 
new fluorophores to overcome the shortcomings of the above 
fluorophores. 

Previous research has revealed that due to the 1E→3A2 transition of 
Mn5+, Mn5+-doped materials emit near-infrared light within the wave
length spectrum of 1000–1300 nm upon excitation [14]. This emission 
falls precisely within the NIR-II window range. Mn5+-doped materials 
exhibit higher quantum efficiency than SWCNTs and QDs [15]. More
over, it has good biocompatibility as it does not contain toxic heavy 
metals. Compared with rare earth elements, Mn5+ has a lower cost and 
emits a stronger near-infrared signal, showing good photostability. Due 
to these advantages, Mn5+-doped materials have the potential to become 
novel NIR-II fluorescent materials. Zhang [16] et al. successfully 
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synthesized Ba3(MO4)2:Mn5+ (M = V, P) nanoparticles. They injected 
the fluorescent powder into 5 mm thick pork tissue and used 800 nm 
light for excitation. The infrared camera was able to clearly observe its 
emitted light, demonstrating that light in the second near-infrared 
window has good penetration capability. This also validates the poten
tial application of fluorescent powder in the field of biological imaging. 
However, Mn5+ is not stable and is prone to self-disproportionation in 
oxides [17]. Therefore, to successfully dope Mn5+, it is necessary to find 
a suitable matrix that can provide a stable environment for Mn5+. 

We found that Mn5+ can stably exist in tetrahedral positions in 
certain silicates and phosphates. For example, Zhang [16] et al. prepared 
Mn5+ doped Ba2SiO4 phosphors with Mn5+ replacing Si4+ in [SiO4] 
tetrahedra by solid-phase method. Cao [15]et al. used solid-phase 
method to synthesize Ba3(PO4)2:Mn5+ phosphor with Mn5+ substitut
ing P5+ in [PO4] tetrahedra. Additionally, the presence of alkaline earth 
metal ions such as Ba2+ and Ca2+ also supports the stability of Mn5+. 
Al2O3 is abundant in nature, inexpensive. So Al2O3 and BaCO3 as the 
main raw material for the preparation of phosphor also has a good in
dustrial value. Our previous studies has proved the successful doping of 
Mn5+ in BaAl2O4, Ba3Al2O6 and Ba7Al2O10 in BaO-Al2O3 system, pro
ducing intense turquoise colors [18–20]. However, their potential in 
NIR-II is not evaluated. The structures of BaAl2O4 and Ba3Al2O6 are 
shown in Fig. 1. BaAl2O4 belongs to a stuffed tridymite-like structure, 
and its main structural unit is the angularly connected [AlO4] tetra
hedra. [21] The structure of Ba3Al2O6 is a defective chalcogenide 
structure, and its main structural unit is the 12-membered [AlO4] ring 
crosslinked by Ba2+ [22]. The structure of Ba7Al2O10 is unknown. 
However, FT-IR and Al NMR analyses of the Ba7Al2O10 structure by our 
previous study demonstrated that the basic structural units of Ba7Al2O10 
also include [AlO4] tetrahedra [18]. All three structures include a large 
number of tetrahedral coordination, which can provide a more stable 
environment for Mn5+. Currently, there is no report on Mn5+-doped 
BaO-Al2O3 system phosphors, so the work in this paper is to synthesize 
Mn5+-doped BaAl2O4, Ba3Al2O6, and Ba7Al2O10 with different contents 
by solid-phase or liquid-phase methods. Because the solid-state method 
is simple in procedure and satisfied in production rate, this paper pri
marily uses the solid-state method. However, BaAl2-xMnxO4+x (x = 0.01, 
0.03, 0.05) samples cannot be prepared using the solid-state method, so 
the sol-gel method is employed. The luminescent properties of Mn5+ in 
these three matrices will be analyzed through spectroscopic analysis, 
and their potential applications in fluorescence imaging are explored. 

2. Experimental 

2.1. Sample preparation 

BaAl2-xMnxO4+x (x = 0.01, 0.03, 0.05) were prepared by sol-gel 
method. Al(NO3)3⋅9 H2O, and Mn(C2H3O2)2⋅4 H2O were weighed 

based on the stoichiometric proportions, then combined in a beaker 
containing 50 ml of deionized water and thoroughly stirred. Citric acid 
was introduced into the solution at a 3:1 ratio (citric acid to metal ions) 
and then ultrasonicated for 15 min until a clear solution was obtained. 
The beaker was placed in a water bath maintained at 70 ◦C and stirred 
magnetically until gels were formed. Subsequently, the gels were sub
jected to a 12 h drying process at 140 ◦C in an oven and ground to obtain 
the precursors. The precursors were heated at 600 ◦C for 1 h to remove 
carbon. Finally, the samples were heated to 1000 ℃ for 12 h in a box 
furnace. 

Ba3Al2-xMnxO6+x (x = 0.01, 0.03, 0.05) were synthesized by high- 
temperature solid phase method. BaCO3, Al2O3, and MnO2 were 
weighed based on the stoichiometric proportions and then placed in a 
ball milling jar at 300 r/min for 600 min. Then, 2/3 vol of ethanol was 
added and wet milled for 30 min. The well-mixed raw materials were 
poured into a beaker and dried in a 50 ℃ oven for 12 h. After drying, the 
materials were ground, pressed, and placed in corundum crucibles. 
Finally, the samples were heated to 1300 ℃ for 12 h in a box furnace. 
This sintering process was repeated twice to obtain the samples. 

Ba7Al2-xMnxO10+x (x = 0.01, 0.03, 0.05) were prepared by high- 
temperature solid phase method. BaCO3, Al2O3, and MnO2 were 
weighed based on the stoichiometric proportions and placed into a 
mortar. Then they were ground for 20 min to ensure uniform mixing. 
The mixed raw materials were compressed into pellets and introduced 
into corundum crucibles. Finally, the samples were heated to 1200 ℃ 
for 12 h in a box furnace. 

2.2. Characterization 

The X-ray diffraction (XRD) patterns were acquired using a Bruker 
D8 Advance diffractometer, employing Ni-filtered Cu Kα 
(λ = 0.15415 nm) radiation. The data were gathered over a 2θ range 
spanning from 15◦ to 65◦, with a scanning rate of 10◦/min. Sample 
morphologies were observed by a field emission scanning electron mi
croscope (FESEM, GeminiSEM 500), and the chemical compositions 
were tested using energy dispersive spectroscopy (EDS, Oxford X-Max). 
The binding energy was acquired using X-ray photoelectron spectros
copy (XPS, ESCALAB 250XI). The excitation source used was Al Kα-rays 
(1486.6 eV), and the full-spectrum scan was performed at a fluence 
energy of 150 eV with a step of 1 eV; the narrow-spectrum scan was 
performed at a fluence energy of 50 eV with a step of 0.1 eV. The fluo
rescence spectrophotometer (Edinburgh Instruments, FLS1000) equip
ped with a continuous 500 W xenon lamp was utilized to acquire the 
photoluminescence (PL) spectra, photoluminescence excitation (PLE) 
spectra, and fluorescence decay curves. 

Fig. 1. Crystal structures of (a)BaAl2O4, (b)Ba3Al2O6.  
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3. Results and discussion 

3.1. X-ray diffraction analysis 

Fig. 2(a) and Fig. 2(b) show the XRD patterns of BaAl2-xMnxO4+x 
(x = 0.01, 0.03, 0.05) and Ba3Al2-xMnxO6+x (x = 0.01, 0.03, 0.05) 
samples. The diffraction peaks of BaAl2-xMnxO4+x (x = 0.01, 0.03, 0.05) 
and Ba3Al2-xMnxO6+x (x = 0.01, 0.03, 0.05) samples correspond well to 
the standard BaAl2O4 (PDF#72–0387) pattern and standard Ba3Al2O6 
(PDF#25–0075) pattern, and no other impurity phases are observed. 
The peak positions remain constant with increasing Mn doping content, 
which suggests that low amounts of Mn doping have little effect on the 
crystal structure.Fig. 2(c) shows X-ray diffraction patterns of Ba7Al2- 

xMnxO10+x (x = 0.01, 0.03, 0.05) samples. The diffraction peaks of 
Ba7Al2-xMnxO10+x (x = 0.01, 0.03, 0.05) samples can be indexed to the 
standard Ba7Al2O10 (PDF#41–0164) pattern. When x = 0.01, back
ground noise and small unknown impurity peaks can be observed. 
However, as the doping amount of Mn increases, the background noise 
and other impurity peaks gradually decrease. This is because the 
appropriate doping of Mn has a positive impact on improving the sta
bility of Ba7Al2O10 [18]. Since the intensities of the impurity peaks are 
very weak for all three samples, their effect on the optical properties is 
negligible. 

In order to further explore the crystal structure changes after Mn 
doping, BaAl1.99Mn0.01O4.01 and Ba3Al1.99Mn0.01O6.01 samples were 
selected as representatives for Rietveld refinement. The data obtained 
from the refinement are listed in Table 1 and Fig. 3. It can be seen that 
the Rp, Rwp, Rexp and GOF values for both samples are within the 
permissible range, indicating the accuracy of the refinement results and 
again demonstrating the purity of the samples. 

3.2. XPS analysis 

To determine the valence state of Mn-doped into the three structures, 
XPS tests were performed on the samples of BaAl1.95Mn0.05O4.05, 
Ba3Al1.95Mn0.05O6.05, and Ba7Al1.95Mn0.05O10.05. The obtained binding 
energy full scan and detailed profile analysis of Mn 2p are shown in  
Fig. 4. From the Fig. 4, the signals of Ba, O, and Al elements can be 
clearly observed, but due to the low doping concentration of Mn, the 
peak position of Mn needs to be amplified for observation. The binding 
energies of Mn at the peak positions of BaAl1.95Mn0.05O4.05, Ba3Al1.95

Mn0.05O6.05, and Ba7Al1.95Mn0.05O10.05 samples are obtained from the 
fitting as 642.4 eV, 642.6 eV, and 642.3 eV, respectively. Since the 
highest Mn doping concentration we used was 0.05% for Ba7Al1.95

Mn0.05O10.05, the Mn proportion is very small, resulting in a large error 
in the test. In our previous study on samples with high concentration of 
Mn-doped Ba7Al2O10, the binding energy of Mn was tested to be 
642.4 eV [18]. From previous studies, it was observed that as the 

valence state of Mn increases, its binding energy also exhibits a corre
sponding increase. Among them, the binding energies of Mn 2p 3/2 in 
MnO2 (Mn4+) and K2MnO4 (Mn6+) are 641.9 eV and 643.8 eV [23]. 
Hence, it is inferred that the binding energies of Mn5+ in the oxides are 
roughly in the range of 641.9–643.8 eV. The binding energies of Mn5+ in 
Ba2In2-xMnxO5 and Ca6Ba(P1-xMnx)4O17 are 642.75 eV [24] and 
642.80 eV [25], which are close to the binding energies of the three 
as-synthesized samples. This allows us to make an initial assessment that 
the chemical valence of Mn is + 5. Since Mn is doped to [AlO4] in the 
form of Mn5+, with no influence on Ba2+ content. Therefore, it is 
necessary to introduce O2- to balance the charge. Since Mn5+ is in place 
of Al3+, the introduction of x content of Mn5+ requires the introduction 
of x content of O2- to balance the charge. So the structural formulae of 
the three substrates in this paper are Ba3Al2-xMnxO6+x, BaAl2-xMnxO4+x, 
and Ba7Al2-xMnxO10+x. 

3.3. Microstructure analysis 

Fig. 5(a), Fig. 5(c), and Fig. 5(e) show SEM images of BaAl1.95

Mn0.05O4.05, Ba3Al1.95Mn0.05O6.05, and Ba7Al1.95Mn0.05O10.05 samples. It 
can be seen that Ba3Al1.95Mn0.05O6.05 and Ba7Al1.95Mn0.05O10.05 pre
pared by the solid-phase method are composed of irregular particles, 
with some small particles adhering on top of the large particles. This is a 
typical morphology of solid-state synthesized products, and the particle 
diameters are mainly distributed in the range of 2–10 µm. BaAl1.95

Mn0.05O4.05 prepared through the liquid-phase method has a similar 
overall morphology to the previous two samples, with particle diameters 
also around 2–10 µm. This is likely due to the agglomeration of particles 
caused by longer sintering time. Fig. 5(b), Fig. 5(d), and Fig. 5(f) show 
EDS and elemental mapping images of BaAl1.95Mn0.05O4.05, Ba3Al1.95

Mn0.05O6.05, and Ba7Al1.95Mn0.05O10.05 samples. It can be seen that the 
signal of Mn is relatively weak due to the low doping level of Mn. 
However, Mn is still uniformly distributed on the particles. In addition, 
EDS measurements provide a depth of approximately 1 µm and giving 
semi-quantitative information about the elemental composition, so the 

Fig. 2. X-ray diffraction patterns of (a) BaAl2-xMnxO4+x (x = 0.01, 0.03, 0.05), (b)Ba3Al2-xMnxO6+x (x = 0.01, 0.03, 0.05), (c) Ba7Al2-xMnxO10+x (x = 0.01, 
0.03, 0.05). 

Table 1 
Summary of Rietveld refinement results of BaAl1.99Mn0.01O4.01 and 
Ba3Al1.99Mn0.01O6.01.  

samples BaAl1.99Mn0.01O4.01 Ba3Al1.99Mn0.01O6.01 

Space group P63 P213 
Rwp(%) 8.49 8.67 
Rp(%) 5.96 6.42 
Rexp(%) 5.56 6.21 
GOF 1.53 1.40 
a(Å) 16.51 10.44 
c(Å) 16.51 8.78 
V(Å3) 4506.56 830.12  
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molar ratios of the measured elements have some errors with the theo
retical values [26]. Combined with XRD analysis, it can be preliminarily 
concluded that Mn5+ has been successfully incorporated into the matrix. 

3.4. Optical properties 

Fig. 6 presents the PLE and PL spectra of BaAl2-xMnxO4+x (x = 0.01, 
0.03, 0.05), Ba3Al2-xMnxO6+x (x = 0.01, 0.03, 0.05), and Ba7Al2- 

xMnxO10+x (x = 0.01, 0.03, 0.05) at room temperature. The PLE spectra 
were obtained under the monitoring of the emission wavelength of 
1190 nm. Overall, it was observed that the PLE images of the three 
groups of samples were similar, indicating that Mn5+ are in similar 
[AlO4] environments. Additionally, all the samples show a narrow 
excitation band within the 300–400 nm range, which can be ascribed to 
the O2-→Mn5+ charge transfer band (CTB) [27]. There is a broad exci
tation band between 600 nm and 900 nm, resulted from the transitions 
of Mn5+ including two spin-forbidden transitions 3A2→3T1 and 
3A2→3T2, as well as a spin-allowed transition 3A2→1A1 [28]. The exci
tation wavelengths within the 600–900 nm range correspond well to the 
first near-infrared window(NIR-I), indicating good tissue penetration 
capabilities. Furthermore, the PLE spectra of individual samples reveal 
that the Mn5+ concentration influences the signal intensity of the PLE 
spectra. Fig. 6(a) presents the PLE spectra of BaAl2-xMnxO4+x (x = 0.01, 
0.03, 0.05). As the Mn5+ concentration increases, the spectral signal 
initially increases and then decreases, resulting in a concentration 
quenching phenomenon. This is because when the Mn5+ content in
creases, the space between Mn5+ decreases and their lattice relaxations 

cross each other thus leading to loss of energy for the jump between 
energy levels. In addition, as the concentration of the activator ions 
increases, the probability of energy transfer to impurities or defects in 
the host matrix and subsequent quenching also increases, resulting in a 
decrease in luminescence intensity [29]. Therefore, near x = 0.03 is the 
optimal doping concentration for BaAl2-xMnxO4+x (x = 0.01, 0.03, 
0.05). Fig. 6(b) shows that for Ba3Al2-xMnxO6+x (x = 0.01, 0.03, 0.05), 
the Mn5+ concentration significantly affects the signal. The signal is 
strongest at x = 0.01, and with the increase in the amount of Mn5+

doped, the signal intensity decreases significantly, with x = 0.01 being 
the optimal doping concentration for Ba3Al2-xMnxO6+x (x = 0.01, 0.03, 
0.05). Fig. 6(c) shows that the variation of Mn5+ concentration has little 
effect on the spectral signal of Ba7Al2-xMnxO10+x (x = 0.01, 0.03, 0.05). 
The signal intensity is slightly higher at x = 0.05. 

The PL spectra of the samples were obtained using 690 nm excitation 
light. It is observed that all samples exhibit a sharp emission band within 
the 1150–1200 nm range, which corresponds to the 1E→3A2 spin- 
forbidden transition of Mn5+. Additionally, there are vibrational bands 
around 1250 nm (v2(e)) and 1300 nm (v1(a1)), which correspond to 
electronic vibrational transitions in MnO4

3- in two different modes [30]. 
When the excitation signal is stronger, the emission signal also becomes 
stronger. Fig. 6(d) and Fig. 6(f) show that changes in Mn5+ concentra
tion have little effect on the emission peak position of BaAl2-xMnxO4+x 
(x = 0.01, 0.03, 0.05) and Ba7Al2-xMnxO10+x (x = 0.01, 0.03, 0.05). This 
suggests that the crystal field environment of these two matrices is 
hardly affected by variations in Mn5+ concentration. In Fig. 6(e), it is 
evident that as the concentration of Mn5+ increases, the emission peak of 

Fig. 3. Rietveld refinement of (a)BaAl1.99Mn0.01O4.01,(b)Ba3Al1.99Mn0.01O6.01.  

Fig. 4. X-ray photoelectron spectrum of (a)BaAl1.95Mn0.05O4.05 (x = 0.01, 0.03, 0.05),(b)Ba3Al1.95Mn0.05O6.05 (x = 0.01, 0.03, 0.05), (c)Ba7Al1.95Mn0.05O10.05 
(x = 0.01, 0.03, 0.05). 
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Ba3Al2-xMnxO6+x (x = 0.01, 0.03, 0.05) shifts from 1166 nm to 
1194 nm. This shift might be due to an increase in Mn5+ concentration 
leading to a weakening of the crystal field strength. Lastly, it is note
worthy that the emission band of the sample at 1150–1200 nm is located 
within the second near-infrared window(NIR-II), which is consistent 
with the luminescence properties of the current NIR-II-type 
fluorophores. 

The outer electron configuration of Mn5+ is 3d2 When Mn5+ is in a 
tetrahedral coordination, its Tanabe-Sugano energy level diagram is 
shown in Fig. 7(a). It can be seen that the 3F ground state splits into three 
energy levels, 3A2, 3T2 and 3T1, with the 3A2 energy level being the 
ground state [27]. For Mn5+, the energy of 1E energy level is lower than 
3T2, so 1E energy level becomes the first excited state. In addition, the 
slope between the 1E and the 3A2 energy level curve is very small, so the 
near-infrared emission range is not easily affected by the crystal field 
strength [31]. The luminescence process of Mn5+ can be illustrated 
through the simple configuration coordinate diagram of the ion in Fig. 7 
(b). After Mn5+ is excited by the light of 690 nm, the excited electrons 

jump from the ground s tate 3A2 to the 3T2, 1A1, and 3T1 levels Subse
quently, the excited electron relaxes to the lower-energy 1E level [32]. 
Finally, the excited electrons radiatively migrate back to the 3A2 ground 
state, resulting in near-infrared emission. It can be seen that the lumi
nescence process is basically consistent with the PL and PLE spectra 
obtained from the tests, so it can be verified again that what we doped is 
Mn5+. 

Fig. 8 shows the luminescence decay curves of BaAl1.99Mn0.01O4.01, 
Ba3Al1.99Mn0.01O6.01, and Ba7Al1.99Mn0.01O10.01 samples under excita
tion at 690 nm, with monitoring at 1190 nm. The blue points are the 
experimental data obtained from the measurements and the red curve 
represents a fitting of the original experimental data. The luminescence 
decay curves of all three samples were found to fit well to the third-order 
exponential equation by fitting (R2 of 0.990, 0.981, and 0.993, respec
tively). The fitted equations are as follows.  

I(t)=I0+A1e−t/τ1+A2e−t/τ2+A3
−t/τ3                                                            

Where I(t) represents the luminescence intensity at time t, I0 stands for 

Fig. 5. SEM images of (a)BaAl1.95Mn0.05O4.05, (c)Ba3Al1.95Mn0.05O6.05, (e)Ba7Al1.95Mn0.05O10.05; EDS and elemental mapping images of (b)BaAl1.95Mn0.05O4.05, (d) 
Ba3Al1.95Mn0.05O6.05, (f)Ba7Al1.95Mn0.05O10.05. 
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background or detector zero offset, t represents time, A1, A2, and A3 are 
constant values, and τ1, τ2, τ3 represent the decay times associated with 
the exponential components. The average lifetime τ can be computed 
using the following equation:  

τ=(A1τ1
2+A2τ2

2+A3τ3
2)/(A1τ1+A2τ2+A3τ3)                                                

The luminescence lifetimes of BaAl1.99Mn0.01O4.01, Ba3Al1.99

Mn0.01O6.01, and Ba7Al1.99Mn0.01O10.01 samples are finally calculated to 
be 82.61 μs, 67.99 μs, and 104.50 μs, respectively. The fluorescence 
lifetimes of traditional NIR-II-type fluorophores are mostly in the 
nanosecond range. Due to their short lifetimes, there is a possibility of 
signal confusion with background signals, which can affect imaging 
accuracy [33]. The sample prepared in this paper has a luminescence 

lifetime of microseconds, which can allow time-delayed imaging to 
avoid autofluorescence and thus improve imaging accuracy. 

Considering the application of phosphors at different temperatures, 
we analyzed their thermal stability by conducting PL spectra tests under 
a continuously changing temperature environment. Fig. 9 shows the 
emission spectra of BaAl1.99Mn0.01O4.01, Ba3Al1.99Mn0.01O6.01, and 
Ba7Al1.99Mn0.01O10.01 samples within the temperature range of 
273–423 K. It is evident that the relationship between temperature and 
emission intensity is consistent for each sample. As the temperature 
increases, the shape of the emission peak remains largely unchanged, 
but the intensity gradually decreases. Both Ba3Al1.99Mn0.01O6.01 and 
Ba7Al1.99Mn0.01O10.01 samples exhibit a significant drop in emission 
intensity near 363 K, indicating the occurrence of thermal quenching. 

Fig. 6. PLE spectra of (a) BaAl2-xMnxO4+x (x = 0.01, 0.03, 0.05), (b)Ba3Al2-xMnxO6+x (x = 0.01, 0.03, 0.05), (c)Ba7Al2-xMnxO10+x (x = 0.01, 0.03, 0.05); PL spectra 
of (d)BaAl2-xMnxO4+x (x = 0.01, 0.03, 0.05), (e)Ba3Al2-xMnxO6+x (x = 0.01, 0.03, 0.05), (f)Ba7Al2-xMnxO10+x (x = 0.01, 0.03, 0.05). 

Fig. 7. (a)Tanabe-Sugano energy diagram for Mn5+ in tetrahedral coordination; (b)Simple conformational coordinate diagram of the Mn5+.  
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While the BaAl1.99Mn0.01O4.01 sample experiences a rapid decrease near 
393 K. Compared to the other two samples, it demonstrates better 
thermal stability. However, considering their potential use in the field of 
biological fluorescence imaging, all three samples maintain good lumi
nescence intensity within the physiological temperature range. 

4. Conclusions 

In summary, Mn5+-doped BaAl2O4, Ba3Al2O6, and Ba7Al2O10 phos
phors were successfully synthesized by solid-phase or liquid-phase 
methods. The optimal doping concentrations for BaAl2-xMnxO4+x 
(x = 0.01, 0.03, 0.05), Ba3Al2-xMnxO6+x (x = 0.01, 0.03, 0.05), and 
Ba7Al2-xMnxO10+x (x = 0.01, 0.03, 0.05) were determined as x = 0.03, 
x = 0.01, and x = 0.05, respectively. From the PLE and PL spectra, it can 
be seen that all the phosphors were excited in the range of 600–900 nm 
and emitted near-infrared light at 1150–1200 nm. The excitation and 
emission wavelengths are within the first and second near-infrared 
biological windows, enabling deeper tissue penetration. Furthermore, 
the phosphors exhibited luminescence lifetimes in the microsecond 
range, which is more favorable to the accuracy of imaging. Moreover, all 
three samples exhibit good luminescent performance within the physi
ological temperature range. Therefore, these phosphors have potential 
applications in the field of vivo fluorescence imaging. 
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