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X-ray-activated ultra-long UVA persistent
luminescence from a Bi-doped perovskite LaGaO5
for photodynamic activationt
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Ultraviolet (UV) emitting persistent luminescence (PersL) materials have aroused significant interest, owing
to their unique self-illuminating high-photo-energy feature under excitation-free conditions. In particular,
the advent of X-rays as a charging source for UV PersL has facilitated the control of PersL properties and
triggered a breakthrough in possible applications such as X-ray imaging techniques, phototherapy, photo-
catalysis, and optical information storage. Here, we present novel PersL materials that exhibit ultra-long
UV emission for over 2000 h, as detected with a spectrometer. Experimental characterization revealed
that the intrinsic oxygen vacancies associated with the local structure of the perovskite LaGaOs can func-
tion as traps, which have super capabilities in energy collection and storage triggered by X-ray irradiation.
Notably, this design concept is guided by utilizing an oxygen-defect perovskite as a host, which can serve
as powerful guidance for expediting the discovery of new PersL materials. Moreover, due to excellent UV
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strates excellent PDT efficiency in vivo using low-dose X-ray irradiation. Our discovery of this UV PersL
material is expected to provide directional solutions and novel perspectives for the development and
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1. Introduction

PersL with a long-lived emission lifetime is a unique optical
phenomenon that has received considerable attention in the
fields of displays and lighting, biomedicine, advanced sensors,
and energy."™* Unfortunately, only a handful of persistent
phosphors have been commercialized owing to their unusual
properties since the discovery of the bright green PersL of
SrAl,O.:Eu”",Dy** in 1996 by Matsuzawa et al’ Currently,
visible PersL materials are rapidly developing and achieving
commercial success for diverse applications. Representative
examples include Y,0,S:Eu®",Mg>" Ti*" (red, >5 h), SrAl,Oy:
Eu*',Dy*" (green, >30 h), and CaAl,O4:Eu®*',Nd*" (blue,
>10 h).*” Recently, PersL in the near-infrared region (NIR,

“School of Chemical Engineering and Light Industry, Guangdong University of
Technology, Guangzhou 510006, China. E-mail: hzhang-gg@gdut.edu.cn
bGuangdong Laboratory of Chemistry and Fine Chemical Industry Jieyang Center,
Jieyang 515200, China

School of Chemistry, Sun Yat-sen University, Guangzhou 510006, China.

E-mail: ceswj@mail. sysu.edu.cn

YWesdon River Powder Paint Scientific Research Co., Ltd, Foshan 528200, China

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3qi02604c

This journal is © the Partner Organisations 2024

application of UV luminescence technology.

650-1700 nm) has gained attention for promising bioimaging
applications, driven by the discovery of La,Ga;GeOy:Cr**
(NIR, >8 h).® Exploring materials like Zn;Ga,Ge,01,:Cr*" (NIR,
>360 h) and ZnGa,0,:Cr*" (NIR, >48 h) has opened a new
research frontier in PersL materials.”'® In stark contrast to the
evolving progress in the visible and NIR PersL, research in the
UV region (200-400 nm) remains relatively sluggish. There is
an increasing trend in the research of UV PersL materials,
such as rare-earth-doped phosphors Lu,GdAl,Ga;0,,:Pr*" and
YPO,Tm?"."**® Recently, a Pr*'-doped fluoride-based ultra-
violet C (UVC, 200-280 nm) PersL phosphor (Cs,NaYFg:Pr*")
with a PersL duration of ~2 h after X-ray radiation was
achieved.™ Soon afterward, the LiYGeO,:Bi*" phosphor with
intense PersL in the ultraviolet A region (UVA, 315-400 nm)
was successfully developed, which exhibits UVA PersL peaking
at 350 nm for more than 300 h.'® However, the lack of excellent
UV PersL materials, which can be comparable to classical
visible or NIR PersL materials, is hindering the practical appli-
cation of UV technology.

To date, the world has witnessed the application potential
of UV technology in various fields, such as imaging, infor-
mation encryption, photocatalytic activity, and light-mediated
theranostics."®® Photodynamic therapy (PDT), for instance,
an emerging cancer treatment solution, has attracted much
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attention from fundamental research to clinics. However, the
excitation light utilized in PDT struggles to penetrate tissues,
posing a challenge to its further advancement. To overcome
this, X-rays have been introduced to transmit energy into
depths.'®?° Regrettably, this technology is plagued by the risks
of ionizing radiation injury and tissue ablation induced by pro-
longed irradiation. Revealingly, by harnessing the capabilities
of X-ray-activated visible-NIR PersL materials, which store X-ray
energy and act as internal light sources for extended periods of
time, the need for repeated excitation is eliminated.*" This
innovation significantly reduces X-ray dosage and duration,
enhancing safety and effectiveness. Consequently, substantial
progress has been made in biological applications, including
long-term photodynamic therapy (PDT), biosensing, and
rechargeable bioimaging.>” Inspired by the above develop-
ments and considering the potential applications of UV light,
exploring X-ray-activated UV PersL as an alternative lumines-
cent source could be significant. In particular, the UV-blue
light is a more efficient (for lots of photosensitizers, e.g
g-C3N,) PDT activator than visible-NIR light.>® For widespread
applications, UV PersL materials should be excitable and
chargeable by deep penetration, less harmful light sources like
low-dose (<5 Gy) X-ray light and exhibit a much longer persist-
ence time (e.g. >100 h), thus offering an attractive prospect for
biomedicine, such as generating energy for long-term light-
mediated therapeutics.

Rational syntheses of PersL systems remain elusive, and the
design and synthesis of PersL materials primarily rely on
empirical approaches. Here, a strategy to prepare new X-ray-
activated PersL materials is demonstrated by selecting a
defect-containing perovskite (i.e. LaGaOj3, LaAlO3) as a matrix
and utilizing the Bi*" ion as the emitter. The LaGaO; host,
which is famous as an oxygen ionic conductor host material,
has shown strong NIR PersL with Cr** doped under X-ray exci-
tation. It is confirmed that oxygen vacancies (Vo) as trap
centers with suitable trap depths can capture carriers and then
effectively generate NIR PersL.>* Moreover, a similar phenom-
enon of NIR PersL is also found in LaAlO,:Cr*".>® Analogously,
the potential generality of this strategy is demonstrated with
Bi-doped LaGaO; and LaAlO; PersL phosphors by utilizing
intrinsic Vo to store excitation energy and gradually release it
to the emitters.

A proof-of-concept for repeatable and depth-independent
photodynamic therapy (PDT) is reported here, utilizing low-
dose X-ray-activated UVA PersL materials as an excitation
source. The PersL performances (intensity and duration) are
the key points to effective PDT treatment and reducing
irradiation damage to normal tissues. By taking advantage of
X-ray-activated ultra-long UVA PersL in LaGaOj;:Bi,Sb, and then
coupling it with a photosensitizer, the X-ray-activated LaGaOs:
Bi,Sb@g-C3;N, PDT platform was fabricated. Indeed, the depth
barrier for tissue penetration and efficacy can be broken based
on the use of the ultra-long X-ray-activated UVA PersL LaGaOs:
Bi,Sb. These properties suggest that the X-ray-activated ultra-
long UVA PersL LaGaO;:Bi,Sb is a promising material in clini-
cal settings.
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2. Results and discussion

2.1 Structure and luminescence properties of the perovskite
LaGaO;:Bi

Perovskite LaGaO; was chosen as the host, and Bi ions were
selected as emitters based on the following concepts: (1) both
La and Bi elements possess strong X-ray absorption capabili-
ties, enabling the system to be charged through X-ray exci-
tation; (2) LaGaO; features a large bandgap and a tendency to
form Vo defects that can potentially act as trap centers; and (3)
the *P, — 'S, transition of Bi*" ions results in UV emission. To
validate the scheme, a series of Bi-doped LaGaO; materials
were synthesized via the solid-state route. Phase-pure LaGaO3
(JCPDS No. 24-1102) with the perovskite structure was pro-
duced before and after the Bi*" ions doping (Fig. 1). In the
LaGaOj; crystal structure, there is one 12-coordinate La®* site,
one 6-coordinate Ga** site, and two kinds of coordinated O*~
sites. Thus, the ionic radii and valence state results suggest
that Bi*" (r = 1.38 A) occupies the La®" (r = 1.36 A) sites in the
LaGaOs; lattice.

The photoluminescence (PL) and photoluminescence exci-
tation (PLE) spectra of the synthesized LaGaOj:xBi are
depicted in Fig. 2a. Under 306 nm excitation, LaGaOg:Bi**
shows emission at 372 nm with the full width at half
maximum of 41 nm. By adjusting the concentration of Bi, the
optimal chemical composition with x = 0.1% was obtained.
Generally, the Bi*" UV luminescence is constituted by the for-
bidden P, — 'S, and the allowed *P; — 'S, optical transitions
at room temperature. The long-wavelength excitation band is
located at 306 nm ('S, — *P;).>® The maximum of the short-
wavelength excitation band ('S, — "P;) was outside the detec-
tion limit of the spectrometer. For comparison, Fig. 2b con-
firms that steady-state emission spectral characteristics are
identical under both UV light and X-ray excitation. This result
indicates that Bi*" ions serve as emitters for both X-ray and UV
excitation. When the energy generated in multiple X-ray col-
lisions aligns with the 'S, — *P; transition of Bi*", it initiates
the transition of Bi** from the ground state to the excited state,
resulting in emission patterns similar to those observed with
UV excitation.
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Fig. 1 (a) XRD patterns of undoped and typical Bi-doped LaGaOs. (b)
The structure of Bi-doped LaGaOs.
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Fig. 2 (a) PL and PLE spectra of LaGaOs:xBi (x = 0.05-2%) at room
temperature. (b) Normalized emission spectra of LaGaOz:0.1%Bi under
irradiation with an X-ray and a 306 nm UV light, respectively.

Interestingly, the sample exhibited a strong UV PersL at
372 nm after X-ray irradiation (Fig. 3a). The profile of the
PersL emission spectrum is consistent with that of the steady-
emission spectrum, indicating that both PersL and steady-
state emission are derived from the same transitions of Bi*".
Fig. 3b presents the PersL decay spectra of LaGaO;:Bi after
X-ray irradiation. The intensity of UV PersL initially increases
and then decreases with an increase in Bi concentration. The
optimal concentration is determined to be 0.1% Bi for both
PersL and PL. The intensity attenuation of LaGaO;:0.1%Bi
within 1000 s is within an order of magnitude, and the decay
curve is approximate to a straight line. It is underscored that
this slow decay characteristic is extremely attractive for the
acquisition of ultra-long PersL materials.

2.2 Defect and trap analysis for PersL

Detailed experimental characterization of the structure and
potential defects in this system was subsequently performed.
The chemical or electronic state of the elements was character-
ized by the X-ray photoelectron spectroscopy (XPS) measure-
ment. As displayed in Fig. 4a, both Bi 4f;,, and 4fs, core-level
spectra of LaGa03:2%Bi can be deconvoluted into two peaks
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Fig. 3 (a) The emission spectra of LaGaOz:0.1%Bi** recorded under
X-ray radiation and after 5 min X-ray irradiation (interval 1 min). Inset:
Normalized curves. (b) PersL decay curves of LaGaOz:xBi (x = 0.05-2%)
measured at 15 s after irradiation by X-ray for 5 min.
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Fig. 4 (a) XPS of Bi 4f and peak deconvolution of 2%Bi and 5%Bi doped
LaGaOs. (b) XPS spectra of Ga 2p for typical Bi-doped LaGaOs. Note: Bi
4f photoelectron transitions overlap with the Ga 3s peaks (set at 160
eV),?” and the peak position and intensity remain unchanged with the
change in the Bi ion concentration and do not affect the peak fitting
process.

according to the asymmetry of shoulders and peaks. The main
peak of Bi 4f at higher energy (164.1 eV, 159 eV) belongs to the
Bi*" in the BiO;, polyhedron. The pair of Bi 4f at lower energy
(162.2 eV, 157.2 eV) shows the partial reduction of Bi ions. It is
believed that the shoulders on the low-energy side are related
to the presence of low-value Bi induced by a small number of
Vo. Videlicet, it could be attributed to the strong covalency in
the Bi-O band because Vo is around the Bi ions to form the
oxygen-deficient [BiO;,_,,] (m < 12) units. Additionally, the
content of Vo may be at a very low level because the Ga 2p
peaks remain unchanged as the Bi ion concentration increases
(Fig. 4b).

The oxygen-deficient microenvironment was confirmed by
Raman patterns in Fig. S1,f which exhibited an excellent
match with reported Raman-active modes in the wavenumber
range of 50-500 cm™' for LaGaO;.”® This result suggests that
the long-range structure and symmetry of the perovskite are
maintained. However, LaGaO;:xBi of relatively high concen-
tration (x = 1%, 2%) exhibits one weak band at 510 cm™". This
new Raman-active band is likely to be generated from the
microenvironment around Bi ions, which may be the vibration
mode related to the oxygen-deficient [BiO,,_,,] units.

Considering that Vo probably plays an important role in
controlling the trapping of carriers and then the PersL pro-
perties, absorption spectra measurements aimed at probing
whether Vo holds the potential to function as traps required
for PersL are initiated. As shown in Fig. 5a, there is a dominat-
ing band below 300 nm, which is due to the absorption of the
LaGaO; host, and the background band, which extends from
250-700 nm, is probably due to defect absorption. After Bi ion
doping, two peaks appear at 262 and 308 nm due to the 'Sy, —
'P,, *P,, optical transition of Bi*" ions. Compared with the
absorption curve of the LaGaO; host, when the Bi doping con-
centration is less than 1%, the absorption band in the range of
250-700 nm is significantly reduced, which may be due to the
reduced content of Vo that usually acts as an absorption com-
petitor in the LaGaO; host. Furthermore, the value of bandgap

Inorg. Chem. Front., 2024, 11, 2049-2057 | 2051
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Fig. 5 (a) Absorption spectra of the Bi-doped and undoped LaGaOs
samples in the initial state. Detrapping process of (b) LaGaO3:0.1%Bi**
and (c) the undoped LaGaOs at different times after excitation by X-ray
for 5 min.

(Eg) is determined based on the Tauc plot as shown in
Fig. S2.1 The E, is estimated to be about 5.8 and 5.5 eV for
LaGa05:0.1%Bi and the LaGaO; host, respectively. The gap at a
separation of 0.3 eV is the sub-bandgap that arises due to the
formation of a donor level below the conduction band. This
defect energy level in LaGaO; before Bi** doping is strongly
expected to originate from the Vo. Combining the previous
XPS results suggests that doping with Bi** ions will reduce the
total defect content in the host at the expense of inducing Vo
to approach the Bi ion sites.

The origin of PersL is studied in more detail with the in situ
absorption spectra by examining the charge carrier trapping-
detrapping process. Given the above, the absorption band
from 250 nm to 700 nm is attributed to the Vo. Fig. 5b shows
the variation of in-line absorption of the as-made
LaGa0;:0.1%Bi during the de-trapping process after the X-ray
irradiation. The absorption intensity initially increases greatly,
compared to the as-obtained LaGa0;:0.1%Bi, and then
decreases gradually after the interruption of X-ray irradiation
that lasts from 30 s to 100 h. Moreover, the PersL decay curves
show a similar trend in the fading of the absorption spectrum
(Fig. S31). Hence, the fading of the absorption and PersL
intensity of the LaGa0;:0.1%Bi sample is most likely attribu-
ted to the decrease in the trapped charge, which can be ther-
mally released from the Vo.

As shown in Fig. 5c, a similar additional absorption band
of undoped LaGaO; appears but remains unchanged over time
after X-ray irradiation. After 30 minutes, the loss of the
additional absorption intensity of LaGa0O;:0.1%Bi is about
13% (Fig. 5b, S31) while LaGaO; is completely unchanged
(Fig. 5¢). Similar charging processes further prove that the trap
center is an intrinsic defect (Vo) of the LaGaO; host, but the
different detrapping process indicates that the UV PersL relies
on the energy transfer from the trap center to the Bi*" emitters.
For the undoped LaGaO; host, the stored energy can only be
released through lattice vibration, resulting in no PersL from
the LaGaO; host after X-ray irradiation. Additionally, the
additional absorption band of both undoped and Bi-doped
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LaGaO;, after exposure to X-ray irradiation or UV light, can
recover back to the original state after exposure to a red LED
lighter (Fig. S4t). This finding also suggests that the trap
center comes from the intrinsic defect of the material rather
than the defect caused by irradiation.

The above results strongly indicate that the carriers are
created and trapped at the Vo and then produce PersL by
releasing the carriers or energy (produced by carrier recombi-
nation) to the nearby Bi*" emitters. During the PersL process,
trapped electrons or holes are thermally released individually.
Therefore, it is theoretically possible to observe new EPR
signals due to an odd number of holes or electrons in LaGaOs:
Bi after X-ray irradiation. However, the EPR spectrum shows
no new signals and exhibits no fading behavior at 1 min and
10 min after X-ray irradiation (Fig. S5t). This suggests that the
charges released at room temperature are actually neutral elec-
tron-hole pairs (excitons) instead of electrons or holes.

2.3 PersL improvement of LaGaO;:Bi by codoping with Sb**

To further improve the PersL, different contents of Sb** are
codoped into LaGa0;:0.1%Bi (Fig. S6f). Compared to
LaGa0;:0.1%Bi, the PersL intensity of the optimal sample
LaGa0;:0.1%B1i,0.05%Sb integrated within 1000 s is about 2.7
times as intense as the former (inset of Fig. 6a). Fig. 6a dis-
plays the ultra-long PersL decay curves of LaGaOs;:0.1%
Bi,0.05%Sb monitored at 372 nm under the excitation of X-ray.
Data are plotted as a function of the PersL intensity (I) versus
time (¢) and the recording lasted for 100 h. The PersL of
LaGa03:0.1%Bi,0.05%Sb can persist for over 2000 h (Fig. 6b
and c), and after 2000 h, the emission intensity is still more
than one order of magnitude stronger than the background
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Fig. 6 (a) UV PersL decay curve of LaGaO3:0.1%Bi,0.05%Sb monitored
at 372 nm after 15 min of X-ray source irradiation. Note that the discrete
parts of the spectra are due to the intermittent measurement artifacts.
Inset: PersL decay curves of LaGa0O3:0.1%Bi,0.05%Sb and LaGa0O3:0.1%
Bi. (b) The normalized persistent emission spectra of LaGaOz:0.1%
Bi,0.05%Sb recorded at different times after interruption of X-ray
irradiation. (c) UVA images of LaGaO3:0.1%Bi,0.05%Sb taken under and
at different interval times (0 s to 2 h) after 5 min of X-ray irradiation.
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signal of the detection system. A series of UVA-PersL materials
were synthesized according to the procedure described in the
literature.">*3 As illustrated in Fig. 7a, although the initial
intensity of LaGaO;:Bi,Sb is slightly weaker than that of
LiYGeO,:Bi, due to the extremely slow decay rate of LaGaO;:Bi,
Sb, the PersL intensity exceeds that of all other samples at
1000 s. After 1 h and 5 h, the intensity of LaGaO;:Bi,Sb is
about five times and fifteen times higher than that of
LiYGeO,:Bi, respectively, surpassing all other samples
(Fig. 7b).

Previously, the role of Sb** ions in improving PersL per-
formance has been discussed in detail in the case of the Cr/Sb
codoped LaGaO; system.>* Analogously, independent of the
existence or nonexistence of the Sb®" ions, the emission and
PersL emission spectra of LaGa0;:0.1%Bi are almost identical
for X-ray excitation (Fig. S7,T Fig. 3a). However, Fig. S81 shows
that the codoping of Sb** ions decreases the absorption inten-
sity of the band from 250 nm to 700 nm of Bi-doped LaGaOs3,
which may be due to the reduced content of Vo in the host.
Consider the changes in the absorption fading curve and
PersL decay curve occurring after codoping of Sb ions. All
curves exhibit an increase in intensity and follow the same
attenuation trend after X-ray irradiation (Fig. S3,T Fig. 6a). It
suggests that the energy storage efficiency of traps is signifi-
cantly enhanced by codoping of Sb*" ions.

2.4 Thermoluminescence properties and PersL mechanism

The PersL performance is determined by two key factors: trap
depth and carrier density. Based on the aforementioned dis-
cussion, the trap center in LaGaO; is the Vo. To evaluate the
trap density and depth of the trapped exciton in the present
case, TL spectra of Bi-doped and Bi/Sb-codoped LaGaO;
samples are measured. In general, the TL intensity corres-
ponds to the density of the trapped carriers, and it is obvious
that the optimum Bi*" concentration for both TL and PersL
intensity was 0.1% (Fig. S9, Fig. 3b). Besides, the TL intensity
of LaGa0;:0.1%Bi is increased by Sb*' codoping (Fig. 8a).
Similar TL features except the intensity indicate that both Bi-
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Fig. 7 (a) PersL decay curves of several ultra-long UVA PersL reported
phosphors measured at 60 s after 10 min of X-ray irradiation. (b)
Comparison of PersL intensity of different UVA PersL phosphors 1 h and
5 h after 10 min of X-ray excitation. The PersL intensity was normalized
by LaGaO3:Bi,Sb at 1 h and 5 h. Note that the PersL duration of other
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doped and Bi/Sb-codoped LaGaO; samples have the same
defects. The incorporation of the Sb** ion may increase the
density of excitons trapped at Vo, thus producing the ultra-
long PersL. Furthermore, to clarify the low- and high-tempera-
ture peaks and related traps located around 350 K and 431 K, a
peak-shape method was utilized to obtain the TL parameters
by fitting the experimental data according to the general order
kinetics formula.*® Therefore, the calculated trap depths of
doped LaGaO; were 0.78 eV and 1.12 eV (Fig. S107), respect-
ively. These observations demonstrate that two kinds of traps,
which may originate from two kinds of Vo, participated in the
PersL.

Fig. 8b shows the interval time-dependent TL curves of
LaGa0;:0.1%B1i,0.05%Sb. With increasing interval time, no TL
peak shift can be detected and only the peak intensity
changed. With increasing decay time, the peak intensity of
350 K decreases sharply, and the one at 431 K decreases
slightly at the same time. After 100 h of decay, the low-temp-
erature band is weak but clear. Upon further increasing the
decay time, the low-temperature band completely disappears
after 500 h. As the decay time increases further, the high-temp-
erature band will decrease gradually, and the PersL can last for
2000 h, suggesting that the emptying of both the shallow and
deep traps is the effective source of the UV PersL in the whole
process. Besides, as the irradiation time of X-ray light increases
from 1 min to 20 min, both the peak intensities at 350 K and
431 K enhance gradually (Fig. S11}). This means that codoped
LaGaO; has a huge capacity for energy storage. As we know, a
shallow depth of around 0.6-0.7 eV is often stated as ideal for
PersL, whereas deep traps (>1 eV) are harder to empty. In this
case, PersL can be supported by the deep trap in the whole
process, which means that the process of energy collection
and conversion probably occurs in the vicinity of Bi** emitters
by the tunneling process, inherently supporting an ultra-long
UV PersL process.

The combined analyses based on the optical and structural
information lead us to conclude that intrinsic Vo is the trap
center. The current work shows several indications that the
PersL. mechanism in LaGaOs;:Bi involves the releasing and
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trapping of neutral electron—hole pairs, and this mechanism
is localized in the vicinity of Bi ions. A plausible mechanism
for the UV PersL is proposed (as schematized in Fig. 9a): (i)
excitation of charge carriers: an X-ray photon being absorbed
leads to the creation of an ionized, high-energy free electron.
This high-energy electron then collides with atoms, especially
heavy ones such as La and Bi in the host, initiating a cascade-
like process that generates more ionized electrons. Lower energy
collisions can also lead to the excitation of valence band elec-
trons into the conduction band, creating numerous electron-
hole pairs (process @); (ii) storage of carriers: the created car-
riers are then subject to thermalization and captured by traps in
the form of electron-hole pairs (process @). Besides, after exci-
tation, the Bi*" ion returns to its 'S, ground state while the
energy may also transfer to adjacent Vo to form bonds with elec-
tron-hole pairs (process ®); (iii) release and recombination of
carriers: the traps are filled after a sufficient illumination
period. Then, the energy is produced by recombination pro-
cesses of electron-hole pairs from both shallow and deep traps,
followed by transfer to the Bi** ions through the conduction
band or tunneling channel (processes @ and ®). Finally, the
excited Bi*" ion releases the energy through the *P; — 'S, tran-
sition (process ®) that causes the UV PersL. The model high-
lights the importance of the local electric field generated by the
neighboring Vo and its local structure in facilitating carrier
storage, separation, and recombination (Fig. 9b).

The above results unambiguously signify that the Vo-associated
local structure served as traps involved in the PersL. More interest-
ingly, this design idea for seeking the intrinsic oxygen-defect per-
ovskite as a PersL host can be readily extended to the development
of new PersL compounds. For instance, this design idea was trans-
planted into similarly structured LaAlOs;, which has also received
considerable attention as the host of oxygen-ion conductors.®”
Experimental data indicate that Bi-doped LaAlO; exhibits excellent
UV PersL, detectable for nearly 24 hours at 361 nm emission
(Fig. S127). Moreover, the oxygen-defect LaGaO; can be used as a
host not only for UV PersL but also for NIR PersL by using Cr**
ions as emitters, which has been described in the previous study.

2.5 '0, generation by X-ray-excited-PDT

Motivated by the excellent UV PersL performance of LaGaOj:
Bi,Sb activated by low-dose X-rays, a UV PersL-mediated PDT

(a) 2 (b) 5 @ o
nductlonband o % ° % » % °
Ysp, 000 0 O
S Exciton (] # ° & (] & ® Qs
S ©©000 Q¢
» Trap . o % ° % o % ° ° o2
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Fig. 9 (a) Proposed PersL mechanism of LaGaOs:Bi,Sb. The arrows rep-
resent electron transfer processes and optical transitions. (b) Schematic
diagram of Bi and two kinds of neighbor Vo (black ball) in the LaGaOs
structure.
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platform (LaGaO;:Bi,Sb@g-C;N,) was constructed by combin-
ing LaGaOs:Bi,Sb particles with g-C3;N, (Fig. 10a). The soft
polymer nature of g-C;N, allows it to coat easily on the surface
of LaGaOj3:Bi,Sb particles, forming the UV PersL-mediated PDT
platform, as shown in Fig. 10b. In this integrated platform,
LaGaO;:Bi,Sb is a strong luminescent material that can
convert X-ray to UV photons by delayed conversion in real-
time. Meanwhile, there exists a substantial overlap between
the X-ray-activated PersL of LaGaO;:Bi,Sb and the absorption
spectrum of g-C3N, (Fig. 10c). Thus, it is hypothesized that
when the LaGaOj;:Bi,Sb@g-C;N, composite is irradiated by
X-ray, LaGaOs:Bi,Sb can relay energy as UV photons to g-C;N,
and thus produce cytotoxic 'O,.

To investigate this effect, a common singlet oxygen (*O,)
indicator, DPBF, was employed, which is a commercially avail-
able probe for detecting 'O, generation in cells or solutions by
measuring the decrease in fluorescence (ex/em: 410/455 nm).
Impressively, we monitored 'O, generation with a LaGaO;:Bi,
Sb@g-C3N, composite solution (4 mg mL™") after X-ray
irradiation (0.51 Gy). The intensity of 455 nm fluorescence was
decreased by 15% at 15 min after X-ray irradiation (Fig. 10d).
Comparable experiments were conducted using acetonitrile
solutions, LaGaO;:Bi,Sb particles, and g-C3;N,, all of which
show a smaller decrease (<3%) of fluorescence at 15 min
(Fig. 10e). These data indicate that 'O, can be efficiently pro-
duced when all three components—g-C;N,, LaGaO5:Bi,Sb, and
X-ray—are present, supporting that 'O, production is a result
of UV PersL-mediated energy transfer. Moreover, in the PDT
experiments with the LaGaOj;:Bi,Sb@g-C;N, composite, the
X-ray irradiation dose (0.51 Gy) is notably lower than the doses
commonly used in clinical radiotherapy (5 Gy).*®
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Fig. 10 (a) Schematic representation of the X-ray-activated PDT
mechanism based on LaGaOs:Bi,Sb@g-C3zN,. (b) TEM image of LaGaOs:
Bi,Sb@g-C3N, particles. (c) Effective overlap between the absorption of
g-C3N4 and the PersL of LaGaOs:Bi,Sb. (d) Photoluminescence intensity
changes in DPBF-containing solutions of LaGaOs:Bi,Sb@g-C3sN, after
X-ray irradiation. () Comparison of 'O, production using DPBF as an
indicator (ex/em: 410/455 nm).
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3. Conclusions

According to the requirements of some potential applications
based on UV PersL, a new UV-emitting PersL material Bi-
doped LaGaOj; has been successfully demonstrated by under-
standing the origin of the trap center. Systemic characteriz-
ation led us to conclude that the intrinsic Vo in the LaGaO;
host stores energy and acts as the trap center. Under X-ray exci-
tation, Sb co-doped LaGaOj;:Bi features a UV PersL peaking at
372 nm with an ultra-long PersL exceeding 2000 h. Leveraging
these unique attributes, the proposed PDT platform showcased
remarkable efficiency in in vitro applications, even with low-
dose X-ray irradiation (0.51 Gy). This breakthrough not only
surpassed the traditional depth barrier for tissue penetration,
but also resulted in a substantial reduction in X-ray dosage.
Thus, it is widely acknowledged that the X-ray-activated UV
PersL material holds immense promise for light-mediated
therapies in deep tissue and beyond.

4. Experimental section

4.1 Materials and synthesis

Ga,0; (99.99%), La,0; (99.99%), Bi,03 (99.99%), and Sb,0j;
(99.99%), purchased from Aladdin Reagent Co., Ltd, were
selected as raw materials. The polycrystalline La; _,GaO3:xBi (x
= 0-5%) was synthesized by a solid-state reaction.
Stoichiometric amounts of La,0;, Ga,03, and Bi,O; powder
were mixed and ground thoroughly in an agate mortar with
ethanol. The mixtures were then heated at 1000 °C for 2 h and
were re-sintered at 1300 °C for 5 h. After cooling to RT and re-
grinding again, the final products were obtained for measure-
ments. For the synthesis of La;_,Bi,Ga;_,0;:Sby,Bi, (x =
0.1-2%; y = 0.03-1%), La, 03, Ga,03, Bi, 03, and Sb,0; powders
were used, while other synthesis parameters are the same with
the Bi single doped sample.

4.2 g-C3;N,-modified LaGaOj;:Bi,Sb

2-C3;N, was synthesized by heating guanidine hydrochloride to
600 °C for 3 h in air. The typical preparation of the LaGaO;:Bi,
Sb@g-C;N, platform is as follows: a specific amount of g-C;N,
was mixed with methanol and sonicated for 10 h to ensure
complete dispersion. Finely ground LaGa0;:0.1%Bi,0.05%Sb
powder was then added to the solution mentioned above and
stirred for 24 h. The powder was obtained after drying at
100 °C for 24 h. Finally, the LaGaO;:Bi,Sb@g-C;N, platform
with a weight ratio of 4% g-C;N, was successfully synthesized.

4.3 Detection of singlet oxygen

DPBF (1,3-diphenylisobenzofuran, Sigma, 99%) served as a
probe for detecting 'O,. Specifically, the LaGaO3:Bi,Sb@g-C;N,4
composite (4 mg mL™") was mixed with DPBF (5 uM, 200 pL)
and then exposed to an X-ray light source (0.51 Gy min™") for
1 min. DPBF rapidly reacts with 'O,, allowing the estimation
of '0, production by measuring the luminescence intensity of
DPBF.

This journal is © the Partner Organisations 2024

View Article Online

Research Article

4.4 Charging of persistent phosphors

The product underwent irradiation using a mini-X X-ray tube
(Amptek, Inc.) with a fixed setting at 50 kv and 79 pA for all
experiments conducted. The radiation dose is calibrated by
using a '*Cs radiation unit (0.546 mGy min~') and
Thermoluminescence Dosemeters circular chips LiF:Mg,Ti.

4.5 Characterization

X-ray diffraction (XRD) for phase identification was conducted
using a diffractometer (Rigaku D/MAX 2200 VPC), operating at
40 kv and 26 mA with Cu Ka radiation (4 = 1.5405 A). The
Raman spectra were captured employing a Raman microscope
system (Renishaw inVia) with a 514.5 nm laser as the excitation
source. All samples were evaluated in three separate locations
and exhibited similar Raman spectra. X-ray photoelectron
spectroscopy (XPS) spectra were obtained using an X-ray photo-
electron spectrometer (Thermo Fisher Scientific ESCALAB 250)
equipped with monochromatic Al Ka radiation (E = 1486.2 eV).
Diffuse absorbance spectra were obtined by using a Varian
Cary 5000 UV-vis spectrophotometer. Room-temperature
photoluminescence (PL), photoluminescence excitation (PLE),
and persistent luminescence (PersL) spectra and decay curves
were obtained using a spectrofluorometer (Edinburgh
Instruments FLS1000) equipped with a 500 W xenon lamp.
The electron paramagnetic resonance (EPR) spectra were
recorded using an EPR spectrometer (Bruker model A300). The
thermoluminescence (TL) curves were collected with a TL
spectrophotometer ~ (Guangzhou Radiation Technology
LTTL-3DS). The samples underwent X-ray irradiation for 5 min
before TL measurement and were subsequently measured with
a linear heating rate of 1 K s~ within the temperature range of
300-600 K. The size and morphology of the samples were
observed on a transmission electron microscope (TEM, FEI
Tecnai G2 F30) operated at 300 kV.
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