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Multi-responsive deep-ultraviolet emission in praseodymium-doped

phosphors for microbial sterilization
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ABSTRACT  Perusing multimode luminescent materials
capable of being activated by diverse excitation sources and
realizing multi-responsive emission in a single system remains
a challenge. Herein, we utilize a heterovalent substituting
strategy to realize multimode deep-ultraviolet (UV) emission
in the defect-rich host Li,CaGeO, (LCGO). Specifically, the
Pr** substitution in LCGO is beneficial to activating defect site
reconstruction including the generation of cation defects and
the decrease of oxygen vacancies. Regulation of different traps
in LCGO:Pr** presents persistent luminescence and photo-
stimulated luminescence in a synergetic fashion. Moreover,
the up-conversion luminescence appears with the aid of the 4f
discrete energy levels of Pr’* ions, wherein incident visible
light is partially converted into germicidal deep-UV radiation.
The multi-responsive character enables LCGO:Pr** to re-
sponse to convenient light sources including X-ray tube,
standard UV lamps, blue and near-infrared lasers. Thus, a
dual-mode optical conversion strategy for inactivating bac-
teria is fabricated, and this multi-responsive deep-UV emitter
offers new insights into developing UV light sources for
sterilization applications. Heterovalent substituting in trap-
mediated host lattice also provides a methodological basis for
the construction of multi-mode luminescent materials.

Keywords: phosphor, deep ultraviolet, multi-mode lumines-
cence, sterilization

INTRODUCTION

Growing attention has been drawn toward developing ultraviolet
(UV) luminescent materials due to their great application pro-
spects in the fields of sterilization, persistent tags, therapy, bio-
medicine, energy storage, and so on [1-6]. In particular,
lanthanide-based UV luminescent materials represent an
attractive alternative to design mercury-free solid-state UV light
sources for sterilization in the current epidemic [7,8]. Since
common UV light sources, including mercury lamps, light
emitting diodes (LEDs), solid-state lasers, and excimer lamps,
still suffer from some technical limitations such as environ-
mental pollution (hydrargyrate), high cost, and short lifetime
[9]. To develop new options, various inorganic UV phosphors
were intensively investigated in the past few years, whereas
studies on downshift luminescence are in the majority. Several
recent studies turn to the UV long persistent luminescence

(PersL), upconversion luminescence (UCL) and up-conversion
charging (UCC) PersL [10,11]. For example, Pan and co-workers
[3,12] developed new solar-blind UVC long persistent phos-
phors (LPP) and applied them to persistent tags. Yang et al.
reported an X-ray-activated LPP Cs,NaYFqPr** [13] and a blue
laser light-activated UC phosphor Li,SrSiO4Pr** [14]. Both the
above two phosphors were used for disinfection application.
Nonetheless, there remains a challenge regarding the efficient
integration of multi luminescence modes in a simple system.

Crucially, understanding the interactions among host lattice,
luminescent centers and energy traps plays a significant role in
realizing the coupling of complex emission modes. On the one
hand, the inorganic host lattice can provide suitable crystal-
lographic sites, crystal field and possible energy migration
environment for the dopants, which directly contributes to the
determination of luminescence features [15-17]. The natural
defects and substitution defects of the host lattice, as well as the
charge compensation effects will make for the generation and
regulation of energy traps, thus contributing to the emergence of
PersL and photo-stimulated luminescence (PSL) [18,19]. On the
other hand, as preferred luminescence centers, lanthanide
dopants with 4f-4f electronic transitions possess abundant
absorption and emission energy levels, which enables the gen-
eration of photoluminescence (PL) and UCL [17,20,21]. Hence,
coupling the interactions of host lattice, energy traps and
luminescent centers provide the possibility of creating multi-
mode luminescence in a synergetic fashion.

Herein, we present a rational design scheme for acquiring
multimode UV emission in a single Pr**-doped Li,CaGeOy
(LCGO) system, as shown in Fig. la. Trivalent praseodymium
(Pr**) ion is selected as the UV emission centers in view of the
fact that it possesses strong, broad, parity-allowed 4f'5d'—>4f
interconfigurational transitions [17,22]. The abundant and dis-
crete 4f energy levels of Pr** ions can act as intermediate states
for UC process which thus can be employed as emitters in UC
phosphors [23,24]. Whereas, the 4f5d band energy within the
range required for deep-UV emission is highly host-dependent
due to that the 5d electrons lie further from the nucleus and are
not shielded from crystal field effects [25,26]. The occurrence of
Pr’* 4f'5d'>4f transitions in the deep-UV range requires a
suitable crystal field environment to ensure a small stokes shift
of less than about 0.37eV [27,28]. Moreover, the germanate
compound LCGO is regarded as a prototypical model system for
accommodating Pr’* dopant and LCGO can supply highly
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coordinated and charge-imbalanced cation sites for Pr’* ions,
which is highly likely to form a suitable crystal field and thus
contribute to the deep-UV emission from 4f-5d transitions.
LCGO possesses lower melting points and high volatility [29],
which is beneficial to generating intrinsic defects (such as
lithium vacancy Vy;, oxygen vacancy Vo), as shown in Fig. 1a,
during the high-temperature treatment. Energy traps can be
formed from these defects for storing and releasing excitation
energies, further generating PersL and PSL [30,31].

By validating the above scheme, we demonstrate that Pr**
doping in LCGO is able to reconstruct the defect sites, which is
manifested as the formation of Prc, substitution defect and the
reduction of oxygen vacancies. Theoretical calculations explicitly
identify the regulation of trap types and distributions. Mean-
while, this heterovalent substitution strategy contributes to the
creation of photochargeable energy traps that participate in the
deep-UV delayed emission of Pr** under thermo- and photo-
stimuli processes. Benefiting from the establishment of emission
and trap centers simultaneously in the defect-rich host LCGO,
the as-prepared LCGO:Pr’* integrates multiple optical phe-
nomena, namely PL, PersL, UCL and PSL. As expected, the
resulting phosphor shows performance with strong deep-UV
emission at 230-330nm, which is overlapping well with the
germicidal effectiveness curve and can simultaneously respond
to X-ray, UV, blue and near-infrared lasers. By utilizing the
multi-stimuli responsive property of LCGO:Pr**, we demon-
strate a dual-mode optical conversion strategy for sterilization
application. It shows that the deep-UV luminescence of this

phosphor is sufficient to inactivate Staphylococcus (S.) aureus.
Note that this phosphor can be charged repeatedly by X-ray, UV
lamps or activated by blue laser feasibility, thus offering an
attractive prospect for practical sterilization applications. Such a
heterovalent substituting design strategy in the trap-mediated
host lattice provides a methodological basis for the construction
of multi-mode luminescent materials.

EXPERIMENTAL SECTION

Synthesis

Phosphors with stoichiometric molar compositions of
Li,Ca;-Pr,GeOy (x = 0.002-0.03) were synthesized using a solid-
state method. Stoichiometric amounts of Li,CO; (analytical
reagent (AR)), CaCO; (AR), GeO; (AR), and PrOi; (99.99%)
were mixed and ground in an agate mortar for half an hour. The
mixtures were heated at 850°C for 4 h in an air furnace and then
cooled to room temperature (RT) in the furnace. Then the
obtained samples were reground into fine powders for further
characterization. The preformed discs were pressed using a
pressing machine and then sintered at 850°C in air for 4h to
form solid ceramic discs.

Characterizations

The powder X-ray diffraction (XRD) patterns of
Li,Ca;Pr,GeO; were collected at RT by a Bruker D8
ADVANCE powder diffractometer with a linear VANTEC
detector, operating at 40kV and 40 mA with monochromatized
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(a) Schematic illustration of designing functional particles with multi-responsive deep-UV emission in Pr**-doped trap-rich host LCGO. (b) XRD

pattern of LCGO:0.02Pr*" phosphor compared with the standard data of LCGO (#PDF 00-027-0289). (c) XPS spectra of the LCGO:0.02Pr** sample and PrsOy,
reference. (d) XPS analysis of O 1s for the representative LCGO and LCGO:0.02Pr** samples. All XPS spectra were fitted after a Shirley background correction.

1104

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

April 2022 | Vol.65 No.4



SCIENCE CHINA Materials

ARTICLES

Cu Ka radiation (A = 1.5406 A). X-ray photoelectron spectro-
scopy (XPS) was performed on an ESCALAB 250Xi spectro-
meter. RT PL spectra, PL excitation (PLE) spectra, PersL spectra,
and decay curves were measured using a high-resolution spec-
trofluorometer (FLS1000, Edinburgh Instruments, UK) equip-
ped with a Xe lamp as an excitation source and R928
photomultiplier (200-900 nm) as a detector. PersL spectra and
PersL decay cures were measured after a UV lamp (25 W)/X-ray
tube (10 W) excitation. The UCL spectra at RT were recorded by
a Hitachi fluorescence spectrophotometer (F-4600) equipped
with an external power tunable 450nm laser diode array as
excitation sources. Thermoluminescence (TL) glow curves
measurements were performed with a TL dosimeter (FJ-427A1),
with a heating rate of 2°Cs™ from RT to 350°C. The sample was
irradiated for 5min at RT, and then it was left for 3 min before
the TL measurement. Moreover, an automated TL/optically
stimulated luminescence reader (Risp TL/OSL Da-20, DTU
Nutech, Denmark) coupled with a spectrometer (350-1000 nm)
(QE65 Pro, Ocean Optics) was used for PSL and TL two-
dimensional (2D) plot measurements. Before the PSL and TL 2D
plot measurements, the sample was irradiated for 5min at RT.
Thermal images were recorded by a thermal infrared camera.

Bacterial culture

All utensils were autoclaved at 121°C for 20 min to ensure sterile
S. aureus (ATCC 25923) were cultured in Luria-Bertani (LB)
medium with shaking (180rmin™') at 37°C and harvested at
each exponential growth phase by centrifugation. The super-
natant was discarded and the bacteria were resuspended in
phosphate buffer saline (PBS). The concentration of bacteria was
determined by measuring the optical density at 600 nm (OD600)
via UV-vis spectroscopy. Bacterial cell suspensions were diluted
to obtain cell samples containing 10° to 10’ CFU mL™.

Plate counting method

Phosphor sheets were covered on the 96-well plates containing
bacteria solutions. The blue laser was used to induce the deep-
UV emission through the well plate for inactivating bacteria.
Finally, 20 mL of culture medium in each well was plated on LB
agar plates, and placed in an incubator at 37°C for 24 h.

Computational methods
Theoretical simulations were carried out based on the density
functional theory (DFT) and the generalized gradient approx-
imation (GGA)-Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional for describing the interactions. The spin-
polarized magnetic was considered in each calculation. The
planewave cutoff energy was set to be 500 eV. 3 x 3 x 3 k-meshes
centered at gamma point were used for the calculations of both
structural optimization and electronic properties. All the struc-
tures were allowed to relax until the energy on the atoms was
less than 1.0 x 10 eV and all the forces on atoms were below
0.1eVA™.

The defect formation energy was calculated by the following
equation:

E’(defect) = E,,(defect) — E (pristine) = Y n,u,
+q(AE + EVBM) + Eerror’ (])

where E(defect) and E(pristine) are the total energy of the
cells with and without defect. 3, n 4, is the change in chemical
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potential before and after introducing the defects, in which y; is
the corresponding chemical potential of the elements, and n; is
the number of atoms. up, and pc, were derived from Pr (P6s/
mmc) and Ca (Fm3m), respectively. yo was estimated from the
total energy of an O, molecular placed in a cubic lattice of 10 A
in dimensions. g stands for the charge state of the defect, AEgemi
is the variation in the Fermi level before and after defect for-
mation, and Eygy is the valance band maximum.

RESULTS AND DISCUSSION

Structural characterizations and DFT calculations

LCGO and Pr**-doped LCGO were prepared by a conventional
solid state method, in which Pr** ions would substitute Ca?* site
with the general chemical formula Li,Ca; ,Pr,GeO4s (x = 0-
0.03), (denoted as LCGO:xPr**), x is the doping amount of Pr**
ions and § is the variation of O amount relative to the original
value. LCGO crystal belongs to the space group of I2m with a
body-centered tetragonal unit cell [32], which is composed of
CaOg dodecahedra and SiOs or GeOj tetrahedra linked by
sharing edges, whereas the lithium atoms are in distorted LiO,
tetrahedra joined at the corners as displayed in Fig. la. Prc,
occupation can be formed due to that the radius of Pr** ion is
too big to occupy LiO4 or GeOy tetrahedra. Such an occupation
is highly coordinated to create a suitable crystal field for the
occurrence of efficient Pr** 4f'5d'—>4f interconfigurational
transition for deep-UV emission [33], as disscussed latter. The
XRD patterns (Fig. 1b) of the as-synthesized LCGO:0.02Pr**
phosphor matched well with the standard card of the LCGO
crystal (PDF#00-027-0289), and no other impurities were found,
highlighting that Pr** only existed in substitutional form. When
the Pr** ion was introduced into the LCGO host lattice, charge
compensation needs to be considered due to the different
valences of Pr** and Ca?* ions. To clarify unambiguously the
oxidation state of Pr** jon in our investigated compound and
reveal the possible charge compensation mechanisms, XPS
measurements were conducted on LCGO and LCGO:0.02Pr**
samples as well as the reference raw material PrsO,;, as shown in
Fig. 1c, d. Only the Pr 3ds;, peak [34] at the binding energy of
933.38eV appears in the XPS spectrum of LCGO:0.02Pr*,
indicating that the non-equivalent doping has an effect on the
electronic structure of the ions in the host lattice. For the O 1s
spectrum (Fig. 1d), it can be fitted into two peaks, which cor-
respond to Vo (peak at the low energy) and the lattice O (peak at
the high energy) [35]. Moreover, the Vo peak shifted to higher
binding energies and its intensity decreased as Pr’* was intro-
duced into the host lattice, indicating that the number of Vo
decreased. This is reasonable because the positively charged Prc,
will cause the reduction of positively charged Vo to maintain the
charge balance of the system. To clarify the critical role of Pr
substitution, the DFT calculations were performed to further
investigate the effects of Pr** doping on structural defects in the
LCGO:xPr** system.

To simplify the discussion, we primarily focused on the effects
of Pr’* on Vo and the electronic structure of LCGO. Fig. 2a-c
show the comparison of the projected density of states (PDOS)
for the pristine and defective LCGO as well as Pr**-doped
defective LCGO. The creation of one Vo introduces an in-gap
state in LCGO, staying away from the conduction band mini-
mum (CBM) (Fig. 2b), which may be related to energy traps. By
contrast, the calculated DOS of the Vp-induced in-gap state
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Figure 2 DOS of the pristine and defective LCGO. (a) DOS of the pristine LCGO. (b) DOS of LCGO: Vo, (c) DOS of LCGO:Pr**,Vo. (d) The schematic
shows the loss of one oxygen atomand doping Pr at Ca site in situ from LCGO host. The black circle represents the intentionally designed oxygen vacancies.

(e, f) The ELF maps of LCGO:V, and LCGO:Pr**,Vo,.

decreased with introduced Pr** at Ca site (Fig. 2¢). In addition,
the formation energy of the coexistence of Pr** and Vo is cal-
culated to be 21.89eV, which is higher than that of Vo with
10.65 eV, indicating that the formation of Vo is reduced after the
doping of Pr**. The calculated results demonstrate that there is a
significant effect on Vo when doping Pr** ions in the LCGO
host. Fig. 2d demonstrates the projected crystal structure of the
LCGO:Pr*,Vo, where one oxygen vacancy is created at the
apical site of the GeOy tetrahedron. Then the electron localiza-
tion function (ELF) maps around the Pr atom at Ca site with Vg
in Ge site were analyzed, as shown in Fig. 2e, f. Comparing the
ELF maps of LCGO:Vo and LCGO:Pr**, Vo, the electron locali-
zation area around Prc, curtails as creating an adjacent Vo in
GeO, tetrahedron. That means that fewer electrons concentrate
around Prc, site; however, this is not conducive to compensating
the unbalanced charge caused by the non-equivalent doping and
thus renders the system unstable. Therefore, it is reasonable that
Pr doping leads to the reduction of Vg in the system.

Luminescence characterization

The optical performance of LCGO:Pr** phosphor was evaluated
in detail through DFT calculation and experimental measure-
ments. The calculated bandgap (E,) for the LCGO host is 3.8 eV
(Fig. 3a). This result demonstrates that LCGO is a suitable
carrier for accommodating Pr’* ions and able to provide enough
closely energy gap between the excitation level and the bottom of
the CB for inducing PersL process [31,36]. As illustration in
Fig. 3b, doping Pr** ions into LCGO host does not cause a
change in the energy gap (E,). By converting the experimental
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diffuse reflectance spectrum using the Kubelka-Munk function
[37], the estimated E, value of LCGO:0.01Pr*" is 3.8 eV, which is
consistent with the DFT calculation result. The PLE spectrum
monitored at 254 nm emission consists of two broad excitation
bands. One main band (~220-250nm) is located at about
245nm and the other weak band (~200-220nm) is located at
about 214 nm, which correspond to the transitions of 5d crystal-
field component of Pr** [38]. Since Pr** ion is located at a highly
symmetrical lattice site, it provides a suitable crystal field for
efficient 4f'5d'—>4f* interconfigurational transition of Pr’* with
deep-UV emission. In response to 240-nm light excitation, the
LCGO:Pr** yields a broadband deep-UV emission (~240-
330 nm), that is overlapping well with the germicidal effective-
ness curve (~220-280nm) [39] and phototherapy cure in
broadband UVB emission (290—320 nm) [40].

Interestingly, LCGO:0.01Pr** also possesses a strong absorp-
tion band around 450 nm corresponding to the *Hy-’Pj transi-
tion of Pr’*, which matches well with the emission cross section
of a convenient blue laser. Hence, under a 450-nm blue laser
excitation, the LCGO:0.01Pr** emits germicidal deep-UV UCL
that is identical to PL. The UCL of this sample originates from
the excited state absorption (ESA) process. Under 450-nm laser
excitation, the blue photons are populated from the ground state
level to the metastable intermediate state *Pj and then absorbed
to the lowest 4/5d level as illustrated in Fig. 3¢ [23,25]. The slope
of a linear regression fits on a double-logarithmic plot of inte-
grated UC emission intensity and the laser power density gives a
value of 1.93 (Fig. 3d), which is close to 2, certifying the two-
photon UC process, as expected.

April 2022 | Vol.65 No.4
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Figure 3 (a) DFT calculated electronic band structure of LCGO. (b) Normalized PLE, PL and diffuse reflectance spectra of LCGO:0.01Pr** at RT. The blue
emission cross section is the emission of the laser used in this experiment. The inset shows the converted diffuse reflectance spectrum of the LCGO:0.01Pr**
via Kubelka-Munk function F(R) [37]. (c) UCL spectrum of LCGO:0.01Pr** under blue laser excitation. The inset shows the energy level scheme of Pr**
4f—4f'5d" configuration and the possible UC mechanisms of Pr**. (d) Illumination-power-density dependence of UCL intensity of LCGO:0.01Pr**. Integrated
UCL intensity (I) versus the power density (P) of the blue laser. (e) RT PersL decay curves of LCGO:0.006Pr*" after excitation by X-ray (10 W, blue line) and a
UV low-pressure mercury lamp for 5min as compared with the background signal. The bottom is the PersL spectrum of LCGO:0.006Pr*". (f) The UV PersL

spectra recorded at different times after UV irradiation was ceased.

The potential traps formed during the synthesis process and
suitable E, of LCGO:0.01Pr** suggest that this new deep-UV
phosphor exhibits PersL phenomenon excepting the PL and
UCL. When the excitation was ceased, deep-UV PersL emission
accompanied by visible radiative transitions of 4f°-4f* can be
obtained, as displayed in Fig. 3e. The PersL decay curves on
LCGO:0.006Pr** were recorded as a function of PersL intensity
versus time and the recording lasted for 120 min. After 120 min
decay, the PersL intensity is still higher than the background
signal. Notably, the sample charged by X-ray shows higher PersL
intensity, over one order of magnitude stronger than that
charged by UV. Fig. 3f shows the time-dependent PersL spectra
recorded for 30 min after UV irradiation was ceased. The PersL
intensity decreases quickly in the first few minutes and then
decays slowly, which is consistent with the attenuation trend of
the PersL decay curve.

Analysis of trap regulation

The traps in LPP can store and release excitation energy that
forms the temperature dependency of PersL, namely TL. Herein,
the TL was measured to analyze the properties of the traps and
potential luminescence mechanisms of the LCGO phosphors. As
depicted in the Fig. 4a, the LCGO and LCGO:0.006Pr** possess
two strong TL broadband peaks at 110 and 205°C, representing
the existence of shallow traps (STs) and deep traps (DTs),
respectively. However, when Pr** ions are doped into the host,
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the proportion of STs increases obviously, indicating that the
dopant Pr** has a significant effect on structural defects and thus
affects the trap distribution, which also confirms the DFT
results. Moreover, compared with X-ray, the UV light with
relatively lower energy can fill more DTs. This particular phe-
nomenon has also been reported in other trap-related LPPs, such
as ZnGa,04Cr*™ [41], LisZngGasGeoOs:Cr’t, Ti** [31] and
CaSnO;:Bi** [42]. The charge carriers can hardly escape from the
DTs, leading a poor PersL intensity of the UV-charged sample,
as compared in Fig. 3e. TL 2D mappings were carried out to
clarify which PersL emission centers contribute to the TL glow
curves, as shown in Fig. 4b, c. It can be seen that the main TL
glow peaks of the LCGO originate from intrinsic defects in the
host. However, these traps are mainly distributed in deep regions
(150-300°C), which leads to thermal activation energy below/at
RT and cannot release the captured charge carriers in traps, so
that PersL is almost invisible at RT. The profile map in Fig. 4d
shows that one of the main TL glow peaks of the LCGO:
0.006Pr** in shallow region (50-150°C) is related to Pr’* ions,
indicating that Pr’* acts as a role of energy traps in this host.
Fig. 4c does not show the deep-UV emission (240-330 nm) due
to the limited detection range of spectrometer (350-1000 nm).
Note that the PersL is RT TL, and hence the deep-UV emission
in LCGO:Pr** contributes to TL peak. When the Pr*" ions were
introduced into the host, new defect Pr., formed by heterovalent
substitution, contributing to the increase of STs in the LCGO:
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Figure 4 (a) The comparison of normalized TL glow curves of LCGO and LCGO:0.006Pr** charged by UV and X-ray, respectively. (b, ¢) TL intensities of
LCGO and LCGO:0.006Pr** LPPs shown in wavelength-temperature contour plots. (d) Variation of the normalized TL glow curves with increasing heating
rates. (e) Partial-cleaning method applied to determine the composition of the TL glow curves. (f) The comparison of Tr-Top diagram and the corresponding

activation energies of LCGO:0.006Pr**.

xPr** However, in order to satisfy the charge neutrality of the
system, the number of Vi decreased with the addition of Pr**
ions, as shown in the TL glow curves in Fig. 4d, resulting in a
reduction in the concentration of DTs. The result is also con-
sistent with the DFT and XPS results analyzed earlier.

Trapping and detrapping mechanism

To clarify the trapping and detrapping mechanism of the LCGO:
xPr** samples, detailed TL measurements were carried out.
Fig. 4d shows the TL glow curves of LCGO:0.006Pr*" recorded as
a function of increasing heating rate between 2 and 10Ks ™. As
the heating rate increases, the temperature maximum (T},) of the
glow curve shifts toward higher temperatures. The reason can be
explained mathematically [43]:

s exp[ﬁ], @)

where f3 is the heating rate, E is the activation energy, k is
Boltzmann constant, 8.617 x 10°eVK™ and T, is the tem-
perature maximum in kelvin (K), and s is the frequency factor.
Hence, the T, increases with the heating rate f. It is difficult to
determine the activation energy for all of the traps and trap
distribution in LCGO:0.006Pr**, since the TL glow curve is
composed of several overlapping peaks. Therefore, a partial-
cleaning method was applied to determine the composition of a
complex TL glow curve and the E value of these traps, as shown
in Fig. 4e, f. Such a method records the remaining TL glow
curves after increasing the preheat temperature (Typ) in a step
of 20K (Fig. 4e), which can eliminate different fractions of the
occupied traps depending on the excitation temperature [44]. As
revealed in Fig. 4e, TL intensity gradually weakens with
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increasing Ty, to 160°C, whereas the TL intensity at 160-300°C
remains constant. This result indicates that the electrons in the
DTs are difficult to release without thermal activation. Mean-
while, the peak position of the TL curve shifts towards the higher
temperature region with increasing Tgop, confirming the pre-
sence of a wide trap distribution in the investigated sample. An
empirical way was applied to estimate the trap depths from the
location of the TL peak [45]:

- 3% ()
where Ep is the average energy trap depth, and T,, (K) is the
peak temperature. The dependence of evaluated trap depths on
Tsop is found distributed in two independent stage, 0.77-0.84 eV
(Stage I, belonging to STs), and 0.96-1.06 eV (Stage II, belonging
to DTs), as illustrated in Fig. 4f. By contrast, the trap depth in
stage II increases with a smaller linear slope than stage I due to
the slower de-trapping rates in this stage.

Ep

Photostimulated persistent luminescence

The co-existence of both quasi-continuous STs and DTs dis-
tributions is not only responsible for the unique PersL decays
observed in the LCGO:Pr**, but also for the PSL, as will be
discussed in the follows. Fig. 5a shows the response of the UV
pre-irradiated sample LCGO:Pr’* after 5 min decay with 980 nm/
470nm light stimulus. When the sample is stimulated by
980 nm/470 nm light, charge carriers are released from DTs to
STs and ready to recombine, and strong PSL can be observed
immediately at that time. Once the stimulation is repealed, the
PSL intensity drops suddenly to a low value due to that fewer
carriers are released. Based on the experimental results and
discussion presented above, we proposed a possible mechanism

April 2022 | Vol.65 No.4
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diagram and proposed PersL and PSL mechanisms in LCGO:Pr’*.

to explain the multimode luminescence in this study, as shown
in Fig. 5b. According to the DFT calculation, the band gap value
is confirmed to be 3.8 eV. The electron traps formed by Vo are
far from the bottom of the CB and near the top of the valence
band (VB). The Pr** energy levels are located in the middle of
the forbidden band for illustration purposes. Upon UV irra-
diation, electrons are pumped into CB from VB, leaving holes in
the VB. At this point, the electrons in CB are captured by traps
(process 1). After the excitation is ceased, some of trapped
electrons are thermally detrapped into the CB from STs at RT.
The STs and DTs are not absolutely independent so that the
transition of electrons from DTs to STs is inevitable (process 2).
Afterwards, the detrapped electrons in CB go down to the 5d
band of the Pr** then generating the excited Pr** ions, which
subsequently gives rise to the PersL (process 3). The wide trap
distribution and the low release rate of trapped electrons from
DTs lead to weak but long lasting PersL. Under short-time sti-
mulation with blue (470nm) or near-infrared light (980 nm),
some trapped electrons in DTs can be photo-released in two
ways: reaching CB through STs (process 2) or tunneling to the
*P; levels of Pr**, and then an ESA process can possibly occur
(process 4).

Bactericidal inactivation experiments
So far, we demonstrated the preparation of deep-UV phosphor
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LCGO:Pr** with multimode luminescence and revealed that
incorporating Pr** into the host lattice resulted in changing
proportion of DTs and STs. The special trapping and detrapping
processes suggest that this system shows individualized multi-
mode luminescence. The broad features of deep-UV emission
open up a diversity of potential applications. Herein, we design
and demonstrate a bactericidal inactivation application that
provides a new effective method for sterilization. As is well
known, S. aureus is an important human pathogen that causes
life-threatening infections and poses a serious public health
threat [46]. As a proof of concept, the deep-UV phosphor
developed here was used for killing S. aureus. In Fig. 6, we
demonstrated the design and experimental results of sterilization
with deep-UV UC and PersL emission. As shown in Fig. 6a, the
LB agar plates are full of bacteria when plated with the untreated
bacteria solutions and cultivated at 37°C for 24h. We covered
the phosphor sheet above the transparent well plate containing
bacteria solutions, and used blue laser to induce the deep-UV
emission through the well plate for inactivating bacteria. The
bacteria show different degrees of inactivation under different
irradiation times (Fig. 6a).

All the bacteria were killed after 30 min of irradiation. In order
to eliminate the interference of blue light and heat, more
experiments were conducted. Fig. 6b shows that the bacteria
solutions exposed to blue laser (1 W) for 30 min on LB agar
plates also grew full of bacteria. This means that the blue laser is
not effective in sterilization. Besides, the blue laser treatment did
not cause significant temperature changes around the well plate
(Fig. 6d, e), which ruled out the effect of temperature on ster-
ilization. The deep-UV PersL of the developed phosphor can
also be used for killing S. aureus. The phosphor sheet was pre-
irradiated by X-ray for 5min and then kept close to the well
plate containing bacteria solutions for 30 min. After being cul-
tured for 24 h, the UV PersL-irradiated bacteria solutions pro-
duced significantly fewer bacteria than the untreated (Fig. 6c).
The above results provide direct evidence that the UCL and
PersL from our deep-UV phosphor can be used for sterilization.
The readily available excitation sources highlight its enormous
potential for practical applications.

CONCLUSIONS

A heterovalent substituting design strategy for developing Pr**-
doped LCGO deep-UV phosphor with multi-responsive char-
acter is reported, presenting excellent visible-to-UV conversion
and energy storage capabilities. We demonstrated that the flex-
ible response modes of LCGO:Pr** were derived from the crucial
energy trap center reconstruction and abundant intermediate
levels of Pr** in trap-mediated LCGO compound. DFT calcu-
lations verify the critical role of Pr’* substitution on defect-
related traps: introducing the Pr’* ion into host lattice con-
tributes to the creation of Prc, defect and the decrease of Vg It
effectively regulated the proportion of DTs and STs, and then
enabled the LCGO:Pr*" to present PersL and PSL with deep-UV
emission in a synergetic fashion. Upon 450-nm blue laser exci-
tation, the phosphor also gives intense broad band deep-UV
UCL that is overlapping well with the germicidal effectiveness
curve. Hence, the deep-UV emission of LCGO:Pr** can be
aroused by convenient light sources including X-ray tubes, laser
diode arrays and UV lamps. Interestingly, the deep-UV UCL
and PersL of this phosphor are sufficiently intense for ster-
ilization. This study is expected to inspire the development of
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more excellent Pr’**-doped deep-UV phosphors with multi-
response for potential applications.
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