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HIGHLIGHTS

o Host composition influences Gd**

e Assessed pyrophosphate host bandgaps are suitable for UV-B emission
o EPR identifies oxygen-hole and phosphorus-related radicals after X-ray irradiation

incorporation and persistent luminescence

o SryP,0,: Gd®* exhibits highest-radiance persistent luminescence
e Defect engineering is important for rational design of UV-B phosphors

ARTICLE INFO ABSTRACT

Keywords: Ultraviolet-emitting phosphors deliver higher-energy photons than visible or infrared sources, which is a pre-
Afterglo‘/‘f ) requisite for efficient photoionisation and energy transfer processes. In this work, gadolinium-activated alkaline-
Long-lasting luminescence earth pyrophosphates (X2P207, X = Ca, Sr, Ba) are comparatively investigated to determine how host compo-
Thermoluminescence

sition and structure influence Gd** incorporation, irradiation-induced defect formation, and UV-B persistent
luminescence characteristics. Reflection electron energy-loss spectroscopy (REELS) indicates that all compounds
possess suitable bandgap values for UV emission. X-ray diffraction (XRD) and electron paramagnetic resonance
(EPR) analyses confirm successful incorporation of Gd>* ions at low-to-moderate doping concentrations into the
X2P207 hosts. All materials exhibit the characteristic Gd3+ 6P7/2 — 887/2 UV-B photoluminescence emission at
312 nm, which is also observed in thermally stimulated luminescence (TSL) measurements following X-ray
excitation, with each host showing distinct glow peak temperatures. Spin-Hamiltonian parameters derived from
EPR spectra simulations reveal that X-ray irradiation induces the formation of oxygen-related hole centres and
phosphorus-related radicals. Among the studied compounds, SraP207: Gd>* exhibits optimal trap depths for
intense UV-B persistent luminescence, maintaining radiance above 5 - 10™* mW m™2 sr™! for nearly 2 h after
excitation. These results establish Gd>-doped pyrophosphates as efficient UV-B phosphors with tuneable defect
structures suitable for phototherapy, sterilisation, and photocatalytic applications.

Electron spin resonance (ESR)
Radiation-induced radicals

phototherapy [1,2], sterilisation [3], and the possibility of extending the
functional operational time of commercial photocatalysts [4-8]. Due to

1. Introduction

The importance of phosphors capable of emitting in the ultraviolet
(UV) spectral region arises from their higher photon energy compared to
those of the visible spectrum. The UV range is conventionally divided
into UV-C (200-280 nm), UV-B (280-315 nm), and UV-A (315-400 nm)
regions. This high-energy radiation enables a variety of applications that
rely on photoionisation or energy transfer processes, including
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chemical stability and sufficiently large bandgap values, various
phosphate-based materials are widely used as matrices for optically
active dopants [9-11].

Pyrophosphates, specifically calcium pyrophosphates (CayP207,
CPPs), are especially interesting as an alternative to calcium ortho-
phosphates, which are widely used in biomedicine [10]. Doping with
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near-infrared emitters enables multimodal medical and imaging appli-
cations [12], while introducing higher energy UV-emitting centres offers
potential for cancer cell inactivation in radiation therapy [13]. CPPs
crystallise in three different polymorphs (y-, f-, and a-), each with
distinct Ca coordination, P-O-P angles, P-O bond lengths, and
radiation-induced point defect formation. These structural variations
influence the local environment of dopant ions and are essential to
investigate for the development of both conventional and persistent
phosphors [14]. The UV photoluminescence properties of Pr®*-activated
a- and B-CPP phases have been described by Pier et al., who demon-
strated successful dopant incorporation in the lattice and relevance of
the materials for bacterial inactivation [11]. Griesiute et al. reported
phase-dependent visible emission in Mn-activated CPP polymorphs
[10], further highlighting the role of crystal structure in optical
properties.

Strontium and barium pyrophosphates (SraP207, SPPs; BagP207,
BPPs) have also been reported to effectively incorporate a wide range of
optically active ions and serve as efficient luminescent materials [15,
16], dosimeters [17], and persistent phosphors [18]. Several studies
have examined the UV emission characteristics of rare-earth ion-doped
SPP. X-ray excitation of Pr°*-doped SPP enables a mechanoluminescent
response in the UV-C range, with emission maximum peaking at an
exceptionally short wavelength of 230 nm [17]. Gd-activated SPP ex-
hibits intense UV-B persistent luminescence, maintaining a power den-
sity of 5.4 mW/m? even 60 s after X-ray excitation [18]. Similar to CPPs,
SPP and BPP materials crystallise in multiple phases with differing
alkaline earth coordinations. Consequently, a systematic comparative
investigation of these compounds is essential to determine the
structure-property relationships that govern their luminescent behav-
iour and to guide the design of optimised phosphor materials.

Gd®*-activated hosts effectively emit a narrow crystal-field insensi-
tive UV-B line at 312 nm assigned to the electronic ®P; /5 — 8S; /o 4f-4f
transition. Because the 4f levels are well shielded and only weakly
perturbed by the lattice [19], the emission wavelength is effectively
host-independent, allowing for the optimisation of charge-storage and
energy transfer pathways without shifting the emission wavelength.
Given the widespread use of the UV-B region in phototherapy, the
development of Gd3+—d0ped persistent phosphors holds significant
practical relevance.

Although Gd3*-activated pyrophosphate phosphors have been pre-
viously reported, earlier studies have primarily focused on the lumi-
nescence performance of individual host materials, while a systematic
understanding of how the host composition influences Gd3* incorpo-
ration, defect formation and persistent luminescence remains limited. In
particular, the relationship between alkaline-earth pyrophosphate hosts,
irradiation-induced defect centres and persistent luminescence is still
not well understood. Therefore, this work presents a systematic inves-
tigation of the structural, optical, and defect-related properties of Gd-
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activated XyoP20; (X = Ca, Sr, Ba) pyrophosphate materials. By
comparing these chemically related hosts, we elucidate how cation size
and crystal structure influence dopant incorporation, trap formation,
and UV-B emission characteristics. In addition, EPR spectroscopy is
employed to identify irradiation-induced defect centres and evaluate
their possible role in charge trapping, providing further insight into the
persistent luminescence mechanism of Gd*activated pyrophosphates.
These findings contribute to a more rational understanding of host-
dependent persistent luminescence and may support the design of
pyrophosphate-based phosphors.

2. Materials and methods
2.1. Material synthesis

CPP polymorphs were synthesised by the wet co-precipitation
method [10]. Briefly, a stoichiometric quantity of Ca(NOgs), e 4H50
(Carl Roth, >99 %) and Gd(NOs3)3 e 6H>0 (Thermo Scientific, 99.9 %)
was dissolved in deionised water to obtain a 0.4 M concentration of
metal ions. The desired mol% of Gd>* ions was set according to the
target activator concentration relative to Ca" ions. (NH4)2HPO4 (Carl
Roth, >98 %) solution of the same concentration was prepared sepa-
rately and rapidly added to the solution containing metal ions. The
mixture was stirred continuously until a white precipitate formed, after
which it was aged for 10 min. The precipitate was vacuum-filtered,
washed with deionised water, and dried at 90 °C in air. Samples were
then annealed at 1000 °C for 5 h to form $-CazP»07 and at 1200 °C for 5
h to form a-CasP207. In the case of BayP,0; and SroP,07, Ba(NO3),
(Thermo Scientific, 99 %) and Sr(NOs), (Thermo Scientific, 99 %) were
used, and the precipitates for both were annealed at 1000 °C for 5 h.
Heating rate for annealing was 5 °C min "

2.2. Structural characterisation

The phase composition analysis of the powders was conducted using
a Rigaku Miniflex II X-ray diffractometer equipped with a Cu Ko (0.154
nm) radiation source operating at 40 kV and 15 mA. The data were
collected within a 10-60° 260 angle range with a speed of 5° min~!. EPR
spectra were recorded with a Bruker ELEXSYS-II E500 spectrometer.
Room-temperature measurements were carried out at both X-band
(9.836 GHz) and Q-band (34.01 GHz) microwave frequencies. For low-
temperature measurements (80 K), the spectrometer was equipped with
an Oxford Instruments liquid helium flow cryostat, and spectra were
recorded at 9.363 GHz. The microwave power and magnetic field
modulation amplitude were optimised individually for each measure-
ment series. Radiation-induced radicals were generated by exposing the
samples to X-rays from a tube operated at 45 kV and 10 mA at room
temperature for 30 min. Under these conditions, the absorbed dose was
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Fig. 1. X-ray diffraction patterns of (a) a-CPP, (b) p-CPP, (c) BPP, and (d) SPP samples.
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Fig. 2. X-band EPR spectra (10 mW microwave power; 0.4 mT magnetic field modulation amplitude) of (a) a-CPP, (b) p-CPP, (c) BPP, and (d) SPP samples. EPR

signal intensities are normalised to 100 mg of sample mass.

estimated to be approximately 1 kGy. Following irradiation, the samples
were subjected to isochronal annealing in air using a custom-built
furnace, with each annealing step maintained for 10 min. EPR spectra
simulations were performed using the EasySpin software [20]. The
bandgap of the investigated pyrophosphates was evaluated by reflected
electron energy loss spectroscopy (REELS) measured by Thermo Fisher
Scientific ESCALAB Xi+; electron energy was 1000 eV, with the detector
pass energy of 10 eV and measurement step size of 0.02 eV. The binding
energy scale was calibrated using sputter-cleaned Au, Ag, and Cu
reference samples, setting the Au 4f; /2, Ag 3ds/5, and Cu 2pg,» peaks at
83.9, 368.2, and 932.6 eV, respectively.

2.3. Optical characterisation

Photoluminescence excitation and emission measurements were
carried out at room temperature using an Edinburgh Instruments
FLS1000 photoluminescence spectrometer equipped with a gas
discharge Xe lamp (CW 450W) used for excitation and a PMT R928P for
signal acquisition. The measured powders were pressed in stainless-steel
cup sample holders. The positioning of the samples and the operating
current of the excitation source were kept equal for all measurements.
Thermally stimulated luminescence (TSL) was measured using a Lexsyg
research TSL/OSL reader from Freiberg Instruments. Emission spectra
were recorded with an Andor DV420A-BU2 CCD camera coupled to the
TSL reader (integration time 2 s). Persistent luminescence optical
emission power was detected using a UV-extended Si standard photo-
diode sensor S120VC/PM100D console from Thorlabs. Samples were
mechanically rotated in and out of X-ray excitation using a custom
turntable system, as described previously [21]. The samples were irra-
diated with a tungsten-anode X-ray tube operated at 40 kV and 0.5 mA.

3. Results
3.1. Structural characterization

Fig. 1 shows X-ray diffraction patterns for the investigated

pyrophosphate polymorphs. Overall, good agreement with the reference
data is observed; however, upon increasing the Gd concentration, a-CPP
and SPP diffraction patterns exhibit additional signals not attributable to
the reference card. The additional peaks can be matched to the GAPO4
(#00-032-0386) impurity phase, indicating a limited solubility of Gd>*
in a-CPP and SPP at higher concentrations. In addition, evaporation of
phosphate species during high-temperature annealing cannot be
excluded and may contribute to secondary phase formation [22]. Phase
transition temperatures for the three known CPP polymorphs are as
follows: 750 °C for the transition of y-CPP to f-CPP and 1170 °C for the
high temperature transition from p-CPP to a-CPP [23]. a-CPP crystallises
in the monoclinic space group P2;/n (#14) and contains two distinct Ca
sites, both being 8-coordinate [CaOg] dodecahedra. In contrast, 3-CPP
adopts the tetragonal space group P4, (#76) with 4 distinct Ca incor-
poration sites - Cal and Ca3 are 7-coordinate (distorted pentagonal bi-
pyramids), Ca4 is 8-coordinate (bicapped trigonal prism), and Ca2 is
9-coordinate (tricapped trigonal prism) [11,24]. The high-temperature
forms of a-SryP207 (SPP) and 6-BayP20; (BPP) crystallise in ortho-
rhombic Pnma (#62) and hexagonal P62 m (#189) space groups,
respectively [25,26]. SPP contains two non-equivalent Sr2* sites, both
9-coordinate [SrOg] [18,25], while Bat in BPP occupies 2 unique sites,
of which one is 7-coordinate and the other is 10-coordinate [10,11]. Due
to the large differences in effective ionic radii of Gd3* (0.94 f\, CN =6, to
1.11 A, CN = 9) [27] and P°" (0.17 &, CN = 4) [28], it is reasonable to
assume the incorporation of Gd®* in Ca®*, Ba®", or Sr?* sites of the
pyrophosphate lattice. Such substitution requires charge compensation,
which may occur through the formation of intrinsic defects, most
plausibly alkaline earth cation vacancies [29].

EPR spectra of the pyrophosphate samples in Fig. 2 reveal
concentration-dependent incorporation of Gd>* ions into the materials.
The EPR spectra exhibit complex resonance patterns covering a broad
magnetic field range. The resonance positions are unique to each matrix,
which implies different crystal field environments for the rare-earth ion.
Two types of features can be distinguished in the EPR spectra: (1) nar-
row resonance lines with comparable intensities for all samples, which
originate from isolated Gd>* centres, substituting the X** (X = Ca, Sr,
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Fig. 3. (a) X-band and (b) Q-band EPR spectra (10 mW; 0.4 mT) simulations of
the B-CPP: 0.5 % Gd sample.

Ba) sites of the respective compound; (2) broad spectral envelopes
centred at around 350 mT, which suggest clustering effects of Gd3* at
higher dopant concentrations. The saturation of EPR signal intensities at
relatively low Gd®* concentrations indicates a relatively low solubility
limit of the dopant ions in pyrophosphate samples, which is probably
caused by the ionic size mismatch and charge disparity between the
trivalent Gd®* ion and the native divalent cations of the lattice. Thus, the
obtained EPR results indicate a correlation with the possible formation
of Gd-rich phases for higher doping content inferred from the XRD data
(Fig. 1).

EPR spectra structure contains valuable information about the local
environment of Gd" ions in the pyrophosphate samples. When Gd®*
ions are incorporated into a crystal lattice, the degenerate 8,5 ground
state undergoes zero-field splitting (ZFS), even in the absence of an
external magnetic field. ZFS is sensitive to the local site symmetry and
gives rise to distinct EPR signals, which can be quantitatively described
using the spin Hamiltonian (SH) formalism:

H =gu,BS + SDS, @

where g is the g-factor; uz — the Bohr magneton; B — external magnetic
field; S - electronic spin operator; D — ZFS tensor, which can be
expressed by axial D = 3D,/2 and rhombic E = (Dx —Dy)/ 2 ZFS pa-
rameters [30,31]. Eq. (1) is a simplified SH form, and higher-order op-
erators should also be included to calculate the ZFS of an S = 7/2 system;
however, such a detailed analysis is beyond the scope of this study.
Fig. 3 presents multifrequency EPR spectra simulations obtained
with g =1.991 + 0.001, D = 924 + 50 MHz, and E = 234 + 50 MHz for
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Fig. 4. REELS spectra of undoped (a) SPP, (b) BPP, (c) p-CPP, (d) a-CPP
samples and the estimation of the bandgap values Eg.

the p-CPP: 0.5 % Gd sample. The satisfactory agreement between the
simulated and experimental spectra recorded at two microwave fre-
quencies using this single parameter set indicates preferential incorpo-
ration of Gd>* ions into a single crystallographic site of f-CPP. Such a
result could not be replicated for a-CPP and SPP (the experimental data
are presented in Fig. S1 of the supporting information file). For these
hosts, a unique set of SH parameters could not be obtained due to the
high spectral complexity arising from strongly overlapping signals,
likely associated with multiple Gd>* centres. Under such conditions,
reliable simulations of powder EPR spectra become highly challenging.
The EPR spectra of BPP: Gd>* contrast with those of the other materials
by pronounced broadening effects. This points to structural disorder and
site-to-site variations in the local environment of Gd>' ions. This
observation is consistent with the reported disorder effects involving the
bridging oxygen atoms in BPP [26].

REELS spectra of the investigated pyrophosphates are shown in
Fig. 4. The bandgap values were estimated by linearly extrapolating the
leading edge of inelastic energy loss to the baseline of the elastic peak,
and the values were found to be 8.0, 7.3, 8.0, and 7.9 eV for undoped
SPP, BPP, B-CPP, and a-CPP, respectively. Acquired results are similar to
literature values for a-CPP and p-CPP [11,32], however, appear some-
what higher than reported SPP bandgap values obtained from optical
measurements and DFT calculations (5.1 eV) [33]. This discrepancy may
partly reflect differences between REELS-derived estimates and bulk
bandgap estimation methods [34], including the surface sensitive nature
of REELS and uncertainties associated with determining the energy-loss
onset by linear extrapolation. Nevertheless, all obtained values remain
substantially higher than the energy of the Gd** ®P;/, — 8S; 5 radiative
transition (~3.97 eV) and therefore do not affect the main conclusions
regarding host suitability for UV-B emission.
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3.2. Optical characterisation

The photoluminescence excitation and emission spectra of the

investigated Gd-activated pyrophosphates are depicted in Fig. 5. G

d3+

ions exhibit a stable [Xe]4f” electron configuration that is known for its

largely crystal-field-insensitive UV-B narrowband emission. Upon 273
nm excitation (887/2 - GIJ), intensive 6P7/2 - 837 ,2 narrowband emis-
sion at 312 nm can be detected. Nearby shoulder bands around 306 nm
and 322 nm can be attributed to the 6P5/2 - 887/2 transition and likely
the phonon sideband of 5P, /, — 8S;, radiative transition, respectively
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Table 1
Estimated bandgap values and dominant trap depths of Gd**-activated
pyrophosphates.

Material Estimated bandgap of Activation energy of the
undoped host, Eg (eV) dominant traps (eV)
«-CasP207: 3 % 7.9 ~0.6
Gd**
p-CagP207: 3 % 8.0 ~0.4
Gd**
BayP207: 3 % 7.3 ~0.6
Gd**
SryP207: 3 % 8.0 ~0.6, ~0.7
Gd**
[ | | | ]
B 0.14 — T T T T T _
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Fig. 7. Persistent luminescence kinetics after 3 min X-ray irradiation; inset:

maximum persistent luminescence emission power as a function of irradia-
tion time.

[35-37]. Excitation spectra (dashed lines in Fig. 5) were acquired by
monitoring the 312 nm emission band. The excitation spectra consist of
several narrow bands centred at 275 nm, 253 nm, and 246 nm, which
are attributable to 887/2 - 91, and 857/2 — ODj transitions. For com-
parison of relative photoluminescence intensities between hosts,
concentration-dependent integrated emission intensities are provided in
the Supporting Information (Fig. S2).

TSL spectroscopy was used to characterise charge trapping processes
induced by X-ray irradiation of the pyrophosphate samples. TSL glow
curves were acquired in two different temperature ranges: (1) -
50-100 °C to characterise shallow traps relevant to persistent lumines-
cence and (2) 25-400 °C to investigate the deep traps. All TSL mea-
surements (see Fig. 6 and Fig. $3) reveal Gd*>" emission with different
TSL glow-peak temperatures for each host. Traps relevant to persistent
luminescence typically exhibit TSL peaks in the range between 80 °C and
150 °C [38-40]. The best performance is observed for SPP and BPP
samples (Fig. 6 (c) and (f)), where, during trap depopulation, Gd®* acts
as the only luminescence centre, and the intensity of the 6p, 2 = 887/2
transition centred at 312 nm is substantially higher than in both CPP
polymorphs (Fig S3 (c¢) and (f)). The lower temperature TSL curves of
SPP (Fig. 6 (a)) consist of two wide bands centred at around 25 °C and
65 °C. The 25 °C band potentially only plays a role in the initial emis-
sion, while the dominant contribution to persistent luminescence arises
from the 65 °C band. A weak band at ca. 210 °C is also observed (Fig. 6
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(b)); however, its contribution to persistent luminescence is likely
minor. The TSL glow curves of BPP (Fig. 6(d) and (e)) suggest the
presence of two closely overlapping bands that merge into a single wide
feature peaking at 50 °C, covering the optimal temperature range for
persistent luminescence. Similar to SPP, the emission is confined to the
6p,,5 — 88,5 transition of Gd®* ions, although its intensity is compar-
atively lower (Fig. 6 (f)). To provide a semi-quantitative comparison of
trapping characteristics relevant to persistent luminescence, approxi-
mate trap depths were estimated from the dominant TSL glow-peak
temperatures using the empirical relation Eq ~ T,/500 [41,42].
Owing to the broad and partially overlapping nature of the TSL glow
curves, particularly in SPP and BPP, these values should be regarded as
approximate and intended primarily for comparative discussion. The
estimated values are summarised in Table 1.

Quantitative analysis of persistent luminescence metrics is based on
emission power measurements. A benchmark luminance value of 0.32
med/m? is commonly used to assess the luminescence duration of
persistent phosphors emitting in the visible range, considering the
sensitivity of human eyes. For UV- and IR-emitting persistent phosphors,
a radiometric threshold value of 5 - 10~* mW/m?/sr is generally
accepted, which approximately equals the above-mentioned luminance
value (at 555 nm, photopic vision) [8,43]. Persistent luminescence
power density measurements (W/mz) are therefore essential to evaluate
the luminescence duration above the defined radiance threshold.

Radiance derived from persistent luminescence decay kinetics is
shown in Fig. 7. Persistent luminescence measurements were performed
on the 3 mol% Gd>* samples, as this concentration exhibited the highest
persistent luminescence intensity among the investigated compositions.
Using a power-density evaluation methodology similar to that proposed
by Wang et al. [44], for SPP: 3 % Gd>*, we obtain power density esti-
mations of 9.3 mW/m? and 6.1 mW/m? at 5 s and 10 s, respectively.
Maximum emission power plateaus after ~60 s of X-ray excitation, after
which the available trapping sites are saturated and no further gain in
intensity is observed (see the inset of Fig. 7). The luminescence signal in
a laboratory setting can be detected for over 10 h, with its intensity
above the radiance threshold persisting for ~116 min. Due to the smaller
initial TSL intensity (Fig. 6 (f)), the duration of persistent luminescence
above the threshold of BPP: 3 % Gd>" is shorter, lasting for approxi-
mately 45 min (Fig. S4).

3.3. Electron paramagnetic resonance (EPR)

EPR spectroscopy was employed to investigate radiation-induced
radicals in the pyrophosphate samples, and the results are summarised
in Fig. 8. X-ray irradiation generates distinct EPR signals in each host
matrix, whereas the influence of Gd>* doping on the formed defect types
is comparatively minor. Namely, the dopant affects signal intensities -
reflecting the concentration of paramagnetic centres - but does not shift
resonance positions or introduce additional signals. This demonstrates
that the same types of centres are formed irrespective of Gd>* doping.
Quantitative analysis of the double-integrated EPR signal intensities of
X-ray-induced radicals as a function of Gd>* concentration is presented
in Fig. S5. A more detailed analysis of each host matrix is presented
below.

The EPR spectra of p-CPP can be interpreted as a superposition of
multiple signals with varying degrees of stability. Fig. S6 shows the
assignment of the EPR spectrum to radicals labelled as p-1, -2, and p-3
according to Ref. [14]. The least stable radical, -1, can be assigned to an
oxygen-related hole centre based on the principal values of the g-factor
(g1 = 2.027, g = 2.017, g3 = 2.009). The more stable centres exhibit
highly overlapping signals, the precise origin of which remains
uncertain.

EPR spectra simulations of the X-ray-induced radicals in all hosts
were performed using the SH:

H=gu,BS + SAI, )
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where A - hyperfine (HF) interaction tensor; T - nuclear spin operator.
The radicals were modelled as electronic spin S = 1/2 systems, including
HF interaction with a single 3!P nuclear spin (I = 1/2; 100 % natural

B (mT)

360 1195 1200 1205 1210 1215 1220 1225

Fig. 9. Multifrequency EPR spectra simulations of X-ray-induced radicals in undoped (a,b) a-CPP, (c,d) SPP, and (e,f) BPP samples.

abundance) where necessary. The simulations of room-temperature
detected radicals are displayed in Fig. 9, while those additionally
resolved in low-temperature EPR measurements are shown in

Fig. S7-59. Table 2 provides a summary of

fitted SH parameters.
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Table 2
SH parameters of X-ray-induced radicals in pyrophosphate samples.
Host Radical g factor HF coupling with®'P
81 &2 83 Ag, Az, As,
MHz MHz MHz
o-CPP o-1 2.0045 2.0020 2.0014 38 42 41
o-2 2.0462 2.0103 2.0027
SPP S-1 2.0037 2.0018 2.0008 40 43 42
S-2 2.0600 2.0133 2.0008
S-3 2.0190 2.0135 2.0120
BPP B-1 2.0144 2.0096 2.0057 71 83 62

Two distinct radiation-induced radicals are observed in «-CPP,
consistent with previous reports [14]. The first centre, denoted a-1
(Fig. 9(a) and (b)), has a slightly anisotropic g-factor with the average
value close to the free-electron value of g, = 2.0023. The unpaired spin
exhibits nearly isotropic HF interaction with a single *!P nucleus. The
hyperfine coupling is smaller than that typically reported for PO4- and
POs- type radicals in solids [45], indicating a relatively low spin density
on the phosphorus atom. The second radical, a-2, could be resolved in
low-temperature EPR measurements (Fig. S7). The highly anisotropic
g-factor, combined with the absence of discernible hyperfine structure,
suggests that it is an oxygen-centred trapped-hole O™ radical [45].

Optimisation of EPR detection temperature and microwave power
(Fig. 9 (c), (d), Fig S8) allows for the detection of at least three radicals in
SPP. S-1 and S-2 appear to be analogous to a-1 and a-2, but with slightly
different SH parameters due to variations in the local structure of the
trapping sites. Radical S-3 has a positive shift relative to the g, value and
a relatively small anisotropy, which suggests that the radical is probably
delocalized on oxygen.

The dominant contribution to the EPR spectra following X-ray
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irradiation in BPP arises from a single radical assigned as B-1. The
considerable 3'p hyperfine coupling, together with the positive g-shift,
indicates substantial spin density on phosphorus in comparison to other
hosts. However, EPR spectra variations with Gd®* concentration (Fig. 8
(c)) and microwave power (Fig. S9) reveal the presence of an additional
signal overlapping the low-field component of this doublet.

Fig. 10 shows the stability of X-ray-induced radicals determined

through stepwise annealing experiments. Clear differences are observed
in the annealing kinetics of the phosphorus-related radical a-1 and the
O™ -type radical a-2 in a-CPP (Fig. 10 (d)). Radical o-1 is relatively stable
and is likely associated with the deeper traps responsible for the TSL
glow peak at ca. 250 °C (Fig S3 (b)), whereas radical a-2 anneals within
the temperature range of the low-temperature glow peak near 100 °C. In
SPP, radical annealing proceeds in multiple stages (Fig. 10 (e)). In the
first stage (150-250 °C), the low-temperature radicals S-2 and S-3 are
completely annealed, accompanied by a partial reduction of the S-1 EPR
signal intensity. A second stage of S-1 annealing occurs between 400 and
600 °C. However, none of these processes show a clear correlation with
the TSL curve of SPP (Fig. 6 (b)), which implies that the detected EPR-
active radicals are not directly involved in recombination lumines-
cence processes in SPP. In BPP, the phosphorus-related radical B-1 ex-
hibits relatively low stability (Fig. 10 (f)), consistent with the low-
temperature TSL glow peaks observed in the 20-110 °C range (Fig. 6
(e)). The correlation between the annealing kinetics of B-1 and low-
temperature TSL signals suggests that phosphorus-related hole traps
may contribute to persistent luminescence in BPP.

4. Discussion

The results demonstrate that alkaline earth pyrophosphates are
promising host lattices for Gd>* doping, enabling luminescence in the
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Fig. 10. EPR spectra (1 mW; 0.1 mT) acquired after sample annealing at selected temperatures and the corresponding annealing kinetics of (a,d) a-CPP, (b,e) SPP,
and (c,f) BPP. The low-temperature-detected EPR spectra are shown in Figs.EPR.S7-S9.
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Table 3
Comparison of persistent luminescence parameters reported for representative UV-emitting phosphors.
Material Excitation Emission A (nm) Power density (mW/m?) Duration above threshold (h) Duration above detector background (h) Ref.
CayAl,Si0;: Ce®* 350 nm 410 12.55 (10s) 48 >48 [48]
CayAl,SiO: pr3* 250 nm 268 10.6 (10s) 3.7 >16 [21]
X-rays 268 7.4 (105s) 10.5 >16 [21]
268 4.8 (105s) [44]
LiYGeOy4: Bi®* 254 nm 365 11.83 (10s) >72 [49]
Sr,P,0,: Gd** X-rays 312 15.2 (1 s) >10 This work
9.3(59)
5.8 (105s)
X-rays 312 12.57 (20 s) [18]
BayP,0,: Gd>* X-rays 312 1.5(s) ~0.75 >10 This work
0.8(559)
0.6 (10s)

UV spectral range. The determined bandgap values vary in the 7-8 eV
range (Fig. 4), exceeding the energy of the Gd** Py, — 8S; /5 transition
at 312 nm (3.97 eV) (Fig. 5). At high dopant levels, however, XRD
(Fig. 1) and EPR (Fig. 2) analyses indicate limited solubility of Gd3+,
leading to clustering and the formation of secondary crystalline phases.
These findings reveal the importance of considering charge compensa-
tion mechanisms in the pyrophosphate matrices and suggest that co-
doping may be necessary to further optimise luminescence perfor-
mance. A reasonable strategy is co-doping with monovalent alkali metal
ions such as Li*, Na™, or K¥, which could provide charge compensation
for substitution of divalent alkaline earth cations by trivalent rare-earth
ions [46,47]. Since the investigated pyrophosphates differ in crystal
structure and local alkaline-earth coordination, differences in Gd3+
incorporation and defect formation are expected. This is reflected in the
distinct Gd>* incorporation environments observed by EPR spectros-
copy for a-CPP, p-CPP, SPP and BPP. Moreover, local structural varia-
tions also influence the formation and stability of radiation-induced
defect centres. During X-ray excitation, the pyrophosphate materials
undergo charge-transfer processes that generate paramagnetic species
(Fig. 8) and, in some cases, efficient persistent luminescence (Fig. 7).
The induced radicals can be categorised into trapped-hole centres and
phosphorous-related radicals, exhibiting distinct thermal stabilities
(Fig. 10). The thermal stimulation of some of the trapping centres occurs
gradually at room temperature, which enables long-lasting lumines-
cence emission (Fig. 6). A comparison of persistent luminescence pa-
rameters of representative UV-emitting phosphors is provided in
Table 3. Among the investigated pyrophosphate hosts, the highest UV
persistent luminescence radiance is observed for SPP: 3 % Gd>* (Fig. 7).
The obtained performance is comparable to previously reported
UV-emitting phosphors. Some of the X-ray-induced radicals in the py-
rophosphate materials are highly stable, storing the excitation energy in
deep traps. Therefore, defect-engineering strategies increasing the con-
centration of shallow traps should be pursued to achieve the full po-
tential of these materials. In addition, for application-oriented use,
further investigation of photostability under prolonged irradiation and
thermal quenching behaviour at elevated temperatures will be impor-
tant to assess operational stability under realistic conditions. Overall,
these results highlight the dual role of alkaline earth pyrophosphates as
efficient hosts for both UV photoluminescence and persistent lumines-
cence, positioning them as promising candidates for advanced UV-B
phosphor applications.

5. Conclusions

Gd3+—d0ped alkaline-earth pyrophosphates (CayP207, SroP207, and
BayP,07) were comparatively investigated to evaluate how host
composition influences Gd*>* incorporation, defect formation, and UV-B
persistent luminescence. Structural analyses confirmed successful Gd>*
incorporation at low-to-moderate concentrations, while GdPO4 impurity
formation at higher Gd>* concentrations indicated limited solubility in
selected hosts. EPR spectroscopy revealed host-dependent incorporation

of Gd**: single-site substitution in p-CayP207, multisite formation in
a-CagP207 and SryP207, and pronounced structural disorder effects in
the case of BagP507.

X-ray irradiation generated oxygen-related hole centres and
phosphorus-related radicals with different thermal stabilities, with the
annealing kinetics partially correlated with TSL glow curves, indicating
the involvement of these defect states in luminescence processes in some
hosts. Among the investigated materials, SroP207: 3 % Gd>* exhibited
the most favourable persistent luminescence at room temperature,
maintaining emission above the accepted radiance threshold for nearly
2 h. Overall, the results demonstrate that alkaline-earth pyrophosphates
are promising UV-B phosphor hosts, while also highlighting the impor-
tance of defect and charge-compensation engineering strategies for
further optimisation of energy storage and release processes.
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