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A series of multi-doped yttrium pyrosilicate (YPS) nanoparticles were synthesized using a high tempera-

ture multi-composite reactor, and used to explore the radioluminescent properties that have potential for

biological applications. The luminescent activators explored in this work were cerium, terbium, and euro-

pium. A series of mono-doped YPS nanoparticles were synthesized that have optical and X-ray lumines-

cent properties that span the entire visible spectrum. Energy transfer experiments were investiagted to

increase the photo- and X-ray luminescence of terbium and europium. Cerium was used as a sensitizer

for terbium where X-ray luminescence was enhanced. Similar results were also obtained using cerium as

a sensitizer and terbium as an energy bridge for europium. By leveraging different energy transfer mecha-

nisms X-ray luminescence can be enhanced for YPS nanoparticles.

1 Introduction

In the past four decades, rare earth nanomaterials have been
employed in many areas of biomedical research spanning
diagnostics, imaging, and drug delivery.1 The chemistry of rare
earth nanoparticles is well-established and researchers can
engineer the size, shape, and composition of these particles
for different biological requirements.2 These nanoparticles are
commonly fluoride compounds that utilize upconversion pro-
cesses where multiple low energy excitation wavelengths (i.e.
infrared) are absorbed to generate higher energy emission.3 An
alternative biomedical tool in its nascent stages is the use of
radioluminescent nanoparticles coupled with deep tissue
penetrating X-rays. In biomedical imaging, autofluorescence
from cell medium, cell lysis, and hair hampers traditionally
UV in vivo imaging techniques; however, optical X-ray lumine-
scence technique can improve sensitivity.4 In theranostics,
X-ray induced photodynamic therapy has gained popularity for
its deep tissue penetration that traditionally cannot be reached
by surgical or near infrared radiation.5 Other fields may
benefit from deep penetrating and bright luminescence, such
as optogenetics, where specific wavelengths of light can

control neural activities.6 In many biological applications like
optogenetics, it is essential that that luminescent species be
small enough to penetrate the various biological barriers
typical in in vivo systems. Typically, this means that the
materials must be approximately 100 nm or smaller as non-
aggregated nanoparticles to be useful in biomedical
applications.

Scintillators are a class of materials that can absorb high
energy radiation such as X-rays and convert that energy into
light.7 This is a notoriously inefficient process with nanoscin-
tillators, as the excitation energy is lost through trapped states,
energy migration from the medium (i.e. water) to the particle,
and defects inherently generated at the nanoscale.8 Effective
nanoscintillators with potential for biomedical applications
must also have a high effective atomic number, high degree of
crystallinity, be non-hydroscopic, and be non-toxic.9,10 One
potential candidate for X-ray active nanoparticles in the bio-
medical field is the family of lanthanide silicates.11 A tech-
nique termed the “high temperature multi-composite reactor”
(HTMcR) was developed to accommodate the synthesis of
nanoscintillators that requires extreme temperatures (>1000°C)
to create highly crystalline particulates while preventing aggre-
gation of the nanoparticles.12 This technique was used to syn-
thesize yttrium pyrosilicate (Y2Si2O7, YPS) and lutetium pyrosi-
licate (Lu2Si2O7, LPS), both of which were doped with cerium,
to generate a blue emission when exposed to X-ray radiation.
Depending on the application, both YPS and LPS can host a
multitude of other rare earth emitters that can exhibit emis-
sions at different wavelengths.
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The rare earth elements, apart from lanthanum and lute-
tium, have 4f electrons which have many electronic states that
can generate unique luminescence spectra that span the entire
visible spectrum.13,14 The f–f transitions are characterized by
sharp emissions, large Stokes shifts, and long lifetimes, all of
which are ideal traits for biomedical applications.1 However
these intra-4f transitions are forbidden by the Laporte rule so
the absorption coefficients are very small (1–10 M−1 cm−1).15

Typically these rare earth elements are doped in a host lattice
where a ligand (i.e. oxygen or other rare earth ions) is used to
enhance absorption through an antenna effect.16 An alternative
method to control the optical output and luminescent color is
to dope the crystal with multiple rare earths where a sensitizer
can transfer its energy to the emitting ion. For example the
strong broad band d–f emission of cerium is a well-known sensi-
tizer to enhance the photoluminescence of terbium,17 while
color tuneability on the CIE diagram can be controlled by the
ratio of two or more rare earths emitters.18 By strategically
choosing the right rare earth emitters during synthesis, a
diverse range of photoluminescent emissions can begener-
ated.13 In contrast, X-ray luminescence energy transfer between
rare earth ions in nanocrystals is not as widely studied and
therefore has many more opportunities for exploration.

In both imaging and therapeutics, a scintillator acts as a
transducer that can convert the high energy radiation into
visible light with a specific wavelength.19 In addition to high
output intensity, a scintillator should have good spectral
overlap with its respective biological conjugate. The emission
wavelength must have a spectral overlap with its respective
conjugate. This biological conjugate in imaging would be the
detector,20 for X-ray induced photodynamic therapy it is the
photosensitizer,21 and for X-ray optogenetics it is the light sen-
sitive protein.22 In this regard, inorganic scintillators are the
ideal candidates for X-ray related biomedical applications
because of the broad emission domain accessible with various
dopants.23 Furthermore, the inherent high atomic number of
inorganic materials have a high stopping power to efficiently
absorb high energy photons.24

Due to the limitations of scintillator brightness in nano-
particles as described above, numerous studies have also been
reported to increase the light yield of nanophosphors using
creative multi-doping strategies.25 When using these rare earth
emitters in conjunction with the HTMcR process, high density
and fully crystalline nanoparticles can be synthesized that
have enhanced X-ray related properties for biomedical appli-
cations. In this report, a nano-YPS host lattice was used to
investigate the X-ray luminescence energy transfer between
cerium, terbium, and europium. This was accomplished
through a series of mono-, co-, and tri-doped systems using
the HTMcR where the mono-doped system served as a bench-
mark for the cerium/terbium co-doped system and the cerium/
terbium/europium tri-doped system. To the best of our knowl-
edge, this is the first time radioluminescence energy transfer
between cerium, terbium, and europium were explored in
yttrium pyrosilicate nanoparticles synthesized via a high temp-
erature multi-composite reactor.

2 Results and discussion

Yttrium pyrosilicate (Y2Si2O7) exhibits six different structures
depending on the temperature and doping/stabilizing agents
used during synthesis.26 When employing the HTMcR at
1100°C with a silica core and cerium doped yttrium shell, the
particulates recrystallize into the triclinic crystal structure with
a P1̄ space group. In this structure, the cerium dopant can sub-
stitute at either the distorted trigonal or octahedral site of Y3+,
both of which are acentric, which increases the probability for
the allowed electronic f–d transition to occur.27 In this report,
the active emitters are cerium, terbium, and europium ions
with the same oxidation state as yttrium and will substitute at
the same acentric sites. No polymorphs of the various doped
YPS nanoparticles were observed during the crystallization
process (Fig. 1) and all products crystallized in the triclinic
phase. All mono-, co-, and tri-doped particulates were
annealed at 1100°C for 18 hours with the highest doping con-
centration being the tri-doped system which was doped at
30.75 mol% of yttrium. Furthermore, the consistent crystal
structure obtained at such a high concentration of cerium,
terbium, and europium would suggest that the YPS particu-
lates can be doped with other rare earth emitters and crystal-
lize exclusively in the triclinic space group due to the similar
size and oxidation state of the lanthanide series.28 This has
the potential to explore unique optical properties that can only
be observed by f–f transition.

All nanoparticle sets were synthesized by the HTMcR
process. This enabled us to prepare a variety of multidoped
nanoparticles and convert them to the crystalline triclinic
phase while maintaining the non-aggregated, well dispersed
nature of the nanoparticles. Transmission electron microscopy
(TEM) shows the well dispersed, cleanly doped nature of the

Fig. 1 X-ray diffraction of different YPS particulates mono-doped with
cerium (0.75%), terbium (10%), europium (15%), co-doped with cerium
(0.75%) and terbium (10%), and tri-doped with cerium (0.75%), terbium
(15%), and europium (15%). All X-ray diffraction traces were compared to
a single crystal YPS crystal ICSD #171882.
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nanoparticles with the various mono-, bi- and tridoped silica
core and yttrium pyrosilicate shell (Fig. 2a–e). The dispersed
spherical nanoparticles would suggest that the HTMcR process
does an excellent job in preventing irreversible aggregation at
the elevated temperatures of the annealing conditions. The
average particle size of YPS:Ce, YPS:Tb, YPS:Eu, YPS:Ce–Tb,
and YPS:Ce–Tb–Eu are all between 140 nm–150 nm with no
statistical difference between each set. The similar final par-
ticle size is expected in all other cases as well, since the same
silica core was used throughout the different sets of particu-
lates and is the size template for the core–shell particles. A
core–shell formation can be observed from all the particulates
by their EM contrast, where the dark contrast represents the
heavier atomic elements composed of yttrium, cerium,
terbium, and europium while, the lighter contrast represents
the silica core. Interestingly, the YPS:Ce–Tb–Eu image pre-
sented has a particle with a partial shell (cf. Fig. 2e and i).
Upon closer examination, the electron dispersive spectroscopy
(EDS) images exhibit overlap of the rare earth elements with
the dark contrast regions of the TEM images, supporting the
postulate that core–shell structures were formed in the HTMcR
process (Fig. 2f–h and j–l). The elemental mapping demon-
strates that yttrium, cerium, terbium, and europium are uni-
formly distributed throughout the shell.

Fig. 3 shows the optical and X-ray luminescence of mono-
doped Ce3+, Tb3+, and Eu3+ in the YPS particulates. When
doped with cerium, the optical and X-ray luminescence pro-
perties exhibit the same d–f transitions previously reported,
where a slight red shift is observed due to the silica core’s

X-ray luminescence.12 Both the terbium and europium doped
particulates were excited at their optimal excitation wavelength
of 250 nm. Terbium doped YPS particulates exhibits four
photoluminescence peaks at 493 nm, 542 nm, 590 nm, and
623 nm corresponding to the electron relaxation from 5D4

state to the 7F6,
7F5,

7F4, and 7F3 states respectively.29 The
mono-doped europium system has four peak regions at
580–600 nm, 610–620 nm, 650–660 nm, and 690–700 nm
which are ascribed to the relaxation of electrons from the 5D0

state to the 7F1,
7F2,

7F3,
7F4 states, respectively.

30 Notably both
terbium and europium doped systems have matching photo-
luminescence and X-ray luminescence while, the X-ray lumine-
scence of cerium is somewhat red shifted. This can be attribu-
ted to the d–f transition in cerium, where the d-orbitals are
influenced by the crystal lattice and the defects inherent to
nanoparticles. The combination of these dopants can be stra-
tegically determined during synthesis to maximize the coup-
ling of their X-ray luminescences with the potential biological
conjugates such as opsins. In optogenetics, the chosen light
sensitive proteins will only respond to specific wavelengths of
photons. For example, channel rhodopsin-2 has the potential
to absorb the emission from YPS:Ce while a red-activatable
channel rhodopsin can absorb the emission of YPS:Eu due to
the spectral overlap between the particulate’s emission and
the protein’s absorption.31

Maximizing spectral overlap offers the potential to couple
specific phosphors with appropriate biological conjugates,
however sufficient energy needs to be supplied from the
emitter that can elicit a response form the absorber. The sim-

Fig. 2 Transmission electron microscopy (TEM) of (a) YPS:Ce, (b) YPS:Tb, (c) YPS:Eu, (d) YPS:Ce–Tb, and (e) YPS:Ce–Tb–Eu. EDS of YPS:Ce–Tb–Eu
of (f ) silicon, (g) oxygen, and (h) yttrium. (i) Scanning electron microscopy (SEM) of YPS:Ce–Tb–Eu. EDS of the rare earth emitters in YPS:Ce–Tb–Eu
of ( j) cerium, (k) europium, and (l) terbium.
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plest method to increase the light output of doped inorganic
phosphors is by controlling the dopant concentration and by
multi-doping the system. In this report three different concen-
trations of terbium and europium were investigated as a baseline
to then optimize the multi-doped system that have been reported
to enhance the photoluminescence of inorganic phosphors. Both
photoluminescence (excited at 250 nm) and X-ray luminescence
of YPS:Tb and YPS:Eu doped at different concentrations relative
to yttrium were measured (Fig. 4). Terbium was doped at 1, 3
and, 10 mol% while europium was doped at 1, 10 and 15 mol%.
No spectral shifts or luminescence quenching were observed
throughout the study. For the mono-doped system of terbium,
the integrated intensity of both radio- and photoluminescence
(excited at 250 nm) increased linearly with doping concentration
suggesting an overall increase in its optical light output. Not sur-

prisingly, terbium did not absorb the excitation energy at 338 nm
which is the same excitation energy that is optimally absorbed by
cerium. Europium on the other hand has multiple excitation
bands between 250 nm–550 nm with an emission spectrum
with noticeable integrated intensity when excited at both 338 nm
and 250 nm. Interestingly, YPS:Eu doped at 10 mol% and
15 mol% showed no difference in its optical output in its photo-
luminescence when excited at 250 nm. However, the X-ray
luminescence of the europium doped system increased its light
output linearly with europium concentration. The results from
YPS:Eu can be explained by the experimental setup in which,
broadband bremsstrahlung X-rays were used and this high energy
excitation source will excite the electrons from the valence band
as well as the electrons in core band increasing the probability for
exciton formation.

Fig. 3 Photoluminescence excitation (PLE), photoluminescence (PL), and radioluminescence (RL) of YPS mono-doped with (a) Ce3+, (b) Tb3+, and
(c) Eu3+.

Fig. 4 (a) Photoluminescence (excited at 250 nm) and (b) radioluminescence of YPS:Tb when doped at 1, 3 and 10 mol% of terbium. (c) Optical
output of YPS:Tb when excited by UV radiation at 250 nm, 338 nm, and X-rays. (d) Photoluminescence (excited at 250 nm) and (e) radiolumines-
cence of YPS:Eu when doped at 1, 10 and 15 mol% of europium. (f ) Optical output of YPS:Eu when excited by UV radiation at 250 nm, 338 nm, and
X-rays.
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The results from the mono-doped system provides a guide
for multi-doped systems using cerium as a sensitizer for
terbium. Initially the PL of mono-doped YPS:Tb (10 mol%)
was compared to YPS:Ce–Tb (Fig. 5a). When excited at the Ce3+

optimal excitation wavelength (338 nm), the co-doped system
has the emission profile of both Ce3+ and Tb3+ confirming
energy transfer between the two dopants.32 Energy transfer
efficiency from the sensitizer to the activator can be quantified
through:33

η ¼ 1� I
Io
;

where η is the energy transfer efficiency between the sensitizer
and the activator, I is peak emission intensity of the sensitizer
with the activator and Io is the peak emission intensity without
the activator. In order to study energy transfer between Ce3+

and Tb3+, four concentrations of terbium were selected (1%,
3%, 5%, and 10% relative to yttrium) while cerium was kept at
a constant concentration at 0.75% relative to yttrium. The η of
the co-doped system was measured when excited at 250 nm
and 338 nm, saturating at 90% and 65%, respectively (Fig. 5b).
The Tb3+ emission dominates when the co-doped YPS particu-
lates were excited by X-rays. The radioluminescence integrated
intensity of the co-doped system exceeded the mono-doped
Tb3+ series (Fig. 5c). This suggests that energy transfer is still
occurring under X-ray excitation and enhances the overall light
output of the nanoparticles. The highest total light output
observed between the four samples was at a concentration of

0.75% cerium and 3% of terbium (Fig. 5d). The dominant
energy transfer pathways can be suggested in Fig. 5e by the fol-
lowing: (1) electrons from Ce3+ ground state are excited to the
5d orbitals, (2) some of the Ce3+ electrons emit and relax to
respective lower energy states, while some of the electrons
transfer energy from the 5d states to the 5D3 state of Tb3+

through dipole–quadrupole interactions, (3) the excited elec-
trons in the 5D3 state nonradiatively decays to the 5D4 state,
which then relaxes to the ground state of Tb3+ giving a strong
green emission.34

The presence of Tb3+ in a tri-doped system of Ce3+ and Eu3+

creates an ion-bridge where cerium acts as a sensitizer for
terbium, which can then transfer energy to europium.35 The
photoluminescence of the cerium-europium co-doped system
is compared to a cerium–terbium–europium tri-doped system
(Fig. 6a). When excited at 338 nm the co-doped system only
has a cerium photoluminescence band where the emission
diminishes due to metal–metal charge transfer between
cerium and europium (Ce3+ + Eu3+ → Ce4+ + Eu2+) where Ce4+

is non-radiative. When terbium is introduced the metal–metal
charge transfer process is reduced by a cerium to terbium
energy transfer, a phenomenon that was previously seen to
effectively enhance the emission of terbium. In this event,
terbium acts as a sensitizer for europium allowing some of the
terbium excited state to leak into the europium ion. This
results in a broadband emission that span the majority of
the visible spectrum from 350 nm–700 nm from the initial
338 nm irradiation. Introducing a greater concentration of

Fig. 5 (a) PL of YPS mono-doped with Tb3+ compared to a co-doped system. (b) Quantum efficiency of the co-doped system when excited at
338 nm and 250 nm. (c) RL of the co-doped system and its (d) integrated intensity when compared to mono-doped YPS:Tb. (e) Energy transfer from
cerium to terbium.
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terbium reduces the ion–ion distances, allowing terbium ions
to cross relax with one another and making it more efficient to
transfer its energy to europium as suggest by the decrease in
the cerium and terbium bands and a increase in the europium
bands. Under X-ray excitation the tri-doped system showed a
slight emission at 550 nm, which is where terbium can emit,
along with two dominant europium bands at 600 nm and
680 nm (Fig. 6b). When the RL integrated intensity of YPS:Ce–
Tb–Eu was compared to YPS:Eu at 15 mol%, an initial decrease
in output was observed with a 1 mol% of terbium, followed by
an overall increase in its optical output at 10 mol% and
15 mol% (Fig. 6a). The RL optical output is three times greater
than the YPS:Eu 15 mol% mono-doped system, which suggests
that the terbium bridge transfers energy from cerium and
terbium to europium. The four possible interactions to explain
the photoluminescence are: (1) cerium absorbs the UV
irradiation and generates emission, (2) excited state cerium
transfers energy to terbium and causes a green emission, (3) a
terbium ion is in close proximity with a neighboring terbium
ion and cross relaxes to emit or transfer to europium which
would emit a photon corresponding to europium’s emission,

and (4) europium absorbs the incoming irradiation and emits.
The resulting spectrum would be a broad emission with
characteristics of cerium, terbium and europium. When com-
pared to the RL of YPS:Ce–Tb–Eu however, the dominant
bands are from europium with only a negligible band from
terbium and no cerium emission observed. This would suggest
that the X-ray excitation source is assisting with the energy
transfer process to become more efficient. This also implies
that the use of opsins that are optimized for europium emis-
sion absorption would be the more efficient biological and
optogenetic performers.

In this work a series of mono- and multi-doped (Ce3+, Tb3+,
and Eu3+) YPS nanoparticles were synthesized by the HTMcR
process. In the co-doped series, cerium and terbium energy
transfer was observed by PLE/PL. Cerium was used as a sensi-
tizer for terbium, which enhances the X-ray luminescence of
terbium emission bands. In the tri-doped series, all three
dopant bands were observed when excited at 338 nm. The PL
traces implies that cerium acted as a sensitizer for terbium
which allows terbium to act as a bridge for europium. By
increasing the concentration of terbium, the ion–ion distance

Fig. 6 (a) PL of YPS tri-doped with Ce3+, Tb3+, and Eu3+. (b) RL of the tri-doped YPS series and its respective (c) integrated intensity values com-
pared to the brightest mono-doped YPS:Eu (15%). (d) Energy transfer scheme from cerium to terbium to europium.
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between terbium is reduced and acted as a migrating pathway
for europium to absorb energy from cerium and terbium.
Using simple doping strategies, both the co- and tri-doped
series exhibited enhancement in X-ray luminescence com-
pared to their mono-doped counterpart. Both the multi-doped
system exhibits promising X-ray luminescent properties that
when coupled with the HTMcR can be applied to the bio-
medical field such as X-ray induced optogenetics and X-ray
photodynamic therapy.

3 Materials and methods

All reagents were purchased from Alfa Aesar, Sigma Aldrich,
and Acros Organics. Tetraethyl orthosilicate (TEOS) and 3-(tri-
methoxysilyl)propyl methacrylate (MPS) were purified by distil-
lation under vacuum. Divinyl benzene (DVB) was purified by
passing through a basic alumina oxide filter to remove the
inhibitor. Azobisisobutyronitrile (AIBN) was recrystallized from
methanol. All other reagents were used without additional
purification.

4 Synthesis of YPS

Silica particles were synthesized by a modified Stöber process
with TEOS (67.18 mmol, 15.0 mL) dissolved in ethanol
(150 mL), followed by addition of water (15.0 mL) and NH4OH
(29.38% v/v, 5.0 mL). The reaction was stirred vigorously for
48 h and purified with water and centrifugation. The silica
nanoparticles were dispersed in water (200 mL) for future
experimental steps. Aliquots of the silica solution (2.5 mmol,
150 mg) were dispersed in 75 mL of water followed by dissol-
ving selected amounts of rare earth (Y3+, Ce3+, Tb3+, Eu3+)
nitrate hexahydrates (total of 0.75 mmol). Sodium bicarboante
(2.51 mmol, 211 mg) was dissolved in 60 mL of water and
titrated into to reaction vessel and stirred for 1 h. The HTMcR
process was scaled to accommodate 125 mg of the core–shell
particulates as previously reported.12 The various doped YPS/
pDVB particulates were annealed at 1100 °C for 18 h under
nitrogen environment followed by combustion at 800 °C for
1 h.

5 Material characterization

A Hitachi 9000 STEM was used to acquire TEM and EDS maps
of the particulates, all samples were dispersed in methanol
and drop casted onto a Formvar/Carbon 200 mesh TEM grid.
RL of the particulates were excited by a Amptek Mini-X tung-
sten source at 25 kV and 158 μA and obtained by a DMI 5000M
microscope, coupled to a DNS 300 spectrometer with a 150
lines per mm grating blazed at 500 nm, and with a cooled
iDUS420BV CCD camera. Samples were packed in a 6.5 mm x
1.5 mm round flat washer on a quartz slide. UV luminescence
measurements were taken on a Jobin Yvon Fluorolog 3-222
spectrometer. The powder X-ray diffraction (pXRD) measure-

ments were carried out on a Rigaku Ultima IV diffractometer
using CuKα radiation (λ = 1.5406 Å). The powder diffraction
data was recorded in 0.02° increments over a 2θ range of 5° to
65° at a scan speed of 1° min−1. Experimental pXRD patterns
were compared to single crystal structures reported in the
ICSD.
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