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ABSTRACT

NIR luminescent materials play a significant role in various application fields, including food
analysis, medical diagnosis, and bio-imaging. Consequently, there is a growing demand for the
development of efficient NIR phosphors. In this study, we successfully synthesized Bi**-sensitized
NIR luminescent nanophosphors, specifically Gd2MoOs:Yb, utilizing a solvothermal reaction
technique. The luminescent properties were comprehensively assessed with photoluminescence (PL),
PL excitation (PLE) spectra, and time-resolved PL spectra at different temperatures. Additionally,
electronic structures were estimated to gain insights into the PL mechanism, employing density
functional theory (DFT) calculations. It was found that GMO:Bi,Yb exhibited NIR luminescence
due to the 4f-4f transitions of Yb*" under ultra-violet light excitation, and the luminescence was
sensitized by introducing of Bi** ions. While the PL spectra in the visible region showed an increased
intensity following Bi** doping, the absence of an additional peak suggested that the enhancement
mechanism differs from the typical processes. The time-resolved PL spectra, wavelength-dependent
PLE spectra and theoretical calculation of GMO:Bi confirmed that the MMCT transitions between
Mo%" and Bi** ions contributed to its enhancement. The insights from this study should provide

valuable concept for developing efficient Yb**-doped NIR luminescence phosphors.



1. INTRODUCTION

Near-infrared (NIR) light sources have been paid much attention in the fields of food analysis,
medical diagnosis, bio-imaging, and agriculture;' thus, there is a huge demand for NIR luminescence
phosphors. Furthermore, it is becoming increasingly important to make the nanoparticles due to its
many advantages, for example, high packing density and low light-scattering ability.” However, despite
their significant importance, NIR nanophosphors have not yet received extensive research Therefore,
it is essential to focus on developing efficient ones. In general, inorganic phosphors are comprised of
luminescence centers and host materials. As NIR luminescence centers, many researchers chose Eu®*
and Ce** of lanthanide ions or Cr** and Ni?* of transition metal ions;* however, their transition types
(Eu?*, Ce*": 4f-5d; and Cr*, Ni*": 3d-3d transitions) significantly affect their coordination
environment. Consequently, an appropriate host matrix for them should be selected to show the NIR
luminescence, which extremely limits the ranges of the host matrix selection. On the other hand, Yb*",
Nd**, and Er** of lanthanide ions have an attractive property that they show NIR luminescence
regardless of the host matrix due to its 4f-4f intra transitions.!*!? In particular, Yb** ions exhibit
luminescence around 1000 nm, where matches well with the high responsivity region of silicon. As
Yb*" ions possess only one ground state (?Fs2) and one excited state (°Fs;2) with an energy difference
of approximately 1 eV,!? the Yb**-doped NIR phosphors are frequently studied for their applications
in solar energy converters for crystalline silicon solar cells and NIR light-emitting diodes.!*!> In spite
of their advantages, the absorption efficiency for the 4f-4f transitions of Yb** ions is weak and sharp
owing to the forbidden transitions.!¢ One of the reasonable strategies to improve it is utilizing of energy
transfer from ligand to metal charge transfer (LMCT) transitions of the host matrix to Yb*" ions,
because LMCT transitions shows efficient and broad absorption due to the allowed transitions.!”-13
Recently, it has been found that LMCT transitions in molybdate between O 2p and Mo 4d orbitals
could provide energy to the trivalent lanthanoid ions efficiently.!” On the other hand, a host matrix
containing trivalent lanthanoid ions is appropriate for the doping of Yb*" ions in the host lattice with

ease and suppression of the defect generation, because they have similar ionic radius and equivalent
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oxidation state. Considering what mentioned above, Gd2Mo0oOs (GMO), comprising Gd*" ions of
trivalent lanthanoid and molybdate should be suitable as the host matrix for Yb*" ions. In addition,
since most molybdates form [MoOs] units, they have an excitation absorption band in the deep-
ultraviolet (DUV) near 300 nm due to a weaker crystal field strength (CFS), e.g
KBaY(Mo004)2:Dy*",Eu** for Aex= 317 nm and KsEuixTbx(M00O4)4 for Aex= 250 nm.2%2! On the other
hand, the GMO host structure is composed of [MoOs] trigonal bipyramids, which form stronger CFS,
leading that it can be excited by near-UV (NUV) light as reported in Gd2MoOs:Eu (Aex= 355 nm).?? In
terms of practical utilization, the NUV light-excitable phosphors should be more advantageous because
of the broader utilization of NUV LEDs.? Therefore, GMO should be appropriate host matrix for the
Yb** ions.

In recent years, Bi** ions have been co-doped as a sensitizer to enhance the luminescence
efficiency of lanthanoid ions, for instance, YVO4:Bi,Ln (Eu*", Sm**, and Dy*") and LaNbO4:Bi,Ln
(Eu**, Tb**, Dy**, and Sm*"),2*2’ since the 6s-6p transitions of Bi** ions supplies another luminescence
in addition to the host matrix. Thus, the Bi*" ions are promising luminescence ions for developing
outstanding phosphors. It is known that the transitions of Bi*" ions occur between 'Sy ground state of
6s? electronic configuration and triplet 3Po1> and singlet 'P; excited state of 6s'6p! electronic
configurations.?® Following Hund's rules, the energy levels increase from 3Py < °P; < 3P, < 'P,?” and
each transition is denoted A- (!So = *P1), B- (!So = *P2) and C-transitions ('Sp — 'P1), respectively.
Especially, A-transitions are commonly observed in UV or NUV region,?® and the energy should be
expected to match the excitation bands of lanthanoid-doped GMO.? Therefore, doping of Bi*" ions in
GMO:Yb should contribute to the enhancement of NIR luminescence in GMO:Yb. However, Bi*" ions
doped in host matrix containing d° cation (M"*: Ga**, Mo®*, Ti*', V>*, Nb>*, and W®* etc.) also shows
the metal-to-metal charge transfer (MMCT) transitions (Bi**(6s?) + M"* (d°) — Bi*'(6s') + M D+(d"))

3033 which makes the luminescence

besides the 6s?> — 6s'6p' interconfigurational transitions,
mechanism extremely complicate. Particularly, ascribing the luminescence in Bi**-doped molybdate

phosphor is quite difficult reported in Bi**-doped lanthanum molybdate (LaMoOs:Bi and
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La;M0,09:Bi);** thus, it should be challenging studies to uncover the luminescence mechanism of
Bi**-doped molybdate phosphor. On the other hand, understanding it could provide us with great
progress in developing an effective material design concept using Bi** ions as a sensitizer for Yb**
ions. In this research, we focused on the synthesis and evaluation of the luminescence property of
novel NIR nanophosphor GMMO:B1,Yb. Furthermore, its luminescence mechanism was successfully
uncovered by combining experimental and theoretical analyses. These perspectives could be useful in
developing an efficient NIR luminescence phosphor.

2. Methods

2.1 Materials. Raw chemicals for synthesis of GMO:Bi,Yb phosphor materials of
Gd(NO3)3-:6H20 (>99.95%) and (NH4)sM07024-4H20 (>99.0%) were purchased from Kanto Chemical
Co., Inc., Japan and that of Bi(NO3)3-:5H>0 (>99.5 %), Yb(NO3)3-nH20 (>99.9%) and isopropanol
(>99.7%) were purchased from Fujifilm Wako Pure Chem.Co., Japan, respectively. The hydration
amount in Yb(NO3)3-nH>O was estimated by thermogravimetry, which was found to be 5.9 for n.

2.2 Synthesis of GMO:Bi,Yb nanophosphors. The = GMO:Bi,Yb  nanophosphors  were
synthesized by a solvothermal reaction method in an alcohol solvent. In a typical synthesis, metal
nitrates (total 2 mmol) of Gd(NO3);-6H>O, Bi(NO3);-5H20, Yb(NOs)3'nH>O, and
(NH4)sM07024-4H>0 (1 mmol) were added to 40 ml of isopropanol under a vigorous stirring condition
for ca. 10 min. Subsequently, this colloidal solution was transferred to a 100 ml Teflon-lined autoclave
vessel and heated at 220 °C for 5 h in an oven. After cooling to room temperature, the precursor was
washed with water and ethanol, was collected by filtration, and then dried at 60 °C for 1 h under
ambient pressure. Finally, the pale-gray-colored precursor powder was annealed at 850 °C for 5 h using
an electric furnace to obtain a series of GMO nanophosphors.

2.3 Characterization. The chemical composition was analyzed with X-ray photoelectron
spectroscopy (XPS, PHI5S600, ULVAC-PHI Inc.). The crystal phase was determined by powder X-ray
diffraction (XRD) using X-ray diffractometer (D2 PHASER, Bruker) with CuKa radiation (A = 1.5406

nm). The detailed structural information was refined by Rietveld analysis technique using a RIETAN-
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FP program package.*> To obtain the chemical states of each metal component, the X-ray absorption
fine structure (XAFS) analysis for the Gd, Yb and Bi L3-edges and Mo K-edge was utilized by BL12C
(Gd, Bi and Yb Ls3-edges) and NW10A (Mo K-edge) beamlines in the Photon Factory (PF) at High
Energy Accelerator Research Organization, Japan (KEK). The sample was diluted by boron nitride
powder and pelleted for the measurement. The measurement mode of Gd and Yb L3-edge and Mo K-
edge was transmission mode and one of Bi L3-edge was fluorescence mode since the amount of Bi was
low. The obtained data from XAFS was analyzed by Athena and Artemis programs.’® The diffuse
reflectance spectra (DRS) were measured by UV-vis-NIR spectrometer (V-670, JASCO Corp.)
conducted with an integrated sphere attachment. The morphology was observed by transmission
electron microscope (TEM, EM-002B (Topcon Corp.)). The thermal stability was measured by a
Thermogravimeter-Differential Thermal Analyzer (TG-DTA8122, Rigaku). The photoluminescence
(PL) and PL excitation (PLE) spectra and quantum efficiencies were measured by spectrofluorometer
(FP-8700, JASCO Corp.) equipped with a 150 W Xe lamp as an excitation source. The temperature-
dependent PL and PLE spectra and PL lifetimes of NIR luminescence due to Yb** ions were recorded
by photoluminescence spectrometer (FLS1000-SD-stm, Edinburgh Inst.) equipped with 450 W Xe
lamp and the measurement temperature was controlled by thermal stage (THMS600, Linkam Scientific
Instruments). The time-resolved luminescence spectroscopy was measured by an optical setup mainly
composed of Ti:Sapphire solid-state laser with an optical parametric generator (OPG; Chameleon
Vision-S, Coherent, inc.), 3D Raman confocal microscope system, high-resolution monochromator,
and streak camera. The powder sample was dispersed by the ethanol on a copper substrate. The sample
was excited with OPG pumped by a pulsed Ti:Sapphire laser with emission wavelength 710 nm, which
could generate the second harmonic generation (SHG) laser beam at 355 nm with 75 fs pulse width
and 100 ps repetition rate. The 3D Raman confocal microscope system (Nanofiber 30, Tokyo
Instrument Inc.) act as a real-time imaging spectrometer to monitor the emission of the sample under
the optical parametric oscillator laser excitation. The reflected optical signal through a fluorescence

microscope (BX51M, Olympus Co., Ltd) was collected high-resolution monochromator (SpectraPro
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HRS-300, Princeton Instruments) and a streak camera (C14831-110, Hamamatsu Photonics Co., Ltd.).
The emission spectral range was monitored between 485 nm and 810 nm with a 40 g min™! grating
grove. The timescale for the measurement was set to 50 ps, and temperature-dependent experiments
were performed in a microscopy cryostat (Janis ST-500, Lake Shore Cryotronics) with the temperature
control set at 6 K.

2.4 Theoretical calculation. Our first-principles calculations were conducted with Quantum
Espresso package.’” The ionic core and core electrons were replaced with PAW (Projected Augmented
Wave) pseudopotentials in the SSSP Precision library,*® and hence the valence electrons were 2s*2p*
for O, 4d*5s? for Mo, 4185d°6s?6p° for Gd, 4'5d'%6s%6p? for Bi. The exchange-correlation effects were
described by the Perdew-Burke-Ernzerhof revised form for solids (PBEsol) of generalized gradient
approximation (GGA),*8 together with the Hubbard corrections with U= 4 ¢V for Mo atoms, 6 eV for
Gd atoms and 4 eV for Yb atoms.’®*#! Crystal structure models in simulation cells were made by
considering the structure of Gd2Mo0Og and Gd2MoOs:Bi as GdsM 04024 and Gd7BiMo04O:4, respectively.
Furthermore, the crystal structure was transformed into the primitive cell to reduce the calculation
costs. A plane-wave cutoff energy of 90 Ry, a k-point sampling of 3x4x7 grid, and an energy
convergence of 1.0x10** eV/atom were used for all the calculations. After the structure optimization,

densities of states (DOS) and projected density of state (pDOS) were calculated.

3. RESULTS AND DISCUSSION

The chemical compositions of GMO, GMO:Bi (1 mol% Bi**), GMO:Yb (8 mol% Yb**), and
GMO:Bi,Yb (1 mol% Bi*", 8 mol% Yb**) were firstly analyzed by XPS measurement. From the wide
scan survey (Figure 1(a)), all sample exhibits the peaks derived from the Gd and Mo elements, whereas
additional peaks attributed to the Bi and Yb elements appeared in Bi or Yb doped samples (Figure
1(b)). For the quantitative analysis for estimating the molar ratio of Gd/Bi/Yb in all GMO
nanophosphors, the signals of Gd, Bi, and Yb were integrated, which was summarized in Table S1. In

addition, the oxidation state determinations of each element were carried out from the narrow scan
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analysis (Figure S1 and Figure 1(b)). The Gd 4d spectra (Figure S1 (a)) showed that the two peaks at
141 and 147 eV were ascribed to the Gd 4ds» and 4ds), respectively, suggesting that Gd ions take
trivalent.** In the Mo 3d spectra (Figure S1 (b)), the peaks of Mo 3ds/> and 3ds,, were centered at 232
and 235 eV, respectively, indicating that the Mo atoms exist in Mo®" ions. 43 The two peaks at 164 and
159 eV were assigned to Bi 4fs;, and 4f7,, respectively, meaning the Bi*" state,** and the Yb 4d spectra
showed one peak at 184 eV, implying the existence of Yb*" ions (Figure 1(b)).*> Because it is known
that XPS is the surface-sensitive measurement,*® the oxidation states of the bulk were also evaluated
by comparing the absorption edge position for Gd L;-, Bi L3-, Yb L3;- and Mo K-edges using X-ray
absorption near edge structure (XANES) spectra as shown in Figure S2. The positions for all samples
were consistent with Gd»>O3, Bi2O3, and Yb203, as a reference, indicating that their oxidation states
took trivalent similar to the XPS results, while ones of Mo K-edge corresponded with MoO3 with
hexavalent molybdenum. It was concluded that the oxidation state of Gd, Bi, and Yb was trivalent,
and Bi** and Yb*" ions should be substituted into Gd** site in terms of oxidation state. Figure 1(c)
shows TEM images of each GMO nanophosphors. All GMO nanophosphors have the sphere-like
morphology with the size of 50-100 nm. The nano-sized particles are precisely due to the solvothermal
reaction. Furthermore, the dramatical changes in the morphology by doping were not observed; thus,
even samples synthesized with different chemical compositions are suitable for comparative
evaluation of structural and optical properties. The Thermogravimeter-Differential Thermal Analyzer
(TG-DTA) analysis from 330 K to 1000 K under ambient air (Figure S3) indicated that GMO:Bi,Yb
nanophosphor was stable under high temperature since there was no obvious weight loss and
endothermic and exothermic peaks.

The crystal structure of all GMO nanophosphors was determined by the powder X-ray diffraction
(XRD) method. Figure 2(a) shows the results of the Rietveld refinement profiles of all GMO
nanophosphors. The observed peaks were fitted well with simulated patterns of monoclinic Gd2MoOs
structure with space groups of C2/c (No. 15), and it was found to be low values for the R-factors (Rwp

< 11 %), meaning that it is succeeded the reliable refinements. The refined lattice parameters for all
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GMO nanophosphors were summarized in Table S2, and the cell volumes (V) were estimated to be
950(1) A3 for GMO:Bi, 949(1) A3 for GMO, 942.7(4) A3 for GMO:Bi,Yb, and 941.2(8) A3 for
GMO:Yb (Figure 2(b)). The minor difference indicates that Bi** and Yb** ions were successfully
substituted into Gd*" ions since there was a correlation between ionic radius under an 8-corrdination
environment (1.17 A for Bi**, 1.05 A for Gd**, and 0.985 A for Yb**)*” and the unit cell of each GMO
nanophosphors. The crystal structure of the GMO host can be illustrated as Figure 2(c) using the
VESTA program.*® There are three crystallographically different Gd sites (Gd1,2,3) with 8-fold
coordination and one Mo site with 5-fold coordination in Gd2MoOs, and the structure was composed
of alternating layers of Gd layers (Gd1 and Gd2) and Gd-Mo layers (Gd3 and Mo).* In addition, the
Gd1 and Gd2 occupy the C> point site, on the other hand, Gd3 occupies C; point site. It is known that
the coordination environment of the doping site strongly affects the luminescence property; thus, it
was estimated by the comparisons of the total energy after structural optimization calculated with DFT
calculations. Table S3 summarizes the lattice parameter and average bond length between cation and
oxygen obtained from CIF (ICSD #162866), DFT calculation, and Rietveld analysis. It was found that
the differences in lattice parameter and bond length were less than 1 %, indicating that the DFT-

optimized geometry was reliable. The stability after doping of Bi** and Yb*" ions was evaluated with

eq (1):
AE = Enost — Egam (1)

where Enostand Ecam) were the total energy of the GdsM 04024 and Gd7XMo40O24 (X=Bi and Yb in each
Gd site). The AE values for each Gd site were found to be almost the same values (Figure S4 and Table
S3), which means that Bi*" and Yb*" ions should be substituted uniformly in all Gd sites due to the
relatively similar environment in three Gd sites. Furthermore, comparing the average bond length
between the Gd and O atoms (Gd1-O: 2.4488 A, Gd2-0O: 2.4227 A, Gd3-0O: 2.4053 A) with the AE
values, it was not found to be the relationship between each Gd site. The AE values for Yb** were
smaller than the ones for Bi**, which means that the substitution of Yb*" ions should be energetically

more favorable than Bi** ions.



Figure 3(a) shows the diffuse reflectance spectra (DRS) of the GMO nanophosphors. All GMO
nanophosphors had broad absorption from 200 nm to 400 nm attributed to the LMCT transitions
between O 2p orbital and Mo 4d orbital in the [MoOs] unit. The LMCT transitions between O 2p
orbital and Yb 5d orbital was not observed in the Yb**-doped sample, because the increase of
reflectance was not observed in that region as related tungstate materials, e.g. LusWOQOe:Yb.!3
Meanwhile, the absorption due to the F7,, — 2Fs; transitions in Yb*" ions were observed in NIR region
around 1000 nm, and the Bi-doped samples showed an absorption around 500 nm. The optical band

gap for each sample was estimated by Tauc-plot and Kubelka-Munk transformation expressed with eq

(2) and (3):??
(hva)% = A(hv — E) (2)
_ 2
*= - ZRR) ®

where hv, a, A, Eg4, and R represent the photon energy, absorption coefficient, absorption constant,
band gap energy, and reflectance coefficient, respectively. The E; values of GMO, GMO:Bi, GMO:Yb,
and GMO:Bi,Yb were estimated to be 2.90, 2.74, 3.01, and 2.96 eV, respectively (Figure 3(b)). The
value of GMO was almost consistent with the reported energy of 2.7 e€V.?? For the discussion of
different E; values in each GMO nanophosphor, it is important to consider the conduction band
minimum (CBM) formed by Mo 4d orbitals since they were strongly influenced by the crystal field,
namely the distance between Mo and O atoms. It is known that accompanied by the shortening of the
bond length between the transition metal ion and anion, the crystal field becomes stronger, resulting
that the position of CBM formed by the transition metal shifted to a lower energy side. Thus, the bond
length between Mo and O atoms was estimated with EXAFS analysis as shown in Figure S5. The main
peaks were observed at around 1.4 A in a radial distance, where originating from the first coordination
sphere of Mo atoms surrounded by O atoms, and the bond lengths were 1.78 A for GMO and GMO:Bi

nanophosphors and 1.79 A for GMO:Yb and GMO:Bi,Yb nanophosphors. It exhibited a shift towards

a longer radial distance by Yb** doping. It indicated that the effect in GMO and GMO:Bi is stronger

10



than one in GMO:Yb and GMO:B1,Yb, resulting in the shift of CBM towards higher energy side by
Yb** doping, which was consistent with the increase of Eg values. In contrast, the E; values decreased
by Bi** doping, and it might be due to the formation of the hybrid orbital formed by O 2p and Bi 6s
orbitals. For further understanding of the effect of Bi** ions on their optical properties, the DOS/pDOS
of the GMO and GMO:Bi (substituted in the Gd1 site) were calculated as shown in Figure 4. Since the
obtained band gap energy of GMO (1.8 €V) was consistent with the previous report (1.9 eV),*° the
accuracy of this calculation was ensured. In both materials, the bottom of the conduction bands was
formed by Mo 4d orbitals. Although, in the valence band maximum (VBM), they were composed by
only O 2p orbitals for GMO, they formed the hybridization orbitals between O 2p and Bi 6s orbitals
for GMO:Bi. It means that the absorption in the UV region for the Bi**-doped sample was attributed
to the LMCT (O 2p/Mo 4d) and MMCT (Bi 6s/Mo 4d) transition due to the formation of Bi 6s/O 2p
hybrid orbitals in Figure 3. Moreover, the hybrid orbitals caused the upper shift of the VBM, resulting
in a decrease of the band gap energy from 1.8 to 1.5 eV. The difference was consistent with the
experimental results, such as the decrease of the band gap for UV-vis spectra. It was found that Bi 6s
orbitals directly affect the VBM in GMO, and moreover, Bi** ions should be doped into all Gd site,
thus the substituted site-dependent DOS/pDOS calculations were performed (Figure S6). Herein, only
Gd1 and Gd3 site were focused for the comparison, since it was considered that the Gd1 and Gd2 sites
lie in similar environment forming Gd layer in the lattice as visualized in Figure 2(c). In the case of
Bi*" substituted in Gd3 site, although the band gap narrowing was not observed, the DOS in VBM
(Figure S6(b)) increased compared with matrix, meaning the promotion of the electronic transitions
from VB to CB, which was consistent with the additional absorption in 500 nm by Bi*" doping in DRS
spectra and Kubelka-Munk spectra (Figure 3(a) and Figure S7). Thus, it was confirmed that Bi** ions
were substituted in all three Gd sites from the relation between absorption property and DOS/pDOS.
Photoluminescence (PL) and PL excitation (PLE) spectra of Yb**-doped GMO nanophosphors in
the NIR region at room temperature are shown in Figure 5(a). The PLE spectra of GMO:Yb and

GMO:B1i,Yb nanophosphors monitored at 975 nm have a broad excitation band ranging from 300 to
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500 nm with a peak at 363 nm due to the LMCT transitions between O 2p and Mo 4d orbitals.
Additionally, the normalized PLE spectra (inset of Figure 5(a)) showed a slight redshift of the peak
position from 360 to 363 nm by Bi** co-doping, which was consistent with the decrease of band gap
energy in UV-vis spectra and theoretical calculation. The PL spectra excited at 363 nm shows NIR
emission ranging from 900 to 1100 nm corresponding to 2Fs;, — 2F7) transitions of Yb*" ions with the
strongest peak at 975 nm. It contained splitting five sharp peaks at 950, 975, 1040, 1050, and 1170 nm,
which derived from the crystal field splitting of ?Fs/2 and ?F7,2 levels.!® The internal PL quantum yields
of GMO:Yb and GMO:Bi,Yb in the NIR region under 363 nm excitation were found to be 2.45 and
3.24 %, respectively. The remarkable increase in PL intensity indicates that the Bi** ions work as a
sensitizer for the luminescence of Yb** ions. From the decay curve of GMO:Yb and GMO:Bi,Yb at
room temperature (Aex= 360 nm, Aem= 975 nm) as shown in Figure S8, the curves followed with double

exponential expressed by eq (4):

I(t) = Ajexp (— %) + A,exp (— ri) 4)

2

where the 1, ,, 41 ,, and I(f) represent decay times, fitting components, and the intensities at time ¢,
respectively. The presence of two decay components suggests the existence of two decay process.
Therefore, it is estimated that Yb ions were doped in two Gd site at least, which matches with the
theoretical estimation of doping site. The fitting values are summarized in Table S5, and the average
lifetime (tave) were calculated following equation:

A} + ApT3 )
fave = Aty + Ay,

The average lifetimes of GMO:Yb and GMO:Bi,Yb were found to be 203, and 207 ps, respectively.
They took similar values with reported ones of Yb**-doped transition-metal oxide phosphors, for
instance, 189 pus for NaGd(WO4)2:Yb*" and 340 ps for CaNb,Oe:Yb.’!>2 Figure S9 shows the PL
spectra and decay curves of GMO:Bi with varying concentrations of Yb** ions (5, 7, 8, 9, and 10
mol%). The intensity increased with increasing of Yb*" ions up to 8 mol% and then decreased beyond

8 mol% due to the concentration quenching of Yb** ions, while the lifetime (Table S6) decreased as
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the amount of Yb** ions increased, meaning that interaction between Yb** ions became intense.>® Then,
the PL and PLE spectra of GMO and GMO:Bi in the visible region at 77 K were measured (Figure
5(b)) to understand the contribution of the enhancing emission by Bi** ions doping. The PLE spectra
of GMO and GMO:Bi nanophosphors monitored at 670 nm showed a broad excitation band ranging
from 300 to 500 nm. The peak position shifted from 350 nm to 362 nm by Bi** doping, which was
consistent with the PLE spectra in the NIR region. The PLE spectra were fitted well with one and two
Gaussian functions for GMO and GMO:Bi, respectively as shown in Figure S10. The transition in PLE
spectra for GMO was attributed to the LMCT transition between O 2p and Mo 4d orbitals. On the
other hand, the PLE spectra for GMO:Bi contained two transitions, suggesting that additional
transition should be due to the Bi** doping. The PL spectra excited at 350 and 362 nm have a broad
band from 500 to 800 nm centered around 670 nm. It was observed that the intensity was enhanced by
Bi*" ions as well as in the NIR region. However, no significant difference was observed between
pristine and Bi**-doped samples except for the increase in luminescence intensity, such as the
additional luminescence bands due to the Bi** ions as observed in other Bi**-activated phosphors such
as CaxMgWOe:Bi*" and LuVO4:Bi*".32%* In some cases, the luminescence property depends on the
Bi*" doping amount,>® thus the concentration-dependent PL spectra of GMO:xBi (x = 0.5, 1, 2, and 3
mol%) were measured (Figure S11). The PL intensity became the maximum in x= 1 mol%, and it was
found for the appropriate amount of Bi** ions to be 1 mol %. The change with the different Bi**
concentrations was a typical concentration quenching process. To confirm the energy transfer process,
the PL spectra of GMO:Bi,yYb (y = 0, 0.5 and 1 mol%) in visible and NIR region were measured at
77 K as shown in Figure 5(c). The PL intensity in the visible region gradually decreased with the
increase of Yb*" contents, whereas one in the NIR region increased, which means that it was a typical
energy transfer process shown in many phosphors. In addition, the lifetime of GMO:Bi,yYDb in the
visible region at 77K was measured (Figure 5(d)), and the lifetime summarized in Table S7 shortened
along with the increase of Yb*" ions. The energy transfer efficiencies (ngg) were estimated by the

following equation eq (6):
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v (%) = (1 - =) x 100 ©)
0

where T, and 7, represent the average lifetime at 670 nm with and without Yb*" ions. The values were
found to be 21 % for 0.5 mol% and 51 % for 1 mol%. The ngrg values increased with increasing Yb**
concentration, which suggested that the energy transfer occurs from the matrix to Yb*" ions.

To reveal the enhancing mechanism in PL intensity, temperature-dependent luminescence property in
visible and NIR region of GMO, GMO:Bi, GMO:Yb, and GMO:B1i,Yb was evaluated (Figure 6). From
the temperature-dependent PL spectra for all GMO nanophosphors (Figure 6(a) and (b)), there were
no shape changes of the spectra or the peak shifts at each temperature, and it was only observed to
decrease the intensity gradually with increasing temperature. In addition, from 77 K to 300 K, it was
not observed the difference in the quenching behavior between Bi**- and non-doped samples in both
the visible and NIR regions. Therefore, it should not critically contribute to the enhancement of the
luminescence intensity by Bi** doping.

A more in-depth evaluation of each GMO nanophosphor was essential for the further evaluation
of the enhancing mechanism. Hence, time-resolved spectroscopy, a powerful tool for clarifying
complex luminescence properties, was performed at 6 K. Figure 7(a) shows the streak image at 6 K,
time-dependent PL spectra, and wavelength-dependent decay curves of GMO:Bi excited at 355 nm.
The difference between the spectra obtained from the streak image and Figure 5(b) was due to the
uncorrected responsivity of its spectrometer. However, the difference should not be a problems in this
case, because it was measured for understanding the luminescence mechanism of GMO:Bi. The
wavelength-dependent decay curves were successfully fitted by eq (4), and the fitting parameters were
summarized in Table 1. It was found that the lifetime (7, and 7,) from 480 to 550 nm was clearly
shorter than that beyond 550 nm. To assign their luminescence components, a series of varied
wavelength-dependent PLE spectra (dem = 670, 570 and 530 nm) for GMO:Bi were measured at 77 K
(Figure 7(b)). The PLE spectrum monitored at 670 nm was deconvoluted two components, namely

PLE(1) in the lower energy side, and PLE(2) in the higher energy side. The intensity ratio of PLE(2)
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to PLE(1) (IpLg(2)/IpLE(1)) Was found to be 1.6 at Aem = 670 nm. On the other hand, in the PLE
spectrum at 570 nm, the ratio of Ip g(z)/lpLer) Was found to be 2.7, which suggested that the
contribution of PLE(2) increases by shifting the monitored wavelength, and the PLE spectra monitored
at 530 nm was composed with only PLE(2) peaking at 346 nm. Therefore, from the wavelength-
dependent PLE spectra, it can be inferred that the excitation energy of the emission band from 480 to
550 nm was larger than that of the band after 550 nm. To clarify the emission components of PLE(1)
and PLE(2), the excitation energy of the MMCT (Bi 6s = Mo 4d) and A-transitions ('So — *P1) of the
Bi*" was evaluated with the theoretical method. Focusing on the position of the Bi 6p orbitals in the
DOS/pDOS of GMO:Bi (Figure S12), the orbitals lay on 0.2 eV higher energy side than the bottom of
the conduction band formed by Mo 4d orbitals. In addition to the DFT calculation, the MMCT and A-
transitions energy were also estimated using the empirical equation. The MMCT energy in

coordination numbers larger than 4 of Mo atoms can be predicted following equation:>®

XCN’(M06+)

dcorr

MMCT (Bi3*,cm™1) = 54,999 — 45,556 (7)

where ycn/(Mo®") represents the optical electronegativity of the Mo®" ions®” and dcopr is the
corrected distance between Bi*" and Gd*>' ions. The dj s, the shortest distance between Mo site and
Bi site®, can be calculated from

1
dcorr = dhost + E [T(Bi3+) - T(hOSt)] (8)

where r(Bi**) and r(host) represent the ionic radius of the Bi** ions and the ionic radius of the host
cation substituted by Bi** ion (Gd*" in this case), respectively. On the other hand, the energy of the A-

transitions can be estimated by the following empirical equation.*

E,(cm™1) = 23790 + 50051¢ /0551 9)
where h, is the environmental factor containing covalence, coordination number, bond volume
polarizability and presented charge.®® From the calculated values summarized in Table 2, it was found
that the MMCT energy (Gd1: 3.15 eV, Gd2: 3.37 eV, Gd3: 3.25 eV) was smaller than A-transitions

energy (Gdl: 3.33 eV, Gd2: 3.44 eV, Gd3: 3.30 eV). Since the empirical equations could not estimate
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the energy completely, the estimated values were not consistent with the observed one (PLE(1): 3.3
eV (371 nm), PLE(2): 3.5 eV (351 nm)). However, these results were valid because the order of energy
magnitude was consistent with the DFT calculation. Therefore, the PLE(2) (higher energy) and PLE(1)
(lower energy) were assigned to A-transitions of Bi** ions and MMCT transitions, respectively It was
concluded that the MMCT transition between Bi 6s and Mo 4d contributed to the enhancement of the
luminescence in the visible region, resulting in the enhancement in the NIR region. Herein, PLE(1)
should contain the LMCT and MMCT transitions since the energy difference between them was
extremely small not to deconvolute into two excitation bands. On the other hand, in the PL spectra for
GMO:Bi nanophosphors at 77 K, the reason for the absence of the emissions related to the Bi** ions
should be that the energy transfer from Bi** to MMCT excited state occurred in GMO:Bi
nanophosphors.
4. Conclusion

In this work, new NIR Iluminescence nanophosphor Gd2MoO¢:Bi,Yb (GMO:Bi,Yb) was
synthesized via a solvothermal reaction method, and its luminescence property was deeply evaluated.
Based on the structural analysis, it was confirmed that Bi** and Yb** ions were successfully doped into
Gd** site. The GMO:Bi,Yb nanophosphors exhibited NIR luminescence around 975 nm under 363 nm
excitation by the energy transfer, and Bi** ions worked as a sensitizer for the luminescence of Yb**
ions, since the PL intensity was enhanced by Bi** co-doping. From the PL spectra in visible region of
GMO and GMO:Bi, the intensity also increased by Bi*" doping; however, the sensitization mechanism
of Yb*" ions was not uncleared. On the other hand, the wavelength-dependent decay curves obtained
from time-resolved spectroscopy at 6 K indicated that the lifetime from 480 to 550 nm was obviously
shorter than one beyond 550 nm. From the tendency of the varied-wavelength PLE spectra (Aem = 670,
570, and 530 nm), the excitation energy of the emission band from 480 to 550 nm was higher than one
after 550 nm. Furthermore, the DOS/pDOS and empirical calculation revealed that the emissions in
before and after 550 nm were assigned to the *P; — 'Sy transitions of Bi** ions and the MMCT

transitions between Bi*" and Mo®" ions, respectively. Therefore, the MMCT transitions between Bi**
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and Mo®" ions contributed to the enhancement of the visible and NIR luminescence. These findings

should help design a new Yb**-doped NIR luminescence phosphor with Bi** sensitization.
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Figure 2. (a) Rietveld analysis of all GMO nanophosphors: (black point) observed, (gray line)

simulated, (dark-red stick) Bragg diffractions, and (orange line) differences. (b) Unit cell volumes of
all GMO nanophosphors (¢) Crystal structure of GMO.
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Figure 3. UV-vis-NIR reflectance spectra and (b)Tauc-plot of all GMO nanophosphors.
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Figure 4. (a) Calculated DOS/pDOS of GMO and GMO:Bi (Substituted in Gd1 site) and (b)

Enlarged ones.
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Figure 5. (a) PL and PLE spectra of GMO:Yb and GMO:Bi,Yb nanophosphor in NIR region and
Normalized PLE spectra (inset) at 300 K. (b) PL and PLE spectra of GMO and GMO:Bi
nanophosphors at 77 K in visible region. (¢) PL spectra (Aex= 360 nm) at 77 K and (d) decay curve
(dex= 360 nm, Aem= 670 nm) of GMO:Bi,yYb (y =0, 0.5, and 1 mol %) at 77 K.
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Figure 6. Temperature-dependent PL spectra in (a) visible (GMO and GMO:Bi) and NIR region
(GMO:Yb and GMO:B1,YDb). (c) Plot of the integrated emission intensity of all GMO nanophosphors.
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Figure 7. (a) Time-resolved PL spectra of GMO:Bi (Aex= 355 nm) at 6 K. (b) Varied-wavelength
dependent PLE spectra of GMO:Bi at 77 K (dem= 670, 570, and 530 nm).
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Table 1. Fitting parameters of decay curve of GMO:Bi at 6K.

71 [ps] 72 [ps]
480-550 nm 9.94 0.514
550-600 nm 14.7 0.841
600-650 nm 16.3 0.833
650-700 nm 16.5 0.85
700-750 nm 16.6 1.26
750-800 nm 16.7 0.945
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Table 2. Estimated h,, E, values and MMCT energy in each Gd site.

Gdl Gd2 Gd3
h, [-] 1.57 1.59 1.61
E, [eV] 3.33 3.44 3.30
MMCT [eV] 3.15 3.37 3.25
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