GDCh
~~

Photoluminescence

Zuschriften

Deutsche Ausgabe: DOI: 10.1002/ange.201601191
Internationale Ausgabe: DOI: 10.1002/anie.201601191

Unconventional Luminescent Centers in Metastable Phases Created by

Topochemical Reduction Reactions

Bo-Mei Liu, Zhi-Gang Zhang, Kai Zhang, Yoshihiro Kuroiwa, Chikako Moriyoshi, Hui-
Mei Yu, Chao Li, Li-Rong Zheng, Li-Na Li, Guang Yang, Yang Zhou, Yong-Zheng Fang, Jing-
Shan Hou, Yoshitaka Matsushita, and Hong-Tao Sun*

Abstract: A low-temperature topochemical reduction strategy
is used herein to prepare unconventional phosphors with
luminescence covering the biological and/or telecommunica-
tions optical windows. This approach is demonstrated by using
Bi"-doped Y,0; (Y,_.Bi.O;) as a model system. Experimental
results suggest that topochemical treatment of Y,_.Bi,O; using
CaH, creates randomly distributed oxygen vacancies in the
matrix, resulting in the change of the oxidation states of Bi to
lower oxidation states. The change of the Bi coordination
environments from the [BiOy] octahedra in Y, ,Bi,O; to the
oxygen-deficient [BiO,_.] polyhedra in reduced phases leads to
a shift of the emission maximum from the visible to the near-
infrared region. The generality of this approach was further
demonstrated with other phosphors. Our findings suggest that
this strategy can be used to explore Bi-doped or other classes of
luminescent systems, thus opening up new avenues to develop
novel optical materials.

The development of functional materials has long benefited
from advances in synthetic strategies. As is well known,
conventional high-temperature synthetic routes can be used
to prepare a broad spectrum of complex oxides with
thermodynamically stable phases, precluding the formation
of metastable materials. In marked contrast, low-temperature
topochemical reduction reactions have allowed the prepara-
tion of complex transition-metal-oxide phases bearing highly
unusual oxidation states and coordination geometries, attract-
ing tremendous attention in the field of solid-state chemis-
try.""l The principle advantage of this “soft” chemical route
lies in the fact that it is driven by kinetics, thus allowing
rational design of structures and compositions as metastable

products at considerably lower reaction temperatures than
when conventional techniques are used. To date, a series of
material systems, such as LaNiO,, SrFeO,, LaSrCoO;H,;, and
BaTiO,_,H,, have been prepared through this route.!™”
Previous efforts have focused on the investigation of magnetic
compounds containing transition-metal ions,*"'"**! and little
attention has been paid to materials containing rare-earth
jons.'"®! As far as we are aware, the use of topochemical
reaction for the controlled synthesis of functional materials
containing heavier p-block metal ions has never been
explored.

Novel luminescent materials emitting in the near-infrared
(NIR) spectral region are urgently needed in connection with
applications for bioimaging and telecommunications. Lumi-
nescent materials containing bismuth, one of the most
investigated p-block elements, have attracted significant
research interest owing to their importance in both funda-
mental science and practical applications for solid-state
lighting, bioimaging, lasers, amplifiers, and detectors.?*2*
The complex photophysical behaviors exhibited by various
Bi-containing material systems can be attributed to the
diverse range of oxidation states available to Bi and to its
propensity to form molecular clusters.’] Interestingly, it has
been found that some material systems containing Bi show
ultrawide NIR photoluminescence (PL). However, rational
syntheses of such systems remain elusive, although some NIR
emitters can be stabilized by Lewis acids or exist in molecular
crystals that were synthesized by wet-chemistry routes.”?"
Therefore, it is highly desirable to develop novel generic
approaches to create unconventional Bi-based emitters,
which will not only improve the designability of this class of
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materials, but also extend their practical
applications in biomedicine and photonics.

Herein, we show that the low-temper-
ature topochemical reduction route can be
adopted as a generic strategy to develop
unconventional emitters stabilized by
metastable phases. This strategy is first
demonstrated using Bi**-doped Y,0;
(Y1.99,Biy00s03) as a precursor. Topochem-
ical reduction of Y g9,BigosO; yields an
oxygen-deficient oxide, resulting in
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of Bi from that in the [BiOg4] octahedra in
Y100oBigesO5 to that in [BiOg_.] (z<6)
polyhedra in reduced phases. That is, after
this reduction process, Bi centers exist in
lower oxidation states than commonly
observed for Bi species. The combination
of structural and spectroscopic analyses
allows us to correlate low-valence Bi in the
[BiOy_.] polyhedra with the emergence of
NIR PL. Finally, we demonstrate the sufficient generality of
this strategy with other oxide phosphors, including Bi-doped
LaGaO;, La,0;, and LaAlO;.

The topochemical reduction of Y, ¢9,BijgsO; was ach-
ieved using CaH, as a solid-state reducing agent, resulting in
a white to yellow compound depending on the harshness of
the reaction conditions employed (see Figure S1 and the
experimental details in the Supporting Information). The
samples were denoted St, where ¢ represents the treatment
duration in hours. The ICP-MS analysis revealed that the ratio
of Bi/(Y + Bi) is circa 0.4 % and a very small amount of Ca
(0.11 wt %) was left in the final products. Thermogravimetric
MS measurements show the absence of hydrogen in the
reduced phases, and the emergence of a signal attributable to
CO," suggests the existence of CaCO; and/or Ca(HCOs),
byproducts (Figure S2). It was found that the samples
thermally treated in air could convert back into the white
precursor (Figure S3). We thus collected the thermogravi-
metric data by heating the reduced phases in flowing oxygen
for the evaluation of their oxygen content (Figure S4). Note
that owing to the presence of calcium-related byproducts, the
lightly reduced products, for example, the S12 and S24
samples, do not show any weight increase. Further extension
of the treatment duration leads to a noticeable weight
increase from circa 550°C. Assuming that the S12 sample
does not have any oxygen vacancies and that the byproducts
are identical in all samples, we could roughly deduce the
oxygen stoichiometry within the reduced phases (Table S1).
Energy-dispersive X-ray spectroscopy (EDS) mapping of Y,
O, and Bi contents confirmed that the elements are homoge-
nously distributed in the matrix. Furthermore, the electron
diffraction pattern shows no signs of superstructure, implying
that oxygen vacancies are randomly distributed in the
matrices (Figure S5).

Figure 1a displays the PL spectra of the Y g9,Bi00303
precursor after excitation at =371 and 324 nm, which
show emission band maxima at circa A =410 and 502 nm,
respectively. Experimental and theoretical results have
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Figure 1. a) PL spectra of the precursor and reduced phases upon excitation at 1 =324 and
371 nm, respectively. Inset: the Bi ions situated at the S¢- and C,-symmetric sites. b) 2D
excitation—emission graph of the S48 sample showing the band maxima at different
excitation wavelengths. For example, excitation at A=498 nm leads to an emission maxima
occurring at circa 940 nm with a relative emission intensity of 35000. See Figure S 7a,b for
the corresponding emission spectra and Figure S6 for color versions of 2D excitation—
emission graphs for samples S12, S24, S96, and S192.

revealed that Bi*' ions in the Ss- and C,-symmetric sites in
the yttria contribute to these emission bands.*! It is found
that with the increase in the treatment duration from 12 h to
192 h, the PL intensity derived from both active centers
slowly decreases and these emission bands disappear totally
for the S192 sample. Interestingly, this change is accompanied
by the occurrence of new emission bands at wavelengths
greater than A=700nm (Figure 1b; Figure S6,S7). It is
noteworthy that the undoped Y,O; undergoing the same
treatment process is PL-inactive, implying that the NIR PL is
not derived from structural defects of yttria, but is instead
closely connected to the Bi ions.

To gain more insight into the mechanism of the PL
evolution, we took high-resolution synchrotron X-ray dif-
fraction (XRD) measurements for the typical products
(Figure 2; Figure S8). All of these samples exhibit a cubic
structure with the space group /a3, and no extra diffraction
lines are detected. Crystal structure refinement by the
Rietveld method has been performed using the software
package GSAS (general structure analysis system).” It is
assumed that Bi ions are randomly situated at the Y position.
For all samples, we set the occupation factors of Y and Bi at
0.996 and 0.004, respectively. Rietveld refinement for the
reduced samples was carried out by first refining the back-
ground, cell parameters, pseudo-Voigt peak profile coeffi-
cients, atomic coordinates, and displacement parameters for
all atoms, and then refining the occupancy of oxygen. We
found that the precursor and the S48 and S192 samples have
similar cell parameters, bond lengths, and angles, suggesting
that the structure of yttria is not strongly influenced by the
oxygen extraction (Table S2-S4). Furthermore, such a refine-
ment process leads to an excellent convergence, yielding the
stoichiometric compositions of Y 4,Bi 0050295 (Ryp =7.16 %,
x*=2.20) and Y 99,Bi00505.00 (Ryp="7.10%, x* =2.62) for the
S48 and S192 samples, respectively, which are very close to
those obtained from the thermogravimetric analysis. These
consistent results imply that the amount of oxygen vacancies
in the reduced phases is quite small.
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Figure 2. Rietveld fit to the high-resolution synchrotron XRD pattern of
the S192 sample. The solid lines and overlying crosses show the
calculated and observed intensities, respectively. The pink lines indi-
cate the positions of the calculated Bragg reflections. The difference
between the observed and calculated profiles is shown in blue. Inset:
the structure of Bi-doped yttria with oxygen vacancies.
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The existence of randomly distributed oxygen vacancies in
the yttria inevitably alters the coordination environments and
oxidation states of the Bi centers. If we assume one oxygen
atom is extracted from the apical site of the [BiO¢] octahedra,
the bond valence sum calculations give lower valences of
Bi atoms with respect to those in the precursor (Figure S9). To
unambiguously resolve the oxidation state and local environ-
ment of Bi, the X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS) spectra were collected from the Bi Ly; edge of the
precursor and the S192 product; Bi metal and Bi,0; powders
were used as reference materials (Figure 3). Clearly, the
BiL;; edge of the precursor is similar to that of Bi,O;,
indicating that Bi has a valence of + 3. However, the Bi L,
edge of the S192 sample is located between those of Bi metal
and Bi,0O;, providing strong evidence for the emergence of Bi
having an oxidation state between 0 and +3 (Figure 3a).
Figure 3b shows the Fourier transforms (FTs) of the EXAFS
at the Bisites. The peaks in the R space correspond to
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Figure 3. a) Bi L -edge XANES spectra of the precursor, Bi metal,
Bi,O;, and the S192 sample. b) Fourier transforms (FTs) of the EXAFS
spectra for the precursor and the S192 sample.
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interatomic distances between absorbing and surrounding
atoms. As a result of the photoelectron phase shift, all peaks
in the FTs are shifted towards lower distances relative to the
actual interatomic distances. The peak intensity is associated
with the average number of neighbors of a given type and its
mean square bond length disorder. We note that the S192
sample has a much weaker amplitude for all peaks relative to
the precursor, implying a decreased number of neighboring
atoms and significant disorder at the Bisite in the reduced
phase. Interestingly, XANES and EXAFS analyses suggest
that the local environment of Y is also slightly influenced by
the oxygen de-intercalation (Figure S10), further evidencing
that oxygen vacancies are randomly distributed in the yttria
matrix.

Based on this combined body of experimental evidence,
we concluded that the topochemical reduction leads to the
evolution of [BiOg] octahedra in Y gy,BiggsO; to [BiOg_.]
(z < 6) polyhedra in reduced phases, resulting in a reduction
in the average oxidation states of Bi present. The reason for
the systematic manipulation of emission behaviors is the
formation of randomly distributed oxygen vacancies acting as
ion-migration channels in the matrix. Such a low-temperature
strategy avoids the formation of any Bimetal aggregates
which generally occur in Bi-doped materials synthesized by
means of high-temperature reactions.’""*% As a consequence,
the emergence of NIR PL can be readily connected with Bi in
the [BiOg_.] units. With an increasing duration of CaH,
treatment, the emission intensity from Bi*" in the S;site
gradually decreases and is weaker relative to the precursor
(Figure 1), evidencing that the amount of [BiOg4] polyhedra
with S; symmetry decreases. Note that the visible PL of Bi** in
the G, site for the S12 sample is stronger than that of the
precursor, probably because a small amount of oxygen
vacancies is favorable to achieve high-efficiency emission
for Bi*" at this site (which does not have inversion symmetry);
further extending the duration of CaH, treatment leads to
emission of weaker intensity resulting from the decreased
amount of Bi*" present. It is found that all reduced phases
demonstrate ultra-broad NIR emission profiles (Figure 1b;
Figure S6, S7), which could be deconvoluted into two curves
when photo-pumped by light at A =614 nm (Figure S11). 2D
excitation—emission graphs unambiguously revealed that the
reduced phases bear two classes of NIR-active centers with
emission bands at circa A =950 and 1220 nm, corresponding
to excitation at about 4=2500/640 and 610 nm, respectively
(Figure S6). The energy transfer between two types of centers
occurs owing to the overlapping of the excitation and
emission bands. Both the excitation and emission bands for
the reduced samples display a dependence on the treatment
duration (that is, the number of oxygen vacancies; Fig-
ure S12), evidencing that there are some slight differences in
the local environments of such NIR-active emitters. This is
further supported by the time-resolved PL (Figure S13, S14).
PL results clearly indicated the S48 sample is the most
strongly emissive in the NIR region among all samples
measured (Figure S7), suggesting that a moderate number of
oxygen vacancies are of key for strong emission. This can be
understood on the basis that the PL intensity is governed by
the amount, quantum efficiency, and absorption cross-section
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of the emitter. Unfortunately, at present it is still hard to
determine the exact nature of the NIR-active centers
observed,”?! although it is clear that such centers are closely
connected with the [BiOg_.] units that are topotactically
converted from the [BiOs] octahedra with S;and
C, symmetries. Further work is under way to clarify this issue.

Additionally, we have found that this low-temperature
topochemical reduction strategy can be readily extended to
the manipulation of PL from other classes of Bi-doped
compounds. For instance, after topochemical reduction by
CaH,, the visible emissions from Bi*"-doped LaGaO,, La,Os,
and LaAlO; shift to NIR spectral ranges (Figure S15-S17).
We believe that oxygen-deficient Bi—O polyhedra give rise to
these emission profiles. The difference in the NIR PL
characteristics for all reduced phases studied should result
from different local environments of low-valence Bi in the
materials.

To summarize, we have shown that the low-temperature
topochemical reduction strategy can be employed as a power-
ful method for the synthesis of unconventional phosphors
with luminescence covering the biological and/or telecom-
munication optical windows. Systematic characterization,
including thermogravimetric, MS, synchrotron XRD,
XANES, EXAFS, and PL analyses lead us to conclude that
the topochemical treatment of Y, ,Bi,O; using CaH, results
in the change of the valence of Bi to lower oxidation states as
a result of the creation of randomly distributed oxygen
vacancies. The change of Bi coordination environments from
that in the [BiOg] octahedra in Y, ,Bi,O; to the oxygen-
deficient [BiOy_,] polyhedra in reduced phases is the reason
for the shift of the PL band maxima from the visible to the
NIR spectral region. To the best of our knowledge, this is the
first report on the rational manipulation of PL from typical
Bi*' emitters to those emitting in the NIR region, greatly
deepening the understanding of Bi-related photophysical
behavior. Importantly, we highlight this approach as a suffi-
ciently general route for the manipulation of PL in other
compounds, thereby opening up new avenues to develop
novel luminescent systems that may be promising for a diverse
array of functional applications. We anticipate that this low-
temperature topochemical route can be extended to tune the
properties of other types of optoelectronic materials.
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