
A source of energy that is clean and renewable has 
become an important issue. The development 

of a substantial green power source and energy-con-
verting materials is a prominent subject. Perovskite 
quantum dots represent one of the most promising 
materials for applications in solar cells. Pi-Tai Chou 
from Naitional Taiwan University led a team to discov-
er a clever idea to solve the problem of the intrinsic 
instability of tin during nucleation for a tin-halide 
perovskite that is composed of strongly coupled, 
layered structures with tin-halide perovskite to form 
nanoplates. The results demonstrate a major advance 
for the emission yield and tunability of tin-halide per-
ovskites. Eric Wei-Guang Diau’s group from National 
Chiao Tung University also tried to modify the energy 
levels by altering A upon mixing two organic cations 
– formamidinium (FA+) and 2-hydroxyethylammo-
nium (HEA+) – to improve the performance and the 
stability of tin-halide perovskite solar cells. 

Phosphor-converted white-light-emitting diodes (pc-
WLED) have become the most promising light source 
for energy saving. Research teams led by Ru-Shi Liu 
from National Taiwan University and Lixin Ning from 
Anhui Normal University have demonstrated that 
control of the local structures of activated ions can 
improve the high color-rendering index in red and 
blue phosphors in a LED device. 

Chen-Wei Liu from National Dong Hwa University 
has synthesized inverse-coordination clusters from a 
two-electron super-atomic copper nanocluster. The 
concept of inverse coordination can be viewed simply 
as a transition-metal cluster (with or without metal–
metal bonding) encapsulating a main-group anion. 
Centred cuboctahedral copper clusters have been 
synthesized and structurally characterized. These clus-
ters show enhanced luminescence properties and an 
increased ionic component of the host–guest interac-
tion. (by Hwo-Shuenn Sheu)
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Fig. 1: (a) Excitation and (b) emission spectra of Na2(SixGe1-x)F6:Mn4+ and Na2(GeyTi1-y)
F6:Mn4+. [Reproduced from Ref. 1]

Controlling Local Structures of Activated Ions to 
Improve Red and Blue Phosphors in a LED Device 
Narrow-band-emitting red phosphors and thermally stable blue phosphors are developed for 
high-quality illumination.

C Phosphor-converted white-light-emitting diodes (pc-WLED) have 
been the most promising light sources in our daily life in recent years, 

because they have a long operating lifetime, robustness and small energy 
consumption. Commercial pc-WLED are fabricated with a blue LED and a 
yellow phosphor; white light is generated through excitation of a yellow 
phosphor with a blue LED. For an illumination system of high quality, a 
blue LED with red and green phosphors is used to achieve a high col-
or-rendering index (CRI). This CRI measures a light source to reveal the 
colors of various objects faithfully relative to an ideal or natural light 
source; light sources with a high CRI are desirable in color-critical applica-
tions. Currently used and available phosphors have some limitations. For 
commercial blue-emitting phosphors (BaMgAl10O17:Eu2+ and  
Sr3MgSi2O8:Eu2+), a thermal- quenching (TQ) effect causes a seriously 
decreased emission intensity when operated under a condition of high 
power. Commercial red phosphors (CaAlSiN3:Eu2+ and SrAlSiN3:Eu2+) have 
a broad emission profile with band center 650 nm that matches poorly 
the sensitivity of human eyes.

To realize a high-quality backlighting system, new red phosphors with a 
narrow emission bandwidth should be developed. Mn4+-activated flu-
oride phosphors show emission between 600 and 650 nm and do not 
absorb the emission from commercial green phosphors (YAG:Ce3+), which 
hence become a promising activated doping ion for red emission. Early 
studies focused on methods of synthesis of the new compounds, but the 
local coordinate environment and emission behaviors and bands were 

less studied. A research team at 
National Taiwan University, led by 
Ru-Shi Liu, recently studied sys-
tematically the behaviors of the 
zero-phonon line (ZPL) of Mn4+-ac-
tivated fluoride phosphors. Liu 
and his co-workers synthesized 
compounds in series Na2(SixGe1-x)
F6:Mn4+ and Na2(GeyTi1-y)F6:Mn4+ 
and studied their emission profiles 
as a variation of x and y in the 
compound formula, as shown in 
Fig. 1. The measured excitation 
spectra are similar, corresponding 
to spin-allowed transitions 4A2 
→ 4T2 and 4A2 → 4T1, whereas the 
emission spectra are correlated to 
the spin-forbidden transition 2E 
→ 4A2. The results show that the 
intensity of the ZPL increased from 
Na2SiF6 to Na2GeF6. X-ray diffrac-
tion (XRD) patterns show that 
Na2SiF6 and Na2GeF6 crystallize 
in a trigonal structure and Mn4+ 
ions substitute the Si4+, Ge4+ and 
Ti4+ positions to form octahedral 
MnF6

2- moieties. Although the 
emission spectra are much less 
sensitive to a change of the crystal 
field than the excitation spectra, 
the ZPL intensity is sensitive to the 
distortion in the MnF6

2- moieties. 
Further EPR studies indicate that 
Mn4+ ions occupy at least two 
distinct positions of high and low 
local symmetry.                

For development of the blue 
phosphors, a joint research group 
from China, led by Lixin Ning (An-
hui Normal University) and Zhiguo 
Xia (University of Science and 
Technology Beijing), synthesized 
new phosphors of ABPO4:Eu2+ (A = 
Li, Na, K, Rb; B = Ca, Sr, Ba) with a 
structure of β-K2SO4 type through 
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Fig. 3: (a) Emission spectra of a KBCP:3%Eu2+ sample in temperature range 25–300 °C. 
Temperature-dependent normalized emission spectra of KBCP: xEu2+ (x = 1%, 
3%, 5%) in terms of emission height (b), and area (c), excited at 350 nm. (d) 
Temperature-dependent normalized emission spectra of KBCP:3% Eu2+ com-
pared with a commercial YAG:Ce3+ phosphor. [Reproduced from Ref. 2]

Fig. 2: (a) Structural phase transformation model from β-K2SO4 prototype to a new phase of KBCP via varied substitution construction 
on cation sites. (b) XRD and (c) SXRD profile for the Rietveld refinement result of KBCP and KBCP:9% Eu2+, respectively. (d) 
Crystal structure of KBCP:9% Eu2+ and occupancy rates of Eu2+. (e) XRD patterns of KBCP:xEu2+ (x = 0.5−9%) as prepared.[Repro-
duced from Ref. 2]

mineral-inspired prototype evo-
lution and new phase construc-
tion methods. Within these new 
phosphors, KaBaCa(PO4)2:Eu2+ 
was found to have a high lumi-
nescence thermal stability. X-ray 
powder-diffraction measurements 
show that Eu2+ ions can occupy 
three distinct sites and K3 (M3) 
sites are more stable than K2 (M2) 
sites, resulting in emissions at 
465 and 438 nm, respectively, as 
shown in Fig. 2. Figure 3 shows 
the temperature dependence of 
the emission band profile and the 
intensity in KaBaCa(PO4)2:Eu2+ with 
1%, 3%, and 5% Eu2+. Although 
the luminescent intensity of all 
samples decreased as tempera-
ture increased, the sample with 
3% Eu2+ maintained intensity 95% 
of that at 25 oC. This observed 
behavior might reflect a balance 
between thermal ionization and 
recombination of Eu2+ 5d excit-
ed-state centers that involves an 
electron trapped at a crystal de-
fect and transported through the 
host conduction band. 
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Inverse-Coordination Clusters from a Two-Electron 
Superatomic Copper Nanocluster
The inverse-coordination clusters show enhanced luminescence properties and increased ionic 
component of the host–guest interaction. No formal covalent bonding exists between the d10 

metal centers, only some metallophilic interactions.

In summary, novel red and blue 
phosphors have been developed 
through tuning the local crystal-
line environments of the activated 
ions. This concept opens a way to 
develop new phosphors with high 
luminescent quality. (Reported by 
Yu-Jong Wu)  

This report features the work of (1) 
Ru-shi Liu and his co-workers pub-
lished in Angew. Chem. Int. Ed. 57, 
1797 (2018); (2) Lixin Ning, Zhiguo 
Xia and their co-workers published 

in J. Am. Chem. Soc. 140, 9730 (2018).

TPS 09A  Temporally Coherent X-ray Diffraction
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Fig. 1:  (a) X-ray structure of [Cu13{S2CNnBu2}6X4]+ with NnBu2 and X moieties omitted 
for clarity; (b) centred cuboctahedral framework of 13 copper atoms; (c) 12 
sulfur atoms that surround the copper core in a truncated tetrahedral geometry. 
[Reproduced from Ref. 2]

T he concept of inverse coor-
dination, as recently defined 

by Haiduc, applies to metal com-
plexes in which the arrangement 
of acceptor and donor sites is 
opposite that occurring in Wer-
ner-type coordination complexes. 
Inverse-coordination complexes 
are formed around a non-metal 
species as the central atom (ion) 
surrounded by a number of metal 
atoms (ions) connected or not by 
internal bridging (intramolecular) 
linkers. Discarding the nature of 
metal–metal interactions (if any), 
inverse coordination complexes 
can thus be viewed simply as tran-
sition-metal clusters (with or with-
out metal–metal bonding) encap-
sulating a main-group anion. 

Centred cuboctahedral copper 
clusters have been synthesized 
and structurally characterized in a 
series. [Cu13{S2CNR2}6{C≡CR’}4](PF6), 
(R = n-Bu, R’ = CO2Me) is the first 
structurally characterized copper 

(a) 
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cluster having a Cu13 centred cubocta-
hedral arrangement, Fig. 1(a), a min-
iature of the bulk copper fcc structure. 
Inverse-coordination clusters with 
Cu12, [Cu12(μ12-S){S2CNR2}6{C≡CR’}4] , are 
the first examples of copper clusters 
containing main-group elements (Cl, 
Br, S). These clusters show enhanced 
luminescence properties and increased 
ionic component of the host–guest 
interaction, Figs. 1(b) and 1(c). No 
formal covalent bonding exists be-
tween the d10 metal centers, only some 
metallophilic interactions.

In a first approximation, the bonding 
within these two-electron superatoms 
can be described as resulting from the 
interaction of an encapsulated and 
formally M- anion with a cuboctahe-
dral cage composed of twelve CuI ions. 
One fascinating query is whether it 
should be possible to substitute the 
encapsulated closed-shell M- anion 
with a closed-shell main-group anion, 
and further, to replace this encapsulat-
ed main-group element with another 
one, the corresponding substitution 
reactions occurring without cluster 
disintegration.

The galvanic exchange of the central 
Cu with Ag or Au results in a sim-
ilar anatomy of formed bimetallic 
[Au/Ag@Cu12(S2CNnBu2)6(C≡CPh)4]
[CuCl2] species, which is unique in 

Fig. 3: Comparison of Cu K-edge XANES profiles for Cu foil, 
CuCl, copper(I) hydrides and NCs 1a–d (see ref. 1 for the 
abbreviation). [Reproduced from Ref. 1]

Fig. 2: Photograph of 4, 6, and 6’ under 
UV-excitation at ambient temperature. 
[Reproduced from Ref. 2]

the sense that other contemporary M13 cores in group 11 super-
atomic chemistry are compact icosahedra. The central doping of 
Ag or Au significantly affects the physiochemical properties of 
the bimetallic Cu-rich clusters. Markedly enhanced both emission 
intensity and quantum yield was observed in gold−copper alloys 
[Au@ Cu12(S2P(OiPr)2)6(C≡CPh)4]+ (6, 6’) on comparison with cluster 
[Cu13{S2CNnBu2}6R4]+ (4) (Fig. 2).

In summary, the authors have isolated and fully characterized 
[Cu13(alkynyl)4(dtc)6] (PF6) clusters, the first copper-centred cubocta-
hedral copper NC, a miniature of the bulk copper fcc structure, with 
partial Cu(0) character confirmed with XANES (Fig. 3). Novel chalco-
gen and halogen-centred cuboctahedral copper clusters [Cu12(m12-X)
(alkynyl)4(dtc)6]z+ (E = Cl, Br, S) have been synthesized. These clusters 
are the first examples of compounds in which a sulfide, chloride or 
bromide ion holds such a large coordination number (12). Before this 
report, the largest coordination number for sulfur and bromine was 
nine, and eight for chlorine. (Reported by Hwo-Shuenn Sheu)

This report features the work of Chen-Wei Liu and his collaborators 
published in Chem. Sci., 9, 6785 (2018).
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Luminescent Tin-Halide Perovskite Materials
Adding an aliphatic carboxylic acid can decrease the defect density of the tin perovskite and 
thereby improve the luminescent property of tin-halide perovskite nanoplates.  

I n recent years, the efficiency of power conversion (PCE) of perovskite 
solar cells (PSC) has increased rapidly up to 22%, which opens a new 

window for a novel recipe of developing solar cells. Research groups in 
increasing numbers have therefore devoted much effort to the investiga-
tion of PSC, which replace dye-sensitized solar cells (DSSC) and organic 
photovoltaics (OPV) to become the main stream for the next generation 
of solar-cell development. Basically, a PSC is a hybrid organic-inorganic 
material, having an octahedral structure with general formula ABX3. In 
this crystal structure, an A-site ion, at the corners of the unit cell of the 
lattice, is typically an alkaline-earth or rare-earth element; B-site ions, at 
the center of the unit cell, might be 3d-, 4d- or/and 5d-transition- metal 
elements, and X is halogen. The conventional material of a PSC is meth-
ylammonium lead trihalide (MAPbX3) having an optical band gap be-
tween 1.5–2.3 eV depending on the halide content, but the content of 
the toxic lead in MAPbX3 hinders the large-scale commercial production 
for PSC. The task of replacing the toxic lead with a non-toxic metal, such 
as tin (Sb), for perovskite-based material hence attracts much attention 
in the development of these PSC. MASbX3 is, however, unstable because 
of the oxidation of Sn2+ to Sn4+ that increases the defect density. The 
control of the luminescent properties of tin perovskite-based nanomate-
rials was recently successfully demonstrated first by Jellicoe et al.1; they 
mixed halides of two types and altered the ratios of halide components 
of the CsSnX3 nanocrystals, but a small photoluminescence quantum 
yield (PLQY < 0.14%) and a broad emission bandwidth (FWHM > 100 nm) 
were observed. Subsequent work, such as on replacing Cs+ cations with 
butylammonium (BA) or octylammonium and using 2D nanoplates with a 
double-layered structure were investigated to improve the quantum yield.2 
Although the photoluminescent quantum yield improved up to 2.6%, the 
reality of using perovskites as a luminescent emitter is still far away. 

To improve the optoelectronic device performance, strongly coupled 2D 
perovskite nanoplates are required to realize a small density of crystal 
defects and a large yield of photogenerated carriers. A research group 
from National Taiwan University led by Ching-Wen Chiu, Hao Ming Chen 
and Pi-Tai Chou synthesized a 2D single-layered nanoplate with chemical 
formula PEA2SnI4 (PEA = C6H5(CH2)2NH3

+) that attained PLQY 2.7%, with 
an emission at 640 nm in toluene.3 Furthermore, adding aliphatic carbox-
ylic acids with one methyl branch at the β-position with PEA effectively 
prevented the transformation from Sn2+ to Sn4+ during the nucleation, 
thereby leading to strongly coupled 2D nanoplates with a defect-free na-
ture to boost the emission quantum yield. They tested numerous aliphatic 

Fig. 1:  Absorption (dashed line) and 
photoluminescence spectra 
(solid line) of the corresponding 
PEA2SnX4 nanoplates in toluene. 
[Reproduced from Ref. 3]

carboxylic acids and determined 3-methylbutanoic acid to be superior among all tested additives, as it required 
only 2% by volume in toluene to enhance the emission yield of tin perovskite nanoplates from 2.70% (without 
additive) to as much as 6.40%.

This group showed also how the absorption and emission spectra of putative PEA2SnX4 nanoplates varied with 
halide composition and optimal 3-methylbutanoic acid content on varying in halide composition as shown in 
Fig. 1 and Table 1.
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The photostability was also significantly improved for 
PEA2SnI4 prepared with 3-methylbutanoic acid. Upon 
irradiation of PEA2SnI4 at 406 nm (10 mW cm−2) for 
120 h in degassed toluene, the emission intensity de-
creased only 25% compared to the original value. In 
contrast, under identical conditions, pristine PEA2SnI4 
synthesized without added carboxylic acids showed 
a loss ≈ 77% of the emission intensity. The observed 
degradation of PEA2SnI4 was attributed to the oxida-
tion of Sn2+ toward Sn4+. Taken together, upon mixing 
iodo- and bromo- precursors, the emission wave-
length was successfully tuned from 640 nm (PEA2SnI4) 
to 550 nm (PEA2SnBr4), with a corresponding emis-
sion quantum yield 0.16–6.40% and FWHM 36–80 
nm. The results demonstrate a major advance in the 
emission yield and tunability of tin-halide perovskites. 
(Reported by Yu-Jong Wu)

A New Series of Tin-Based Perovskite Materials
Hybrid HEA+/FA+ organic cations can tune the optoelectronic properties and band structures 
on varying the HEAI proportions.   

P erovskite solar cells (PSC) possess the advantages 
of cheap fabrication, versatile configurations and 

large expected efficiency of power conversion, which 
lead them to become the most promising next-gener-
ation photovoltaic devices.1 Conventional perovskite 
materials containing toxic element lead (Pb) have 
evoked the development of lead-free PSC and be-
come an important issue for future commercialization 
of PSC. In the same group of the periodic table, tin 
(Sn) is hence a promising candidate to replace lead in 
PSC, but a problem of reproducibility was discovered 
for tin-based PSC in recent tests. Sn2+ is readily oxi-
dized to Sn4+, which increases the density of defects. 
Previous investigations tried to improve the perfor-
mance and stability of tin-based devices generally on 

Table 1:  Photoluminescent properties of mixed-halide tin perovskite nanoplates in toluene (excitation at 400 nm).  
[Reproduced from Ref. 3]

Compound QY/Lifetime, τ1, τ2, τ3 [%]/[ns] FWHM [nm] Peak [nm]

PEA2Snl4 6.40 ± 0.14 (0.10/2.57/17.88) 36.0 640.6

PEA2Sn(Br0.15l0.85)4 2.19 ± 0.16 (0.09/1.26/9.06) 36.2 610.9

PEA2Sn(Br0.3l0.7)4 1.03 ± 0.03 (0.12/1.19/8.06) 44.5 590.4

PEA2Sn(Br0.625l0.375)4 0.36 ± 0.01 (0.15/0.83/5.23) 56.2 557.8

PEA2SnBr4 0.10 ± 0.01 (–/0.32/2.94) 79.6 550.2

varying the B and X components of the typical formu-
la ABX3, in which A represents site ions on the corners 
of the lattice, B represents site ions on the center of 
the lattice and X is halogen. 

A research team from National Chiao Tung University 
recently tried to modify the energy levels by altering 
A upon mixing two organic cations, formamidini-
um (FA+) and 2-hydroxyethylammonium (HEA+), to 
improve the performance and the stability of a tin-
based PSC.2 With chemical formula HEAxFA1-xSnI3, 
the authors found that, as x increases, the crystal 
structure alters from orthorhombic (x = 0) to rhom-
bohedral (x = 0.2–0.4), and then to tetragonal (x = 
0.6−1.0), as shown in Fig. 1.  

This report features the work of Ching-Wen Chiu, Hao 
Min Chen, Pi-Tai Chou and their collaborators pub-
lished in Adv. Mater. 30, 1706592 (2018).
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They found also that the band-gap energy 
systematically increased with increasing pro-
portion of HEAI. The performance of the HEAx-

FA1−xSnI3 devices increased from PCE 0.8% (x = 
0) to PCE 2.5 % (x = 0.4), and decreased with 
x > 0.4. In addition, the absorption and pho-
toluminescent spectra of HEAxFA1−xSnI3 show 
the variation of the bandgap; increasing the 
proportion of HEAI shifted the emission from 
900 nm (x = 0) to 623 nm (x = 1) and the ab-
sorption edges from 925 nm (x = 0) to 614 nm 
(x =1), as shown in Fig. 2. This result indicates 
that HEA+ plays a key role to modify the crystal 
structures for the observed variation of the 
bandgaps in this series.

 Ultraviolet photoelectron spectral measure-
ments on the HEAxFA1−xSnI3 series determined 
the work function and the energy difference 
between the work function and the va-
lence-band maximum. These results support 
the modification of energy levels on varying 
the proportions of HEAI precursors; a strong 
n-type characteristic matching ECB of TiO2 for 
electron transfer from perovskite to the TiO2 
layer was found in the sample at HEAI 40%. 
In addition, upon replacing MA+ with FA+ or 
Cs+, Eg values varied within 0.3 eV, whereas 
the crystal structure altered from 3D to 2D or 
formed a hollow perovskite with more than 
0.6 eV tunability of the bandgap on replacing 
A with BA+ or PEA+. Taken together, varying 
HEAI proportions can alter the lattice structure 
that results in varying the optoelectronic prop-
erties and band structures in the hybrid HEAx-

FA1−x SnI3 PSC. The discovery of new 3D-vacant 
and 2D tin-based PSC opens a new door for 
further development of lead-free PSC. (Report-
ed by Yu-Jong Wu)   

This report features the work of Eric Wei-Guang 
Diau and his collaborators published in ACS 
Energy Lett. 3, 2077 (2018).
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Fig. 1:  (a) X-ray diffraction patterns of HEAxFA1−xSnI3 perovskites deposit-
ed on mesoporous FTO/TiO2/Al2O3/C device substrates with varied 
HEAI:FAI ratios as indicated. The intense signals marked * corre-
spond to contributions from the carbon layer and the FTO sub-
strate; small diffraction signals at 6.0° and 8.5° are marked #. (b) 
Kinetically preferred perovskite structures of single crystals with 
HEAI proportions 0, 40, and 80% represented from left to right. A 
3D-vacant perovskite was produced at x = 0.6−1.0. [Reproduced 
from Ref. 2]

Fig. 2: Absorption (solid curves) and normalized PL (dashed curves) 
spectra of HEAxFA1−xSnI3 films deposited on mesoporous Al2O3/
glass substrates with varied HEAI:FAI ratios (x = 0−1) controlled by 
stoichiometric proportions of HEAI:FAI precursors. [Reproduced 
from Ref. 2]




