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The assembly of photofunctional molecules into host matrices has become an important strategy to achieve tunable fluorescence
and to develop intelligent materials. The stimuli-responsive photofunctional materials based on chromophores-assembled layered
double hydroxides (LDHs) have received much attention from both academic and industry fields as a result of their advantages,
such as high photo/thermal stability, easy processing, and well reversibility, which can construct new types of smart luminescent
nanomaterials (e.g., ultrathin film and nanocomposite) for sensor and switch applications. In this paper, external environmental
stimuli have mainly involved physical (such as temperature, pressure, light, and electricity ) and chemical factors (such as pH and
metal ion); recent progress on the LDH-based organic-inorganic stimuli-responsive materials has been summarized. Moreover,
perspectives on further development of these materials are also discussed.

1. Introduction

The functional material that can respond to different external
stimuli is the basis for developing a new generation of intel-
ligent device. Stimuli-responsive organic photofunctional
(such as luminescent) materials have attracted significant
attention from both fundamental research as well as industry
during the last few years, because of their remarkable and sen-
sitive response signal. These photofunctional materials have
potential applications in the fields of fluorescent switches
and optical recording sensors [1]. Generally, the mechanisms
for changing in photofunction of organic materials consist
of occurrence of chemical reactions and alteration of the
molecular packing mode [2, 3]. Recently, controlling and
tuning the molecular packing mode become a main strategy
for the design of intelligent luminescent materials, because
the solid-state chemical reaction frequently involves relatively
low conversion efficiency. Since 2005, several new types of
organic luminescent materials with stimuli-responsive prop-
erties (such as piezochromic, deformation-induced chromic,
photochromic, thermochromic, and humidity colorimetric
luminescent systems) have been developed [4–7]. However,

to meet the requirements of responsive luminescent devices
or optical sensors, the assembly of ordered thin films with the
chromophores on two-dimensional (2D) surfaces remains a
challenge, and examples are rather rare.

For an idealized orderly system, the photoactive mole-
cules with regular molecular orientation and intermolecular
packing mode are more prone to exhibit systematically
responsive behaviors upon external stimuli. Therefore, the
control of high orientation of organic molecules is of critical
importance to design and fabricate responsive luminescent
materials. As well, from a perspective of luminescent effi-
ciency, the aggregates of luminescent molecules are usually
readily formed in the solid state, which can lead to an emis-
sion shift, line broadening, and even luminescence quench-
ing.Moreover, the thermal/chemical stability and service life-
time of organic materials are generally low for optoelectronic
device application [8]. Therefore, how to further enhance
the optical performance and stability also became major
goals. In addition, from a viewpoint of practical application,
fast response, high reversibility, and stable repeatability are
all necessary for such responsive materials as sensors and
switches.
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Nanosheets

Chromophores Nanogallery

Figure 1: A typical scheme for chromophores assembled into Mg-
Al-LDH nanogallery.

One effective way to realize the regulation and orien-
tation of the organic chromophores is the incorporation of
organic photofunctional molecules into solid host matrices,
which can also supply a stable environment to enhance the
thermo and photostabilities of organic species. In this sense,
layered double hydroxides (LDHs) are typical layered host
materials, which can be described by the general formula:
[MII
1−𝑥

MIII
𝑥
(OH)
2
]
𝑧+

𝐴
𝑛−

𝑧/𝑛
⋅ 𝑦H
2
O (MII and MIII are diva-

lent and trivalent metals ions, respectively; A𝑛− is an anion)
[9]. The structure of the LDH layer is analogous to that of
the brucite with edge-sharing M(OH)

6
octahedra, in which

partial substitution ofM3+ forM2+ induces positively charged
host layers, balanced by the interlayer anions. Different from
most of the cationic clays, the charge density and elemental
composition of LDHs can be changed during the synthesis
process, favoring finely controlling properties of the host
layer. To meet the demands in applications, hundreds of suit-
able anions have been rationally chosen and intercalated into
LDHs for constructing new types of host-guest nanomaterials
[10].

The LDH features 2D channel at the nanometer level,
and the nanogallery is usually in the range of 0.3–4 nm [11];
therefore, most of anionic organic photoactive guests can
be incorporated into LDH hosts to obtain inorganic-organic
hybrid nanomaterials (as shown in Figure 1). These systems
show specific physical and chemical performances compared
with their individual counterparts, which is beneficial for
the fabrication of novel optoelectronic and photofunctional
materials: (1) chromophore guest molecules immobilized in
the LDH host matrix exhibit optical and thermal stability,
environmental compatibility, and low operational risk [12].
(2) The orientation and arrangement of the chromophores
can be tuned by changing the layer charge density and
chemical composition, which can further adjust the optical
properties of the nanocomposites [13, 14]. (3) LDH host
matrix provides chromophoremolecules with a confined and

stable environment, which reduces molecular thermal agi-
tation (intermolecular collisions, vibrations, and rotations)
by host-guest interactions, and the fluorescence quenching
is therefore reduced [15, 16]. Recently, according to the
principle of molecular design and supramolecular assembly,
the inorganic-organic nanomaterials (both powders and
thin films) based on the accommodation of chromophore
guests into LDH host have been largely developed and have
gradually become a fascinating field in luminescent hybrid
materials [17, 18]. For example, the polyanion-assembled
LDH films exhibit a better UV light resistance ability than
the pure polyanion/polycation film. By the use of in-situ
photoluminescence technique, [15] it was found that the
normalized fluorescence intensity of the anionic poly(p-
phenylene) (APPP) assembled LDH was larger than that
of the APPP/PDDA (poly(dimethyldiallylammonium chlo-
ride)) counterpart, demonstrating that the presence of the
inorganic LDH nanosheets leads to an enhanced optical
stability of the conjugated anions compared with typical
organic/organic films. A previous review on LDH-based
fluorescent materials has mainly summarized the prepa-
ration method and tunable photoluminescent properties
[19]. Recently, the host-guest stimuli-responsive luminescent
materials have also been studied successively, since the
orientation mode of the interlayer chromophores and host-
guest interaction can be changed upon external stimuli [20,
21]. In addition, new physical/chemical phenomena have also
been obtained based on the theoretical calculations for these
hybrid nanomaterials. We believe it is timely and necessary
to introduce these new advances to give a better under-
standing and supply new insights for the design of organic-
inorganic intelligent nanomaterials. In this paper, we focus
our attention on recent progress of the stimuli-responsive
photofunctionalmaterials for optical/luminescent switch and
sensor applications by assembling photofunctionalmolecules
into LDH nanogallery; by selecting representative stimuli-
responsive examples, two types of environmental stimuli—
physical stimuli (such as light, pressure, heat, electricity and
polarization) and chemical stimuli (pH value and heave
metal ions)—were mainly introduced. Finally, perspectives
on future development for these materials are also discussed.

2. LDH-Based Physical
Stimuli-Responsive Materials

2.1. Heat- and Pressure-Responsive Materials. Temperature
and pressure are the most common and natural envire-
mental factors; therefore, temperature- and pressure-induced
chromic (known as thermochromic and piezochromic)mate-
rials can be potentially used in memory chips and secu-
rity inks. Stilbene-type compounds have attracted consid-
erable interests due to their excellent optical and elec-
tronic properties [22, 23]. Yan et al. [24] have fabri-
cated an inorganic-organic ultrathin film (UTF) system
with thermochromic luminescence (TCL) based on the
layer-by-layer (LBL) assembly of anionic stilbene derivative
(bis(2-sulfonatostyryl)biphenyl, donated as BSB) and LDH
nanosheets. The thickness of the BSB/LDH UTF can be
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finely controlled in the range from 23 nm (8 bilayers) to
67 nm (32 bilayers), indicating that the average thickness of
one BSB/LDH unit is about 2.2 nm. The UTF undergoes a
remarkable change in luminescence color upon increasing
temperature. On heating the BSB/LDH from 20 to 100∘C,
the emissive band moves from 444 to 473 nm with a gradual
decrease in the luminescence intensity. The emission color
changes from blue to bluish green on heating the UTF, and
the color change is also visible to the naked eye as shown in
the inset of Figure 2(a). When the UTF was cooled to 20∘C
over 2min, the fluorescence emission can recover its original
blue color completely together with the associated reverse
spectral changes.The reversible change in luminescence color
can also be repeated (Figure 2(a), inset). For the excited states
of the UTF, the fluorescence decay at high temperature is
slower than that at low temperature (Figure 2(b)), and this
behavior can be assigned to the formation of an excimer in
the UTF. The fluorescence lifetime of the UTFs at 100∘C is
1.9 ns, about twice the value at 20∘C (0.9 ns). These changes
in fluorescence lifetime are repeatedly observed on cycling
between two typical temperatures (Figure 2(b), inset).

In-situ FTIRmeasurement shows that, as the temperature
increases, themost significant change is that the bands at 1652
and 1630 cm−1 broaden and become unresolved for the UTF,
suggesting that the skeleton vibration increases dramatically
at high temperature and the system becomes relatively disor-
dered compared with that at low temperature. No character-
istic band disappears in the whole range, demonstrating no
chemical reaction occurs during the heating process. Further
molecular dynamic simulation confirms that the TCL perfor-
mance is mainly associated with the variations in orientation
and molecular packing of BSB confined between the LDH
nanosheets. Based on TCL performance, it is anticipated that
the UTFs can be potentially used as luminescent sensors and
molecular thermometers.

The study on the reversible thermochromic materials
has attracted more attention due to its wide applications
such as optical data storage, security markers for notes and
documents, and color-variable clothing [26]. 4-(4-anilino-
phenylazo)benzenesulfonate (AO5) is a typical azo dye with
thermochromic property, which has been used as a thermal
sensor, pH indicator, and molecular memory storage due
to its tautomerism between the azo A form and hydrazone
H form (Figure 3). Such tautomeric equilibrium is sensitive
to the external microenvironment (e.g., substituents and
solvents). An effective way to enhance the thermochromic
performances of this dye is to choose a suitable host matrix
for tuning its molecular environment. Wang et al. [25] have
fabricated transparent thin films based on AO5 and sodium
dodecylbenzene sulfonate (SDS) cointercalated in LDH,
which show a fast and repeatable thermochromic behavior.
By the use of temperature-dependent UV/visible absorption
spectrophotometer, it was observed that the 10% AO5-LDH
thin film shows the highest thermochromic efficiency.

At ambient temperature, the AO5-LDH thin film has a
maximal absorption at 363 nm (Figure 4(a)). Upon increas-
ing temperature, a spectral change occurs with a decrease
in the intensity of the band at 363 nm, and a new band

appears with increasing intensity at 445 nm. Visually, a color
change from light yellow to reddish orange can be observed
upon heating the 10% AO5-LDH film from 35 to 65∘C. As
the film is cooled to 35∘C, it recovers its original color with
the associated converse spectral changes. Figure 4(b) shows
the temperature-dependent absorbance at 445 nm over a
complete heating-cooling cycle, confirming the reversibility
of the thermochromic performance. Moreover, the film
material also shows high thermostability and photostability
as a result of the host-guest structure. As the temperature
range for the thermochromism covers the body temperature
of human beings and the atmosphere, it can be expected that
this AO5-LDH film has potential applications in the field
of physiological and environmental temperature designation
and warning.

Conjugated polydiacetylenes (PDAs) have attracted great
attention during the past few years, owing to their signif-
icant functionality and wide applicability in colorimetric
detection systems [27, 28]. It is highly desirable to achieve
sensor and array devices with high stability, reusability, and
environmental compatibility by the immobilization of PDAs.
Recently, Shi et al. [29] have prepared the 1,3-diacetylene
(DA) anion-intercalated LDH nanocomposite films with
the aid of a photolithography technique. UV irradiation
of the colorless DA-LDH film results in the formation of
patterned blue/colorless image (Figure 5(a) A, B). Heating
the film at 130∘C results in the transition to yellow/colorless
patterned image, while it transfers to red/colorless patterned
image as the film is cooled down (Figure 5(a) C, D). The
heat-treatment at 130∘C shows an orange-yellow/colorless
fluorescence image, which displays a bluish green/colorless
fluorescence image when the sample is cooled (Figure 5(b)
C, D). For the corresponding film with physical mixture of
PDA and LDH, no thermal response can be observed for
optical image. By the analysis of in-situ Raman spectroscopy,
the thermochromic behavior of PDAs/LDH is attributed
to strong hydrogen bond interactions between LDH and
PDAs.

To date, compared with those of temperature-sensitive
materials, the study of piezochromic luminescence (PCL)
materials remains in an early stage [30]. The design of
PCL materials is of importance to monitor the change in
pressure, especially under extreme conditions. It has been
recognized that alternating themolecular arrangement mode
is a promising strategy to tune the fluorescence of an organic
compound. During last 10 years, efforts have been put in the
development of pure organic fluorophores with PCL prop-
erties, and these materials usually involve an aggregation-
induced emission mechanism [31, 32]. However, the rational
design and preparation of organic-inorganic hybrid PCL
materials remain a considerable challenge.

Recently, we have fabricated a new type of PCL material
by the assembly of an organic fluorophore (2,2-(1,2-ethe-
nediyl)bis[5-[4-(diethylamino)-6-[(2,5-disulfophenyl)ami-
no]-1,3,5-triazin-2-yl] amino] benzene sulfonate anion,
BTZB) into the nanogalleries of LDHs [33]. Such strategy
for construction of PCL material is based on the fact that
the LDH nanosheets are flexible enough to deform over
interlayer bulky guests, and slipping of LDH layer can occur
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Figure 2: TCLof the BSB/LDHUTF at 20 and 100∘C. (a) Fluorescence spectra (inset: the reversible fluorescence response over five consecutive
cycles, and photographs of the UTF before and after heating). (b) Fluorescence decay curve (inset: fluorescence lifetimes over five consecutive
cycles) [24].

A form H form

Figure 3: Tautomeric equilibrium between the A form and H form
of AO5 [25].

on increasing the external pressure, which can further
influence the host-guest interactions [21]. In addition,
the long-chain BTZB anion has four rotatable aromatic
amine units, and thus its molecular conformation and
intermolecular interactions can be tuned more easily by
external perturbations than the rigid molecules. Upon
increasing pressure, BTZB/LDH nanocomposites exhibit
luminescent redshift with a concomitant broadening of
the emission, while the pristine BTZB shows no PCL at
all. The most significant PCL behavior is present in the
BTZB/Mg

2
Al-LDH sample, and the maximum emissive

wavelength moves from 452 to 515 nm under different
stimuli (Figures 6(a) and 6(b)). The typical photographs of
the BTZB/Mg

2
Al-LDH pellet under UV light (Figure 6(a),

inset) display a visual luminescent change from blue to
green upon increasing pressure. The redshift of spectra may
be attributed to the formation of J-type aggregates in the
nanogallery of LDH. An appreciable change in the UV-vis
absorption band of BTZB/Mg

2
Al-LDH nanocomposites was

also observed upon compression as shown in Figure 6(c).

Once the pressed BTZB/Mg
2
Al-LDH sample was ground

into powder, heated at 100∘C, and then cooled down,
the luminescent peak at 515 nm moved back to 452 nm
completely. In addition, the reversible luminescent color
change can be readily repeated to switch between two
pressures. The reversible changes in fluorescence properties
can be recycled at least 3 times.Therefore, it can be concluded
that the BTZB-intercalated LDH material exhibits reversible
optical responses (luminescent color, absorption band,
and fluorescent lifetime) upon changing external pressure;
molecular dynamics and periodic density functional
theoretical studies demonstrate that the PCL performance
originates from changes in the relative orientation and
aggregation state of the interlayer BTZB. Such materials may
serve as the fluorescent antiforgery devices.

2.2. Photoinduced-Responsive Materials. The photoinduced
cis-trans isomerization of organic photofunctional materials
(such as Schiff base and azobenzene derivative) has presented
many interesting features, and their applications range from
electronics to nonlinear devices [34–37]. In the solid state of
these materials, the penetration between adjacent functional
group and strong 𝜋-𝜋 stacking of chromophores may lead
to a lack of sufficient free volume for the isomerization and
lead to irreversibility or low efficiency of the process. This
is one of the main bottlenecks in developing optical devices
with superior optical properties based on the molecular
isomerization. LDH nanosheets can provide the organic
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Figure 5: PDA-LDH film induced by UV irradiation and its thermochromic behavior (a) and fluorescent transition (b): (A) the DA-LDH
film, (B) the PDA-LDH film obtained by UV irradiating (A), (C) the film by heating (B) at 130∘C for 1min, (D) the film by cooling (C) to
room temperature [29].

chromophores with a rigid and ordered microenvironment,
in which the severe interpenetration of the cis-trans groups
may be restrained by the isolating effect of the 2D nanosheets.
An ordered distribution and alignment of the cis-trans
groups with sufficient available free space in the nanogallery
between the LDH nanosheets can also facilitate their pho-
toisomerization efficiency. In pioneering works, Tagaya et al.
[38–40] have prepared sulfonated indolinespirobenzopyran
(SP) intercalated into the Mg/AI and Zn/Al LDHs, which
was premodified by toluene-p-sulfonic acid (PTS). The new
intercalated nanocomposites exhibited reversible photoiso-
merization between SP and merocyanine (MC) as shown in
the Figure 7. It was also noted that the presence of PTS play a
key role in the reversible photoisomerization.

Han et al. [41] have reported the fabrication of hybrid
ultrathin photoresponsive films based on LBL self-assembly
of LDH nanosheets and the azobenzene-containing polymer
(PAZO). By irradiating the sample with UV light, there is
a progressive decrease in the maximum intensity of 𝜋-𝜋∗
transition band, and the 𝜋-𝜋∗ band nearly disappears after
sufficient irradiation time, indicating an almost 100% trans-
to-cis photoreaction. The 𝜋-𝜋∗ absorption band increases
againwith irradiation by visible light (𝜆 > 450 nm), indicative
of the cis-trans back-isomerization of azobenzene. Further-
more, alternate irradiation with UV and visible light results
in a reversible switching between the trans- and cis-state of
the azobenzene group with significant changes in film color.
The thin film of azobenzene derivative-intercalated LDH
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Al-LDH at different pressures (inset: fluorescent photographs under 365 nmUV light; the
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nanogallery can also influence the surface properties based
on the photoisomerization. For example, Chen et al. [42] have
fabricated a hybrid film with a fluorine-containing azoben-
zene within the LDH on a porous anodic alumina/aluminum
substrate. Irradiation with UV light led to a switch in
wettability of the film from superhydrophobic to hydrophilic
as shown in Figure 8, and this process could be reversed by
subsequent irradiation with visible light. Such behavior can
be assigned to the difference between the dipole moments of
trans- and cis-azobenzene isomers: the film containing the
more polar cis-isomer will become more hydrophilic, while
the trans-isomer makes the surface hydrophobic.

Wang et al. [43] have fabricated optically transparent thin
films with photochromic properties by means of cointercala-
tion of azomethine-H anions (AMH) and 1-pentanesulfonate
(PS) with different molar ratios into the nanogallery of a Zn-
Al-LDH. XRD and SEM show that the film exhibits well-
defined c-axis orientation. Fluorescence spectra demonstrate
that the sample with 2%AMHmolar percentage, with respect
to the total organicmaterial, exhibits the optimal luminescent
intensity. It was observed that the fluorescence lifetime of
trans-keto tautomer in the 2%AMH-LDHfilm is shorter than
that of AMH solution, indicating the trans-keto tautomer of
AMH is less stable in the 2D confined environment, and the
ground state of the enol tautomer is well stabilized in the LDH
nanogallery. The results demonstrate an effective method
for the preparation of photochromic thin film materials
by co-intercalation of chromophore and dispersant into an

inorganic 2D host matrix, which can be potentially applied
in the field of photoelectronic devices.

2.3. Polarized and Electric-Induced Responsive Luminescence.
The device with polarized emission can significantly enhance
the quality of the back light of liquid-crystal displays [44,
45]. The LDH nanosheets with a 2D layered structure are
intrinsically anisotropic; the luminescent guest with pre-
ferred orientation between LDH nanogallery can exhibit
special anisotropic emission characteristics. Several examples
have demonstrated that the ordered assembly of lumines-
cent molecules into the LDH is undoubtedly favorable to
produce a uniform orientation of transition dipole moment
for polarized emission [12, 15, 46]. Based on the difference
in the emissive colors of the chromophores at different
polarization direction, it is possible to develop a new type
of color-switching materials upon stimuli by polarized light.
Recently, we have fabricated four types of heterogeneous
multicolor luminescentUTFmaterials (blue/red, blue/yellow,
blue/green, and red/green emission) by using different
photofunctional anions [bis(N-methylacridinium)@polyvi-
nylsulfonate ion pairs and anionic derivatives of poly(p-
phenylene) (APPP), poly(phenylenevinylene) (APPV), and
poly(thiophene) (APT)] and LDH nanosheets as building
blocks [47]. The strategy for fabricating multicolor lumi-
nescent UTFs involves the stepwise assembly of individ-
ual luminescent species and LDH nanosheets. Therefore,
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Figure 8: Shapes of a water droplet on the LDH hybrid film surface showing reversible superhydrophobicity and hydrophilicity induced by
UV and visible irradiation [42].

the composition and loading of the luminescent species are
finely controlled by adjusting the assembly sequence and
cycle number, which is beneficial to the tunable multicolor
emission. By changing the polarization direction of the
two-color UTFs with a single excitation wavelength, it was
observed that the intensity ratios for the two lumines-
cence spectral regions were different, suggesting that the
relative intensities of the two luminescence colors and the
overall emission color are tuned by changing the polariza-
tion direction. For the (APPP/LDH)

12
/(APPV/LDH)

9
UTF,

the ratio of the intensities of luminescence at 410 and
550 nm (𝐼

410
/𝐼
550
) was 1.25 for the 𝐼VV polarization, while

it was only 0.71 for the 𝐼VH polarization (Figure 9(a)). For
the (APPP/LDH)

12
/(APT/LDH)

9
UTF, the intensity ratio

𝐼
410
/𝐼
575

had values of 1.65 (𝐼VV polarization mode) and
0.94 (𝐼VH polarization mode), respectively (Figure 9(b)). The
variation in intensity ratio with polarization mode can be
associated with the orientation and arrangement of the chro-
mophores in the UTFs. We anticipate that these polarized-
responsive luminescent UTFs can act as a possible color
conversion layer in flat-panel displays for future lighting
devices.

From a stimuli-responsive perspective, the electrolu-
minescence (EL) can be regarded as an electric-induced
responsive luminescence behavior of device. Quantum dots
(QDs), with their tunable photoluminescence and band gap,
are expected to play an important role in future displays
[48, 49]. However, EL devices based on QDs have often
suffered from relative low efficiency, short lifetimes, or the
need of specialized deposition technique. Bendall et al. [50]
have developed an all-inorganic EL device based on highly
luminescent CdTe QD assembled LDH nanosheets by using
a simple wet chemical process. The operating conditions
were chosen to mimic the situation within an automotive
environment, and the architecture of the device is shown in
Figure 10. EL emission peak of the device is located at 637 nm.
Compared with the photoluminescence (PL) emission peak
of the bareQD, no shift in the peak position is detected for the
EL peak, and no significant change in the peak width occurs.
Such evidence demonstrates that the emission is solely due
to the CdTe QD. The advantage of this device is that the
operating temperatures can be over 80∘C due to the all-
inorganic materials. The authors believe the devices will have
applications within harsh environments such as automobile

lighting and entertainment or outdoor signaling. The ease of
fabricationwill also provide simple and low cost light sources.

3. LDH-Based Chemical
Stimuli-Responsive Properties

3.1. pH-Responsive Luminescent Materials. The pH fluores-
cence chemosensors play critical roles in studying physiolog-
ical activities influenced by pH value, widely used in fields
of analytical chemistry, bioanalytical chemistry, cytobiology,
andmedical science [53, 54].The traditional solid hostmatrix
(e.g., sol-gel polymer) has some inherent demerits, such as
relatively poor thermal or optical stability as well as toxicity,
which have limited the practical application in pH sensors
to date. LDHs with a stable interlayer structure have highly
enhanced the optical/thermal stability and environmental
compatibility of the interlayer chromophore molecules and
can be used as a new host matrix in more potential
applications. Yan et al. [51] have fabricated a luminescent
ordered UTF based on a anionic polythiophene (APT) and
Mg-Al-LDH nanosheets by the LBL assembly method. The
dependence of the maximum emission wavelength (𝜆max)
on the pH value is divided into three main zones: the 𝜆max
decreases sharply from 591 to 578 nm as the pH value is
decreased from 14 to 12; it decreases very slightly from
578 to 574 nm when the pH value decreases from 12 to 8;
finally, when the pH value is decreased from 8 to 4, the 𝜆max
undergoes a decrease from 574 to 562 nm, which shows a
nearly linear relationship with the pH. The sensitivity of the
fluorescence performance of theAPT/LDHUTFs to pHvalue
can be attributed to the varying extent of protonation and
deprotonation of APT between the LDH nanosheets. Typical
photographs of the luminescence of the UTF under two pH
conditions are shown in the inset of Figure 11, from which it
can be observed that the UTF shows bright red luminescence
and a relatively dark orange color at pH = 13 and pH =
4, respectively, under UV illumination. The APT/LDH UTF
also exhibits reversible emissive response at different pH
values, indicating its potential application as a pH-sensitive
luminescence sensor.

Base on the example above, it can be known that the selec-
tion of a suitable fluorescent compound with high response
to H+ in solution is of great importance for fabricating
pH-sensitive optical materials. Shi et al. [55] have reported
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Figure 9: Polarized fluorescence profiles with glancing incidence geometry in the VV and VH modes and the anisotropy value (r) for two-
color luminescent UTFs: (a) the (APPP/LDH)
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Figure 10: (a) Schematic of the architecture of the device, which is based on a “sandwich” structure with alternating LDH nanosheets and
CdTe QDs [50].

a highly oriented photoluminescent film with film thickness
of 300 nm based on the fluorescein and 1-heptanesulfonic
acid sodium co-intercalated into LDH matrix. The film
exhibits a broad linear dynamic range for solution with pH
value from 5.02 to 8.54. Good repeatability and reversibility
have also been demonstrated: its relative standard deviation
(RSD) is less than 1.5% in 20 consecutive cycles.

3.2. Metal Ion Responsive Luminescent Materials. The recog-
nition of heavy metal ions (HMIs) is important in the fields
of chemistry, biotechnology, medicine, and environmental
science [56]. For instance, HMIs dispersed in an aqueous
solution system (such as Hg2+ and Cd2+) can induce severe
pollutions, which give rise to toxication and several dis-
eases of organisms [57]. Thus, fast and effective detection
of HMIs has drawn much attention from both scientific
and engineering viewpoints during the last few years. The
determination of HMIs has been generally carried out based
on atomic absorption spectrometry [58] and inductively
coupled plasma spectroscopy technique [59], which not only
have good sensitivity and fast measurement capabilities, but

also require expensive instruments, well-controlled experi-
mental conditions, and complicated procedures. Due to the
high sensitivity, selectivity, fast response, low cost, and easy
signal detection, the fluorescence-based chemical analysis
should be a good method for determining and monitoring
contaminants. In this sense, organic luminescent molecules
have recently become good candidates to detect themetal ion,
based on the selective quenching effects of the metal ions in
the solution of the luminescent molecules [60]. For example,
Tao et al. [61] have reported that the synthesized𝜋-conjugated
polymer exhibits a selective fluorescence quenching by Cu2+.
Cao et al. [62] found that a metal-organic framework pow-
der exhibited fluorescence quenching by the solutions of
HMIs. To date, most of the reported organic luminescence
systems used for detecting metal ions are in the form of
solution or powder systems, whereas this is unfavorable for
its facile manipulation and cycling utility. Moreover, most
of the luminescent dye solutions can induce environmental
pollution and even operational risk, which are detrimental to
human health.Therefore, there continues to be a challenge to
develop new types of solid luminescent film systems to meet
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Figure 11: (a) Variation of the maximum photoemission wavelength of the APT/LDH film with different pH values; (b) the reversible
photoemission response upon alternation between pH = 4 and pH = 13 (the inset show the luminescence photographs of the film at
the two pH conditions) [51].

the need for the integration of high selectivity for the HMIs
and efficient manipulation.

Mercury is considered one of the most toxic elements
which are widely distributed in air, water, and soil [63, 64].
As a consequence of this pollution, mercury can accumulate
in the human body, which causes a wide variety of diseases,
even in a low concentration, such as digestive, kidney, and
neurological disorders. Sun et al. [65] have reported that
an optical thin film can serve as chemosensor based on
1-amino-8-naphthol-3,6-disulfonic acid sodium (H-acid)
intercalated LDH. The H-acid/LDH film chemosensor
was immersed into Hg2+ aqueous solutions with different
concentrations at pH value 7.0 for 10min then was washed
thoroughly, and dried at 60∘C for 20min. It was found that
the fluorescence intensity increases at first to a maximum
and then decreases along with the increase of pH value.
With the presence of other metal ions and common
anions (Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+, Ag+, Cd2+,
Mg2+, Ca2+, Li+, Na+, K+, Al3+, Pb2+, Cl−, and NO

3

−
),

which are possible competitive ions in practical determina-
tion, the results show no significant effect on the results,
demonstrating a strong resistance to interference. This film
can be potentially used as a chemosensor for the detection of
Hg2+ ion in the environmental and biological field. Yan et al.
[66] have prepared the UTFs with blue luminescence based
on a styrylbiphenyl derivative (BTBS) and Mg-Al-LDH
nanosheets. The luminescence spectra of the (BTBS-LDH)

32

UTF measured after immersing it in different metal cationic
aqueous solutions (Hg2+, Cu2+, Pb2+, Cd2+, Cr3+, Ca2+,
Mn2+, Co2+, Zn2+, and Fe3+) with varying concentrations
(from 10−5 to 10−2M) showed the fluorescence intensity
of the UTF decreases systematically upon increasing the
ion concentration, and the Hg2+ has the most significant
effect on the luminescence quenching of the UTFs with a
detection limit of 2.3 × 10−7mol⋅L−1. After the UTF was

treated with 0.01M EDTA aqueous solution for 30 s, followed
by thorough washing and drying, the fluorescence intensity
can nearly recover to its initial state with 5 cycles at least.

Magnesium ion, being the most abundant intracellular
divalent cation, plays a major role in many cellular processes
including stabilization of DNA conformation, ion transport
through the membrane, and signal transduction. Addition-
ally, the activity of magnesium in blood and serum is an
important clinical parameter that needs to be monitored in
different situations. All these provide sufficient impetus to
fabricate chemical sensors for the detection of magnesium
[67, 68]. Jin et al. [69] have prepared a 8-aminonaphthalene-
1,3,6-trisulfonate (ANTS)/LDH fluorescent film by an elec-
trophoretic deposition (EPD) method. The ANTS/LDH film
shows a good fluorescent response for Mg2+ ion. In addition,
the linear correlation (𝑅2) between the fluorescence intensity
of the ANTS/LDH and the concentration of Mg2+ is 0.996,
with a detection limit of 2.37 × 10−7M. The results exhib-
ited that ANTS/LDH film has a considerable fluorescence
selectivity for Mg2+ ions, with no significant response to
other metal ions (Ca2+, Na+, K+, Fe3+, Co2+, Ni2+, or Cu2+),
which indicated a high fluorescence selectivity for Mg2+
ions.

Compared with intensity-based sensors, ratiometric flu-
orescence systems are preferred in bioimaging applications
because such measurement involves the change of intensity
ratio of emission at two wavelengths, which eliminates
interferences from environment and increases the selectivity
and sensitivity effectively. For example, Ji et al. [52] have built
a fluorescence sensor for Be2+ with high selective response by
alternate assembly of Beryllon II andMg-Al-LDHnanosheets
on quartz substrates using the LBL deposition technique.
The Beryllon II/LDHUTFs displays ratiometric fluorescence
response for Be2+ (Figure 12(a)) with a linear response range
in 1.0 × 10−7–1.9 × 10−6mol⋅L−1 and a detection limit of
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4.2 × 10−9mol⋅L−1 (Figure 12(b)). Evaluated with other com-
petitive species (Zn2+, Al3+, Co2+, Mg2+, Cd2+, Ca2+, Hg2+,
Cu2+, Pb2+, Ni2+, and Mn2+), the Beryllon II/LDH UTF dis-
plays a good selectivity towards Be2+. A high thermodynamic
affinity of Be2+ toward typical N and S-chelate ligands and
fastmetal-to-ligand binding kinetics lead to the complexation
of Be2+ with Beryllon II in the UTF, which is the result of
fluorescence quenching.

4. Conclusions and Outlook

The assembly of photoactive chromophore within the na-
nogallery of LDH can provide a facile way to develop new
types of stimuli-responsive materials with host-guest struc-
tures, which also present enhanced properties (such as high
photo-/optical stability and good operability). By designing
and choosing the suitable photoactive chromophores and
LDH layers as basic building blocks, these organic-inorganic
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hybrid nanomaterials (ultrathin films and nanocomposites)
have presented promising applications in the field of switches
of piezochromic, photochromic, thermochromic, and polar-
ized luminescence as well as pH/metal sensors. To meet the
need of practical application, further studies should be put
in how to finely regular and control the arrangement and
orientation of the guest chromophore and how to maintain
the uniform and ordered thin film system. In addition, chal-
lenges for stimuli-responsive host-guest materials include
how to further enhance the photo-/thermoisomerization effi-
ciency and repeatability. Moreover, despite several researches
on single-stimulus-responsive property of such materials,
development onmultistimuli-responsive smart materials still
remains in its fancy and has been very seldom studied.
This can be an important strategy and direction to develop
multifunctional materials. Last but not least, the response
time and on/off ratio of these switches and sensors for real-
time applications should also be taken in account in next step
researches.
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A series of rare earth europium complexes with different carboxylic acid ligands Eu(Lc)3phen (Lc = MAA, AA, BA, SA) were
synthesized. e complexes were characterized by FTIR, TG-DSC, XRD, UV absorption spectra, and photoluminescence spectra
(PL) to study the structure, thermal stability, the energy absorption, and luminescent properties of the complexes. e results
showed that the series complexes are all with good crystallization and relatively high thermal stability. e differences of the
luminescent properties of complexes are caused by the different ligand structures. e absorption intensity of the carboxylic acid
ligands, BA, was the strongest, followed by the MAA and AA and SA was the weakest. erefore, the �uorescence intensity of the
Eu(BA)3phen was the strongest, followed by the Eu(MAA)3phen and Eu(AA)3phen and the Eu2(SA)3phen2 was the weakest. All
complexes showed good luminescence properties.

1. Introduction

Rare earth organic complexes have become a family of
luminescent materials. ey are widely applied in laser, elec-
troluminescent, photoluminescence, and so forth, especially
as the emission layer for organic light emitting diode (OLED)
[1–3]. As early as 1942,Weissman [4] reported that europium
𝛽𝛽-diketone complexes exhibited luminescence when the rare
earth organic complex was irradiated by ultraviolet light.
Aer that, the rare earth complexes containing 𝛽𝛽-diketonates
have been deeply studied about applications for lumines-
cence. Recently, there has been a great interest in the study
of rare earth and carboxylic acid complexes due to their
low cost, good thermal stability, long luminescence time,
color purity, and intense luminescence [5–9]. Moreover, it
was found that luminescent properties could be improved by
changing the molecular structure and the electrically neutral
ligand [10–14]. is is because the electrically neutral ligand
can substitute H2O to enhance the luminescence intensity
[15, 16]. From the previous experimental results, it can be
concluded that 1,10-Phenanthroline monohydrate is better
than 2,2′-dipyridyl as the electrically neutral ligand [17].

From the coordination chemistry point of view, the
complexes contained europium ions tend to multiple coor-
dination structure. e organic anions as the carboxylic acid
ligands (�rst ligands) to satisfy charge balance. Electrically
neutral ligands (second ligands) meet Ln ion coordination
number. Liu et al. [18] described that the luminescence inten-
sity of Eu(TTA)3phen and Eu(TTA)3Dipy is stronger than
that of Eu(DMB)3phen and Eu(DMB)3Dipy. Yan et al. [11]
studied the luminescent properties of the rare earth organic
complexes containing terbium ions with different carboxylic
acid ligands. e results show that different carboxylic acid
ligands have a certain in�uence on the �uorescence intensity.
erefore, the efficiency of luminescence of organic rare earth
complexes can be improved by adjusting the carboxylic acid
ligands.

is paper focuses on the in�uence of different carboxylic
acid ligands on luminescent properties of series rare earth
organic complexes. In order to compare the luminescent
properties with different complexes, some carboxylic acids
containing speci�c radical group were selected. Methacrylic
acid (MAA) contains methyl, and benzoic acid (BA) con-
tains benzene ring. In addition, succinate was selected as
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T 1: e europium content in the Eu(Lc)3phen complexes.

Eu(MAA)3phen Eu(AA)3phen Eu(BA)3phen Eu2(SA)3phen2

eoretical value 25.09% 26.83% 21.21% 28.82%
Experimental value 24.65% 26.69% 21.20% 28.10%

the carboxylic acid ligand.We compared themonocarboxylic
acid and dicarboxylic acid as the carboxylic acid ligands on
the luminescence properties. In this paper, four rare earth
europium binary complexes Eu(MAA)3phen, Eu(AA)3phen,
Eu(BA)3phen, and Eu2(SA)3phen2 were synthesized to study
the in�uence of carboxylic acid ligand on the luminescent
properties of binary complexes.

2. Experimental

2.1. Reagent and Synthesis of Binary Europium Complexes.
Solution of rare earth chloride (0.25mol/L) was prepared
from high purity Eu2O3 (>99.99%, the others are analyti-
cal grade) by dissolving in concentrated hydrochloric acid
(6mol/L). MAA (methacrylic acid, 1.5mol/L), AA (acrylic
acid, 1.5mol/L), BA (benzoic acid, 0.5mol/L), and SA (suc-
cinic acid, 0.375mol/L) were added in anhydrous ethanol and
the pH adjusted to 7.0 with ammonium hydroxide.

All samples were synthesized by the coprecipitation
method. With the synthesis method of Eu(MAA)3phen, for
example. MAA in anhydrous ethanol (15mL) was dropwise
added into the stirred solution of europium chloride in
anhydrous ethanol (30mL), and then the pH value of the
mixture was adjusted to 6-7 using ammoniumhydroxide.e
mixture was stirred for 30 minutes, and then the solution
of 1,10-Phenanthroline monohydrate (phen) in anhydrous
ethanol (0.1mol/L, 15mL)was added dropwise.e resulting
solution was stirred at room temperature for 3 hours and
standing overnight. e precipitate was �ltered and washed
with anhydrous ethanol by 3 times, and �nally dried at
80∘C, to obtain Eu(MAA)3phen. e preparation method of
different carboxylic acid ligand complexes is basically same.

2.2. Measurement. e FT-IR spectra were recorded in the
4000–400 cm−1 region by the NICOLET 5700 with KBr
plates.e thermal gravimetric analyses (TG) and differential
scanning calorimetry (DSC) of the complexes measured
by the STA449C ermo Gravimetric Analyzer (Netzsch,
Germany) were made in N2 with a heating rate 10∘C/min
in the range of 50 ∼ 800∘C. X-ray diffraction analysis of
the samples was carried out using an X-ray diffractometer
(model D/MAX2500, Rigak, Japan) with Cu K𝛼𝛼 radiation
(𝜆𝜆 𝜆 1𝜆5𝜆0𝜆Å) in the range of 5∘ ∼ 80∘ with a step
size of 0.02∘. e absorption spectra were recorded using
UV-Vis spectrophotometer (Shimadzu UV-3101). ey were
measured in 1 × 10−5mol/L DMSO solution at room tem-
perature. e photoluminescence spectra of the rare earth
organic complexes were measured using a Horiba Jobiu Yvon
�uorescence spectrophotometer (FL3-221, France) at room
temperature.

10 20 30 40 50 60 70 80

2𝜃 (∘)

Eu(BA)3phen

Eu(MAA)3phen

Eu(AA)3phen

Eu2(SA)3phen2

F 1: X-ray diffraction diagrams of complexes.

3. Results and Discussion

3.1. Structure of Eu(Lc)3phenPowders. eeuropiumcontent
was determined by the EDTA titration, and the results were
shown in Table 1. We have synthesized Eu(Lc)3phen (Lc =
MAA, AA, BA, SA) complexes successfully, as the theoretical
values and experimental values are similar.

Figure 1 reports the XRD patterns of four complexes:
(1) Eu2(SA)3phen2, (2) Eu(MAA)3phen, (3) Eu(BA)3phen,
and (4) Eu(AA)3phen. e main peaks of the complexes
appear from 5∘ to 25∘ (2𝜃𝜃). Several intense diffraction peaks
can be seen from the X-ray diffraction diagrams of the four
complexes, indicating that the complexes are crystal.

Moreover, all diffraction peaks of the four complexes
appear before 45∘, the higher d-values were determined by
large values of the interplanar spacing. erefore, it has
decrease effect between the europium ions itself.

Figure 2 reports the FT-IR spectra of the ligands
and the four complexes. FTIR spectra of Eu(MAA)3phen,
Eu(AA)3phen, Eu(BA)3phen, and Eu2(SA)3phen2 complexes
have been recorded in the 400–4000 cm−1 region. e IR
spectra data is shown in Table 2.

It can be found that the characteristic peaks of 𝜈𝜈C𝜆O in
the MAA, AA, BA, and SA disappeared at about 1737 cm−1,
1724 cm−1, 1687 cm−1, and 1694 cm−1, respectively. e
presence of carboxylate groups in the series complexes
was de�nitely con�rmed by both the symmetric stretching
bands (𝜈𝜈sCOO−) at about 1427 cm−1 and the asymmetric
stretching bands (𝜈𝜈asCOO−) at about 1562 cm

−1. ese results
showed that the carbonyl groups were coordinated with the
europium ions [19]. In addition, the stretching vibration
peak (𝜈𝜈C=N) at about 1643 cm

−1 in phen shied from 1643
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F 2: FT-IR spectra of ligands and Eu(Lc)3phen complexes.

T 2: Character FT-IR bands (cm−1) of the ligands and their complexes.

Ligands and complexes 𝜈𝜈O–H 𝜈𝜈C=O 𝜈𝜈as(–COO–) 𝜈𝜈s(–COO–) 𝜈𝜈C–N 𝜈𝜈C=C 𝜈𝜈C–H
MAA 2969 1737 1640
AA 3447 1724 1636
BA 3418 1687 1601
SA 3386 1694
phen 3391 1643 1587 853,728
Eu(MAA)3phen 3445 1562 1427 1645 1529 848,019
Eu(AA)3phen 3409 1597 1453 1643 1547 848,723
Eu(BA)3phen 3413 1567 1422 1611 1531 850,705
Eu2(SA)3phen2 3415 1569 1427 1533 851,664

to 1645 cm−1. e stretching vibration peak (𝜈𝜈C=C) changed
from 1587 cm−1 in phen to 1529 cm−1 in coordinated
Eu(MAA)3phen, 1547 cm

−1 in coordinated Eu(AA)3phen,
1531 cm−1 in coordinated Eu(BA)3phen and 1533 cm−1 in
coordinated Eu2(SA)3phen2, respectively. e absorption
band (𝜈𝜈C–H) shied from853 cm−1 in the phen to 848 cm−1 in
the series complexes. ese results indicated that europium
ions are bonded with nitrogen atoms of the heterocyclic
ligand phen [20]. e stretching vibration peak (𝜈𝜈O–H) at
about 3445 cm−1 was observed in the series complexes,
implying that the complexes contain water molecules [1].

From the IR spectra, the complexes of Eu(MAA)3phen,
Eu(AA)3phen, Eu(BA)3phen and Eu2(SA)3phen2 with differ-
entMAA, AA, BA, and SA as the carboxylic acid ligands have
been successfully synthesized.

3.2.ermal Properties of Eu(Lc)3phen Powders. e thermal
stability of rare earth organic complexes was studied by
the TG-DSC analyses. Figure 3 shows the TG-DSC curves
of Eu(AA)3phen. Eu(AA)3phen began to decompose from
about 190∘C and decomposed completely at about 800∘C.
e TG curve exhibited a little mass loss from 50 to 190∘C,
indicating that the series complexes have little water. A loss
step with weight loss rate of 28.06% arose in the range of
285∼326∘C, which was caused by the skeleton fracture of

the complex. It indicates that the complex has been partially
decomposed which may be from the decomposition of free
ligand AA and part decomposition of phen. It arose an
exothermic peak at 340∘C accompanied by a slow weight
loss process. is may be generated by further heat of
the intermediate products produced in the decomposition
process of complexes [11]. e complexes began to turn into
violent decomposition at 426.9∘C taking off the AA and phen
with weight loss to 25.07%. e DSC curves tend to be �at
when closed to 800∘C. Complexes decomposed completely
with residue of rare earth oxides. Residual quantity bigger
than the theoretical value may because of it was tested in
the nitrogen atmosphere. In the environment which is lack of
oxygen, the carbon atom in the complexes cannot completely
transform intoCO2 orCOwhich carbonization phenomenon
occurs [21].

e similar thermal analysis curves show the series
complexes have similar thermal decomposition process.
e thermal decomposition temperature of Eu(MAA)3phen,
Eu(AA)3phen, Eu(BA)3phen, and Eu2(SA)3phen2 is about
210∘C, 190∘C, 200∘C, and 180∘C. e results show that these
series complexes have good thermal stability.

3.3. Energy Absorption of Eu(Lc)3phen Powders. Figure 4
shows the ��-�is absorption spectra of �ve different ligands.
e �� absorption of the phen is signi�cantly stronger than
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the various carboxylic acid ligands. A large absorption peak
occurred at 286 nm and a weak absorption peak at 324 nm. It
can be seen that themaximal peakswere located at 282 nm for
carboxylic acid ligands, which was attributed to the 𝜋𝜋 𝜋 𝜋𝜋∗
transition [22]. e ligand BA absorption in the ultraviolet
region is relatively the strongest, followed by the MAA and
AA, and SAwas theweakest. It implies thatmost of the energy
absorption comes fromphen,which suggests that the antenna
effect of phen is more efficient than that of carboxylic acid
ligands.

From the UV-Vis absorption of the complexes, phen in
the complexes is not only a coligand to transfer energy,
but also the main components of the absorption energy,
providing additional energy for the complex �uorescence
emission.

e UV-Vis absorption spectra of Eu(Lc)3phen com-
plexes are shown in Figure 5. As the absorption of rare earth
ions is weak in the ultraviolet region, it is overlapped by
the absorption of the ligand. e complex absorption peak
relative to the ligand is slightly red shied and the intensity
increases. e absorption intensity order in the ultraviolet
region is BA > MAA > AA > SA, the corresponding
complexes of UV-Vis absorption intensity of Eu(AA)3phen
> Eu(MAA)3phen > Eu(BA)3phen> Eu2(SA)3phen2 in the
complexes. is phenomenon attributes to the mutual effect
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of the carboxylic acid ligands and the electrically neutral
ligand.

3.4. Luminescence of Eu(Lc)3phen Powders. Figure 6 shows
the emission spectra of Eu(MAA)3phen, Eu(AA)3phen,
Eu(BA)3phen, and Eu2(SA)3phen2complexes under the exci-
tation of optimal excitation wavelength. e strongest
excitation wavelengths of Eu(MAA)3phen, Eu(AA)3phen,
Eu(BA)3phen, and Eu2(SA)3phen2 were 342 nm, 344 nm,
349 nm, and 368 nm, respectively. In the emission spectra,
the positions of emission peaks of all complexes were almost
the same. ey all emitted the typical sharp emission bands
at 590 and 614 nm, corresponding to the transitions of the
5D0 𝜋 7F1,

5D0 𝜋 7F2 of Eu3+ ion [23]. e local
symmetry of the crystal �eld around the Eu3+ will cause
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peak splitting. erefore, in Figure 6, emission peak appears
at 620 nm from the 614 nm due to the formation of split
peak. Adding different carboxylic acid ligands changes the
luminescence intensity of complexes without changing their
positions of emission peaks.

Different carboxylic acid ligands caused that the coor-
dination environment has changed, luminescence intensity
of these four complexes subjected to the impacted. In
addition, the luminescence intensity of Eu(BA)3phen and
Eu(AA)3phen is stronger than that of Eu(MAA)3phen and
Eu2(SA)3phen2.

From the front UV-Vis absorption spectrum, it is indi-
cated that different carboxylic acid ligands and phen provided
additional energy for the series complexes. Phen is the main
source of energy for the complexes. e lowest triplet state
energy level of the MAA and AA is at about 24800 cm−1.
And the lowest triplet state energy level of the phen is at
about 22132 cm−1. ey are close to the excited state energy
level of europium ion (17300 cm−1 for the 5D0 level) [24].
So the energy can be transferred to the excited states of
europium ions effectively.e structure of the ligand plays an
important role in the luminescence properties of complexes.
Generally, the higher rigidity of the ligand is conducive to
enhance �uorescence efficiency of the complexes [25, 26].
Benzoic acid has high conjugated rigid. Consequently, the
�uorescence intensity of Eu(BA)3phen is the highest.

Although succinic acid and its complex exhibited weak
absorption in the ultraviolet region but the dicarboxylic acid
has better transfer efficiency relative to a monobasic acid.
It compensated for the lack of �uorescence properties to
some extent caused by the weak ligand absorption [27].
Succinic acid is capable of delivering more efficient energy to
complexes. It is also conducive to enhance the �uorescence
intensity of the complexes.

4. Conclusion

In this paper, series of rare earth Europium complexes with
different carboxylic acid ligands Eu(Lc)3phen (Lc = MAA,
AA, BA, SA) were synthesized. e complexes with good
crystallization showed relatively high thermal stability and
their decomposition temperatures were above 180∘C. e
energy of the series rare earth organic complexes mainly
depends on the absorption of the carboxylic acid ligands
and 1,10-Phenanthroline monohydrate. e ability to absorb
energy of carboxylic acid ligands is BA > MAA > AA >
SA. e ability to absorb energy of the formatted complexes
was Eu(AA)3phen > Eu(MAA)3phen > Eu(BA)3phen >
Eu2(SA)3phen2.e steric hindrance effect and level matches
between the carboxylic acid ligands and heterocyclic ligand
have a signi�cant impact on the energy absorption effi-
ciency of complexes. e �uorescence intensity of the series
rare earth complexes was Eu(BA)3phen > Eu(AA)3phen
> Eu(MAA)3phen > Eu2(SA)3phen2. All complexes show
excellent luminescence characteristics. ese results indi-
cated that the series europium (III) complexes have great
potential as the emission layer for organic molecular-based
light-emitting diodes.

Acknowledgments

Authors would like to thank the generous �nancial support
from National Defense Fundamental Research of China
(6134502), Priority Academic Program Development of
Jiangsu Higher Education Institutions (PAPD), Research
and Innovation Program for College Graduates of Jiangsu
Province (CXZZ12_0410), and National Natural Science
Foundation of China (51202111).

References

[1] X. Liu, S. Gao, L. Wang, L. Shen, J. Jiang, and J. Gao, “Syn-
thesis, luminescent properties, and theoretical study of novel
Sm3+ and Dy3+ complexes containing 𝛽𝛽-diketone and 1,10-
phenanthroline,” Rare Metals, vol. 30, no. 1, pp. 28–32, 2011.

[2] Q. P. Li and B. Yan, “Multi-walled carbon nanotube-based
ternary rare earth (Eu3+, Tb3+) hybridmaterialswith organically
modi�ed silica-oxygen bridge,” Journal of Colloid and Interface
Science, vol. 380, no. 1, pp. 67–74, 2012.

[3] T. J. Mooibroek, P. Gamez, A. Pevec et al., “Efficient, stable,
tunable, and easy to synthesize, handle and recycle luminescent
materials: [H2NMe2]3[Ln(III)(2,6-dipicolinolate)3] (Ln = Eu,
Tb, or its solid solutions),” Dalton Transactions, vol. 39, no. 28,
pp. 6483–6487, 2010.

[4] S. I. Weissman, “Intramolecular energy transfer the �uores-
cence of complexes of Europium,” e Journal of Chemical
Physics, vol. 10, no. 4, pp. 214–217, 1942.

[5] P. Shukla, V. Sudarsan, R. K. Vatsa, S. K. Nayak, and S.
Chattopadhyay, “Effect of symmetric substitution on the phenyl
groups of Eu3+-dibenzoylmethane complexes on their lumines-
cence properties,” Journal of Luminescence, vol. 130, no. 10, pp.
1952–1957, 2010.

[6] X. Zhao, K. Huang, F. Jiao, Z. Li, and X. Peng, “Fluorescence
enhancement and co�uorescence in complexes of terbium(III)
with trimellitic acid,” Rare Metals, vol. 25, no. 2, pp. 144–149,
2006.

[7] Y.-J. Gu, B. Yan, and Y.-Y. Li, “Ternary europium meso-
porous polymeric hybrid materials Eu(𝛽𝛽-diketonate)3pvpd-
SBA-15(16): host-guest construction, characterization and pho-
toluminescence,” Journal of Solid State Chemistry, vol. 190, pp.
36–44, 2012.

[8] M. Hilder, P. C. Junk, U. H. Kynast, and M. M. Lezhnina,
“Spectroscopic properties of lanthanoid benzene carboxylates
in the solid state: part 1,” Journal of Photochemistry and
Photobiology A, vol. 202, no. 1, pp. 10–20, 2009.

[9] N. Kerbellec, D. Kustaryono, V. Haquin, M. Etienne, C.
Daiguebonne, and O. Guillou, “An unprecedented family of
lanthanide-containing coordination polymers with highly tun-
able emission properties,” Inorganic Chemistry, vol. 48, no. 7, pp.
2837–2843, 2009.

[10] B. Li, Q. Y. Chen, Y. C. Wang, J. Huang, and Y. Li, “Synthesis,
characterization and �uorescence studies of a novel europium
complex based sensor,” Journal of Luminescence, vol. 130, no.
12, pp. 2413–2417, 2010.

[11] Y. Chen, J. Zhang, L. Zhang, P. Han, L. Wang, and Q. Zhang,
“Synthesis and co-luminescence properties of Tb3+-methacrylic
acid-1, 10-phenanthroline complexes doped with Eu3+ ions,”
Rare Metals, vol. 31, no. 5, pp. 479–483, 2011.

[12] M. Pope, H. P. Kallmann, and P. Magnante, “Electrolumines-
cence in organic crystals,”e Journal of Chemical Physics, vol.
38, no. 8, pp. 2042–2043, 1963.



Journal of Nanomaterials 7

[13] L. M. Zhao and B. Yan, “Novel polymer-inorganic hybrid
materials fabricated with in situ composition and luminescent
properties,” Journal of Non-Crystalline Solids, vol. 353, no. 52-
54, pp. 4654–4659, 2007.

[14] Y. Xu, H. Wang, C. L. Song, H. F. Zhou, and B. S. Xu, “Synthesis
and luminescence characteristics of near-white light-emitting
copolymer,” Chinese Journal of Luminescence, vol. 31, no. 2, pp.
274–278, 2010.

[15] Y. Luo, S. Li, J. Li, X. Chen, and R. Tang, “Synthesis, �uorescence
properties of Tb(III) complexes with novel mono-substituted
𝛽𝛽-diketone ligands,” Journal of Rare Earths, vol. 28, no. 5, pp.
671–675, 2010.

[16] W. G. Quirino, C. Legnani, M. Cremona, P. P. Lima, S. A. Junior,
and O. L. Malta, “White OLED using 𝛽𝛽-diketones rare earth
binuclear complex as emitting layer,”in Solid Films, vol. 494,
no. 1-2, pp. 23–27, 2006.

[17] G. W. Lü, Y. Li, W. H. Li, Y. Z. Xu, and W. M. Du, “e
luminescence character of Eu complexes with derivatives of
benzoic acid and different second ligands,” Spectroscopy and
Spectral Analysis, vol. 23, no. 2, pp. 307–310, 2003.

[18] D. Liu, C. Bao, Y. Zhao, andA.Wu, “Synthesis and luminescence
properties of rare earth and organic ligands ternary complexes,”
China Light & Lighting, vol. 7, pp. 5–9, 1998.

[19] L. Yu and H. Liu, “e progress of photoluminescent prop-
erties of rare-earth-ions-doped phosphate one-dimensional
nanocrystals,” Journal of Nanomaterials, vol. 2010, Article ID
461309, 6 pages, 2010.

[20] W. J. Chai, W. X. Li, X. J. Sun, T. Ren, and X. Y. Shi, “Fluo-
rescence enhancement of lanthanide(III) perchlorate by 1,10-
phenanthroline in bis(benzoylmethyl) sulfoxide complexes and
luminescence mechanism,” Journal of Luminescence, vol. 131,
no. 2, pp. 225–230, 2011.

[21] X. Liu, J. Jiang, S. Yong, Y. Guo, K. Yang, and L.Wang, “Synthesis
and �uorescence properties of Eu(III), Tb(III) and Sm(III) with
beta-diketone and 2, 2′-bipyridine,” Journal of Rare Earths, vol.
30, no. 6, pp. 520–523, 2012.

[22] V. Divya, R. O. Freire, and M. L. P. Reddy, “Tuning of the
excitation wavelength from UV to visible region in Eu3+-𝛽𝛽-
diketonate complexes: comparison of theoretical and experi-
mental photophysical properties,” Dalton Transactions, vol. 40,
no. 13, pp. 3257–3268, 2011.

[23] S. V. Eliseeva and J.-C. G. Bünzli, “Lanthanide luminescence
for functional materials and bio-sciences,” Chemical Society
Reviews, vol. 39, no. 1, pp. 189–227, 2010.

[24] S. Sato and M. Wada, “Relations between intr-amolecular
energy transfer efficiencies and triplet state inrare earth 𝛽𝛽-
diketone chelates,” Bulletin of the Chemical Society of Japan, vol.
43, no. 7, pp. 1955–1962, 1970.

[25] Y. Ruan, Q. Xiao, W. Luo, R. Li, and X. Chen, “Optical
properties and luminescence dynamics of Eu3+-doped terbium
orthophosphate nanophosphors,” Nanotechnology, vol. 22, no.
27, Article ID 275701, 2011.

[26] X. Wang, Q. Yan, P. Chu et al., “Analysis on �uorescence of
dual excitable Eu(TTA)3DPBT in toluene solution and PMMA,”
Journal of Luminescence, vol. 131, no. 8, pp. 1719–1723, 2011.

[27] S. Fang, C. Wang, M. Hu et al., “Preparation and characteri-
zation of a series of novel EuIII-complex-polyurethane acrylate
materials based on mixed 6-hydroxy-1-naphthoate and 1, 10-
phenanthroline ligands,” Journal of Applied Polymer Science, vol.
125, no. 5, pp. 3404–3409, 2012.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2012, Article ID 698434, 7 pages
doi:10.1155/2012/698434

Research Article

Concentration Dependence of Luminescent Properties for
Sr2TiO4:Eu3+ Red Phosphor and Its Charge Compensation

Zhou Lu, Le Zhang, Lixi Wang, and Qitu Zhang

College of Materials Science and Engineering, Nanjing University of Technology, Jiangsu,
Nanjing 210009, China

Correspondence should be addressed to Qitu Zhang, zhqt@njut.edu.cn

Received 10 October 2012; Revised 12 December 2012; Accepted 13 December 2012

Academic Editor: Su Chen

Copyright © 2012 Zhou Lu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Sr2TiO4:Eu3+ phosphors using M+ (M = Li+, Na+, and K+) as charge compensators were prepared by the solid-state reaction.
The powders were investigated by powder X-ray diffraction (XRD) and photoluminescence spectra (PL) to study the phase
composition, structure, and luminescent properties. The results showed that Li+ ion was the best charge compensator. The phase
was Sr2TiO4 when the doping concentration was small (x ≤ 10.0%). When x reached 15.0%, the phase turned into Sr3Ti3O7

because of the structure damage. The phosphor could be effectively excited by ultraviolet (365, 395 nm) and blue light (465 nm),
and thenit emitted intense red light that peaked at around 620 nm (5D0 → 7F2). In addition, the emission of 700 nm (5D0 → 7F4)
enhanced the red light color purity. The CIE chromaticity coordinates of samples with the higher red emission were between
(0.650, 0.344) and (0.635, 0.352). Doped layered titanate Sr2TiO4:Eu3+ is a promising candidate red phosphor for white LEDs
which can be suited for both near-UV LED chip and blue LED chip.

1. Introduction

White light-emitting diodes (LEDs) are considered to be
next-generation lighting devices. They have many advantages
such as energy saving, environment friendliness, and small
size [1–3]. Phosphor conversion method is a principal
method in all the technologies to achieve white light owing
to its easy achievement, high efficiency, and low cost.

The combination of blue chip and yellow phosphors has
already been developed and is commercially available, but
the lack of red emitting makes the color rendering index
(CRI) lower [4]. The other tricolor white LEDs consisting
of red, green, and blue (RGB) phosphors excited with a UV
chip emitting 400 nm also have challenges. The luminescence
intensity of commercial red phosphors is much weaker
than green and blue phosphors. For excellent color render
index, both methods need efficient red phosphors that
should have the excitation wavelength matching with the
emission of the blue LEDs (λem = 440–470 nm) or the UV
LEDs (λem = 350–410 nm). Therefore, the development of a
red phosphor with high luminance and satisfactory chemical

stability is a key technology for achieving warm white
LEDs.

As a result, a kind of red phosphor with perovskite
structure attracts much attention [5–7]. Perovskite structure
MTiO3:Pr3+ (M = Ca, Sr, and Ba) phosphors emitted
intense red light at 610 nm when excited by UV-light [8,
9]. Its intensity was greatly enhanced by adding charge
compensation agents such as Al3+, Li+, and Na+ [10–12].
The optimized excitation wavelength of CaTiO3:Eu3+ was
400 nm, suitable for near-ultraviolet (N-UV) LED chip and
emitted red light at 618 nm [13, 14]. However, the intensity
is not so high that more-efficient red phosphors are needed
to achieve an acceptable efficiency for white LEDs. Layered
perovskite compounds have longer distance between layers
so that they have bigger doping concentration. Therefore,
layered perovskite compounds are good host materials for
phosphors. Sr2TiO4 is a typical layered perovskite com-
pound. According to these, trivalent Europium ion-activated
Sr2TiO4 phosphor is prepared by solid-state reaction, and its
luminescence properties are investigated to see whether it has
the potential to be a red phosphor for N-UV or blue light
LED chip.
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Figure 1: PL (λex = 465 nm) and PLE (λem = 615 nm)
spectra of (Sr0.8Eu0.1 M0.1)2TiO4 phosphor with different charge
compensation agents: (a) M = Li (b) M = Na, (c) M = K, and (d)
without agents.
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Figure 2: XRD patterns of (Sr1−2xEuxLix)2TiO4 powders (x (mol%)
= 0.0, 5.0, 10.0, 15.0, 20.0).

2. Experimental

2.1. Sample Preparation. All powder samples were syn-
thesized through the solid-state reaction technique. High-
purity SrCO3, TiO2 (analytical grade) and Eu2O3 (>99.99%)
were mixed thoroughly in alcohol by ball milling and
then dried. Appropriate amounts of Li2CO3, Na2CO3, or
K2CO3 (analytical grade) were added as the charge com-
pensators. The synthesis was performed at 1100◦C for 2 h
under air atmosphere in electric tube furnace. Series of
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Figure 3: (a) Excitation spectra (λem = 615 nm) of
(Sr1−2xEuxLix)2TiO4: (a) x = 5.0%, (b) x = 10.0%, (c) x = 15.0%
(d) x = 20.0%, (e) x = 25.0%, and (b) Gaussian peak fitting of the
(Sr0.7Eu0.15Li0.15)2TiO4 phosphor powder.

(Sr1−2xEuxMx)2TiO4 (M = Li+, Na+, K+; x (mol%) = 5.0,
10.0, 15.0, 20.0, 25.0) powders were prepared. SrCO3 and
Eu2O3 come from Sinopharm Chemical Reagent Co., Ltd.,
land Li2CO3, Na2CO3, K2CO3 and TiO2 come from Shanghai
Lingfeng Chemical Reagent CO., LTD.

2.2. Characterization. The crystalline phases of synthesized
powders were determined by X-ray diffraction (XRD,
D/Max2500, Rigaku, Japan) using Cu Kα radiation (λ =
1.5406 Å) in the range of 5◦ − −80◦ with a step size of
0.02◦. The photoluminescence spectra of the phosphors were
measured using a fluorescent spectrophotometer (FL3-221,
HOROBA, Jobin Yvon, France) at room temperature.
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Figure 4: Emission spectra (a) λex = 365 nm, (b) λex = 395 nm, and (c) λex = 465 nm of (Sr1−xEuxLix)2TiO4 (a) x = 5.0%, (b) x = 10.0%,
(c) x = 15.0%, (d) x = 20.0%, (e) x = 25.0%.

3. Results and Discussion

3.1. The Choice of Charge Compensators. Eu3+ ions are
expected to replace Sr2+ ions. It would be difficult to keep
charge balance in the lattice. Therefore, Eu3+ ions may not
be fully introduced into Sr2+ sites in order to keep charge
balance. Eu3+ may exist in Eu2O3 state, and it would lead
to the decrease of emission intensity. This problem can be
solved by adding charge compensators. Li+, Na+, and K+

ions are always chosen as charge compensators for phosphors
[15, 16]. Because the radii of Li+, Na+, and K+ are small
which are easy to enter into lattice, and they are all of
+1 valence which is convenient for charge compensation.
Therefore, Li+, Na+, and K+ were added in the same molar

weight as Eu3+ to act as the charge compensators to improve
the luminescence intensity of Sr2TiO4:Eu3+.

Figure 1 shows the excitation and emission spectra of
(Sr0.8Eu0.1M0.1)2TiO4 phosphor with different charge com-
pensators. The shape and positions were similar in the PL
and PLE spectra for all the samples. Excitation and emission
intensities were enhanced obviously after adding charge
compensators. Before adding charge compensators, Eu3+

could not substitute Sr2+ sites totally in order to maintain
chemically neutral Sr2TiO4:Eu3+ phosphor. Some Eu3+ could
not act as activated ions, and the impurity phase could
interdict the energy transfer between matrix and activated
ions and restrain the Sr2TiO4 grains growth during the
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Figure 5: The CIE chromaticity coordinates of red phosphors: (1)
(Sr0.8Eu0.1Li0.1)2TiO4 (λex = 365 nm), (2) (Sr0.7Eu0.15Li0.15)2TiO4 (λex

= 395 nm), (3) (Sr0.7Eu0.15Li0.15)2TiO4 (λex = 465 nm).

sintering process [17]. After adding charge compensators,
Eu3+ ions were able to be fully introduced into Sr2+ sites,
and charge compensators and vacancy could substitute Sr2+

sites so that SrO and Eu2O3 could react with TiO2 to a great
extent. In addition, Li2CO3, Na2CO3, and K2CO3 can act
as flux agents to promote the formation of luminescence
materials polycrystal. Compared with Na+ and K+, the
intensity was enhanced greatly when adding Li+ as charge
compensator. These phenomena are assigned to the fact that
the ionic radius of Li+ (0.92 Å) to the one of Sr2+ (1.31 Å)
is the smallest, the one of Na+ (1.24 Å) being second, and
the one of K+ (1.55 Å) is the biggest so that it develops the
distortion grade different, which impacts on the luminous
properties and crystal structures [18]. Thus, Li+ is selected as
charge compensator in the following experiments.

3.2. XRD of (Sr1−2xEuxLix)2TiO4 (x (mol%) = 0.0, 5.0,
10.0, 15.0, 20.0) Powders. Figure 2 shows the XRD patterns
of Eu3+ ions doped Sr2TiO4 phosphors with different Li+

concentration as charge compensator. At first, when the
doping concentration was small (x = 5.0%), all the peaks
were indexed by Sr2TiO4 without any impurity. After x
reached 10.0%, there appeared some Sr3Ti2O7 peaks, but
Sr2TiO4 was the major phase. When x = 15.0%, Sr3Ti2O7

turned to be the major phase, because the structure of
Sr2TiO4 was damaged with the increase of Eu3+ and Li+.
Until x came to 20.0%, the phase composition consisted
of Sr3Ti2O7 and some impurities, because the content of
Sr2+ was too little and the radius of Li+ was too small to
support the whole structure. After doping Eu3+, peaks shifted
to higher 2θ values relatively, which indicated that Eu3+ had
occupied the sites of Sr2+, because the radius of Eu3+ is 1.12 Å
(CN = 9), smaller than that of Sr2+ (1.31 Å, CN = 9). When

Eu3+ occupied the site of Sr2+, the lattice would shrink so that
the diffraction peaks would shift to high diffraction angles
compared to pure Sr2TiO4 and Sr3Ti2O7 [19].

3.3. Luminescent Properties of (Sr1−xEuxLix)2TiO4 (x (mol%)
= 5.0, 10.0, 15.0, 20.0) Phosphors. Figure 3(a) presents the
excitation spectra of (Sr1−xEuxLix)2TiO4 under different
Eu3+ concentrations (λem = 615 nm). The excitation spectra
consisted of a wide excitation band from 325 to 425 nm and
some sharp line peaks of characteristic transitions of Eu3+.
The broad band was a charge transfer band (CTB) which
was caused by several charge transition. Figure 3(b) shows
the results of Gaussian peak fitting of the PLE spectra of
(Sr0.7Eu0.15Li0.15)2TiO4. Peak 1 (350 nm) was ascribed to the
O→Ti of phase Sr3Ti2O7, peak 2 (380 nm) was ascribed
to the O→Ti of phase Sr2TiO4, and peak 3 (362 nm) was
ascribed to the O→Eu. The sum of deconvoluted curves (red
dash line) was almost fitted with observed line (black solid
line). The other intense 395, 465 and weak 415 nm excitation
peaks related the intra-4f transitions from ground sate 7F0

to 5L6, 5D2, and 5D3, respectively. The shape and position
were similar except that the intensity of absorption varied
with the increase of Eu3+ concentration. What interests us
is that the intensity of CTB is stronger than that of intra-
4f transitions at lower Eu3+ concentration (x ≤ 10.0%),
and it mainly performs wide band absorption of matrix.
Then the intensity of CTB decreases with the increase of
Eu3+ doping concentration. However, characteristic sharp
line spectra increase continuously until x = 15.0%, and it
performs 395 and 465 nm intense linear excitation peaks.
With the increase of Eu3+ and Li+, the phase composition
changes from Sr2TiO4 to Sr3Ti2O7 to some impurities, and
impurity is bad for luminescence intensity. However, both
intensity of CTB and intra-4f transitions are high when Eu3+

doped in layered titanate, and there is reason to believe
that Sr2TiO4:Eu3+ and even Sr3Ti2O7:Eu3+ are promising red
phosphors for white LEDs.

Figures 4(a), 4(b), and 4(c) are the emission spectra
of (Sr1−xEuxLix)2TiO4 excited by 365, 395, and 465 nm,
respectively. The shape and position of the emission spectra
were similar, and they all emitted dominated intense 620 nm
(5D0 → 7F2) red light and weak 578 nm (5D0 → 7F1),
700 nm (5D0 → 7F4) light. 5D0 → 7F2 and 5D0 →
7F4 are electric dipole transitions of Eu3+, which are
very sensitive to the local environment around the Eu3+,
and depend on the symmetry of the crystal field. As we
know, the transitions are forbidden when Eu3+ occupies
centrosymmetric sites. The structure of Sr2TiO4 is tetragonal
K2NiF4 type, and perovskite layers are interleaved with SrO
layers. In Sr2TiO4, all Sr ions occupy positions between
the perovskite layers (9-oxygen-ion-coordinated sites with
C4v symmetry) [20]. Therefore, it indicates that Eu3+ has
occupied the noncentersymmetrical sites of Sr2+. Compared
with usual luminescence of Eu3+ (594, 615 nm) [21], the
luminescence of Eu3+ in layered perovskite has some red
shift which performs better red light color purity and higher
luminescent intensity. In addition, the emission of 700 nm in
some degree enhances red light color purity, too. Those are
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Figure 6: SEM micrographs of (Sr1−xEuxLix)2TiO4 phosphor powders: (a) x = 5.0%, (b) x = 10.0%, (c) x = 15.0%, and (d) x = 20.0%.

more beneficial to make it become a red light compensation
material for white LEDs.

The emission intensity was found to increase with the
increase of Eu3+ concentration up to 10.0 mol% (λex =
365 nm). While excited at 395 and 465 nm, the best doping
concentration was 15.0 mol%. Because, when x = 10.0%,
the phase is Sr2TiO4 and TiO4−

4 group has strong absorption
at UV light region [22], it has the strongest luminescence
intensity when excited at 365 nm. However, when x = 15.0%,
the phase is Sr3Ti2O7. The crystal system of Sr3Ti2O7 is
tetragonal, and double perovskite layers are interleaved with
SrO layers. In Sr3Ti2O7, some Sr ions occupy positions
between the perovskite layer (9-oxygen-ion-coordinated
sites with C4v symmetry), and the other Sr ions occupy
positions in the center of the perovskite layer (12-oxygen-
ion-coordinated sites with D4h symmetry) [20]. In spite of
the 12-oxygen-ion-coordinated sites in Sr3Ti2O7, 9-oxygen-
ion-coordinated sites are vast majority; therefore, it emits
characteristic intense red light of Eu3+ which is sensitive to
the surrounding symmetry of the crystal field. Usually, Eu3+

doping concentration is less than 5.0% in normal phosphor.
However, the doping concentration of Eu3+ is up to or
even over 10.0% in Sr2TiO4 and Sr3Ti2O7 host. The main
reason is that layered perovskite has SrO layers interleaved
in perovskite layers, and it makes bigger space between layers
so that they have bigger doping concentration which leads
to the higher luminescence intensity. In conclusion, layered
titanate is a good matrix for phosphors, and Eu3+ doped

layered titanate is a good red phosphor for white LEDs which
can be suited for both near-UV LED chip and blue LED chip.

The samples that are emitting most intense red light
respectively excited at 365, 395, and 465 nm are chosen
to calculate their CIE chromaticity coordinates. The corre-
sponding CIE chromaticity coordinates using symbol “x”
to indicate their positions are shown in Figure 5, and they
change between (0.650, 0.344) and (0.635, 0.352), which is
due to the variability of the relative intensities of 620 nm
and 700 nm mainly. They are all close to coordinates of the
“ideal red” which is (0.67, 0.33) [23]. In addition, their CIE
chromaticity coordinates are rather close the edge of CIE
diagram, indicating that this kind of phosphors shows better
color purity in solid-state lighting.

3.4. SEM of (Sr1−xEuxLix)2TiO4 (x (mol%) = 5.0, 10.0, 15.0,
20.0) Phosphor Powders. It is well known that crystallinity
and surface morphology of phosphors has a strong effect
on the luminescence properties. Figure 6 shows the SEM
morphology of (Sr1−xEuxLix)2TiO4 with different Eu3+ con-
centration. The particles enlarged with the increase of Eu3+

and Li+ concentration, and all presented irregular polygon.
The particle size was about 1 μm when x = 5.0% and kept
around 5 μm when x reached 10.0%, 15.0%, and 20.0%
which corresponded with the requirements of particle size to
phosphor. It has been established that Li+ was conducive to
the formation of crystalline phase, and it is mainly because of
the function of Li2CO3 flux [24]. However, the special doping
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concentration of active Eu3+ also has some influence on the
particle size [25].

4. Conclusions

In this paper, Sr2TiO4:Eu3+, M+ (M = Li+, Na+, and K+)
phosphors were synthesized through the solid-state reaction.
M+ as charge compensators led to the increase of emission
intensity, and Li+ was confirmed to be the best charge
compensator. The excitation spectra consisted of a wide
excitation band and some sharp line peaks of characteristic
transitions of Eu3+ when Eu3+ doping concentration is low
(x ≤ 10.0%), the phase is Sr2TiO4, and the intensity
excited by CTB (365 nm) is stronger than that of intra-4f
transitions. After x reached 15.0%, the structure damaged
and the phase became Sr3Ti2O7. The intensity excited by CTB
became weaker and characteristic emission peaks of Eu3+

stronger when excited at 395 and 465 nm. Because Sr2TiO4

has strong absorption at UV light region, while Sr3Ti2O7 has
two layers and there are more noncentersymmetrical Sr2+

sites for substituting. Those phosphors all exhibited intense
620 nm (5D0 → 7F2) red light and weak 578 nm (5D0 →
7F1), 700 nm (5D0 → 7F4) light. The CIE chromaticity
coordinates of three samples that are emitting most intense
red light change between (0.650, 0.344) and (0.635, 0.352),
close to coordinates of the “ideal red” which is (0.67, 0.33).
The particle size meets the demands of phosphor. Doped
layered titanate Sr2TiO4:Eu3+ is a promising candidate red
phosphor for white LEDs which can be suited for both near-
UV LED chip and blue LED chip.
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Theoretical research and specific surface area analysis of nitrogen adsorption indicated that a lot of structural micropores exist in
sepiolite minerals fibers. However, the microporous size, existing form, and the distribution relationship between microporous
structures were not proved yet. In this paper, the section TEM samples of nanofibers were prepared on the basis of the metal
embedding and cutting technique, and the inner structure of sepiolite nanofibers was observed by TEM. The results showed that
sepiolite fibers have multiplayer structure similar to concentric circles, and many micropores with the size of about 2–5 nm are
normal and parallel to the c-axis. The reason for the previously mentioned phenomenon was explained by using BET analysis and
X-ray diffraction analysis results.

1. Introduction

Sepiolite is a kind of fibrous silicate clay mineral rich of
magnesium with a structure of layer and chain. The study
on structure of sepiolite could be dated back from 1930s, and
Longchanbon studied the structure of sepiolite. Until 1955,
Nagy and Bradley [1] proposed the first structural model and
theoretical structure: Si12Mg9O30(OH)6(OH2)4·6H2O. Nagy
believed that sepiolite crystal was amphibole chain composed
of two pyroxene chains, with silicon-oxy tetrahedron on each
side in standard spacing. Two layers of silicon-oxy tetra-
hedron parallel to c0 axis had six silicon-oxy tetrahedron,
separately. Structure units are connected to each other by
four oxygen atoms on the apex angle, which formed channels
with a sectional area of 0.38 × 0.94 nm parallel to the chain.

Brauner and Preisinger [2] proposed the structural
model of two amphibole chains composed by three pyrox-
ene chains, as shown in Figure 1. According to Brau-
ner’s model, the theoretical structure of sepiolite was
Si12Mg8O30(OH)4(OH2)4·8H2O, whose fibrous structures
were composed of two layers of silicon-oxy tetrahedron

units connected by oxygen atoms and central magnesium
octahedron layers. Silicon-oxy tetrahedron layers were con-
tinuous, and were inverted at intervals of six tetrahedron
units, leading to the existence of channels of dimensions
of 0.37 nm × 1.06 nm running parallel to the length of
the fibers. The two models mentioned previously were not
different obviously in terms of the sizes of crystal, but they
had eight and nine of octahedron cations in Brauner’s and
Nagy’s model, separately. Moreover, they had four hydroxyl
groups, eight zeolite water, and sectional area of 0.3572 nm2

in Brauner’s model; six hydroxyl groups, six zeolite water,
and sectional area of 0.3816 nm2 in Nagy’s model, separately.
There were many reports about microstructure feature,
crystal structure and thermal stability; however, the study
on inner surface, adsorption, and channel structure of
sepiolite was mainly by BET analysis [3–7]. The tested size
and distribution of pores were different significantly from
theoretical results due to the limitation of testing methods
and accuracy [8–11].

In this paper, the inner structure of sepiolite nanofibers
was observed by TEM in order to study the forms of existence
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Figure 2: Microstructure of external surface of sepiolite samples.

and rules of distribution in sepiolite minerals fibers, which
were further explained by using BET analysis and X-ray
diffraction analysis results.

2. Experimental Details

Experimental details were as follows: hydrothermal sepiolite
samples (Yi county, Hebei Province of China) were immersed
in 0.1% of sodium pyrophosphate solution for 2 h in a
reaction flask with stirring at a constant speed of 1500 rpm.
Then the solutions were filtered and washed with distilled
water until pH > 6.5. The samples were dried at 70◦C for 8 h
in the vacuum, and the purified samples were obtained. The
process of TEM sample preparation is as follows [12]. A
few sepiolite samples were placed on a polished metal strip,
and the fine particles were encapsulated on the metal strip
by the ion deposition technique. Then two surfaces of the
encapsulated particle layer are polished until the fine parti-
cles are sufficiently exposed for the observation from both
sides, and a micron-scaled thin film is obtained. Finally, the
micron-scaled thin film is further reduced to a nanoscaled
film penetrated by electron beams using ion beam thinner.

The microstructure of the samples was observed by scan-
ning electron microscopy (Philips-XL30) at 25.0 kV and
30 μA and transmission electron microscopy (JEOL JEM-
2100). The X-ray diffraction (XRD) analysis was performed
on a Philips-DMAX-2500 with Cu Kα radiation. The specific
surface area, pore volume, and average pore diameter of
sepiolite are determined by the instrument of ASAP 2020.

3. Results and Discussion

3.1. Microstructure of Sepiolite Minerals. Figure 2 shows the
TEM of the sepiolite samples. From Figure 2(a), it can be
seen that sepiolite samples with diameter of 60–100 nm are
fibrous minerals materials. From Figure 2(b), it can be seen
that the prismatic sizes of sepiolite samples with the form
of uneven surface multiprism vary from 10 to 40 nm, and
each surface of arris has enormous denticular microconvex
without apparently regular distribution. From Figure 2(c),
it can be seen that the prominent distance of microconvex
mentioned previously with width of 2–5 nm and height
of 1-2 nm is different, thus leading to many grooves with
the tendency of spiral arrangement and distinct dislocation
transform.

3.2. Specific Surface Area and Pore Character of Sepiolite
Samples. The specific surface area of sepiolite samples is
160.77 m2/g with the t-Plot micropore area of 65.39 m2/g
and t-Plot external surface area of 95.38 m2/g. The adsorptive
cumulative volume is 0.189 cm3/g within the range from 1.70
to 300.0 nm, and the average pore diameter is 4.18445 nm.
The pore diameter distribution curves and isotherm linear
pot are shown in Figures 3 and 4. From Figure 3, it can be
seen that the N2 adsorption isotherm of sepiolite samples
appearc hysteresis to a certain degree at 77 K. From Figure 4,
it can be seen that sepiolite fibers exist more meso-
pores with large pore volume. When P/P0 = 0–0.5, they
have larger adsorptive capacity, indicating that sepiolite
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Figure 3: Absorption and desorption isotherm of sepiolite (“+” means absorption; “©” means desorption).
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fibers contain considerable structural micropores with pore
diameter <1.7 nm. The reason for the previously mentioned
phenomenon is that adsorptive capacity increases along with
the decrease of pore diameter, which proves the literature
mentioned indirectly due to the limitation of BET method
[1, 2]. As shown in Figure 4, the pore diameter of sepiolite is
mainly between 1.7∼5 nm, which proves that the adsorptive
from is mainly mesopores adsorption. When P/P0 = 0.8 ∼ 1,
the adsorption increases significantly, indicating the exis-
tence of micropores with diameter of 10–100 nm. The results
show that pore volume of sepiolite fibers with diameter of
3.7∼4.1 nm is 11.2%, and total area of sepiolite fibers with
diameter of <4.9 nm is 59.2%, indicating that sepiolite fibers
have part of larger channels.

3.3. Microstructure of the Section of Sepiolite Minerals.
Figure 5 shows the section of sepiolite minerals. From
Figure 5, it can be seen that part of dark area represents
copper, and bright gray area represents the cross- and
longitudinal-section of sepiolite fibers. Figure 5(b) is the
partial enlarged detail of broken curve of Figure 5(a), which
is likely to be a single fiber with diameter of 130 nm or
multiple-strand fiber with diameter of 30–50 nm bundles.
Many dark gray spots with diameter of 2–4 nm distribute
regularly in the circle, which may be caused by the per-
meance of copper powders during the embedding. From
Figure 5(a), it can be seen that gray area represents cross- and
longitudinal-section of sepiolite fibers with irregular oval;
the diameter of which is about 30–150 nm. Due to the natural
bend and difference of section degree of fibers, light area
forms irregular alteration. Figure 5(d) is the partial enlarged
detail of broken curve of Figure 5(c). From Figure 5(d), it
can be seen the area pointed by arrow shows discontinuous
states, indicating that fiber has at least more than four level
alterations. Especially the oval area pointed by arrow four
indicates that sepiolite fibers contain layer structure. The
light and shade alteration of sepiolite section in the broken
curve oval area in Figure 5(d) indicates the existence of
considerable channels perpendicular to the inner surface of
the fibers.

3.4. Microstructure Certification Inner Sepiolite Fibers.
Figure 6 shows the longitudinal-section of a single fiber with
diameter of 250 nm or two strings fibres. From the bright and
dark difference in continuous line rectangle, it can be seen
that many parallel arrangement and even breadth grooves
or swells exist parallel to the c-axis. The width of grooves
is about 2–5 nm, and the smaller microswells (pointed by
arrow) exists in larger grooves. The ribs of swells have many
breakpoints, leading to the formation of channel. The ribs
among breakpoint vary from 5 to 80 nm; many of which are
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Figure 6: Diffraction spots and microstructure of sepiolite fibers.

10–25 nm. The diameter of channels parallel to the c-axis
formed by breakpoints is mostly 3–5 nm (<10 nm), and the
ribs of bigger grooves or swells form many channels with
the diameter of 2–4 nm (dark spots). The broken curve
oval is the region of fiber breakdown, which shows many
sub circular structural micropores with the diameter of
2–5 nm (<10 nm). The diameters of micropores parallel
to the c-axis are different significantly and are distributed
irregularly, which in accordance with the results obtained
by BET method. From diffraction spots in Figure 6, it can
be seen that the diffraction spots are scattered and form
obviously diffraction rings. The diffraction rings become
wider caused by the irregularly distributed spots at the edge
of inner diffraction rings, indicating the relative lower level
of sepiolite minerals crystallization. And many breakpoints
exist in diffraction rings, according to Bragg equation
2d sin θ = nλ, only if wavelength of X-ray is n times as
long as optical path difference between two crystal planes,
diffraction appears. The existence of defect structure such as
radial pores results in the discontinuation of crystal planes
layered structure.
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Figure 7: XRD patterns of sepiolite minerals fibers.

3.5. X-Ray Diffraction Analysis of Sepiolite Fiber. In sepiolite
diffraction spectrum, near 2θ = 7.42◦, a strong diffraction
peak appears (as shown in Figure 7), which is characteristic
of layered two-dimensional lattice structure minerals, prov-
ing that sepiolite is a kind of layered fibrous structure mineral
similar to concentric circles. According to Brauner’s model
and its theoretical crystal planes spacing should be about
1.26 nm, almost similar to the value tested by XRD (121 nm).
The intensity of the diffraction peak of sepiolite crystal planes
[110] is twice as high as other crystal planes, indicating
that crystallization degree of sepiolite crystal planes [110] is
significantly higher than that of other crystal planes, which
becomes the foundation of sepiolite mineral crystal. Other
crystals have many defects due to low crystallization degree,
leading to uneven surfaces of fibers.

3.6. Reasons for Fibrous Structure, Uneven Surface, and
Formation of Channels of Sepiolite. The interlayer spacing
of sepiolite crystal planes is about 1.24 nm; in it there exist
a lot of pore channels in different sizes perpendicular to
the c-axis, and its pore channel area is about 10–16 nm2

with 75 nm2 as the largest [3], which is in accordance with
results of the observation basically. In sepiolite mineral,
silica tetrahedron net surfaces form layered crystal with half
of magnesium oxygen octahedron through regular reversal,
producing many longitudinal channels parallel to the c-axis,
as shown in Figure 8.

From the view of Brauner’s model, the lower density
areas of atom appear in the reverse parts of silica tetrahedron
nets surface, which is perhaps the key to forming a lot
of channels perpendicular to the fiber axis. Although BET
method is unlikely to detect related information of micro-
pores with diameter smaller than 1.7 nm quantitatively, the
observation in TEM can see a certain number of subprime
structural micropores with the diameter less than 2.0 nm in
structure layer. The XRD analysis shows that the interplanar
distance of sepiolite mineral is only 1.2 nm and the width
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Figure 8: Diagram of crystal structure of sepiolite ((a) along a-axis direction; (b) along c-axis direction).

of the channel is only 0.63 nm after decreasing the space
occupied by silica tetrahedron net surfaces and magnesium
oxygen octahedron core layer. The length of the channel is
0.63× 1.60 nm in condition of containing eight zeolite water,
which cannot be measured quantitatively by BET method
[13–15].

4. Conclusions

TEM observation of sepiolite fiber and section sample shows
that sepiolite crystal not only contains a lot of structural
micropores parallel to the fiber axis, but it also contains a
large amount of short-range radial micropores perpendicu-
lar to the fiber axis. Radial micropores connect the microp-
ores parallel to the fiber axis to each other, forming the three-
dimensional internally connected channel network structure.
The diameter of the micropores is mainly from 2 to 5 nm,
in well accordance with the results of nitrogen adsorption
BET analysis. TEM observation and XRD analysis prove that
sepiolite crystal contains structural micropores parallel to
the c-axis, but the real size and volume of these micropores
cannot be detected quantitatively so far, and the formation
mechanism of many microporous channels perpendicular to
the c-axis in crystal needs further discussion.
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The electronic property and aromaticity of endohedrally doped AuGe10
− and AuGe12

− clusters are investigated using the
density-functional theory (DFT) within the hybrid B3LYP method. The calculated results reveal that the two clusters have high
thermodynamic stability reflected by reaction energy. At the same time, it could be hoped that their high stability may arise from the
closed-shell spherical aromaticity with eight π-electrons satisfying the 2(Nn + 1)2 counting rule with Nπ = 1. A popular nucleus-
independent chemical shifts (NICSs) calculation on basis of magnetic shieldings is also performed to confirm the aromaticity of
the three-dimensional nanoclusters with largely negative NICS values. In addition, the electronic features and chemical bonding
of the two clusters are analyzed with the help of the density of states (DOS) and electron localization function (ELF), and the
majority of Ge–Ge bonds on the cage show more covalent characters.

1. Introduction

Semiconductor clusters, especially germanium, have been
extensively investigated both experimentally and theoreti-
cally due to their potential applications in the microelectron-
ics industry [1–6] and are of considerable scientific interest to
explore the chemical structure and bonding as well as their
thermodynamic stability and photoelectric effect. Unlike sil-
icon, the effective masses of electron and hole in germanium
are light; it can generate high carrier mobility and makes
germanium attractive for high-performance field-effect logic
transistors [7]. However, pure germanium clusters with
medium or large size are chemically unstable and quite
reactive because of the existence of abundant dangling bonds
[5]. Interestingly, the encapsulation of different transition-
metal (TM) atoms [8–10] in the medium-sized clusters
can saturate the dangling bonds on the germanium cage
surface and form sp3 hybridization, and thereafter stabilize
the germanium cages. Consequently, the metal-encapsulated
germanium clusters exhibit many fascinating features such
as nanostructures, for example, thermodynamic stability [11,

12], magnetic and superconducting behaviors [8, 13, 14],
photoelectric effect [15, 16], and reduced energy gap between
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) [9, 17, 18].
Some metal-encapsulated Ge clusters were also proposed as
novel cluster-assembled materials due to the small HOMO-
LUMO gap within about 2 eV, for example, AuGen (n = 2–
13) [18] and TM@Ge12 (TM = Zn, W, and Os) [19, 20].
In an experimental study, the bimetallic CoGe10

− cluster in
the mass spectrum was measured using laser vaporization
technique [21], and its molecular structure was determined
by the density-functional theory (DFT) calculations [22].

To our knowledge, there have been a number of inter-
esting findings on the calculation of metal-encapsulated
Ge clusters, for example, NiGen (n = 1–13) [23], CrGen
(n = 1–13) [24], WGen (n = 1–17) [25], TMGen (TM =
Ti, Zr, Hf and Cu; n = 1–20) [26, 27], and so on. A
few outstanding predictions are medium-sized fullerene-like
with 10 or 12 atoms. Kumar et al. [19, 28] reported a series
of systematic investigations of TM@Xn (X = Si, Ge, Sn,
and Pb; TM = Ni, Pd, Pt, Zn, and Cd; n = 10 and 12)
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clusters using an ab initio ultrasoft pseudopotential method
and generalized gradient approximation, and these clusters
can be further stabilized by doping of an Ni or Pt atom,
leading to some of the smallest metal-encapsulated clusters.
King and coworkers [29, 30] explored the possible structures
of M@Ge10

z systems (M = Co and Be; z = −5 to +2) at
the DFT-B3LYP/6-31G(d) level of theory and found that
a singlet D5h pentagonal prismatic structure is the global
minimum for the trianionic Co@Ge10

3− cluster, which is
in accordance with the experimental result. Tang et al. [31]
investigated the structure, stability, and optical property of
TM@Ge12 (TM = Sc−Ni) using the relativistic all-electron
density functional theory. It was found that all the TM@Ge12

clusters are perhaps partial metallic, and the ground-state
geometry of them is probably pseudoicosahedron. Further-
more, eight π-electron natures make closed-shell spherical
systems aromatic according to the 2(Nπ + 1)2[Nπ = 1] rule
proposed by Hirsch et al. [32]. In 2005, Chen and coworkers
[33] also reported the nucleus-independent chemical shifts
(NICSs) approach as an aromaticity criterion based on
magnetic properties, which have been applied to characterize
the all-metal aromatic/antiaromatic clusters [34].

In this paper, we report an investigation of electronic
structure and aromaticity of the AuGe10

− and AuGe12
−

nanoclusters using the hybrid DFT-B3LYP functional in
conjunction with LanL2DZ basis set. The choice of endo-
hedral gold atom is due to the fact that the bimetallic gold
clusters have some fascinating physical and chemical prop-
erties and were experimentally observed using photoelectron
spectroscopy [16, 35–37].

2. Theoretical Methods

The molecular structure, electronic property, and spherical
aromaticity of AuGe10

− and AuGe12
− clusters were car-

ried out using the hybrid DFT-B3LYP functional [38, 39]
implemented in the Gaussian 09 package [40]. The stan-
dard double-ξ LanL2DZ basis set [41–43], which provides
effective core potentials (ECPs) to consider the relativistic
effects of transition metal atoms, was utilized here. Our
previous calculations [18] also confirmed the credibility of
the theoretical level, and the deviations within 1−6% are
acceptable. To search for the most stable structures, a great
number of structural isomers were considered for each size,
on basis of a global search published previously [18, 44], and
the local minima of all the stationary point geometries were
determined by vibrational frequency analysis. The density of
states (DOS) of the most stable AuGe10

− and AuGe12
− clus-

ters was constructed using GaussSum 2.2 program [45] with
the full width at half maximum (FWHM) of 0.3 eV, and the
molecular orbitals were plotted with the isodensity surfaces
(0.02 e/a.u.3). In addition, the nucleus-independent chemical
shifts (NICS) were calculated by gauge-independent atomic
orbital (GIAO) method [46, 47] at the B3LYP/LanL2DZ level
of theory. In order to obtain more accurate NICS values,
the correlation-consistent cc-pVTZ basis set [48] was also
used for Ge atom, whereas the energy-adjusted small-core
(19 valence electrons) pseudopotentials (PPs) [49] were used

for Au atom, labeled as cc-pVTZ-PP, and the single-point
GIAO calculations at the B3LYP/cc-pVTZ-PP level of theory
were performed based on the B3LYP/LanL2DZ-optimized
geometries.

3. Results and Discussion

3.1. Geometry and Stability. Using the computation scheme
described above, we have extensively explored a number of
initial isomers formed from taking the previously reported
structures of different TMGe10 systems, or doping one Au
dopant at all possible positions of the lower-lying Ge10

isomers, or replacing one Ge atom of the lower-lying Ge11

isomers with an Au atom to form new isomers. As a
result, the most stable AuGe10

− cluster is found to be an
endohedrally Au-doped pentagonal prism (see Figure 1(a)).
It is worth mentioning that, when an electron is added to the
lowest-energy neutral AuGe10 cluster in C2v symmetry [18],
the high D5h-symmetric anionic AuGe10

− cluster with a 1A1
′

electronic state forms due to the equal electron distribution
for each Ge atom [44], indicating that the neutral AuGe10

cluster is an electron-deficient base. The geometry of the
lowest-energy AuGe10

− cluster in D5h symmetry is also
consistent with the neutral FeGe10 cluster [9] as well as the
trianionic Co@Ge10

3− cluster [29]. In the structure, there are
10 equivalent Ge–Ge bond lengths on two five-numbered
germanium rings, and 5 equivalent Ge–Ge bond lengths on
side-jointed prism. At the B3LYP/LanL2DZ level of theory,
the equilibrium Ge–Ge bond lengths of them are predicted
to be 2.722, and 2.858 Å, respectively; and the equilibrium
Au–Ge bond lengths in the pentagonal prism are calculated
to be 2.721 Å, as shown in Table 1.

Analogous to the formation of AuGe10
− cluster, all

the possible isomers of AuGe12
− cluster are considered.

An Au-doped bicapped pentagonal prism is optimized to
be the lowest-energy AuGe12

− structure, which displays a
1A1 electronic state in D2d symmetry (see Figure 1(b)). By
comparison, the icosahedral structure of ZnGe12 [50] cluster
is confirmed to be the global minima in the potential energy
surface (PES), but the icosahedral AuGe12

− structure is only
a local minimum which is higher in energy than the lowest-
energy structure by 0.32 eV [44]. In the bicapped pentagonal
prism, the D2d structure has two C2 axes and two σd planes.
As a result, four different Ge–Ge bond lengths are predicted
to be 2.611, 2.644, 2.647 and 2.855 Å, respectively, whereas
the two equilibrium Au–Ge bond lengths are calculated to be
2.814 and 2.942 Å.

As discussed above, the endohedrally doped AuGe10
−

and AuGe12
− clusters are the most stable. Obviously, they

do not obey the 18-electron counting rule (also known as
the octet rule) [51] which may give rise to the high stability
of cluster. In 2003, Sen and Mitas [52] also reported the
limitation of the 18-electron rule and found that the filling
of electron shell according to 18-electron rule is not the
only factor in determining the structural stability, and the
stability should depend on structural geometry, choice of
metal atom, neutral or charged species, and so forth. In
addition, one needs to calculate reaction energy to explain
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Lab

(a)

Lab

(b)

Figure 1: Equilibrium structures of the lowest-energy D5h-symmetric AuGe10
− (a) and D2d-symmetric AuGe12

− (b) clusters in [44]. The
different NICS sites (purple balls) are indicated.

the thermodynamic stability of the cluster, and the reaction
energy (Er) can be computed according to the following
equation:

Er
(
AuGen

−)

=
[
E
(
AuGen

−)− nE(Ge)− E
(
Au−

)]

(n + 1)
, n = 10 or 12,

(1)

where E(AuGen
−), E(Ge), and E(Au−) represent the total

energies of AuGen
−, Ge, and Au− atoms, respectively. All the

total energies include the correction of zero-point vibrational
energy (ZPVE). According to our knowledge, the formations
of AuGe10

− and AuGe12
− clusters are exothermic with

the large negative Er values, being −2.44 and −2.50 eV.
Interestingly, their high thermodynamic stabilities are mainly
associated with the geometry and the number of dangling
bonds in the two clusters, as mentioned in previous study
[18]. Our results also reveal that both of them can appear
as stable species, and the two clusters could be synthesized
through the exothermic reaction pathway.

3.2. Electronic Structure and Chemical Bonding. In order
to explore the electronic features related to the stability
of the clusters, we have performed a detailed analysis of
the molecular orbitals by examining the partial density of
states (PDOS) from the contribution of different orbital
components (Au: s, p, d; Ge: s, p) and the electron density
of the HOMO and LUMO states. The plots of PDOS of the
AuGe10

− and AuGe12
− clusters are shown in Figures 2(a) and

2(b), respectively.
As for a typical case, each Ge atom is expected to

contribute its four valence electrons to the electron shell
configuration of the molecular systems. The AuGe10

− cluster
with D5h symmetry thus contains 42 valence electrons
which are distributed in the following orbital configuration:
(1e1

′′)2 (1e2
′)4 (3a1

′)2 (2e1
′′)4 (2e2

′)4 (1e2
′′)4 (4a1

′)2 (5a1
′)2

(3e2
′)4(3e1

′)4(3a2
′′)2(4e1

′)4(2e2
′′)4, as listed in Table 1.

Due to the high D5h symmetry, additionally, the molecular
orbitals strongly resemble the spherical features. From
the Figure 2(a), we clearly see that the electronic states
at high-energy region of around −3.9 eV above come

mainly from p-Ge state; and the contribution from s-
Ge state is very little. The difference is that the valence
molecular orbitals at around −6.0 eV below mainly
ascribe to the contribution of d-Au and s-Ge states;
in particular, the E2

′-type valence orbital at −6.77 eV,
holding a doubly degenerate state, is composed of d-Au
state mixed with s-Ge state. Similar behavior is observed
for the D2d-symmetric AuGe12

− cluster which contains
50 valence electrons with an orbital configuration of
[(3e)4(3a1)2(3b2)2(4a1)2(4e)4(1a2)2(2b1)2(4b2)2(5e)4 (5a1)2

(5b2)2(6a1)2(6e)4(6b2)2(7e)4(3b1)2(7a1)2(8e)4(2a2)2]. The
electron density (0.02 e/a.u.3) of HOMO and LUMO states
of the two clusters is represented in Figure 2. One can
see that both the HOMO and LUMO states are mainly
localized around germanium cage, while some electronic
distributions around Au atom are also found in the LUMO.
It is remarkable that the encapsulation of the Au dopant
is responsible for the geometric rearrangement of pure
germanium clusters and the reduction of the HOMO-
LUMO gaps of pure Ge10 and Ge12 clusters. Especially for the
AuGe12

− cluster the HOMO and LUMO are nondegenerate
and are slightly separated from the adjacent occupied and
unoccupied orbitals, resulting in its quite small HOMO-
LUMO gap of 1.63 eV. Thus, although the germanium is
semiconductor element, the AuGe10

− and AuGe12
− clusters

may be considered as novel cluster-assembled materials with
partially metallic features [19, 44].

In 1994, Silvi and Savin [53] reported that the electron
localization function (ELF) is currently used to describe
the nature of bonding. According to their descriptions, the
molecular space is divided into regions or basins of localized
electron pairs or attractors. Typically, the existence of a high
ELF isovalue (around 0.7 and above) in the bonding region
between two atomic basins signifies a localized chemical
bond in the region [44, 54]. For the D5h-symmetric AuGe10

−

cluster, the ELF basins along Ge–Ge bond upon two five-
number germanium rings merge at an isovalue of 0.71
(Figure 3(a)), revealing that these Ge–Ge bonds are covalent
in nature, while the five Ge–Ge prismy bonds have more
metallic or less covalent character reflected by the slightly
low ELF isovalue at 0.60 (Figure 3(b)). The ELF contour at a
low isovalue of 0.32 (Figure 3(c)) shows two polarized basins
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Figure 2: Density of states (DOS) of the lowest-energy AuGe10
− (a) and AuGe12

− (b) clusters computed at the B3LYP/LanL2DZ level of
theory.

n = 10

n = 12
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Figure 3: The ELF isosurfaces of the AuGe10
− and AuGe12

− clusters.
Some different isovalues are indicated: (a) 0.71, (b) 0.60, (c) 0.32,
(d) 0.72, and (e) 0.29.

between Au and Ge atoms, so all the Au–Ge bonds are far
from being covalent in nature but show an ionic character.
The most stable AuGe12

− cluster has a high (almost spher-
ical) D2d symmetry. The covalent bonding pattern between
germanium atoms becomes more preferable because all
atomic basins along the surface bonds in ELF contours
almost merge at an isovalue of 0.72 (Figure 3(d)), whereas
the Au–Ge bonds display a slightly increased ionic character
confirmed by lower ELF isovalue (0.29, Figure 3(e)) and
elongated Au–Ge bond lengths (0.093−0.221 Å), as discussed
above.

3.3. The 2(N + 1)2 Rule. Aromaticity is well known as one
of the important measures of compounds. Compared to

nonaromatic compounds, analogous aromatic compounds
typically give enhanced chemical stability. In general, aro-
maticity of planar structure can be qualitatively explored
using the 4N+2 Hückel rule [34]. Another electron counting
rule, namely, 2(N + 1)2 rule proposed by Hirsch et al. [32],
is proven as an effective aromaticity criterion for spherical
species (Ih symmetry), as well as the extension of the
treatment to inorganic cage molecules [55]. In the latter
electron rule, the π-electron system of the species can be
approximately considered as a spherical electron gas, which
surrounds the surface of a sphere [56]. According to the Pauli
principle, if the number of π electrons in a spherical structure
satisfies the 2(N + 1)2 rule, the structure can show a spherical
charge distribution and is therefore expected to be aromatic.

The molecular orbitals (MOs) of the AuGe10
− and

AuGe12
− clusters are depicted in Figures 2(a) and 2(b),

respectively. We see that the valence electron orbitals of them
are divided into two different subsets occupied by σ or π
electrons. In Figure 2(a), the D5h-symmetric AuGe10

− cluster
contains eight valence π-electrons in four MOs, for example,
−5.52(A1

′, 1), −2.98(E1
′, 2), and −2.60(A2

′′, 1), and these
π-electrons satisfy the 2(Nπ + 1)2[Nπ = 1] counting rule.
Similarly, eight valence π-electrons are also found for the
D2d-symmetric AuGe12

− cluster (Figure 2(b)) and occupy
the−5.89(A1, 1),−3.31(B2, 1), and−2.92(E, 2) orbitals. As a
consequence, the two π-electron systems make the AuGe10

−

and AuGe12
− clusters spherically aromatic. This aromatic

feature can be regarded as one of the main reasons in
the structural stabilization of endohedrally doped AuGe10

−

and AuGe12
− clusters. However, it is noteworthy that the

2(N + 1)2 electron counting rule cannot be solely used to
explain the aromaticity of compounds. For instance, the
bianionic Si12

2− cluster contains eight π electrons, but gives
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an antiaromatic character [57]. Therefore, the aromaticity of
both the AuGe10

− and AuGe12
− clusters needs to be further

confirmed by NICS values given in next section.

3.4. NICS Values of Clusters. The aromaticity of a chemical
compound can be usually discussed in terms of various
criteria, but the criteria used to validate the aromaticity
are sometimes controversial, likely Si12

2− cluster. Herein, we
performed a calculation of NICS proposed by Chen and
coworkers [33], based on magnetic shieldings. Aromaticity
is expected to be evaluated by a negative NICS value, and
antiaromaticity by a positive NICS value. In general, a ghost
atom is placed at the center of a spherical geometry to obtain
NICS value. In order to get a reasonable value, however,
we considered many different sites along central axis inside
or outside the cage to test the variation of NICS value, as
depicted in Figure 1. A radius (Lab) from the center site of the
cage to each ghost atom is also defined with 0 ≤ Lab ≤ 3.0.

Using the GIAO-B3LYP/LanL2DZ level of theory, we
have calculated the NICS values of the AuGe10

− and AuGe12
−

clusters. In order to give a proper description of magnetic
and electronic properties, a large basis set (cc-pVTZ-PP)
in our NICS calculations is also necessary with the same
method. The NICS values of the two clusters are given in
Table 1. We see that the NICS value at the center site is the
largest one among all considered sites, being −259.6 and
−296.4 ppm for AuGe10

− and AuGe12
− clusters, respectively.

From Figure 4 we see that the NICS values of the AuGe10
−

cluster rapidly decreases to Lab = 1.5 (−25.2 ppm) and then
slowly decreases to Lab = 3.0 (−8.5 ppm). Obviously, the
NICS values close to the outer surface are relatively smaller
than those inside the cage. Similar behavior is found for the
AuGe12

− cluster, and it gives a slightly larger NICS value
than AuGe10

− cluster. We also find that the NICS values
with LanL2DZ basis set are in good agreement with the
results with cc-pVTZ-PP basis set, except for the value at the
center site that is relatively large with the deviation of about
20.0 ppm. Thus, the aromaticity of both the AuGe10

− and
AuGe12

− clusters, characterized by the 2(Nπ + 1)2[Nπ = 1]
electron counting rule, is confirmed by largely negative NICS
values. Moreover, the two clusters have very strong aromatic
character at the center site, and the aromaticity will weaken
outside the cage and vanish beyond.

4. Conclusions

Using the hybrid DFT-B3LYP functional, we have studied
a large number of structural isomers for medium-sized
AuGe10

− and AuGe12
− clusters. The endohedrally Au-doped

pentagonal prism and bicapped pentagonal prism are found
to be the most stable AuGe10

− (D5h) and AuGe12
− (D2d)

structures, respectively. Analysis of reaction energy indicates
that the endohedrally doped AuGe10

− and AuGe12
− clusters

have the high thermodynamic stability. We see that the high-
energy regions of molecular occupied orbitals of the two
compounds come mainly from the contribution of p-Ge
state by means of the partial density of states (PDOS). The
electron localization functions (ELFs) are also considered
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Figure 4: Comparison of NICS values of anionic AuGe10
−, and

AuGe12
− clusters using two different LanL2DZ and cc-pVTZ-

PP basis sets with the same B3LYP functional, based on the
B3LYP/LanL2DZ geometries.

to explore the chemical bonding of the two clusters, and
in some regions more metallic (or less covalent) character
between germanium atoms becomes more preferable, for
example, pentagonal prismy bonds. In the AuGe10

− and
AuGe12

− structures, eight valence π-electrons satisfy the
2(Nπ + 1)2[Nπ = 1] counting rule and make the AuGe10

−

and AuGe12
− clusters spherically aromatic. An NICS calcula-

tion on basis of magnetic shieldings is carried out to confirm
the aromaticity of the three-dimensional clusters reflected
by largely negative NICS values. Additionally, NICS is also
relatively insensitive to the level of theory used in the study,
for example, basis set.
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Mn2+ ions codoped Sr2SiO4 : Dy3+ phosphors were prepared by the solid-state reaction method using NH4Cl as the flux. Their
phase compositions, photoluminescence properties, and the energy transfer process were systematically investigated. All Mn/Dy
codoped powders were α′-Sr2SiO4. The codoping concentration range of Mn2+ was ≤ 4.0 mol% to keep the structure undamaged.
The broad red emission of Mn2+ centered at 647 nm in Sr2SiO4 : Mn, Dy powders, which effectively compensated the red emission
of Sr2SiO4 : Dy3+ phosphor. The CIE chromaticity coordinates dramatically changed from (0.310, 0.340) to (0.332, 0.326) due
to the red enhancement via the energy transfer from Dy3+ to Mn2+. This energy transfer is realized by the exchange interaction.
But the luminescence quenching of Sr2SiO4 : Dy, Mn phosphor was mainly caused by the electric multipoles interaction. The
concentration optimized (Sr0.96, Mn0.02, Dy0.02)2SiO4 phosphor with high and almost pure white emission has great potential to
act as a single-matrix white phosphor for white LEDs.

1. Introduction

White light emitting diodes have attracted more attention
due to their potential applications in extensive fields, such as
device indicators, backlight, automobile headlights, and gen-
eral illumination [1–4]. Current white LEDs are composed
of blue-emitting GaN chip and yellow-emitting YAG : Ce
phosphor. However, YAG : Ce has a deficient red emission,
leading the white LEDs to have a low color rendering index
(CRI < 80) [5]. To enrich the red emission, the phosphor
blend of YAG : Ce and a red emitting phosphor is generally
applied [6, 7]. Another technology is the combination of tri-
color phosphors with an UV-LED chip. The above phosphor
mixtures give fluorescence reabsorption and nonuniformity
of luminescence properties, resulting in a loss of luminous
efficiency and time-dependent shift of the color point.
Therefore, a single-phase phosphor with direct white light
emission is desirable [8–11].

At present, the most of this kind phosphors have at least
two luminescent centers, such as Eu2+/Mn2+ [3, 12, 13],
Ce3+/Eu2+ [8], or Eu2+ (in different lattice sites) [9]. As the
natural white light emission ions, Dy3+ ions have two dom-
inant emission bands of blue (485 nm, 4F9/2 → 6H15/2) and

yellow (570 nm, 4F9/2 → 6H13/2) [14, 15]. Recently, Dy3+

doped alkaline earth orthosilicates (Sr2SiO4 : Dy3+) powders
have attracted much attention due to its excellent emission
characteristic, single luminescent center, and high absorp-
tion efficiency in the UV region [16–18]. This phosphor can
emit white light with CIE chromaticity coordinates (0.310,
0.340). However, there is still a gap comparing with the pure
white light (0.330, 0.330) due to the weak red emission at
∼665 nm. Predictably, the compensation of red light will
effectively reduce this gap and enhance the CRI and then
obtain warm white light.

As known, Mn2+ ions can effectively absorb UV light and
then emit different colors from green to deep red depending
on the surrounding crystal field strength [19]. Red or white
phosphors were successfully obtained by adjusting the
concentration ratios of Mn2+/Dy3+ or Eu2+/Dy3+ [20–22].
Therefore, there is reason to believe that the 3d5 configured
Mn2+ ions may effectively compensate the red emission
of Sr2SiO4 : Dy3+ phosphor as a red-emitting center with
suitable doping concentration.

In this paper, Dy3+ and Mn2+ ions codoped Sr2SiO4 pow-
ders were prepared by the solid-state reaction method using
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5 wt% NH4Cl as the flux. The phase compositions and lumi-
nescence properties of prepared powders were systematically
investigated as well as the energy transfer process from Dy3+

to Mn2+. It was found that the broad emission band of
Mn2+ centered at 650 nm was observed from Sr2SiO4 : Mn2+,
Dy3+ powders. The energy transfer from Dy3+ to Mn2+ dra-
matically changed the CIE chromaticity coordinates from
(0.310, 0.340) to (0.332, 0.326). Sr2SiO4 : Dy3+, Mn2+ with
high and almost pure white emission has great potential to
act as single-matrix white phosphor for white LEDs.

2. Materials and Experimental Details

All powder samples were synthesized by the solid-state
reaction method. High purity Dy2O3 (>99.99%, the others
are analytical grade), SrCO3, SiO2, MnCO3, Li2CO3 (the
charge compensation agent), and NH4Cl (5 wt%, the flux)
were used as the starting materials. Stoichiometrical amounts
of starting materials were mixed with ethanol and then
ball milled using planetary milling machine for 8 h. The
synthesis was performed at 1000◦C for 4 h under the
reducing atmosphere (5% H2 + 95% N2). Series of (Sr0.99−x,
Mnx)2SiO4 : Dy0.02 powders and (Sr0.98−x, Dyx)2SiO4 : Mn0.04

(x = 0.0–8.0, mol%) were prepared.

The crystalline phases of the synthesized powders were
determined by the X-ray diffraction (XRD, D/Max2500,
Rigaku, Japan) using Cu Kα radiation (λ = 1.5406 Å) in
the range of 5◦∼80◦ with a step size of 0.02◦. The photo-
luminescence spectra of the phosphors were measured using
a fluorescent spectrophotometer (FL3-221, HOROBA, Jobin
Yvon, France) with a 450 W xenon lamp as the excitation
source (the multiplication voltage: 700 V; the slit width:
2.5 nm). All measurements were carried out at room tem-
perature.

3. Results and Discussion

3.1. Phase Compositions of (Sr, Mn, Dy)2SiO4 Powders.
Figure 1 shows the XRD patterns of 1 mol% Dy·xMn (x =
0.0∼8.0 mol%) doped Sr2SiO4 powders. The overlap between
the diffraction peaks of α′-Sr2SiO4 (JCPDS no. 39-1256)
and β-Sr2SiO4 (no. 38-0271) was too much to index them
precisely, especially at about 30–32◦. Therefore, only the
diffraction peaks with clear ownership were indexed. Obvi-
ously, the phase compositions of Dy/Mn codoped powders
were almost pure α′-Sr2SiO4 when x ≤ 4.0 mol%. The
ionic radiuses of Sr2+, Mn2+, and Dy3+ are 1.12, 0.80, and
0.91 Å, respectively. Therefore, the diffraction peaks of all
samples slightly shifted to the higher angle with increasing
the substitution concentration of Mn2+ (Figure 1 (right)).
However, minor SrSiO3 and MnO2 were found when the
Mn concentration was increased to 8.0 mol%. In general, the
substitution of Mn2+ with smaller ionic radius cannot change
the crystal structure of host. However, the difference of ionic
radiuses between Sr2+ and Mn2+ is 40.0% ((1.12–0.80)/0.80,
much bigger than 15%) and the electronegativity of Mn2+

(1.55) is much bigger than that of Sr2+ (0.95), which make
the excess Mn exist in “MnO2” form [23].
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Figure 1: XRD patterns of (Sr0.99−x, Mnx)2SiO4 : Dy0.02 (x, mol%)
powders as a function of Mn2+ concentration.

When the Dy concentration was fixed at 1.0 mol%, the
codoping concentration of Mn2+ for the maximum red
emission was 2.0 mol% (see later part “3.2 Luminescence
of (Sr, Mn, Dy)2SiO4 powders”). Thus, the samples (Sr0.98−x,
Dyx)2SiO4 : Mn0.04 (x = 0.0–8.0, mol%) as a function of Dy
concentration were also synthesized to obtain the simul-
taneous maximum of the emission of Dy and Mn. Their
XRD patterns are shown in Figure 2. All Mn/Dy codoped
powders were also α′ phase. All diffraction peaks slightly
shifted to higher angle with increasing the substitution
concentration of Dy3+. In fact, the phase compositions
of all Mn/Dy codoped powders are consistent with the
regularity suggested by our previous study [17]. Without
any doping, the phase composition of host powders using
5.0 wt% NH4Cl as the flux is almost pure β phase [16].
But the smaller ions (Dy3+/Mn2+) doped or codoped pow-
ders are α′-Sr2SiO4. The doping of smaller ions within
certain concentration range is beneficial to the formation
of α′ phase. Here, the structure is still stable even though the
codoping concentration of Dy3+ reaches 8.0 mol%. However,
the codoping concentration range of Mn2+ to keep the
structure undamaged is ≤4.0 mol% in our experiments due
to the big difference of ionic radius between Mn2+ and
Sr2+. Therefore, the codoped Mn2+ ions are considered to be
effective to occupy the Sr2+ site in the range of 0.0∼4.0 mol%.

3.2. Luminescence of (Sr, Mn, Dy)2SiO4 Powders. Figure 3(a)
shows the excitation spectrum of Sr2SiO4 : Dy3+ powders
(λem = 571 nm). The excitation peaks included 349, 364,
386, 452, and 466 nm corresponding to the transitions of
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Figure 2: XRD patterns of (Sr0.98−x, Dyx)2SiO4 : Mn0.04 (x, mol%)
powders as a function of Dy3+ concentration.

6H15/2 → 4D7/2, 6P7/2, 4F21/2, 4I15/2 and 4F9/2, respectively.
The strongest excitation peak was at 349 nm. Its corre-
sponding emission spectrum (Figure 3(b)) exhibited the
typical characteristics of Dy3+ ions, including two strong
peaks centered at 477 nm and 571 nm and a weak emission
at 665 nm. The integrated intensities of blue (477 nm)
and yellow (571 nm) colors were almost equal. Figure 4(a)
shows the excitation spectrum of Sr2SiO4 : Mn2+ powders
(λem = 647 nm). The main excitation peaks centered at
371, 416, and 543 nm, corresponding to the transitions from
6A1(6S) ground state of Mn2+ to its 4T2(4G),4E(4G), and
4T1(4G) excited state, respectively. Under the excitation of
416 nm, a broad emission centered at 647 nm was observed
(Figure 4(b)). This emission was caused by the transition of
4T1(4G)-6A1(6S) and its Gauss fitting curves (dotted line)
included two peaks at 645 nm and 719 nm, which maybe
resulting from the two kinds of lattice environment of Sr2+

site (their coordination numbers were 9 and 10, resp.).
From Figure 5 (a, excitation spectrum of Mn2+) and (b,

emission spectrum of Dy3+), it can be seen that the excitation
of Mn2+ was overlapped by the emission of Dy3+, which indi-
cated that a potential energy transfer from Dy3+ to Mn2+ in
Sr2SiO4 lattice might exist. Figure 5(c) shows the excitation
spectrum of Dy/Mn codoped (Sr0.97Mn0.02)2SiO4 : Dy0.02

powders. The monitored wavelength was 647 nm for the
emission of Mn2+. However, the strong absorption of Dy3+

at 349 nm appeared which strongly indicated that the energy
transfer of Dy3+ → Mn2+ happened. In addition, the chara-
cteristic emission of Mn2+ at ∼650 nm was also clearly
observed under the excitation of 349 nm (Figure 5(d)).
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Figure 3: Excitation spectrum (a), (λem = 571 nm) and emission
spectrum (b), (λex = 349 nm) of Dy3+ in (Sr0.99, Dy0.01)2SiO4.

Though the emission of Sr2SiO4 : Dy also contained the
peak at 665 nm, the luminescence enhancement of Mn2+ at
∼650 nm further proved the energy transfer from Dy3+ to
Mn2+. The luminescence intensities of Mn2+ at 647 nm and
Dy3+ at 571 nm asynchronously changed with their concen-
tration variations shown in Figure 6 (only four concentration
pairs with dramatic change are shown). The detailed change
of the integrated intensities of 550–600 nm for Dy3+ and
635–700 nm for Mn2+ of all concentration-pairs is shown in
Figure 7.

When the concentration of Dy3+ was fixed at 1.0 mol%,
the emission intensity of Dy3+ gradually decreased with the
increase of Mn2+ concentration (Figure 7(b)) and the emis-
sion intensity of Mn2+ firstly increased and then dropped
down. The optimum concentration of Mn2+ for the max-
imum red-emission was 2.0 mol%. Therefore, the samples
(Sr0.98−x, Dyx)2SiO4 : Mn0.04 as a function of Dy3+ concen-
tration were also synthesized to obtain the strong emissions
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Figure 4: Excitation spectrum (a), (λem = 647 nm) and emission
spectrum (b), (λex = 416 nm) of Mn2+ in (Sr0.98, Mn0.02)2SiO4.

of Dy3+ and Mn2+ simultaneously. The detailed emission
change is shown in Figure 7(a). With the increase of the
concentration of Dy3+, the yellow emission intensity reached
the maximum when the corresponding concentration of
Dy3+ was 1.0 mol%. But when the red emission intensity of
Mn2+ reached the maximum, the codoped concentration of
Dy3+ was 2.0 mol%, and then the great decrease of the two
emissions occurred due to the self-concentration quenching
of Dy3+ ions. That is, the optimum concentration ranges
of Dy3+ and Mn2+ to obtain the highest yellow and red
emissions are 1.0∼2.0 mol%. From the typical emission
spectra of four concentration-pairs shown in Figure 6, it
was noted that the peak location of red emission changed
with the variation of the Dy/Mn concentrations. A red shift
occurred from 651 nm to 659 nm with the increase of Mn
concentration (b∼d) and this may be due to the exchange
interactions between Mn2+ ions [24].
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Figure 5: Excitation spectrum (a), (λem = 647 nm) of Mn2+ in
(Sr0.98, Mn0.02)2SiO4 and emission spectrum (b), (λex = 349 nm)
of Dy3+ in (Sr0.99, Dy0.01)2SiO4. Excitation (c), (λem = 647 nm) and
emission (d), (λex = 349 nm) spectra of Mn2+ in (Sr0.97, Mn0.02,
Dy0.01)2SiO4.
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Figure 6: Emission spectra of (Sr, Dy, Mn)2SiO4 with different
concentration pairs of Dy and Mn (λex = 349 nm).

The CIE chromaticity coordinates of the four con-
centration-pair powders are shown in Figure 8. They were
all in white light region. However, comparing with the
point (a), points (b, c, and d) had the purer white color
and their CIE coordinates were closer with the pure white
point (0.330, 0.330; five stars). The optimized coordinates
were (0.332, 0.326) with higher emission intensity when the
codoping concentrations of Dy3+ and Mn2+ were 2.0 mol%
and 2.0 mol%, respectively. That is, the red emission of
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Figure 7: Variations of integrated intensity of 550–600 nm for Dy3+

and 635–700 nm for Mn2+ in (Sr, Dy, Mn)2SiO4 (λex = 349 nm).

Sr2SiO4 : Dy phosphor was effectively compensated by the
codoping of Mn2+ ions, the concentration-optimizing of
Dy/Mn, and the energy transfer from Dy3+ to Mn2+.

3.3. Energy Transfer from Dy3+ to Mn2+. Figure 9 shows the
schematic diagram of energy transfer in Sr2SiO4 : Dy, Mn
powders. The excitation peaks of Mn2+ at 416 and 543 nm
(6A1(6S) → 4T2(4G)/4T1(4G)) were covered by the emission
peaks of Dy3+ at 477 nm and 571 nm (4F9/2 → 4H15/2/
6H13/2). This overlap indicates that the energy transfer
mechanism is likely to be the radiative reabsorption or
nonradiative cross relaxation. However, it could not be
the radiative transfer because the oscillator strengths of
6A1(6S) → 4T2(4D)/4T1(4G) are very weak and the resulted
energy transfer will be much weaker. Therefore, the energy
transfer is likely to be the non-radiative cross-relaxation (CR)
between the 4F9/2 → 4H15/2, 6H13/2 transitions of Dy3+, and
the 6A1(6S) → 4T2(4G), 4T1(4G) transitions of Mn2+ as
shown in Figure 9.

In order to elucidate the type of the interaction involved
in the energy transfer from the donor ions (Dy3+) to
the acceptor ions (Mn2+), the luminescence intensities of
Dy3+ and Mn2+ were integrated from the emission spectra

0.8

0.9

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

0.80.70.60.50.40.30.20.10

0.3

0.35

0.35

(a) (c) (b)

(d)

(a) 1 : 0

(b) 1 : 1

(c) 1 : 2

(d) 2 : 2

y

x

Dy : Mn (mol%)

Figure 8: CIE chromaticity coordinates of (Sr, Dy, Mn)2SiO4 with
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of Dy/Mn codoped powders according to the VanUitert’s
work [25–27]. The relationship between the luminescence
intensity of the donor ions (Dy3+) and the concentration of
the acceptor ions (Mn2+) satisfies the following formula [28]:

I

I0
=
(

1 + Axθ/3
)−1

, (1)

I0 and I are the luminescence intensity of donor ions (Dy3+)
without and with the appearance of acceptor ions (Mn2+),
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tion in (Sr0.99−x, Mnx)2SiO4 : Dy0.02; (b) log(I/x) of Dy3+ emission
versus Dy3+ concentration in (Sr0.98−x, Dyx)2SiO4 : Mn0.04.

respectively. A is a constant for one host. When the θ value
is 3, 6, 8, and 10, the interaction type is the exchange
interaction, dipoles-dipoles (d-d), dipoles-quadrupoles (d-
q), and quadrupoles-quadrupoles (q-q), respectively. The
relation curve between log(I/I0(Dy)) and log(x(Mn)) is
plotted in Figure 10(a). According to the slope of the fitted
line y1 for the curve (a), θ/3 is 1.02 and θ is 3.06. As stated
in VanUitert’s theory [25], the energy transfer from Dy3+ to
Mn2+ is realized by the exchange interaction.

In the meantime, in Huang’s theory [28] for the inter-
action type among the donor ions (Dy3+), the relationship
between the luminescent intensity (I) and the concentration
of activators (C) should be expressed as

I ∝ a1−s/dΓ
(

1 +
s

d

)
, (2)

where a = CΓ(1 − d/s)[X0(1 + A)/γ]d/s, γ is the transition
probability of the donor ions (Dy3+), d is the sample dimen-
sion (d = 3), Γ is a concentration-independent function,
and C is the concentration of the donor ions (Dy3+). s is the
electric multipoles index. When s value is 3, 6, 8 and 10, the
interaction type is also exchange interaction, d-d, d-q, and
q-q, respectively. After a mathematical operating,

I ∝ KC1−s/d, (3)

K is a concentration-independent constant. Thus, the value
of s could be obtained by the relation curve of log(I/CDy) ∼
log(CDy) plotted in Figure 10(b). According to the slope of
the fitted line y2 for the curve (b), s is approximately equal
to 4.80, which means that the d-d interaction (s = 6) as
well as the exchange interaction (s = 3) are involved in
the self-concentration quenching of the 4F9/2 → 6H13/2

transition of Dy3+ (571 nm). On the basis of a simple linear-
algebraic calculation for the s value (3m + 6(1 − m) = 4.80),
where the m value is the fraction of the exchange interaction,
about 40% of the non-radiative energy transfer occurs via

the exchange interaction. Therefore, the d-d interaction is
involved in a major way in the luminescence quenching of
Sr2SiO4 : Dy3+, Mn2+ phosphor.

4. Conclusions

In this paper, Mn2+ ions codoped Sr2SiO4 : Dy3+ phosphors
were successfully prepared by the solid-state reaction method
using NH4Cl as the flux. All Mn/Dy codoped powders were
α′-Sr2SiO4 with the slight shift of the diffraction peaks to
higher angle with the increase of the substitution concentra-
tions of Mn/Dy. The codoping concentration range of Mn2+

is ≤4.0 mol% to keep the structure undamaged. The broad
red emission of Mn2+ centered at ∼650 nm was observed
from Sr2SiO4 : Mn, Dy powders, which effectively compen-
sated the red emission of Sr2SiO4 : Dy3+ phosphor. The CIE
chromaticity coordinates dramatically changed from (0.310,
0.340) to (0.332, 0.326) due to the red enhancement via the
energy transfer from Dy3+ to Mn2+. This energy transfer
is realized through the exchange interaction. But the d-d
interaction plays a major role in the luminescence quench-
ing of Sr2SiO4 : Dy3+, Mn2+ phosphor. The concentration
optimized (Sr0.96, Mn0.02, Dy0.02)2SiO4 phosphor with almost
pure white emission has great potential to act as a single-
matrix white phosphor for white LEDs.
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