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ABSTRACT: Highly fluorescent nanomaterials have shown great potential application in optics area. However, further improving
their fluorescence properties especially for nanomaterials still remains a challenge. Specifically, luminescence of lanthanide (Ln) ions
doped two-dimensional (2D) nanosheets is seldom studied. Herein, we have prepared Ln®* (Ln = Eu, Tb) doped MgWQ, nanosheets,
and the luminescence properties of these nanosheets are obviously improved through incorporation of fluorescent carbon dots (CDs)
onto the surface of MgWO,: Ln* (CDs@MgWO,: Ln%") nanosheets. The obtained MgWOQO,: Ln** samples have a 2D nanosheet
morphology with triclinic phase, and the morphology and phase structure can be maintained after incorporating CDs onto the
nanosheets’ surface. The obtained MgWO,: Ln** nanosheets exhibit the emission characteristic of Ln® under UV light excitation,
and the fluorescence property of CDs@MgWO,: Eu®* and CDs@MgWO,: Th** nanosheets increases two and seven folds compared
to the corresponding samples without incorporation of CDs, respectively. This luminescent enhancement mechanism might be due
to the capturing electrons by CDs and existing energy transfer between CDs and luminescent Ln**. The PL enhancement through
introducing CDs provides a simple and environment-friendly strategy for further improving luminescence property of other lanthanide

ions doped nanomaterials.

1. INTRODUCTION

Since graphene was first prepared through the Scotch tape
exfoliation of graphite in 2004 by Geim’s group,* the 2D mate-
rials have been increasingly extensive researched due to their
fascinating properties and promising potential in diverse areas,
such as optics, electronics, catalysis, biomedicine and so on.®
Moreover, the unique structure characters and properties of 2D
materials also make them readily form functional 2D nano-
materials to expand their scope of applications. Hence, over a
surprisingly short period, a large number of graphene-based 2D
materials have been systematically investigated,®” and various
types of 2D materials have also been discovered. Among them,
the transition metal dichalcogenides (TMDs) are the most
prominent example, with Mo$S; as its flagship.®° Other new 2D
materials have been developed in recent years, for instance gra-
phitic carbon nitride, hexagonal boron nitride and black phos-
phorus, etc.’® It is hoped that more and more new-type
2D/quasi-2D materials would be developed and thus expanded
their application fields. On the other hand, as a wide band gap
self-activated luminescent material, MgWO, exhibits the supe-
rior optical, photochemical and photoelectronic performances,
which make it be potentially applied in many areas such as scin-
tillation, dielectric ceramic, photovoltaic devices, etc.'5” How-
ever, MgWO, with 2D/quasi-2D nanostructure has not been

reported till now, furthermore, there are only few literatures
about lathanide (Ln) ions doped MgWO, and the luminescent
properties of these materials are not systematically investigated.
For instance, Eu®* doped MgWO, nanoparticles were synthe-
sized as a red phosphor,® Er**/Yb** co-doped MgWO, rod-like
grains were reported, presenting dual-mode emission and tem-
perature sensing properties,’® 3D flower-like MgWO,: Eu®* hi-
erarchical structures were prepared, exhibiting fluorescence en-
hancement through introduction of carbon dots.?°

In general, lanthanide ions doped nanomaterials often suffer
from lower luminescence quantum efficiency due to their sur-
face defects, low molar absorptivity, narrow absorption band,
etc.2+22 The luminescence properties of lanthanide ions doped
MgWO, with 2D/quasi-2D nanostructure might be mainly af-
fected by the surface defects because of its thickness at nano-
scale. Some viable methods have been used to enhance the lu-
minescence property of lanthanide ions doped nanomaterials.
For example, sensitizing GdVO,: Ln®* by organic ligands,?
forming core/shell structure on the luminescence,? 2 plas-
monic enhancement of upconversion luminescence and so on.?®
28 |t is known that carbon dots as a kind of new functional ma-
terials possess lots of excellent properties, such as hypotoxicity,
chemical durability, good biocompatibility, etc.,?% it can be
widely applied for various fields for example imaging,



biosensing, optoelectronic devices, drug delivery, photocataly-
sis and so on.®" The investigations have confirmed that the
combination of CDs with other materials could prominently en-
hance the performance of the original materials, such as Li-ion
storage of TiO, nanoribbon,*® NO, sensing performance of re-
duced graphene oxide,* photocatalytic activity of WS,,*° me-
chanical properties of hyperbranched epoxy,* multifunctional
properties of composite materials,*> etc. However, there are
rarely literatures to enhance the fluorescence performances of
lanthanide ions doped nanomaterials through using CDs (e.g.,
Eu®* doped LaFs-CDs nanocomposites*® and CDs@MgWOs,:
Eu®* hierarchical structures?).

In our previous work, we have prepared 3D flower-like
MgWO,: Eu®* hierarchical structures, discussed the growth
mechanism of flower-like morphology, and found the lumines-
cent enhance phenomenon of MgWO,: Eu®* flowers through in-
corporation of fluorescent carbon dots (CDs).° In this work,
MgWO,: Ln** (Ln = Eu, Th) nanosheets were successfully syn-
thesized by a simple hydrothermal method. The phase structure,
morphology and fluorescence performances were investigated
and the synthesis conditions of MgWO,: Ln®*" nanosheets were
optimized. The variety and concentration of the doping Ln®*
ions have little effect on the nanosheet morphology and phase
structure of the obtained samples. Interestingly, the photolumi-
nescence (PL) properties of the obtained MgWO,: Ln®*
nanosheets could be obviously enhanced by introducing CDs
onto the surface of nanosheets to form CDs@MgWO,: Ln®**
nanosheets. Compared to the MgWO,: Eu®" and MgWO,: Th**
nanosheets, the PL emission intensities of CDs@MgWO,: Eu®*
and CDs@MgWO,: Th** nanosheets increased two and seven
folds, respectively. The combination process between CDs and
MgWO,: Ln* (Ln = Eu, Th) nanosheets was analyzed based on
FTIR and XPS analysis, TEM and HRTEM images, SAED pat-
terns, etc. The luminescent enhancement mechanism was dis-
cussed according to the energy levels of Ln®* ions and CDs.
This investigation develops a synthesis technique for new 2D
materials, and provides a feasible strategy for improving lumi-
nescence property of Ln®" ions doped nanomaterials as well.

2. EXPERIMENTAL SECTION

2.1. Materials. All chemicals were used without further purification.
Mg(NOs)2-6H20 (Analytical reagent, AR, 99.0%) was obtained from
Zhengzhou Spake Technology Co., Ltd, China; Na2WOs-2H20 (AR,
99.5%) was acquired from Tianjin Basf Chemical Co., Ltd, China; Cit-
ric acid (AR, 99.8%) and urea (AR, 99.0%) were purchased from Tian-
jin Kaitong Chemical Reagent Co., Ltd, China; Eu(NOas)s3-6H20 (AR,
99.9%) and Th(NOs3)3-5H20 (AR, 99.9%) were purchased from Alad-
din Chemicals.

2.2. Preparation of MgWO,: Ln®* (Ln = Eu, Th) Nanosheets.
MgWOs: Ln®* (Ln = Eu, Th) nanosheets were synthesized by a simple
hydrothermal method. First, a total amount (1.0 mmol) of
Mg(NOs)2-6H20 and Eu(NOs)3-6H20/Tb(NOs)3-5H20 with a desired
molar ratio were dissolved in 10.0 mL of distilled water to form a clear
solution, and then 20.0 mL of aqueous solution containing 1.0 mmol of
Na2WO4-2H20 was added into the above solution, and the obtained
mixture was continuously stirring for 15 min. Subsequently, the pre-
pared suspension was transferred into a 50 mL of Teflon-lined stainless
autoclave, and the autoclave was sealed and maintained at 180 °C for
12 h. After heating, the autoclave was cooled to room temperature, and
the obtained white precipitate was washed using distilled water and eth-
anol for several times. Finally, the samples were dried at 80 °C for 12
h to obtain MgWOu: Ln®* (Ln = Eu, Th) nanosheets.

2.3. Preparation of CDs@MgWO,: Ln* (Ln = Eu, Th)
Nanosheets. CDs were prepared according to a previous reported
method, using citric acid as the carbon source in the presence of urea.*

The fabrication of CDs@MgWOa: Ln®* (Ln = Eu, Tb) nanosheets is
similar to MgWOu: Ln®* (Ln = Eu, Th) nanosheets. Before the prepared
suspension was transferred into a 50 mL of Teflon-lined stainless auto-
clave, the different amount of 0.029 g mL™* CDs solution was added
into the suspensions and stirred for a given time, respectively. Then the
mixture containing CDs was transferred into a 50 mL of Teflon-lined
stainless autoclave, and the other procedure is similar to mentioned
above.

2.4. Characterizations. The X-ray powder diffraction (XRD,
Bruker D8) was used to characterized the phase structure of the ob-
tained samples under a scanning rate of 6°/min with Cu Ka radiation (A
= 0.154056 nm). The morphology and energy dispersive X-ray spec-
troscopy (EDX) were observed using scanning electron microscope
(SEM) (FEI Quanta 200). The bright field TEM image and selected
area electron diffraction (SAED) pattern were obtained by a JEOL-
2011 transmission electron microscope at an acceleration voltage of
200 kV. PL spectra and lifetime were recorded using an FLS920P Ed-
inburgh Analytical Instrument apparatus equipped with a 450 W xenon
lamp, a uF900H high-energy micro-second flash lamp and a 360 nm
laser diode as the excitation sources. The quantum efficiency (QE) was
measured by an integrating sphere whose inner face was coated with
BenFlect equipped with a spectrofluorometer. The slit widths for the
excitation and emission were 5.0 and 0.2 nm, respectively. The step
size was 0.2 nm and the integration time was 0.3 seconds. Fourier trans-
form infrared spectroscopy (FTIR) was carried out within KBr slices in
the 4000-400 cm™ range using a Nexus 912 AO446 infrared spectrum
radiometer. X-ray photoelectron spectroscopy (XPS) measurements
were performed using a Thermo Scientific Escalab 250 spectrometer
(Escalab 250Xi) operated at 120 W. UV-vis diffuse reflectance spectra
(DRS) were recorded at room temperature using a UV-2600 spectro-
photometer.

3. RESULTS AND DISCUSSION

3.1. MgWOs: Ln* (Ln = Eu, Tb) Nanosheets. The mor-
phology and phase structure of the obtained MgWO,: Ln®" (Ln
= Eu, Th) nanosheets were analyzed by SEM, TEM and XRD
technique. The SEM images of the representative MgWO4:
5%Eu®* sample is shown in Figure 1a and Figure 1b. It is found
that MgWO,: 5%Eu®* sample is consisted of thin nanosheets
with the length and width at micron scale and the thickness of
about 25 nm. When Eu®** doping concentration was gradually
changed from 1% to 15%, the thin nanosheet morphology of
MgWO,: Eu** samples can be maintained except for the
MgWO,: 15%Eu®* sample with slightly thicker thickness (Fig-
ure S1). The phenomenon that the thin nanosheet morphology
can be kept with changing the doping concentration from 1% to
10% is similar to that of MgWO,: xTh®" samples, as shown in
Figure S2. This indicated that the variety and doping concentra-
tion (below 15%) of the doped rare earth ions have little influ-
ence on the morphology of MgWO,: Ln* nanosheets. The
XRD results of MgWO,: Eu* nanosheets with various doping
concentrations were given in Figure S3. The results indicated
that the as-prepared MgWO,: Eu®* nanosheets are mainly com-
posed of triclinic phase structure of MgWOQy,, and the diffraction
peaks of these samples with the different Eu* doping concen-
trations are consistent with the standard card of MgWO, (PDF#
45-0412). This suggested that the phase structure of MgWO4,:
Eu®* nanosheets is almost not affected by the doping concentra-
tion of Eu®* ions. As expected, the variety of doped Ln** has
also less effect on the phase structure of MgWO,: Tb%
nanosheets, which can be seen from the XRD results of
MgWO,: Th3* nanosheets (Figure S4). In the triclinic structure
of Ln* (Ln = Eu, Tb) doped MgWOQ,, the ionic radii of Eu®*
(0.0947 nm) and Th** (0.0923 nm) ions are adjacent to that of
Mg?* (0.072 nm) ions with 6 CN (CN = coordination number).
Hence, Eu® and Tb®* ions are very likely to substitute for Mg?*



ions in MgWO, crystal. Considering the different oxidation
states of doping Ln®* and Mg?* ions, the Ln®* ions would adopt
the charge non-equivalently substituting for the Mg?* sites, and
the positive charge would be excess in the host lattice of
MgWO,, which makes charge compensation necessary. One
possible charge compensating pattern is 2Ln% (Ln = Eu, Th)
ions substituting for 3Mg?* ions to create 2Lng;, positive de-

fects and Vy, negative defect: 2Ln3*" + 3Mg?" —2Lngj,+ Vyg.
4,46 As a consequence, the oxygen ions adjacent to the Mg?*
ions might slight deviate from the initial lattice sites in MgWO4
crystals structure.*®

Figure 1. (a, b) SEM images, (c) TEM and (d) HRTEM images
and SAED pattern (c, inset) of MgWO4: Eu®* nanosheets. (e) The
STEM-HAADF image of an individual MgWOs: Eu®* nanosheet
and EDS element mappings of Mg, W, O and Eu elements.

To investigate the microstructure of the obtained MgWO4,:
Ln®* (Ln = Eu, Th) nanosheets, the representative MgWO,:
5%Eu®* nanosheets were observed by TEM image (Figure 1c),
It is found that the MgWO,: 5%Eu®* sample displays a thin
nanosheet like other 2D materials (graphene, MoS, etc.). The
corresponding SAED pattern in the left inset obtained from an
individual nanosheet gives a clear periodic arranged diffraction
pattern, and can be indexed to the (01-1), (-111) and (-102)
planes of MgWO, with triclinic phase structure. The HRTEM
image of MgWO,: 5%Eu®* nanosheet (Figure 1d) exhibits a sin-
gle crystalline feature, and the values of interplanar spacings are
0.626 and 0.358 nm, which are assigned to the (01-1) and (-
111) planes of MgWO,. The STEM-HAADF images (Figure 1e)
shows the morphology of an individual MgwO,: Eu®
nanosheet. The EDS elemental mappings indicate that obtained
nanosheets are consisted of Mg, W, O and Eu elements. As for

MgWO,: Th* nanosheets, the morphology and single crystal-
line feature, SAED patterns, STEM-HAADF, and EDS ele-
mental mappings are similar to that of MgWO,. Eu®
nanosheets, as given in Figure S5.
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Figure 2. PL excitation (left) and emission (right) spectra of (a)
MgWOs: Eu®* and (b) MgWOs: Th®* nanosheets, and the lumines-
cent decay curves of (c) MgWOs: Eu®* and (d) MgWOs: Th3*
nanosheets.

The as-prepared MgWO,: Ln* (Ln = Eu, Tb) nanosheets ex-
hibited the characteristic emission of the doping rare earth ions
under ultraviolet light. To further compare the difference in op-
tical properties of MgWO, nanosheets and 3D flower-like
MgWOy hierarchical structures (in our previous report) with the
same doping concentrations of Eu®*, the luminescent intensities
and luminescence decay curves were investigated, as shown in
Figure S6. It is found that 3D flower-like MgWO,: 5%Eu®*
shows a stronger emission intensity than that of the MgWO,:
5%Eu® nanosheets under the different excitation of 263 nm
(Figure S6a) and 394 nm (Figure S6b) UV light. The decay
curves for these two samples can be fitted into a double expo-
nential behavior (Figure Séc, Figure S6d) and a single exponen-
tial behavior (Figure S6e, Figure S6f) under the excitation of
263 and 394 nm UV light. The values of lifetime of MgWO.:
5%Eu®* nanosheets (Figure S6c, 0.33 ms; Figure S6e, 0.27 ms)
are smaller than that of 3D flower-like MgWOQ,: 5%Eu®* hier-
archical structures (Figure S6d, 0.44 ms; Figure S6f, 0.36 ms).

As mentioned above, the nanosheet morphology and phase
structure of MgWO,: Ln®" (Ln = Eu, Tb) samples were almost
not affected by the doping concentration of Ln®, whereas their
luminescence properties were obviously affected by the doping
concentration. The amount of defects come from the substitu-
tion of doped Ln®* for Mg?* would be gradually increased with
increasing of Ln®* doping concentrations, so their luminescence
properties must be affected by the amount of defects that might
be acted as the luminescence quenching centers. The PL emis-
sion spectra of MgWO,: x%Eu®* (x=0, 1, 3, 5, 8, 10, 12, 15)
nanosheets under the excitation of 263 nm UV light as shown
in Figure S7a. It is found that the emission intensities increases
gradually with increasing of Eu® doping concentrations,
reaches a maximum at 12%, and then decreases. However, the
opposite results can be observed in WO, groups at 490 nm as
shown in Figure S7b. The changing trend of the PL emission
spectra of MgWO,: Tb3* nanosheets is similar to MgWO,: Eu®*
nanosheets, except for reaching a maximum at 8% (Figure S7c).
The emission intensity of MgwWO,: Ln* (Ln = Eu, Th)



nanosheets firstly increases with increasing of doping concen-
tration is mainly due to the increase of luminescent centers,
though the amount of defects as luminescence quenching in-
crease simultaneously which might not act the main role. The
decreasing of the emission intensity after reaching a maximum
with further increasing the doping concentration might be at-
tributed to the concentration quenching effect and the increas-
ing defects when Eu®* and Tb®" at relatively higher doping con-
centrations.?

In the subsequent discussion, the MgWO,: 12%Eu®* and
MgWO,: 8%Tb** nanosheets with optimized luminescence
properties were selected as the representative samples to inves-
tigate the luminescence properities, formed composite, lumi-
nescence enhancement effect and so on. Figure 2a gives the PL
excitation and emission spectra of the representative MgWO4:
12%Eu®" nanosheets, the excitation spectrum (Figure 2a, left)
contains a broad band excitation peak at 263 nm is attributed to
the absorption of WO,>~ group and charge transfers of (Eu, W-
0).47 The sharp excitation peaks are assigned to the "Fo->Hg (319
nm), "Fo-*D4 (363 nm), "Fo-°L7,5G; (382 nm), "Fo-°Ls (394 nm),
"Fo-°D3 (415 nm), and "Fo-°D; (464 nm) transitions of Eu®* ions,
respectively.*® The emission spectrum (Figure 2a, right) excited
at 263 nm shows characteristic emission peaks of Eu®* (°Do-"F,
"F,, 'Fs, 'F4 ) with wavelength ranging from 500 to 750 nm.*
As for MgWO,: Th®* nanosheets, the PL excitation and emis-
sion spectra of the representative MgWO,: 8%Tb*" nanosheets
were given in Figure 2b (left) and (right), respectively. It is

observed from Figure 2b (left) that the excitation spectrum also
contains a broad band excitation peak, which is assigned to
WO,*" absorption and W-O charge transfers (CT),*° and other
excitation peaks belongs to "Fs-°G; (335 nm), "F¢-°D, (353 nm),
"F6 -G (370 nm) and "Fe -°D3 (378 nm) transitions of Th%*
ions.5! The PL emission spectrum corresponds to the character-
istic emission 5D4-"Fs (490 nm), 3D,-"F5 (546 nm), °D4-"F4 (587
nm) and 3D4-"F; (622 nm) of Th3* ions.5!

In addition, the PL spectra of undoped MgWO, nanosheets is
measured as shown in Figure S8a, and they are composed of
broad excitation and emission bands with maximum at 263 nm
(Figure S8a, left) and 490 nm (Figure S8a, right), respectively.
The luminescence decay curves of undoped MgWO, host ma-
terials and MgWO,: Ln®* (Ln = Eu, Th) nanosheets (Aex = 263
nm, Aem = 490 nm) can be well fitted into a single exponential
function. However, the lifetime values of MgWO,: 12%Eu®*
nanosheets (Figure S8c, 4.8 ps) and MgWO,: 8%Tb%*
nanosheets (Figure S8d, 5.4 ps) are shorter compared to the un-
doped MgWO, nanosheets (Figure S8b, 11.14 us), suggesting
the energy transfer from WO, to the doping Ln®". It can be
seen that the luminescent decay curves of MgWOQ,: 12%Eu®*
(Figure 2¢, hex = 263 NM, Aem = 614 nm) and MgWO,: 8%Th**
(Figure 2d, Aex = 263 nm, Aem = 546 nm) nanosheets are well
fitted into a double exponential function as shown in equation
(1),%% which is derived from the energy transfer between differ-
ent luminescence centers (WO, groups and doping Ln®").
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Figure 3. Schematic illustration of the synthesis of CDs and the formation process of CDs@MgWOus: Ln3* (Ln = Eu, Tb) nanosheets.

I = A; exp(-t/ty) + Az exp(-t/t2) 1)
Where 1 is the emission intensity; 1; and 1, are the fast and slow
components of the luminescent lifetime, respectively; A; and A,
are the corresponding fitting parameters. The average lifetime
can be determined by the formula according to equation (2).%

T= (A1’512+ Aoty 2)/(A1T1+ Asto) )

Through the fitting calculation, the average lifetimes of
MgWO,: 12%Eu®* and MgWO,: 8% Th** nanosheets are 0.39
and 0.10 ms, respectively.

3.2. CDs@MgWOs: Ln* (Ln = Eu, Th) Nanosheets. To
further enhance the luminescent performance of MgWO,: Ln®*
nanosheets, the fluorescent CDs were incorporated onto
MgWO,: Ln** nanosheets to form CDs@MgWO,: Ln*
nanosheets. The diagram of the formation process of CDs and
CDs@MgWOy: Ln** (Ln = Eu, Tb) nanosheets were shown in
Figure 3.

Firstly, CDs were synthesized by same method in our previ-
ous report.?® The XRD pattern of the obtained CDs shown in
Figure 4a is composed of a broad peak centered at 26 = 25.6°,
which is the characteristic peak of amorphous phase CDs.5 The



PL spectra of the obtained CDs were given in Figure 4b. The
excitation (Figure 4b, left) and emission (Figure 4b, right) spec-
tra are composed of a broad band with a maximum at 440 nm
and 510 nm. This is a typical luminescence characters of CDs,
and the broad excitation and emission spectra are mostly related
to the surface states of CDs.5*® The TEM image of the obtained
CDs (Figure 4c) displays a uniform and dispersed spherical par-
ticles with the size around 3-5 nm. And the HRTEM image (Fig-
ure 4d) shows that lattice spacing of CDs is about 0.32 nm,
which is consistent with the (002) plane of carbon dots.
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Figure 4. (a) XRD pattern, (b) PL excitation and emission spec-
tra, (¢) TEM and (d) HRTEM images of the as-prepared CDs.

From the synthesis procedure of CDs (Figure 3), it was found
that citric acid and urea were ionized in the solution firstly, then
they formed polymer-like CDs by dehydration-condensation re-
action.* Finally, the CDs were formed from polymer-like CDs
through the carbonization process. Hence, the obtained CDs
have abundant —OH, —-COOH, —NH,, etc. functional groups on
its surfaces, this can be confirmed by FTIR spectrum (Figure
5a) that will be discussed in subsequent section. It is these func-
tional groups that could provide driving force for the combina-
tion of CDs with MgWO,: Ln** nanosheets. As shown in Figure
3, the suspension of MgWO,: Ln®" precursors was mixed with
the solution of CDs. The functional groups including —OH, —
COOH, —NH; on the CDs’ surface would be combined with —
OH groups on the surface of MgWO,: Ln®*" precursors. After
hydrothermal treatment, the CDs were incorporated onto the
surface of MgWO,: Ln®** nanosheets to form CDs@MgWO.:
Ln® nanosheets finally.
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Figure 5. FTIR spectra of (a) CDs, (b) CDs@MgWO4: Eus*
nanosheets, (c) MgWOa: Eu®* nanosheets and (d) the magnified
area of Figure 5a and Figure 5b in the range of 1500-800 cm-L.

The combination of CDs with MgWOsa: Ln®* nanosheets can be
directly/indirectly confirmed by FTIR, TEM, HRTEM, SAED pat-
tern, XPS, PL spectrum. The FTIR spectra of CDs as shown in Fig-
ure 5a, The peaks located at 3420 cm™* and 3198 cm™* are assigned
to the vibrations of -OH and N-H.® The stretching vibrations of
C=0 (from —-COOH ) and C-O can be identified by the peaks at
(1765, 1650 cm™) and (1299, 1050 cm™t), respectively.>” The other
vibration peaks at 1393, 1122 and 1573 cm* belong to C-O-C, C-
NH-C and N-H groups, respectively.5® This reveals that the nega-
tively charged carboxyl and hydroxyl groups are mainly functional
groups in obtained CDs. The FTIR spectrum OF MgWOas: 12%Eus*
nanosheets (Figure 5c) shows the typical absorption features of
MgWOs, the absorption peaks at 417, 674 and 860 cm™ are as-
signed to the (Mg-O, O-W-0, W-0) bond stretching, respec-
tively.5® When CDs were combined with MgWO.: 12%Eu*
nanosheets to form CDs@MgWO4: 12%Eu3* nanosheets, the FTIR
spectrum shown in Figure 5b still exhibits the typical absorption
features of MgWOu. The two peaks at (3424, 1642 cm™) can be
ascribed to the —OH vibration from remaining crystalline water.5
From the magnified image (Fig 5d) in the range of 1500-800 cm'?,
there are two similar peaks at 1393 and 1050 cm™ existing in the
FTIR spectra of CDs and CDs@MgWOs: 12%Eu®* nanosheets.
Hence, to some extent, this result suggests that the CDs have been
incorporated onto MgWOa: 12%Eu®* nanosheets.

The combination of CDs and MgWOa: Ln®* nanosheets could be
direct confirmed by TEM technique. Figure 6 showed the TEM im-
ages, SAED patterns, HRTEM images of MgWOa4: 8%Th%*
nanosheets (left) and CDs@MgWO4: 8%Th® nanosheets (right). It
is found that there are many black dots (CDs) on the nanosheet for
CDs@MgWOs: Th®* sample (Figure 6d), and the average size of
these CDs is around 3.8 nm, the size is in agreement with the ob-
tained CDs (Figure 4c). Comparing to TEM image of MgWOa: Th3*
nanosheets (Figure 6a), it indicates that the CDs have been incor-
porated onto MgWOs: Th** nanosheets. The SAED pattern of sin-
gle MgWOa4: Th® nanosheets (Figure 6b) should be assigned to the
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Figure 6. (a, d) TEM images, (b, e) SAED patterns, (c, f)
HRTEM images of MgWOa4: Tb3 nanosheets (left) and
CDs@MgWOs: Th® nanosheets (right).

(01-1), (-111) and (-102) planes of MgWO4 crystal with triclinic
phase structure, which is consistent with the XRD results. As
for CDs@MgWO,: Th** nanosheets, the SAED pattern (Figure
6e) includes both of the (01-1), (-111) and (-102) planes of
MgWO; crystal and the (100) and (103) planes of CDs (denoted
by arrows). This result also proves the incorporation of CDs
onto the surface of MgWO,: Tb®" nanosheets. The HRTEM im-
age of MgWO,: Th®* nanosheet (Figure 6c) exhibits a single
crystalline feature, and the values of interplanar spacings are
0.626 and 0.358 nm, which are identical to the (01-1) and (-111)
facet distance of bulk MgWO, powders, respectively. From the
HRTEM image of CDs@MgWO,: Tb* nanosheet (Figure 6f),
besides the planes of MgWO,: Th* nanosheet, the planes of
CDs can also be clearly observed, as denoted by arrows. For
MgWO,: 12%Eu®*" nanosheets, the CDs could be incorporated
onto the surface of MgWO,: Eu®** nanosheets to form
CDs@MgWO,: Eu® nanosheets as well. This can be confirmed
by TEM technique, as shown in Figure S9.

To further investigate the incorporation of CDs onto the sur-
face of MgWO,: Ln®" nanosheets, the surface chemical compo-
sitions of the representative CDs@MgWO,: 12%Eu®*
nanosheets were analyzed by X-ray photoelectron spectroscopy
(XPS). As shown in Figure 7a, the full range XPS spectrum is
composed of the peaks at 37, 285, 400, 532, 1164, and 1303 eV,
which are attributed to W 4f , C 1s, N 1s, O 1s, Eu 3d and Mg
1s, respectively. The high-resolution XPS of C 1s (Figure 7b)
can be divided into three main peaks at 283.6, 285.1, and 287.5
eV, associated with C-C (sp?>~C), C-O (oxygen in hydroxyl),
and C=0 (carboxyl) groups, respectively.®162 The three peaks at
532.8, 531.4 and 530.2 eV in the high-resolution XPS of O 1s
(Figure 7c) can be assigned to C-0, C=0 and O—-metal (bond to
magnesium and tungsten atoms, Mg-0, W-0).%° This analysis
indicates that there are still plenty of hydroxyl and carboxyl
groups on the surface of CDs@MgWO:
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Figure 7. (a) XPS spectrum of CDs@MgWOas: Eu®* nanosheets
and the corresponding high-resolution XPS spectra of (b) C 1s, (c)
O 1s, (d) Mg 1s, (e) W 4f, (f) Eu 3d and (g) N 1s.

12%Eu®*" nanosheets, confirming the successful incorporation
of CDs onto MgWO,: Eu®* nanosheets, which is consistent with
the results of FTIR spectra (Figure 5). In addition, the peak at
1303.66 eV (Figure 7d) is related to Mg 1s,% and the peaks at
35.25 and 37.42 eV (Figure 7e) are assigned to W 4f,; and W
4fy5,%* respectively. The high-resolution XPS of Eu 3d (Figure
7f) has two peaks: the peak around 1134.4 eV corresponds to
Eu’* 3dsp2, and the peak at 1164.1 eV is a satellite peak.®® The
weak peak at 399.9 eV corresponds to N 1s (Figure 7g).¢ For
CDs@MgWO,: 8%Tb%* nanosheets, the full range XPS and the
corresponding high-resolution XPS of C 1s (284.8 eV), O 1s
(530.4 eV), Mg 1s (1303.8 eV), W 4f (37 eV), Tb 3d (1242.1
eV) and N 1s (397.4 eV) were shown in Figure S10.

3.3. The Luminescence Enhancement Effect and Enhanced
Mechanism. The incorporation of CDs onto the surface of
MgWO4: Ln3* nanosheets to form CDs@MgWO.: Ln®* nanosheets
could prominently enhance the luminescence properties of these
original nanosheets. Figure 8a showed the PL excitation spectra of
MgWO4: 12%Eu®* nanosheets (black line) and CDs@MgWOs:
12%Eu®* nanosheets (red line). It can be seen that the excitation
spectrum intensity of CDs@MgWOa: 12%Eu* nanosheets is obvi-
ously increased compared with that of MgWOas: 12%Eu®*
nanosheets for both of the broad excitation band (Eu-O and W-O
charge transfers) and the sharp excitation peaks of Eus* ions. It can
be observed from the PL emission spectra (Figure 8b) that the emis-
sion intensity (614 nm) of CDs@MgWO4. 12%Eu®* nanosheets



(red line) increases more than 2.5 times than that of MgWOu:
12%Eu3* nanosheets (black line). Correspondingly, under the irra-
diation of 263 nm UV light, the luminescence photograph of
CDs@MgWOa4: 12%Eus* nanosheets (insets, right) is obviously
stronger than that of MgWOa: 12%Eu3* nanosheets (insets, left) by
naked eyes. The photoluminescence quantum yield increases from
9.07% for MgWOa: 12%Eu?" nanosheets without incorporation of
CDs t0 10.65% for CDs@MgWO4: 12%Eu®* nanosheets. Under the
excitation of 394 nm UV light (Eu®* "Fo-5Ls transition), the emis-
sion of CDs@MgWO4: 12%Eu®* nanosheets also enhanced obvi-

ously, as shown in Figure S11.
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Figure 8. (a) excitation and (b) emission spectra of MgWOu:
12%Eu3* (black line) and CDs@MgWO4: 12%Eu®" (red line)
nanosheets, PL (c) excitation and (d) emission spectra of MgWO4:
8%Tb% (black line) and CDs@MgWOs: 8%Th3* (red line)
nanosheets (Insets are the corresponding luminescence photographs
of MgWOa4: Ln®* (left) and CDs@MgWO4: Ln3* (right) nanosheets
under the irradiation of 263 nm UV light). The luminescent decay
curves of (€) CDs@MgWOa: 12%Eu®* and (f) CDs@MgWOu:
8%Th3* nanosheets.

The luminescent enhancement effect through the incorporation
of CDs for MgWOu: Th®* nanosheets is similar to MgWOa: Eu®*
nanosheets. Figure 8¢ and Figure 8d gave the PL excitation and
emission spectra of MgWO4: 8%Th% nanosheets (black line) and
CDs@MgWOs: 8%Tb3* nanosheets (red line). It can be seen that
the excitation and emission intensity of CDs@MgWOs: 8%Tb%*
nanosheets are five and seven times stronger than that of MgWOa:
8%Tb3* nanosheets respectively, and the luminescence photograph
of CDs@MgWOs: 8%Th%* nanosheets (insets, right) is brighter
compared to MgWOa: 8%Tb3* nanosheets (insets, left) under the
irradiation of 263 nm UV light. The corresponding quantum yield
is also improved from 6.12% for MgWOa: 8%Tb%" nanosheets to
7.84% for CDs@MgWOa4: 8%Tb3** nanosheets. Compared the lu-
minescence enhancement strategy through incorporation of CDs
with other methods reported by literatures, such as sensitizing
GdVOa: Ln®* (Ln = Dy, Eu) by organic ligands modification (the
emission intensity increases about 1.5 folds),?® forming CePOus:
Th®/LaPO4 core/shell nanowires (4 folds).?* 25 It can be seen that

the luminescence enhancement through incorporation of CDs is an
effective and feasible strategy. In addition, the CDs@MgWOu:
Th® nanosheets (7 folds) exhibited a higher enhancement than that
of CDs@MgWO4: Eu* nanosheets (2.5 folds) compared to the cor-
responding samples without incorporation of CDs. According to
Dexter’s theory, the efficiency of the energy transfer between CDs
and Ln3* ion in CDs@MgWOa: Ln® nanosheets is very sensitive
to the energy difference between the excited state energy level of
CDs and the energy level of Ln®* ion.®” Hence, the higher enhance-
ment for CDs@MgWOa: Tb®* nanosheets might be due to the en-
ergy difference between the excited state energy level (O = *) of
CDs and the energy level of Tb®* (°D4) could well match the energy
required for the transition from CDs to Tb®" ion,” which might lead
to energy transfer from excited state energy level (O = *) of CDs to
Th® (°Da) is preferred to that of CDs to Eu®* (°Doy).

It should be noted that the present results of luminescence en-
hancement could be further improved through altering the combin-
ing conditions such as the amount of CDs, reaction time, combina-
tion procedure, etc. For example, the addition amount of CDs solu-
tion has obvious effect on the emission intensity of MgWOQOa: Ln3*
nanosheets, as shown in Figure S12. The PL emission intensity of
MgWOs: 12%Eus* nanosheets (Figure S12a) gradually increased
with increasing of the amount of CDs solution, and reached maxi-
mum at the amount of 0.5 mL. As for MgWOa: 8%Th?* nanosheets,
the PL emission intensity gradually increased with increasing of the
amount of CDs solution from 0.1 mL to 1.0 mL (Figure S12b). The
luminescent decay curves of CDs@MgWOa: 12%Eu® and
CDs@MgWOs: 8%Th®* nanosheets were given in Figure 8e and
Figure 8f, respectively. These two luminescent decay curves are
well fitted into a double exponential function, and the average life-
times of CDs@MgWOs: 12%Eu®* and CDs@MgWOa4: 8%Th3*
nanosheets are 0.49 and 0.16 ms respectively, which are slightly
increased compared with the corresponding samples without incor-
poration of CDs (Figure 2c, 0.39 ms; Figure 2d, 0.10 ms).

To further understand the luminescence enhancement after incor-
poration of CDs, the PL emission spectra of CDs (black line),
MgWO4: 12%Eu® nanosheets (blue line) and CDs@MgWOs:
12%Eu3* nanosheets (red line) were studied and compared upon the
excitation of CDs (Aex = 440 nm), as shown in Figure S13a. For
CDs@MgWOa4: 12%Eu®" nanosheets, the emission spectrum is
composed of a broad band of CDs and the characteristic sharp lines
of Eu®*. However, under the identical excitation conditions, the PL
emission spectrum of MgWO4: 12%Eu* nanosheets only exhibits
very weak emission of Eu®*. The similar situation is found in the
CDs@MgWOa4: 8%Th% system, as shown in Figure S13b. This
suggests that the CDs could be successfully introduced into
MgWOs: Ln3* nanosheets and the energy transfer might be oc-
curred between CDs and MgWO4: Ln3* nanosheets. In addition, the
UV-vis diffuse reflectance spectra (DRS) of MgWOas: Ln® and
CDs@MgWOa4: Ln3* are shown in Figure S14. It is found that
CDs@MgWOa4: 12%Eud* (Figure S14a) and CDs@MgWOu:
8%Thb3* (Figure S14b) nanosheets show an analogous absorption
profile in the range of 200—650 nm but stronger absorption intensity
compared with the corresponding samples without incorporation of
CDs. The energy transfer from CDs to MgWOas: Ln3* in
CDs@MgWOs: Ln®* nanosheets could be confirmed by the decay
curves of CDs luminescence before and after incorporation onto the
MgWOs4: Ln% nanosheets. Figure 9 gives the luminescent decay
curves of CDs, CDs@MgWOa: 12%Eu®* and CDs@MgWOu:
8%Tb®* nanosheets. As shown in Figure 9a, the luminescent decay
curve of CDs can be well fitted into a single exponential function |
= loexp (-t/t). According to the fitting calculation, the lifetime value
of CDs is about 7.73 ns. As for CDs@MgWOs: 12%Eu®* and
CDs@MgWOa4: 8%Tb3* nanosheets, the decay curves of CDs lu-
minescence are well fitted into a double exponential function, not a



single exponential function, as shown in Figure 9 (b) and (c) respec-
tively. The double exponential decay behavior is usually observed
in the luminescent materials occurred energy transfer phenomenon.
Determined by equation (1) and (2), the average lifetimes of CDs
luminescence in CDs@MgWOas: 12%Eu®* and CDs@MgWOu:
8%Th3* nanosheets are about 2.31 and 2.25 ns respectively, which
is lower than that of pure CDs, indicating the existence of energy
transfer between CDs and MgWOs: Ln®* nanosheets.

The luminescence enhancement mechanism was proposed and
discussed according to the energy level structure of WO4% group,
Eud*, Th®, and CDs. 5068 The luminescence and energy transfer
process in CDs@MgWOa: Ln®* are schematically shown in Figure
10. Upon excitation with 263 nm UV light, the electrons in the
ground state (*A1) are excited into the 'B(*T2) level of WO4%, where
the electrons might relax to its lowest excited 'B(*T2) level of WO.%,
producing the emission by transition to the A level of WO4%. At
the same time, the excitation energy in the 'B(*T2) level of WO4>
might transfer to the D3 or higher levels of Th%* by a resonance
process for CDs@MgWOs: Th®* nanosheets. The ener gy levels at
5Ds or higher levels of Th® could either be transferred to the D4
energy level of the adjacent Th®* through a cross relaxation process,
or be effectively captured by the energy level of CDs and then trans-
ferred to °D4 energy level of Th**. Thus, the amount of electrons in
D4 energy level of Th® would be increased and the emission orig-
inated from the 5D4 level to ground states of Th** ("Fs, ’Fs, ‘F4 and
F3) would be enhanced. In addition, the CDs could also be excited
by light of certain energy and the electrons are transferred from C
n (HOMO) to C n* (LUMO+2) energy level, where either the elec-
trons relax to the lowest excited O n* (LUMO) energy level of CDs
with the process of intermediate process (C n*-N 7*, and N n*-O
n*) by vibration relaxation, producing the emission of CDs by the
transition to the C = (HOMO) energy level,®® or the excitation en-
ergy transfers from O n* energy level of CDs to °Da energy level of
Tb3*, which also results in the enhancement of green emission of
Th?*. As for CDs@MgWOs: Eu®* nanosheets, the excitation energy
in the !B('T2) level of WO4? could also transfer to the 5Ds or higher
levels of Eu®* by a resonance process, from which the energy could
either nonradiatively relax to 5Do energy level of Eu®* by multipho-
non relaxation, or be captured by energy level of CDs and then
transferred to 5Do energy level of Eu3* as well. Simultaneously, an
energy transfer from O * of CDs to *Do of Eu®* could be happened
through dipole resonance mechanisms. Hence, the amount of elec-
trons in 5Do energy level of Eu®* would be increased, which leads
to the emission enhancement of the transitions from Do to “F1, 'F2,
"F3 and "F4 energy levels of Eu®*.

In a word, the mechanism of luminescence enhancement is prob-
ably attributed to two factors. The one is that the excited energy
level of CDs could efficiently capture the electrons at °Ds or higher
energy levels of Th3* and Eu®*, and then transfer to the °D4 energy
level of Th3* and 5Do energy level of Eu®* respectively, which can
effectively reduce the nonradiative transitions from higher energy
levels to the lowest excited level of Ln®*. The other one is that the
CDs can be excited by light of certain energy and the excitation
energy can transfer to 5D4 energy level of Tb®* or °Do energy level
of Eud*, which also leads to the enhancement of Th3* or Eu®* emis-
sion.
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(CDs luminescence).
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Figure 10. The energy level scheme for CDs@MgWOa: Ln®* (Ln = Tb, Eu) nanosheets. The energy transfer (ET) process from WQ4%, CDs
to Ln®*, electron capture (EC) process of CDs as well as the emission process from Tb®*, Eu®* and CDs.

4. CONCLUSIONS

In conclusion, we developed a simple and environment-friendly
strategy to enhance the fluorescence performances of MgWOu:
Ln3 (Ln = Eu, Th) nanosheets through incorporation of CDs to
form CDs@MgWOa: Ln* nanostructures. The morphology and
phase structure are almost unaffected after incorporation of CDs
onto MgWOu: Ln3* nanosheets, while the emission intensity of
CDs@MgWOs4: Eu®* and CDs@MgWOas: Th3* nanosheets in-
creased two and seven folds compared to the corresponding
MgWOs: Eud* and MgWO4: Th3* samples. The luminescence en-
hancement mechanism is mainly due to the capture electrons by
CDs and energy transfer between CDs and luminescent Ln3*. This
investigation not only develops a synthesis procedure of tungstates
with 2D structure, but also provides a simple and feasible strategy
for improving luminescence property of rare earth ions doped na-
nomaterials.
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