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Sensitized near infrared emission of g-C3N,: Yb**

composite
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g-CaNa: Yb* com posite has been prepared by a simple method using melamine and YbCls as raw materials. The introduced
Yb* ions are composited with g-CsN4 and significantly cause the crystal lattice distortion in g-CsNa4, which is supported by
first principles calculation and XRD patterns. The g-C3Na: Yb* com posite can absorb blue-violet light and give near-infrared
light at around 1 pm. Energy transfer sensitization from g-C3N4 to Yb* is demonstrated on the base of the excitation and
emission spectra. The resultrefers a new approach for conversion of shortwavelength light into nearinfrared emission.
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1. Introduction

Trivalent rare earth ions (RE®*) doped Iuminescence
and laser materials in various forms such as glass, crystal
and nano powder are of interest not only for basic research,
but also for practical application [1-6]. Among the rare
earth ions, the Yb®" ion has the simplest energy level
scheme, constituting of only two °Fs;, and 2F7p, levels [7].
There is no excited state absorption, no cross-relaxation
process and no more up-conversion internal mechanism
able to reduce the effective emission cross section.
Therefore, Yb** ion is commonly considered as an
activator ion of big prospect for construction of laser and
luminescence materials operating at about 1um.
Regretfully, the f-f transitions of Yb®* ion is Laporte
forbidden with low absorption coefficients, which limits
its pump efficiency. Sensitization might be an effective
pathway to increase the 4f-4f absorption of Yb®" and then
makes luminescence generation more efficient. The
photoluminescence properties of Yb®* ions sensitized by
other rear earth ions like Er, Th, Pr, Tm, Ho and Ce [6,
8-16] have been widely reported. However, the narrow
absorption bands and weak absorption efficiencies of these
sensitizing ions result in the unsatisfactory sensitization
effect.

As we know, the semiconductors with direct band gap
have strong absorption in short wavelength region. It is
believed that the direct band gap semiconductors could act
as both host and ideal sensitizer of Yb3*, enhancing the
excitation efficiency of the Yb*" doped semiconductor
phosphors. These near infrared emitting Yb3* doped
semiconductor phosphors are attractive because they have
wide potential applications in many fields such as lasers
[17, 18], solar spectral converters [19, 20], and biological
fluorescent probes, [21, 22] etc. In previous studies, the
Yb3* near-infrared emission sensitized by semiconductor
such as InP, GaP and GaAs were observed. But in those
semiconductor, the low doping contention leads to the
relatively weak luminescence intensity of Yb®* emission

[23, 24].

In the recent years, graphitic carbon nitride (g-CsN,)
as one of carbon semiconductors has also been widely
studied because of its unique combination of various
physicochemical properties such as semi-conductivity,
special optical feature, energy-storage capacity, and
gas-adsorption capacity. [25-29] It is noted that the direct
band gap semiconductor graphene-like g-C3N, has good
thermal and chemical stability and has large specific
surface area and porosities[30] with large number of active
chemical sites on the surface and uniform pore size.
Especially, the moderate bandgap energy (2.95 eV) means
that it can efficiently absorb the blue-violet light. At the
meantime, relatively high content of Yb®* ions are
probably inserted into the interstitial positions of g-C3Ny
by coordinating to the N atoms when the Yb®* ions are
introduced into the g-C3N4 matrix. [29, 31, 32] Thus the
luminous energy absorbed by g-C3N4 might be transferred
to enough Yb®* ions in the Yb®" doped g-CsN, material,
resulting in strong luminescence at about lum. So it is
predicted that g-CsN,s: Yb®* composite might be a good
near infrared phosphor.

In this paper, the g-C3N4 was prepared by calcining
melamine. Then the g-C3N4: Yb®* composite was prepared
by liquid-phase synthesis method. In order to reveal the
position of the doped Yb®*" ions in g-CzN, and their
influence on g-C3N, structure, first-principles simulations
and XRD measurement have been performed. Near
infrared emission originating from Yb** sensitized by C3N,
is demonstrated in the g-C3Njy: Yo3* composite.

2. Experimental

2.1. Materials synthesis

Sample preparation included the following steps.
Firstly, the g-C3N4 bulk material was obtained by calcining

melamine at 550 °C for 4h and the prepared g-C3N4 bulk
material was ground for 1h in a ball mill with zrconia
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balls. Then a certain amount of g-C3N, power obtained
was put into water and ultrasonically treated for 2 h. After
being stirred with a magnetic stirrer for 12 h, bulk g-CsN,
was exfoliated into thin sheets and disintegrated into a
homogeneous suspension. Then the YbClz solution was
instilled into the suspension and stirred at room
temperature for 30 min. The g-C3N; and YbCl; mixed
suspension was dried at 100 °C in air to obtain the
precursor. Finally the precursor was calcined at 400 °C for
1h and the target g-CsNs: Yb®* composite was obtained
when it cooled down to room temperature.

2.2. Characterization

The crystal structure of samples were measured by
X-ray diffraction (XRD) on a Bruker D8 advanced
equipment using Cu tube with Cu/K (k = 0.1541 nm)
radiation. The morphology of the synthesized samples was
characterized using a JEM-2100 transmission electron
microscopy (TEM) operating at accelerating voltage of
200 kV. X-ray photoelectron spectroscopy (XPS) was
measured on a K-Alpha 1063 (Thermo Fisher Scientific)
with a focused monochromatic Al Ka X-ray beam (12 kV,
6 mA, 5x10° torr). The excitation and
visible-near-infrared emission spectra were measured with
an FLS920 (Edinburgh) Spectrometer at room temperature.
In order to guarantee the accuracy of experimental data,
the spectroscopic measurement condition was kept
consistent for all the samples.

3. Results and discussion

The X-ray diffraction (XRD) patterns of g-C3N,: Yb**
samples with different Yb3* content are shown in Fig. 1.
The diffraction pattern of each sample shows the strongest
diffraction peak at 27.40° corresponding to the (002)
interplanar (lattice distance = 0.326 nm), which is
well-known for graphite-like packing characteristic of
g-C3N4 materials.[33, 34] The weak peak at 13.12° can be
assigned to (100) in-planar that arises from the in-plane
ordering of tri-s-triazine units.[33, 34] It can be seen from
the Fig. 1 that the diffraction (XRD) patterns of prepared
g-CsNs: Yb*" samples mainly shows the peaks of pure
9-C3N4 and no impurity of other Ytterbium compound is
observed. Moreover, no shift of diffraction peak position
has been observed with the introduction of Yb**, even at
relative high Yb®* concentration that the molar ratio of
Yb3*: C3N, reaches to 04. This indicates that the
introduced Yb®" ions have been composited with g-C3Ny4
and have not changed the basic structure of C3N,.
However, it is found that the peak at 27.40° tends to
weaken when the Yb3* content increases. Additionally, the
full width at half maximum (FWHM) is also broadens
with Yb®* content increasing. The value of FWHM of the
pure g-C3N, is about 2.29 degree, and the value of FWHM
increases from 2.54 to 2.83 degree with Yb** content
increasing from 0.1 to 0.4. Those results suggest that the
introduced Yb3* ions can significantly cause the crystal
lattice distortion in g-C3Njy.
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Fig. 1. TEM images of g-C3N,: Yby, sample. Power X-ray
diffraction patterns of g-C3N,4: Yb, (x=0.0, 0.1, 0.2, 0.3, 0.4)
samples

The TEM images of the g-CsN4: Yb** composite are
shown in Fig. 1. The TEM images show that the prepared
composite have a smooth planar structure. This structure
has a large specific surface and porosities, which is benefit
for the adsorption of RE** ions in g-CzNs. The XPS of
9-C3Ny4: Ybp, was measured to examine the valence state
of Yb element in the composite. According to the
smoothed XPS curve shown in Fig. 2, the core level
binding energy of Ybyq is estimated to be about 186 eV,
similarly to the binding energy of Yb,qin Yb,0s. [35] This
means that the Yb element predominantly behaves as the
state of Yb®" in the g-C3N4: Yb®* composite.

1600

— Ybyg

1400 -

. 1200
=
o
=

21000
E7)
=1
o

£ 800
=

600 -

400

T T T T T T T T T
190 188 186 184 182

Binding energy (eV)

Fig. 2. Yb,q XPS spectrum of g-C3Ng4: Ybg, sample
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In fact, the ionic radius of Yb®* is much larger than
that of C and N. Therefore, it is difficult for the Yb>* ions
to enter the g-C3N, lattice by substitutional doping. The
previous studies of Fe/Ce/Co-doped g-CsN, suggest that
Fe, Ce and Co are inserted into the interstitial position of
g-C3N,4 and stabilized in the electron-rich g-C3N, structure
mainly through Fe/Ce/Co-N bonds [32, 36, 37].

To better understand the possible position of Yb®* in
the g-C3Ny: Yb** co mposite, a first-principles study on the
structure properties of Yb atoms absorbed g-CsNg
monolayer has also been performed. To simulate the
interaction between the adatoms and the g-C3N,4 sheet, the
structure of Yb atom absorbed g-CsN4 was mimicked as a
super cell composed of 2x2 g-C3N,4 super-cell with one Yb
atom placed on 3A over the g-C3N4 plane (Fig. 3 (a) (b)).
The molar ratio of Yb®": C3N, was taken as 0.25 for
simplify the calculation.

The first-principle calculations were carried out with
the Menna ab-initio simulation package (VASP)[16, 38],
based on spin-polarized density functional theory (DFT).
The interaction between valence electrons and ionic cores
was described within the framework of the projector
augmented wave (PAW) method [9, 39]. The
spin-polarized generalized gradient approximation (GGA)
was used for the exchange-correlation potential in the form
proposed by Perdew, Burke, and Ernzerhof (PBE) [15]. To
mimic the appropriate environment for an isolated sheet,
we used a slab model that has periodic boundary
conditions with a vacum space of 20 A along the z axis
direction. The structures were fully relaxed using the
conjugated gradient method. For the Brillouin zone sample,
the reciprocal space was prensented by the Monkhost-Pack
special k-points method [40] of 3x3x1 mesh for geometry
relax, and 6x6x1 mesh for static calculation. And the
convergence criteria were set to 1x107°eV and 0.05e V/A
for energy and Hellman-Feynman forces, respectively. The
energy cutoff for the plane wave basis expansion was set
to 450eV. The lattice constant of the unit cell for the
g-CsN, monolayer was select to 7.135 A, which was
consistent with previous studies [41, 42]. As shown in Fig.
3(a), there we selected three representative sites for Yb to
simulate the interaction between the adatoms and the
g-C3N4 sheet, and the Yb atoms were initially placed on
3A over the g-C3N, plane in this three different situations.
After full relaxation, the Yb moved to a relatively stable
position. Only in the case that Yb was placed in C site, the
Yb fell into the pore site, inserted in interstitial position of
g-C3N,4 sheet, as shown in the schematic diagram in Fig.
3(c). While in the remaining cases the Yb was still around
2A over the g-C3N, plane after full relaxation.

The stabilities of the Yb atoms on g-CsN,; can be
estimated through their total energy of whole system
consisting of Yb and g-C3N4;. The total energies is
-117.87438eV, -118.21376eV and -122.64826eV in the
case of A, B and C, respectively. Obviously, site with the
minimum total energy is referred to as the favored site.
Therefore, the pore site (C1) is the most possible position
of the three adsorption sites considered. The result
suggests that the Yb3* ions are most likely inserted into the
interstitial position of g-C3N,. It is also noticed that

original coplanar C and N atoms deviate from the plane
along the z axis direction when an Yb®" ion is inserted the
interstitial position (C1 site) of g-C3N, according to the
simu lation results. The maximum deviation is about 1.03A.
This means that the doped Yb>* ions have caused severe
structural distortion of g-C3N, monolayer, just as show in
Fig. 3(c) (d). The simulation results are identical with the
XRD measurement.

(a)

Fig. 3. The structure diagrams of Yb doped g-C3N, sheet,
top view (a) and side view (b) of the initial structure; side
view (c) of relaxation processes diagram; (d) is bird's eye
view, the structure of Yb at C1 site after relaxation. Here
the black, blue, and blue-green spheres represent carbon,
nitrogen, and ytterbium atoms, respectively



470 Wenbin Xia, Guojun Zhu, Xue Jun Gao, Xiangliang Jin, Xiaoliang Yang, Siguo Xiao

The diffuse reflection spectra of g-C3N,: Yby (x=0.0,
0.1, 0.2, 0.3) is presented in Fig. 4(a). It can be seen that
the composite has a strong absorption of the blue-violet
light. There also exists "red shift" phenomenon for the
diffuse reflection spectra of g-CsN4 with the doping of
Yb®* ion, which might be caused by lattice distortion of
g-CsN4 or the generation of defects in the band gap of
g-C33+N4 during the process of compositing the g-CsN, and
Yb®".
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Fig. 4. (a) Diffuse reflection spectra of g-C3N4: Yby,

(x=0.0, 0.1, 0.2, 0.3) samples. (b). The excitation and

emission spectra of the g-CsN,: Ybg, sample, and the

energy-transfer and electron-transition scheme of g-C3N,
and Yb%*

As shown in Fig. 4(b), excited into its absorption band
by wavelength of 410 nm, pure g-C3N4 gives an intense
broad emission band in range of 420 nm-650 nm. The
excitation spectrum monitored at 470 nm of pure g-C3N,
sample shows a broad excitation spectra band ranging
from ultraviolet to 420 nm, corresponding well with its
absorption region. In the g-C3N4: Ybg, composite, the
excitation at 410 nm can give a new luminescence band
locating at 980 nm emitted by Yb**. It is noteworthy that
the shape of the excitation spectrum of the g-CsNj: Ybg
composite monitored at 980 nm is quite similar to that of
pure g-C3N, sample monitored at 470 nm (see Fig. 4(b)).

The result indicates that the energy transfer from g-C3N,
to Yb**occurs when g-C3N4 has been excited. The results
suggest that the g-C3N4: Yb®* can convert light in
blue-violet region into the near-infrared emission.

Based on the diffuse reflection spectra (Fig. 4(a)), the
band gap of g-C3N, is estimated to 2.95 eV. Therefore, the
luminescence of g-CsN4 might be ascribed to the radiative
transition originating from defect levels in the band gap of
g-C3N,. Firstly, the electrons are excited into conduction
band by the irradiation of the blue-violet light, and then
the excited electrons rapidly relax to the defect levels in
the band gap. Then blue emission occurs by electron
transition from defect levels to valence band. When the
Yb%* ions are inserted into the interstitial position of
g-C3Ny, the energy absorbed by g-CsN4 can be transferred
to Yb®*. The Yb®*ions are excited to their 2Fs/, states in the
energy transfer between the defect levels of g-CsN, and
Yb®* ions. When the Yb®* ions at excited states return to
their ground states, near-infrared light at around 980 nm
emits. The mechanism of near-infrared emission of Yb®*
sensitized by g-C3N4 in the g-C3N4: Ybg, composite is
illustrated in Fig. 4(b).

4. Conclusions

In this work, g-CsN,: Yb*" composite has been
prepared. The g-CsNs: Yb®* composite exhibits strong
absorption of blue-violet light and the energy transfer
sensitization of g-C3N4 to Yb%* can give near-infrared
emission of Yb®" at around 1pm. The investigation
provides a meaningful new material that can convert light
from short wavelength region to near-infrared one, which
opens up possibilities for application such as solar spectral
conversion and blue-violet light detection.
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