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ABSTRACT: Herein, we report the use of upconversion
agents to modify graphite carbon nitride (g-C3N4) by direct
thermal condensation of a mixture of ErCl3·6H2O and the
supramolecular precursor cyanuric acid-melamine. We show
the enhancement of g-C3N4 photoactivity after Er

3+ doping by
monitoring the photodegradation of Rhodamine B dye under
visible light. The contribution of the upconversion agent is
demonstrated by measurements using only a red laser. The
Er3+ doping alters both the electronic and the chemical
properties of g-C3N4. The Er3+ doping reduces emission
intensity and lifetime, indicating the formation of new,
nonradiative deactivation pathways, probably involving charge-transfer processes.
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Photocatalysis based on semiconductors attracts great
attention because of its high potential in energy and

environmental related fields, such as hydrogen/oxygen
evolution by water splitting,1 oxidizing organic pollutants,2

reduction of carbon dioxide,3,4 etc. The semiconductor absorbs
photons with higher energies than its bandgap and generates
electron−hole pairs that are able to drive the desired reactions.
In general, most of the semiconductor photocatalysts consist of
one metal center (transition-metal ion or post-transition-metal
ion), e.g., the well-known TiO2,

5 Fe2O3,
6 BiVO4,

7 and others.8

In 2009, it was found that a metal-free semiconductor, graphitic
carbon nitride (g-C3N4), can efficiently split water to hydrogen
and oxygen under visible light.9 This air-stable, cheap, and
nontoxic material immediately attracted wider interest and has
meanwhile also been demonstrated to show high performance
in the fields of electrocatalysis,10,11 heterogeneous catalysis,12

and photocatalysis.13 Several strategies such as element
doping,14 chemical modifications,15,16 morphology control,17

and material combinations18−20 have been employed to modify
g-C3N4 for better light harvesting. Recently, a supramoleculer-
precursor approach was proposed in order to template
photoactive g-C3N4 by two groups,21,22 which used a
preorganized cyanuric acid-melamine (CM) complex as the
starting material. However, it remains crucial to broaden the
light absorption of g-C3N4 because of its wide band gap of ∼2.7
eV.13

Upconversion luminescence is a unique optical process
whereby low-energy photons can be converted to high-energy
photons, which is contrary to conventional luminescence
phenomena. So far lanthanide ions show the best activity as

upconversion agents, because they have many available states in
the IR to visible range with relatively long lifetimes, which is
favorable for the upconversion process.23 With the ability to
allow wavelength transformation, upconversion materials have
been used in a variety of fields, such as lasers, optoelectronic
devices24 and especially in bioimaging over the past few years.25

Upconversion agents were introduced to photocatalysis as well,
either by direct doping or by making hybrids.26,27 This strategy
enables photocatalysts to overcome their theoretical conversion
efficiency by harvesting also photons with lower energies than
their bandgap.
Herein, we used erbium and thulium ions as upconversion

agents to modify the photocatalytic activity of g-C3N4. The
influence of the rare-earth element doping concentration on the
chemical and optoelectronic properties of g-C3N4 was studied.
RhB photodegradation under visible light was conducted to
evaluate the extended photoactivity of doped g-C3N4. In
addition, the contribution of upconversion effects was
confirmed by the photodegradation under red light laser.
The Er3+ doped g-C3N4 was prepared by an in situ synthesis

approach. Briefly, a defined amount of ErCl3·6H2O (molar ratio
relative to the matrix) was mixed with the cyanuric acid-
melamine supramoleculer precursor by grinding, and the
mixture was transferred to the furnace and annealed at 550
°C in N2 flow for 4 h. In the cases of low Er3+ amount (up to
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2%), the X-ray diffraction (XRD) patterns of doped materials
(Figure 1) show only diffraction features of g-C3N4. The strong
peak at around 27° is from the interplanar stacking of the
aromatic system, and the broad one at 13° is attributed to in-
plane repeat units. ErCl3·6H2O diffraction peaks in final hybrid
start to appear when the doping concentration reached 5%,
indicating that the sample probably turned into a composite of
g-C3N4 and ErCl3·6H2O. This however also supports our
concept that Erbium essentially stays in the form of the
trivalent chloride and is neither reduced to metallic Erbium nor
converted into the corresponding nitride. We note that ErCl3·
6H2O can transform to tetragonal ErOCl at high temperature;
however, our results show that in the presence of the CM
complex, only the diffraction peaks from ErCl3·6H2O can be
observed (see Figure S1 in the Supporting Information).
g-C3N4 formation is further confirmed by Fourier transform

infrared (FTIR) spectra as shown in Figure 1b. The typical
stretching modes of C−N heterocycles located at 1200−1600
cm−1 are observed, along with the vibration peak at 812 cm−1,
which is the characteristic absorption peak of the triazine unit.
It is important to note that all the Er3+ doped g-C3N4 samples
do not show any observable shift (dashed lines) or additional
vibration modes in the FTIR spectrum, indicating that the
introduction of Er3+ has almost no effect on the bonding or
packing of the g-C3N4 structures.15 Moreover, scanning
electron microscopy (SEM) images (see Figure S2 in the
Supporting Information) show that low amounts of Er3+ do not
have much impact on the morphology of g-C3N4. In addition,
energy-dispersive X-ray (EDX) spectroscopy mapping (Figure
1c) demonstrates that Er3+ (2%) ions are uniformly dispersed
in the g-C3N4 matrix, presumably together with their chlorine-

counterions. Additional EDX mappings for carbon, nitrogen,
and chlorine are given in Figure S3 in the Supporting
Information. The Er3+ ions can be incorporated into the nitride
pores of the g-C3N4 structure built by triazine or tri-s-triazine
units.28 There is also possibility that Er3+ ions have strong
electrostatic interaction with g-C3N4, given that pristine g-C3N4
is highly negatively charged with a zeta potential of −46 mV,
whereas 2%Er−C3N4 is basically electrically neutral and no
stable colloid can be produced (see Figure S4b in the
Supporting Information). The schematical structure of Er3+-
doped g-C3N4 is shown in Figure S4a in the Supporting
Information.
Figure 2a shows the UV−vis absorption spectra of the g-

C3N4 with different Er3+ content. All the g-C3N4 samples show
an absorption edge of 460 nm, corresponding to a bandgap of
2.7 eV. For the lowest Er3+ doping concentration (0.2%) tested
here, the product already shows a weak but clear absorption
peak at 522 nm (inset of Figure 2a), arising from the transition
to the levels 4S3/2−2H11/2 in Er3+. With increasing Er3+ amount,
additional absorption peaks at 654, 487, and 800 nm which
correspond to transitions from the ground state to the
additional 4F9/2,

4F7/2, and
4I9/2 states, respectively.

29

To evaluate the photocatalytic activity of the Er3+ doped g-
C3N4, the degradation of Rhodamine B (RhB) was chosen as
the model reaction and a blue LED (465 nm) was used as the
light source. The 465 nm light is able to trigger the excitation of
Er3+ so that to evaluate the effects of doping treatment.26,30

Figure 2b shows the photodegradation of RhB in the presence
of the Er3+ doped g-C3N4 with different doping levels. The
photoactivity of the Er3+-doped g-C3N4 improves with Er3+

concentration, and optimized performance is reached when 2%

Figure 1. (a) XRD patterns and (b) FTIR spectra of g-C3N4 with different Er
3+ doping amount. (c) Er EDX mapping (left) and corresponding SEM

image (right) of 2% Er3+ doped g-C3N4..
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Er3+ was used, leading to complete photodegradation of RhB in
90 min, while the pristine g-C3N4 shows apparently less RhB
degradation (∼60% after 90 min). In the case of a higher Er3+

concentration (5%), the photoactivity starts to drop, probably
because of self-quenching and/or concentration quenching of
Er3+ as well as precipitation of crystalline ErCl3 (see Table S1 in
the Supporting Information).
Figure 2c shows the photoluminescence (PL) spectra of the

Er3+-doped g-C3N4 under an excitation wavelength of 350 nm.
The emission intensity of the g-C3N4 samples peaks at 460 nm
and decreases with increasing Er3+ concentration. It has been
well established that the intensity of luminescence is closely
related to the photocatalytic activity of the semiconduc-
tor,22,31,32 and weaker band−band PL can indicate better
activity of the photocatalyst.33 Figure 2d shows the lifetime of
the Er3+-doped g-C3N4, which proves the quenching when a
larger amount of Er3+ is present. The drop of luminescence
intensity together with the lifetime reduction indicates that
more photoexcited electron−hole pairs relax through a
nonradiative pathway, probably by charge transfer of electrons
or holes to defect states originating from rare-earth ion doping
or the rare earth metal as such. Herein, the PL intensities and
lifetime demonstrate a clear trend and can be a strong indicator
of the photocatalytic activities of g-C3N4.
Several reasons accounting for the enhancement of g-C3N4

photocatalytic activity can be considered. Generally, the Er3+

ions can be excited to high energy levels by the blue light of 465
nm.30 Then upconversion is triggered either by excited state
absorption (ESA) or energy transfer (ET). ESA means that Er3+

in the excitation state can still absorb photon(s) to transit to
higher energy levels, whereas ET refers to the energy exchange
between two excited Er3+ ions such that one is excited into a
higher lying energetic state and the other one loses its energy.
Afterward upconversion luminescence would be generated
when Er3+ ions relax to the ground state and photon energy is
transferred to g-C3N4 and produces electron−hole pairs. This
effect is expected to be responsible for the photoactivity
improvement of Er3+-doped g-C3N4. Furthermore, it is also
possible that the doping of Er3+ results in new defects/surface
states in g-C3N4 and thus creates new charge-transfer paths that
enhance the charge separation process and the hole/electron
concentration on the surface. Then the holes are capable of
oxidizing RhB directly or generate OH radicals, whereas
electrons can be trapped by adsorbed oxygen molecules (e.g., at
the metal ion centers), and the resulting superoxide radicals are
highly active to degrade organic molecules. There are two
pathways for the photodegradation of RhB. One is the cleavage
of the all-conjugated structure, with the main absorption peak
(∼554 nm) shrinking, whereas the location does not shift; the
other one is de-ethylation at the nitrogen, which features the
blue-shift of the absorption peak to 498 nm.34 Figure S5 in the
Supporting Information shows the absorption spectrum of RhB
solution at different time intervals under illumination over 2%
Er3+-doped g-C3N4, where the main peak at 554 nm gradually
fades and indicates the complete structural cleavage of RhB.
To further confirm the effect of Er3+ doping, a white LED (λ

> 420 nm) was employed as the light source to study the
photodegradation rate of RhB over pristine g-C3N4 and 2% Er

Figure 2. (a) UV−vis absorption spectra of g-C3N4 with different Er
3+ doping amount. Inset: zoomed-in figure and energy transitions of ground state

to the corresponding states, (b) RhB photodegradation rates over g-C3N4 with different Er
3+ doping concentration at illumination wavelength of 465

nm, (c) photoluminescence spectra excited at 350 nm and (d) lifetime of g-C3N4 with different Er
3+ doping amount excited at 405 nm, and with the

emission monitored at 475 nm.
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doped g-C3N4. As can be seen from Figure 3a, both samples
show much higher photoactivity due to the increase in the
photon flux and wider spectral range. The Er3+-doped g-C3N4
sample however clearly exhibits enhanced photoactivity, and
dye degradation was completed in 40 min. To prove the
upconversion contribution, we used a red laser (640−660 nm)
to investigate the photocatalysis behavior. It is important to
note that g-C3N4 does not absorb in this region, whereas the
Er3+ has a pronounced absorption peak at 650 nm. As expected,
the pristine g-C3N4 does not show any photoactivity, whereas
more than 60% of RhB was photodegraded in the presence of
2% Er3+-doped g-C3N4 after 16 h (Figure 3b). The photo-
activity can be explained by the ability of the Er3+ ions for red
light multiphoton absorption (Figure 2a) and transfer of these
energy quanta to g-C3N4. It is worth pointing out that RhB dye
does not degrade under red light in the absence of
photocatalyst.
Importantly, we find that the surface area decreases with the

Er3+ concentration, meaning that surface area is not responsible
for the increased photoactivity (see Table S1 in the Supporting
Information). This implies that changes of the electronic
properties cause the improved photodegradation upon Er
inclusion. We calculated the apparent reaction rate constants of
RhB photodegration according to the Langmuir−Hinshelwood
kinetic model,35 which are shown in Table S1 in the Supporting
Information as well as other experimental data (surface area, PL
intensity, lifetimes) of the doped g-C3N4. This summarization
clearly indicates that the enhanced photocatalytic activity of g-
C3N4 does not result from the changing of the chemical

properties, but should be attributed to the modification of
optical and electronic properties via Er3+ doping. Consequently,
we can conclude that the electronic and optical properties
dominate the photocatalytic activity of the modified material.
On the basis of the above results and discussions, we
demonstrated possible mechanisms accounting for the
enhanced photocatalytic activity of Er3+-doped g-C3N4, mainly
involving energy transfer from Er3+ to g-C3N4, as well as
localized energy levels in g-C3N4 induced by Er3+ doping, as
schematically shown in Figure 4. To further evaluate the
photocatalytic improvement of the modified g-C3N4 we
measured the hydrogen production under illumination. Similar
to the case of RhB photodegradation, the modified g-C3N4
exhibited higher rates than the pristine sample under white light
illumination (87 compared to 80.2 μmol h−1 g−1). In addition,
under red light illumination, hydrogen evolution was observed
only in the presence of the modified g-C3N4 (∼1.2 μmol h−1

g−1).
As one of another typical upconversion element, thulium

(Tm) was also introduced into g-C3N4. Figure S6a in the
Supporting Information shows that the g-C3N4 with controlled
Tm3+ doping concentrations (0.6, 2, and 4%) exhibits
absorptions at 685 and 792 nm because of transition of
3F3−3H6 and 3F4−3H6, respectively.23 All of them showed
enhanced activity over RhB degradation compared to pristine g-
C3N4, and the 2% Tm modified g-C3N4 exhibits the highest
activity (see Figure S6b, c in the Supporting Information)
under blue LED illumination. In addition, both Er3+- and Tm3+-
doped g-C3N4 are stable after the photocatalytic measurements.

Figure 3. RhB photodegradation rates over pristine and 2% Er3+-doped g-C3N4 under the illumination of (a) white LED and (b) red laser.

Figure 4. Schematic photodegradation mechanisms of RhB over Er3+-doped g-C3N4.
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After the first degradation run, the most active materials (2%
Er3+ and 2% Tm3+-doped g-C3N4) were left in the solution for
1 month until they were separated and washed for the next run.
As shown in Figure S7 in the Supporting Information, the
recycled samples still exhibit the same activity to enable the
photodegradation of RhB.
In summary, we have demonstrated that the introduction of

rare-earth upconversion agents, Er3+ and Tm3+ ions in
particular, improves the photocatalytic activity of graphitic
carbon nitride. Photodegradation of RhB indicated the
performance can be optimized when 2% Er or 2% Tm ions
were used. Moreover, the contribution of the upconversion
agent was demonstrated by the degradation under red laser
light. The improvement can result from the energy transfer
from the upconversion agents to g-C3N4, as well as additional
charge transfer paths besides radiative recombination. We
believe that this work describes a simple, but effective strategy
to make use of low energy photons in carbon nitride
photocatalysis, offering a pathway to significantly improve its
photocatalytic performance.
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