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1 Introduction

Polymeric graphitic carbon nitride (g-C3N4) is a metal free 
organic semiconductor and has become a hot research area 
in recent years due to the great application potential in pol-
lutant degradation [1, 2], water splitting [3],  CO2 reduction 
[4] and organic synthesis [5]. g-C3N4 is a layered material 
similar to graphite which each layer connects with others 
through weak van der waals force. The elementary building 
blocks of g-C3N4 is tri-s-triazine [6] which cross-linked by 
trigonal nitrogen atoms. The real material of g-C3N4 con-
sists of C, N and a small quantity of O, H. The bandgap of 
g-C3N4 is 2.7 eV [7], its conduction band and valence band 
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potentials respectively located at −1.1 and 1.6  eV versus 
NHE [8].

Compared with other semiconductor catalysts, g-C3N4 
possess many advantages such as high thermal and chemi-
cal stability [9], low-cost, non-toxic. However, the photo-
catalytic activity of the bulk g-C3N4 is still low due to its 
narrow absorption range in the visible region, high recom-
bination rate of photogenerated electrons and holes and low 
specific surface area [10]. Researchs have developed vari-
ous strategies to modify g-C3N4 such as doping with other 
elements like S [11], P [12], B [13] and Br [14] to narrow 
its bandgap; constructing heterojunctions to promoted the 
separation of photoinduced electrons and holes [15–18]; 
designing nanostructures to increase its specific surface 
area [19].

In recent years, researchers have also reported on the 
work related to the modification of g-C3N4 with alkali 
metal salts. Wirnhier et al. [20] obtained 2D carbon nitride 
through co-heating dicyandiamide and a eutectic mixture 
of LiCl and KCl. Yuan et al. [21] modified the texture and 
morphology of g-C3N4 by using NaCl crystals as template. 
Zhang et  al. [22] decreased the valence band position of 
g-C3N4 via potassium doping using KI as potassium source.

Some researchers have also found that alkaline earth 
metal salts can be used as templates for the modification of 
graphitic carbon nitride. Wang et al. [23] obtained porous 
polymeric carbon nitride by using  CaCO3 particles as tem-
plate. But their heat treatment process consists of two steps, 
and after the first heat treatment, hydrochloric acid was 
required to remove the  CaCO3 template.

In the present work, we develop a facile one-step co-
treatment strategy to obtain modified g-C3N4 using dicy-
andiamide  (C2H4N4, DCDA) as monomers and anhydrous 
calcium chloride  (CaCl2) as catalysts.  CaCl2 could react 
with  NH3 and form  CaCl2·8NH3 compounds and so it could 
influence the thermal condensation process of DCDA. In 
addition,  CaCl2 is soluble in water high solubility, making 
it easy to be removed from the mixture. The as-obtained 
modified g-C3N4 (here, named as CN-Cax for simplicity) is 
applied for photocatalytic RhB degradation reaction under 
visible light irradiation. Un-modified g-C3N4, denoted as 
CN here, was similarly prepared as a blank comparison. 
The results indicate that the photocatalytic activity was effi-
ciently promoted after the modification.

2  Experimental

2.1  Materials

Analytical grade calcium chloride  (CaCl2) was purchased 
from Feng Chuan Chemical Reagent Co., Ltd. Chemical 
purity grade dicyandiamide (DCDA) was purchased from 

Sinopharm Chemical Reagent Co., Ltd. Calcium chloride 
was ground into powder before use and dicyandiamide was 
used without further purification.

2.2  Synthesis of CN (g-C3N4)

3  g DCDA was placed in a semi-closed ceramic cruci-
ble and heated to 550 °C at a heating rate of 20 °C min−1; 
then heated at 550 °C in air for 2 h. After cooling down to 
room temperature, the products were ground into powders 
and dried at 80 °C for 12  h. The obtained materials were 
denoted as CN.

2.3  Synthesis of CN-Cax

The modified g-C3N4 were prepared by mixing  C2H4N4 
(3  g) with different amounts of  CaCl2 powders in mor-
tar and ground for about 15 min, the weight ratio  (CaCl2: 
 C2H4N4) range from 1:1 to 5:1. The mixing powders were 
experienced heat treatment just like CN. After cooling 
down to room temperature, the products were ground into 
powders. The next two steps were very important. Firstly, 
the products were dissolved in about 500  mL deionized 
water and filter, then redissolved the residues and filter 
again, repeating for five times. Secondly, dissolving the 
residues in 100  mL deionized water, then placed the sus-
pension into dialysis bag and dialyzed for a week. After 
the dialysis, the suspension orderly experienced filtra-
tion, drying, grind to obtain the final products. Accord-
ing to the weight ratio of calcium chloride to dicyandi-
amide (1:1,2:1,3:1,4:1,5:1), the products were denoted as 
CN-Ca1:1, CN-Ca2:1, CN-Ca3:1, CN-Ca4:1 and CN-Ca5:1, 
respectively.

2.4  Characterizations

The crystal structure of the samples was characterized by 
Bruker Axs D8 Advance X-ray diffractometer (XRD) with 
Cu-Kα (λ = 1.5406 Å) radiation. The chemical structure of 
the samples was characterized by PerkinElmer double spec-
trum Fourier transform infrared (FT-IR) spectroscopy. The 
surface chemical composition of the samples and the oxi-
dation state of the elements were analyzed by ESCALAB 
250 Xi X-ray photoelectron spectrometer (XPS) with a 
monochromatized Al Kα line source. The surface morphol-
ogy of the samples was characterized by JSM-5600LV field 
emission scanning electron microscope (SEM). The optical 
properties of the samples were analyzed by UV–Vis diffuse 
reflectance spectroscopy (DRS) and photoluminescence 
(PL) spectroscopy. The UV–Vis DRS were obtained on a 
U4100 UV–Vis spectrometer.  BaSO4 (spectral purity) was 
used as a reflectance standard. The band gap of the sam-
ples was fitted by the Kubelka–Munk formula. PL were 
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obtained by FL-3 fluorescence spectrometer under the 
excitation wavelength of 380 nm at room temperature. The 
specific surface area of the samples were obtained through 
BELSORP-miniIIsurface area and porosity analyzer.

2.5  Photocatalysis Toward Degradation of RhB

The photocatalytic activities of the samples were evalu-
ated by degradation of RhB under visible-light irradiation 
in a photoreaction apparatus. The apparatus consists of 
350 W Xe lamp, magnetic stirrer and cooling water system. 
To ensure the visible-light light source, a 400  nm cut-off 
filter was equipped to the Xe lamp which remove light of 
λ < 400 nm.

Typically, 10  mg of the photocatalysts was added into 
100  mL of RhB solution with the initial concentration of 
10  mg  L−1. The photodegradation reaction of RhB is a 
first-order reaction, and its degradation rate constant can be 
obtained according to the following equation:

where C0 is the concentration of RhB solution when the 
catalyst and RhB reach the equilibrium of adsorption, Ct is 
the concentration of RhB solution at time t, and k is kinetic 
constant.

3  Results and Discussion

3.1  Crystallization Properties

The as-prepared samples of modified g-C3N4 are light-
white powders, not as yellow as pure carbon nitride (Sup-
porting Information, Fig. S1–S2). The powders seem 
containing micrometer-sized particles (Fig. S3) or nanom-
eter-sized particles (Fig. S4). XRD analysis of the samples 
were performed and are shown in Fig.  1. There are two 
peaks located at 13.3° and 27.9°, which can be ascribed to 
the (100) and (002) plane of typical graphite layer struc-
tures, respectively [24]. The peak at 13.3° is associated 
with the in-plane repeating unit of g-C3N4 and the peak 
at 27.9° is attributed to the graphitized layered stack [7]. 
However, XRD patterns of CN-Cax has significant changes 
with respect to CN. On the one hand, the peak attributable 
to the g-C3N4 (100) plane disappeared and a weak peak 
appeared at about 10°. It is generally regarded that the for-
mation of 100 plane is related to the formation of a planar 
structure by interconnection of the in-plane repeating units 
3-s-triazine rings [25]. That is to say, the in-plane repeat-
ing units of CN-Cax failed to construct planar structures, so 
the modified samples here are g-C3N4 with smaller lateral 
dimension. So it can be deduced that the diffraction peak 
at about 10° is caused by the linear polymer of 3-s-triazine. 

(1)ln
(

C
t
∕C

0

)

= − kt

On the other hand, the intensity of the peak attributable to 
the (002) crystal face is remarkably weakened with respect 
to CN, indicating a weak crystallization state of CN-Cax. 
So it can be inferred that calcium chloride could weaken 
the crystallization of g-C3N4.

3.2  Chemical Bonding States

FT-IR spectra of the samples were carried out and are 
shown in Fig.  2. As a comparison, FT-IR spectrum of 
 CaCl2 is shown in Supporting Information, Fig. S5. The 
curves of CN and CN-Cax are very similar, which con-
firm that the modification does not significantly affect 
the chemical structure of g-C3N4. The peak at around 
810  cm−1 is assigned to characteristic breathing vibration 
mode of triazine units [26]. The peaks at 1200–1600cm−1 
are ascribed to the typical stretching vibration modes of 

Fig. 1  XRD patterns of CN and CN-Cax

Fig. 2  FT-IR spectra of CN and CN-Cax



1925Enhanced Photocatalysis of g-C3N4 Thermally Modified with Calcium Chloride  

1 3

aromatic CN heterocycles [27]. The weak and broad peak 
at 2850–3450  cm−1 belongs to the stretching vibration of 
N–H and O–H bonds. However there are also some differ-
ences between the spectra of CN and CN-Cax. The absorp-
tion peak of the characteristic breathing vibration model of 
3-s-triazine in the FTIR spectra of CN-Cax is red shifted 
by 2–3  cm−1 compared with CN. A new peak located at 
2160  cm−1 emerged for CN-Cax. As indicated in Fig.S5, 
the new peak belongs to the residual  CaCl2 in CN-Cax. In 
addition, an absorption peak at 890 cm−1 was observed in 
the FTIR spectra of CN, which is absent in CN-Cax.

Figure 3 shows the XPS spectra of CN and CN-Ca3:1. 
In Fig.  3a, the weak peak at ~284.6  eV in the C 1s 
spectrum of CN is attributed to graphitic carbon [28], 
while the strong peak at ~288.1  eV is assigned to the 
 sp2-bonded carbon atoms in the aromatic CN heterocy-
cle (N–C=N) [29]. Comparing the C 1s spectra of CN 
and CN-Ca3:1, we can see that the strong peak in the C 
1s spectrum of CN-Ca3:1 shifts 0.2  eV to larger bind-
ing energy. The N 1s spectra of CN in Fig. 3b could be 
deconvoluted to four peaks, located at ~398.6, 399.8, 
400.9 and 404.2 eV. These four peaks are corresponding 
to the  sp2 hybrid nitrogen (C–N=C), the tertiary nitrogen 
(N–(C)3) [30], the unpolymerized amino group (C–N–H) 
[31] on the surface and the charge effect in the heterocy-
clic ring [24], respectively. In Fig. 3b, it can be seen that 
there is a significant difference between the N 1s spectra 

of CN and CN-Ca3:1. The intensity ratio of the two peaks 
which representative the unpolymerized amino group 
(C–N–H) and the tertiary nitrogen (N–(C)3) was 1.1:1 
in CN, however the ratio increases to 4.1:1 for CN-Ca3:1. 
It means that  sp3-hybrid nitrogen atoms in the form of 
“C–N–H” in CN-Ca3:1 is remarkably increased. Based on 
this point, we illustrated the thermal polymerization pro-
cess in Fig.  4 to show the coordination effect of  CaCl2. 
Figure 4a is the general thermal condensation of DCDA 
via evolution of ammonia and Fig.  4b presents illustra-
tion of the limit-sized g-C3N4 with edge-ammonia coor-
dinated to  CaCl2. We think  CaCl2 could promote DCDA 
from polymerizing into larger blocks as a salt wall, and 
more importantly,  CaCl2 could coordinate with edge-
located ammonia and help to maintain more unpolymer-
ized amino groups (C–N–H) in the modified samples. So 
the modified samples has weaker crystallization degrees, 
in agreement with the above XRD analysis. Even though 
the crystalline sizes seem smaller than CN, the BET sur-
face areas of CN-Cax did not offer any increase trend 
(Fig. S6), probably due to the agglomeration of micro-/
nano-sized particles during the common drying process. 
Some residue  Ca2+ ions were observed from XPS ele-
mental analysis (Table S1) and due to the existence of the 
salt ions, the thermal stabilities of the modified samples 
are relatively lower than that of CN (Fig. S7).

Fig. 3  XPS spectra of CN and CN-Ca3:1. a C 1s spectra and b N 1s spectra
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3.3  Optical Properties

The optical properties of the samples were analyzed using 
DRS and PL. The DRS spectra of CN and CN-Cax are 
shown in Fig.  5a. The absorption edge of CN is located 
at 460  nm. However, the optical absorption edge of CN-
Cax has a significant blue shift with respect to CN. The 
band gaps of the samples calculated from DRS are shown 
in Fig.  5b. There is an increase of the band gap of CN-
Cax (0.20  eV) with respect to CN (2.66  eV). However, a 
decrease of the VB (0.19 eV) was observed for CN-Ca3:1, 
as shown in Fig.  5c. The room temperature PL spectra 
are show in Fig. 5d. The PL intensities of CN was plotted 
with ten times higher but still much lower than the inten-
sities of CN-Cax. The maximum emission peak of CN is 
located at 462 nm, while the peaks are located at 441 nm 
for CN-Ca1:1 and CN-Ca3:1. An obvious blue-shift of the 
emission peak to 428 nm was observed for CN-Ca2:1. The 
blue shift of absorption edge can be ascribed to the weak-
ening of the π-conjugated system [32],which was consistent 
with the previous analysis.

3.4  Photocatalytic Activities

The RhB concentration evolution curves of the photocat-
alysts are given in Fig. 6a. Original absorption data and 
optical images of the degraded samples are shown in Fig. 

S9–S10. The adsorption of RhB by CN-Ca3:1 in the dark 
and direct photolysis of RhB serves as a control experi-
ment. As shown, RhB did not degrade in visible light 
without the photocatalyst and the dark adsorption equi-
librium state was reached in 30  min. Less than 10% of 
RhB was degraded using CN as catalyst after 90 min irra-
diation, while more than 90% of RhB was removed using 
CN-Ca3:1 or CN-Ca5:1.

Straight lines in Fig. 6b confirmed the first-order reac-
tion of the reaction and the calculated photocatalytic deg-
radation rate constants, k, are show in Fig. 6c. The pho-
tocatalytic degradation rates of CN-Ca3:1 and CN-Ca5:1 
have an obviously increase with respect to CN, about 55 
and 63 times higher than that of CN, respectively. Since 
the recycle stability of the photocatalyst is very impor-
tant for its practical application, we performed stability 
tests using CN-Ca3:1 as the selected photocatalyst and the 
results are shown in Fig. 6d and Fig. S11–S12. The pho-
tocatalytic degradation efficiency remains relatively sta-
ble after recycle for five times, indicating a good stabil-
ity of CN-Cax. It is worth noting that the photocatalytic 
degradation rates of CN-Ca3:1, CN-Ca4:1 and CN-Ca5:1 
toward RhB are very close, no matter dialysis was applied 
or not. The degradation rate constant of CN-Ca5:1 is the 
highest, but CN-Ca3:1 has the comparable performance 
with the advantages of cost-effective.

Fig. 4  Thermal condensation 
of DCDA with the assistance 
of  CaCl2. a Reaction procedure 
and b limit-sized g-C3N4 with 
edge-ammonia coordinated to 
 CaCl2
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In general, photocatalyst will capture photons and 
produce four active species, namely hydroxyl radical 
(·OH), superoxide radical (·O2

−), electron  (e−) and hole 
 (h+). Isopropanol (IPA), benzoquinone (BQ) and trietha-
nolamine (TEOA) are effective scavengers of hydroxyl 
radical, superoxide radical and hole, respectively [33]. 
Therefore, IPA, BQ and TEOA can be added to the reac-
tion system respectively to verify the main active spe-
cies. As show in Fig.  7a, 75% RhB was degraded after 
60  min light irradiation in the absence of scavengers; 
however, only 58, 24, 7% RhB was degraded in the pres-
ence of IPA, TEOA, BQ, respectively. So it confirms that 
·O2

− and  h+ are the main active species in the photocat-
alytic reaction. Hydroxyl radical is also involved in the 
degradation process, but its contribution to degradation 
process is negligible due to the limited amount. The deg-
radation rate of RhB increases significantly when  H2O2 is 

added. No degradation of RhB was observed during light 
irradiating the aquatic solutions of  H2O2 and dye with-
out photocatalyst. The improved reaction activity is due 
to the reaction of  H2O2 and electron which produces ·OH. 
The mechanism of photocatalytic degradation of RhB is 
shown in Fig. 7b. On the one hand, the lowered valence 
band level of CN-Cax enables the higher oxidation capa-
bility and the enhanced photocatalytic capability; on the 
other hand, RhB can be excited and transfer electrons to 
catalyst and then degrade. Due to the weakened visible 
light absorption of CN-Cax above 400 nm, the latter plays 
a more important role. Namely, RhB molecular absorbed 
on the CN-Cax catalysts generates electron–hole pairs 
upon visible light irradiation and transfers the excited 
electron to CN-Cax, and then degrades to the transparent 
products with a higher oxidation state.

Fig. 5  Optical properties of CN and CN-Cax. a UV–Vis DRS spectra, b band gap spectra, c XPS valence band spectra, and d room temperature 
PL spectra
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Fig. 6  Photocatalytic activities of CN and CN-Cax. a Concentration evolution curves, b logarithm plot, c degradation rate constants, and d recy-
cle performance of CN-Ca3:1

Fig. 7  Photocatalytic mechanism analysis. a Photocatalytic activities in the presences of various scavengers, and b band structures of CN and 
CN-Ca3:1
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4  Conclusion

In summary, remarkable enhancement of photocatalytic 
capability under visible light irradiation was achieved with 
the assistance of  CaCl2.  CaCl2 could lower the crystalline 
sizes of g-C3N4 and thus lower the valence band level of 
CN-Cax, which could enhance the photocatalytic perfor-
mance of CN-Cax. The photo-generated hole and superox-
ide radical are the main active species in the degradation 
process. It is believed that the fabrication method for CN-
Cax in this work provide a new strategy to obtain g-C3N4 
with satisfactory photocatalysis performance.
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