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HIGHLIGHTS

• Co/Mo co-doped mesoporous graphitic carbon nitride (g-C3N4) exhibited enhanced photocatalytic performances with regard to  H2 
generation (8.6 times) and Rhodamine B degradation (10.1 times) compared with pristine g-C3N4.

• The density functional theory calculations and optical simulation illustrate that Co/Mo co-doping and the created mesoporous structure 
can enhance light absorption.

• The enhanced activity depends on the synergistic effect of Co and Mo co-doping.

ABSTRACT A novel photocatalyst of mesoporous graphitic carbon 
nitride (g-C3N4) co-doped with Co and Mo (Co/Mo-MCN) has been 
one-pot synthesized via a simple template-free method; cobalt chlo-
ride and molybdenum disulfide were used as the Co and Mo sources, 
respectively. The characterization results evidently indicate that molyb-
denum disulfide functions as Mo sources to incorporate Mo atoms in 
the framework of g-C3N4 and as a catalyst for promoting the decompo-
sition of g-C3N4, resulting in the creation of mesopores. The obtained 
Co/Mo-MCN exhibited a significant enhancement of the photocatalytic 
activity in  H2 evolution (8.6 times) and Rhodamine B degradation (10.1 times) under visible light irradiation compared to pristine g-C3N4. 
Furthermore, density functional theory calculations were applied to further understand the photocatalytic enhancement mechanism of 
the optical absorption properties at the atomic level after Co- or Mo-doping. Finite-difference time-domain simulations were performed 
to evaluate the effect of the mesopore structures on the light absorption capability. The results revealed that both the bimetal doping and 
the mesoporous architectures resulted in an enhanced optical absorption; this phenomenon was considered to have played a critical role 
in the improvement in the photocatalytic performance of Co/Mo-MCN. 
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1 Introduction

The energy crisis and environmental pollution are two sig-
nificant global challenges [1–3]. Water-splitting to produce 
clean hydrogen through solar energy conversion is consid-
ered to be a sustainable and feasible solution to address these 
challenges [4–6]. In recent years, the emergent semicon-
ductor photocatalytic technology has attracted substantial 
attention for realizing organic pollutant degradation and 
solar energy conversion [7–10]. As a new non-metallic semi-
conductor, graphitic carbon nitride (g-C3N4) has attracted 
substantial attention; it exhibits advantages such as high 
thermal stability, non-toxicity, abundant precursors, and a 
suitable bandgap that could expand the absorbing thresh-
old up to 460 nm [11–13]. However, drawbacks of pristine 
g-C3N4 (P-CN) such as the low specific surface area and 
rapid recombination rate of photoexcited charge carriers 
results in its low photocatalytic efficiency [14–16]. Vari-
ous strategies have been adopted to modify photocatalyst in 
order to improve photocatalytic performance, such as metal 
doping, pore creating, and semiconductor coupling [17–20]. 
Combining two or three of these strategies would improve 
photocatalytic activity more remarkably [21–23].

A mesoporous structure and high specific surface area 
also play vital roles in photocatalysis; they can result in 
improved photocatalytic efficiency owing to the promoted 
separation of photogenerated active charges and improved 
mass transfer. Generally, hard and soft template methods 
are applied to synthesize porous g-C3N4 with various pore 
structures [13, 24, 25]. However, certain drawbacks of the 
template methods limit their wide application. The synthesis 
process of the hard template method is complex and tedious, 
resulting in increased costs; moreover, the removal of a few 
silica templates by using the aqueous ammonium bifluoride 
 (NH4HF2) or hydrogen fluoride (HF) negatively impacts the 
environment. The porous g-C3N4 prepared via soft template 
method would result in a higher carbon residue causing the 
“shielding effect”; this reduces light absorption and results 
in low catalytic activity [26–28]. Compared to hard or soft 
template, the template-free method does not require other 
substances as templates; furthermore, mesopores can be 
made by selecting suitable precursors [29–31]. Therefore, 
the template-free method as a convenient strategy to develop 
mesopores is highly desirable.

In addition, the g-C3N4 can function as electron donors 
to trap transition metal ions to form metal-N bonds owing 
to its heptazine ring with pyridinic nitrogen and six 
nitrogen lone pairs of framework [32]. Several previous 
studies on transition metal-doped g-C3N4 demonstrated 
its superior photocatalytic performances [33–35]. Wang 
et al. [36] studied Fe-doped g-C3N4 with enhanced pho-
tocatalytic activity for Rhodamine B (RhB) degradation. 
The study by Oh et al. [32] demonstrated that metal-doped 
g-C3N4 (Cu, Co, and Fe) catalysts can improve the cata-
lytic activity of sulfathiazole degradation; moreover, the 
Co-doped g-C3N4 presented the highest catalytic activity. 
However, few efforts have focused on the bimetallic dop-
ing of g-C3N4, which is likely to exhibit more efficiency in 
photocatalytic reaction owing to the possible synergistic 
effect of the doped bimetal [37]. Inspired by the work that 
reported the synthesis of  Cr3+ and  Ce3+ co-doped N/TiO2 
and its superior photocatalytic performance for the degra-
dation of humic acid owing to the red shift of the bandgap 
energy [38], it could be speculated that bimetallic doping 
of g-C3N4 is of significant interest.

Herein, co-doped mesoporous g-C3N4 with Co and Mo 
elements (Co/Mo-MCN) was prepared via a simple one-pot 
method by using cobalt chloride  (CoCl2) as the Co source 
and  MoS2 as the Mo source; its photocatalytic activity 
was evaluated by hydrogen evolution and RhB degrada-
tion under visible light irradiation. To our knowledge, this 
is the first study to prepare g-C3N4 with bimetal co-doping 
and to construct mesopores via a template-free approach. 
Compared with pristine g-C3N4 (P-CN) and mono-metal-
doped g-C3N4, the as-prepared Co/Mo-MCN presented 
significantly higher photocatalytic activity. Furthermore, 
first principle calculations and optical simulations are 
carried out to analyze the electronic structure and optical 
absorption characteristics of the P-CN and doped g-C3N4. 
This study proposes a new method for the design and syn-
thesis of a g-C3N4 with co-doping metals and structured 
mesopores; it also investigates the effect of the co-dop-
ing and the mesopores on the light absorption capacity, 
through finite-difference time-domain (FDTD) simulation 
and density functional theory (DFT) calculation. Further-
more, a feasible mechanism for enhanced photocatalytic of 
bimetal co-doped g-C3N4 is recommended.
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2  Experimental

2.1  Materials

2.1.1  Synthesis of Pristine g‑C3N4

The P-CN was prepared by directly calcinating 8.0 g of 
guanidine hydrochloride at 550 °C for 60 min in a muffle 
furnace at a heating rate of 3 °C  min−1.

2.1.2  Synthesis of Co‑doped g‑C3N4

Co-doped g-C3N4 (Co-CN) was synthesized by calcinating 
guanidine hydrochloride and Co precursor according to the 
modified method in the literature [39]. Briefly, 8.0 g of guan-
idine hydrochloride and a certain amount of  CoCl2·6H2O 
(5, 10, 30, and 100 mg) were dissolved in 5 mL of deion-
ized water. After stirring for 1 h, the mixture was dried at 
80 °C for 1 day. The solids obtained were then grinded into 
powder and transferred to a quartz crucible; the sintering 
process was similar to that for P-CN. The products were 
denoted as Co-CN-5, Co-CN-10, Co-CN-30, and Co-CN-
100, respectively.

2.1.3  Synthesis of Mo‑Doped Mesoporous g‑C3N4

Mo-doped mesoporous g-C3N4 (Mo-MCN) was prepared by 
using  MoS2 nanosheets as the Mo precursor, which were 
obtained via hydrothermal method. In a typical run, 1.694 g 
of sodium molybdate and 2.665 g of thiourea were dissolved 
in 24 mL of deionized water and then transferred to a stain-
less autoclave for 24 h at 220 °C. After being cooled natu-
rally, the obtained black product was washed with ethanol 
and deionized water for several times until the supernatant 
was clear; then, it was dried at 60 °C. The final product was 
formulated into a 1 mg mL−1  MoS2 ethanol suspension and 
sonicated for 6 h. The typical synthesis of Mo-MCN samples 
was as follows: 8.0 g of guanidine hydrochloride and  MoS2 
solution (1, 2, and 4 mL; 1 mg mL−1) were mixed with 5 mL 
of deionized water. After stirring for 0.5 h and sonication 
treatment for 1 h, the mixture was dried at 80 °C for 24 h. 
Then, it was grinded into powder and heated at 550 °C for 
1 h in air. The products were labeled as Mo-MCN-1, Mo-
MCN-2, and Mo-MCN-4, respectively.

2.1.4  Synthesis of Co and Mo Co‑doped Mesoporous 
g‑C3N4

Co/Mo-MCN was prepared through the following typical 
experiment: 2 mL of  MoS2 ethanol solution (1 mg mL−1), 
8.0 g of guanidine hydrochloride, and a desired amount 
of  CoCl2·6H2O (3, 5, 10, and 50 mg) were added to 5 mL 
of deionized water. After stirring for 0.5 h and sonication 
treatment for 1 h, the mixture was dried at 80 °C for 24 h. 
Then, it was grinded into powder and heated at 550 °C for 
1 h in air. The products were denoted as Co/Mo-MCN-3, 
Co/Mo-MCN-5, Co/Mo-MCN-10, and Co/Mo-MCN-50, 
respectively.

2.2  Photocatalytic Activity Measurement

The photocatalytic activity of the samples was examined 
by RhB degradation and hydrogen generation under visible 
light irradiation (> 400 nm). The  H2 production was per-
formed in a closed system. Typically, a 100 mg of photocata-
lyst was dispersed in 300 mL of aqueous solution containing 
TEOA (10 vol%), and Pt (1.5 wt%). After 5 min of sonica-
tion, the solution was degassed under flowing  N2. A 300-W 
Xe lamp equipped with UV filter (> 400 nm) was used as a 
light source. Evolved gas of 1 mL was sampled for analysis 
by gas chromatography with a TCD detector. For degrad-
ing the RhB solution, 50 mg of photocatalyst was dispersed 
in 50 mL of RhB solution under stirring. Considering the 
adsorption of the photocatalysts, the suspension was kept in 
dark for 30 min to attain an adequate adsorption–desorption 
equilibrium prior to irradiation.

3  Results and Discussion

The XRD patterns of the prepared P-CN, Co-CN, Mo-MCN, 
and Co/Mo-MCN are shown in Figs. 1 and S1. All the sam-
ples display two characteristic peaks at 13.1° and 27.5°, 
belonging to the (100) plane and (002) plane of g-C3N4, 
respectively [40, 41]. No other peaks are observed in any 
of the as-prepared samples, indicating the absence of Co 
compound and Mo compound [19, 42]. In addition, the 
peak intensities of the (002) plane in the Co-CN and Co/
Mo-MCN weakened and broadened with the increase in the 
Co contents; moreover, those in the Mo-MCN also gradu-
ally weakened with the increase in the Mo contents. This 
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phenomenon can be attributed to the introduction of Co and/
or Mo, which inhibits the thermal polymerization of g-C3N4 
[39, 43]. The XRD pattern of  MoS2 nanosheets is presented 
in Fig. S2; the diffraction peaks at 14.10°, 33.23°, 39.45°, 
49.01°, and 58.66° corresponding to the (002), (100), (103), 
(105), and (110) planes of the hexagonal phase of  MoS2 
(JCPDS 37-1492) [44, 45]. Figure S3 display SEM images 
of  MoS2. They are nanoflowers (Fig. S3a, b) prior to ultra-
sound and nanosheets (Fig. S3c, d) after ultrasound. Fig-
ure S4 displays the FT-IR spectra of P-CN, Co-CN, Mo-
MCN, and Co/Mo-MCN. All the characteristic peaks of 
these samples are similar to that of P-CN, indicating that 
the framework structure of P-CN was not changed after the 
doping with Co or/and Mo [46, 47]. Notably, the character-
istic peaks of Co–N or Mo–N bonds are not observed; this 
implied that Co or Mo atoms were absent in the materials or 
that their mass ratios are negligible to be distinguished from 
the characteristic peaks of g-C3N4.

The nitrogen adsorption–desorption was carried out to 
monitor the specific surface areas and porous structures of 
the as-prepared materials (Figs. 2 and S5). The isotherms of 
all the samples display hysteresis loops (type IV with  H3 hys-
teresis loops) at a higher relative pressure range (0.8–1.0), 
implying the presence of mesopores [48–50]. P-CN exhibits 
low SBET and pore volume (Table S1). For Co-CN, the SBET 
and pore volume are unchanged after the Co-doping. How-
ever, the SBET and pore volume of Mo-MCN significantly 
increase after the amount of Mo-doping increases; moreover, 

Mo-MCN-2 exhibits the highest SBET (82.4 m2  g−1) and pore 
volume (0.44 cm3  g−1). Notably, the product is completely 
decomposed when the content of  MoS2 exceeds 4 mg. The 
enlarged SBET and pore volume can be ascribed to the inhi-
bition of the crystal growth by Mo-doping and substantial 
gas evolution (such as  NH3,  CO2, and  H2S) owing to the 
decomposition of g-C3N4 caused by the presence of  MoS2 
to create more mesopores [51]. Furthermore, all the Co/Mo-
MCN exhibit significantly higher SBET (approximately 60 m2 
 g−1) than that of P-CN (16 m2  g−1). Figure 2b shows that 
the pore size distribution of all the materials are centered 
at 20–30 nm. A similar mesoporous structure and high spe-
cific surface area are favorable for the mass transfer of the 
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reactants and for increasing the efficiency of charge carrier 
separation, thereby improving the catalytic activity.

The morphology of P-CN and Co/Mo-MCN-5 were 
studied by transmission electron microscopy (TEM). P-CN 
(Fig. 3a, b) exhibits typical sheet-like morphology as other 
g-C3N4 materials reported elsewhere. Figure 3c, d reveals 
the wrinkled and worm-like structure of Co/Mo-MCN-5 
with distinct mesoporous channels; the pore size can be 
estimated as 20–30 nm, which is in accordance with the 
PSD analysis. Furthermore, no nanoparticles are apparent 
in the TEM images of Co/Mo-MCN-5; this indicates the 
absence of metal or metal oxide, which is in accordance 
with the results of the XRD. The result that mesopores 
are present in Mo-MCN and absent in Co-CN (in agree-
ment with the  N2 sorption result; shown in Fig. S6) indi-
cates that the mesopores can be mainly attributed to the 

utilization of  MoS2 as a catalyst for decomposing g-C3N4. 
SEM measurements were further carried out to analyze the 
morphology of the as-prepared materials. P-CN exhibits 
a stacked layer structure, whereas Co-CN-5, Mo-MCN-2, 
and Co/Mo-MCN-5 consist of a large number of lamellar 
structures and exhibit wrinkles and irregular folding struc-
tures (Fig. 4a–d). This result is in accordance with the high 
specific surface area of Mo-MCN-2 and Co/Mo-MCN. 
However, the degree of polymerization and the lamellar 
structures of Co-CN and Co/Mo-MCN decrease with the 
increase in the Co content (Figs. S7a-c and S8); this is in 
agreement with the XRD. The EDS elemental mapping 
of Co/Mo-MCN-5, Co-CN-5, and Mo-MCN-2 are pre-
sented in Figs. 4e–h, S7d–f, and S9; these are applied to 
verify the presence of doping elements. On the basis of the 

200 nm 200 nm

200 nm 200 nm

(a) (b)

(d)(c)

Fig. 3  TEM images of a, b P-CN and c, d Co/Mo-MCN-5
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characterization results, the Co and Mo elements are more 
likely to be atomic and highly dispersed in the g-C3N4.

The elemental valence state and surface composition of 
the as-prepared materials were further analyzed by XPS. In 
the case of Co/Mo-MCN-5 (Fig. 5), the C1s exhibits two 
peaks: at 284.9 and 288.5 eV (Fig. 5a). The former (as a 
standard carbon) belongs to C–C bonds, and the latter is 
ascribed to the N=C–N bonds of the g-C3N4 framework. 
Figure  5b depicts the high resolution N1s spectrum of 
Co/Mo-MCN-5. Two peaks at 399.2 and 400.8 eV can be 
observed; these are ascribed to C=N–C (pyridine nitrogen) 
and N–C3 (tertiary nitrogen), respectively [52, 53]. The 
Mo3d high resolution spectrum in Fig. 5c can be deconvo-
luted into two peaks, at 227.3 and 232.3 eV; these can be 
attributed to the binding energies of Mo3d 5/2 and Mo3d 
3/2, respectively, and contributed by the Mo–N bond [54]. 
As demonstrated in Fig. 5e, the peaks belonging to Co2p can 
be detected; moreover, the main peaks at 782.1 eV of Co2p 
3/2 is attributed to the Co–N bond and is higher than that 
of Co oxide (779–780 eV) and metallic Co (779 eV) [39, 
55]. The peaks at 784.3 and 786.7 eV belong to satellites. 
Furthermore, the XPS spectra of Co-CN-5 and Co-CN-100 
are presented in Fig. S10. These results demonstrate that Co 
is successfully embedded in the framework of the g-C3N4 
through the formation of Co–N bonds. The formation of 

the Co–N bonds and Mo–N bonds is likely to be favorable 
for photocatalytic activity. The Co contents are 0.042% and 
0.081% for Co-CN-5 and Co/Mo-MCN-5, respectively, as 
determined by ICP-AES; the Mo contents are 0.095% and 
0.058% for Mo-MCN-2 and Co/Mo-MCN-5, respectively. 
The contents of Co and Mo for the other materials are pre-
sented in Table S2. The XPS spectrum of S2p of Co/Mo-
MCN-5 was carried out to verify that S atoms are absent in 
this case (Fig. S11).

Elemental analysis data of all the as-prepared materials 
are exhibited in Table S3. The C/N ratio is 0.65 for Mo-
MCN and 0.64 for Co/Mo-MCN; these values are marginally 
lower than that of P-CN (0.68). This implies that Co- and/or 
Mo-doping inhibits the deamination in thermal polymeriza-
tion, resulting in further defects [56].

The photocatalytic performance of the obtained materials 
was evaluated by  H2 evolution under visible light. All the 
Co/Mo-MCNs exhibit substantially higher hydrogen evolu-
tion rates than that of P-CN (Fig. 6a). The highest hydrogen 
evolution rate is of Co/Mo-MCN-5: 69.45 μmol h−1; the 
hydrogen evolution rates of Co-CN-5 and Mo-CN-2 are 
50.03 and 55.08 μmol h−1, respectively. The above three val-
ues are higher than that of P-CN’s 8.05 μmol h−1 by 8.6, 6.2 
and 6.8 times, respectively. Figure S12 demonstrates the  H2 
evolution of Co-CN and Mo-MCN. Notably, the hydrogen 

1 μm

C N Co Mo

1 μm400 nm 400 nm

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 4  SEM images of a P-CN, b Co-CN-5, c Mo-MCN-2, d Co/Mo-MCN-5, e–h elemental mapping for Co/Mo-MCN-5
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evolution rate decreases with the increase in the Co content 
for Co-CN and Co/Mo-MCN owing to the low crystallin-
ity degree of g-C3N4. Meanwhile, the long-term stability 
of hydrogen evolution for Co/Mo-MCN-5 was investigated 
(Fig. 6b). The result does not reveal apparent decrease in 
the hydrogen evolution rate after four cycling runs; this 
indicates that the photocatalyst exhibits high stability. The 
reused sample was characterized by TEM and IR after the 
separation from the reaction mixture. The results verify the 
structure stability of the sample during the photocatalytic 
process (Fig. S13).

The photocatalytic activity was also assessed by RhB deg-
radation under visible irradiation. P-CN can degrade 19.5% 
RhB in 15 min; in contrast, Co/Mo-MCN-5 exhibits the 
highest photocatalytic activity and can degrade 94.7% RhB 
in 15 min (Fig. 6c). The photocatalytic activities of Co-CN 
and Mo-MCN are illustrated in Fig. S14a. Co-CN-5 and Mo-
MCN-2 could degrade 71.2% and 54.4% RhB in 15 min. 
The results demonstrate that Co/Mo-MCN exhibits supe-
rior photocatalytic performance than those of P-CN, Co-CN, 
and Mo-MCN. In addition, the photocatalytic activities of 
Co-CN and Co/Mo-MCN decrease with the increase in the 

Co content; this can be attributed to the low crystallinity 
degree of g-C3N4 according to the XRD results. The cycling 
test of RhB degradation also verifies the high stability of 
Co/Mo-MCN-5 (Fig. 6d). Figures S14b and S15 display 
the kinetic curves of the RhB photodegradation of the as-
prepared photocatalysts; these satisfy the pseudo-first-order 
rate law. The k (apparent reaction rate constant) of Co/Mo-
MCN-5, Co-CN-5, and Mo-MCN-2 are 0.193, 0.134, and 
0.065 min−1, which are 10.1, 7.0, and 3.4 times, respectively, 
than that of P-CN (0.0192 min−1).

Furthermore, UV–Vis diffuse reflection spectra were per-
formed to assess the optical absorption of the obtained sam-
ples. Co-CN displays enhanced absorption intensity and red-
shifted absorption edges from 447 nm of P-CN to 456 nm of 
Co-CN-100 with the increase in the Co content (Fig. S16), 
corresponding to the bandgap energy of 2.77 and 2.72 eV, 
respectively. The absorption regions of Co-CN also extend to 
approximately 680 nm. The results for the absorption edges 
and bandgap energy of all the Co-CN materials are listed in 
Table S4. The decreased bandgap of the Co-CN materials 
can be attributed to the tuned electronic structure after dop-
ing Co into the g-C3N4 framework. Mo-MCN-1, with a low 
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specific surface area (16.8 m2  g−1), displays an apparent red 
shift of the absorption edges to 460 nm (Fig. S17); this is 
mainly owing to the Mo-doping. However, the decrease in 
the absorption edge in Mo-MCN-2 and Mo-MCN-4 with the 
higher specific surface areas (82.4 and 65.1 m2  g−1) can be 
observed, which are located at 444 and 442 nm, correspond-
ing to the bandgaps of 2.79 and 2.80 eV, respectively. The 
increased bandgap can be attributed to the quantum con-
finement effect caused by the presence of mesopores [57]. 
As demonstrated in Fig. 7a, the absorption edges of Co/
Mo-MCN-5 is 447 nm similar to P-CN; this is a result of 
the combined effect of the co-doping (of Co and Mo) and 
the quantum confinement effect. In addition, compared with 
P-CN, the absorption region of Co/Mo-MCN-5 exhibits an 
apparent shift up to approximately 680 nm, indicating that 
more light energy can be absorbed. The extension of the 
absorption region of Co/Mo-MCN-5 can be ascribed to the 

charge-transfer transition between the Co ion p-electrons or 
Mo ion d-electrons and the conduction or valence band of 
g-C3N4 [51].

The bandgaps of both P-CN and Co/Mo-MCN-5 are 
2.77 eV. Furthermore, the Mott–Schottky measurement 
was carried out to investigate the conduction band (CB) 
edge of the materials (Fig. 7b). The positive slopes of the 
curves indicate the typical n-type characteristics of both 
the semiconductors. Therefore, the flat band potential can 
be approximately considered as the CB potential. The 
upshift of CB can be determined from − 1.19 eV for P-CN 
to − 1.32 eV for Co/Mo-MCN-5; moreover, Co-CN-5 and 
Mo-MCN-2 are -1.40 and -1.24 eV, respectively (Fig. S18). 
Based on the results of the bandgap and CB potential, the 
valence band (VB) potentials were calculated to be 1.58, 
1.36, 1.55, and 1.45 eV for P-CN, Co-CN-5, Mo-MCN-2, 
and Co/Mo-MCN-5, respectively. This result demonstrates 
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that the increase in CB caused by the bimetal co-doping can 
dramatically enhance the reduction capability of the photo-
catalyst; this can significantly improve the photocatalytic 
performance of hydrogen evolution. Furthermore, the trap-
ping of the photogenerated electrons by transition metals 
can effectively inhibit the recombination of carriers; this is 
favorable to direct hole oxidation (RhB degradation) [58].

The photocurrent was carried out to investigate the capa-
bility to generate and transfer photogenerated charge carriers 
under visible light irradiation (Fig. 7c). One can conclude 
that the photocurrent density of Co/Mo-MCN-5 is signifi-
cantly higher than that of Co-CN-5 and P-CN. Therefore, 
Co/Mo-MCN-5 can effectively facilitate the separation 
of photogenerated charge carriers owing to the mesopore 
structure, high SBET, and the formation of Co–N and Mo–N 
bonds.

The PL spectra are closely related to the recombination 
of photo-induced electrons and holes. A lower PL intensity 

generally implies lower recombination of photo-induced 
charge carries, resulting in an improved photocatalytic 
performance. Co/Mo-MCN-5 displays significantly lower 
PL intensity than those of Co-CN-5 and P-CN (Fig. 7d). 
This can be attributed to the transition of electrons in the 
mesopores and the trapping of electrons by Co and Mo 
bonds; these cause the low recombination rate of pho-
togenerated electron–hole pairs, which are favorable to the 
improvement of photocatalytic activity.

The Co/Mo-MCN-5 conduction band (− 1.32 eV) is more 
negative than the hydrogen electrode potential  (H+/H2). 
Therefore,  H+ can be reduced to  H2 directly. The radical 
species trapping experiments were performed to investigate 
the mechanism of RhB degradation by Co/Mo-MCN-3 by 
using isopropanol (IPA, as ⋅OH scavenger), p-benzoquinone 
(BQ, as ⋅O2

− scavenger), and triethanolamine (TEOA, as  h+ 
scavenger). As demonstrated in Fig. S19, the photodegrada-
tion efficiency of RhB abruptly decreased from 92.2% to 
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16.5% when the BQ was added; this indicates that ⋅O2
− was 

the predominant active species for RhB degradation by Co/
Mo-MCN. In contrast, the negligible inhibition by the addi-
tion of IPA indicates that ⋅OH does not positively affect the 
degradation of RhB. In addition, the degradation efficiency 
was marginally decreased with the introduction of TEOA. 
Therefore, these results demonstrate that ⋅O2

− plays an 
important role in the degradation of RhB and that  h+ is also 
involved in the Co/Mo-MCN catalyst.

The improved photocatalytic activity of Co/Mo-MCN 
compared with P-CN and mono-metal-doped g-C3N4 should 
be ascribed mainly to the synergistic effect of bimetallic 
doping, including the highly efficient charge separation, 
the fast mass transfer, and the higher SBET and larger pore 
volumes derived from the abundant mesoporous structure. 
Moreover, the formation of Co–N and Mo–N bonds by the 
doping with Co and Mo is another cause. The heteroatom 
Co or Mo can trap photogenerated electrons to reduce the 
recombination of charge carriers effectively, thereby increas-
ing the photocatalytic activity. In order to further verify the 
reasons for the improved photocatalytic performance, the 
DFT calculations were applied.

DFT calculations were utilized to estimate the crystal 
structures of g-C3N4 (P-CN), Co-doped g-C3N4 (Co-CN), 
and Mo-doped g-C3N4 (Mo-CN). The crystal structure of 
P-CN is presented in Fig. 8a. The in-planar repeat period 
and interlayer distance are estimated to be 7.12 and 3.14 
Å, respectively; these results are consistent with previous 
theoretical results [59, 60]. Based on the P-CN geometry 
optimization results, the crystal structures of Co-doped and 
Mo-doped g-C3N4 were calculated when the doping atom 
was inserted into the planes and interlayer. Details of the 
geometry optimization for the different doping sites are pre-
sented in Table S5; from this table, one can conclude that 
the most stable configuration for both Co- and Mo-doped 
g-C3N4 is the bridging site. Their final crystal structures are 
shown in Fig. 8b, c, respectively.

For further analysis of the effects of Co-doping and Mo-
doping on the photocatalytic activity, the charge density 
difference between P-CN and both the metal-doped materi-
als was investigated; and the results are shown in Fig. 8d, 
e. Either of doped Co and Mo atoms could form chemical 
bonds between two layers and construct channels to deliver 
charges, thereby promoting the exciton dissociation [61].

Another factor that substantially affects the photocata-
lytic performance is the optical absorption characteristics. 

This can be estimated by the bandgap and optical absorp-
tion coefficients [62]. The bandgap determines the optical 
spectral range where light can be absorbed to excite the pho-
togenerated charge carriers. The optical absorption coeffi-
cients determine the optical absorption intensity at different 
wavelengths.

The band structures of P-CN, Co-CN, and Mo-CN are 
demonstrated in Fig. 9. The bandgap calculated for P-CN is 
2.135 eV, which is marginally smaller than the experimental 
value; this is owing to the constraints posed by DFT. The 
bandgaps calculated for Mo-CN and Co-CN are 1.50 and 
1.44 eV, respectively. Evidently, Co- or Mo-doping could 
narrow the bandgap and extend the light absorption region 
that can be used to induce photogenerated electron–hole 
pairs. From the DFT calculations, the dielectric constants 
of P-CN, Co-CN, and Mo-CN could also be obtained (Fig. 
S20). On this basis, the optical absorption coefficient could 
be calculated using Eq. 1; here, ε1(ω) and ε2(ω) are the real 
and imaginary parts, respectively, of the frequency-depend-
ent dielectric function ε(ω). The calculation results indicate 
that either of Co- and Mo- doping can enhance the optical 
absorption intensity in the visible light region from 600 to 
1000 nm (Fig. 10), in accordance with the UV–Vis DRS 
results.
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The above discussions are mainly on the change in the 
inherent properties of materials. However, there are certain 
nanoscale structures in the inner part of the photocatalyst. 
They can result in near-field effects, which modify the opti-
cal absorption properties. Owing to the constraint of optical 
measurement, the optical characteristics in the inner part of 
the photocatalyst is challenging to measure. Thus, optical 
simulation was utilized in this work for a better illustration 
of the optical absorption characteristics in the inner part 
of the photocatalyst. Moreover, all the optical simulations 
in this study were carried out using finite difference time 
domain (FDTD) method implemented on the FDTD Solu-
tions software developed by Lumerical Solutions.

Abundant mesopores with an average size of ca. 25 nm 
can be observed inside the Mo-MCN photocatalysts in the 
TEM images; these can influence the optical absorption 
characteristics. Therefore, the optical characteristics under 
incident light of wavelengths 300, 500, and 700 nm were cal-
culated for P-CN and Mo-CN. The model adopted in these 
optical simulations is shown in Fig. 11a. The electric field 
intensity in the x–y plane could apparently increase at the 
edge of the pore walls after Mo-doping (Fig. 11b, c). This 
illustrates that the optical energy gathering at the edge of 
the pore walls is apparently enhanced after Mo-doping. The 
electrical field intensity in the x–z plane is also shown in 

Fig. 11d, e. Moreover, the optical absorption power was cal-
culated according to the electrical field intensity results; the 
x–z plane results for P-CN and Mo-CN under incident light 
of wavelengths 300, 500, and 700 nm are shown in Fig. S21. 
For the incident wavelength of 300 nm, they exhibit almost 
identical optical absorption characteristics. However, when 
the incident wavelength increases to 500 and 700 nm, the 
optical absorption intensity of Mo-CN is apparently stronger 
than that of P-CN; this is consistent with the optical absorp-
tion coefficient results. Consequently, the optical absorption 
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characteristics can be enhanced by Mo-doping. Based on 
the above analysis, it can be conjectured that the bimetallic 
co-doped g-C3N4 with Co and Mo exhibits stronger light 
absorption capability than mono-metal doping, resulting in 
the increased photocatalytic activity.

Based on the above experimental results, a likely mecha-
nism of the degradation of RhB by Co/Mo-MCN is pro-
posed. As demonstrated in Fig. 12, the Co/Mo-MCN can 
apparently extend the visible light absorption region and 
absorb more light energy under visible light irradiation; 
thereby, more active particles could be generated. Then, the 
photogenerated electrons in the CB of the co-doped mate-
rial can be trapped by the doped metal (Co and Mo). Sub-
sequently, these electrons react with the dissolved  O2 in the 
system to form ⋅O2−, which can function as an active spe-
cies to degrade RhB. However, photogenerated holes cannot 
react with -OH or  H2O to produce hydroxyl radicals ⋅OH 
because the reduction potential of Co/Mo-MCN (+1.53 eV) 
is more negative than that of OH/OH − (+1.99 eV). There-
fore, hydroxyl radicals are mainly derived from the reaction 

of superoxide radicals with aqueous media. Meanwhile, 
photogenerated holes remaining in the VB of Co/Mo-MCN 
can directly oxidize RhB. In addition, the  H2 production 
from water-splitting is a process of electron reduction. Con-
sidering the above analysis, Co/Mo-MCN’s mesoporous 
structure and higher specific surface area can promote effi-
cient separation of photogenerated electrons and holes and 
accelerate mass transfer, which are favorable to the photo-
reaction process. After the introduction of Co and Mo, the 
numerous metal–N bonds formed can be considered as a 
trapping center of electrons that enhances the separation of 
electron–hole pairs. Therefore, the bimetal-doped Co/Mo-
MCN exhibits remarkable photocatalytic activity.

4  Conclusions

In summary, Co/Mo-MCN with high specific surface area 
was synthesized via template-free method. DFT calculations 
and FDTD simulations revealed that the bimetal co-doping 
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can change the inherent optical properties of the material, 
thus extending the absorption region and increasing the 
absorption intensity. Moreover, it was revealed that the 
intrinsic mesoporous channels and wrinkle structure can 
improve the light absorption capability at the edge of the 
pore and reduce reflectance. Co/Mo-MCN exhibited supe-
rior photocatalytic performance for RhB degradation and 
hydrogen evolution than that of P-CN and mono-metal-
doped g-C3N4. The improved photocatalytic performance 
is mainly ascribed to the synergistic effect of Co and Mo 
bimetallic doping, which resulted in larger specific surface 
area, narrowed bandgap, more negative CB potential, and 
abundant metal–N bonds. These brought about extended 
visible light absorption region, stronger reduction capabil-
ity, improved separation efficiency of charge carriers, and 
accelerated mass transfer. This study provides a fresh per-
spective for the design and synthesis of high performing 
photocatalysts with suitable electronic structures and high 
specific surface areas by applying bimetallic co-doping.

Acknowledgements We thank the financial support from National 
Natural Science Foundation of China (51472062).

Open Access This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://
creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted 
use, distribution, and reproduction in any medium, provided you 
give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons license, and indicate if 
changes were made.

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s4082 0-018-0236-y) contains 
supplementary material, which is available to authorized users.

References

 1. H. Yin, Z. Tang, Ultrathin two-dimensional layered metal 
hydroxides: an emerging platform for advanced catalysis, 
energy conversion and storage. Chem. Soc. Rev. 45, 4873–
4891 (2016). https ://doi.org/10.1039/C6CS0 0343E 

 2. V.W. Lau, M.B. Mesch, V. Duppel, V. Blum, J. Senker, B.V. 
Lotsch, Low-molecular-weight carbon nitrides for solar hydro-
gen evolution. J. Am. Chem. Soc. 137, 1064–1072 (2015). 
https ://doi.org/10.1021/ja511 802c

 3. H. Yu, L. Shang, T. Bian, R. Shi, G.I. Waterhouse et al., Nitro-
gen-doped porous carbon nanosheets templated from g-C3N4 
as metal-free electrocatalysts for efficient oxygen reduction 
reaction. Adv. Mater. 28, 5080–5086 (2016). https ://doi.
org/10.1002/adma.20160 0398

 4. X. Wang, K. Maeda, A. Thomas, K. Takanabe, G. Xin, J.M. 
Carlsson, K. Domen, M. Antonietti, A metal-free polymeric 
photocatalyst for hydrogen production from water under visi-
ble light. Nat. Mater. 8, 76–80 (2009). https ://doi.org/10.1038/
nmat2 317

 5. K. Maeda, K. Teramura, D.L. Lu, T. Takata, N. Saito, Y. 
Inoue, K. Domen, Photocatalyst releasing hydrogen from 
water-enhancing catalytic performance holds promise for 
hydrogen production by water splitting in sunlight. Nature 
440, 295 (2006). https ://doi.org/10.1038/44029 5a

 6. D. Zheng, X.N. Cao, X. Wang, Precise formation of a hollow 
carbon nitride structure with a janus surface to promote water 
splitting by photoredox catalysis. Angew. Chem. Int. Ed. 55, 
11512–11516 (2016). https ://doi.org/10.1002/anie.20160 6102

 7. X.H. Li, X.C. Wang, M. Antonietti, Solvent-free and metal-
free oxidation of toluene using  O2 and g-C3N4 with nanopores: 
nanostructure boosts the catalytic selectivity. ACS Catal. 2, 
2082–2086 (2012). https ://doi.org/10.1021/cs300 413x

 8. A. Wang, C. Wang, L. Fu, W. Wong-Ng, Y. Lan, Recent 
advances of graphitic carbon nitride-based structures and 
applications in catalyst, sensing, imaging, and LEDs. Nano-
Micro Lett. 9, 47 (2017). https ://doi.org/10.1007/s4082 
0-017-0148-2

 9. D. Lu, P. Fang, W. Wu, J. Ding, L. Jiang, X. Zhao, C. Li, 
M. Yang, Y. Li, D. Wang, Solvothermal-assisted synthesis 
of self-assembling  TiO2 nanorods on large graphitic carbon 
nitride sheets with their anti-recombination in the photo-
catalytic removal of Cr(VI) and Rhodamine B under visible 
light irradiation. Nanoscale 9, 3231–3245 (2017). https ://
doi.org/10.1039/C6NR0 9137G 

 10. S. Kumar, A. Baruah, S. Tonda, B. Kumar, V. Shanker, B. 
Sreedhar, Cost-effective and eco-friendly synthesis of novel 
and stable n-doped ZnO/g-C3N4 core-shell nanoplates with 
excellent visible-light responsive photocatalysis. Nanoscale 
6, 4830–4842 (2014). https ://doi.org/10.1039/c3nr0 5271k 

 11. G. Mamba, A.K. Mishra, Graphitic carbon nitride (g-C3N4) 
nanocomposites: a new and exciting generation of visible 
light driven photocatalysts for environmental pollution 
remediation. Appl. Catal. B-Environ. 198, 347–377 (2016). 
https ://doi.org/10.1016/j.apcat b.2016.05.052

C N

Products

RhB

Products
RhB

O2/·O2
(−0.046 eV)

H Co Mo

h+

e− e− e−

e−
Co/Mo-MCNE vs. NHE

−2

−1

0

1

2

3

H2O H2

O2

·O2

e−

h+ h+

2.
77

 e
V

−
−1.32

1.45

Fig. 12  Photocatalytic mechanism scheme of Co/Mo-MCN under 
visible light irradiation

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-018-0236-y
https://doi.org/10.1039/C6CS00343E
https://doi.org/10.1021/ja511802c
https://doi.org/10.1002/adma.201600398
https://doi.org/10.1002/adma.201600398
https://doi.org/10.1038/nmat2317
https://doi.org/10.1038/nmat2317
https://doi.org/10.1038/440295a
https://doi.org/10.1002/anie.201606102
https://doi.org/10.1021/cs300413x
https://doi.org/10.1007/s40820-017-0148-2
https://doi.org/10.1007/s40820-017-0148-2
https://doi.org/10.1039/C6NR09137G
https://doi.org/10.1039/C6NR09137G
https://doi.org/10.1039/c3nr05271k
https://doi.org/10.1016/j.apcatb.2016.05.052


 Nano-Micro Lett. (2019) 11:1010 Page 14 of 16

https://doi.org/10.1007/s40820-018-0236-y© The authors

 12. S. Cao, J. Low, J. Yu, M. Jaroniec, Polymeric photocatalysts 
based on graphitic carbon nitride. Adv. Mater. 27, 2150–
2176 (2015). https ://doi.org/10.1002/adma.20150 0033

 13. S. Sun, S. Liang, Recent advances in functional mesoporous 
graphitic carbon nitride (mpg-C3N4) polymers. Nanoscale 9, 
10544–10578 (2017). https ://doi.org/10.1039/C7NR0 3656F 

 14. S. Kumar, S. Karthikeyan, A. Lee, G-C3N4-based nanoma-
terials for visible light-driven photocatalysis. Catalysts 8, 74 
(2018). https ://doi.org/10.3390/catal 80200 74

 15. S. Patnaik, S. Martha, S. Acharya, K.M. Parida, An over-
view of the modification of g-C3N4 with high carbon con-
taining materials for photocatalytic applications. Inorg. 
Chem. Front. 3, 336–347 (2016). https ://doi.org/10.1039/
C5QI0 0255A 

 16. F.Z. Su, S.C. Mathew, G. Lipner, X.Z. Fu, M. Antonietti, S. 
Blechert, X.C. Wang, Mpg-C3N4-catalyzed selective oxidation 
of alcohols using  O2 and visible light. J. Am. Chem. Soc. 132, 
16299–16301 (2010). https ://doi.org/10.1021/ja102 866p

 17. W. Chen, T.Y. Liu, T. Huang, X.H. Liu, X.J. Yang, Novel 
mesoporous P-doped graphitic carbon nitride nanosheets 
coupled with  ZnIn2S4 nanosheets as efficient visible light 
driven heterostructures with remarkably enhanced photo-
reduction activity. Nanoscale 8, 3711–3719 (2016). https ://
doi.org/10.1039/C5NR0 7695A 

 18. T. Zhou, W. Lv, J. Li, G. Zhou, Y. Zhao et al., Twinborn 
 TiO2-tin heterostructures enabling smooth trapping-diffusion-
conversion of polysulfides towards ultralong life lithium-sulfur 
batteries. Energy Environ. Sci. 10, 1694–1703 (2017). https ://
doi.org/10.1039/C7EE0 1430A 

 19. Z. Mao, J. Chen, Y. Yang, D. Wang, L. Bie, B.D. Fahl-
man, Novel g-C3N4/CoO nanocomposites with significantly 
enhanced visible-light photocatalytic activity for  H2 evolution. 
ACS Appl. Mater. Interfaces 9, 12427–12435 (2017). https ://
doi.org/10.1021/acsam i.7b003 70

 20. J. Wang, L. Tang, G. Zeng, Y. Deng, Y. Liu et al., Atomic scale 
g-C3N4/Bi2WO6 2D/2D heterojunction with enhanced photo-
catalytic degradation of ibuprofen under visible light irradia-
tion. Appl. Catal. B-Environ. 209, 285–294 (2017). https ://doi.
org/10.1016/j.apcat b.2017.03.019

 21. L. Jiang, X. Yuan, Y. Pan, J. Liang, G. Zeng, Z. Wu, H. Wang, 
Doping of graphitic carbon nitride for photocatalysis: a review. 
Appl. Catal. B-Environ. 217, 388–406 (2017). https ://doi.
org/10.1016/j.apcat b.2017.06.003

 22. C. Zhang, Y. Zhou, L. Tang, G. Zeng, J. Zhang et al., Determi-
nation of  Cd2+ and  Pb2+ based on mesoporous carbon nitride/
self-doped polyaniline nanofibers and square wave anodic 
stripping voltammetry. Nanomaterials 6, 7 (2016). https ://doi.
org/10.3390/nano6 01000 7

 23. J.W. Xiao, Y.Y. Xu, Y.T. Xia, J.B. Xi, S. Wang, Ultra-small 
 Fe2N nanocrystals embedded into mesoporous nitrogen-doped 
graphitic carbon spheres as a highly active, stable, and metha-
nol-tolerant electrocatalyst for the oxygen reduction reaction. 
Nano Energy 24, 121–129 (2016). https ://doi.org/10.1016/j.
nanoe n.2016.04.026

 24. F. Goettmann, A. Fischer, M. Antonietti, A. Thomas, Chemical 
synthesis of mesoporous carbon nitrides using hard templates 

and their use as a metal-free catalyst for friedel-crafts reaction 
of benzene. Angew. Chem. Int. Ed. 45, 4467–4471 (2006). 
https ://doi.org/10.1002/anie.20060 0412

 25. Y. Wang, X. Wang, M. Antonietti, Y. Zhang, Facile one-pot 
synthesis of nanoporous carbon nitride solids by using soft 
templates. Chemsuschem 3, 435–439 (2010). https ://doi.
org/10.1002/cssc.20090 0284

 26. Z. Yang, Y. Zhang, Z. Schnepp, Soft and hard templating of 
graphitic carbon nitride. J. Mater. Chem. A 3, 14081–14092 
(2015). https ://doi.org/10.1039/C5TA0 2156A 

 27. H. Zhang, A. Yu, Photophysics and photocatalysis of carbon 
nitride synthesized at different temperatures. J. Phys. Chem. C 
118, 11628–11635 (2014). https ://doi.org/10.1021/jp503 477x

 28. R. Godin, Y. Wang, M.A. Zwijnenburg, J. Tang, J.R. Durrant, 
Time-resolved spectroscopic investigation of charge trap-
ping in carbon nitrides photocatalysts for hydrogen genera-
tion. J. Am. Chem. Soc. 139, 5216–5224 (2017). https ://doi.
org/10.1021/jacs.7b015 47

 29. Q. Yu, S. Guo, X. Li, M. Zhang, Template free fabrication of 
porous g-C3N4/graphene hybrid with enhanced photocatalytic 
capability under visible light. Mater. Technol. 29, 172–178 
(2014). https ://doi.org/10.1179/17535 55714 Y.00000 00126 

 30. Z.H. Chen, P. Sun, B. Fan, Z.G. Zhang, X.M. Fang, In situ 
template-free ion-exchange process to prepare visible-light-
active g-C3N4/NiS hybrid photocatalysts with enhanced 
hydrogen evolution activity. J. Phys. Chem. C 118, 7801–7807 
(2014). https ://doi.org/10.1021/jp500 0232

 31. H. Huang, K. Xiao, N. Tian, F. Dong, T. Zhang, X. Du, Y. 
Zhang, Template-free precursor-surface-etching route to 
porous, thin g-C3N4 nanosheets for enhancing photocatalytic 
reduction and oxidation activity. J. Mater. Chem. A 5, 17452–
17463 (2017). https ://doi.org/10.1039/C7TA0 4639A 

 32. W.D. Oh, V.W.C. Chang, Z.T. Hu, R. Goei, T.T. Lim, 
Enhancing the catalytic activity of g-C3N4 through Me dop-
ing (Me = Cu, Co and Fe) for selective sulfathiazole degra-
dation via redox-based advanced oxidation process. Chem. 
Eng. J. 323, 260–269 (2017). https ://doi.org/10.1016/j.
cej.2017.04.107

 33. D. Ghosh, G. Periyasamy, S.K. Pati, Transition metal embed-
ded two-dimensional  C3N4-graphene nanocomposite: a mul-
tifunctional material. J. Phys. Chem. C 118, 15487–15494 
(2014). https ://doi.org/10.1021/jp503 367v

 34. Y. Zheng, Y. Jiao, Y. Zhu, Q. Cai, A. Vasileff et al., Molecule-
level g-C3N4 coordinated transition metals as a new class 
of electrocatalysts for oxygen electrode reactions. J. Am. 
Chem. Soc. 139, 3336–3339 (2017). https ://doi.org/10.1021/
jacs.6b131 00

 35. Z. Ding, X. Chen, M. Antonietti, X. Wang, Synthesis of tran-
sition metal-modified carbon nitride polymers for selective 
hydrocarbon oxidation. Chemsuschem 4, 274–281 (2011). 
https ://doi.org/10.1002/cssc.20100 0149

 36. X. Wang, X. Chen, A. Thomas, X. Fu, M. Antonietti, Metal-
containing carbon nitride compounds: a new functional 
organic-metal hybrid material. Adv. Mater. 21, 1609–1612 
(2009). https ://doi.org/10.1002/adma.20080 2627

https://doi.org/10.1002/adma.201500033
https://doi.org/10.1039/C7NR03656F
https://doi.org/10.3390/catal8020074
https://doi.org/10.1039/C5QI00255A
https://doi.org/10.1039/C5QI00255A
https://doi.org/10.1021/ja102866p
https://doi.org/10.1039/C5NR07695A
https://doi.org/10.1039/C5NR07695A
https://doi.org/10.1039/C7EE01430A
https://doi.org/10.1039/C7EE01430A
https://doi.org/10.1021/acsami.7b00370
https://doi.org/10.1021/acsami.7b00370
https://doi.org/10.1016/j.apcatb.2017.03.019
https://doi.org/10.1016/j.apcatb.2017.03.019
https://doi.org/10.1016/j.apcatb.2017.06.003
https://doi.org/10.1016/j.apcatb.2017.06.003
https://doi.org/10.3390/nano6010007
https://doi.org/10.3390/nano6010007
https://doi.org/10.1016/j.nanoen.2016.04.026
https://doi.org/10.1016/j.nanoen.2016.04.026
https://doi.org/10.1002/anie.200600412
https://doi.org/10.1002/cssc.200900284
https://doi.org/10.1002/cssc.200900284
https://doi.org/10.1039/C5TA02156A
https://doi.org/10.1021/jp503477x
https://doi.org/10.1021/jacs.7b01547
https://doi.org/10.1021/jacs.7b01547
https://doi.org/10.1179/1753555714Y.0000000126
https://doi.org/10.1021/jp5000232
https://doi.org/10.1039/C7TA04639A
https://doi.org/10.1016/j.cej.2017.04.107
https://doi.org/10.1016/j.cej.2017.04.107
https://doi.org/10.1021/jp503367v
https://doi.org/10.1021/jacs.6b13100
https://doi.org/10.1021/jacs.6b13100
https://doi.org/10.1002/cssc.201000149
https://doi.org/10.1002/adma.200802627


Nano-Micro Lett. (2019) 11:10 Page 15 of 16 10

1 3

 37. C. Han, X. Bo, J. Liu, M. Li, M. Zhou, L. Guo, Fe, Co bimetal 
activated N-doped graphitic carbon layers as noble metal-
free electrocatalysts for high-performance oxygen reduction 
reaction. J. Alloys Compd. 710, 57–65 (2017). https ://doi.
org/10.1016/j.jallc om.2017.03.241

 38. S.G. Rashid, M.A. Gondal, A. Hameed, M. Aslam, M.A. Dast-
ageer, Z.H. Yamani, D.H. Anjum, Synthesis, characterization 
and visible light photocatalytic activity of  Cr3+,  Ce3+ and N 
co-doped  TiO2 for the degradation of humic acid. RSC Adv. 5, 
32323–32332 (2015). https ://doi.org/10.1039/C5RA0 0714C 

 39. G. Zhang, C. Huang, X. Wang, Dispersing molecular cobalt 
in graphitic carbon nitride frameworks for photocatalytic 
water oxidation. Small 11, 1215–1221 (2015). https ://doi.
org/10.1002/smll.20140 2636

 40. M.L. Li, L.X. Zhang, M.Y. Wu, Y.Y. Du, X.Q. Fan et al., 
Mesostructured  CeO2/g-C3N4 nanocomposites: remarkably 
enhanced photocatalytic activity for  CO2 reduction by mutual 
component activations. Nano Energy 19, 145–155 (2016). 
https ://doi.org/10.1016/j.nanoe n.2015.11.010

 41. J. Xiao, Y. Xie, F. Nawaz, S. Jin, F. Duan, M. Li, H. Cao, 
Super synergy between photocatalysis and ozonation using 
bulk g-C3N4 as catalyst: a potential sunlight/O3/g-C3N4 
method for efficient water decontamination. Appl. Catal. B- 
Environ. 181, 420–428 (2016). https ://doi.org/10.1016/j.apcat 
b.2015.08.020

 42. F. Guo, W. Shi, H. Wang, M. Han, H. Li, H. Huang, Y. Liu, Z. 
Kang, Facile fabrication of a CoO/g-C3N4 p-n heterojunction 
with enhanced photocatalytic activity and stability for tetra-
cycline degradation under visible light. Catal. Sci. Technol. 7, 
3325–3331 (2017). https ://doi.org/10.1039/C7CY0 0960G 

 43. L.F. Gao, T. Wen, J.Y. Xu, X.P. Zhai, M. Zhao et al., Iron-
doped carbon nitride-type polymers as homogeneous organo-
catalysts for visible light-driven hydrogen evolution. ACS 
Appl. Mater. Interfaces. 8, 617–624 (2016). https ://doi.
org/10.1021/acsam i.5b096 84

 44. Y. Hou, J.Y. Li, Z.H. Wen, S.M. Cui, C. Yuan, J.H. Chen, 
N-doped graphene/porous g-C3N4 nanosheets supported 
layered-MoS2 hybrid as robust anode materials for lithium-
ion batteries. Nano Energy 8, 157–164 (2014). https ://doi.
org/10.1016/j.nanoe n.2014.06.003

 45. W. Fu, H. He, Z. Zhang, C. Wu, X. Wang et al., Strong inter-
facial coupling of  MoS2/g-C3N4 van de waals solids for highly 
active water reduction. Nano Energy 27, 44–50 (2016). https 
://doi.org/10.1016/j.nanoe n.2016.06.037

 46. Z.A. Lan, G.G. Zhang, X.C. Wang, A facile synthesis of Br-
modified g-C3N4 semiconductors for photoredox water split-
ting. Appl. Catal. B-Environ. 192, 116–125 (2016). https ://doi.
org/10.1016/j.apcat b.2016.03.062

 47. F. Raziq, Y. Qu, M. Humayun, A. Zada, H. Yu, L. Jing, 
Synthesis of  SnO2/B-P codoped g-C3N4 nanocomposites as 
efficient cocatalyst-free visible-light photocatalysts for  CO2 
conversion and pollutant degradation. Appl. Catal. B-Envi-
ron. 201, 486–494 (2017). https ://doi.org/10.1016/j.apcat 
b.2016.08.057

 48. J. Xu, Q. Jiang, T. Chen, F. Wu, Y.X. Li, Vanadia supported 
on mesoporous carbon nitride as a highly efficient catalyst for 

hydroxylation of benzene to phenol. Catal. Sci. Technol. 5, 
1504–1513 (2015). https ://doi.org/10.1039/C4CY0 1373E 

 49. K. Kailasam, A. Fischer, G. Zhang, J. Zhang, M. Schwarze, M. 
Schroder, X. Wang, R. Schomacker, A. Thomas, Mesoporous 
carbon nitride-tungsten oxide composites for enhanced pho-
tocatalytic hydrogen evolution. Chemsuschem 8, 1404–1410 
(2015). https ://doi.org/10.1002/cssc.20140 3278

 50. N. Tian, Y. Zhang, X. Li, K. Xiao, X. Du, F. Dong, G.I.N. 
Waterhouse, T. Zhang, H. Huang, Precursor-reforming pro-
tocol to 3d mesoporous g-C3N4 established by ultrathin self-
doped nanosheets for superior hydrogen evolution. Nano 
Energy 38, 72–81 (2017). https ://doi.org/10.1016/j.nanoe 
n.2017.05.038

 51. Y. Wang, Y. Xu, Y. Wang, H. Qin, X. Li, Y. Zuo, S. Kang, 
L. Cui, Synthesis of Mo-doped graphitic carbon nitride cata-
lysts and their photocatalytic activity in the reduction of  CO2 
with  H2O. Catal. Commun. 74, 75–79 (2016). https ://doi.
org/10.1016/j.catco m.2015.10.029

 52. H.J. Yu, L. Shang, T. Bian, R. Shi, G.I.N. Waterhouse et al., 
Nitrogen-doped porous carbon nanosheets templated from 
g-C3N4 as metal-free electrocatalysts for efficient oxygen 
reduction reaction. Adv. Mater. 28, 5080–5086 (2016). https 
://doi.org/10.1002/adma.20160 0398

 53. F. He, G. Chen, J. Miao, Z. Wang, D. Su et al., Sulfur-mediated 
self-templating synthesis of tapered C-PAN/g-C3N4 composite 
nanotubes toward efficient photocatalytic  H2 evolution. ACS 
Energy Lett. 1, 969–975 (2016). https ://doi.org/10.1021/acsen 
ergyl ett.6b003 98

 54. D. Qi, H. Lei, T. Wang, Z. Pei, J. Gong, C. Sun, Mechanical, 
microstructural and tribological properties of reactive mag-
netron sputtered Cr–Mo–N films. J. Mater. Sci. Technol. 31, 
55–64 (2015). https ://doi.org/10.1016/j.jmst.2014.10.001

 55. D. Das, D. Banerjee, B. Das, N.S. Das, K.K. Chattopad-
hyay, Effect of cobalt doping into graphitic carbon nitride on 
photo induced removal of dye from water. Mater. Res. Bull. 
89, 170–179 (2017). https ://doi.org/10.1016/j.mater resbu 
ll.2017.01.034

 56. P.-W. Chen, K. Li, Y.-X. Yu, W.D. Zhang, Cobalt-doped 
graphitic carbon nitride photocatalysts with high activity for 
hydrogen evolution. Appl. Surf. Sci. 392, 608–615 (2017). 
https ://doi.org/10.1016/j.apsus c.2016.09.086

 57. Y. Cui, J. Zhang, G. Zhang, J. Huang, P. Liu, M. Antonietti, 
X. Wang, Synthesis of bulk and nanoporous carbon nitride 
polymers from ammonium thiocyanate for photocatalytic 
hydrogen evolution. J. Mater. Chem. 21, 13032 (2011). https 
://doi.org/10.1039/c1jm1 1961c 

 58. S. Zhang, J. Li, M. Zeng, J. Li, J. Xu, X. Wang, Bandgap 
engineering and mechanism study of nonmetal and metal ion 
codoped carbon nitride: C + Fe as an example. Chemistry 20, 
9805–9812 (2014). https ://doi.org/10.1002/chem.20140 0060

 59. J. Gracia, P. Kroll, Corrugated layered heptazine-based carbon 
nitride: the lowest energy modifications of  C3N4 ground state. 
J. Mater. Chem. 19, 9285 (2009). https ://doi.org/10.1039/
b8215 68e

 60. X.G. Ma, Y.H. Lv, J. Xu, Y.F. Liu, R.Q. Zhang, Y.F. Zhu, A 
strategy of enhancing the photoactivity of g-C3N4 via doping 

https://doi.org/10.1016/j.jallcom.2017.03.241
https://doi.org/10.1016/j.jallcom.2017.03.241
https://doi.org/10.1039/C5RA00714C
https://doi.org/10.1002/smll.201402636
https://doi.org/10.1002/smll.201402636
https://doi.org/10.1016/j.nanoen.2015.11.010
https://doi.org/10.1016/j.apcatb.2015.08.020
https://doi.org/10.1016/j.apcatb.2015.08.020
https://doi.org/10.1039/C7CY00960G
https://doi.org/10.1021/acsami.5b09684
https://doi.org/10.1021/acsami.5b09684
https://doi.org/10.1016/j.nanoen.2014.06.003
https://doi.org/10.1016/j.nanoen.2014.06.003
https://doi.org/10.1016/j.nanoen.2016.06.037
https://doi.org/10.1016/j.nanoen.2016.06.037
https://doi.org/10.1016/j.apcatb.2016.03.062
https://doi.org/10.1016/j.apcatb.2016.03.062
https://doi.org/10.1016/j.apcatb.2016.08.057
https://doi.org/10.1016/j.apcatb.2016.08.057
https://doi.org/10.1039/C4CY01373E
https://doi.org/10.1002/cssc.201403278
https://doi.org/10.1016/j.nanoen.2017.05.038
https://doi.org/10.1016/j.nanoen.2017.05.038
https://doi.org/10.1016/j.catcom.2015.10.029
https://doi.org/10.1016/j.catcom.2015.10.029
https://doi.org/10.1002/adma.201600398
https://doi.org/10.1002/adma.201600398
https://doi.org/10.1021/acsenergylett.6b00398
https://doi.org/10.1021/acsenergylett.6b00398
https://doi.org/10.1016/j.jmst.2014.10.001
https://doi.org/10.1016/j.materresbull.2017.01.034
https://doi.org/10.1016/j.materresbull.2017.01.034
https://doi.org/10.1016/j.apsusc.2016.09.086
https://doi.org/10.1039/c1jm11961c
https://doi.org/10.1039/c1jm11961c
https://doi.org/10.1002/chem.201400060
https://doi.org/10.1039/b821568e
https://doi.org/10.1039/b821568e


 Nano-Micro Lett. (2019) 11:1010 Page 16 of 16

https://doi.org/10.1007/s40820-018-0236-y© The authors

of nonmetal elements: a first-principles study. J. Phys. Chem. 
C 116, 23485–23493 (2012). https ://doi.org/10.1021/jp308 
334x

 61. T. Xiong, W. Cen, Y. Zhang, F. Dong, Bridging the 
g-C3N4 interlayers for enhanced photocatalysis. ACS Catal. 
6, 2462–2472 (2016). https ://doi.org/10.1021/acsca tal.5b029 
22

 62. Y. Li, Z. Ruan, Y. He, J. Li, K. Li et al., In situ fabrication 
of hierarchically porous g-C3N4 and understanding on its 
enhanced photocatalytic activity based on energy absorp-
tion. Appl. Catal. B-Environ. 236, 64–75 (2018). https ://doi.
org/10.1016/j.apcat b.2018.04.082

https://doi.org/10.1021/jp308334x
https://doi.org/10.1021/jp308334x
https://doi.org/10.1021/acscatal.5b02922
https://doi.org/10.1021/acscatal.5b02922
https://doi.org/10.1016/j.apcatb.2018.04.082
https://doi.org/10.1016/j.apcatb.2018.04.082

	In Situ Preparation and Analysis of Bimetal Co-doped Mesoporous Graphitic Carbon Nitride with Enhanced Photocatalytic Activity
	Highlights
	Abstract 

	1 Introduction
	2 Experimental
	2.1 Materials
	2.1.1 Synthesis of Pristine g-C3N4
	2.1.2 Synthesis of Co-doped g-C3N4
	2.1.3 Synthesis of Mo-Doped Mesoporous g-C3N4
	2.1.4 Synthesis of Co and Mo Co-doped Mesoporous g-C3N4

	2.2 Photocatalytic Activity Measurement

	3 Results and Discussion
	4 Conclusions
	Acknowledgements 
	References




