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ABSTRACT

Graphitic carbon nitride (g-C3N4) has become an attractive visible-light-responsive photocatalyst because of its semiconductor polymer
compositions and easy-modulated band structure. However, the bulk g-C3sN. photocatalyst has the low separation efficiency of photogenerated
carriers and unsatisfied surface catalytic performance, which leads to poor photocatalytic performance. As for this, MgTi-Os with high
chemical stability, wide band gap and negative conduction band was used as a suitable platform for coupling with g-CsN4 to enhance charge
separation and promoted the photoactivity. Different from common approaches, here, we propose an innovative method to construct
g-CsN4/MgTi>0s nanocomposites featuring “0 + 1 > 1” magnification effect to improve g-CsN4 photocatalytic performance under visible light
irradiation. Additionally, compositing metal oxides of MgTi,Os with g-C3sN4 has proven to be a proper strategy to accelerate surface catalytic
reactions in g-C3N4, and the photoinduced carriers were modulated to maintain thermodynamic equilibrium, which convincingly promotes the
photocatalytic activity. The photocatalytic performance of the nanocomposites was measured by hydrogen production and CO, reduction
under visible light. The developed g-C3N4+/MgTi>-Os nanocomposites with a 5 wt.% MgTi>Os exhibits the highest H, and CO yield under visible
light and excellent stability compare to the other MgTi>Os contents in composites. According to surface photo-voltage spectra, electrochemical
CO; reduction, photoluminescence, etc. The superior performance can be related to an enhanced electron lifetime, the promoted charge transfer
and the increased electronic separation property of g-CsN4. Our work provides an approach to overcome the defect of pure g-CsN4, which
accesses to composite with the second component matched well.
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13], biosensor [14], photocatalyst [15, 16]. Note that the g-CsN, as a
promising photocatalyst has attracted a great deal attention owing
to its variety advantages [17], such as easy-modulated band structure,

1 Introduction

Environmental sustainability and energy consumption are two main

issues that the modern society faces. And solar energy attracts closer
attention due to its cleanness and huge abundance. Since Fujishima
and Honda reported photoelectrochemical water splitting in 1972
[1], photocatalysis has been regarded as one of the most promising
way for converting solar light into hydrogen (H.) energy. Since
then, the photocatalytic degradation and the reduction of CO: to
hydrocarbon compounds also became research hotspots [2, 3].
With the combustion of fossil fuels, the house-green effect and
environmental pollution attract increasing attention. Both photo-
catalytic water splitting of producing H. employing semiconductor
and photocatalytic reduction of CO: to hydrocarbon compounds
are promising ways to convert solar energy to storable chemical fuel
[4-9]. Therefore, the high-efficient, cost-effective and eco-friendly
photocatalysts should be developed to solve the energy issues.

For enhancing the solar energy conversion efficiency, it is an
urgent task to explore the visible-light-responsive photocatalysts
[10, 11]. Graphitic-CsN4 (g-CsN4) nanosheet was extremely broadly
applicable, which was extensively investigated as bioimaging [12,

nontoxicity, and high quantum yield. The g-CsN, with a semiconductor
band structure possesses a wide bandgap (~ 2.7 eV), and the valence
band (VB) top and the conduction band (CB) bottom are located at
about + 1.4 eV and -1.1 eV, respectively. The sufficiently negative
conduction band can benefit for photocatalytic performance [18].
Integrating g-CsN. with second component may be a promising way
to overcome this shortcoming [19]. Since Wang et al. first report the
works about the photocatalytic hydrogen production on g-Cs;Ny in
2009 [20], research endeavors begin to enhance the photocatalytic
activities of photocatalysts, which has set off a wave of interest in
the photocatalytic research field. However, g-CsNy still bears the
low charge separation efficiency and a short lifetime [21], if they are
exposed to a certain light irradiation over the time, they will become
deactivated catalysts due to their unsatisfied surface catalytic
performance. Inside g-CsNy-based photocatalysts, the recombination
can be greatly suppressed due to their effective separation of photo-
generated electrons and holes. Thus, suppressing the recombination
of photo-induced charge carriers is extremely meaningful. Coupling
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with semiconductors with matched bandgap to form heterojunction
photocatalyst can drive the charge separation due to the electric
potential difference. As a result, the photoelectrons and holes
are separated on the two semiconductors respectively, which have
effectively facilitated the separation of photogeneration charge
carriers. However, in such photocatalytic system, the nanocomposites
as an electron-acceptor are often with lower CB potential, resulting
in the reduced thermodynamic energy. Thus, choosing appropriate
semiconductor to couple with g-C;N, is much more important.
Generally speaking, TiO. with the CB bottom at —0.2 e V has been
widely used to couple with g-CsN4 [22]. Although the visible-light
photoactivity of g-C:Ni was improved, the very large potential
difference of g-CsNu (-1.1 e V) and TiO. makes the serious waste of
the thermodynamic energy [23-25]. Wide bandgap ones with much
negative CB are highly desired.

In our previous works, we have found that alkali titanates possess
of very negative CB and exhibited excellent photoactivity for H»
production [26-28]. Compared with TiO,, the alkali titanates
exhibited a more negative conduction band, which have efficiently
minimized energy loss of electronic transition [29, 30]. Especially, the
MgTi,0s as an important part of alkali titanates has been exerted to
a variety of applications [31-36]. Since it possesses a proper electronic
structure, a superior stability, a more negative conduction band,
which can match well with other components [37]. According to
the previous reports, the CB and VB of MgTi,0s are located at —0.41
and +2.99 eV, respectively [38]. Innovative design of heterogeneous
structure of g-CsN./MgTiOs nanocomposites that possessing suitable
band structures could availably enhance pure g-CsN4 photocatalytic
performance, extend the electron lifetime, minimize energy loss,
and suppress the recombination of electron- hole. Herein, we take
MgTi,0s as a reasonable platform to improve photocatalytic ability
and to overcome the shortcomings of g-CsNs by modulating
photoelectrons in the heterojunction materials.

According to the above-discussed, reasonable mechanism for
improved photocatalytic performance of H, production and CO:
reduction has been indicated in Fig. 1. It shows the photoinduced
electron transfer reaction of the g-CsN+/MgTi,Os photocatalyst under
visible light. MgTi:Os may not be able to be excited by visible
irradiation because of the unsuitable band gap, and g-C;Ny in the
g-C3Ns/ MgTi,Os nanocomposites can be excited by visible light
to produce carriers. When composing g-CsNs and MgTi,Os to
construct heterojunction, due to the different electric potential, the
photogenerated carriers can transfer between the interfaces of two
photoconductors. The photoinduced electrons gather in the CB of
MgTiOs and holes in the VB of g-Cs;Nu, which efficiently reach our
objective to suppress the recombination of photogenerated charge

Vvs. NHE, pH = 0
.

Figure 1 Schematic illustration of electron transfer in the g-CsNi/MgTi2Os
nanocomposites under visible light.
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carriers. The photogenic electrons transition between g-CsN4 and
MgTi,Os was an important reason for effectively improving the
photocatalytic abilities of g-CsN..

2 Experimental

All chemical reagents are analytic grade and were used as received
without further purification. The g-CsN4 was immediately obtained
by annealing of urea. They were annealed at 600 °C for 2 h in N,
atmosphere. Briefly, a certain amount of g-CsN4 was dispersed into
methanol (25 mL) in a beaker, the mixture was sonicated with a
sonifier for about 30 min, after that, 5 wt.% MgTiOs powder was then
added. The organic solvent was removed by stirring the mixture for
24 h. After drying the products in N, atmosphere, the g-C;sNy/MgTi,0s
nanocomposite was obtained. Other comparative materials were
prepared in the same way. For comparison, the mass percentage of
MgTi,0s was accounted for 5%, 10%, 15% of the mass of g-CsNy,
respectively, and denoted as CN-MTO-X (X = 5, 10 and 15), where
X denotes the MgTi,Os content in wt.%, respectively.

3 Results and discussion

As shown in Figs. 2(a) and 2(b), the photocatalytic activities of
g-CsNy/MgTi,0s nanocomposites with 5 wt.% and 15 wt.% MgTi.Os
content were evaluated for photocatalytic H» production for 4 h.
The H. production rate of the g-CsNu was investigated to be 299.3
pmol-g-h™!. When composing with MgTi,Os, the photocatalytic
activity of g-CsNs was dramatically improved. And CN-MTO-5
displayed the highest hydrogen production rate (666.09 umol-g"-h™),
which was about two-fold higher than that of g-C;Ni (299.3
pumol-g™-h™), it shows that the photocatalytic activity were improved
after compositing g-CsNi with MgTi,Os. However, when the amount
of MgTi,0s5 in g-CsNu/MgTi,0s nanocomposites rose to 15 wt.%,
resulting a lower H, evolution rate (562 pmol-g"-h™"). Thus, it
indicates that CN-MTO-5 is the amount-optimized one to photo-
catalytic hydrogen production. As shown in Fig. S1 in the Electronic
Supplementary Material (ESM), the XRD indicates no significant
change before and after hydrogen production, which was attributed
to stability of as-prepared samples.

In order to further identify the enhanced photocatalytic
performance of the nanocomposites, the CO: reduction activities
was investigated under visible light for 6 h in Figs. 3(a)-3(c).
Obviously, the CO; reduction performance of g-CsNi was measured
to CO (~ 1.75 pmol-g™h™), CHs (~ 0.5 pmol-gh™") and O:
(~ 10.2 pmol-g"h™), after decorated with 5 wt.% MgTi.Os, the
photocatalytic performance was largely increased to CO (~ 11.534
pmol-g™+h™), CHy (~ 4.28 pmol-g"-h™) and O (~ 24.92 umol-g-h™).
Furthermore, the MgTi:Os is an outstanding platform in terms of
the increased activities of g-CsNa. To further demonstrate the
impact of MgTi,0s on the nanocomposites, we measured the CO
reduction performance of g-CsN+/MgTi,Os nanocomposites with
different amount of MgTi,Os as comparative experiment. As shown
in Fig. 3(b), it is clear that the CO production rate of them increases
1.86, 6.59, 5.28, and 4.76 times for 3 wt.%, 5 wt.%, 10 wt.%, 15 wt.%
MgTi,0s in g-CsNa/MgTi:0s nanocomposites compared with g-CsNa.
The CN-MTO-5 shows the highest production rate, which
dramatically increased with MgTi.Os content to maximum at 5%,
and then decreased upon further increasing MgTi.Os. As shown in
Fig. 3(c), the production rate of CO almost unchanged in 5 cyclic
experiments which can easily indicate its superior stability. The
separation and recombination of photogenic carriers can be measured
access to surface photo-voltage spectra (SPS), it is an effective method
to detect the photogenerated electron separation. Generally, the
stronger SPS signal and the higher photogenic electrons separation
can be illustrated. It was illustrated that g-CsN4 and MgTiOs show
a low SPS response (Fig. 3(d)). However, the SPS response signal of
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Figure 2 (a) and (b) Photocatalytic hydrogen production rates for the CN (g-Cs;N4), CN-MTO-5 and CN-MTO-15.
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Figure 3 (a) Photocatalytic CO» reduction for MTO, CN, CN-MTO-5 samples under visible light irradiation. (b) CO evolution amount of MTO (column chart) within
6 h with the amount of MTO (0.03, 0.05, 0.10, and 0.15 g) and 1 g of g-C5N4 nanosheets under visible light irradiation. (c) Cyclic photocatalysis CO: reduction curves.
(d) Surface photo-voltage spectra of CN (g-CsN4), MTO (MgTi,0s) and CN-MTO-5.

CN-MTO-5 was the highest compared with g-CsN, and MgTi,0s. It
illustrates the separation efficiency of photogenic carriers has been
obviously enhanced, which can further verify the excellent performance
of the nanocomposites. At the same time, the CN-MTO-5 also has
high performance under solar light. As shown in Fig. S2 in the ESM,
the CO production rate of CN-MTO-5 is 31.25 umol-g-h™', and
the yield of CH is 4.38 pmol-g™"-h™".

As shown in Fig. 4(a), the photo-current curves of the CN-MTO-5
nanocomposites exhibit highest response signal under visible light,
during the five turn on-off cycles, which demonstrate the enhanced
photo-induced carriers’ separation efficiency. At the same time, in
order to deeper evaluate the electron transfer in a dark phenomenon,
the electrochemical impedance spectroscopy (EIS) was investigated
in a light deficient situation. It can easily conclude that the interfacial
impedance of CN-MTO-5 exhibits the smallest semicircle curves
compared with other as-prepared products, which can also indicate
the lowest charge resistance. It can identify-twice the separation
efficiency of charge has extremely improved. Therefore, we can
reach a conclusion that the CN-MTO-5 was the optimal proportion
of nanocomposites to boost the charge transport. As illustrated in
Fig. S8 in the ESM, the positive slopes of Mott-Schottky plot displays
n-type semiconductor characteristics for g-C;N4 and CN-MTO-5, it
is worth noting that the higher slope of the plot, the lower electronic
charge intensive can be measured, which can conclude that the
CN-MTO-5 has the much higher charge intensity than g-Cs;Na. The
electrochemical CO; reduction experiments of g-CsNs, CN-MTO-5,
CN-MTO-10, and CN-MTO-15 were measured. As shown in Fig. 4(c),

then the possible reason of the improved photocatalytic CO;
reduction performance can be evaluated. The current response of
CN-MTO-5 is still the optimum, and the superior performance of the
nanocomposites has been further proved. The photoluminescence
(PL) was used to verify the efficiency of the electrons transitions
between the interfaces of two semiconductors. The emission density
of g-CsN, decreases with coupling a verity amount of MgTi,Os,
and the CN-MTO-5 exhibits the weak PL signal, since the
photoluminescence intensity related to the recombination of charge
carriers, and the quenching of fluorescence can be revealed by
increasing the amount of MgTi:Os to some extent, demonstrating
that the positive role of MgTi,Os in enhancing the separation efficiency
of electrons and holes. Thus, CN-MTO-5 has lower interface resistance
and higher electronic charge density, stronger photocurrent intensity
and superior photocatalytic CO; reduction performance. These results
give bright evidence that CN-MTO-5 can extremely facilitate the
separation of photogenic carriers.

To confirm the synthetic product composition, the X-ray diffraction
(XRD) patterns were evaluated. Figure 5(a) shows the XRD pattern
of hexagonal phase g-C:Na. The pure g-CsNi catalyst exhibits an
obvious peak at 27.3°, which were indexed as (002) diffraction
plane (JCPDS 87-1526). And the diffraction peaks of as-prepared
in accordance with the peak of pure orthorhombic phase MgTi.Os
(JCPDS 35-0792). No other impurity peaks such as TiO,, MgTiO;
and Mg, TiO4 were detected. The results indicated that MgTi,0s and
g-CsNy coexist in g-CsN4/MgTiOs nanocomposites, and the crystal
phase of two materials in g-CsN4/MgTi:Os keeps unchanged after
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Figure 5 (a) XRD patterns and (b) UV-vis DRS spectra of the as-prepared g-C;Ns, MgTi.Os, CN-MTO-5, CN-MTO-10, and CN-MTO-15.

constructing nanocomposites. The absorption change can be measured
by UV-Vis DRS. As shown in Fig. 5(b) spectra, both g-CsN4 and
as-prepared g-C;Nu/MgTi.Os nanocomposites indicate the visible-light
absorption. Compared with g-CsNi and nanocomposites UV-Vis
DRS, the CN-MTO-5 shows the higher absorption intensity, it may
give evidences to its superior photocatalytic performance. In addition,
the DRS spectrum of g-CsN./MgTi,0s composites exhibits absorption
amplification at 300 nm, demonstrating the successfully built a
g-CsNy/MgT1,0s nanocomposites. The specific surface area is measured
from N adsorption-desorption isotherms. As shown in Fig. S3 in the
ESM, it is clear that the consequence of BETs has no obvious change,
which exhibits the surface area is not major factor for its superior
performance.

The TEM and SEM images show the morphology and structure
of as-prepared products. It is measured that the SEM and TEM
images of as-prepared g-CsN./MgTiOs nanocomposites were nearly
consistent with the XRD results. Based on the SEM and TEM images
of g-C;N,; and CN-MTO-5 in Figs. 6(a)-6(d), it is clear that the
MgTi1,0s nanorods are composited with g-CsNa successfully in Fig. 6(d).
In addition, the HRTEM image in Fig. 6(e), MgTi>Os and g-CsN4
have exhibited a close combination. The clear lattice fringes can be
observed in images, and the distance of the inter-planar was measured
about 0.27 nm, which was indexed to MgTi:Os. In summary, the
nanocomposites consisted of g-C;N: and MgTi.Os have been
successfully constructed. And the close combination of g-C;N, and
MgTi:Os can play a positive role in facilitating the transition of
electronic charge in the heterojunction nanocomposites.

TSINGHUA

UNIVERSITY PRESS

Figure 6 (a) and (b) SEM images of g-CsN4 and CN-MTO-5. (c) and (d) TEM
images of g-CsNs and CN-MTO-5. (¢) HRTEM images of CN-MTO-5.

To better verify the elemental chemical states, the XPS survey
spectra were investigated. As indicated in Fig. 7(a), the presence of
Mg, C, N, Ti, and O elements was obviously exhibited in CN-MTO-5.
In Fig. 7(b), the strong peak of Mg 2p at 49.7 eV is ascribed to Mg
2psp, and it is characteristic of Mg®* in MgTi,0s. In Fig. 7(c), two
distinct peaks located at 458.6 and 464.1 eV are ascribed to Ti 2ps»
and Ti 2pi», which are typical for the Ti* species in MgTiOs. In
Fig. 7(d), the XPS spectrum of O 1s was fitted into three contributions
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Figure 7  XPS fully scanned spectrum of sample CN-MTO-5 (a). (b)-(f) High-resolution XPS spectra for Mg 2p, Ti 2p, O 1s, C 1s, and N 1s.

resulting from Gaussian rule. These peaks located at 530.1, 531.7, and
533.4 eV, which can be assigned to lattice oxygen, adsorbed oxygen,
and hydroxyl oxygen, respectively. It is clear that binding energy
value of O 1Is is moved to higher energy side after compositing
MgT1:0s in Fig. S5 in the ESM. In Fig. 7(e), it is obvious that the peaks
of the C 1s are located at 284.6 and 288.4 eV. The peak at 284.6 eV
can be assigned to C—C. Another peak located at 288.4 eV is the
characteristic peak of N-C—-N was related to g-Cs;Na. In Fig. 7(f) the
obvious peaks of N 1s on CN-MTO-5 are attributed at 398.8 and
400.2 eV, respectively. The major peak was located at 398.8 eV
attributed to sp® hybridized nitrogen (C=N-C), which exhibits the
appealing of sp* bonded carbon nitride and another peak at 400.2 eV
can be attributed to N-(C)® groups. It is noticed from Fig. S7 in the
ESM and Figs. 7(e) and 7(f), that the N 1s and C 1s (C=N) moved
into the lower energy side after constructing the nanocomposites,
demonstrating the electron delocalization effect. Thus, it is deduced
that the MgTi,0s is successfully incorporated into the g-CsN+/MgTi.Os
nanocomposites, which would benefit for charge transfer and the
peak position of each element of CN-MTO-5 nanocomposites and
the valence state of each element have basically no change, the
valence states of Mg and Ti are +2 and +4.

The X-ray energy dispersive spectroscopy (EDS) showed in Fig. S9
in the ESM that the elemental composition of the g-CsNs, pure
MgTi:0s and CN-MTO-5 can be characterized. In Fig. S9(a) in the
ESM, it detected two elements, C and N, combined with other
results which can illustrate the g-CsN4 was obtained. In Fig. S9(b) in
the ESM, the results illustrated that the Mg, Ti, and O was detected in
the MgTi,Os patterns. The atomic ratio of Ti and Mg was about 1:1,
which demonstrated the MgTi.Os was successfully prepared.
Successful synthesis of target products can be demonstrated by XRD
and XPS. The EDS spectra analyses in Fig. S9(c) can also support
the results, as only Mg, Ti, O, C and N can be probed.

4 Conclusion

In conclusion, we designed a photocatalyst with the superior
photocatalytic performance, which was prepared via a facial method
for composing MgTi,Os with g-CsNy to construct nanocomposites.
And the photocatalytic performance for H, production and CO;
conversion of CN-MTO nanocomposites under visible light were
systematically studied. The CN-MTO-5, the amount-optimized one,
exhibits the superior photocatalytic performance with the Ho
production rate of 666.09 umol-g™"-h™, and also exists superior CO2
reduction performance of the yield of CO (11.534 umol-g™h™"), CH,

(4.28 ymol-g™-h™) and O, (24.92 pmol-g™h™") under visible irradiation.
These excellent performances result from the reasonable structure
of CN-MTO nanocomposites, which can efficiently enhance the
separation efficiency of the electron-hole pairs, and largely extend
the lifetime, and extremely decrease the energy loss. It successfully
improved the photocatalytic performance of g-C;N4, and overcame its
shortcomings by introducing MgTi,0s as a reasonable platform to
improve the photocatalytic activities for g-CsNa.
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