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Abstract: The pharmaceutical products have becoming ubiquitous in aquatic
environment. Photocatalytic degradation is considered as a promising strategy to
address this environmental threat. Here we showed new Mo.C/hollow tubular g-C3Na
hybrids (Mo.C/TCN) consisting of well-designed direct Z-scheme heterojunction with
favorable charge transfer channels for efficient contaminants degradation. Compare to
the traditional Mo,C/g-C3sN4 type-I heterojunction reported in the previous literature,
the powerful direct Z-scheme heterojunction retains the original redox ability of the
component without changing its oxidation and reduction potential. By virtue of the
hollow tubular architecture, more incident electrons are expected to be rapid trapped by
Mo2C nanoparticles, which contributes to the effective separation of photoinduced
hole-electron pairs. As a result, the optimized Z-scheme system exhibits impressive
visible-light photocatalytic performance. Especially, the 2 wit% Mo.C/TCN
photocatalysts exhibits superior photocatalytic performance for tetracycline
degradation with a reaction rate of 0.0391 min~?, which is 3-times and 9-times higher
than those of TCN and pristine g-C3sNa, respectively. The outstanding performance
strongly depends on the synergistic effects among the favorable electrical conductivity
of Mo2C and the multitude of charge transfer channels provided by the Z-scheme
heterojunction. This work provides a new idea of designing direct Z-scheme material
and it sheds novel insight to establish photocatalytic model for environmental
amendment.
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1. Introduction

Antibiotic contamination has raised world-wide concerns due to its threats to the
organisms in ecosystem and indefinite environmental impacts [1]. Numerous studies
were conducted for removing the contaminants in wastewater, including physical
adsorption, chemical technology, and biological degradation [1-5]. The photocatalytic
technology has become a promising environmental pollution treatment technology and
made a series of achievements. Photocatalytic degradation of antibiotics from
wastewater has aroused tremendous interests due to its high efficiency [6]. After the
discovery of photocatalytic properties in TiO2 [7], semiconductor based photocatalysis
has been an area of intense research for last 50 years. TiO2 represents an effective
photocatalyst due to its relatively high reactivity and chemical stability [8]. However,
the wide band gap of TiO> limits its applications, since it can only absorb light below
wavelengths of 400 nm. To solve this problem, a group of visible light photocatalysts
have been investigated. For example, metal oxides (e.g., Fe2O3, WO3 and BiVOas) [9],
transition metal phosphides (e.g., Ni2P, FeP and CoP) [10], metal sulfides (CdS) [11],
nitrides and oxynitrides (TasNs and TaON) [12]. Over the past decade, new
photocatalyst materials have been designed and fabricated one after another, including
graphic carbon nitride (g-CsNs) [13], metal organic frameworks (MOFs) [14] and
polyoxometalates [15]. Many of the most recent developments in visible-light-
photocatalysis have been realized by utilizing the nano-assembly systems or controlling

the morphology of nanomaterials, including construction of heterojunctions, doping



elements such as C, N, S to modulate the energy band, addition of quantum dots or dyes
for better light sensitization, and adjusting the structure and morphology of
nanomaterials [16]. Whereas, several crucial challenges are still being faced, such as
rapid recombination of photo-induced charge carriers, low reusability due to
photocorrosion, and deficient reactive sites [17]. Developing new and efficient
photocatalysts is the focus of this technology [18-21].

As an innovative material, graphic carbon nitride (g-CsNa) attracted great attention
from researchers among the numerous photocatalysts due to its suitable band gap of 2.7
eV and desirable visible-light response [22]. However, the catalytic efficiency of g-
C3Na4 is not satisfactory because of the high recombination of photo-generated charge
carriers[23]. Hence, different strategies have been developed to address these intrinsic
drawbacks, such as morphological engineering, heterojunction construction,
heteroatoms doping, et al. Morphological engineering has always been a vital research
direction to boost the catalytic performance of g-CsNs [24, 25]. Based on different
synthesis methods, the obtained g-C3Na4 expressed different dimensional morphologies
(zero-dimensional (0D) quantum dots [26], 1D nanorods/nanotubes [27], 2D
nanosheets [28-30] , 3D (hollow) microspheres [31]) with superior photoelectrical
properties and catalytic performance. In particular, the 1D g-C3N4 nanorods/nanotubes
can enrich active sites in the radial direction and allow the electron swiftly transfer
along the specific direction, thus realizing effectively spatial charge separation [32].
The synthetic methods of the above-mentioned g-CzN4 nanotubes are mainly confined

to liquid-phase reactions, template-assisted processes and wet-chemical routes, which



are not intrinsically controllable [33]. Our group has reported a facile method to
synthesize hollow tubular g-C3N4 for disinfection and tetracycline (TC) degradation
[34]. This cavity structure endows g-CsN4 with favourable efficiencies of mass transfer,
high specific surface area and optimizes the utilization of photons.

Mxenes, as a novel member of 2D materials, have stimulated growing concerns
recently. Among them, molybdenum carbide (Mo02C) has attracted intensive research
interest for its unique electronic structures and catalytic activities [35-38]. Compared
with the transition metal sulfides, such as MoS; [39] and WS> [40], Mo.C is more earth-
abundant and displays excellent physicochemical properties, benefiting for the charge
separation in photocatalysis. The study of Mo.C is almost focused on electrocatalysis
field while the instances for the utilization of Mo2C in the treatment of antibiotics is
absent, mostly due to the rapid recombination of photo-induced charge carriers. Song
et al. [41] firstly reported the Mo.C@C/2D g-CsNas heterostructure for hydrogen
production in 2018. Then, several researchers investigated the Mo2C/g-C3sN4 hybrids
for their excellent photocatalytic performance [42-44]. Unfortunately, the Mo.C/g-
C3N4 heterojunctions reported previously are mainly conventional type-I or type-I1I
heterojunction. For conventional type-I or type-Il heterojunction, a dilemma is the lack
of good compatibility between the efficient separation of electron/hole (e/h*) pairs and
strong redox ability. The advantages of conventional type-I or type-1l heterojunction
are at the expense of redox ability of charge carriers, which suggest a weakened driving
force that may fail to drive a specific photocatalytic reaction and restrict the application

of photocatalysts. In contrast to the above heterojunction, direct Z-scheme



photocatalysts have been paid great attention [45]. The redox ability of direct Z-scheme
heterojunction photocatalyst can be optimized and the migration of photogenerated
electrons between two semiconductors is favorable due to the electrostatic attraction.
Direct Z-scheme photocatalysts preserves sufficient energy levels of e/h* and maintains
higher oxidation and reduction potentials for the further redox reactions. However, to
the best of our knowledge, M02C/g-C3N4 direct Z-scheme heterojunction has not been
reported.

In this work, we reported Mo2C decorated tubular like g-CsN4 (M0o.C/TCN) to
construct Z-scheme heterostructure photocatalytic system for highly active and stable
photocatalytic degradation of water contaminants. Mo,C/TCN as an optimized Z-
scheme system maintains high oxidation and reduction abilities and the migration of
photo-induced charge carriers is more favorable. Such well-matched heterostructure
was constructed by rational choice semiconductor with optimized bandgap structure.
The TCN with narrowed bandgap of 2.43 eV due to the formation of tubular like
morphology and the variation of precursors [46]. The apparent difference in band gap
energies of Mo,C and TCN offers great potential for constructing Z-scheme
heterostructure. We further presented photoelectron spectroscopy evidence for the
formation of Mo.C/TCN direct Z-scheme system. X-ray photoelectron spectroscopy
(XPS) confirmed that the electrons were transferred from TCN to Mo2C in the
Mo0.C/TCN photocatalytic system and eliminated the possibility of type-Il
heterojunction. The introduction of Mo2C improves the efficiency for photon utilization,

provides trapping sites for photo-induced electrons and facilitates the separation of



electron-hole pair, thus prolonging charge carriers’ lifetime. The specific 1D hollow
tubular structure provides favorable channel for electrons transport. This unique
photocatalytic system provides a new insight for the environmental protection and it is
anticipated that this highly efficient direct Z-scheme photocatalysts can be a promising

candidate for other reaction system.

2. Experimental Section

2.1 Reagents

Melamine (C3N3(NH2)3), urea (CO(NH:)2), ammonium heptamolybdate
tetrahydrate ((NH4)eM07024-4H,0), hydrochloric acid (HCI), aniline (CsH7N),
poly(vinyl alcohol) (PVA), disodium oxalate (Na2C204), 2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPOL), C4H100 (TBA) and TC were purchased from Sinopharm
Corporation Ltd. (Shanghai, China). In this research, all reagents used were of

analytical grade, without further purification.

2.2 Synthesis of catalysts

2.2.1 Synthesis of Mo2C catalyst

The synthesis of Mo.C was based on the published method, with slight
modification [47]. Typically, (NH4)sM07024-4H20 (2.0 mmol) and aniline (36.0 mmol)
were first added to 40 mL deionized (DI) water. Then, under magnetic stirring, HCI
aqueous solution (1.0 M) was dropwise added until white precipitate appeared. After

reaction in an oil bath (50 °C) for 4 h, the white precipitate was suction filtered and



washed three times with DI water and ethanol. The filtered product was dried overnight
at 60 °C, and then, a white powder was obtained. Next, these synthesized powders were
transferred into a tube furnace and heated from ambient temperature to 775 °C at a ramp
rate of 2 °C min' and maintained for 3 hours. The furnace was filled with N2 gas. After
naturally cooling to room temperature, the black Mo.C sample formed.
2.2.2 Synthesis of tubular g-CsN4 photocatalyst

A yellow bulk g-C3N4 (CN) sample was prepared via calcination of melamine at
muffle furnace for 4 h. The reaction conditions were 550 °C with a ramp rate of 2.3 °C
mint. The tubular g-CsN4 (TCN) was synthesized according to a method published by
our group with little modification [34]. We first conducted a hydrothermal process: 8 g
melamine and 6.42 g urea were transfer into a Teflon-lined stainless-steel autoclave
with 70 ml DI water solution and kept at 180 °C for 24 h. The precipitate was collected
by filter and washed with DI water and ethanol for three times. After dried in an oven,
the white powder was calcinated at 550 °C for 4 h at a rate of 2.3 °C min™. After
naturally cooling to room temperature, TCN obtained.
2.2.3 Preparation of M0o2C/TCN photocatalysts

The Mo2C/TCN photocatalysts were synthesized by ultrasonic-assisting
deposition method [48]. A certain amount of M0>C and TCN was dispersed in 25 mL
methanol. The dispersion was ultrasonicated for 1h at room temperature under the
frequency of 40 kHz, power of 240 W, and then stirred until methanol was completely
volatilized. The yellowish powder was obtained after drying overnight in an oven at 60

°C. According to this method, the Mo2C/TCN photocatalysts with different mass ratios



of Mo2C (0.5, 1, 2, 3, 5 wt %) were synthesized. The as-prepared samples were denoted
by Mo0.C/TCN-0.5, M02C/TCN-1, Mo02C/TCN-2, Mo02C/TCN-3, Mo02C/TCN-5,
respectively. For comparation, the composites consist of Mo.C and bulk g-C3N4 were
synthesized by using the same method, named M02C/CN-0.5, M02C/CN-1, Mo.C/CN-

2, M02C/CN-3, M0,C/CN-5, respectively.

2.3 Characterization

The crystal structure of these catalysts was measured by X-ray diffraction (XRD)
with Cu Ka radiation and the scanning angle (20) ranged from 10° to 80°. The Fourier
transform infrared (FT-IR) spectra was measured on Bruker Vertex 70
spectrophotometer with samples dispersed in KBr. XPS was analyzed via ESCALAB
250Xi spectrometer with Al Ka radiation source. The morphology and microstructure
were determined by Scanning electron microscopy (SEM) and Transmission electron
microscopy (TEM). UV-vis absorption (DRS) spectra were performed on a Varian
Cary 300 spectrophotometer with an integrating sphere. Photoluminescence (PL)
spectra were monitored by a Fluromax-4 spectrophotometer. Time-resolved
photoluminescence (TRPL) decay spectra were acquired by a FLS1000 fluorescence
spectrometer. (JEOL)JES FA200 spectrometer was used to record the electron spin
resonance (ESR) signal. Brunauer-Emmett-Teller (BET) specific surface areas and
Barrett—Joyner—Halenda (BJH) pore-size distributions were determined by a nitrogen

adsorption analyzer (Micromeritics ASAP 2020, USA).

2.4 Photocatalytic performance evaluation



The photocatalytic performance of these samples was investigated via the
degradation of tetracycline (TC) under visible light irradiation. Visible light irradiation
was obtained from a 300 W Xenon lamp equipped with a glass filter that could remove
the ultraviolet light (A>420 nm). In each degradation experiment, the catalysts (0.03 g)
was thoroughly dissolved in 30 mL TC solution (20 mg L. Prior to irradiation, the
mixed suspension was under continuous magnetically stirring in dark for 1 h to reach
the adsorption-desorption equilibrium between the TC molecules and the catalyst. The
concentration of TC was measured by high performance liquid chromatography (HPLC)
at its maximum absorbance peak (355 nm) and the injection volume was 20 pL. The
HPLC Series 1100 equipped with a UV detector and a C18 reverse-phase column (4.6
x 250 mm) at 30 °C. The isocratic mobile phase was consist of 80 % water and 20 %
acetonitrile with a flow rate of 1.0 mL min™™,

The degradation efficiency (DE, %) of the as-prepared catalysts was calculated by
this equation:

n= COC;OQ X 100% (1)
Where Co and C; are the initial and t-time concentration of TC solution. The photo-
degradation intermediates of TC were determined by liquid chromatography coupled
with tandem mass spectrometry (LC-MS/MS) system. Detailed analytic steps were
presented in Supplementary Information. In addition, the total organic carbon (TOC)
removal efficiency was investigated by the TOC analyzer (Elementar, Germany). To
assess the stability of catalysts, the used powders were recycled by filtration, washed

with DI water and ethanol, respectively. After dried in an oven, the recovered sample



was used for the cycle experiment. The experimental process was the same as the
above-mentioned photocatalytic degradation process.

Moreover, to identify the predominant active species produced in photocatalytic
degradation process, radical trapping experiments were carried out with scavengers. For
example, Na2C204, TEMPOL, TBA, which were introduced as quencher of holes (h™),
superoxide radical (O2) and hydroxyl radicals (*OH), respectively. During the
photocatalytic reaction, 10 mM scavengers were dissolved in the TC solution. The
subsequent operations maintained the same steps as the above photocatalytic

degradation experiment.

3. Results and Discussion

3.1 Physicochemical properties

The crystal phase and chemical features of these samples were obtained by XRD
patterns and FT-IR spectroscopy. The XRD patterns of Mo.C and Mo.C/TCN
composite samples were displayed in Fig. 1a and 1b. It can be seen from Fig. 1a that
pure Mo.C exhibited eight obvious diffraction peaks located at 34.35°, 37.97°, 39.39°,
52.12°,61.52°, 69.56°, 74.64°, 75.51°, corresponding to the (100), (002), (101), (102),
(110), (103), (112), (201) planes of the hexagonal B-Mo2C (JCPDS no. 35-0787) [47].
The analysis result demonstrated the successful fabrication of Mo.C catalyst. For the
specimen Mo.C/TCN composites (Fig. 1b), all samples exhibited similar peaks at 13.1°
and 27.5°, which ascribed to the typical graphite structure. The stronger characteristic

peak located at 27.5° is indexed to the (002) plane of TCN, which was associated with
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stacking reflection of conjugated planes [49]. The weaker peak of 13.1° was assigned
to (100) plane, originating from the repetition of nonplanar units [50]. Compared to CN
(Fig. S1), the weaker peak of TCN was ascribed to the ultrathin structure. Apart from
the main phase of TCN, the characteristic peaks of Mo.C can be clearly to see in the
Mo.C/TCN-5 composite specimen, indicating the existence of Mo,C on the surface of
TCN. In the lower content Mo2C composites, no significant diffraction peak of Mo>C
was found, it may attribute to the small quantity of Mo.C. Fig. 1c showed the FT-IR
spectra of the CN, TCN and Mo.C/TCN composite samples. All samples have the
typical peaks of g-C3Na. In detail, the band that appeared at 810 cm™ was originated
from the bending vibration or breathing mode of triazine units. The series of peaks in
1600~1200 cm region dominated the spectrum, could be corresponded to the typical
stretching vibration modes of aromatic heterocycles. The broad absorption peaks
between 3600~2900 cm* were identified to be the N-H in terminal amine groups. The
composite samples retained the same framework with the FT-IR spectra of TCN and no
significant peaks altered, demonstrating the molecular structure of TCN has not

changed after loading MoC particles.
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Fig. 1. XRD patterns of (a) M0-C and (b) TCN, Mo.C/TCN samples; (c) FT-IR spectra
of CN, TCN and Mo2C/TCN sample.

The composition and chemical state of the Mo2C, TCN and Mo>C/TCN-2 were
characterized by using XPS technique. The overall XPS survey spectrum was exhibited
in Fig. 2a, four chemical elements of C, N, O and Mo were clearly displayed on the
surface of Mo2C/TCN-2 catalysts. Obviously, there was only XPS peak of C, N and O
element in the measured spectrum of TCN. The oxygen region might originate from the
chemisorbed oxygen on the materials surface and the residual oxygen from the urea
polymerization process [51]. The high-resolution XPS spectra of C 1s, N 1s and Mo 3d
were recorded in Fig. 2b-d. The C 1s spectrum of TCN can be deconvoluted into two

peaks with binding energies at 288.2 and 284.8 eV. The first peak at 288.2 eV was
11



associated with sp?-hybridized C from the N-C=N bond [52], and the latter peak with
low intensity at 284.8 eV was assigned to alkyl or adventitious carbon [53].
Comparatively, C 1s peaks in Mo2C/TCN-2 slightly shifted to higher binding energies
after loading Mo.C particles. For N 1s spectra of TCN, three fitted peaks located at
around 398.8, 399.6, 400.9 eV, corresponding to sp? hybridized aromatic N in triazine
rings (C=N-C), tertiary nitrogen N-(C)s groups, and terminal C-N-H amino functions,
respectively [54, 55]. Compared with TCN, the new binding energy at 396.8 eV of
Mo2C/TCN-2 was assigned to Mo-N bond [56, 57]. The new bond altered the charge
distribution and enhanced the intimate contact between Mo2C and TCN. The Mo-N
bonds formed at the interface was crucial to the separation of electrons, which providing
a transfer high-pathway for electrons to reach the active site and participating in further
redox reaction. It was worth noting that the N 1s peaks in Mo2C/TCN-2 shifted about
0.3 eV toward the higher binding energy, which might be attribute to the strong
interaction between Mo.C and TCN. Because of spin—orbital coupling, the Mo 3d XPS
spectrum are split into 3d5/2 and 3d3/2 peaks. The Mo 3d XPS peak of Mo.C can be
fitted using three deconvoluted doublets, Mo2C (d5/2 at 228.1 eV, d3/2 at 231.6 eV),
MoOs (d5/2 at 232.3 eV, d3/2 at 235.5 eV) and MoO; (d5/2 at 229.2 eV, d3/2 at 232.6
eV) [58-60]. The oxides were arising from the superficial oxidation of Mo.C, which
was inevitably when exposed to air, as evidenced by the previous literature [61]. It was
worth noting that the Mo 3d XPS peak of M0.C/TCN-2 obvious shifted to more
negative energy zone than pristine Mo2C. Obviously, the C 1s and N 1s peaks of TCN
changed to higher binding energies after hybridization with Mo,C, while the binding

12



energies of Mo 3d of Mo2C/TCN-2 were lower than those of Mo,C. According to the
change of binding energy, it was reasonable to assert that the electron density within
Mo2C nanoparticles increased after hybridization with TCN, as reported in previous
literatures [62, 63]. The partial electron transferred from electron-rich TCN to Mo2C,
leading to the electron density of Mo2C increase and then the binding energies of Mo
3d decrease [64-66]. In other words, the electrons were transferred from TCN to Mo.C
in Mo2C/TCN photocatalytic system. The well-matched band potentials of the
Mo.C/TCN were consistent with the conditions for constructing direct Z-scheme
photocatalytic system. These results were evidenced by the different flat band potentials,
as introduced in the following section. The obtained TCN with narrow band gap of 2.43
eV and the estimated flat potential by using Mott-Schottky (M-S) method was -0.57
eV vs NHE. And the flat potential of Mo.C is -0.87 eV vs NHE, which was more
negative than that of TCN. So, the electrons could not transfer from the conduction
band (CB) of TCN to the CB of Mo.C. That is to say, the type-II heterojunction charge
transfer model was impractical in the Mo.C/TCN system. Therefore, the Z-scheme

heterojunction system between Mo,C and TCN was proposed.
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Fig. 2. XPS spectra of M0o.C/TCN-2 photocatalyst: (a) a survey spectrum; high-resolution

spectra of (b)) C1s, (c) N 1sand (d) Mo 3d. Mo2C: green, MoO>: blue, MoOz: orange.

In this research, the morphology and structure of Mo.C, TCN and Mo.C/TCN
composite catalysts were further investigated by SEM and TEM. As observed in Fig.
3a and 3d, the Mo2C crystals consist of nanobelt structures .The high resolution TEM
(HRTEM, Fig. S2c) revealed that the Mo.C with inter planar distance of 0.23 nm and
0.26 nm, which might be indexed to the (101) and (100) plane [63]. This result
correlated well with XRD analysis. The SEM image (Fig. 3b) showed the hollow
tubular like growth of g-CsNs. It was obvious in the SEM image that the tubular
structures were dense with variegated diameter. The TEM studies (Fig. 3e) were carried
out to further observe the hollow tubular morphology. It was clearly that the TCN with

14



thin tubular structure. This hollow tubular structure leads to high specific surface area,
offers more active sites for surface reactions and facilitates photo-induced electrons
transfer in a shorter distance, thus effectively improving the charge separation and
transfer efficiency [67]. The structure of Mo.C/TCN-2 composite catalysts was
presented in Fig. 3f. Fig. 3f showed a TEM image of Mo.C/TCN with the close contact
between TCN and MozC. It was obvious that the TCN maintained the hollow structure
with the deposition of Mo2C. From the HRTEM image of M02C/TCN-2 shown in Fig.
3g, it was obvious that the lattice fringes of Mo2C coupled with the fringes of TCN,
indicating the tightly contact of the two semiconductors. Furthermore, the energy
dispersive spectroscopy (EDS) elemental mapping images of Mo,C/TCN-2 (Fig. 3h)
identified the presence of C, N, Mo elements, which were uniformly distributed within
the TCN matrix. In addition, the Energy Dispersive X-Ray Fluorescence Spectrometer
(EDX) analysis was shown in Fig. S2d. These results clearly stated the intimate contact
between Mo2C and thin-wall TCN, which greatly facilitating the separation and transfer

of photo-induced charge carriers.
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Fig. 3. SEM images of samples of (a) Mo2C, (b) TCN, and (c) Mo2C/TCN-2,
respectively. TEM images of samples of (d) MozC, () TCN, and (f) M0.C/TCN-2,
respectively. (g) HRTEM images of the Mo2C/TCN-2 and (h) EDS elemental mapping

for C, N, Mo elements over the Mo,C/TCN-2 photocatalyst.

UV-vis diffuse reflectance spectroscopic experiments were conducted to
investigate the optical properties of CN, TCN, and Mo>C/TCN samples. As shown in
Fig. 4a, pristine CN exhibited intrinsic steep absorption edge at 450 nm [68]. In contrast,
Mo,C showed strong light absorption in the wavelength range from 300 to 800 nm. In

addition, the photo-absorption ability of Mo.C/TCN composites demonstrated
16



significant enhancement with increasing of Mo.C content, corresponding to the color
alteration from light yellow to yellowish green. With the addition of Mo2C, the much
enhanced visible light absorption capability of composite photocatalyst can be observed,
indicating the efficient sensitization effect of Mo2C on TCN [69]. The light harvesting
efficiency of photocatalysts played a key role in solar energy conversion, suggesting
the Mo.C/TCN composite materials have great application prospects in the field of
photocatalysis. By applying Kubelka-Munk method [70], the band gap energy (Eg) of
CN, TCN and MoC can be estimated by the plot of (zhv)*/? against photo energy (hv),
as Fig. 4b and Fig. S3a shown. The calculation formula is shown as follows:
aho = A(ho - Eg)"? (2)

Where a, h, v, A are corresponding to the absorption coefficient, Planck constant, light
frequency and proportionality constant, respectively. The index n is determined by the
interband transition mechanism, and the value is equal to 1 for a direct-gap material. As
a result, the calculated E¢ of M02C (Fig. S3a), TCN and CN (Fig. 4b) were recorded to
be 1.58 eV, 2.43 eV, and 2.62 eV, respectively. Mott-Schottky (M-S) plots were
performed in this research to determine the electronic structures and semiconductor
types for CN, TCN and MoC catalyst at frequencies of 1000 Hz in 0.2 mM NaxSOs.
As illustrated in Fig. 4c and Fig. S3b, the positive slopes of M-S curves implied their
n-type semiconductor character [71]. The estimated flat potentials of CN, TCN (Fig. 4c)
and Mo.C (Fig. S3b) were -0.83 eV, -0.77 eV, and -1.07 eV versus Ag/AgCl electrode
(i.e. -0.63 eV, -0.57 eV, and -0.87 eV vs. normal hydrogen electrode (NHE) [72]),
respectively. For n-type semiconductor, it was generally accept that the CB potential
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(Ece) was more negative by about -0.2 V than that of flat potential [73]. Thus, the Ecs
for CN, TCN and Mo.C were speculated to be -0.83 eV, -0.77 eV, and -1.07 eV vs. NHE,
respectively. The valence band (VB) potentials (Evg) can be calculated by the equation:
Eve = Ecs + Eg. Therefore, the Evs of CN, TCN and Mo.C are 1.79 eV, 1.66 eV, and
0.51 eV vs. NHE. The calculated edge positions and band structure of CN, TCN and

Mo2C were shown in Fig. 4d.
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Fig. 4. (a) UV-vis diffusion reflection spectra of CN, TCN, Mo.C and Mo.C/TCN
samples; (b) bandgap and (c) Mott-Schottky plot of CN, TCN; (d) band structure

diagrams for CN, TCN, and Mo:C.

3.2 Photo-induced charge transfer ability

To investigate the properties of charge carrier recombination together with the role

of MoC in the photocatalytic process, a series of photoelectrochemical analysis were
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conducted. Steady-state photoluminescence (PL) technique and time-resolved
photoluminescence (TRPL) can be used to depict the process of charge carrier trapping,
separation, migration and transfer. In principle, the fluorescence emission peak were
generated when radiative recombination of charge carriers occurred and the higher PL
signal represented higher recombination efficiency [74]. As shown in the Fig. 5a, the
PL intensity of the Mo>C/TCN composite was much weaker than that of pristine TCN,
indicating the efficient separation of photo-generated electron/hole pairs was
accelerated and the recombination of charge carriers was inhibited at the hetero-
interface between Mo.C and TCN. The Mo.C served as electrons trapping center,
facilitating the transfer of electrons which generated in the surface of TCN, thus the
composite samples exhibited low recombination rate of electron/hole pairs. Fig. 5b
recorded the fluorescence decay curves over CN, TCN and Mo2C/TCN-2 hybrid, which
were fitted based on the bi-exponential decay function [75]:
I(t) = Biexp(—t/t1) + Baexp(—t/12) (3)

Where 11 and 72 are the fluorescent lifetime for the slower and faster components, and
B1, Bz are the corresponding amplitudes. As can be seen in the table (Fig. 5b right inset),
both the short lifetime component 11 and long lifetime component t2 of M02C/TCN-2
were prolonged compared to the TCN and CN. As a result, the Mo>C/TCN-2 displayed
a longer average lifetime (tave). The longer emission lifetime confirmed a faster charge
transfer process in M02C/TCN-2 nanotube and the formed heterojunction interface

effectively depressed the charge recombination, thus elongating the lifetime of
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photogenerated charge carriers [76, 77]. Here, the tave Was calculated by applying the

Eq [78]:

_ BlT%+B2T%
Tave -

Bty 1BaTs “)

To provide additional evidences for the excellent ability of Mo.C/TCN composites
to promote the interfacial charge separation, the transient photocurrent measurement
and EIS technologies was performed. The photoresponses of CN, TCN and
Mo2C/TCN-2 electrodes without external bias under visible light irradiation were
shown in Fig. 5c. As illustrated in the amperometric I-t curves, the transient
photocurrent can be observed once the light turned on due to the separation of photo-
induced carries. Besides, after loading of Mo.C, the photocurrent response density of
Mo2C/TCN-2 increased distinctly and was about 2 times than that of pristine CN,
suggesting the significant enhancement of charge separation efficiency. Mo2C exhibited
ultrahigh electrical conductivity and minimized the charge transport resistance [79, 80].
The high electrical conductivity possessed powerful driving forces to induce electron
transfer from the surface of TCN to the inner interface of Mo2C. The internal
electrostatic field formed at the hetero-interface between the TCN and Mo.C
contributed to the efficient separation of photo-induced electron/hole pairs [77]. EIS
Nyquist plots of CN, TCN and Mo.C/TCN-2 were obtained in Fig. 5d. In contrast to
pure CN and TCN, the arc radius of Mo>C/TCN-2 was much smaller, demonstrating

the transport resistance reduced after loading Mo.C particles. This result was

corresponding with the photocurrent measurement. The decreased transport resistance
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realized fast interfacial charge migration, leading to the enhancement of photocatalytic

performance.
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Fig. 5. (a) Steady-state photoluminescence spectra of the as-prepared samples; (b)
time-resolved photoluminescence decay spectra and (c) transient photocurrent
response curves and (d) Nyquist plots of electrochemical impedance spectroscopy of

CN, TCN and Mo,C/TCN-2 photocatalysts.

3.3 Photocatalytic performance

3.3.1 Adsorption and photocatalytic properties

The ability of photocatalysts to adsorb target contaminants is one of the decisive
factors affecting photocatalytic efficiency. Adsorption of TC by Mo2.C/TCN composites
without photo-reduction was carried out to investigate the adsorption capacity. It can

be seen from Fig. 6a, the Mo2C exhibited relatively large adsorbed amount of the target
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contaminants when the adsorption equilibrium is reached after 1 h. The maximum
adsorption amount was 8.13 mg g, attributing to the excellent adsorption properties
and attractive surface charge of Mo2C. In addition, the doped Mo element in the
composites provided valence electrons, facilitating the bonding of the TC molecule to
the metal center [81]. Therefore, with increasing content of Mo.C, the adsorption
capacity of the Mo.C/TCN composite material was significant enhanced. It was
apparent that the adsorption-desorption equilibrium between Mo.C and TC molecules
reached within 60 min. Accordingly, before visible light irradiation, the TC solution
was churned for 1 h under dark condition to establish the adsorption equilibrium. The
pseudo-first-order, pseudo-second-order models were examined to investigate the
adsorption process of TC molecules by the obtained samples (Fig. 6b and 6¢). The
detailed experimental data were shown in Table S1. The values of correlation
coefficient obtained by the pseudo-second-order kinetic mode were much higher than
the pseudo-first-order kinetic mode. So the pseudo-second-order kinetic mode was
more suitable to describe the adsorption behavior of TC, indicating the TC adsorption
was much affected by chemical mechanism [82]. In order to illustrate adsorbate-
adsorbent interaction, the isotherm models such as Freundlich and Langmuir isotherm
equations were used [83]. The adsorption isotherm expressed reaction behavior
between the concentration of adsorbate Ce (mg L) and the adsorption capacity of
adsorbent ge (mg g %) at constant temperature. As shown as Fig. 6d and Table S2, the
experimental data showed good correlation with Freundlich model, implying the
adsorption energy decreased exponentially at the finishing point of adsorbent
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adsorption center [84]. The Freundlich equilibrium isotherm model was used for the
description of molecules multilayer adsorption and the high R? (0.9983) manifested the
strong interaction between Mo2C and TC molecules. The increased adsorption capacity
and the hollow tubular structure of Mo.C/TCN motivated us to inspect its BET surface
area and pore size distribution information. The as-prepared CN, TCN, Mo.C and
Mo2C/TCN-2 were investigated by the nitrogen adsorption-desorption isotherm
experiments and corresponding BJH pore-size distributions, as displayed in Fig. 7. The
pore size distribution curves can be seen in the inset of Fig. 7. The BET specific surface
areas of CN (14.414 m?/g), Mo.C (23.744 m?/g), TCN (25.139 m?/g) and Mo,C/TCN-
2 (28.542 m?/g) were measured to be increased in turn. Mo,C/TCN-2 possessed the
highest BET surface area, showing a 2.5 times higher than bulk CN and 1.14 times
higher than TCN. The introduction of Mo2C provided more active sites, thus increasing
the specific surface area of the composite. These results further highlighted the hollow
tubular structure of TCN as well as the tightly coupled of Mo2C and TCN, in agreement

with TEM results.
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Fig. 7. Nitrogen adsorption-desorption isotherms and the pore size distribution curves
(insert) for CN, TCN, Mo2C and Mo.C/TCN-2.

For the photocatalytic process, all samples undergone 1 h dark absorption before
exposing to visible light. Without the presence of photocatalyst, the natural photolysis
of TC solution was negligible, indicating the TC solution with high stability under
visible light. Fig. 8a depicted the change in TC removal efficiency with irradiation time
over the CN, TCN and Mo2C/TCN series photocatalyst under visible light irradiation.
Compared with the low degradation efficiency of pure TCN (55.9 %) and CN (26.2 %),
all the Mo.C/TCN series showed significant enhanced photocatalytic activity, in an
order of M02C/TCN-2 > M02C/TCN-3 > M02C/TCN-5 > M02C/TCN-1 > M02C/TCN-
0.5. The Mo2C/TCN-2 photocatalyst demonstrated the highest photocatalytic
degradation efficiency of 91.6 %. The loading of M0C nanoparticles seemed to inspire
the photocatalytic ability of TCN. With an increasing proportion of Mo.C, the TC
degradation efficiency of TCN exhibited an increasing trend. The enhancement of
photocatalytic activity should be ascribed to the better adsorption capacity for TC
molecules, the wider spectral range for photo-absorption and the high efficiency of
electronic charge transport. However, as the Mo2C contents further increased to exceed
the optimal proportion, the photocatalytic performance of TCN decreased. An excess
Mo.C will mask the active spots for contaminant reduction and decrease the light
harvesting ability. In addition, the high amount of Mo.C loading could result in the
introduction of recombination centers, leading to the rapid electron-holes
recombination [85]. For comparation, the removal efficiencies of TC over Mo.C and
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Mo,C/CN-x were presented in Fig. S4. The introduction of Mo.C in the Mo,C/CN
composite was likely to inspire the improvement of photocatalytic ability, which was
in good consistent with the observation of Mo.C/TCN-x photocatalytic system. The
apparent rate constant (k) was used to quantitatively characterize the TC degradation
reaction kinetic. The experimental data were expressed as the following equation:
In(Co/C) = kt ®)

As displayed in the kinetic curves (Fig. 8b), the Mo,C/TCN-2 denoted the highest
degradation rate constant with the value of 0.0391 min~?, which was about 3 times and
9 times than TCN and pristine CN. The excellent photocatalytic performance of
Mo2C/TCN-2 can be attributed to the co-effects in the enhancement of adsorption
capability and electrons transport efficiency. The above results revealed the efficient
composition ratio between Mo,C and TCN, thus the Mo.C/TCN-2 nanocomposite

photocatalyst was used in subsequent experiments.
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Fig. 8. (a) Removal of TC in the presence of different photocatalysts with various composition ratios
between Mo,C and TCN under visible light irradiation; (b) photocatalytic rate of Mo.C/TCN-2 under
visible light irradiation.
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3.3.2 Effect of initial TC concentration

Effect of initial TC concentrations were also investigated to test the photocatalytic
activity of samples, shown as Fig. 9a. On the whole, all the obtained Mo,C/TCN series
photocatalysts showed good TC removal efficiency with different initial TC
concentrations (5-40 mg L) due to the excellent adsorption performance. And the
removal efficiency increased with a decrease of the initial TC concentrations. The result
may be explained that the higher concentration pollutants would cause less active sites
to decrease photon absorption and the more generated intermediates would consume
photogenerated electrons, leading to lower photocatalytic activity [86].
3.3.3 Effect of supporting electrolytes

The inorganic salt ions, such as SO4%, CI-, HCOg3™, coexistence in real water, might
affect the photocatalytic performance of the catalyst. The electrolytes would interfere
the degradation process of pollutants via competing the active site on the surface of
photocatalysts. To explore the practical application of photocatalysts, the effect of
supporting electrolytes was investigated, as shown as Fig. 9b. The electrolyte solutions
of NaCl, Na2COs, NH4Cl, and NaxSO4 were at a concentration of 0.05 M. The four
model inorganic salts exhibited different TC removal rates, with an order of NaCl >
NH4Cl > NaxSO4 > Na,COs. With the addition of extra ions, the adsorbed amount of
TC decreased slightly, accounting for the following reason: the salt would promote
protonation and lead to electrostatic interaction between electrolyte ions and TC" ions,
thus facilitating the dissociation of TC molecules toward TC* [87]. Na™ ions have been
proved to have little effect on the degradation of TC [88], while the slightly decreases
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of TC remove amount was detected in the presence of NaCl, maybe originated from the
occupation of actives sites by CI". The removal rate of TC was strikingly hampered with
the presence of Na,CO3s and Na>SOs. Na,CO3 was regarded as pH buffers and it was
able to alkalinize solution, leading to the enhancement of electrostatic repulsion
between TC molecule and the catalyst, thus affecting the adsorption of TC molecules
to the catalyst surface. In addition, HCOsand SO4> are two effective free radical
scavenger, the radical species generated at the photocatalysts surface and subsequently
trapped by the coexisting HCOgzand SO4% [89]. The reduction of radical species great

inhibited the photocatalytic efficiency.
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Fig. 9. (a) Effect of initial TC concentrations; (b) supporting electrolytes; (c) light
sources and (d) different water samples condition on the photocatalytic degradation of

TC in the presence of Mo.C/TCN-2 photocatalysts.
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3.3.4 Effect of light irradiation condition

Solar light produces radiation of different energies that affects the performance of
photocatalytic contaminant removal. The dark condition, visible light irradiation
condition (A > 420 nm) and full spectrum irradiation condition (A > 365 nm) were
created to the effect of light irradiation on photocatalytic efficiency of Mo,C/TCN-2
photocatalysts. Fig. 9c displayed TC concentration change under different light
illumination conditions. Without light irradiation, the TC concentration showed no
striking decline except for the adsorption loss. It was notably that the concentration of
TC was close to zero after 1 h full spectrum irradiation and photodegradation efficiency
of TC reach to 91.6 % under visible light irradiation. This means shorter wavelength
with greater photon energy which facilitating the separation of electron-hole pairs, thus
enhancing the photocatalytic performance [90].
3.3.5 Application on real water samples

Water matrix is an important factor for the practical application of papered
composites. Various ions are present in natural water matrix [91]. Therefore, we
investigated the effect of different water matrixes (ultrapure water, tap water, lake water
and river water) for the photocatalytic degradation of TC in the presence of Mo2C/TCN-
2 photocatalysts. The sampling sites were shown in Fig. S5. The initial concentration
of TC was 20 mg/L. As can be seen from Fig. 9d, the adsorption and photodegradation
processes of Mo.C/TCN-2 photocatalysts in various medium exhibited different
response. The adsorbed amount of TC in actual natural water was relatively decreased
compare to the ultrapure water and the photocatalytic efficiency of TC degradation in
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an order of ultrapure water (91.62 %) > tap water (84.84 %) > river water (79.82 %) >
lake water (76.8 %). According to the parameters characteristics of water sources (Table
S3), we can see the pH value and co-exist ions concentration varies among different
water samples. The pH value effected the TC surface charge interaction for adsorbing
onto the surface of catalysts [92, 93]. The coexisting metal ions may contribute to the
absorption by bridging the material surface and TC molecule [82]. On the other hand,
the ions contained in the natural water may compete with TC molecules for the active
sites, resulting to the decreased photocatalytic activity. In summary, the

photodegradation of TC over Mo.C/TCN-2 still remain high efficiency in actual natural

water.
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Fig. 10. (a) The photocatalytic degradation and TOC removal curves of TC on
Mo2C/TCN-2 photocatalysts. (b) The cycling test for the degradation of TC by the fresh
and used Mo,C/TCN-2 catalysts.
3.3.6 Mineralization of TC and stability of M0o2C/TCN-2

The ability to mineralize organic pollutants is critical for removing environmental
pollution. To deeper evaluate the mineralization property of Mo.C/TCN-2

photocatalysts, total organic carbon analyzer (TOC) was used under optimized
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experimental conditions. As shown in Fig. 10a, within 2 h visible light irradiation, the
degradation and mineralization efficiency of TC reached to 93.6 % and 61.91 %. The
result demonstrated that Mo.C/TCN-2 exhibited favorable mineralization ability.
Practical applications required photocatalytic materials with advantageous recyclability
and excellent chemical stability for the aim of saving costs and refraining from
secondary pollution. To discuss the stability of catalysts, the photocatalytic experiment
of Mo2C/TCN-2 nanomaterial had been performed four reaction runs. As shown in Fig.
10b, compare to fresh catalysts, the used Mo.C/TCN-2 photocatalysts exhibited little
inhibition in TC degradation. After four-round continuous reaction, the
photodegradation efficiency of TC maintained 82.8 %, indicating the photocatalysts
were stable during the photodegradation process. In addition, the used sample was
characterization by FT-IR, XPS and XRD, shown as Fig. S6. These analyses further
demonstrated the stability of the as-obtained sample.
3.3.7 Possible degradation pathway of TC

Characterizing the intermediates formed in the TC photocatalytic degradation
process is beneficial to deepen the understanding of its degradation pathway and
mechanism. The degradation intermediates of TC over Mo,C/TCN-2 were identified
by LC-MS/MS.

The corresponding MS spectra of possible intermediates are displayed in Fig. S7.
The mass to-charge ratio (m/z) of 445.2 was deemed to parent TC [94]. The intensity
of TC peak gradually weakened as the degradation progresses, indicating the
destruction of TC molecular. Based on the emerged intermediate products and the
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previous reports, the potential degradation pathways of TC were illustrated in Scheme
1. According to the molecular structure of intermediates, the transformation
intermediates resulted from the following reaction: hydroxylation; the elimination of
amide group, carboxyl, ketone group, N-methyl; and substitution ring-opening reaction.
The TC molecular was firstly transformed to the product 1 (m/z = 417) via the N-
demethylation process, due to the low energy of the N-C bond [95]. And then the
product 1 was attacked by the «OH to form hydroxylated product 2 (m/z = 432). Product
2 could further decompose during oxidation reaction. The reactive species attacked Cea—
C7 bond of aromatic ring, leaving behind a ketone and a carboxylic group [96-98]. Thus
the product 3 (m/z = 481) generated and it was further oxidized to simpler product 4
(m/z = 305). *O2- and h* as the major active species successive attacked product 1. The
ion fragmentation formed in the following order during collision-induced dissociation:
product 5 (m/z = 362) generated by deamination and deacylation; via cleavage of the
carboatomic ring, product 6 formed (m/z = 318); product 7 (m/z = 274) was stemmed
from the decarboxylation of product 6 [99, 100]. On the other hand, product 8 (m/z =
383) were formed through deacylation reaction after the dehydration of the TC
molecular [101]. The opening ring product 9 (m/z = 359) was formed through the
further oxidation of product 8. The produced intermediates were further decomposed
to low-molecular weight organic compounds and finally oxidized into CO, and H>O

[100, 102].
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Scheme 1. Proposed photocatalytic degradation pathways of TC.

3.4 Photocatalytic mechanism

In order to investigate the photocatalytic mechanism, trapping experiments were
carried out to determine the reactive species formed in the photocatalytic degradation

process. In the photocatalytic system, we considered <Oz, holes (h*) and hydroxyl

33



radicals (*OH) by adding 10 mM TEMPOL, Na:C.O4 and TBA as scavengers,
respectively [103, 104]. As presented in Fig. 11a and 11b, the photocatalytic activity
deterioration significantly in the presence of TEMPOL and Na>C>0s, the degradation
efficiency of TC only reached to 29.94 % and 34.05 %, indicating that the Oz  and h*
were both active species in the decomposition process of TC. While a slight decrease
of TC degradation rate of 19.3 % was observed with the introduction of TBA,
suggesting that «OH also participated in TC photocatalytic degradation process. In
summary, the active species involved played an important role in the photocatalytic
reaction process by the order of «O2" > h* > «OH. Therefore, the main active species
contributed to the removal of TC were *O2 and h*, *OH acted as an assistant. In order
to further affirmed the role of «OH and *O>" in the M0.C/TCN-2 photocatalytic system,
electron spin resonance (ESR) instrument was conducted with DMPO as the trapping
agent. Three signals were produced in Fig. 11c and 11d, which could be assigned to
DMPO- 0. and DMPO--«OH under light illumination (0 min, 4 min and 8 min). There
is no ESR signal in the dark for both TCN and Mo0.C/TCN-2, but obvious signals could
be detected under visible light irradiation, demonstrating the existence of «O;” and *OH
in the photocatalytic system. Importantly, it can be observed that the DMPO- <O signal
intensity for Mo>C/TCN-2 photocatalyst were much higher than that of TCN, which
was ascribe to the rapidly accumulation of free electrons to promote the generation of
*O2". In addition, negligible DMPO-+OH signal can be observed over TCN under visible
light irradiation, while obvious signal for M0o.C/TCN-2 can be detected in DMPO
system. The ESR result indicated the promotion effect of Mo.C nanoparticles on the

34



formation of radical species (*O2" and *OH), thus leading to the significant enhancement
of photocatalytic active. The obtained *OH may derived from H>O, decomposing. To
detect the H.O, formation, the concentration of H.O> was investigated, as shown in Fig.
S8.

On the basis of the aforementioned experimental results, the enhanced
photocatalytic performance of Mo.C/TCN composites maybe origin from the
introducing of Mo2C, thus leading to the fast transfer of photo-induced charges and
effectively restrict the recombination of electron/hole pairs in TCN. A postulated
photocatalytic mechanism is proposed to illustrate the charge transfer process over
Mo2C and TCN specimens. On the one hand, the electron density migration at the
Mo2C/TCN interface was revealed by high-resolution XPS spectra. Compare to pristine
Mo2C, the Mo 3d binding energy of Mo.C/TCN exhibited negative-shift trend, and the
C 1s, N 1s binding energy of Mo.C/TCN both exhibited positive-shift trend comparing
with that of TCN [63], implying the increased electron density within Mo and C after
coupling with TCN. These results confirmed that the electrons were transferred from
TCN to Mo2C. [62, 64-66]. In addition, it has been confirmed that the electrons transfer
from g-CsN4 to Mo2C in the M02C/g-C3N4 photocatalytic system by other researchers
[41, 43]. In the previous literature, the metallic nature and good electronic conduction
of Mo>C were reported [80, 105], thus Mo2C could provide strong attraction to electrons
[69, 77]. On the other hand, based on the UV-vis DRS spectra and Mott-Schottky plots,
the Ecs and Evs of TCN were -0.77 eV and 1.66 eV, with the homologous Ecg and Evs
of Mo,C were -1.07 eV and 0.51 eV. The band gap structure of TCN and MoC are
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were mutually interlaced, complying with the type-1l and direct Z-scheme charge
transfer model. The Ece of M02C was negative than the Ecg of TCN, so the electrons
could not transfer from the CB of TCN to the CB of M02C. Combined with the XPS
analysis, the electrons were transferred from the CB of TCN to the VB of Mo,C. That
is to say, the conventional type-Il charge transfer model was impractical in this
Mo.C/TCN system. In addition, the VB position of Mo.C was close to the CB position
of TCN, which made the direct Z-scheme electron transfer system possible. The narrow
gap of TCN and the well-matched band structure of Mo,C offered optimized condition
for constructing direct Z-scheme heterojunction. Based on the above experimental data
and theoretical analysis, the mechanism of the Z-scheme system for charge transfer was
proposed, as illustrated in Scheme 2. Clearly, TCN served as host scaffold to co-
assemble with Mo>C semiconductor. The photo-excited electrons in the CB of TCN
could migrate to the VB of Mo2C, where they combined holes from Mo.C. In the
Mo2C/TCN hybrid system, Mo2C served as electron trap that provided strong push
power to fast draw the electrons generated in TCN, thus realizing effective charge
separation and transportation. The high electronic conductivity of Mo,C minimized the
resistance of charge transfer, as evidenced by EIS. Mo,C acted as highly efficient
transport superhighway to quickly transfer electrons, avoiding the recombination of
electron/holes and prolonging the life of photo-induce charges. In addition, the direct
Z-scheme heterojunction system maintained high reducibility and oxidizing ability,
thus leading to excellent photocatalytic activity. The accumulated electrons in the CB
of Mo.C could reduce O into <O due to the CB position of Mo>C was more negative
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than the O2/-+02 (-0.33 eV vs. NHE [106]). However, the VB of TCN was also negative
than the standard redox potential of H.O/«OH (2.37 eV vs. NHE [107]), the
photogenerated holes cannot oxidized H2O to *OH. The detected *OH may origin from
the conversion of «O2". With respect to TC degradation, the main active specie (+O> and
h™) and assistant specie (*OH) produced on the surface of Mo2C/TCN could effectively

degrade TC into CO, and H2O, etc. The reaction process can be described as follows:
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Fig. 11. (a) Photocatalytic degradation curves and (b) degradation efficiencies of TC

under visible light irradiation (A > 420 nm) over Mo.C/TCN-2 photocatalyst with
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different quenchers; ESR spectra of (c) DMPO- <O, adduct and (d) DMPO- «OH

adduct for TCN and M02C/TCN-2 under visible light irradiation (A > 420 nm).
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Scheme 2. Scheme for the energy band positions and spatial charge transportation and

separation during photocatalytic reaction process over Mo.C/TCN nanotubes.

4. Conclusion

In summary, a novel direct Z-scheme Mo2C/TCN system was designed. Owing to
the excellent photoelectrochemistry properties of Mo2C, the hybrids exhibited
outstanding photocatalytic performance. The TC degradation efficiency of Mo.C/TCN-
2 within 1 h irradiation reached to 91.6 %, which was about 1.6 times and 3.5 times
higher than the TCN and CN. The Mo2C demonstrated strong photo-absorption and
high electronic conductivity, which enhancing the photo-absorption of Mo.C/TCN
composites in the whole spectrum and minimizing the transportation resistance for
electrons transfer. The Mo.C/TCN direct Z-scheme heterojunction has been confirmed
to be favorable for the separation and transfer of photo-induce charge carriers. PL and

TRPL analysis as well as electrochemical analysis proved the intensified efficiency for
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the separation and transfer of electrons. The introduction of Mo,C enhanced the visible
light absorption capability as well as prolonged charge carriers’ lifetime, which elevated
the concentration of electrons/holes reaching the active sites of Mo.C/TCN. This study
sheds new insight for the rational design and utilization Mo2C and g-C3N4 to obtained
excellent photocatalytic activity. This type of direct Z-scheme heterojunction structure

possesses great potential in constructing high-performance photocatalysts.
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Mo>C/TCN direct Z-Scheme heterostructure photocatalysts were synthesized
The improvement in the activity is ascribed to the synergistic effects of Mo.C and
TCN.

2 wt% Mo.C/TCN exhibits high photocatalytic activity and is stable in real water.
Effective charge transfer and separation was realized across the Z-Scheme system.

Mo2C acts as an electron trap and plays an important role in the charge transfer.
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