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The one-pot synthesis of g-C3N4-MU isotype heterojunction has been produced by the thermal polycon-
densation method by mixing different ratios of precursors between melamine and urea. The isotype
heterojunction g-CsN4-MU samples were characterized by X-ray diffraction spectroscopy, scanning elec-
tron microscope and energy-dispersive X-ray-spectroscopy, UV-Visible diffuse reflectance spectroscopy,
and X-ray photoelectron spectroscopy. The band-gap energy of these photocatalysts reveals that they can
work well under visible light. The photocatalytic performance of the samples was investigated over the
photodegradation of reactive orange-16 (RO-16) dye and tetracycline hydrochloride (TC-HCl) under
visible light irradiation. The isotype heterojunction of g-C3N4-M6U10 showed the highest degradation
of 95 and 85.6% for RO-16 and TC-HCI, respectively under irradiation time of 100 and 120 min. The major
reactive species was identified as ‘03. Moreover, the reusability of the photocatalyst was investigated up
to 3 cycles with good efficiency. The present synthesized isotype heterojunction g-CsN4-MU could be
applied as a facile pathway for synthesis and as an effective pathway to resolve various environmental
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Heterojunction
Photocatalyst
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problems.

© 2020 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan. All rights

reserved.

1. Introduction

In recent decades, water pollution has emerged as one of the
major threats in the world. The organic compounds such us reac-
tive orange 16 dye (RO-16) and tetracycline hydrochloride (TC-
HCI) have been widely used to fulfill human needs. However, both
of them are poisonous and hazardous organic pollutants which if
unconsciously discharged can pollute the environment, endanger-
ing the ecosystem and human health [1-3]. Consequently, it has
become an imminent problem that must be addressed for the
removal of organic pollutants from water [4-6].

The semiconductor photocatalysis has been considered as an
efficient and attractive method for water pollutants separation,
particularly organic pollutants degradation [7,8]. A graphitic car-
bon nitride (g-C3N4) has received great attention due to its match-
ing band gap energy [9,10], high thermal and chemical stabilities

* Corresponding author.
E-mail address: uraiwan.s@psu.ac.th (U. Sirimahachai).

https://doi.org/10.1016/j.apt.2020.02.020

[11], good electrical and optical properties [12], suitable electronic
band structure and elemental abundance [13]. As such g-C3Ny4 is a
very interesting material for photocatalytic application especially
degradation of the pollutant [14,15]. A facile synthesis of g-C3Ny4
has been reported by thermal polycondensation of precursors
using melamine, dicyanamide, thiourea, and urea [16-19].

Nevertheless, poor specific surface area and photo-absorption
efficiency together with fast charge recombination of g-C3Ny4
become an obstacle to fully promote its photocatalytic activity
[20,21]. To take better advantages of g-C3N4, there are various
methods to modify the photocatalytic ability of g-CsN,4 including
metal/non-metal doping [22], metal deposition [23], constructed
heterojunction [13], and copolymerization [24].

The band structure among semiconductors could be well-
matched formation which can promote charge separation between
the interface of two semiconductors [25]. The constructed hetero-
junction between suitable semiconductors is based on g-C3N4 with
other materials, for example, TiO,-g-C3N,4 [20], BiOI-g-C3N,4 [26],
BiVO4— g—C3N4 [27], BiFeO;—g—C3N4 [28], CeO,- g—C3N4 [29], etc.
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Furthermore, combining two semiconductors of g-C3N,4 into the
isotype heterojunction of g-C3N4 has been reported as an alterna-
tive pathway to resolve the limitation of g-C3N,4. Isotype hetero-
junction of g-C3N,4 prepared from thiourea and urea was able to
promote the efficiency of electron-hole separation, thus improved
the photocatalytic ability [30]. Likewise, isotype heterojunction of
g-C3N4 prepared from cyanimide and urea could enhance photo-
catalytic performance due to the widening of band gap, more com-
petitive CBM or VBM potentials, higher BET surface area, and
thinner sheet morphology [31]. It is reported that isotype hetero-
junction of g-C3N,4 prepared by dicyanamide-urea showed high
photocatalytic performance [32]. Melamine and urea derived g-
C3N4 were successfully prepared and showed improved photocat-
alytic activity [33]. These previous works have proven that com-
bining two components of g-C3N, precursors into isotype
heterojunction of g-C3N, can overcome the drawbacks and
enhance the photocatalytic efficiency.

In this work, the isotype heterojunction of g-C3N, -MU
(MU = melamine and urea) was synthesized through thermal poly-
condensation employing melamine and urea as precursors. Urea,
besides acts as a precursor, it could also be considered as a modifier
or promoter to repair the deficiency of g-C3N,4 as photocatalyst.
Higher content of urea seems to affect the morphology into favor-
ing more sheet-like which benefits the photocatalysis. The photo-
catalytic activity of g-CsN4-MU was investigated using RO-16 dye
and TC-HCI under low energy (55 W Xe-lamp) visible light. The
plausible photo-degradation mechanism was also proposed.

2. Experimental section
2.1. Materials

Melamine, urea (Sigma-Aldrich, USA); reactive orange 16 (RO-
16) (Sigma-Aldrich, Germany); tetracycline hydrochloride (TC-
HCI), isopropyl alcohol (Merck, Germany); p-benzoquinone
(Sigma-Aldrich, China); and ethylenediaminetetraaceticacid
(EDTA) (QreC, New Zealand) were of analytical grade. These mate-
rials were applied directly with no additional treatment.

2.2. Synthesis of g-C3N4;-MU

The g-C3N4-MU samples were synthesized via a thermal-
polycondensation method [18,32] by mixing melamine and urea
precursors. Typically, the desired amounts of melamine (8 g) and
urea (8 g) were combined by grinding in a mortar for 20 min. The
obtained precursor powder was placed in the crucible with lid
and heated to 550 °C for 2 h with a ramping rate of 5°C min~!
under a normal atmosphere. Furthermore, the crucible was
quenched to room temperature and the sample was reground to
powder in a mortar. The obtained sample was assigned as g-
C3N4~-M8US. Similarly, other samples were synthesized by tuning
the precursor ratio with 10 g of melamine and 6 g of urea, 6 g of
melamine and 10 g of urea and were denoted as g-CsN4-M10U6
and g-C3N4-M6U10, respectively. g-C3N4-M and g-C3N4-U also
were prepared using 16 g of melamine alone and 16 g of urea
alone, respectively, under the same conditions. The product yield
of all samples was given in Table S1.

2.3. Characterizations

The phase structure of the sample was characterized by X-ray
diffraction with Cu Ko radiation (XRD; Pert MPD, PHILIPS, the
Netherlands). Chemical bonds and functional groups were charac-
terized by FT-IR spectra acquired in the KBr pellet form (VERTEX
70, Bruker, Germany). The field emission scanning electron micro-

scope (FE-SEM) with energy-dispersive X-ray spectrometry (EDS)
was used to study the morphology of the samples. The N,
adsorption-desorption isotherms were measured at —196 °C by
N, adsorption system (ASAP2460, Micromeritics, USA) and the
sample was degassed at 250 °C for 3 h before analysis. The specific
surface area was calculated by the Brunauer-Emmett-Teller
method (BET). X-ray photoelectron spectroscopy (XPS; AXIS Ultra
DLD, Kratos Analytical Ltd) was used to analyze the surface chem-
ical state. UV-Vis DRS (Shimadzu, UV-2450, Japan) was used to
obtain the absorption spectra of samples in the reflectance mode
in the range of 200-800 nm. The pHy,. of samples was determined
by Zeta potential analyzer (Model ZetaPALS, Brookhaven).

2.4. Electrochemical measurements

The electrochemical measurements were conducted by an elec-
trochemical analyzer (AUTOLAB PGSTAT30, the Netherlands) with
the standard three-electrode system. The sample was coated on
the indium tin oxide (ITO) substrate and served as the working
electrode. Pt wire was used as a counter electrode and Ag/AgCl
as a reference electrode. The working electrodes were prepared
by the following method: 4 mg of the prepared sample was dis-
persed into 1 mL ethanol and then ultrasonicated for 30 min. The
suspension (20 pL) was drop-casted onto the ITO surface. KCl solu-
tion (0.2 mol L™!) containing 5 mmol L™ Fe (CN)Z /FeCNg~ was
used as an electrolyte for the electrochemical impedance spec-
troscopy (EIS) investigation. The photocurrent test was measured
under a 55W Xenon Lamp and 0.5 mol L' Na,SO, electrolyte
solution.

2.5. Photocatalytic activity study

Photocatalytic study of all samples was conducted based on the
efficiency of removal of organic compounds (RO-16 or TC-HCl) in
an aqueous solution by dispersing the as-prepared g-CsN4-MU
through the solution. A small amount of sample (150 mg) was dis-
charged into 150 mL of an aqueous solution of organic compound
(10 mg L~' RO-16 or TC-HCl). The solution was then magnetically
stirred under the dark for 30 min. to assure the adsorption/desorp-
tion equilibrium of dye onto the photocatalyst surface (Fig. S2).
After that, the visible light (55 W Xe-lamp, HID, with a cutoff filter
of 420 nm) was turned on. After irradiation at a pre-determined
time, 3 mL of the organic solution was collected and centrifuged
to separate the sample powders. The remaining organic compound
was monitored by using UV-Vis spectrophotometer and deter-
mined the degraded products by liquid chromatography-mass
spectra (ESI- mode, Agilent Technologies, USA).

3. Results and discussion
3.1. Chemical structure and morphology characterization

3.1.1. XRD diffraction

The XRD diffraction of the obtained g-C3N4-M, g-C3N4-10M6U,
g-C3N4-8M8U, g-C3N4-6M10U, and g-C3Ny4-U are given in Fig. 1a.
The characteristic diffractions of all samples are the two consistent
diffraction peaks which appear at around 13.0° and 27.0°, these
two peaks can be indexed as (100) and (00 2) diffraction plane
of g-C3N4 (JCPDS No.87-1526), respectively [33]. This could be used
to confirm the existing of g-C3N4 [33-35]. The weak diffractions
at around 13.0° of g-C3N4-M, g-C3N4-10M6U, g-C3N4-8M8U,
g-C3Ny4- 6M10U, and g-C3Ny4-U are observed at 20 angle of 12.57°,
12.88¢°, 12.73°, 12.86°, and 13.03°, respectively, corresponding to
the triazine unit. It is noticed that (1 0 0) peak of isotype hetero-
junction samples are loacated between g-C3N4-M and g-C3N4-U,
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Fig. 1. XRD diffractograms (a) and FT-IR spectra (b) of the as-prepared photocatalysts.

implicating the formation of heterojunction among the samples.
While the strong diffractions at around 27.0° are shifted to
27.32° for g-C3N4-M, 27.25° for g-CsN4-10M6U, 27.45° for g-
C5N4-8M8U, 27.23° for g-C3N4-6M10U, and 27.33° for g-C3Ng4-U,
corresponding to the interlayer stacking of the aromatic units of
g-C3N4 [33,36]. These evidences support the success of synthesiz-
ing all these heterojunction compounds.

3.1.2. FT-IR spectra

Fig. 1b presents the FT-IR spectra of g-C3N4-M, g-C3N4-10M6U,
g-C3N4-8M8U, g-C3N4-6M10U, and g-C3N4-U. The FT-IR spectra of
all samples show similar absorption peaks at around 810 cm™!
which can be assigned to the breathing modes of triazine structure
unit and sp? C = N [33,37]. Several absorption peaks in the region of
1200-1700 cm~! can be assigned to the stretching vibration of C-N

heterocyclic [33,37]. In addition, the broad absorption peaks from
3000 to 3400 cm™! result from the stretching vibration of N-H
bonds or NH, groups [33,37,38].

3.1.3. X-ray photoelectron spectroscopy

To recognize the chemical states of the samples, the XPS spectra
were acquired and presented in Fig. 2. The survey spectra (Fig. 2a)
reveal that all samples are composed of C and N as expected. The
spectra of g-C3N4-M, g-C3N4-U, and g-C3N4-6M10U samples show
that the binding energies of C1s and N1s core electrons are not sig-
nificantly shifting which means that the chemical state of elements
in the g-C3N4-6M10U are similar to those in the g-C3N4-M and g-
C3N4-U. The Cls spectra in Fig. 2b reveal three major peaks at
the binding energies around 288.5, 286.9, and 285 eV correspond-
ing to C in the N—C=N, C—(N)s, and sp? C=C bonds, respectively

(@)
g-CN-M I
=
5-, N1s
)
£ g-C,N -M6U10 cls
S ’
g —-l_
=
g-C N-U | |
1200 1000 800 600 400 200 0
Binding energy (eV)
C
(b) g_CJN-‘-M ( ) /\A g-CJN-‘-M
-~ 5
;: 288.5 eV g-C,N -M6U10 i 398.9 eV g-C N -M6U10
g 285 eV % 401.3 eV
g 286.9 eV e 400.
= -
— g-CN-U g-CN-U
/\ TN lﬁo&

292 290 288 286 284 282
Binding Energy (eV)

404 402 400 398 396 394
Binding Energy (eV)

Fig. 2. XPS: survey (a), Cl1s (b), and N1s (c) spectra of synthesized g-C3N4-M, g-C3N4-M6U10, g-C5N4-U.
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[30,39]. In Fig. 2c, the deconvoluted N1s spectra reveal three main
peaks at around 398.9, 400.2, and 401.3 eV which can be assigned
to C—N—C, N—(C); groups, and amino function C-NH,, respectively
[39,40]. Based on the XRD, FT-IR, and XPS results suggest that iso-
type heterojunction of g-C3N4,-MU has been completely
synthesized.

3.1.4. The scanning electron microscopy

The detailed morphology study of all samples was performed by
SEM and the elemental composition and distribution were also
evaluated using EDS. The SEM images of g-C3N4-M, g-C3Ny4-
10M6U, g-C3N4-8M8U, g-C3N4-6M10U, and g-CsNy4-U are shown
in Fig. 3. In Fig. 3a, g-C3N4-M is seen to compose of large solid
bulk-like product and thick layers, meanwhile g-C3N4-U consists
of sheets morphology with a high porosity on the surface of the
sample (Fig. 3e). It can be clearly seen that g-C3N4-M and g-
C3N4-U have different molecular structures that were mixed
together as an isotype heterojunction. The resulting morphologies

of the samples comprise of layers with different porosity (Fig. 3b-
d). These results clearly indicate that g-C3N4-6M10U has a large
number of pore on the surface than g-C3N4-10M6U and g-CsNy-
8MB8U. This is due to the higher content of urea in the molar ratio
of isotype heterojunction, thus provide the larger number of pore
structures leading to the larger specific surface area and plentiful
reactive sites. This helps raise the photogenerated charge separa-
tion and may enhance the photocatalytic activity. In addition, the
elemental analysis of the sample is confirmed in the EDS mapping
spectra as shown in Fig. 3f. The elements of C and N are clearly seen
with a uniform distribution over g-C3N4-6M10U with a percentage
of 34.8 and 64.2% for C and N, respectively. Additionally, the pres-
ence of only C and N elements signify the purity of the samples.

3.1.5. Specific surface area

The measured specific surface area values are shown in Table 1.
The g-C3N4-M has the lowest specific surface area of 469 m? g~!
whereas g-C5N,4-U has the largest value of 36.55 m? g~'. The speci-

Fig. 3. SEM images (x 30,000) of as-prepared photocatalysts: g-C3N4-M (a), g-C3N4-M10U6 (b), g-C3N4-M8U8 (c), g-C3N4-M6U10 (d), g-C3N4-U (e), and EDS mapping spectra

of g-C3N,-M6U10 (f).
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fic surface areas of samples are significantly increased with
increasing content of urea in the molar ratio of isotype heterojunc-
tion, e.g. 9.42, 10.09, and 15.87 m? g~ ! for g-C3N4-10M6U, g-C5N,4-
8MB8U, and g-C3N4-6M10U, respectively. This trend consistent with
the SEM results that the larger number of pore leads to the higher
specific surface area which, in turn, one can expect more active
species and higher reactivity to cause greater photocatalytic prop-
erty of materials [32,41]. In this respect, the isotype heterojunction
g-C3N,4-6M10U was expected to exhibit the most enhanced photo-
catalytic degradation of organic compounds.

3.2. Optical and photoelectrochemical properties

3.2.1. Study of optical properties

UV-Vis diffused reflectance spectroscopy was studied to under-
stand the optical properties of samples. As presented in Fig. 4a, g-
C3N4-M, and g-C3N4-U show the absorption edge at around 450
and 440 nm, respectively. Meanwhile, the isotype heterojunction
of g-C3N4-10M6U, g-C5N4-8M8U, and g-C3N4-6M10U exhibits the
absorption edge at about 450, 448, and 445 nm, respectively. The
band gap energy (Fig. 4b) of all samples was approximated by
the Kubelka-Munk transformation using the plots of (athv)? versus
photon energy [33,42]. The band gap energy was calculated as
reported elsewhere [43] listed in Table 1. It can be described that
the higher the amount of urea in mixed ratio leads to widening
the band gap energy of photocatalyst which obstructs the
electron-hole pairs recombination rate and causes greater perfor-
mance in photocatalytic activity. The bandgap energies of isotype
heterojunction samples are narrow in accordance with the optical
absorption edge. The strong photo-response of isotype heterojunc-
tion samples in the UV-Vis region is believed to beneficially
enhance photocatalytic activity [44].

Both optical absorption edge and band gap energy of mixed
ratio photocatalysts fall in between those of g-CsN4-M and g-
C3N,4-U. This could be the result of a well-matched band structure
of urea-derived g-C3N4 and melamine-derived g-CsN4 and offer a
great potential design of g-CsN4-MU isotype heterojunction [25].
The band gap energies values have been estimated for g-C3N4-M,

Table 1
BET specific surface area and band gap energy of all photocatalysts.

Samples Sger (M?/g) Band gap (eV)
g-C3Ny4-M 4.69 2.80
g-C3N,-M10U6 9.42 2.82
g-C3N4-M8US 10.09 2.84
g-C5N4-M6U10 15.87 2.86
g-C3Ny4-U 36.55 293

(a) 1.2 —
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2 0.8 2 e
L ——g-CN-M6U10
g 0.6 — & CNU
[
=
-
S 0.4
=
<
0.2-
0.0 N ——— :
200 300 400 500 600 700 800

Wavelength (nm)

g-C3N4-M10U6, g-C3N4-M8US, g-C3N,-M6U10, and g-C3Ny-U and
listed in Table 1. Attempt to locate the valence band (VB) and con-
duction band (CB) of the synthesized samples was carried out by
using the following empirical equations [45];

VB =X+0.5.E —E, (1)

CB=VB-E, 2)

where E, is the energy of free electrons on the hydrogen scale
(4.5eV vs. NHE) and X is electronegativity of g-CsN4 (4.73 eV)
[45]. The calculated VB values of 1.63, 1.64, 1.65, 1.66, and
1.69 eV were obtained for g-C3N4-M, g-C3N4-M10U6, g-C3Ng4-
M8US, g-C3N4-M6U10, and g-C3N4-U, respectively. Meanwhile, CB
were estimated to be —1.17, —1.18, —1.19, —1.20, and —1,23 eV,
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Fig. 5. (a) Photocurrents and Nyquist plots (b) of the synthesized g-C3N4-M, g-C3Ny4-
M6U10 and g-C5N4-U. The inset of (a) shows an expanded scale of g-C3N4-M.
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Fig. 4. UV-Vis DRS spectra (a) and band gap energy (b) of the synthesized photocatalysts.
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respectively. Compared to g-C3N4-M, the g-C3N4-U and g-C3Ng-
M6U10 have larger band gap energy which provides a strong redox
ability. As a result, the lifetime of charge carriers photoexcitation
can be prolonged and improve its photocatalytic activity [39].

3.2.2. The photo-electrochemical properties

Chronoamperometry study (current vs. time) was performed
to investigate the visible light response of the synthesized samples.
The photo-electrochemical properties of g-C3N4-M, g-C3N4-M6U10,
and g-C3N4-U were performed to observe the electron-holes sepa-
ration efficiency in the samples. As shown in Fig. 5a, fast and uni-
form photocurrent responses were observed for all samples under
visible light irradiation and such photoresponse was reversible. It
is worth noting that the photocurrent response of g-CsN4-M6U10
isotype heterojunction was about 3.66 x 10> A which is higher
than that in g-CsN4-M (2.11 x 1078 A). Meanwhile, the photocur-
rent response of g-CsN,4-U is the highest value (2.55 x 10~* A). This
indicates that g-C3N4-M indeed had the lowest photocurrent
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L‘é\' 0.8 1 < »
= L —
/
0.4 ’/;;;f";:;ﬁ:/
/—//l
0.0 T T T T T
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response owing to the fast charge recombination, while the photo-
generated electron-hole pairs in the isotype heterojunction of g-
C3N4-M6U10 were effectively separated due to the lower charge
recombination. These observations were investigated by EIS exper-
iments. The Nyquist curves of g-CsN4-M, g-C3N,-M6U10, and g-
C3N4-U are depicted in Fig. 5b. The charge transfer resistance can
be estimated from the radius of the extrapolated semi-circle at
the high-frequency region and they are estimated to be 125.5 Q,
51.6 Q, and 35.1 Q for g-C3N4-M, g-C3N4-M6U10, and g-C3N4-U,
respectively. This small charge transfer resistance of g-CsNy-
M6U10 indicates lower resistance for electron/hole to transfer
across the electrode/electrolyte interface [46,47]. This consequence
corroborates with the photocurrent result which confirmed that
g-C3N4-U and g-C3N4-M6U10 were more effective in separate
photo-induced charge carriers than that in g-CsN4-M. The high
charge separation efficiency of samples could inhibit the rapid
charge recombination, thus could be improved photocatalytic
performance [39].
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Fig. 6. Photocatalytic degradation of RO-16 dye (10 mg L~') under visible light irradiation: absorption of RO-16 dye (a), degradation rate (b), and kinetics rate over the

synthesized photocatalysts (c-d).

Table 2

Photocatalytic degradation parameters of RO-16 and TC-HCI by the synthesized photocatalysts.

Photocatalysts

RO-16 (100 min)

TC-HCI (120 min)

Percent degradation (%) Kapp (min~1) Percent degradation (%) Kapp (min~1)
g-C3Ny4-M 74.4 0.0139 70.6 0.0124
g-C3N4-M10U6 81.3 0.0154 71.1 0.0111
g-C3N4-M8US 87.0 0.0217 73.1 0.0139
g-C5N4-M6U10 95.0 0.0295 85.6 0.0222
g-C3Ny4-U 93.4 0.0365 80.6 0.0190

Please cite this article as: M. Solehudin, U. Sirimahachai, G. A. M. Ali et al., One-pot synthesis of isotype heterojunction g-C3sN4-MU photocatalyst for effec-
tive tetracycline hydrochloride antibiotic and reactive orange 16 dye removal, Advanced Powder Technology, https://doi.org/10.1016/j.apt.2020.02.020

331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348


https://doi.org/10.1016/j.apt.2020.02.020

349

350
351
352

353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374

APT 2627
27 February 2020

No. of Pages 12, Model 5G

M. Solehudin et al. /Advanced Powder Technology xxx (xXxx) xXx 7

3.3. The photocatalytic activity

The photocatalytic study was carried out for the degradation of
RO-16 and TC-HCl under visible light. The absorption-desorption
was allowed in the dark for 30 min.

3.3.1. The photocatalytic degradation of RO-16 dye

The RO-16 dye degradation was carried out for 100 min in the
presence of the catalyst. The absorption of RO-16 at Apmax
(493 nm, pH=7) decreased with increasing reaction time. The
RO-16 photodegradation performances of g-C3N4-M and
g-C3Ny4-U are clearly different as shown in Fig. 6 that g-C3N4-U is
more efficient than g-C3N4-M. In detail, g-C3N4-M and g-C3N4-U
can degrade RO-16 74.4 and 93.4%, respectively, whereas the iso-
type heterojunction catalysts exhibit significantly greater photo-
catalytic performance than that of g-C3sN4-M. The g-C5N4-M10U6,
g-C3N4-M8U8, and g-C3N4-M6U10 achieve RO-16 dye degradation
efficiency of 81.3, 87.0, and 95.0%, respectively. These isotype
heterojunctions show greater photocatalytic activity than
g-C3N4-M owing to their properties which have the larger specific
surface area and higher porosity having abundant reactive sites as
well as improving the electron-holes separation efficiency which
can benefit to the photocatalytic activity improvement. The
apparent rate constants were calculated as listed in Table 2. It
could be seen that the photocatalytic rate of g-C3N4-M6U10 iso-
type heterojunction for degradation of RO-16 dye is much higher
than other isotype heterojunction samples and g-C3N4-M, while
the g-C5N4-U has the highest photocatalytic rate constant.

0.4
a
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L] 90 min
= 0.1- — 105 min
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3.3.2. The photocatalytic degradation of TC-HCI

The degradation of TC-HCl was performed within 120 min in
the presence of catalysts (Fig. 7). The maximum absorption wave-
length (Anax) of TC-HCI at pH = 7 appears at 360 nm. Similar to RO-
16, the absorption spectra of TC-HCl decrease with the reaction
time. Likewise, the isotype heterojunction samples show higher
photocatalytic degradation of TC-HCl than that of g-C3N4-M,
whereas g-C3N4-M6U10 shows the highest photodegradation rate
of TC-HCI as shown in Table 2. It could be seen that the isotype
heterojunction samples exhibit greater photocatalytic activity
owing to assisted-urea composition which could make higher
porosity and larger specific surface area in their photocatalyst
properties as well as improving the electron-holes separation effi-
ciency and then improved the photocatalytic activity. It can be
assumed that in the case of urea addition as a precursor, urea
can be modifier and promoter to repair the drawbacks of g-C3Ny4
as photocatalyst by using the isotype heterojunction of MU
pathway.

3.3.3. The reusability and stability of photocatalyst

The reusability of the photocatalyst was evaluated using isotype
heterojunction of g-C3N4-M10U6 for RO-16 dye and TC-HCI degra-
dation as shown in Fig. 8a-b. The efficiency of RO-16 dye degrada-
tion was only slightly decreased while the degradation of TC-HCl
significantly decreased after being reused for 3 times. Neverthe-
less, the lowest efficiencies (the 3th run) are still > 80% and > 60%
for RO-16 and TC-HCI, respectively. Hence, the photocatalysts
show good reusability in photocatalytic degradation. For the stabil-
ity, the XRD spectra of isotype heterojunction of g-C3N4-M6U10

(b) 1.2

Dark

—s—g-CN:M
—e—g-CN-M10U6
—e—g-CN-M8US

—o—g-CN-M6U10
—«—g-CN-U

UV-Visible

0.0

20 0 20 40 60 80 100
Time (min)

M M10U6 M8U8 M6éU10 U
Photocatalysts

Fig. 7. Photocatalytic degradation of TC-HCl (10 mg L~!) under visible light irradiation: adsorption of TC-HCI (a), degradation rate (b), and kinetics rate over the synthesized

photocatalysts (c-d).
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Fig. 8. The reusability and stability of g-C3N,-M6U10 photocatalyst; the repeated photocatalytic experiment for degradation RO-16 dye (a) and TC-HCI (b), and XRD

diffractograms before and after degradation (c).

before and after the 3th run cycles are depicted in Fig. 8c which
appears identical except slightly lower peak intensity after recy-
cling reaction. It might be due to a narrowed interlayer stacking
spaces of g-C3N4-M6U10 after 3 cycles [48].

3.3.4. Effect of initial pH on RO-16 dye and TC-HCI degradation

To study the initial pH effect on the degradation of RO-16 dye
and TC-HCI, the experiments were carried out by varying the pH
value from 3 to 11 over isotype heterojunction of g-C3N4-M6U10.
The data of the initial pH effect on the RO-16 dye photodegradation
are given in Fig. 9 a-b. In RO-16 solution at pH = 3, 5, and 7, the iso-
type heterojunction of g-C3N4-M6U10 can degrade 99, 98, and 95%
RO-16 dye, respectively. In basic solution at pH 9 and 11, RO-16
showed lower degradation at 74 and 71%, respectively. With regard
to the zeta potential (pHp,c) of g-C3N4,-M6U10 at pH 10.2, in acidic
and neutral solution, the pH was lower than pH,,. which caused
the g-C3N4-M6U10 isotype heterojunction surface to be a positive
charge, while in basic solution the surface of g-C3N4-M6U10 iso-
type heterojunction became negatively charged. Since the RO-16
dye was negatively charged [1], then it could be assumed that
the positive charge of g-C3N4-M6U10 isotype heterojunction in
the acidic medium has an electrostatic attraction which led to
the strong adsorption between catalyst and RO-16 and resulted
in great photodegradation efficiency. The negatively charged of
g-C3N4-M6U10 isotype heterojunction in the basic medium has
an electrostatic repulsion force with the negatively charged of
RO-16 dye [49] forcing them apart, hence lower photodegradation
performance.

Fig. 9 c-d, the photodegradation of TC-HCl under neutral pH 7
showed the maximum photodegradation rate. This can be
explained by the pH related nature of TC-HCI as shown in Fig. 10
e, at pH = 7, the form of TC-HCl is neutral, but the surface charge
of catalyst is positively charge (pHp,c of g-C3N4-M6U10=10.2),
hence the greater photodegradation of TC-HCl was obtained. In
contrast, the strong repulsion between catalyst and TC-HCI
occurred under both acidic and basic solution which led to lower
photodegradation performance of TC-HCl. This repulsion arose
from the positive surface charge of catalyst and the +1 charge of
TC-HCl which occurred in acidic conditions. Likewise, in basic solu-
tion, the TC-HCI transformed into an anion (—1/—2) while the cat-
alyst was deprotonated to be negatively charged.

3.3.5. The liquid chromatography-mass spectra analysis of organic
compounds

The liquid chromatography-mass spectra analysis was further
performed to identify the intermediate products of RO-16 dye
and TC-HCI after photodegradation. The mass spectra of RO-16
dye and TC-HCl before and after the photocatalytic degradation
process by g-CsN4,-M6U10 are shown in Fig. 10. It can be seen that
the RO-16 dye has been decomposed almost completely, and TC-
HCI has been transformed into degraded products as detected in
the mass spectra. In Fig. 10 a-b, the intermediate products of RO-
16 dye with m/z=474 (vinyl form) and 492 (hydrolyzed form)
are other existing forms of RO-16 which are then photodegraded
by the reactive species from the photocatalytic process to produce
intermediate degraded products having m/z = 294, 284, and 201.
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Fig. 9. The pH effect on photodegradation of RO-16 dye (a-b), TC-HCl (c-d) by g-C3N4,-M6U10, and structure and pH-dependent specification of TC-HCl (e) [50].

The RO-16 dye and these degraded products are further decom-
posed and transformed into H,O and CO, [51]. In Fig. 10 c, the
m/z = 443 belongs to the TC-HCl which is further oxidized by the
reactive species via the photodegradation to provides the degraded
products with m/z ratio = 399, 325, 249, 180, and 135 (Fig. 10d).
The TC-HCI and these degraded products are further decomposed
and transformed into H,O and CO,.

3.4. The plausible photodegradation mechanism

The reactive species trapping experiment was investigated to
identify reactive species for photodegradation of RO-16 dye and
TC-HCl over isotype heterojunction g-C3N4-M6U10. Three typical
scavengers, i.e. benzoquinone (BQ), isopropyl alcohol (IPA), and
ammonium oxalate (AO) were applied on the RO-16 dye degrada-
tion as scavengers of ‘O3 (superoxide radical), ‘OH (hydroxyl radi-
cal), and h* (hole), respectively [7,52]. In the photodegradation of
TC-HCl, three typical scavengers, i.e. BQ, IPA, and ethylenedi-
aminetetraacetic acid (EDTA) were applied as scavengers of ‘03,

"OH, and h* (hole), respectively [7,52,53]. As shown in Fig. 11a-b,
the RO-16 dye degradation is clearly inhibited by BQ and slightly
by AO, but IPA promoted the photocatalytic activity. As a result,
the "O3 acts as the major and the "OH as the minor reactive species
for RO-16 dye degradation.

Upon inspection Fig. 11c-d, the major reactive species of TC-HCI
degradation is also "0O3 with the ‘OH as a minor reactive species.
Based on the result, the possible mechanism of RO-16 dye and
TC-HCl degradation over isotype heterojunction of g-C3N4-
M6U10 can be proposed in Fig. 12. After the visible light is exposed
to the catalyst surface, the electron from VB of g-C3N4-M and g-
C3N4-U will be photoexcited to CB due to the suitable band gap
energy to produce electron-hole pairs. The electrons on the g-
C3N4-U will be transferred to the g-CsN4-M because CB position
of g-C3N4-U is more negative than that in g-C3N4-M. The electron
on the CB of g-C3N4-M and g-C3N4-U, which are more negative than
E (0,/ '03) (-0.33 eV), can easily reduce O, to produce ‘03 [39,44].
However, the more negative VB position on the g-C3N4-M prohibits
the holes on the g-CsN4-U to transfer to the g-C3N4-M. The photo-
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Fig. 11. Kinetic curves and degradation rates of RO-16 dye (a-b) and TC-HCI (c-d) over g-C3N4,-M6U10 photocatalyst in the reactive species trapping experiments.

generated holes (h*) in the VB of g-C3N4-M and g-C3N4-U can not tive species) and h* (minor reactive species) attack the RO-16
produce ‘OH because it is not positive enough to react with H,O dye (or TC-HCl) in solution to produce the degraded products
(E ("OH/OH™) = (2.38 eV), but the holes can directly degrade the which end as CO, and H-O.

RO-16 dye and TC-HCI [39,44]. In conclusion, the ‘O3 (major reac-
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Fig. 12. The plausible photodegradation mechanism of RO-16 dye and TC-HCI over
g-C3N4-M6U10 isotype heterojunction.

4. Conclusions

In summary, the isotype heterojunction of g-C3N4-MU was suc-
cessfully synthesized from melamine and urea precursors. The pro-
duct yield of all g-C3N4-MU samples are more than 7 times higher
than g-C3N4-U. The content of urea in the mass ratio of g-C3N4-
M6U10 isotype heterojunction can be as the modifier and pro-
moter which improves the specific surface area and band gap
energy, leads to the effective electron-hole separation, thus result-
ing in the enhanced photocatalytic degradation of RO-16 dye and
TC-HCl. The photodegradation efficiency of RO-16 dye and TC-
HCl was 95 and 85.6% within 100 and 120 min, respectively, under
visible light irradiation. The '0O3 was the major reactive species in
the RO-16 dye and TC-HCI photo-degradation, meanwhile the h*
was minor reactive species which can directly degrade the RO-16
dye and TC-HCI. Therefore, the present method isotype heterojunc-
tion of g-C3N4-MU could be applied as a facile pathway for synthe-
sis and as an effective process to resolve the problem of various
environmental pollutants.
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