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Photocatalytic H, production and degradation of pollutants are promising strategies for energy conversion
and environmental protection, where highly efficient photocatalysts are required. Herein, a novel type of Y,
C, and O tridoped g-C3sN4 bifunctional photocatalyst was prepared via a simple one-step low-cost thermal
polymerization technique, which exhibits a significant enhancement in photocatalytic redox efficiency
under visible light for H, production and degradation of pollutants compared to bulk g-CszN4. The
optimized Y0.1/C/O tridoped g-CzN,4 photocatalyst exhibits a remarkable H, evolution rate (HER =
2542.4 pmol g~! h™!) which is 5 times higher than that of pristine g-C3N, with a high apparent quantum
yield of 6% at 420 nm, besides excellent degradation efficiencies for organic pollutants (~100, 98.5 and
82.4% for mixed dyes, congo red, and methylene blue, respectively). The influence of Y>* concentration
on the photocatalytic performance and electronic structure of Y/C/O-CN was also investigated. The
major reactive species involved in the photodegradation process were found to be superoxide (O, ")
radicals. Moreover, the experimental and computational results suggest that the enhanced photocatalytic
performance is due to the synergistic effect of Y, C, and O tridoping, which can adjust the band
structure of g-CsNg4 reduce the bandgap, improve visible-light absorption, and accelerate charge
separation. This study paves the way to fabricate extremely effective tridoped photocatalysts for
efficiently evolving hydrogen under visible light and resolving future environmental pollution.
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harmless end products.>® Photocatalysts are critical for the
photoefficiency of these processes. TiO, and ZnO have been
widely investigated as photocatalytic semiconductors.””
However, the broad bandgap of these conventional photo-

1. Introduction

Energy scarcity and environmental pollution are currently two
of the most significant challenges facing human beings; as

a result, sustainable social development requires developing
green technology." One option is photocatalysis, which is
a sustainable and environmentally beneficial process for
producing H, from H,O and degrading organic pollutants into
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catalysts (which respond only to UV light) and low light
quantum yield restrict their application.

Recent research has focused on g-C;N,, a potential metal-
free photocatalyst with a high capacity for harvesting visible
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light with a small bandgap (~2.7 eV) besides appropriate
conduction and valence band positions.'*™* Additionally, g-
C;N, has the following advantages: a simple synthesis, non-
toxicity, and low cost with earth-abundant C and N, in addition
to stability under both temperature and chemical conditions.
Thus, g-C3N, offers a wide variety of applications in organic
pollutant degradation and H, generation under visible light***¢
and other fields."”* Although g-C;N, exhibits favorable photo-
catalytic properties, many drawbacks remain, including a high
recombination rate of photogenerated electron-hole pairs, poor
efficiency of using visible light, and small surface area.”>*

Various approaches for addressing these issues have been
developed, including metal and nonmetal doping,>>* deposi-
tion with noble or transition metals,”®*” the introduction of
vacancy defects,” copolymerization,® coupling with other
semiconductors,®® and construction of various nano-
architectures.*+*> Among the various strategies, doping is one of
the most efficient and suitable techniques available. Metal
doping, particularly with rare-earth elements, is a well-studied
approach. High photocatalytic activity has been reported for
newly synthesized Y-doped semiconductors such as Y-doped g-
C3Ny, Y-TiO,, and Y-SnO, with small band gaps.**~** It has been
suggested previously that large radius rare-earth ions exceed the
majority of other metals and nonmetals in enhancing the
photogenerated electron-hole separation in the photocatalytic
process. Besides, nonmetal doped g-C;N, can also absorb
visible light; carbon or oxygen doping has recently demon-
strated promising photo-response and catalytic efficiency as
a result of the fast separation of photogenerated e~ and A",
leading to improved photocatalytic and visible light utiliza-
tion.**** Moreover, codoping g-C;N, with two different types of
atoms, such as C, O codoping,**' P, C codoping,* and P, O
codoping,* results in higher photocatalytic activity and unusual
physicochemical properties compared to single element
doping. Wu et al. synthesized C/O codoped g-C;N, using
glutathione as a source of O and C, in which the H, evolution
activity was about 80 times greater than that of g-C3N,.*
Recently, Jing et al. developed a one-step polymerization tech-
nique for toluene oxidation and bisphenol A photodegradation
using carbon and oxygen codoped g-C;N,.** In addition, the
benefits of metal and nonmetal dopants can be combined by
codoping or tridoping, resulting in enhanced photocatalytic
activity.** As far as we know, the synergistic effect of metal (Y)
and nonmetal (C and O) doping on the g-C;N, photocatalyst for
H, production and pollutant degradation has not been reported
yet.

In the present work, a series of Yx, C, O tridoped g-C3N, (x is
the amount of Y salt, x = 0.01, 0.1, 0.25, 0.5, and 1 g) photo-
catalysts are successfully synthesized using a one-step low-cost
thermal polymerization method to precisely control the
bandgap of organic photocatalysts, which resulted in bandgap
alterations between 2.75 and 1.90 eV by introducing malonic
acid and varying the yttrium amounts. Furthermore, using this
approach, the band positions and photocatalytic performance
of polymer semiconductors are correlated. To demonstrate the
morphology, structure, and composition of the improved
materials we fabricated, we performed a series of

This journal is © The Royal Society of Chemistry 2022
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characterization experiments. In addition, the physicochemical
properties of Yx, C, O tridoped g-C;N,, as well as the suggested
mechanism for enhancing the photocatalytic activity of these
photocatalysts, have been thoroughly investigated. Moreover, as
a bifunctional photocatalyst, it demonstrates excellent photo-
catalytic activity and stability under visible-light irradiation for
both H, production and degradation of pollutants including
congo red (CR), methylene blue (MB), and a mixture of these
two dyes. The effect of yttrium ion (Y*") concentration on the Y/
C/O-CN electronic structure and photocatalytic performance is
discussed in detail. Combining experimental and computa-
tional methods, the critical effect of the g-C3N, tridoping with Y,
C, and O atoms on the photocatalytic activity has been explored
in detail.

2. Experimental procedure
2.1 Preparation of photocatalysts

The Y, C, and O tridoped g-C3;N, photocatalysts were synthe-
sized as follows. First, 10 g of urea, 0.5 g of malonic acid, and
various quantities of yttrium nitrate (0.01, 0.1, 0.25, 0.5, and 1 )
were mixed and ground in a mortar. Then, the powders were
transferred to a ceramic crucible with a cover and then annealed
in a muffle furnace for 2 h at 550 °C (heating rate 5 °C min™").
Finally, after cooling to ambient temperature and grinding
them into fine powders, the Yx, C, O tridoped g-C;N, samples
were obtained and denoted with respect to yttrium as Yx/C/O-
CN (x = 0.01, 0.1, 0.25, 0.5, and 1 g), respectively. To provide
a point of comparison, C and O codoped g-C;N, (C/O-CN) was
prepared using the same procedure without adding yttrium
nitrate with reference to a method reported previously.* In
contrast, pure g-C;N, (CN) was prepared directly by calcination
of urea under the same conditions. The Y, C, and O tridoped g-
C;3;N, photocatalysts were synthesized according to the proce-
dure shown in Fig. 1.

2.2 Characterization

Powder X-ray diffraction (PXRD) was performed using an X'Pert
Pro diffractometer with Cu Ko radiation. A Bruker Tensor-27
FTIR spectrophotometer was used to collect the infrared (IR)
spectra with a resolution of 4 cm™". X-ray photoelectron spec-
troscopy (XPS) spectra were collected using an ULVAC-PHI PHI
5000 Versaprobe II chemical analysis electron spectrometer
(ESCA). The *C nuclear magnetic resonance (**C NMR) spectra
were measured using a Bruker Avance 500 solid-state NMR
spectrometer. The sample morphology was examined using
a scanning electron microscope (SEM, JEOL JSM-6500). Trans-
mission electron microscopy (TEM) images were recorded using
a JEOL 2100 instrument that was operated at an accelerating
voltage of 200 kV. A Hitachi U-3300 spectrophotometer was used
to record UV-vis diffuse reflectance spectra (UV-vis DRS). HOMO
energy levels were determined with the help of an ultraviolet
photoelectron spectrometer (model AC-2). When the bandgap
(E;) was subtracted from the HOMO energy levels, it was
possible to calculate the LUMO energy levels. A Hitachi F-7000
fluorescence spectrophotometer (Ax = 370 nm) was used to
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Fig. 1 Schematic illustration of the synthesis of Yx/C/O tridoped CN samples.

capture the photoluminescence (PL) spectra. Thermal gravi-
metric analysis (TGA) was performed under N, using a TGA Q-50
analyzer with temperature ranging from 40 to 800 °C at a heat-
ing rate of 20 °C min~". The specific surface area was deter-
mined using the Brunauer-Emmett-Teller (BET) technique on
a Micromeritics ASAP 2020 at 77 K by analyzing N, adsorption—
desorption isotherms.

2.3 Photocatalytic hydrogen production

H, production experimental studies were carried out at room
temperature. In this reaction, 1.5 mg of the photocatalyst
powder was dispersed in an aqueous solution, including a co-
catalyst of Pt (5 wt%) and triethanolamine (TEOA; 10 vol%) as
a sacrificial agent. Before light irradiation, Ar bubbling was
used for degassing the resultant mixture after ultrasonically
processing extensively. The suspension was exposed to 1000 W

% (1 sun) solar simulator radiation at A > 420 nm. In this
study, a Shimadzu gas chromatograph (GC-2014 with a thermal
conductivity detector) was used to measure the quantity of H,
evolved while argon served as the carrier gas. Apparent
quantum yields (AQY) for Y0.1/C/O-C3;N, hydrogen production
were estimated as follow:

AQY — 2 x number of elvo¥ved H, molecules < 100%
number of incident photons

2.4 Photocatalytic degradation of organic pollutants

As a way to check the synthetic materials’ photocatalytic effi-
ciency, several dye solutions were photodegraded under visible
light. Two different dye solutions (CR & MB) were photo-
degraded firstly, followed by combining the two dye solutions.
First, 5 mg of catalyst was dissolved in 25 mL of CR (50 ppm) or
MB (10 ppm) aqueous solution. Then, the suspension solution
was stirred for 30 minutes in the dark to achieve adsorption-
desorption equilibrium. A UV-vis spectrophotometer was used
to monitor the dye concentration, and the A, peak intensity
decreased as the reaction time progressed (CR and MB have
Amax values of 500 and 664 nm, respectively). The photocatalytic
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reaction of these model dye solutions was studied in detail to
find the best Y/C/O tridoped g-C;N, photocatalyst composition.
Using the optimized catalyst, a mixture of CR (25 ppm) and MB
(10 ppm) solutions was tested for photodegradation. Addition-
ally, the stability of the materials was investigated using five
cycle experiments.

2.5 Photoelectrochemical measurements

On a Zahner Zennium E workstation, the photoelectrochemical
experiments were performed with a three-electrode cell. An Ag/
AgCl electrode, Pt wire, and FTO glass were employed as the
reference electrode, counter electrode, and working electrode,
respectively. Around 5 mg photocatalyst was dispersed in
a methanol solution (1 mL) containing 30 mL Nafion and
sonicated for 30 minutes. This was followed by drop-casting of
200 mL of the above solution on the FTO glass. As an electrolyte,
0.5 M Na,SO, aqueous solution was prepared in this experi-
ment. Under LED light irradiation, the photo and dark currents
were recorded using a 1.0 V constant potential and a 20 second
light on/off period following a predetermined time interval.

2.6 Computational details

The density functional theory (DFT) method implemented in
the Materials Studio CASTEP code® was used for all calcula-
tions. Using the GGA-PBE functional,*** the geometrical
structure of the presented models can be optimized besides
calculating their optical and electronic properties. For simula-
tion, the system's energy was converged to 10" eV, and the
maximum force between atoms and the maximum displace-
ment were 3 x 10 2 eV A ' and 1 x 102 A, respectively. The
Grimme technique for DFT-D correction was used to charac-
terize van der Waals interactions. The 2 x 2 x 1 supercells are
duplicated on the x-y plane. In contrast, the vacuum space
along the z-direction has been set to 20 A to prevent periodic
structures from interacting with each other. The plane-wave
basis set has a 500 eV cutoff energy. For the structural optimi-
zations, the Brillouin zone was described by Monkhorst-Pack (3
x 3 x 1) K-points. The supercell's high-quality band structure

This journal is © The Royal Society of Chemistry 2022
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(BS), the density of states (DOS), and optical properties are
achieved by using denser K-points of 5 x 5 x 1.

3. Results and discussion
3.1 Characterization

In this study, the crystal structures of pristine CN and Yx/C/O-
CN (x = 0.01, 0.1, 0.25, 0.5, and 1 g) were investigated using
PXRD (Fig. 2a). The strong diffraction peak observed at 27.4°
corresponds to the (002) plane of the interlayer stacking
reflection of the conjugated aromatic system. In comparison,
the other weak peak (100) centered at 13.5° was related to the tri-
s-triazine unit's in-plane structure repeating pattern (JCPDS no.
87-1526).*® The XRD patterns of Yx/C/O-CN are similar to those
of pristine CN, indicating that the tridoped Y, C, and O did not
have an obvious effect on the pristine CN crystal structure. The
doped samples had no obvious Y or yttrium oxide diffraction
peaks, showing that Y was widely spread across the g-C;N,
matrix and incorporated into in-planes as well as coordinated
via Y-N bonds to the g-C;N, matrix* without other impurity
phases.

Fig. 2a shows that the two diffraction peaks become weaker
with a rising Y ratio for Yx/C/O-CN samples owing to the
decreased crystallinity and the defects caused by incomplete

View Article Online
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polymerization after heteroatom doping*** (Table S1t). This
might be because the incorporation of Y** ions into g-C;N, in
addition to replacing N atoms with C or O atoms shortens the
bond length and reduces the size of the polymer.*>* The slight
shift to the lower angle of the (002) peak as the yttrium ratio
increases (Fig. 2a) can be attributed to the increased interlayer
distance caused by Y-doping and partial replacement of N
atoms with C or O atoms.** The change in peak location corre-
sponds to the change in the yttrium equivalent. According to the
Scherrer equation, raising Y doping to 1 g significantly reduces
the average crystallite size of the photocatalyst from 2.569 nm to
1.557 nm. In contrast to pure CN, the doped samples had more
lattice strain, which reduces the material's crystallinity (Table
S17).

Fig. 2b shows the FT-IR spectra of the synthesized photo-
catalysts (CN, C/O-CN, and Yx/C/O-CN). The FT-IR spectra of
Yx/C/O-CN catalysts are nearly identical to pure g-C;N,, with
broad peaks corresponding to the stretching vibration of N-H
bonds at ~3000-3500 cm',* which is equivalent to uncon-
densed NH, groups. The ring breathing vibration of tri-s-
triazine units is responsible for the sharp peak at around
810 cm ™~ '.* Several strong peaks between 1249 and 1638 cm ™"
correspond to C=N and C-N ring stretches.* It should be noted
that when compared to the pure CN, these peak values (CN
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Fig. 2 (a) XRD patterns and (b) FT-IR spectra of bulk-CN, C/O-CN, and Yx/C/O tridoped CN samples, and (c) solid-state *C NMR spectra of

bulk-CN and Y0.1/C/O-CN samples.
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Sustainable Energy Fuels, 2022, 6, 3858-3871 | 3861


https://doi.org/10.1039/d2se00525e

Published on 07 June 2022. Downloaded by National Sun Y at Sen University on 11/15/2022 10:22:28 AM.

Sustainable Energy & Fuels

heterocycles) move slightly higher in frequency with a drasti-
cally decreased intensity in the doping system (Fig. S17), owing
to the Y, C, and O doping, as well as the higher electronegativity
of O atoms, suggesting that this portion of C-N became C-0O, as
the C-O bond appears at higher frequencies due to the higher
electronegativity of O atoms.*® Moreover, the tridoped system
exhibits a new absorption peak at 2100-2200 cm ™" assigned to
the C=N stretching vibration® (Fig. 2b). In conclusion, adding
Y, C, and O atoms into pure g-C3;N, does not affect the skeleton
structure, consistent with XRD results.

The chemical state of C atoms and structural changes were
studied in detail using the C solid-state NMR technique
(Fig. 2¢). The NMR spectrum of g-C3N, (CN) exhibits two signals
at 164.3 and 156.4 ppm, which are assigned to the terminal
CN,-NH, and CNj; chemical shifts, respectively.*>** The Y0.1/C/
O-CN signals exhibit a slightly higher chemical shift in
comparison to bulk CN besides new signals at 92.3 (O-C-0O; 90-
100 ppm)'* and 151.9 ppm;***° this indicates the formation of
a new state of carbon due to the incorporation of oxygen and
carbon atoms, as well as indicating that malonic acid has been
conjugated to the g-C;N, matrix and the structure of g-C;N,
remained unchanged. The observed left-shifted peaks with
weakening signals in the Y0.1/C/O-CN sample could result from
introducing oxygen lone-pairs and increasing the electron
density around carbon atoms.**

By TGA, it is possible to determine the thermal stability of
pure CN and doped systems (Yx/C/O-CN) over a temperature
range of 40-800 °C (Fig. S2t). The TGA curve of pure CN is
relatively stable at temperatures below 500 °C, and 100%
decomposition is achieved above 710 °C.>* The high tempera-
tures destroy the chemical bonding between the triazine rings
in g-C3N,, producing nitrogen and cyano fragments."* The
amount of undecomposed sample in Y/C/O g-C3;N, photo-
catalysts was determined to be 0.12, 1.97, 17.01, 27.94, and
40.70% for Y0.01/C/O-CN, Y0.1/C/O-CN, Y0.25/C/O-CN, Y0.5/C/
O-CN, and Y1/C/O-CN, respectively. This residual solid repre-
sents the amount of Y in the photocatalysts. Due to codoping,
the thermal stability of g-C;N, decreases significantly as the
yttrium content increases.>>

The surface elemental and chemical bonding states of pure
2-C3N, (CN), C/O-CN, and Yx/C/O-CN were all determined by
XPS analysis. There are three distinct peaks in the survey spectra
of all samples (Fig. 3a) at around 288 eV (C 1s), 398 eV (N 1s),
and 532 eV (O 1s).** Additionally, only Yx/C/O-CN samples
showed a weak Y 3d peak at about 158 eV.** Deconvolution of
XPS spectra of all elements in CN, C/O-CN, and Y0.1/C/O-CN
samples was plotted in Fig. 3b-e. The high-resolution C 1s
spectra show three peaks at 284.4, 285.7, and 287.8 eV, corre-
sponding to the C-C bond, C-O bond, and the C atoms con-
nected to N atoms within the aromatic ring of N=C-(N),,
respectively.*>** All the peaks in the Y0.1/C/O-CN sample appear
slightly displaced, suggesting that a specific reaction happened
due to the malonic acid introduction, which dramatically
changed the C-atom chemical environment. The C/N atomic
ratio (Table S2t) for C/O-CN and Yx/C/O-CN samples is 0.84-
1.21, higher than that for pure CN (0.82). Meanwhile, the N=C-
(N), : C-C area ratio for Y0.1/C/O-CN is 6.71, which is lower

3862 | Sustainable Energy Fuels, 2022, 6, 3858-3871
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than those of C/O-CN and pure-CN (7.08 and 8.65, respectively)
(see Table S37). It is believed that the replacement of small
amounts of N by C and O atoms has increased the atomic ratio
of C/N as well as causing a decrease in the value of N=C-
(N), : C-C.***® There is also an increase in the C-O and C-C
peak intensity for Y0.1/C/O-CN (Fig. 3b and Table S37), indi-
cating an increased number of C-O and C-C groups.*® The N 1s
high-resolution spectra in Fig. 3¢ are deconvoluted into three
peaks located at 400.7, 399.2, and 398.2 eV, which are assigned
to the terminal amino functional groups (C-NH,), the inner
tertiary nitrogen (N—-(C);) groups, and the sp>hybridized
nitrogen (C=N-C) in triazine rings, respectively.**** When
malonic acid is introduced into the polymerization process of
carbon nitride, the two peaks at 398.2 and 399.2 eV in the Y0.1/
C/O-CN spectrum appear to shift. The introduction of tri-
doping atoms significantly affected the chemical environment
of N. In the presence of C and O doping, the area ratio of
C=N-C decreased from pure-CN (59.59) to Y0.1/C/O-CN (48.88)
(see Table S4+t). This supports the substitution of C or O atoms
for the sp® N-atom in triazine rings.*****° For pure g-C3N,, the O
1s XPS spectrum exhibits peaks at 531.9 and 533.6 eV (Fig. 3d),
corresponding to adsorbed H,O and O, molecules on the
specimen holder, respectively.” In contrast, the signal at
530.4 eV indicates the existence of C-O groups.*® The corre-
sponding peak position in the Y0.1/C/O-CN and C/O-CN
samples will have a particular offset. The higher intensity of the
C-O species peak proves the presence of more C-O species in
both Y0.1/C/O-CN and C/O-CN samples (Fig. 3d and Table S57).
The binding energies of Y 3d spin-orbit split peaks (3ds,, and
3d3),) have broad peaks between 154 and 164 eV (ref. 33 and 35)
(Fig. 3e), which confirmed the existence of Y*" ions in Y0.1/C/O-
CN samples. The Y concentrations determined from XPS data
were 0.08, 0.64, 1.78, 3.02, and 5.53 atomic% for Y0.01/C/O-CN,
Y0.1/C/O-CN, Y0.25/C/O-CN, Y0.5/C/O-CN, and Y1/C/O-CN,
respectively (Table S27).

The morphologies of CN and Yx/C/O-CN samples were
investigated using SEM images. As illustrated in Fig. S3at and
4a, pure CN exhibits a compact Tremella-like structure, whereas
Yx/C/O-CN exhibits a curled sheet structure. The nanosheets
are curled to reduce the surface tension.”* When the yttrium
content is increased to 0.1 g, the sample exhibits more and
smaller tubular structures (Fig. 4a), in which photogenerated
charge carriers may be separated and migrate to the surface of
the material more easily. This matches the less crystallized
structure deduced from XRD patterns.>® However, when the
yttrium content was increased to 1 g (Y1/C/O-CN), the sample
exhibited an obvious irregular blocky structure (Fig. S3at). The
above results indicate that adding yttrium and malonic acid
promotes the transition of a layered stacking structure to
a tubular-like structure.

TEM images of pure CN and Yx/C/O-CN samples (Fig. S3b¥
and 4b) exhibit a sheet-like structure with apparent pores, and
Y, C, and O doping reduces the sheet size in all samples.** No
doping-related particles were found in the Yx/C/O-CN samples,
confirming that the Y, C, and O species were doped into the g-
C;3N, lattices, in accordance with the XRD data. Clearly, there is
no remarkable difference between CN, Y0.01/C/O-CN, Y0.1/C/

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) XPS survey spectra of bulk-CN, C/O-CN, and Yx/C/O tridoped CN samples; (b) C 1s, (c) O 1s, (c) N 1s, and (d) Y 3d high-resolution

spectra of Y0.1/C/O-CN.

O-CN, and Y0.25/C/O-CN samples. However, when the yttrium
content increased to 0.1 g, the TEM image of Y0.1/C/O-CN was
nearly transparent (Fig. 4b), indicating the formation of an
ultrathin nanosheet with curled edges. Meanwhile, the further
increase in the Y doping ratio over 0.25 resulted in a thick and
interlayer-like structure without noticeable pores due to the
large aggregates of Y atoms that are irregularly stacked together
(Fig. S3bf).

There are more active sites and enhanced light absorption in
the two-dimensional layered structure, which promotes

This journal is © The Royal Society of Chemistry 2022

photocatalytic activity improvement. The results shown above
are similar to those obtained from SEM and the specific surface
area. It has been demonstrated that adding yttrium and
malonic acid can increase the number of active sites and alter
the morphology. Furthermore, the corresponding energy
dispersive spectrum (EDS) of the prepared Y0.1/C/O-CN pho-
tocatalyst confirmed the presence of C, N, O, and Y elements
(Fig. 4c¢).

Fig. 4d and e show the BET specific surface areas and Bar-
rett-Joyner-Halenda (BJH) pore size distribution curves of CN,
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isotherms at 77 K and (e) pore size distribution profiles of bulk-CN, C/O-CN, and Yx/C/O tridoped CN samples.

C/O-CN, and Yx/C/O-CN photocatalysts. Across all samples,
type IV isotherms with H; hysteresis loops were observed.** The
isotherms demonstrate a high uptake of N, due to capillary
condensation, which indicates the characteristic of mesoporous
materials.*® Hysteresis loops of type H; are frequently observed
at ~0.6 < P/P, < 1 in all isotherms on non-rigid aggregates of
plate-like particles. Furthermore, Y/C/O-CN has a better N,
adsorption capability than pure CN, implying that Y, C, and O
elements in CN are advantageous for mesopore formation. Y0.1/
C/O-CN had a much larger specific surface area (Sger) (80.39 m?
g~ ") than C/O-CN (36.91 m> g~ ") or pure CN (62.07 m*> g~ ) (see
Fig. 4d). The Sggr of C/O-CN exhibits a remarkable decrease
relative to bulk-CN because of partial pore blockages and
framework defects due to C and O doping.*® Nevertheless, the
proper addition of Y can increase the BET surface area due to
the large radius of Y, which increases the interlayer distance
and inhibits the crystal growth of graphitic carbon nitride
(Table S1t), leading to the formation of more secondary parti-
cles***” and hence more active sites, but when the doping ratio
is too large the molecules aggregate and block the active sites.
The higher specific surface area is expected to increase the
number of active sites that may be exposed to photocatalytic
degradation and H, evolution. A good agreement exists between
the specific surface area of photocatalysts and their
morphology-defined structure. Additionally, the pore size
distribution curves indicate that the Yx/C/O-CN are rich in
pores with diameters ranging from 1 to 20 nm (Fig. 4e), indi-
cating that the mesoporous structure of tridoped CN was well-
developed. Interestingly, the C/O-CN sample has a pore size
distribution centered at 8 nm, representing one kind of pore

3864 | Sustainable Energy Fuels, 2022, 6, 3858-3871

structure in the sample. In addition, it has a smaller total pore
volume (0.034 cm® g~ ') compared with other samples (Table
S61), which agrees well with the dramatic decrease in the BET
result. On the other hand, the total pore volume of the Y0.1/C/
O-CN photocatalyst is much larger than that of the bulk CN,
which facilitates mass transfer. Such increased BET surface area
and pore volume of Y.01/C/O-CN are expected to provide more
exposed active sites for reactants, which should be more
favorable for the photocatalytic reaction. Table S67 summarizes
the textural properties. As the doping ratio of Y increases, both
the BET surface area and pore volume increase until the doping
ratio reaches 0.25.

3.2 Optical and photoelectrochemical properties

The diffuse reflectance spectra (DRS) of all samples are shown
in Fig. 5a. CN exhibits an absorption edge at ~450 nm, while the
Yx/C/O-CN samples shifted to a longer wavelength, which
intensified as the Y doping ratio decreased. The redshift of the
adsorption edge in Yx/C/O-CN photocatalysts results from
charge transfer between Y** d-electrons and g-C;N, conduction/
valence bands.** Thus, doping with Y, C, or O enhances light
absorption and forms more (e )-(A") pairs, resulting in
increased photocatalytic efficiency. The optical bandgaps (E,)
(Fig. 5b) were determined using the Kubelka-Munk (KM)
method, which is illustrated in the following equation:

(F(R)hv)* = A(hv — Ey)
where F(R.), h, v, A, and E, are the Kubelka-Munk function,

Planck constant, light frequency, a constant, and bandgap

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) UV-vis DRS, (b) schematic illustration of the calculated bandgaps energy, (c) PL spectra, (d) band structure diagram, (e) photocurrent

responses, and (f) EIS of bulk CN, C/O-CN, and Yx/C/O tridoped CN

energy, respectively. The corresponding band gap values of pure
CN, C/O-CN, Y0.01/C/O-CN, Y0.1/C/O-CN, Y0.25/C/O-CN, Y0.5/
C/O-CN, and Y1/C/O-CN are 2.75, 1.86, 1.88, 1.90, 2.11, 2.15,
and 2.27 eV, respectively (Fig. 5b and Table S67). The variation
of the bandgap value between 2.75 eV (g-C3N,) and 1.88 eV
(Y0.01/C/O-CN) is clearly due to the codoping of C and O, as
well as increasing the yttrium content in the photocatalysts.>>*
A further increase in the amount of yttrium (Y1/C/O-CN) results
in a broader bandgap (2.27 eV). Consequently, the addition of
a suitable doping ratio (Y0.1/C/O-CN) changed the optical
properties and light-harvesting capabilities of g-C3;N,. This

This journal is © The Royal Society of Chemistry 2022

samples.

finding suggests that by varying the amount of Y in the photo-
catalyst, the E, values can be modulated.

UPS measurements indicate that the valence band (VB) edges
of pure CN, C/O-CN, Y0.01/C/O-CN, Y0.1/C/O-CN, Y0.25/C/O-
CN, Y0.5/C/O-CN, and Y1/C/O-CN are calculated to be 1.60, 1.32,
1.45,1.23,1.31, 1.38, and 1.39 eV, respectively (Fig. 5d), according
to the reference standard for which 0 V vs. the normal hydrogen
electrode (NHE) equals —4.44 eV vs. vacuum. All energy levels
were converted from the absolute energy levels calculated by UPS
(Fig. S3t) to values relative to NHE. Meanwhile, when the E, is
subtracted from the VB energy levels, it is possible to calculate the
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conduction band (CB) edge positions. The calculated CB poten-
tials for pure CN, C/O-CN, Y0.01/C/O-CN, Y0.1/C/O-CN, Y0.25/C/
0-CN, Y0.5/C/O-CN, and Y1/C/O-CN were —1.15, —0.54, —0.43,
—0.67, —0.80, —0.77, and —0.88 €V, respectively. Using CB energy
levels as a guide, all samples should undergo a photocatalytic
reduction of protons to H,. The schematic diagram in Fig. 5d
illustrates the band structure of all photocatalysts as well as the
reduction levels for H"/H, and 0,/0, .

PL, photocurrent, and EIS measurements were conducted to
reveal the promoted separation efficiency and transfer of
photoinduced charge -carriers.”®* The photoluminescence
emission spectra of CN had a strong emission maximum at
460 nm attributed to emissions of band edges containing -
conjugated states, showing fast recombination of photoexcited
carriers (Fig. 5¢). On the other hand, the Yx/C/O-CN samples
show a much weaker intensity and shift to longer wavelengths
(centered at 493-536 nm) due to the n — =* transition.*® This
indicates that adding an O atom can significantly accelerate the
excited electron transfer while also preventing electron-hole
recombination. The signal redshift is most likely caused by the
narrowing of Yx/C/O-CN bandgaps.** Y0.1/C/O-CN had the
lowest emission intensity, indicating that there was less pho-
togenerated charge recombination and extensive light harvest-
ability due to narrowband states, enhancing photocatalytic
activity® and correlating with the photocatalytic H, evolution
performance. It was concluded from these findings that the
addition of Y, C, and O doping could improve the photo-
generated carrier separation efficiency.
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The photocurrents for all samples are shown in Fig. 5e to
further evaluate their electrochemical properties and photo-
generated charge separation capability. The results showed that
Y0.1/C/O-CN has the highest photocurrent density of all the
samples, consistent with its photocatalytic activity, which can
be attributed to the effectively prevented recombination of
charge and the promoted drastic separation of photogenerated
electrons.* Furthermore, after six cycles of on/off lighting with
a 25 second interval, all samples showed consistently positive
photocurrent responses, suggesting high photoelectrochemical
stability of all samples.

The electrochemical impedance spectra (EIS) of the bulk-CN,
C/O-CN, and Yx/C/O-CN (Fig. 5f) showed that the Y0.1/C/O-CN
sample possessed the smallest semicircle diameter among
these prepared samples, suggesting a considerable improve-
ment in electrical conductivity and efficient separation of elec-
tron-hole pairs over Y0.1/C/O-CN.* PL and photocurrent
analyses fit well with this outcome, showing that Y0.1/C/O-CN
had a higher photogenerated charge carrier transfer efficiency,
which helped to improve the photocatalytic performance.

3.3 Photocatalytic performance

3.3.1 Photocatalytic hydrogen evolution. To determine the
efficiency of Y/C/O tridoped g-C;N, photocatalysts, we per-
formed photocatalytic H, evolution under visible light irradia-
tion using a co-catalyst of Pt besides TEOA as the electron
donor. Fig. 6a compares the H, production efficiency of bulk-
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Fig. 6 (a) H, evolution performance at A > 420 nm and (b) photocatalytic H, evolution rates over the prepared photocatalysts. (c) Wavelength-

dependent AQY and (d) stability test of Y0.1/C/O-CN for H, evolution.
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CN, C/O-CN, Y0.01/C/O-CN, Y0.1/C/O-CN, Y0.25/C/O-CN, Y0.5/
C/O-CN, and Y1/C/O-CN under visible-light irradiation. The
highest rate of hydrogen evolution can be achieved at an
optimal loading of 5% Pt on the surface of the catalyst
(Fig. S5at). Remarkably, Y0.1/C/O-CN exhibits the most excel-
lent photocatalytic activity under visible-light irradiation, with
a rate of H, evolution of 2542.4 umol h™* g™, which is 2.3 times
higher than that of C/O-CN (1101.3 umol h™" ¢~ ") and ~5 times
higher than that of bulk-CN (519.4 umol h™* g™%). The H,
production activity of Y/C/O tridoped g-C3N, samples is far
superior to that of bulk-CN. The hydrogen generation rate of Yx/
C/O-CN reaches the maximum when the Y mass ratio reaches
0.1 g. A further increase in Y mass ratio causes the catalytic
properties to deteriorate (Fig. 6b and Table S71) due to the
excess amount of dopant distorting the conduction path and
generating new recombination centers for photogenerated
charge carriers.”>*® The above findings indicate that doping,
particularly Y, C, and O tri-doping, can significantly improve the
catalyst performance through enhancing the active sites and
thus increasing the rate of reaction. A comparison of photo-
catalytic H, production rates between Yx/C/O-CN and other
photocatalysts was carried out to illustrate the superiority of
this tri-doping system for H, generation (see Table S77).
Furthermore, the apparent quantum yield (AQY) calculated for
Y0.1/C/O-CN is 6% at 420 nm, 2.3% at 460 nm, and 0.29% at
500 nm, respectively (Fig. 6¢). The rapid increase in hydrogen
generation and AQY of the Y0.1/C/O-CN can be attributed to its
higher surface area that is conducive for hydrogen production
and tri-doped C/O/Y atoms that are beneficial for enhancing the
electron reduction capability and increasing efficient visible-
light harvesting for H, evolution.*®*>*' Moreover, the stability
of Y0.1/C/O-CN (Fig. 6d) was investigated under visible-light
irradiation and it was stable even after four cycles, indicating
superior stability and reusability. Interestingly, as observed
from Fig. S5b,t the average HER of Y0.1/C/O-CN increased
significantly from 2542.4 pmol h™" g~ " at the 1st run to 4595.4
umol h™* g ' at the end of the 3rd run, but then decreased again
at the 4th run. The minor hydrogen production in the first cycle
compared to other cycles is due to the time required for the
deposition of the Pt co-catalyst on the surface of the Y0.1/C/O-
CN photocatalyst,*® which works as the H, generation site. The
gradual increase of the H, evolution rate can be explained by
catalytically active sites being in situ formed which requires
some time, increasing the reactive surface area and hence the
rate of H, production in the following cycles.®”*® Despite these
deviations, the consistent photocatalytic performance of the
Y0.1/C/O-CN photocatalyst within the four cycles indicates the
chemical stability of this photocatalyst.

3.3.2 Photocatalytic activity of dye degradation. A study on
the photocatalytic efficiency of all samples under visible-light
irradiation was evaluated using dye degradation rates for
congo red (CR) and methylene blue (MB) (Fig. 7). Initially, we
studied the photocatalytic activity of two model organic dyes
(CR and MB) to determine the optimal composition of photo-
catalysts capable of exhibiting the highest catalytic activity.

For CR, after 30 min of exposure to light, the Y0.1/C/O-CN
catalyst showed the best performance of 98.5% CR degradation

This journal is © The Royal Society of Chemistry 2022
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compared to the bulk-CN-catalyzed reaction (64.5% dye degra-
dation) (Fig. 7a—c). The performance of the Yx/C/O-CN photo-
catalyst improved as the mass ratio of Y in the catalyst
increased. The maximum performance is achieved when the
mass ratio of Y is up to 0.1 g. Further increasing the mass ratio
to 1 g leads to deterioration of catalytic properties and decreases
CR degradation (86.7%). The photocatalysis reaction of MB dye
follows a similar pattern. Here also, Y0.1/C/O-CN demonstrated
the highest photocatalytic efficiency among all photocatalysts in
this work (Fig. 7d-f). After 110 min of light exposure, bulk CN
and C/O-CN-catalyzed reactions showed 33.7 and 48.6% dye
degradation, respectively, whereas Y0.1/C/O-CN showed 82.4%
degradation in 110 min.

The change of photocatalytic efficiency as a function of
photocatalyst composition is illustrated in Fig. S6 and S7 and
Table S8.1 The UV-vis spectra of CR and MB dyes (Fig. 7a and d)
demonstrate the decrease in maximum intensity (Amax) with
increasing reaction time for the photodegradation reaction
catalyzed by Y0.1/C/O-CN. Fig. 7b and e display the change in
the C,/C, ratio for CR and MB dyes over time in the presence of
various catalysts (bulk-CN, C/O-CN, Y0.01/C/O-CN, Y0.1/C/O-
CN, Y0.25/C/O-CN, and Y0.5/C/O-CN). According to Fig. S8a
and b, the process of photodegradation has pseudo-first-order
kinetics. For both CR and MB photocatalytic processes, the
pseudo-first-order model provides information about the
degradation rates, which are described as follows:

C
In (?0> = —kt

where C, and C are the initial and final dye concentrations in
solution, respectively, ¢ is reaction time, and k is the pseudo-
first-order rate constant. The rate constants for the photo-
catalysts are presented in Fig. 7c and f. It has been noticed that
the CN rate constant was 33 x 10~ and 4 x 10~ min " for the
CR and MB degradation, respectively. In contrast, the rate
constant of Y0.1/C/O-CN is increased to 139 x 10> and 17 x
107 min~"' for photodegradation of both CR and MB, respec-
tively. Table S8 summarizes several commonly used photo-
catalysts described in the literature for the degradation of CR
and MB dyes, with the Y0.1/C/O-CN photocatalyst being the
most efficient. Additionally, we performed the Y0.1/C/O-CN-
catalyzed photodegradation process using an aqueous solu-
tion of CR and MB dyes (25 and 10 ppm, respectively). In 95
minutes, this dye mixture was wholly decomposed by photo-
catalysis (Fig. S9a and Table S8t).

Y0.1/C/O-CN has conduction and valence band energies of
—0.67 and +1.23 eV, respectively. When exposed to visible light,
Y0.1/C/O-CN was excited, resulting in photogenerated 4" in the
VB and e~ in the CB. During the photocatalysis process, the
photogenerated e~ and 4" form superoxide and hydroxyl radi-
cals (O,"” and "OH), which are capable of degrading dye
molecules. Additionally, oxidized or reduced compounds are
released when the electrons and holes react directly with the
dyes. We conducted scavenger tapping studies using p-benzo-
quinone (BQ), isopropanol (IPA), NaCl, and NaNO;, which act as
scavengers for O,"~, "OH, k", and e™, respectively, to understand
the function of reactive species better.*® According to Fig. S9b,
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the CR degradation (98.3%) in the presence of Y0.1/C/O-CN was
slightly decreased when IPA, NaCl, and NaNO; were added,
while it became significantly decreased after adding BQ. The CR
degradation efficiencies in the presence of IPA, NaCl, NaNO3,
and BQ were 79.1, 96.2, 71.6, and 25.7%, respectively. The
significant decrease in the degradation efficiency for BQ (25.7%)
indicates that the primary reactive species responsible for CR
dye degradation is the photogenerated O, ~,” playing a more
significant role than ‘OH, holes, and electrons.

Reusability studies were carried out to gain an under-
standing of the catalyst's stability. After performing the photo-
catalysis reaction, the catalyst was washed and dried before
being re-used for the following cycle. Fig. S9cf illustrates the
recycling study results of the Y0.1/C/O-CN catalyst using CR dye
under visible-light irradiation. Our results show that the Y0.1/C/
O-CN efficiency decreased by ~5.5% even after five repeated
cycles, indicating that the photocatalyst is relatively stable
under reaction conditions.

3868 | Sustainable Energy Fuels, 2022, 6, 3858-3871

3.4 DFT calculations

3.4.1 Electronic properties. The purpose of this study is to
determine the influence of dopants on the electronic structure
of CN. The density of states and band structure of Y/C/O tri-
doped CN were calculated in comparison to pristine CN.
Fig. S10at and 8a show the optimized crystal structures of CN
and Y/C/O tridoped CN. In contrast, the predicted band struc-
ture and Brillouin zones are illustrated in Fig. S10ct and 8c. As
a result of the DFT calculation, it was determined that the
bandgap of pure CN is 1.28 eV, which is consistent with the
previously reported results®*”* and is lower than our experi-
mental value (2.75 eV). The GGA-PBE method is known to
underestimate the semiconductor bandgap energy, which leads
to a bandgap mismatch. In this case, we are more concerned
about the trend of bandgap changes (AE,) after the doping with
various atoms, and thus GGA-PBE is used for all computations.
As a result of codoping, the bandgap is reduced by around

This journal is © The Royal Society of Chemistry 2022
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Fig. 8
structure of Y, C, O tridoped CN, respectively.

1.14 eV, in good agreement with our experimental observations
(0.9 eV). The bandgap of the Y/C/O tridoped CN was reduced to
0.14 eV compared to g-C;N,4, demonstrating that tridoping with
Y, C, and O can reduce the bandgap and result in a significant
change in the catalytic properties and improved photocatalysis.
As noted in Fig. S10ct and 8c, both pristine CN and Y/C/O tri-
doped CN are direct-gap semiconductors.”” Moreover, the Fermi
level (Ex) of Y/C/O tridoped CN moved obviously toward a lower
energy level. In comparison, the CBM shifted by ~1.14 eV
toward a lower energy level (Fig. 8c), indicating that the pho-
tocatalyst's redox ability is influenced by the dopants.

The density of states can be used to investigate the electron
distribution effect on the catalyst surface (Fig. 8b and S10bf¥).
We estimated the partial density of states (PDOS) and total
density of states (TDOS) of pristine and doped CN to gain
additional insight into the electronic structure and orbital
contribution (see Fig. S10d and ef). The top of the valence band
(VBT) in the pristine CN originated from the 2p orbital of N (red
lines). In contrast, both C and N 2p orbitals (Fig. S10dt) play an
essential role in controlling the conduction band bottom (CBB);
it matches previous simulation results.” A combination of
metal and nonmetal dopants in Y/C/O tridoped CN affects the C
2p and N 2p states in the CB and VB because of interactions
between the d, p, and s states of the dopant and the 2p states of
C and N atoms. There is an augmentation in the N and C 2p
orbitals participating in both CB and VB edges (Fig. S10et). CB
edges are mostly made of 3d orbitals (green lines) of Y and 2p
orbitals (red lines) of C, N, and O, respectively, with a minor
contribution from 2s orbitals (blue lines) of all atoms
(Fig. S10et). Simultaneously, the VBT is formed by hybridizing
the 3d orbital of Y, 2s and 2p orbitals of N, and 2p orbitals of C
and O (Fig. S10et). According to the above results, the impurity
levels have the potential to reduce electronic transition energies
besides broadening the absorption spectrum.

3.4.2 Optical properties. The optical absorption curves of
the pristine CN and Y/C/O tridoped CN are plotted in Fig. S10f.}
According to the GGA-PBE method, a significant absorption
peak is located at about 350 nm and there is an optical
absorption edge (Acgge) Near 470 nm for pristine CN, which
agrees with the experimental value. These results were in
remarkable agreement with the other simulated results near

This journal is © The Royal Society of Chemistry 2022
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465 nm.” This is mainly attributed to the occurrence of the m—
m* transition, suggesting that pure CN is a visible-light photo-
catalyst. Nevertheless, optical absorption is insufficient in this
region, and thus the pristine CN generally exhibits poor pho-
tocatalytic performance. After doping, the optical absorption
edge moves towards longer wavelength (redshift) by ~92 nm
compared to that of CN (Fig. S10f}), indicating that the doped
system can significantly expand the visible light response range.
It is observed that the Y/C/O tridoped CN absorption curves
exhibit a strong absorption tail (Urbach tail) in the UV-visible
and infrared regions. According to the optical absorption
intensities of CN and Y/C/O tridoped CN, the absorption
intensity after doping increases in the UV-visible region with
a ~33% increase at 200 nm, consistent with the findings of
other simulations,” which is assigned to the large dispersion of
the CB and impurity level in the bandgap induced by Y, C, and O
atoms. The absorption curve area of Y/C/O tridoped CN is larger
than that of CN, implying that more electrons of the doped
system could be generated upon visible light irradiation. This
suggests that the Y, C, and O doping enhances photocatalytic
ability. There is likely an electronic transition from the VB to the
CB, accounting for the high intensity and broad optical
absorption (200-1000 nm).

4. Conclusions

We have successfully synthesized Y/C/O tridoped g-C;N, pho-
tocatalysts by a one-step thermal polymerization method. These
photocatalysts display significant absorption in the visible light
range, and the bandgap may be controlled by changing the
quantity of Y in the photocatalysts, which is necessary for many
potential applications. The photocatalytic activity was found to
be extremely high for both hydrogen production and pollutant
degradation. Among these photocatalysts, Y0.1/C/O tridoped g-
C;N, (optimal doping content) showed the best photo-
degradation among a variety of model dyes (e.g., CR and MB) in
addition to a dye mixture (CR + MB). A photodegradation
mechanism was proposed based on the generation of the O," ™
radical during CR dye degradation. The Y0.1/C/O tridoped g-
C;3N, shows a significantly improved photocatalytic H, evolu-
tion rate of 2542.4 umol h™' g~ " under visible light (>420 nm),
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which is nearly five times greater than that of pure g-C;N,4, with
an AQY of 6% at 420 nm and 0.29% at 500 nm. In this case, the
synergistic impact resulting from the unique coexistence of Y,
C, and O codoped in g-C3N, with their staggered band structure
in the catalysts could explain the observed enhancement.
Simultaneously, we determined using DFT that adding Y, C, and
O atoms could lower the bandgap, improve visible-light
absorption, accelerate charge separation, and improve the
photocatalytic properties. As a result, the use of tridoped pho-
tocatalysts in the one-pot method represents a novel technique
for improving the photocatalytic performance of g-C;N,-based
photocatalysts.
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