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ABSTRACT

Gold nanoparticles (Au) used for stable plasmonic photocatalysts in hybrids of Au, graphitic
carbon nitride (g-C3;N4), and carbon nanotubes (CNTs), were evaluated for -effective
photodegradation of organic pollutants and photoelectrochemical (PEC) water splitting. These
hybrids are formed at room temperature using sonication, and were shown to be effective for
photodegradation of Rhodamine B (RhB) under irradiation with visible light. The hybrids
samples resulted in a significant increase in photocatalytic activity compared with single-
component samples of g-CsN4. In particular, the g-C3;N4/CNTs/Au hybrids exhibited an
exponential increase in the photocatalytic activity by a factor of almost 40. Structural and
compositional analyses show the successful formation of ternary g-C;N4/CNTs/Au hybrids. The
SPR due to the Au nanoparticles led to high optical absorbance, and the inclusion of the CNTs
led to effective separation of photogenerated charge carriers, resulting in substantial
improvement of the photocatalytic properties. PEC measurements indicate effective use of
charge carriers, and open-circuit voltage decay measurements demonstrated increased lifetime of
the photogenerated charge carriers in the hybrid samples. The ternary g-C;N4/CNTs/Au sample
resulted in a large specific surface area, providing a large number of active sites for the
adsorption of organic molecules. Therefore, a facile and room temperature fabrication method
was shown to introduce Au and CNTs in the hybrid for substantial improvement of

photocatalytic activities and effective water splitting.
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Introduction

The considerable and global growth of industrial activity in recent decades has resulted in serious
impacts on the environment, polluting the air and water, generating large amounts of waste, and
threatening environmental sustainability [1]. In particular, deteriorations in water quality and
quantity today are a major concern facing almost all countries. A number of reports have
examined the development of cost effective and viable techniques for remediation and
purification of polluted water, including chemical treatments, boiling, sedimentation, and
filtration [2]. However, these techniques do not fulfill water quality standards and are not
sufficient for purification because of the large quantities of polluted water. Photocatalytic
degradation of water in the presence of heterogeneous semiconductor photocatalysts has been
shown to have significant potential as a low-cost, environmentally sustainable technology for
water purification [3]. It has several advantages over conventional methods, including the ability
to degrade a wide range of toxic compounds and to exploit solar energy and transfer pollutants
from one medium to another; furthermore, it is applicable to gaseous and aqueous treatments,
and requires a relatively short process time [4]. Numerous reports have discussed the design and
development of a variety of photocatalysts for use in air or water purification applications [5].
Primarily, combinations of metal/metal oxide nanostructures (including Au, Ag, Pt, TiO,, ZnO,
SnO,, WO3, Nb,Os, BiVOy, and Fe,03) and conducting polymers (polyaniline, polypyrrole, and
polythiophene) have been investigated for the degradation of organic pollutants and carcinogenic
materials [6]. These photocatalysts have shown promising photocatalytic activity toward the
degradation of a wide range of organic pollutants under irradiation with ultraviolet (UV) and
visible light. Nevertheless, these photocatalysts are not environmentally benign, and they suffer

from efficiency issues, limiting their practical use.

Recently, polymeric graphitic carbon nitride (g-C3Ny4) has emerged as a promising candidate for
metal—-oxide photocatalysts because of the narrow band gap (~2.7 eV), the absence of metals, its
low toxicity and favorable chemical and thermal stability, and the fact that the conjugated carbon
and nitrogen structure offers coupling with a wide range of catalysts [7]. Furthermore, g-C3Ny4
has been shown to have potential applications in fuel cells, spintronics, CO, reduction, and

hydrogen production [8]. Additionally, g-C3N4 has potential applications in water purification.
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However, during photocatalysis, it suffers from a high charge carrier recombination rate and
from slow electron transfer due to the weak interaction between neighboring planes, and it
exhibits absorption only at relatively short wavelengths (<460 nm), all of which lead to poor
photocatalytic performance [9]. A number of approaches are available to address these issues,
including doping, controlling the surface morphology, increasing the surface area, forming
hybrids with carbonaceous materials, and the use of metal/metal oxide nanostructures and
polymers [10]. Among these, sensitization with metal nanoparticles (namely Au, Ag, Pt and Pd)
and carbon-based materials (CNTs and graphene) are the most viable routes for the fabrication of
g-CsNy-based photocatalysts [11]. Metal nanoparticles have gained considerable attention
because of surface plasmon resonance (SPR), which gives rise to strong absorption of visible
light, and because the metal particles act as trapping sites for electrons, improving its separation
of electron—hole pairs [12]. The wavelength range for optical absorption can be tuned by
adjusting the dimensions of the metal nanoparticles or the nature of the surrounding material,
which affects the photocatalytic activity [13]. Moreover, metal nanoparticles exhibit resonant
photon scattering, which increases the interaction time with the catalyst and generates more
electron—hole pairs [14]. Among these, Au nanoparticles have been most studied until now even
though it is relatively expensive because of its unique physiochemical properties, such as
biocompatibility and amphilicity, and surface carrier capabilities. Moreover, quick and easy
synthesis using Turkevich method, shows shape and size dependent electrochemical and optical
properties [15]. Hybrids loaded with Au nanoparticles have shown improved photodegradation
compared with that of g-CsNy4 [16,17]. Additionally, there have been reports of further increases
in the photocatalytic performance of g-C3;Ny4 using carbon-based materials such as CNTs [18]. It
is known that the metallic and one-dimensional (1D) structure of CNTs provides superior
electron transport. Moreover, the large specific surface area, elasticity, high tensile strength,
hollow structure, and extraordinary mechanical and electronic properties have attracted
considerable attention for applications including photocatalysis, field-emission displays,
chemical sensors, and energy storage [19]. CNTs can reduce the charge carrier recombination
rate of semiconductor photocatalysts [20,21]. Suryawanshi et al. increased the rate of hydrogen
production by adding functionalized CNTs to g-C;N4 and showed that the CNTs contributed to

the charge transfer mechanism [22]. Chen et al. achieved an increase in the lifetime of charge
4
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carriers by a factor of almost three due to the strong interactions between g-C;N4 and CNTs for
applications in hydrogen production [23]. Ge and Han fabricated hybrids of CNT/g-C;N4 using a
heat-treatment method and concluded that efficient separation of the photogenerated charge
carriers resulted in a four-fold increase in the photocatalytic hydrogen production under

irradiation with visible light [24].

Here, we report facile ultrasonication method for the fabrication of hybrids using Au, CNTs, and
g-C3Ny for water purification and splitting. To the best of our knowledge, this is the first
demonstration of a ternary hybrids of Au, CNTs, and g-CsN4 for RhB degradation under
irradiation with visible light. The initial quantity of Au and CNTs on the g-C3Ny4 porous structure
was optimized, as was the process, in order to achieve a uniform distribution of Au nanoparticles
and CNTs in the hybrids. The structural, optical, and electrochemical properties of the samples
were investigated in detail. Furthermore, visible photocatalysis measurements were carried out,
demonstrating degradation of RhB, and the optimum quantities of Au and CNTs were
determined. The improved activity is attributed to the large specific surface area, a reduction in
the recombination losses, the favorable charge transport properties, and the high visible light
absorption due to the SPR. Open-circuit potential decay (OCVD) analysis showed an increase in
the lifetime of charge carriers, leading to effective separation of electrons and holes. Based on
the experimental results described here, we propose two possible photocatalytic mechanisms.
Re-usability tests demonstrated the stability of the Au/CNT/g-CsNy4 hybrids over 4 cycles of
photocatalysis.

Experimental section
Synthesis of photocatalysts
Reagents

Multiwall carbon nanotubes (CNTs), ~20 nm in diameter and of >95% purity, were purchased
from NanoLab, Inc. (USA). Gold (III) chloride hydrate (HAuClyxH,0O; 99.99%) was purchased
from Sigma Aldrich. All other reagents, including sodium citrate and urea, were of analytical
grade, purchased from Junsei chemicals and used as received.

5
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Synthesis of colloidal Au nanoparticles

Colloidal dispersions of Au nanoparticles were prepared using the Turkevich method [25].
Briefly, gold chloride (0.005 M) was added to 300 mL of distilled water at room temperature in a
round-bottom flask, followed by vigorous stirring and heating until boiling occurred. Then, a 3-
mL solution of sodium citrate (0.04 M) was added in the flask while stirring. The solution
changed from yellow to colorless and then to pale red (see Figure S1); when no further color

change occurred, we inferred that the reaction was complete.
Synthesis of g-C3N, sheets

Sheet-like porous g-C;Nj structures were synthesized as described in Ref. [26]. A 20-g sample of
urea powder was placed in an alumina crucible and maintained at 70°C for 1 hour. The crucible
was then heated at a rate of 5°C/min to 580°C and maintained at this temperature for 2 hours
under an air atmosphere, and then allowed to cool naturally until it reached room temperature. A

fine yellow powder was produced for use directly in further experiments.
Fabrication of g-C3Ny/Au, g-C3;Ny/CNTs and g-C;Ny/CNTs/Au hybrids

The gold nanoparticles were sensitized onto g-C;N4 sheets using ultrasonication at room
temperature. Then, 50 mg of g-C3N4 powder was added to 20 mL of the gold colloidal dispersion
(100 vol.%) and ultrasonicated for 2 hours. The g-CsN4/Au dispersion was then filtered and
washed several times using ethanol. The resulting Au/g-CsN4 powder was collected and dried
overnight at 60°C. The g-C3N4/CNTs hybrid was synthesized by combining 60:40 mass ratio of
g-C3N4 and CNTs. The CNTs and g-C3N4 powder were placed in a glass vial with 20 mL of
distilled water and then sonicated for 2 hours. The resulting product was filtered and dried in an
oven overnight at 60 °C. To fabricate the g-C3;N4/CNTs/Au hybrid, a similar process was
followed as above. We used what will be shown to be the optimum Au vol.% (100%), and the
optimum amount of g-C3N4+/CNTs powder was added simultaneously. The mixture was sonicated
for 2 hours and filtered. The final product was dried and stored in glass vials. All of the collected

powders were used for future analyses and photocatalytic evaluation.
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Characterization

The crystallinity and phase of the hybrids were investigated using X-ray diffraction (XRD)
(Rigaku D/MAX-2500/PC, Cu Ka, A = 1.5418 A). The influence of the Au and MWCNTs on the
surface morphology of the g-C;Ns was examined using field-emission scanning electron
microscopy (FESEM) (Hitachi s4800, at 15 kV). High-resolution transmission electron
microscopy (HRTEM) images and selected area electron diffraction (SAED) patterns of the
microstructures were examined using a JEOL 2100 transmission electron microscope (TEM) at
200 kV. Optical absorbance spectra were recorded using a UV-visible (UV-vis)
spectrophotometer (V-600, Jasco, Japan) with a dry-pressed BaSO, disk used as a reference.
Photoluminescence (PL) spectra were recorded at room temperature with excitation using a He-
Cd laser (Dong Woo Optron, South Korea, A.x = 325nm). The specific surface area (Sggr) was
determined using nitrogen adsorption—desorption isotherms with a Quantochrome machine
cooled to liquid nitrogen temperatures (AS1), and the total pore size distribution was calculated
using the Barret—Joyner—Halender (BJH) method. X-ray photoelectron spectroscopy (XPS) was
used to determine the chemical composition of the hybrids (Sigma Probe; Thermo-Scientific,
UK). Raman spectra were recorded at room temperature using a Renishaw Raman spectrometer
with laser excitation at 785 nm. The actual amount of Au in the hybrids samples was determined
using inductively coupled plasma-atomic emission spectroscopy (ICP-AES, Perkin Elmer

OPTIMA 7300 DV model) analysis.
Photocatalysis

RhB was chosen as a standard organic pollutant to investigate the photocatalytic performance of
the synthesized hybrid samples. All measurements were carried out at room temperature in a
batch-type reactor with an aqueous solution of the RhB dye. First, 50 mg of photocatalyst was
added to 250 mL of the dye solution and stirred for 1 hour in the dark to reach an equilibrium
adsorption of catalysts and dye molecules. The mixture was then irradiated using a visible light
source placed approximately 5 cm from reactor to supply an illumination intensity of 50
mW/cm®. Aliquots were taken at 10-minute intervals, and the optical absorbance was measured

using the UV-vis spectrophotometer. The change in the concentration of RhB was monitored
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using the characteristic absorption at 553 nm. For comparison, we tested RhB degradation
without the photocatalyst, as well as the photocatalytic activity of Degussa powder under the
same experimental conditions. The reusability of the selective photocatalyst was investigated
using a similar procedure. After each cycle, the powder photocatalyst was collected using a
centrifuge and washed several times with water and ethanol. The total organic carbon (TOC) was

measured using a Shimadzu TOC analyzer (TOC-V sy, Japan).
Electrochemical characterization

Photoelectrochemical (PEC) and open-circuit potential decay (OCVD) measurements were
carried out using a potentiostat (VersaSTAT 4, Princeton Applied Research) with a three-
electrode configuration. The working electrode was 1 x 1 cm” and was formed of the hybrid
powder, which was deposited onto a fluorine-doped tin oxide (FTO) substrate using a Liquion
solution and then dried in an oven at 60°C. The deposited films were used as the working
electrode. A saturated calomel electrode (SCE) (Ag/AgCl) was used as the reference electrode,
and a graphite rod was used as the counter electrode. The electrochemical measurements were

carried out in a 0.5-M aqueous Na,SO, redox electrolyte.
Results and discussion
XRD analysis

The effect of incorporating Au and CNTs on the structure of g-C3N4 was investigated using XRD
analysis of pure and hybrid samples. Figure S1 shows XRD patterns of the g-CsN4/Au, g-
C3N4/CNTs and g-C3N4/CNTs/Au hybrids with 100 vol.% of gold. Patterns for the pure g-C3Ny4
are provided for comparison. For pure g-C3N4, the pattern shows two broad diffraction peaks at
13.12° and 27.50°, indicating the formation of amorphous structure. These two peaks are
assigned to in-plane s-triazine units and a conjugated melon structure along the (100) and (002)
planes [27]. With the g-C3N4/Au/hybrid, additional peaks appeared at 38.18°, 44.38°, 64.57°, and
77.56°, which are attributed to a cubic phase of the gold nanoparticles (PDF#98-000-0230).
Moreover, there was no change in the locations of the peaks for g-Cs;Ny4, indicating that the
addition of Au did not affect the graphitic structure of the g-C3;N4. Then structural changes for
8
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the formation of g-C3;N4/CNTs hybrid was analyzed using XRD. The XRD pattern of the CNTs
is provided for comparison. The CNTs exhibited diffraction peaks at 26.3° and 42.7°,
corresponding the hexagonal graphite structure in the CNTs along the (002) and (100) directions
[28]. After combining CNTs with the g-C3;N4, the XRD patterns exhibited two additional peaks,
which are assigned to the g-C3Ny4 phase. Moreover, the existence of peaks related to CNTs and g-
C;sNy indicates the formation of a hybrid. In case of g-CsN4/CNTs/Au hybrid, the XRD pattern
exhibited peaks at the same locations as those found for the former hybrids. Therefore, it follows
that Au sensitization did not affect the structure of the CNTs or of the g-C3;Ny4, and the existence
of peaks corresponding to Au, CNTs, and g-C;N4 phases supports the successful fabrication of
ternary hybrid samples.

FESEM and TEM analyses

The microstructure and the surface morphology of hybrid samples were investigated using
FESEM, as shown in Figure 1. A sheet-like structure with uniform micron-sized pores was
formed from the g-CsNy4, as shown in Figure 1A. The interconnected network comprised of
randomly shaped sheets with several nanometers in length and a few nanometers in thickness, as
shown in the high-magnification image in Figure 1A. This indicates that the g-C;Ny4 sheets were
separated from each other and dispersed throughout the sample. Following Au sensitization at
100 vol.%, the surface morphology was almost unchanged, and the Au nanoparticles were
densely distributed on the g-Cs;N4 sheets, as shown in Figure 1B. The magnified images show
that the g-CsNy4 sheets were almost completely covered with Au particles. In g-C3N4/Au sample,
we could see Au particles with an average diameter of 20-nm, tethered to the g-C;Nj sheets.
Moreover, the magnified images show that the size distribution of the Au particles was uniform
for g-C3N4/Au sample. We may expect that a higher density of Au nanoparticles will provide
more sites for the adsorption of pollutant molecules. FE-SEM images of the g-C3N4/CNTs hybrid
are shown in Figure 1C. The CNTs were a few nanometers in diameter and several nanometers
in length; these structures combined uniformly with g-CsN4 sheets and the sample was almost
completely covered with CNTs. Figure 1D shows the morphology of ternary g-C;N4/CNTs/Au
hybrid samples. The Au and CNTs components were both loaded onto the g-C;N4 sheets.

However, loading with Au nanoparticles remained almost the same in the hybrids, regardless of
9
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adding 100 vol.% of Au, as shown in the magnified images (Figure 1D). Therefore, Au, CNTs,
and g-CsN4 sheets formed a uniform hybrid material, which is expected to reduce the

recombination losses and provide more effective transfer of photoelectrons.

Figure 2A—E show TEM images of pure and hybrid samples, including SAED patterns. The
spherical Au nanoparticles, whose average diameter was 20 nm, were deposited uniformly over
the entire sample area, as shown in Figure 2A. The corresponding SAED patterns show that the
Au nanoparticles were polycrystalline (see the magnified image in Figure 2A and inset). Figure
2B shows a number of graphitic layers stacked in large sheets several microns in size. The
HRTEM image of the g-C;N; shows relatively thin interconnected sheets, indicating the
formation of a few layers due to ultrasonication (see the high-magnification image in Figure 2B).
The poorly resolved diffraction rings in the SAED patterns suggest an amorphous g-C3Ny4

structure (see the inset of the magnified image in Figure 2B).

Figure 2C TEM images of the g-CsN4/Au hybrid sample formed using a 100-vol.% Au
dispersion. The low magnification image shows that the surface of the g-C3;N4 was densely and
homogeneously covered with Au nanoparticles, and the particle size distribution matched that of
the Au nanoparticles. The HRTEM image shows formation of a heterojunction due to the strong
interaction between the g-C3;N4 and Au particles (see the magnified image in Figure 2C).
Moreover, the density of Au appears to be higher than that reported in Ref [11a]. The inset of the
magnified image in Figure 2C shows the corresponding SAED pattern, which reveals the

nanocrystalline nature of the g-C3;N4/Au hybrid.

The low-magnification TEM image shown in Figure 2D reveals well-dispersed CNTs on the
surface of g-C3Ny structure. The HRTEM image shows that the tube-like structure of CNTs, with
an average diameter of 10 nm, and the thin g-C;N4 layer were well combined and attached each
other (see the magnified image in Figure 2D). The diffused SAED pattern indicates the
amorphous structure of CNTs and g-C3Ny4 hybrid (see the inset of the magnified image in Figure
2D).

10
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Figure 2E shows TEM images of the ternary g-C3N4/CNTs/Au hybrid sample. It is clear that the
CNTs and Au particles were dispersed onto the g-C3;Ny4 sheets. The magnified TEM image of g-
C3sN4/CNTs/Au hybrid shows that ternary heterojunctions were formed between the Au, CNTs,
and g-C;N4 components (see the magnified image Figure 2E). The existence of poorly resolved
rings in the SAED pattern corresponds to the polycrystalline nature of the g-C3;N4/CNT/Au
hybrid (see the inset of the magnified image in Figure 2E). From the TEM analysis, we may
expect a large specific surface area and effective transport of photoelectrons through the hybrid,
which is expected to result in superior photocatalytic performance compared with that of g-C;Na.
In addition , actual amount of gold present in the g-C3;N4/Au and g-CsN4/CNTs/Au hybrid
sample, was measured using ICP-AES analysis (Table 1). It is found that g-CsN4/CNTs/Au has
relatively lower Au concentration compared with that of g-C;N4/Au hybrid sample. The lower
amount of gold in g-CsN4/CNTs/Au is attributed to presence of CNTs occupying few sites of g-
CsNy sheets, which reduce relative gold loading as compared with that of g-C3N4/Au hybrid
sample. However, in both hybrid samples, Au loading is pretty much high for effective optical

absorbance of visible light and for effective degradation of contaminants.
Optical absorbance

Metal nanoparticles exhibit SPR, which can increase the optical absorption over a wide range of
wavelengths. We carried out measurements of the optical absorbance of the Au dispersion,
which exhibited a strong peak at 522 nm, as shown in Figure S2. This absorption feature
corresponds to Au nanoparticles with a diameter of 20 nm [29]. We introduced these Au
nanoparticles into the g-CsNy4 network to determine the effects of the Au particles on the optical
absorbance of g-C;Ny in the visible part of the spectrum. Figure 3 shows the optical absorbance
spectra of pure g-Cs;Ng, g-C;Ni/Au and g-C;N4/CNTs/Au samples with 100 vol.% of Au
dispersion in the wavelength ranging from 300 to 850 nm. The g-C;N4 sample exhibited an
absorption edge at ~450 nm, which corresponds to the intrinsic band gap of 2.7 eV [30].
Following sensitization with the Au nanoparticles, the optical absorbance of g-C;Ny4 increased
significantly. The SPR peak was found to occur at same wavelength as with the dispersion of Au
nanoparticles. The optical absorbance of the CNTs combined with g-C;N4 samples, as compared

with that of pure g-C;N4, the g-CsN4/CNTs hybrid showed increasing optical absorbance over
11
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the entire range of the visible spectrum, and the absorption increased with the addition of CNTs.
The absorbance of the pristine CNTs is also shown for comparison. Looking at the optical
absorbance of the g-C;N4/CNTs/Au ternary hybrid, visible absorbance significantly increased
when Au and CNTs were added to the g-CsNy4 network. The SPR peak of Au nanoparticles was
found to merge with the absorption spectrum of the CNTs due to the large optical absorbance of
CNTs. The combination of Au and CNTs with g-C3N, increased the absorption of visible light. It
follows that we may expect that the introduction of Au and CNTs will increase the photocatalytic

activity under irradiation with visible light.
Photoluminescence

Room temperature PL emission spectra are widely used to characterize the radiative
recombination properties of semiconductor photocatalysts. The separation, recombination, and
transport properties of photocatalysts can be analyzed using PL spectroscopy. High emission
intensity of the PL spectra means that the radiative recombination rate is high. Figure 4 shows
the PL spectrum of the pure g-C3Ny4, g-C3N4/CNTs and g-C3;N4/CNTs/Au dispersion with 100
vol% of Au, and 60:40 mass ratio for the CNT/g-C3N4 sample. The presence of a strong broad
emission feature around 470 nm in all samples is attributed to n-7* transitions, as this
wavelength corresponds to the band gap of g-C3Ns [31]. Furthermore, we can see that
introducing Au to the g-CsNy4 network reduced the PL intensity substantially compared with that
of pure g-C;Ny; this is indicative of effective separation of photogenerated electrons and holes.
The PL intensity was almost 2 times smaller for the Au-sensitized g-C3Ny4 hybrids than for the
pure g-C3;N4. The intensity for the PL spectra of the g-C3N4/CNTs hybrid, was almost 30 times
lower than that of pure g-C;Ny4 or the Au/g-C3;N4 samples. Moreover, the quenched PL spectra
for the g-C3N4/CNTs/Au hybrid, indicate that the integration of Au and CNTs results in a
reduction for overall PL intensity, and suggest effective transport of photogenerated electrons.
Similar trends have been reported previously [32-34]. We may therefore expect that the g-
CsN4/CNTs/Au sample will exhibit favorable photocatalytic degradation of pollutants under

irradiation with visible light.

Surface area and pore-size distribution

12



Page 13 of 40

RSC Advances

The specific surface area and pore-size distribution of the pure g-CsN4, 100-vol.% g-C3;N4/Au, g-
C3sN4/CNTs (with a mass ratio of 60:40), and g-C;N4/CNTs/Au hybrids were measured using
nitrogen adsorption—desorption and analyzed using the Brunauer—-Emmett—Teller (BET) method.
The obtained hysteresis loops reveal type-IV isotherms within a given relative pressure for the
pure and hybrid samples. As can be seen from Figure S3A-D, the BET surface area of g-
C3N4/CNTs/Au hybrid was found to be 120.17 m*g”, which is almost double that of the g-C5N,
sample (67.19 m’g™) and significantly larger than the g-C3N4/Au (71.02 m’g™") or g-C3N4/CNTs
(110.02 m?g™") samples. For the g-C3N, sample, the specific surface area was found to be larger
than that reported previously [23,35,36]. Martha et al. obtained effective hydrogen production
(135 pmol h™') using g-C3N, with a mixture of urea and melamine, and reported a maximum
specific surface area of 50 m”g"' [37]. Based on these reports, it appears that a large specific

surface area results in improved performance of photocatalysts.

We have achieved larger specific surface areas than have been reported previously. This is
attributed to the exfoliation of the g-C;N, sheets following ultrasonication. Moreover, the
combination of Au nanoparticles and CNTs appears to have a synergistic effect in increasing the
specific surface area of the g-C;N4-based hybrid. Therefore, these hybrids are expected to
provide a large number of active sites for photocatalysis, which is in turn expected to lead to high
catalytic efficiency. Pore-size distribution curves are shown in the insets of Figure S3A-D. The
trends were similar in all samples, including g-CsNy: the distribution curves of g-C;N,4 and g-
CsN4/Au samples showed mesoscopic pores with diameters in the range 25—-60 nm, whereas the
g-C3N4/CNTs and g-C3N4/CNTs/Au hybrids exhibited two peaks centered on 25 nm and 45 nm.
The addition of CNTs narrowed the pore-size distribution due to the strong interaction with g-
C3Ny4. The resulting smaller pores may lead to more effective charge separation and hence

photocatalysis.
XPS analysis

The surface chemical composition of g-C;N4/CNTs/Au hybrid sample was investigated by
analyzing XPS spectra. The survey spectrum has peaks corresponding to C, N, O (which we may

expect to be adsorbed from the air) and Au (see Figure S4A). The C Is core level spectra
13
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exhibited five components at binding energies of 284.60, 285.92, 287.21, 289.40, and 291.06 eV,
as shown in Figure S4B. The strongest peak, at 284.60 eV, is attributed to the graphitic structure
of carbon (i.e., C—C) [38]. The two peaks at 287.21 and 289.40 eV are attributed to bonding
between carbon and nitrogen from in the g-C3;N4 [39-41]. The further two peaks at binding
energies of 285.92 and 291.06 eV can be assigned to —-C—C and 77* vibrations, indicating the
presence of CNTs as well as g-CsNy in the hybrid sample [42,43]. The N 1s XPS spectra (see
Figure S4C) exhibited an asymmetrical feature representing the existence of nitrogen in different
environments [44]. Gaussian fitting gave five distinguishable peaks, at 299.95, 401.48, 402.95,
405.06 and 406.94 eV, the strongest of which, that at 399.95 eV, is attributed to the existence of
tertiary nitrogen, i.e., N—(C)3, which indicates a large amount of polymerization of urea [26]. The
two weaker peaks, located at 401.48 and 402.95 eV, are attributed to amino functional groups
N=H/-NH; and n-z transitions [45]. Moreover, the N 1s core level spectra show two additional
peaks at binding energies of 405.06 and 406.94 eV can be assigned to nitrogen in the azo
structure (-N=N-) and NO, groups [46,47]. The Au 4f core level XPS spectra were
deconvoluted into two major characteristic peaks at binding energies of 84.17 and 87.79 eV,
which correspond to Au 4fs/; and Au 4f;,, bands, respectively (see Figure S4D). Two more peaks
in the Au spectrum at 85.35 and 89.01 eV peaks are attributed to the presence of Au in the form
of the Au’" valence state, which corresponds to the oxide state of Au. However, the Au core
spectrum exhibits two strong peaks at 84.17 and 87.79 eV, confirming a large fraction of Au in
the metallic state [48,49]. This confirms the presence of Au in the form of an Au” valence (i.c.,
metallic) state [50]. Additionally, a small peak was observed at 90.22 eV, which is attributed to
the oxidized Au" state [51].

Raman spectra

Figure 5 shows Raman spectra of the g-C;Nj, CNTs, g-C3N4/Au, g-C3N4/CNTs, and g-
C3N4/CNTs/Au samples in the range 600-2000 cm™. The Raman spectrum of the single-
component g-C3N4 sample exhibited three major peaks at 708, 1233, and 1561 cm™. The peak
centered on 708 cm™ has been reported to be related to the breathing modes of the s-triazine ring,
which exists in the g-CsN4 network [52]. The two additional peaks at 1233 and 1561 cm™ are

attributed to the presence of defects or disorder in the graphite structure and the stretching modes
14



Page 15 of 40 RSC Advances

of the C=N bond, respectively [53]. For the g-C3N4/Au sample, the strong peak at 1563 cm™ is
associated with the C=C bond and was stronger than that with single-component g-C3;Ny;
furthermore, the two peaks at 1233 and 708 cm™ disappeared in the g-C3N4/Au sample. We
suspect that Au may result in scattering modes of the g-C3;N4 network due to scattering from the
C=N bond (1561 cm™). The two major bands in the Raman spectrum of the pure CNTs spectrum,
at 1305 and 1592 cm™,can be assigned to amorphous carbon and graphite carbon vibrations of
the C=C bond [54,55]. The Raman spectrum of g-C;N4/CNTs sample exhibited three major
bands, out of these two at 1310 and 1597 cm™ could be assigned to scattering from CNTs,
additional band at 710 cm™ aroused from g-C3Ny structure. From the peak position it is seen that
there is shift in compared to pure CNTs and g-Cs;N4 spectra, which may be attributed to strong
interaction between CNTs and g-C3Ny in the hybrid. The absence of the peaks at 1233, and 1561
cm’™’, which correspond to g-C;Ny, is attributed to the low scattering intensity compared with the
CNTs. For the ternary hybrid g-CsN4/CNTs/Au, the two major bands, located at 1308 and 1590
cm’, are attributed to combined effect of CNTs and g-C3Nj structures, respectively. Furthermore,
these bands were stronger and broader compared with the similar features in the spectrum of the

g-C3N4/CNTs hybrid, which is indicative of the plasmonic effects of the Au nanoparticles.
Photocatalysis

To evaluate the photocatalytic activity of the synthesized pure and hybrid samples, we
investigated the photocatalytic degradation of RhB under irradiation with visible light. Figure S5
shows UV-vis optical absorbance spectra of the RhB solution irradiated under visible light in the
presence of the single-component g-CsN4, g-CsN4/CNTs and g-C;N4/CNTs/Au samples. For
comparison, the optical absorbance of the dye solutions was also measured under irradiation with
visible light, but without a catalyst. It was observed that RhB peak at 553 nm decreased with
increasing irradiation time in the presence of photocatalysts, whereas this peak remained
unchanged without the photocatalysts. The rate of change in degradation can be quantified from
the time dependence of the absorbance at 553 nm. The RhB peak decreased more rapidly for the
100-vol.% Au/g-C3;N4 hybrid sample than with the single-component g-CsN4 or other hybrid
samples. It has been reported that the disappearance of this peak is due to the degradation of the

conjugated xanthene ring in the RhB molecule and to blue shifts due to N-deethylation [56,57].
15
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The rapid destruction of RhB may result from enhanced optical absorbance and transportation of
photoelectrons due to its presence of Au and CNTs. Additionally, Au nanoparticles have strong
interaction with g-CsN4 network which promoted the charge separation and transportation.
Because of higher absorbance caused by Au nanoparticles, these Au nanoparticles assist large
number of generation of electron-hole pairs and increased rate of oxidation-reduction reactions.
The incorporation of CNTs has synergistic effect in terms of dye molecule adsorption on the
surface of hybrid samples because of large surface area. Its tremendous electron mobility helps
rapid separation of electron-hole pairs and transportation, resulting in loss of RhB molecules.
These results were further analyzed by calculating the change in the absorbance as a function of
time during irradiation. For comparison, results are also shown for powder samples of a
commercially available photocatalyst P25 (Degussa). Figure 6A shows that the concentration of
RhB declined substantially faster for the g-C3;N4/CNTs/Au (100 vol.%) than for the single-
component g-C3Ny and the other hybrid samples. With no photocatalyst, there was no change in
the RhB concentration, revealing that degradation did not occur under irradiation with visible
light without a catalyst. The introduction of Au and CNTs to g-Cs;Ny4 resulted in significant
improvement in the photocatalytic performance of g-C;N4. The P25 sample exhibited poor

photocatalytic activity under irradiation with visible light because of the wide band gap (3.2 eV).

The reaction kinetics was investigated by fitting the decay of the peak at 533 nm to In(4¢/4) = t,
where £ is the apparent kinetic rate constant, A is the initial absorbance of RhB solution, and 4
is the RhB absorbance at time ¢. The logarithmic plots shown in Figure 6B describe straight lines,
corresponding to pseudo-first-order kinetics. The calculated rates constants are listed in Table 1.
The largest kinetic rate constant was for the 60:40 hybrid with Au (41.10 min '), which is
substantially larger than that for the single-component g-C3N, photocatalyst (0.46 min ') and
other hybrids i.e. g-C3N4/Au (3.28 min ') and g-C3N4/CNTs (27.29 min '). Based on these data,
it appears that the combination of Au and CNTs with the g-C;N4 hybrid lowered the
recombination losses remarkably, providing favorable photocatalytic performance. We
monitored the photodegradation process by measuring the TOC of the degraded solution
following the optical absorbance measurements (see Table 1). The TOC for g-CsN4/CNTs/Au

sample was found to be the lowest, which indicates that this was the most effective photocatalyst

16
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for RhB under irradiation with visible light. The favorable performance of the Au/CNT/g-C3Ny
hybrid is attributed to the following effects: (i) SPR due to the Au nanoparticles, which leads to
large optical absorbance; (ii) effective transfer of photoelectrons via the CNTs; and (ii1) the large

specific surface area, which provides many sites for adsorption of RhB molecules.
Possible photodegradation mechanisms

For the single-component g-C;Ny4, the degradation was slow because of the small optical
absorbance at visible wavelengths, as well as due to the large recombination losses. To improve
the photocatalytic performance, it is necessary to combine it with another semiconductor (or
conducting material) to achieve rapid transport of charge carriers as well as high optical
absorbance. We incorporated Au and CNTs into g-C3N4 to form hybrid materials with increased
absorbance at visible wavelengths and improved charge transport properties. The PEC and
OCVD analyses indicate minimum recombination losses, as well as long lifetimes for the
photoelectrons. Moreover, the ternary hybrid sample exhibited a large specific surface area,

which may be expected to facilitate many sites for the adsorption of organic compounds.

Schematic 1 shows a possible photocatalysis mechanism for the ternary g-C3N4+/CNTs/Au hybrid
material. It has been reported that Au and CNTs have strong electron affinity to capture electrons
from the conduction band of g-C3;N4 [11a, 21]. Additionally, Au exhibits strong absorbance at
visible wavelengths due to the SPR, which aids in the photogeneration of electron—hole pairs.
Here, we describe two possible pathways for photocatalysis. With the first (A), the band
structure of the Au and CNTs provides a favorable energetic environment for rapid electron
transport. Under irradiation with visible light, electrons are excited from the valence band (VB)
of g-C3Ny4 to the conduction band (CB), resulting in electron—hole pairs. The CB of g-CsN4 (-
3.38 eV vs. vacuum) is less negative than is the work function of the CNTs (4.8 eV vs.
vacuum); therefore, photoelectrons from the CB of g-CsNy4 are captured by the CNTs [58-60].
These electrons are subsequently transferred to Au (5.1 eV vs. vacuum), leading to separation of
the charge carriers and hence long carrier lifetimes, reducing the recombination losses and
thereby allowing for a large amount of electron—hole pairs to be available for photodegradation.

The most important reaction steps in this process are described by equations I-V [61-65]:
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In the first step, due to the band-gap energy of g-C;N4, which corresponds to visible wavelengths,

photons are absorbed, generating electron—hole pairs (Eq. I). The electrons are captured by the

CNTs and transferred to the Au nanoparticles (Eq. II). The captured electrons react with

dissolved oxygen molecules and produce transient superoxide radicals (Eq. III). The RhB

molecules are then oxidized by reactive OH- radicals, as shown in Egs. IV and V.

The second scheme (B) is as follows. A Schottky junction is formed between the Au and g-C3Ny4

[66—70]. Under irradiation with visible light, the SPR resulting from the Au nanoparticles

generates hot electrons, which are injected into the CB of the g-C3N4 network (Eq. VI). These

electrons are then captured by the CNTs, resulting in effective charge separation and

photocatalytic activity (VII). A similar process then follows to generate superoxide radicals, and

the degradation of RhB proceeds as described in Eqgs. [II-V.

hv
(B) Au+ CNTs + g — C3N, — g — C3N,4(ezp) + CNTs(e™) + Au(hdyz)

CNTs(e”) + 0, » CNTs+ 03
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PEC measurements

The current—voltage (I-V) characteristics of the single-component g-C;N4, as well as the g-
CsN4/Au, g-CsN4/CNTs, and g-CsN4/CNTs/Au hybrid samples, were measured to study the
charge transport properties of the materials under irradiation with visible light, as shown in
Figure 7. It is clear that the g-Cs;N4/CNTs/Au hybrid exhibited the largest photocurrent.
Furthermore, all samples exhibited good stability over five on—off cycles, with very little change

in the photocurrent.
Open-circuit voltage decay

OCVD measurements were used to investigate the electron transfer kinetics and recombination
losses. Under irradiation with visible light, photoelectrons accumulate on the surface of the
semiconductor. Following termination of the irradiation, these electrons react with the electrolyte.
OVCD provides a direct measurement of the recombination rate of conduction band electrons
[71,72]. We measured the OCVD by switching off the irradiation. Figure 8 shows the OCVD
curves for the single-component g-C3;Ns and the g-C;N4/Au, g-C;N4/CNTs, and g-
C3sN4/CNTs/Au hybrid samples. The potential decreased rapidly following the termination of
irradiation for the single-component g-C;N4 and g-CsN4/Au samples; however, the potential
decay was significantly slower for the g-C3N4/CNTs/Au hybrid. It follows that the ternary hybrid

exhibits a slower charge carrier recombination rate.
Re-usability test

Reuse of photocatalysts is an important factor for practical applications. Figure 9 shows four
consecutive cycles of photo catalysis of RhB under irradiation with visible light. There was no
significant change in the photocatalytic activity over the four cycles, which indicates good
stability and recyclability of the g-CsN4/CNTs/Au hybrid. Hence, this ternary hybrid has
potential applications in the degradation of organic pollutants and the remediation of water

quality.
Conclusions
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We have described the fabrication and characterization of plasmonic-enhanced hybrid
photocatalysts based on g-C3N4, CNTs and Au nanoparticles. The fabrication process proceeded
at room temperature using ultrasonication. The photocatalysts were used to degrade RhB under
irradiation with visible light. It was found that a 100-vol.% Au dispersion with a 60:40 mass ratio
of g-CsN4 to CNTs exhibited optimal photocatalytic activity, exceeding that of the single-
component g-CsN4 by a factor of approximately 40. This improvement in performance is
attributed to the effective separation of charge carriers, the plasmon-enhanced absorption of
visible light, and the large specific surface area for adsorption of RhB. PEC and OCVD
measurements showed that the ternary hybrid resulted in rapid charge transport and long
lifetimes of photogenerated electrons. Furthermore, the ternary catalyst was highly stable and
could be re-used after four consecutive cycles without any noticeable change in the
photocatalytic performance. Various analyses showed that Au, CNTs, and g-C3;N4 were present
in the ternary hybrids and formed pure phases. This work demonstrates that the incorporation of
Au and CNTs with g-C3;N4 results in photocatalysts with potential applications in water
purification and large-scale environmental remediation, and this can be achieved using low-cost

methods.
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Figure Captions

Fig. 1. FE-SEM images of (a) the single-component g-C;N4, (b) the g-C3;N4/Au, (c) the g-
C3N4/CNTs hybrid formed with mass ratio of 60:40, and (d) the ternary g-C3N4/CNTs/Au hybrid
formed with 100-vol.% Au dispersions with g-C3N4 /CNTs mass ratio of 60:40. All images were
acquired at magnifications of x50,000 and x150,000.

Fig. 2. Low- and high-magnification TEM images of (a) Au nanoparticles, (b) g-C3N4, (c) the
Au/g-C3Ny hybrid formed with the 100-vol.% Au dispersion, (d) the CNT/g-Cs;N4 hybrid with a
40:60 mass ratio, and (e) the ternary Au/CNT/g-C3Ny4 hybrid formed with a CNT/g-C3N4 mass
ratio of 40:60 and the 100-vol.% Au dispersion. The insets show the corresponding SAED

patterns.

Fig. 3. Optical absorbance spectra of the single-component g-C3;N4, g-C3N4/Au hybrid sample
with 100 vol.% Au dispersion, g-CsN4/CNTs hybrid with mass ratio of 60:40 and ternary g-
C3N4/CNTs/Au hybrid with the 100-vol.% Au dispersion.

Fig. 4. The room-temperature PL spectra recorded in the wavelength range 350-700 nm at an
excitation wavelength of 325 nm, single-component g-C3;N4, g-C3N4/Au hybrid sample with 100
vol.% Au dispersion, g-C;N4/CNTs hybrid with mass ratio of 60:40 and ternary g-
C3N4/CNTs/Au hybrid with the 100-vol.% Au dispersion. Inset shows magnified PL emission
spectra of g-C3N4/CNTs and g-C3N4/CNTs/Au hybrids.

Fig. 5. Raman spectra for the single-component g-C3N4, g-C3N4/Au hybrid sample with 100
vol.% Au dispersion, g-C3;N4/CNTs hybrid with mass ratio of 60:40 and ternary g-
C3N4/CNTs/Au hybrid with the 100-vol.% Au dispersion.

Fig. 6. (a) Relative optical absorbance and (b) a plot of In(4¢/A4) as a function of time for P25, g-
C3Ny4, g-C3N4/Au, g-C3N4/CNTs and g-C3N4/CNTs/Au hybrid samples formed with 100 vol.%
Au dispersions. The absorbance of RhB under irradiation with visible light without a catalyst is

also shown for comparison.
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Fig. 7. Photoelectrochemical measurements showing the transient response of g-Cs;Ni, g-
CsNg/Au, g-C3N4/CNTs and g-C3N4/CNTs/Au hybrid samples The measurements were taken
under irradiation with visible light and in a 0.5 M Na,SOy electrolyte.

Fig. 8. OCVD analyses showing the transient response of g-C3;N4, the g-C3N4/Au hybrid with
100-vol.% Au dispersion, the g-C3N4/CNTs hybrid with a mass ratio of 60:40, and the ternary g-
C3sN4/Au/CNT hybrid with a g-C3N4/CNTs mass ratio of 60:40 and formed using the 100-vol.%
Au dispersion. The measurements were carried out under irradiation with visible light and in a

0.5 M Na,SOy electrolyte.

Fig.9. Re-usability test for the ternary g-C3N4/CNTs/Au hybrid with a g-CsN4/CNTs mass ratio

of 60:40 formed using the 100-vol.% Au dispersion over four cycles.

Table 1 The calculated reaction rate constants (min ") and total organic carbon (ugCL'l) for P25,
g-C3Ny, g-C3N4/Au hybrids with various vol.% Au dispersions, g-C3N4/CNTs hybrids with
various CNT/g-C;N4 mass ratios, and the ternary g-C3;N4/CNTs/Au hybrids formed using the
100-vol.% Au dispersion. Further, amount of Au in g-C;N4/Au and g-C;N4/CNTs/Au hybrids
measured from ICP-AES technique, is provided.

Schematic 1: The photogeneration and electron transport mechanism under irradiation with

visible light for degradation of organic compounds with the ternary g-C3N4+/CNTs/Au hybrid.
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Kinetic rate

Amount of Au in

constant (K x 107) TOC .Of composite
Sample details 1 Rhodamine B determined
min in |,lgCL'1 using ICP-AES
Rhodamine B (ng/kg)

RhB dye solution 0.19 18542 --
P25 0.29 15467 --
g-C3Ny 0.46 14287 -

g-C3N4/Au 3.28 6847 59777
g-C3N4/CNTs 27.79 2140 -

g-C3N4/CNTs/ /Au 41.10 1683 55056

Table 1
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Schematic 1

41



