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g r a p h i c a l a b s t r a c t
� Bimetallic Au-Pd nanoparticles
decorated g-C3N4 and rGO nano-
sheets were developed.

� Degradation of phenolic compounds
using Au-Pd/g-C3N4 and Au-Pd/rGO
was investigated.

� Effect of sunlight, UV light and sup-
port material on degradation was
studied.

� Factors like pH, catalyst loading, ki-
netics etc. on photodegradation was
examined.

� The photocatalyst displayed excellent
reusability and sustainability.
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Novel and sustainable bimetallic nanoparticles of Au-Pd on 2D graphitic carbon nitride (g-C3N4) and
reduced graphene oxide (rGO) sheets was designed adopting an eco-friendly chemical route to obtain
Au-Pd/g-C3N4 and Au-Pd/rGO, respectively. Elimination of hazardous pollutants, particularly phenol from
water is urgent for environment remediation due to its significant carcinogenicity. Considering this
aspect, the Au-Pd/g-C3N4 and Au-Pd/rGO nanocomposites are used as photocatalyst towards degradation
of toxic phenol, 2-chlorophenol (2-CP) and 2-nitrophenol (2-NP) under natural sunlight and UV light
irradiation. Au-Pd/g-C3N4 nanocomposite exhibited higher activity then Au/g-C3N4, Pd/g-C3N4 and Au-
Pd/rGO nanocomposites with more than 95% degradation in 180min under sunlight. The obtained
degradation efficiency of our materials is better than many other reported photocatalysts. Incorporation
of nitrogen atoms in the carbon skeleton of g-C3N4 provides much better properties to Au-Pd/g-C3N4

nanocomposite than carbon based Au-Pd/rGO leading to its higher degradation efficiency. Due to the
presence of these nitrogen atoms and some defects, g-C3N4 possesses appealing electrical, chemical and
functional properties. Photoluminescence results further revealed the efficient charge separation and
delayed recombination of photo-induced electron-hole pairs in the Au-Pd/g-C3N4 nanocomposite.
Generation of reactive oxygen species during photocatalysis is well explained through photo-
luminescence study and the sustainability of these photocatalyst was ascertained through reusability
study up to eight and five consecutive cycles for Au-Pd/g-C3N4 and Au-Pd/rGO nanocomposites,
respectively without substantial loss in its activity. Characterization of the photocatalysts after reaction
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signified the stability of the nanocomposites and added advantage to our developed photocatalytic
system.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

With the discovery of the wonder material “graphene” in 2004,
it has received widespread attention because of its outstanding
properties (Novoselov et al., 2004) and thus is explored in elec-
tronics (Lin et al., 2010) and optical devices (Liu et al., 2011),
chemical sensors (Deng et al., 2011), energy generation and storage
(Liu et al., 2011) etc. Single layer graphene possess sufficient white
light absorption capacity accounting to 2.3% by a single layer, 4.6%
by bilayer and 11.5% by a five layer thick flake graphene (Nair et al.,
2008). The use of graphene as a photocatalytic material started
when Akhavan reported graphene oxide platelets on anatase TiO2
thin films for the photoinactivation of bacteria (Akhavan and
Ghaderi, 2009). Since 2010, work on graphene based photo-
catalyst accelerated. So far, the topic “photocatalysis & graphene”
has surpassed over 1000 publications. Until now, graphene based
photocatalyst is used towards photocatalytic degradation of pol-
lutants and bacteria, water splitting, reduction of CO2 etc. (Pawar
and Lee, 2014; Zhang et al., 2015).

The discovery of such sensational properties of graphene reju-
venated work on other 2D materials like graphitic carbon nitride
(g-C3N4), transition metal chalcogenides, hexagonal boron nitrides
owing to their fantastic properties and application (Xu et al., 2013;
Low et al., 2014).

Recently, g-C3N4 has attracted considerable attention as it is the
most stable allotrope and possesses layered structure like graphene
with chemical compositions of C, N and H and possesses good
stability and interesting electronic structure with a band gap of
2.7 eV (Wang et al., 2009). Additionally, it is synthesized from cheap
feedstocks like urea, cyanamide etc. and is thus useful in photo-
catalysis, heterogeneous catalysis and fuel cells (Ren et al., 2014;
Wang et al., 2012; Zheng et al., 2012; Tahir et al., 2014). However,
its use as photocatalyst is limited by low quantum efficiency, small
specific surface area and fast recombination rate of electron hole
pairs and thus its surface is modified via deposition of metals like
Au (Chen et al., 2014b), Ag (Bai et al., 2014) etc., non-metal like S
(Liu et al., 2010), CdS (Ge et al., 2012), semiconductor like BiWO6
(Tian et al., 2013), ZnO (Chen et al., 2014a), ZnTiO3/g-C3N4 (Pawar
et al., 2017) etc. and preparation of lamellar structured g-C3N4
(Yang et al., 2013) to improve its photocatalytic activity. Presence of
metallic nanoparticles limits the recombination of photogenerated
electrons and prolongs the lifetime of the radicals. Bimetallic
nanoparticles consisting of two elements achieve greater potential
in catalytic applications then their monometallic counterparts
owing to the synergistic effects. A number of bimetallic systems
supported on g-C3N4 has been synthesized such as AgPd for
dehydration of formic acid (Yao et al., 2017), CuAg for hydroxylation
of benzene (Verma et al., 2017), CuCo, FeCo, NiCo, CuNi and FeNi for
hydrogen evolution from ammonia borane (Zhang et al., 2017a) etc.
However, no literature focuses on the use of bimetallic nano-
particles immobilized on g-C3N4 towards photocatalytic degrada-
tion of harmful organic pollutants. Amongst different bimetallic
systems, Au-Pd represents an important catalytic system explored
in formic acid dehydrogenation (Mentin et al., 2013), photocatalytic
Suzuki coupling reaction (Xiao et al., 2014), phenol photodecom-
position (Su et al., 2012), hydrogen evolution reactions (Darabdhara
et al., 2015) etc. AuPd nanoparticles supported on other substrates
such as AuPd alloy on 2D BiVO4 nanosheets was used as photo-
catalyst towards degradation of Rhodamine B under visible light
(Zhang et al., 2017b). Padilla and co-workers designed AuPd/TiO2
photocatalyst for degradation of methyl orange dye molecule
(Padilla et al., 2017). Likewise, Panigrahy and co-workers designed
AuPd nano-alloy ZnO-rGO for the degradation of rhodamine 6G dye
with 100% degradation (Panigrahy and Sarma, 2015). Efforts have
stemmed for developing AuPd nanoparticles on g-C3N4 for ener-
getic and environmental applications. Feng et al. developed AuPd
nanoclusters on g-C3N4 for enhanced photocatalytic oxygen
reduction and hydrogen evolution reactions (Feng et al., 2016).
Han's group designed AuPd co-catalyst decorated g-C3N4 photo-
catalyst for high H2 evolution activity under visible light irradiation
(Han et al., 2015a). In another work by Fang, AuPd nanoparticles on
g-C3N4 quantum dots were found to exhibit excellent catalytic
performance towards reduction of p-nitrophenol (Fang et al., 2017).
So far, there is no report on the use of AuPd on g-C3N4 for photo-
catalytic degradation of carcinogenic organic pollutants.

The escalating use of phenolic compounds in different applica-
tions such as a disinfectant, chemical reagent, in production of
several industrial compounds etc. has posed a serious environ-
mental hazard (Wu et al., 2008). United States Environment Pro-
tection Agency (USEPA) has listed eleven phenolic compounds
amongst priority pollutants because of their high toxicity, carci-
nogenicity, high stability and bioaccumulation property which
endanger ecosystems inwater bodies and human health (Keith and
Telliard, 1979). Thus, an efficient economic treatment for elimi-
nating these toxins is crucial. Because of the high stability of the
aromatic rings and the hydrophilicity of the hydroxyl group, phenol
has purposed the role of a model pollutant aimed at developing
advanced oxidation processes (AOPs) like ozonation (Yamamoto
et al., 1979), electrochemical oxidation (Sharifian and Kirk, 1986),
photocatalytic oxidation (Wei et al., 1990), H2O2 and Fenton treat-
ment (Kang et al., 2002), microwave oxidation (Han et al., 2004) etc.
However, these are limited by slow degradation, incomplete
removal and high cost and are no longer pertinent to the needs of
modern industry (D'Oliveira et al., 1990). Photocatalysis has proven
to be a widely accepted AOP technique with great potential in the
elimination of phenolic compounds (Turchi and Ollis, 1990). Ever
since the pioneering work by Fujisima on “photocatalytic water-
splitting on TiO2 electrodes” widespread researches on semi-
conductor photocatalytic oxidation of pollutants have aroused
(Fujishima and Honda, 1972). Nevertheless, owing to the high band
gap and fast recombination of the photogenerated electron-hole
pairs, it is necessary to develop new photocatalyst with good
charge separation and wide absorption range in the entire spec-
trum (Ren et al., 2014). TiO2 microspheres decorated bimetallic
nanoparticles (Ag-Au, Ag-Pt, Ag-Pd, Au-Pt, Au-Pd and Pt-Pd) was
investigated in phenol degradation process under UV and visible
light irradiation (Grabowska et al., 2016). Decahedral TiO2 deco-
rated with bimetallic nanoparticles (Ag-Pt, Ag-Au, Au-Pd, Au-Pt)
was also used for degradation of phenol under UVevisible light
irradiation with more than 66% degradation efficiency in 90min
(Diak et al., 2017). TiO2 modified with Au-Pd nanoparticles was
prepared using a water-in-oil microemulsion system by calcination
from 350 to 700 �C and their photocatalytic activity was evaluated
under visible and UV light. Their study showed that Au-Pd/TiO2
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samples calcinated at 350 and 400 �C possess the highest photo-
catalytic activity when degrading phenol under visible light, which
is more than 4 times that of calcinated at 450 �C (Cybula et al.,
2014). Although all the nanocomposites exhibited good photo-
catalytic degradation efficiency, none of the studies focused on the
sustainability and stability of the nanocomposites.

Bimetallic Au and Pd on g-C3N4 and graphene can serve the role
of a model photocatalyst for the removal of phenol fromwater due
to the strong surface plasmon properties of the noblemetals as well
as visible light absorbing capacity of g-C3N4 and also due to the
presence of high electron density on graphene. Considering these
properties and the need for developing efficient, sustainable and
stable photocatalyst, we herein report the synthesis of bimetallic
Au-Pd nanoparticles on g-C3N4 and rGO by an eco-friendly and an
easy solution chemistry technique. All characterizations concerning
rGO and Au-Pd/rGO nanocomposites are provided in our previously
published paper (Darabdhara et al., 2016). In the current manu-
script, we have reported the synthesis of Au-Pd nanoparticles on g-
C3N4 by a similar process as adopted for the synthesis of Au-Pd/rGO
nanocomposites. Only the photocatalytic degradation activity of
Au-Pd/g-C3N4 nanocomposites towards phenolic compounds is
compared to that of previously reported Au-Pd/rGO nano-
composites to establish the influence of different 2D support ma-
terial on photocatalytic degradation studies. The materials are
characterized by high resolution transmission electron microscopy
(HRTEM) equipped with energy dispersive X-ray (EDX), field
emission scanning electron microscopy (FESEM), powder X-ray
diffraction (PXRD), diffuse reflectance infrared Fourier transform
(DRIFT), atomic force microscopy (AFM), thermal gravimetric
analysis (TGA) and zetasizer. For the first time, Au-Pd/g-C3N4 and
Au-Pd/rGO nanocomposites are reported as active photocatalyst
towards degradation of phenol, 2-CP and 2-NP under various
conditions. The efficiency of degradation in presence of sunlight
and UV light was evaluated. The role of the support material in
degradation of phenol was emphasized by comparing the activity of
Au-Pd on g-C3N4 and graphene. The generation of primary reactive
species i.e. hydroxyl radicals responsible for photocatalytic
decomposition of phenol was studied with the help of photo-
luminescence study and details photocatalytic mechanism is
established. We also successfully determined the sustainability and
stability of the photocatalyst by studying the reusability up to eight
and five consecutive cycles for Au-Pd/g-C3N4 and Au-Pd/rGO
nanocomposites, respectively without substantial loss in its activ-
ity. Characterization of the photocatalyst after reaction indicated no
significant change in the size, crystallinity and surface morphology
thus assuring the sustainability of the nanocomposites. Since both
our support materials g-C3N4 and rGO are prepared from cheap
feedstocks and also since the activity of our photocatalyst is
excellent even after photocatalytic reaction, we can claim that our
material is sustainable and can compete with other photocatalyst
towards degradation of toxic environmental pollutants.

2. Experimental

2.1. Materials

Gold (III) chloride trihydrate (Sigma Aldrich, Germany), palla-
dium (II) chloride (99.9%, Alfa Aesar, UK), L-ascorbic acid (Sigma
Aldrich, Germany), urea (Sigma Aldrich, Germany), phenol (Alfa
Aesar, UK), 2-nitrophenol (Alfa Aesar, UK), 2-chlorophenol (Alfa
Aesar, UK) were used as received.

2.2. Synthesis of Au-Pd/g-C3N4 nanocomposite

The precursor urea (15 g) was taken in a silica crucible and
calcinated at 550 �C for 3 h at a ramping heat of 5 �C min�1. The
yellow product obtained was ultrasonicated in deionized (DI) water
to get g-C3N4 with a concentration of 10mgmL�1. Above g-C3N4
solution (10mL) wasmixedwith aqueous HAuCl4 (1mM) and PdCl2
(3mM) and stirred for 20min followed by addition of ascorbic acid.
Entire solution was stirred for 2 h at 85 �C, cooled and filtered fol-
lowed by washing with water and ethanol and dried at 65 �C to
obtain Au-Pd/g-C3N4 nanocomposite. Similarly, monometallic Au/
g-C3N4 and Pd/g-C3N4 nanocomposites were synthesized bymixing
g-C3N4 solution with either aqueous HAuCl4 or PdCl2 solutions. The
concentrations of the monometallic precursors and the reducing
agents were kept the same as in bimetallic Au-Pd/g-C3N4
nanocomposite.

2.3. Preparation of Au/rGO, Pd/rGO and Au-Pd/rGO nanocomposites

Au/rGO, Pd/rGO and Au-Pd/rGO nanocomposites were synthe-
sized as discussed in our publication (Darabdhara et al., 2016).

2.4. Characterization technique

Scanning electron microscope images were recorded in scan-
ning electron microscope (FESEM, Zeiss Gemini, Germany) at an
accelerating voltage of 9-7 kV. X-ray powder diffraction (XRD) was
recorded in a Rigaku X-ray diffractometer that operated at a scan-
ning rate of 3�/min from 5 to 100� and uses a X-ray source con-
sisting of Cu Ka that emits X-ray wavelength of, l¼ 1.54056 Å at a
generator voltage of 40 kV and current of 40mA (model: ULTIMA
IV, Rigaku, Japan). The crystal structure and morphology were
characterized by transmission electron microscopy (TEM), high-
resolution TEM (HRTEM) and energy dispersive X-ray (EDX)
spectra using a JEOL JEM 2100, transmission electron microscope
(Japan) operating at an accelerating voltage of 200 kV. Herein,
dispersed colloidal solutions of nanocomposites were prepared and
drop casted onto standard carbon-coated copper grids which were
then air dried at room temperature. Diffuse reflectance infrared
Fourier transform (DRIFT) spectra were noted in an IR Affinity-1 FT-
IR spectrophotometer equipped with a Shimadzu DRS-8000 DRIFT
accessory working in the range of 400e4000 cm�1. Thermogravi-
metric analysis (TGA) of the sample was recorded using TA-SDT
(model: Q600DT, TA instrument, USA) at an increasing tempera-
ture rate of 5 �C/min. Room temperature photoluminescence (PL)
spectra of the photocatalyst was obtained using a fluorescence
spectrophotometer Horiba Instruments Inc. Edison, NJ USA equip-
ped with a 150W ozone free vertically mounted xenon arc lamp
and connected with FluorEssence software at an excitation wave-
length of 325 nm. Atomic force microscopy (AFM) images were
recorded in a Nanomagnetic hpm microscope operating in the
dynamic mode at room temperature. Maximum scan area for the
AFM analysis is chosen as 20 mm� 20 mm and the image size is
taken as 256� 256 pixels. A UVevisible spectrophotometer, Shi-
mazdu, Japanwas used for monitoring the photocatalytic activity of
the catalyst. The initial and the final products in the 2-CP and 2-NP
degradation were analysed using ion chromatography (IC) (Met-
rohm Compact IC Pro 882, Switzerland). Anion chromatography
analysis was carried out for the two phenol molecules before and
after degradation under sunlight irradiation. Zeta potential mea-
surements of Au-Pd/g-C3N4 and Au-Pd/rGO nanocomposites were
recorded in a Zetasizer (Nano ZS, Malvern, UK) at room tempera-
ture in the wider pH range.

2.5. Photocatalytic activity

Degradation was studied by irradiating aqueous phenolic sus-
pensions containing the catalyst under sunlight and UV-light.
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Sunlight irradiated photocatalysis were carried out on bright sunny
days between 10 a.m. and 2 p.m. with an average sunlight intensity
of 600e900W/m2 (measured by solar power meter, KM SPM 11).
The UV light experiments were carried out with a low pressure UV
lamp of wavelength 254 nm and 125W. Typically, a desired amount
of photocatalyst was added to 30mL aqueous organic pollutants
and mechanically stirred and exposed to sunlight and UV light for
fixed time periods. At fixed time intervals, 2mL reaction mixture
was taken out with amicro syringe and the catalyst separated using
a polytetrafluoroethylene (PTFE) membrane. The remaining
phenolic concentration was determined by monitoring the filtrate
using a UVevisible spectrophotometer. Degradation rate of phenol
is expressed as

D ¼ (Co ‒ Ct)/Co� 100%

where, Co and Ct are the concentrations of phenol in the initial
sample and final sample, respectively. Blank experiments contain-
ing phenol solutions in absence of photocatalyst were also
executed.
Fig. 1. (A) XRD pattern (B) PL spectra of g-C3N4, Au/g-C3N4, Pd/g-C3N4 and Au-Pd/g-C3N4 n
responding elemental mapping.
3. Results and discussions

3.1. Characterization of nanocomposite materials

The XRD pattern (Fig. 1A) for g-C3N4 exhibits two distinct peaks
corresponding to (100) and (002) planes at 2q value 13.04� and
27.38�, respectively (Han et al., 2015b). For Au-Pd/g-C3N4 nano-
composite, diffractions at 2q value of 39.24�, 45.60�, 66.66� and
80.32� corresponds to (111), (200), (220) and (311) plane of fcc Au-
Pd/g-C3N4. For Au/g-C3N4, diffractions at 38.02�, 44.20�, 64.48�,
77.52� and 81.64� corresponds to (111), (200), (220), (311) and (222)
planes of fcc Au. For Pd/g-C3N4, diffractions at 39.90�, 46.42�, 67.92�

and 81.90� corresponds to (111), (200), (220) and (311) plane of fcc
Pd. For Au-Pd/g-C3N4 nanocomposite, the diffractions are located
between those of Au/g-C3N4 and Pd/g-C3N4 thus confirming the
alloy nature of the nanocomposite. For all the nanocomposites,
another peak at 27.44� is due to the presence of (002) plane of g-
C3N4. For efficient photocatalytic efficiency, the separation of pho-
togenerated electron-holes is a key factor and this separation effi-
ciency can be studied with the help of photoluminescence (PL)
spectra of both the pure g-C3N4 and hybrid catalyst. The PL spectra
anocomposites (C) FESEM images of g-C3N4 (a,b) and Au-Pd/g-C3N4 (c,d) and (D) cor-



Fig. 2. (A) Low resolution TEM images (a); Size distribution (b); medium magnification TEM image (c,d); HRTEM (e); SAED pattern (f) of Au-Pd/g-C3N4 nanocomposite (B) EDX
analysis of Au-Pd/g-C3N4 nanocomposite.
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provide information on detecting the charge separation, migration,
transfer and recombination processes of photogenerated electron
hole pairs in semiconductors. As the PL spectra is derived from the
recombination of free carriers, weaker the PL intensity higher is the
separation probability or lower the recombination process of the
photogenerated charge carriers. Higher the PL intensity, faster the
recombination processes of photogenerated charge carriers. The PL
spectra (Fig. 1B) recorded at room temperature with an excitation
wavelength of 325 nm for pure g-C3N4 and its composites displays
an emission peak centered at 436 nm which is attributed to the n-
p* electronic transition (Pawar et al., 2014). From Fig. 1B it is seen
that pure g-C3N4 exhibits PL spectra with highest intensity indi-
cating highest recombination rate of the photoelectrons that
generally leads to reduced photocatalytic activity. However,
quenching in the PL intensity is observed in the case of the com-
posite material which is most significant in case of Au-Pd/g-C3N4
nanocomposite. This weak intensity in the PL signal of Au-Pd/g-
C3N4 nanocomposite in comparison to other composite materials
indicates lower recombination of the photogenerated electrons.
Thus, doping g-C3N4 with bimetallic Au and Pd nanoparticles can
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successfully inhibit recombination rate of the photogenerated
electrons leading to enhanced photocatalytic activity. FESEM shows
the surface morphology of g-C3N4 and Au-Pd/g-C3N4. Fig. 1C (a,b)
shows the presence of irregularly curved layers of g-C3N4. For Au-
Pd/g-C3N4, small and spherical Au-Pd particles are seen on the
surface of g-C3N4 (Fig. 1C (c,d)). The corresponding mapping anal-
ysis (Fig. 1D) confirms the coexistence of bimetallic Au and Pd on
the surface of g-C3N4. The identification of Au and Pd in the map-
ping analysis along with C and N confirms the formation of bime-
tallic nanoparticles which was further authenticated by the TEM-
EDX spectra (Fig. 2B). The FESEM images of the monometallic Au
and Pd nanocomposites are presented in Fig. S1 of the Supporting
Information (SI).

Low resolution TEM images of Au-Pd/g-C3N4 (Fig. 2A (a)) shows
the presence of spherical nanocrystals of bimetallic Au-Pd on
exfoliated thin nanosheets of g-C3N4. The average particle size of
the nanoparticles was found to be 41.9± 8.29 nm as shown in
Fig. 2A (b). Medium magnification TEM (Fig. 2A (c)) shows the
formation of nanoparticles in the form of flower. The crystallinity
and alloy nature is reflected from the HRTEM images (Fig. 2A (d)).
Lattice fringes corresponding to the (111) planes of Au with an
interplanar spacing of 0.23 nm and (200) planes of Pd fcc structures
with an interplanar spacing of 0.19 nm is seen in Fig. 2A (e). The
selected area electron diffraction (SAED) pattern (Fig. 2A (f)) con-
firms the polycrystalline nature. The bright spots correspond to the
fcc crystal planes. The Au-Pd nanoparticles synthesized on rGO
sheets exhibited an average size of 37± 0.6 nm as discussed in
literature. It is observed that there is size variation of the nano-
particles depending on the use of the support material. However,
the variation is not significant and thus we can remark that the size
Fig. 3. UVevisible absorbance spectra of (a) phenol (b) 2-CP and (c) 2-NP in presence of Au-P
C3N4, Pd/g-C3N4, Au-Pd/g-C3N4 nanocomposites and also in absence of photocatalyst at pH
and shape of Au-Pd nanoparticles is not much dependent on the
support material. The detailed TEM images of the monometallic Pd/
g-C3N4 and Au/g-C3N4 are provided in the SI (Fig. S2).

The corresponding EDX of Au-Pd/g-C3N4 nanocomposites is
presented in Fig. 2B. The EDX analysis gives evidence for the co-
existence of Au and Pd in Au-Pd/g-C3N4. The Au-Pd/g-C3N4 nano-
composite contains around 57.92 atomic% of C, 32.88 atomic% of N,
6.00 atomic% of Pd and 3.20 atomic% of Au as obtained from EDX
analysis.

DRIFT spectra of g-C3N4 and Au-Pd/g-C3N4 (Fig. S3a) shows the
characteristics vibration modes of typical g-C3N4. Details are fur-
nished in the SI. Thermogravimetric analysis (TGA) of the nano-
composite (Fig. S3b) was carried out from room temperature to
1000 �C at a heating rate of 20 �C min�1. Details thermal properties
are explained in the SI.

The morphology of Au-Pd/g-C3N4 was further analysed with the
help of AFM images. The AFM images are provided in Fig. S4. The
AFM analysis reveals highly symmetrical particles of Au-Pd.

Stability of the colloidal suspensions of Au-Pd/g-C3N4 nano-
composite was ascertained with the help of zeta potential mea-
surements in awider pH range from 2 to 12. The zeta potential of all
the nanocomposites Au-Pd/g-C3N4, Au/g-C3N4, Pd/g-C3N4 and g-
C3N4 is shown in Fig. S5. The zeta potential of bare g-C3N4 is found
to be 25.96mV at pH 2 which decreases to�32.26mV at pH 12. The
isoelectric point (IEP) for bare g-C3N4 is found at pH 4.07. For Au/g-
C3N4, the zeta potential at pH 2 is found to be 11.4 which decrease
to �30.9mV at pH 12. Similarly for Pd/g-C3N4, the surface charge at
pH 2 is found to be 2.31 which decrease to �12.5mV at pH 12. For
both Au/g-C3N4 and Pd/g-C3N4, the IEP is found to decrease in
comparison to bare g-C3N4 and are obtained at 3.92 and 3.72
d/g-C3N4 nanocomposite (d) Degradation of phenol, 2-CP and 2-NP in presence of Au/g-
7, 0.5mM phenol concentration and catalyst loading of 0.5 gL�1
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respectively. For bimetallic Au-Pd/g-C3N4, surface charge at pH 2 is
found at 2.2mV and decreases to �21.2mV at pH 12. Also, the IEP
for bimetallic Au-Pd/g-C3N4 nanocomposite the IEP is found to
further decrease to pH 2.37. The lowering of the zeta potential of
the nanocomposites is probably due to the adsorption of negatively
charged counter-ions, i.e. Cl� ions from themetal precursors during
synthesis. Moreover, the presence of low amounts of g-C3N4 in the
nanocomposites may also be a reason for the lowering of the zeta
potential in the nanocomposites in than in the case of bare g-C3N4
(Fageria et al., 2016).

3.2. Photocatalytic activity

For photocatalysis, initially a test for adsorption of phenol prior
to exposure of either sunlight or UV light was carried out in dark for
1 h to obtain the adsorption-desorption equilibrium. No significant
adsorption was obtained. This was followed by exposing the
phenolic solutions to either sunlight or UV light under suitable
conditions. Aliquots of reaction mixture were withdrawn at fixed
time and monitored using a UVevisible spectrophotometer. The
photodegradation profile of phenol, 2-CP and 2-NP in sunlight is
shown in Fig. 3a-c. Under sunlight, 95.3% phenol, 97.3% 2-CP and
98.3% 2-NP degradation was achieved in 180min. Phenol exhibits a
characteristics peak at 273 nm which gradually decreases on
exposure to sunlight. During photocatalysis, phenols undergo
oxidation to produce hydroxy phenols by the oxidizing species
produced. The phenol absorbance at 273 nm reduces and other
Fig. 4. (a) Degradation of phenolic compounds at different pH (b) At different phenol con
phenol, 2-CP and 2-NP using Au-Pd/g-C3N4 nanocomposite in presence of sunlight and UV
peaks corresponding to catechol (280 nm), hydroquinone (290 nm),
p-benzoquinone evolve and finally via these intermediates phenols
break down to their corresponding acids and ultimately to CO2 and
water.

Comparative degradation portfolio of the phenolic compounds
is shown in Fig. 3d. In absence of catalyst very less degradation was
obtained. Also, in presence of g-C3N4 alone less than 56% degra-
dation efficiency was obtained which was found to increase in
presence of Pd/g-C3N4 and Au/g-C3N4. However, in presence of Au-
Pd/g-C3N4 nanocomposite, dramatic photodegradation efficiency
for all the three phenols was obtained which is attributed to the
synergistic effects of Au, Pd and g-C3N4 in Au-Pd/g-C3N4 nano-
composites. Also the efficiency of Au-Pd/g-C3N4 nanocomposite
was compared with our reported Au-Pd/rGO nanocomposite. In
presence of Au-Pd/rGO nanocomposite phenol degradation was
around 94.4% in 300min whereas that of 2-CP and 2-NP was
around 96.7 and 98.6%, respectively in 180min. However, degra-
dation efficiency of Au-Pd/g-C3N4 nanocomposite is relatively
higher to that of Au-Pd/rGO nanocomposite. g-C3N4 with a band
gap of 2.7 eV acts as an attractive visible light photocatalyst. Since
around 43% of the available solar energy accounts to visible light
and also due of the surface plasmon resonance (SPR) effect, Au is
capable of absorbing more visible light so it is observed that Au-Pd/
g-C3N4 nanocomposite acted as a better catalyst then Au-Pd/rGO
nanocomposite towards degradation of phenolic compounds in
water. Several reports on the degradation of phenol using com-
posites of g-C3N4 are published and provided in Table S1. In
centration (c) At different catalyst loading and (d) Comparative degradation profile of
light irradiation.



Fig. 5. PL spectra of (a) different catalyst (b) Au-Pd/g-C3N4 nanocomposite with time.
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comparison, our photocatalyts consisting of Au-Pd/g-C3N4 and Au-
Pd/rGO demonstrated quite considerable performance towards
degradation of phenolic compounds and represents an important
class of material with excellent photocatalytic activity.

3.3. Influence of pH, initial phenol concentration and amount of
catalyst

The pH value influences the active species occurring in the so-
lution and influences the degradation of phenol on the photo-
catalyst surface. The influence of pH (Fig. 4a) on degradation of
phenol follows the trends pH 7> pH 6> pH 5> pH 4> pH 3> pH
9> pH 11. It is observed that a degradation of about 95.3% was
obtained for phenol using Au-Pd/g-C3N4 nanocomposite at pH 7.
The efficiency of degradation is found to be high in neutral medium
followed by weak acidic and basic medium. For 2-CP and 2-NP a
degradation of 97.3 and 98.3% was obtained, respectively at pH 7
and at 180min. Thus, optimized pH for all the phenolic compounds
is at pH 7. The surface protonation of the photocatalyst, point of
zero charge and the dissociation of phenol are all pH dependent.
Phenol has a pKa value of 9.8, below which it exists as a neutral
species (C6H5OH) and above it as phenoxide (C6H5O�) ion
(Boukhatem et al., 2017). Fig. 4a clearly represents the dependence
of photocatalytic degradation on the pH of the medium. As the pH
increases there is a gradual increase of degradation efficiency
which is found to be highest in the neutral medium (pH 7) and then
again decreases in higher alkaline medium (pH 11). Phenol has a
pKa at 9.8 as mentioned and our most effective photocatalyst Au-
Pd/g-C3N4 has an IEP at 2.37 (Fig. S5). At low pH, the surface of the
photocatalyst is occupied with Hþ ions and thus the generation of
�OH radical is slowed down because the excited e� in the conduc-
tion band reacts with Hþ ions and gets neutralized.With increase in
pH the surface protonation decreases and at pH 7 most of the
phenols are un-dissociated and maximum phenol molecules are
adsorbed on the photocatalyst surface and photodegradation rate is
enhanced. However, in alkaline medium, the surface of the pho-
tocatalyst and the phenol are negatively charged and repel away
and as a result the degradation efficiency decreases. Another
advantage of our catalytic system is that the industrial effluents are
mild to weakly acidic in nature and since our photocatalyst works
best in this pH range so it can be effectively used to treat industrial
effluents. The degradation efficiency as a function of pH is shown in
Fig. S6.

Effect of phenolic concentration was evaluated for concentra-
tions 0.1, 0.3, 0.5 and 0.8mMat pH 7 under sunlight irradiation.
Comparative degradation for the phenolic compounds is shown in
Fig. 4b. The optimum phenolic compounds concentration is found
at 0.5mM. Around 95.3%, 97.3% and 98.3% degradation for phenol,
2-CP and 2-NP, respectively is obtained at pH 7 and phenolic con-
centration of 0.5mM. The degradation efficiency of all the three
compounds at various phenol concentrations is shown in Fig. S7.
Catalyst loading on the photodegradation of phenolic compounds is
studied in the range of 0.1e1 gL�1. As the concentration of catalyst
increases from 0.1 to 0.5 gL�1 through 0.3 gL�1, the degradation
efficiency of phenol gradually increase from 84.81% for phenol,
91.98% for 2-CP and 93.98% for 2-NP (using 0.1 gL�1) to 95.3% for
phenol, 97.3% for 2-CP and 98.3% for 2-NP (using 0.5 gL�1). How-
ever, with increase in the catalyst concentration from 0.5 gL�1 to 0.8
gL�1 and then to 1 gL�1, the photocatalytic degradation efficiency is
found to be decrease. Using 1 gL�1 of catalyst concentration, the
degradation efficiencies are found to be 83.12% for phenol, 86.29%
for 2-CP and 88.28% for 2-NP which is much lower than the
degradation efficiency using 0.5 gL�1 of catalyst concentration. This
decrease of photocatalytic degradation efficiency of phenolic
compounds with increase in the catalyst concentration is probably
due to loss of active sites on the catalyst surface that leads to lower
surface to volume ratio of the photocatalyst and hence lowers the
degradation efficiency. A comparative figure showing the effect of
catalyst loading is shown in Fig. 4c.

The photocatalytic degradation efficiency for all the three
phenolic compounds i.e. phenol, 2-CP and 2-NP was also carried
out in presence of P25 (Degussa TiO2) and compared with that of
Au-Pd/g-C3N4 and Au-Pd/rGO nanocomposites under sunlight
irradiation. The comparative photocatalytic degradation efficiency
of Au-Pd/rGO nanocomposites is already published in one of our
earlier publication (Darabdhara et al., 2016). The experimental
findings suggest good efficiency of our reported Au-Pd/g-C3N4 and
Au-Pd/rGO photocatalyst with that of degussa TiO2. Using degussa
TiO2, a semiconductor photocatalyst, degradation efficiency of
around 95% was achieved for all the three phenolic compounds in
120min and already reported in our earlier publication
(Darabdhara et al., 2016). In presence of Au-Pd/g-C3N4 nano-
composite, degradation efficiency of 95.3%, 97.3% and 98.3% was
obtained for phenol, 2-CP and 2-NP, respectively in 180min. The
comparative degradation efficiency is presented in Fig. S8 and
Table S2. The comparative study suggest a good degradation rate for
all the three phenolic compounds using our synthesized Au-Pd/g-
C3N4 and is comparable with conventional degussa TiO2 used for
photocatalysis.
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3.4. Comparative efficiency of photocatalytic degradation of Au-Pd/
g-C3N4 in presence of sunlight and UV-light

Photocatalytic degradation of Au-Pd/g-C3N4 was investigated in
presence of sunlight and UV light irradiation. Degradation efficiency
of about 71.7%, 74.9%, 76.8% for phenol, 2-CP and 2-NP, respectively
was achieved under UV light in 240min whereas under similar re-
action conditions, degradation efficiency of 95.3%, 97.3%, 98.3% for
phenol, 2-CP and 2-NP, respectively was achieved under sunlight
irradiation in 180min. Comparative degradation profile using Au-
Pd/g-C3N4 nanocomposite in presence of sunlight and UV light
irradiation is shown in Fig. 4d. For the UV experiments, UV light of
wavelength 254 nm and power 125Wwas used for the purpose. All
the experiments were performed in a manner similar to that per-
formed in presence of sunlight irradiation. In presence of UV light,
the degradation efficiency of Au-Pd/g-C3N4 nanocomposite was
found to be lower in comparison to that in sunlight. It is because g-
C3N4 has a greater tendency to absorb visible light than UV light.
Moreover, Au nanoparticles also strongly absorbs visible light
because of the surface plasmon resonance effect and also more than
43% of the solar energy is in the visible part of the spectrum and
thus, Au-Pd/g-C3N4 nanocomposite exhibits better photocatalytic
properties in presence of sunlight than that in UV light.

3.5. Comparative degradation of phenolic compounds in presence of
sunlight and UV light using Au-Pd/rGO and Au-Pd/g-C3N4

nanocomposites

Investigation on the efficiency of support material rGO and g-
C3N4 on the photocatalytic decomposition of phenolic compounds
in presence of sunlight and UV-light is shown in Fig. S9a and S9b,
respectively. Presence of g-C3N4 in the nanocomposites leads to
increased photocatalytic efficiency both in presence of sunlight and
UV light. In presence of sunlight, 95.3%, 97.3%, 98.8% for phenol,
2-CP and 2-NP, respectively was achieved using Au-Pd/g-C3N4
nanocomposite in just 180min. On the other hand, 94.4% for
phenol, 96.7% for 2-CP and 98.6% for 2-CP degradation was ach-
ieved using Au-Pd/rGO nanocomposite in 300min. Similar obser-
vations was noticed under UV light. In presence of UV light, 71.7%
for phenol, 74.9% for 2-CP and 76.8% for 2-NP degradation efficiency
was obtained in 240min using Au-Pd/g-C3N4 nanocomposite. In
case of Au-Pd/rGO, degradation efficiency of 65.3%, 69.3% and 71.1%
was achieved respectively for phenol, 2-CP and 2-NP in 300min.
Thus, it is observed that greater degradation efficiency is achieved
using Au-Pd/g-C3N4 nanocomposite in less time whereas Au-Pd/
rGO nanocomposite seems to be less efficient for degradation of
organic pollutants. Due to the incorporation of nitrogen atoms in
the carbon skeleton of g-C3N4, g-C3N4 gains much better properties
then carbon based material rGO and thus behaves as a better
photocatalyst (Fang et al., 2017). Clearly the role of support material
towards degradation is well established. g-C3N4 with a band gap of
2.7 eV acts as an attractive visible light photocatalyst. Moreover,
around 43% of the available solar energy accounts to visible light
and due to the SPR effect, Au is capable of absorbing more visible
light and so Au-Pd/g-C3N4 nanocomposite is capable of harvesting
more visible light and thus acts as a better catalyst then Au-Pd/rGO
nanocomposite towards degradation of phenolic compounds in
water.

3.6. Kinetics of photocatalysis

Degradation of the phenolic compounds is found to follow
Langmuir-Hinshelwood model given by

ln (C0/C)¼ kt (1)
where, C0 represents the initial phenol concentration, C is the
concentration at a time t. A plot of ln (C0/C) vs t (Fig. S10 (a-c)) gives
a straight line, whose slope is obtained by linear regression and
gives the rate constant of the first order reaction. Table S3 repre-
sents the rate constants and the linear regression coefficients of
photodegradation of phenolic compounds under various phenolic
concentrations.
3.7. Degradation mechanism

With a band gap of 2.7 eV, g-C3N4 exhibits typical semi-
conductor properties. Absorption of UV or visible light causes the
excitation of an electron from the valence band (VB) to the con-
duction band (CB) resulting in the generation of holes (hþ) in the CB
and electrons (e�) in the corresponding VB. This e� in VB initiates
the oxidation processes for photocatalytic degradation. However,
the generation of e� _ hþ pair at the photocatalyst surface competes
with the fast recombination rate of the charge carriers. This
recombination decreases the photocatalytic efficiency. Several
methods were adopted for designing the surface of g-C3N4 such as
textural design, supramolecular chemistry, elemental doping,
copolymerization etc. (Ong et al., 2016). Modification of g-C3N4

with noble metals is a promising method to broaden visible light
absorption capacity (Mishra et al., 2012). Ways have been adopted
to construct noble metal-semiconductor heterojunctions to obtain
space-charge separation region also known as Schottky barrier.
Such barriers results additional negative charges and positive holes
in the noble metal and semiconductor respectively leading to suf-
ficient suppression in the recombination. Additionally, noble
metals because of their SPR can strongly absorb visible light leading
to enhanced photocatalysis (Sarina et al., 2013). In a report by
Pawar, Au nanoparticles increase the light absorption capacity of g-
C3N4 resulting in increased photocatalytic activity (Pawar et al.,
2015). Au nanoparticles because of SPR can considerably harvest
visible light. Moreover, low Fermi level of Au nanoparticles results
in transfer of electrons from the conduction band of g-C3N4
resulting in decreased recombination of the charge carriers. Also,
the role of Pd nanoparticles is noteworthy. Chen et al. reported that
Pd nanoparticles on g-C3N4 resulted in separation of photoinduced
charge carriers leading to strong absorption in the visible light re-
gion (Chang et al., 2013). A combination of Au and Pd in the form of
bimetallics on g-C3N4 may be used for better harvesting visible
light from the solar spectrum due to the synergistic effects of both
the metals resulting in decreased fermi level of the composite and
possible lowering of the recombination rate of the photocatalytic
charge carriers.

Absorption of photons by Au-Pd/g-C3N4 under light irradiation
results in the transfer of e� from the CB to the VB creating an
electron deficiency or hole (hþ) in the VB and at the same time an
electron (e�) in the CB which is of oxidizing and reducing equiva-
lents (Equation (2)). In aqueous suspension, hþ generates hydroxyl
(OH�) radicals (Equation (3)). Electrons (e�) in the CB captures
dissolved O2 and generate O2�

- (Equation (4)). This O2�
- combine

with H2O to form OH� radicals (Equations (5)e(7)). These reactive
species (hþ, O2�

-, OH�) can efficiently degrade phenol to interme-
diate products and finally to CO2 and H2O (Equation (8)).

Au-Pd/g-C3N4 þ hn/ Au-Pd/g-C3N4 (hþ þ e�) (2)

hþ þ H2O/Hþ þ OH� (3)

O2 þ e� / O2�� (4)

O2�
- þ Hþ/ �OOH (5)
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�OOH þ Hþ þ e�/H2O2 (6)

H2O2 þ e�/OH� þ OH� (7)

hþ þ O2�
- þ OH� þ phenolic compounds / Intermediate

products / CO2 þ H2O (8)

3.8. Hydroxyl radical formation

Since hydroxyl radical plays the major role in the degradation of
organic pollutants, it is thus important to ascertain its presence and
amount. The generation of the hydroxyl radicals was studied
through photoluminescence (PL) analysis (Fig. 5). Typically, ter-
ephthalic acid (TA) acts as the probe molecule that can react with
hydroxyl radical forming 2-hydroxyterepthalic acid (TAOH) which
shows a fluorescent signal (Zhang et al., 2014). The excitation and
the emission wavelengths were set at 315 nm and 410 nm,
respectively. More the generation of hydroxyl radical, more intense
is the fluorescence signal at 410 nm. For the PL analysis, 5mg of all
the g-C3N4 based composite catalyst was dispersed in an aqueous
solution of TA/NaOH (1:2, mol/mol; 1� 10�5M) along with phenol
solution (0.5mM) and stirred in dark to study the adsorption-
desorption equilibrium followed by exposure to natural sunlight.
3mL sample solution was withdrawn at certain time interval and
PL spectra were recorded. Fig. 5a represents the fluorescence
spectra of all the composite catalyst and it is seen that Au-Pd/g-
C3N4 nanocomposite demonstrates higher fluorescence signal
which signifies the effectiveness of the nanocomposite in produc-
ing hydroxyl radical in the reaction mixture as compared to the
monometallic nanocomposites. Fig. 5b represents the fluorescence
signal of Au-Pd/g-C3N4 nanocomposite at different time intervals:
10, 30 and 180min. It is observed that the intensity of the signal at
410 nm increases with increase in time interval thus indicating a
linear increase of hydroxyl radical with increasing irradiation time.

3.9. Determination of final product of photodegradation

Chemical oxygen demand (COD) is also widely used as an effi-
cient technique to determine the organic strength of wastewater
Fig. 6. Reusability of Au-Pd/g-C3N4 nanocomposite towards phenol, 2-CP and 2-NP at a
phenol concentration of 0.5mM, catalyst loading 0.5 gL�1 and pH 7.
i.e. it measures the oxygen equivalent of the organic content pre-
sent in the sample which can be oxidized in presence of a strong
oxidant to CO2 and H2O. In COD analysis, 3mL of the phenol, 2-CP
and 2-NP solutions were allowed to react with COD solution A
(Merck, USA) and COD solution B (Merck, USA) and allowed to
digest using a digestor, Spectroquant Pharo 300 spectrophotom-
eter. The COD experiment was carried out using 0.5mM initial
phenol concentration and 0.5 gL�1 catalyst loading under sunlight
irradiation. The degradation efficiency determined using the COD
method is presented in Table S4 and are found to be 89.3, 92.3 and
94.1 for phenol, 2-CP and 2-NP, respectively. The COD results are in
good agreement with the results of photocatalytic degradation
using Au-Pd/g-C3N4.

The ion chromatography was used to determine the final
products of degradation of 2-CP and 2-NP. The corresponding
chloride (Cl�) anion from 2-CP and nitrate anion (NO3

�) from 2-NP
was detected in anion chromatography at time 30, 120 and 180min
during the photocatalytic experiments. The ion chromatogram of
2-CP and 2-NP at different times during photocatalytic degradation
is shown in Fig. S11. In the 2-CP solution subjected to sunlight
irradiation (Fig. S11a), the peak for Cl� ion was detected at 30min
and the intensity of this peak increased with time (Fig. S11b). At
180min (Fig. S11c), the intensity of the peak was highest indicating
the increase in the concentration of Cl� with increased sunlight
irradiation time. The appearance of the Cl� ion in the solution is a
clear evidence of degradation of the 2-CP molecule to its final
product. The OH� radical produced during the reaction oxidizes
2-CP to its corresponding acid and finally to CO2, H2O and Cl� ion.
Similarly for 2-NP, ion chromatogram was recorded at 30, 120 and
180min (Fig. S11 (d-f)). The ion chromatogram of 2-NP at 30min
did not show presence of NO3

� ion but with increasing irradiation
time, the peak for NO3

� ion appears at its intensity increases. At
210min of sunlight irradiation, the signal for NO3

� was strongest
indicating the presence of a large number of these ions in the re-
action mixture and excellent degradation of 2-NP.

3.10. Reusability and sustainability study of Au-Pd/g-C3N4

nanocomposite

Ascertaining the sustainability of the photocatalyst is an
important key point. Thus, we analysed the reusability of Au-Pd/g-
C3N4 after several cycles of reactions. The experiment was carried
out under sunlight irradiation at a phenol concentration of 0.5mM,
catalyst loading 0.5 gL�1 and pH 7. After degradation, the photo-
catalyst was filtered and repeatedly washed with water and
acetone and dried at 70 �C for 2 h for further cycles. Following this,
the photocatalyst was mixed with fresh phenolic solution and
degradation experiments continued up to eight consecutive cycles.
About 95.35%, 97.3% and 98.3% degradation efficiency for phenol,
2-CP and 2-NP, respectively was obtained in the 1st cycle which
decreased upto 77.28%, 79.28% and 82.19% for phenol, 2-CP and
2-NP, respectively in the 8th cycle. Thus, Au-Pd/g-C3N4 nano-
composite exhibit excellent reusability as shown in Fig. 6. The
reusability of Au-Pd/g-C3N4 nanocomposite was compared to our
previously reported Au-Pd/rGO nanocomposite. The Au-Pd/rGO
nanocomposite exhibited degradation efficiency above 90% for
the first four cycles and then tends to lose its activity in the 5th
cycle. Thus, our newly synthesized Au-Pd/g-C3N4 nanocomposite
exhibited better reusability towards the phenolic compounds in
comparison to Au-Pd/rGO nanocomposite and thus is more sus-
tainable in nature.

The changes associated with the crystallinity, surface
morphology and size of the photocatalyst was studied by charac-
terizing the composite after their photocatalytic activity with
techniques such as XRD, TEM and FESEM (Fig. 7). The XRD analysis
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of the Au-Pd/g-C3N4 nanocomposite was performed both before
and after degradation of the phenolic compounds as shown in
Fig. 7A. The XRD peaks for 2q value of 39.24�, 45.60�, 66.66�, 80.32�

and 84.60� corresponds to (111), (200), (220), (311) and (222)
crystallographic planes of the Au-Pd/g-C3N4 nanocomposite. The
peaks due to these planes of Au-Pd/g-C3N4 nanocomposite remain
the same both before and after photocatalytic degradation of
phenol. It is observed that there is not much change in the crys-
tallinity of the nanocomposite. The TEM images of the Au-Pd/g-
C3N4 nanocomposite after performing five consecutive cycles of
photocatalytic degradation experiments and is represented in
Fig. 7B. The medium magnification TEM images as in Fig. 7B (a)
shows the presence of spherical bimetallic nanoparticles of Au-Pd
on wrinkled and folded sheets of g-C3N4 with a size distribution
of 47.3 nm (Fig. 7B (b)). The HRTEM image reveals the presence of
crystal lattice corresponding to both Au and Pd. Lattice fringes
corresponding to the (111) planes of Au and (200) planes of Pd face-
centered cubic (fcc) structures with an interplanar spacing of
0.23 nm and 0.19 nm, respectively is seen in Fig. 7B (c). The SAED
pattern also reveals the crystalline nature of the nanocomposite. It
is clear from the TEM images that the nanocomposite retains the
crystalline property even after performing five cycles of photo-
catalytic degradation experiments. Moreover, no noticeable change
Fig. 7. (A) XRD pattern; (B) TEM Images: Medium magnification TEM image (a) Size distri
composite after reaction.
in the morphology and size distribution has been observed. The
TEM images thus clearly reflect the stability of the photocatalyst.
The FESEM images of Au-Pd/g-C3N4 nanocomposite after per-
forming the photocatalytic reaction is shown in Fig. 7C which also
clearly show that no significant change in the surface morphology
of the nanocomposite.

4. Conclusions

Au-Pd/g-C3N4 nanocomposites was successfully designed by an
eco-friendly technique and compared the photocatalytic perfor-
mancewith Au-Pd/rGO nanocomposite reported previously. For the
first time, the Au-Pd/g-C3N4 and Au-Pd/rGO nanocomposites were
used as active photocatalyst towards oxidation of carcinogenic
phenolic compounds in water under both sunlight and UV-light.
Encouraging results with more than 95% degradation was ach-
ieved for all the selected pollutants using Au-Pd/g-C3N4 nano-
composite in presence of sunlight in 180min which is higher than
many other reported photocatalysts. Also, the degradation effi-
ciency of Au-Pd/g-C3N4 is higher than Au-Pd/rGO because incor-
poration of nitrogen atoms in the carbon skeleton of g-C3N4
provides much better properties than carbon based materials. g-
C3N4 with a band gap of 2.7 eV acts as an attractive visible light
bution (b) HRTEM (c) SAED pattern (d) and (C) FESEM images of Au-Pd/g-C3N4 nano-
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photocatalyst and since around 43% of the available solar energy
accounts to visible light and due to the SPR effect Au is capable of
absorbing more visible light so Au-Pd/g-C3N4 nanocomposite is
capable of harvesting more sunlight and thus acted better then Au-
Pd/rGO nanocomposite towards degradation of phenolic com-
pounds. Photoluminescence results further revealed the efficient
charge separation and delayed recombination of photo-induced
electron-hole pairs in the Au-Pd/g-C3N4 nanocomposite. Genera-
tion of reactive oxygen species during photocatalysis is well
explained through photoluminescence study and sustainability of
these photocatalyst was ascertained through reusability study up to
eight and five consecutive cycles for Au-Pd/g-C3N4 and Au-Pd/rGO
nanocomposites, respectively without substantial loss in its activity
which is much higher than any other reported nanocomposites.
Characterization of the photocatalyst after reaction indicated no
significant change in the size, crystallinity and morphology thus
assuring its stability and sustainability. This work is believed to
promote interest towards developing other such bimetallic nano-
particles on different 2D materials and exploring their potential in
the field of photocatalysis as well as other sustainable applications.
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