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HIGHLIGHTS

e Plasmonic photocatalyst comprising g-
C3Ny4, TizC, MXene and Au NP was
prepared.

e Photocatalyst was used for degradation
of a pharmaceutical pollutant cefixime.

o Optimized loading of MXene in photo-
catalyst leads to remarkable activity.

e Mechanistic investigation of catalytic
activity of novel ternary photocatalyst.
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ABSTRACT

The continuous rise in the amount of industrial and pharmaceutical waste in water sources is an alarming
concern. Effective strategies should be developed for the treatment of pharmaceutical industrial waste. Hence the
alternative renewable source of energy, such as solar energy, should be utilized for a sustainable future. Herein, a
series of Au plasmonic nanoparticle decorated ternary photocatalysts comprising graphitic carbon nitride and
TizCo MXene has been designed to degrade colourless pharmaceutical pollutants, cefixime under visible light
irradiation. These photocatalysts were synthesized by varying the amount of Ti3C, MXene, and their catalytic
potential was explored. The optimized photocatalyst having 3 wt% Ti3Cp MXene achieved 64.69% removal of the
pharmaceutical pollutant, cefixime within 105 min of exposure to visible light. The presence of the Au nano-
particles and MXene in the nanocomposite facilitates the excellent charge carrier separation and increased the
number of active sites due to the formation of interfacial contact with graphitic carbon nitride nanosheets.
Besides, the plasmonic effect of the Au nanoparticles improves the absorption of light causing enhanced pho-
tocatalytic performance of the nanocomposite. Based on the obtained results, a plausible mechanism has been
formulated to understand the contribution of different components in photocatalytic activity. In addition, the
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optimized photocatalyst shows excellent activity and can be reused for up to three cycles without any significant
loss in its photocatalytic performance. Overall, the current work provides deeper physical insight into the future
development of MXene graphitic carbon nitride-based plasmonic ternary photocatalysts.

1. Introduction

The rapid industrialization, increased global warming and depletion
of fossil resources have given rise to several environmental and energy-
related issues (Ashraf and Hanfiah, 2017; Kumar et al., 2021a). Espe-
cially, the pharmaceutical pollutants generated from various industrial
plants and hospitals when released directly into the water streams pose
threats to humans and aquatic life (Mohan et al., 2020). Hence, it is of
utmost importance to treat these pharmaceutical pollutants before
releasing into the environment. In this regard, several strategies have
been implemented to treat pharmaceutical waste, which involves
various chemical and physical methods, such as oxidation, adsorption,
reverse osmosis, ion exchange and ultrafiltration (Qin et al., 2015; Wu
et al., 2018). Though the use of these processes is limited as most of them
simply convert the pollutants from one form to another generating
secondary pollutants, which is not desirable. To avoid such issues,
photocatalytic processes have arisen as green and sustainable alterna-
tives to eliminate harmful pollutants using renewable sources of energy
(solar energy). Photocatalysis, in general, leads to the complete
decomposition of organic pollutants without producing any secondary
pollutants. Semiconductor-based photocatalysts show high catalytic
activity, high turnover number, strong oxidizing ability and several
other desirable properties, which make them promising candidates
(Chaker et al., 2016; Duoerkun et al., 2020; Sun et al., 2020).

Recently, graphitic carbon nitride (GCN) has gained tremendous
attention as a visible light active catalyst for the decomposition of
organic pollutants due to its moderate bandgap (~2.7 eV) and high
thermal and chemical stability (Cao et al., 2015; Choudhary et al.,
2021b; Mishra and Parida, 2021). Despite these excellent properties,
GCN exhibits fast recombination of charge carriers and low absorption
of visible light, which limits its photocatalytic activity (Dong et al.,
2015; Xiang et al., 2019). To improve the photocatalytic efficiency of
GCN, numerous strategies have been implemented, such as doping with
metals/non-metals and composite formation with other materials, etc.
(Bahuguna et al., 2018; Hasija et al., 2019). One such way of utilizing
noble metals along with GCN can remarkably enhance its photocatalytic
performance due to the plasmonic effect of the noble metals (Kumar
et al., 2021b). The surface plasmon resonance (SPR) effect arises from
the collective oscillation of surface electrons upon interaction with
incident photons of light. The phenomenon of SPR produces highly
energetic plasmonic electrons through non-radiative excitations, which
contribute to the enhanced photocatalytic activity (Li and Zhang, 2017).
Various metals, such as Ag (Jeong et al., 2018), Au (Cheng et al., 2019),
Pd (Khan et al., 2018), Ni (Pawar et al., 2019), Cu (DeSario et al., 2017)
etc. show plasmonic behaviour and have been utilized in combination
with the semiconductor materials for enhanced photocatalytic perfor-
mance. Among others, gold nanoparticles (Au NP) are highly praised
plasmonic materials due to their wide use in photocatalytic, biomedical,
photovoltaic and electronic applications (Leng et al., 2018). The use of
plasmonic Au NP along with GCN can remarkably enhance its light
absorption capability due to the plasmonic effect and prevent the fast
recombination of charge carriers due to the creation of the Schottky
junction at the Au/GCN interface (Song et al., 2019).

In addition to the use of noble metals, the formation of two-
dimensional (2D) heterostructures can also result in enhanced photo-
catalytic activity by facilitating fast charge transfer at the interface, thus
preventing the charge carrier’s recombination (Lin et al., 2018; Tang
et al., 2019). MXenes are newly discovered anisotropic 2D materials
having a structural formula of M;;1X,Tx (n = 1-3), where M corre-
sponds to the early transition metal, X represents C or N, and Ty presents

surface termination groups which can be -O, —F and —~OH (Anasori et al.,
2017; Wojciechowski et al., 2019). MXenes have a layered structure,
tunable elemental composition, large surface area and good structural
stability that makes them a potential candidate for photocatalytic ap-
plications (Zhu et al., 2017; Ding et al., 2019; Nguyen et al., 2020). The
surface termination groups provide hydrophilicity to their surface,
which tends to establish strong interactions with other semiconducting
materials. The terminal groups can be functionalized or modified
accordingly to promote the interactions. In addition, the excellent
electrical conductivity assures fast charge carrier transfer (Zhu et al.,
2017). MXenes also promote photoinduced charge carrier separation by
providing strong support for homogenous dispersion of semiconducting
material and simultaneous adsorption of reacting species (Su et al.,
2019). The 2D-2D GCN MXene heterojunctions can be formed via
electrostatic interactions and van der Waals forces. Due to the difference
in the Fermi energy levels of GCN and MXene, close contact between
them enhances the separation of photoinduced charge carriers at their
interface (Sun et al., 2018). In addition, the Schottky junction at the
GCN-MXene interface further assists the photogenerated electron
transfer and reduces the fast recombination of charge carriers. Thus, the
GCN-MXene heterojunction enhances photocatalytic activity
remarkably.

The focus of the manuscript is to rationally design and develop noble
metal decorated plasmonic photocatalysts with remarkably improved
photocatalytic performance for the elimination of pharmaceutical pol-
lutants from water. A series of novel ternary photocatalysts have been
synthesized using plasmonic Au NP, GCN and MXene nanosheets (AGM)
via electrostatic assembly. The role of each component is summarized
below:

(a) 2D GCN nanosheets are used as the semiconducting photo-
catalyst, which efficiently harvests energy from visible light.

(b) 2D Ti3Cy; MXene nanosheets act as excellent electron sink and
provide enhanced surface area beneficial for adsorption of pol-
lutants. In addition, due to metallic conductivity and the abun-
dant functional group of MXene, the incorporation of MXene as a
cocatalyst in the nanocomposite facilitates the interfacial sepa-
ration of charge carriers.

(c) Au NP promotes enhanced absorption of visible light through the
plasmonic effect and prevents the fast recombination of photo-
generated charge carriers.

Therefore, the present study uses above mentioned three compo-
nents to synthesize a series of AGM nanocomposites by varying the
MXene amount in the catalysts as 1, 3, 5 and 10 wt% with respect to
AGCN. The prepared AGM nanocomposites were thoroughly charac-
terized before and after treatment and being used for the photocatalytic
elimination of cefixime (a colourless pharmaceutical pollutant) from
wastewater under visible light. The amount of MXene content was
optimized, and a plausible mechanism is proposed with the help of
detailed mechanistic investigations. The AGM nanocomposites showed
excellent recyclability and can be reused without any significant loss in
photocatalytic performance. To the best of our knowledge, this is the
first report on a novel ternary plasmonic photocatalyst, Au-GCN-MXene
for the degradation of Cefixime pollutant. This work can pave the way
for the rational development of efficient and reusable photocatalysts for
wastewater treatment using MXene-based materials.
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2. Experimental
2.1. Materials synthesis

The procedure adopted for the synthesis of AGM nanocomposites is
illustrated pictorially in Scheme 1. The AGM nanocomposites were
synthesized via an electrostatic assembly route. In this method, the
surface charges of the protonated GCN and Ti3Cy MXene were examined.
From Zeta potential measurements, it is confirmed that GCN has a
positive surface charge (+18.5 mV) whereas Ti3Cy MXene has a surface
negative charge (—13.9 mV). The opposite surface charges can effec-
tively interact with one another to form a few layered GCN/MXene
heterostructures. Table 1 summarizes the nomenclature used for the
abbreviations and variables used throughout the manuscript.

2.1.1. Synthesis of Au NP

Typically, Au NP has been synthesized by reducing gold precursor,
gold (III) chloride trihydrate (HAuCl4-3H20) via the seed growth
method (Cheng et al., 2012). In brief, 0.00025 M of HAuCl, and xxx M
trisodium citrate are mixed together in 20 mL of deionized (DI) water.
Freshly prepared solution of 0.1 M NaBHj, is added to the above mixture
while stirring. The colour of the solution turns pink with the addition of
NaBH4 which indicates Au seed particles formation (seed solution). To
synthesize the growth solution, 3 g of cetyltrimethylammonium bromide
(CTAB) was dissolved in deionized (DI) water. Then, 19.7 pL of 0.00025
M HAuCl, was added to the CTAB solution, and the solution was heated
with continuous stirring until the solution changes its colour to clear
orange. Then the solution is allowed to cool down for further use.
Subsequently, the required quantities of seed solution, growth solution
and ascorbic acid (AA) are mixed to synthesize Au NP of desirable sizes.
In short, the growth solution (7.5 mL) was combined with 0.1 M AA
solution (0.05 mL) followed by the addition of seed solution (2.5 mL)
with constant stirring for about 15 min, and the change in colour of the
solution to wine red implying the formation of Au NP of size 5 nm
(approximately). Furthermore, to synthesize Au NP with a bigger size
(20 nm), the as-prepared solution of Au NP was used as a seed solution.
For this 1 mL of the seed solution was mixed with 9 mL of growth so-
lution and 0.1 M AA (0.05 mL) with continuous stirring. Finally, the
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Table 1
Nomenclature table for the abbreviations used.
Abbreviations  Definition Abbreviations  Definition
AA Ascorbic acid C Concentration
AGCN Au NP decorated GCN CB Conduction
band
AGMO1 Au NP GCN/MXene (1 wt% eV Electron volt
of MXene)
AGMO03 Au NP GCN/MXene (3 wt%  h' Holes
of MXene)
AGMO5 Au NP GCN/MXene (5 wt%  OH* Hydroxyl
of MXene) radical
AGM10 Au NP GCN/MXene (10 wt pL Microliter
% of MXene)
CTAB Cetyltrimethylammonium mg Milligram
bromide
CFL Compact fluorescence light mL Millilitre
EDX Energy dispersive x-ray M Molar
spectroscopy
Au NP Gold nanoparticles I-t Photocurrent
time
GCN Graphitic carbon nitride k Rate constant
IPA Isopropyl alcohol (% Superoxide
radicals
PEC Photoelectrochemical t Time
PL Photoluminescence VB Valence band
TEA Triethanolamine w Watt

wine-red solution with an approximate size of 20 nm Au NP is obtained.
The obtained Au NP were washed multiple times with DI water to
remove the surfactant for further use.

2.1.2. Synthesis of GCN nanosheets and protonated GCN nanosheets

The thermal polymerization method using NH4Cl as a gas template
was used for the synthesis of GCN nanosheets (Alam et al., 2019;
Choudhary et al., 2021a). Initially, 2 g dicyandiamide and 10 g of NH4Cl
were mixed in a mortar and pestle. To the resultant mixture, 50 mL of DI
water was added, and the mixture was heated at 100 °C overnight to
completely evaporate water. The obtained mixture was then crushed
into a fine powder and transferred to an alumina crucible. Further, the
crucible was heated with programmed heating rates (400 °C with a rate
of 5°C min’l; 500 °C with a rate of 2 °Cmin~! and 550 °C with a rate of

i \
Stirring,
30 min Calcination .
“*e_ # Protonation " _ e
e Heating 550 °C ->
o i
= 100 °C —— it
Dicyandiamide _—— -—
+NH,Cl + GCN nanosheets Protonated GCN
50 mL DI water nanosheets
Suspended L
in ethanol Sonication
10 h
Stacked Ti,C, MXene Few layered Ti,C,
MXene
e Au NP w .
e — + Electrostatic ‘-‘-
interactions :
e P -—— . >
Protonated GCN Few layered AGM nanocomposite
L nanosheets Ti;C, MXene )

Scheme 1. Pictorial demonstration for the demonstration of Au NP decorated GCN/MXene (AGM) nanosheets.
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1 °C min~') and then heated at 550 °C for 2 h. At elevated temperatures,
NH4Cl releases a gaseous product resulting in intercalated gaseous
bubbles, separating the GCN nanosheets. The crucible is allowed to cool
down, and the yellow powder obtained was GCN. For the protonation of
GCN, 3 g of GCN was ultrasonicated in 100 mL of HCI for 2 h. The re-
action mixture was further stirred at room temperature for 4 h. Finally,
the product was washed several times with DI water to obtain proton-
ated GCN.

2.1.3. Preparation of Au-GCN nanocomposite

The preparation of Au-GCN (AGCN) nanocomposite was done by
using an electrostatic self-assembly route. For this, 100 mg of protonated
GCN and 500 pL of as-synthesized Au NP were dispersed through soni-
cation in 20 mL of DI water for 1 h. The resultant mixture was then
stirred for 3 h at room temperature.

2.1.4. Preparation of Au-GCN-MXene (AGM) nanocomposites

The AGM nanocomposites were prepared via an electrostatic self-
assembly route (Xu et al., 2021). Initially, Ti3Co MXene was sonicated
in ethanol for 10 h. The few-layered Ti3Cy; MXene was further centri-
fuged and dried in the oven overnight for further use. To prepare the
desired nanocomposites, 1 wt%, 3 wt%, 5 wt% and 10 wt% of Ti3Cy
MXene were added to 100 mg of AGCN in 20 mL of DI water and further
sonicated for half an hour and kept stirred for 3 h. The obtained final
product was washed with DI water several times and dried in the oven
overnight. These nanocomposites were labelled as AGM01, AGMO03,
AGMO5 and AGM10, respectively. The real-time photographs of the
nanocomposites are shown in Fig. S1 (Supplementary data).

2.2. Photocatalytic pollutant degradation

The photocatalytic performance of the as-synthesized nano-
composites was investigated for the degradation of a colourless phar-
maceutical pollutant, cefixime. For the photocatalytic degradation of
cefixime (Kumar et al., 2018a) a previously reported procedure was
implemented. Typically, the as-synthesized photocatalyst (20 mg) was
suspended in a 50 mL aqueous solution of cefixime having a concen-
tration of 5 x 10™> M. The prepared dispersion was subjected to visible
light irradiation using two 45 W compact fluorescence light (CFL) lamps.
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Furthermore, 1 mL of aliquot solution was collected from the reaction
mixture after an interval of 15 min. The UV-visible spectroscopic
method was used to monitor the reaction progress.

2.3. Photoelectrochemical studies

The photoelectrochemical measurements were conducted using a
three-electrode photoelectrochemical (PEC) cell (Metrohm, Autolab).
To prepare the working electrode 4 mg of the photocatalyst was
dispersed in a mixture of Nafion (20 pL) and ethanol (500 pL).
Furthermore, the samples were evenly spread on an indium tin oxide
rigid glass substrate. A reference electrode (Ag/AgCl) and a counter
electrode (Pt wire) were used for the experiment. All three working,
counter and reference electrodes were dipped into 0.1 M NaSO;4 elec-
trolytic solution for PEC measurements. A 45 W compact fluorescent
lamp (CFL) emitting visible light was used as a source for visible light.
The PEC investigations of the prepared photocatalysts were done under
dark and light conditions.

3. Results and discussion
3.1. Structural studies

The x-ray diffraction (XRD) analysis was done to examine the crystal
structure and the purity of the nanocomposites (Fig. 1a). GCN exhibits
two characteristic diffraction peaks at 13.0° and 27.5°, corresponding to
the (100) and (002) reflection planes. The diffraction peak at 27.5° is
associated with interplanar stacking of aromatic systems, and the peak
at 13.0° arises due to in-plane tritriazine units. The XRD patterns of the
AGM nanocomposites predominantly exhibit the diffraction peaks
belonging to GCN, which is the main component of the nanocomposites.
In addition, the prepared nanocomposites also exhibited additional
diffraction peaks at 38.2° and 44.4° which corresponds to (111) and
(200) planes of Au NP confirming their presence (Chen et al., 2014;
Geng et al., 2017). For Ti3Cy; MXene, all the diffraction peaks obtained
match well with the reported literature (Debow et al., 2021). The
diffraction peaks at (002) and (004) shift to lower degrees together,
which indicates that the Ti-Al bond was interrupted. No new XRD peak
is observed in AGM nanocomposites which suggest that GCN and Ti3Cy
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Fig. 1. (a) XRD patterns and (b) Raman spectra of GCN, AGCN, Ti3C, MXene and AGM nanocomposites, (c) TGA plots of GCN, AGCN, Ti3C, MXene and repre-
sentative AGMO03 nanocomposite, UV-visible spectra of (d) GCN, AGCN and MXene, (¢) AGM nanocomposites and (f) solid-state DRS of GCN, AGCN, MXene and

AGM nanocomposites.
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are combined via electrostatic interactions (Peng et al., 2018; Sun et al.,
2018).

Fig. 1b depicts the Raman spectra for GCN, AGCN, MXene and the
prepared AGM catalysts. The spectra for GCN show three significant
peaks at 1560, 1233 and 708 cm ™. The peak centred at 1560 cm™*
arises due to the stretching modes of the C=N whereas the peak at
around 708 cm™! belongs to the breathing modes of the s-triazine ring.
The peak at 1233 cm ™! represents the imperfections or defects in the
graphite structure (Zinin et al., 2009; Pawar et al., 2015). For AGCN, the
peak intensity at 708 cm ™! is a bit enhanced due to the presence of Au
NP. The enhancement can be the plasmonic effect of the Au NP.
Although the amount of Au NP and Ti3C, MXene used is very small but
still the enhancement in the intensity of Raman peaks can be observed in
AGM nanocomposites (Zhao et al., 2016; Rajender et al., 2017).

The thermal stability of the prepared catalysts was examined by
thermogravimetric analysis (TGA) and the obtained plots are shown in
Fig. 1c. It is observed that GCN shows excellent thermal stability up to
540 °C as its initial weight loss percent is very low. The evaporation of
the water molecules adsorbed on the surface of the catalyst causes initial
weight loss. After 550 °C GCN starts decomposing, and by 650 °C,
complete disintegration of the GCN network was observed. Whereas
AGCN seems to be slightly more stable than GCN due to the presence of
Au NP. Further, the ternary nanocomposite, AGMO03 shows better sta-
bility than GCN and AGCN catalysts due to the presence of TizCo MXene.
As observed from the TGA plots, Ti3Cy MXene is quite stable up to
800 °C. Since the weight percent of TizCy MXene is significantly less in
the as-prepared nanocomposites, hence they are not as stable as Ti3Cy
MZXene (Gonzalez-Mendoza and Cabrera-Lara, 2015).

The UV-visible spectra of the as-prepared photocatalysts was
measured and is presented in Fig. 1d and e. GCN shows an intrinsic
absorption edge at around 470 nm, but in AGCN, a peak centred at 520
nm was also observed that belongs to the plasmonic band of Au NP
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(Abdelhalim et al., 2012; Cheng et al., 2013). No sharp absorption edge
is observed for TizCy MXene as it is a metallic and full-spectrum absorber
(Xu et al., 2021). Generally, the involvement of Ti3C,; MXene does not
result in an appreciable redshift in UV-vis spectra (Ran et al., 2017). In
the ternary AGM nanocomposites, the presence of a peak around 520 nm
corresponds to the Au NP in the nanocomposites. The capacity to absorb
radiation is reduced as the content of Ti3Cy MXene is increased. This can
be ascribed to the dark black colour of Ti3C; MXene, which hinders the
light absorption capability of the photocatalyst. The as-synthesized
photocatalysts were further analyzed by UV-visible diffuse reflectance
spectroscopy (DRS) for the examination of optical properties. The ab-
sorption band of the AGM is concentrated at around 375 nm, as GCN is
the main component in the catalysts. It was observed from Fig. 1e that
the addition of Au NP and Ti3Cz; MXene has resulted in the greater ab-
sorption of visible region. The absorption bands of the AGM photo-
catalyst covers the whole visible region which suggests that the
as-prepared catalysts are highly photoactive in nature (Yin et al,
2020; Ahmed et al., 2021; Kumar et al., 2021b).

3.2. Morphological and compositional studies

The morphology and structure of the nanocomposites prepared were
verified by using the scanning electron microscopic (SEM) technique.
Fig. 2a, b shows the SEM image for GCN, which indicates that GCN has a
lamellar structure consisting of an irregular thin sheet (Tan et al., 2015).
Small-sized Au NP were found to be deposited on the surface of GCN
Fig. 2c and d resulting in the formation of AGCN nanocomposite.
Fig. 2e—f shows the typical morphology of the TizCy MXene.
Un-delaminated TizCy MXenes were found to be of stacked morphology
with multi-layered structure (Fig. 2e) (Cao et al., 2017; Feng et al.,
2019), but on sonication, the Ti3C, MXene structure is swelled in such
that it converts into a flake-like structure which is indicative of the fact

N
h OF Au Au 151 011

I
0.1 14 27 4.0

Fig. 2. SEM images of (a, b) GCN, (c, d) AGCN, (e, f) TizC, MXene, (g h) AGMO03 and (i) EDX spectrum of AGMO03 photocatalyst. Insert of (i) represents the weight
and atomic percentage of the elements presented in the representative AGM03 nanocomposite.



A. Kumar et al.

that the delamination process has been achieved as shown in Fig. 2f
(Feng et al., 2019). The morphology of the prepared ternary nano-
composites, AGM03, was also observed, predominantly showing 2D
nanosheets (Fig. 2g and h). The existence of all the elements in the
AGMO3 photocatalyst was further confirmed by energy dispersive x-ray
spectroscopy (EDX). Finally, the weight and atomic percentage of the
elements in the representative photocatalyst, AGM03 are shown in
Fig. 2i (insert).

The nanoscale morphologies of the as-synthesized catalysts were
investigated through transmission electron microscopy (TEM). Fig. 3a—c
shows the TEM images of GCN at different scales, which depicts crum-
bled sheet-like morphology. TEM images of Ti3C MXene show compact
sheet-like morphology formed due to the stacking of thin layered
nanosheets (Fig. 3d-f). Fig. 3g-i represents the TEM images of the
AGMO3 catalyst, which shows the 2D nanosheets-like morphology,
wherein the GCN and Ti3C,; MXene nanosheets are stacked upon one
another. The AGMO03 nanocomposite shows uniform distribution of Au
NP over the 2D-2D heterostructure. Fig. 3j shows the EDX spectra of
AGMO03 nanocomposite, which reveals the existence of constituent
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elements. Fig. 3k-p presents the elemental mapping images of AGM03
nanocomposite that confirm the presence and homogeneous distribution
of all the elements.

The chemical composition and interactions between GCN, Au NP and
Ti3Cy; MXene were analyzed using XPS analysis. The survey spectra
(Fig. S2, supplementary data) show the existence of C, N and O in GCN
structure. The survey spectra of TizC MXene, binding energy peaks at
285.1, 455.5, 531.9 and 685.1 eV corresponding to C 1s, Ti 2p, O 1s and
F 1s, respectively, wherein the F-species arises from the functionality
and O species from surface oxygen/hydroxyl groups. The survey spec-
trum of AGMO03 nanocomposite confirmed the presence of C, N, Ti, O
and Au in the as-prepared material. Specifically, peaks at 399.2, 288.1,
532.1, 458.6 eV and 83.2 are attributed to N 1s, C 1s, O 1s, Ti 2p and Au
4f. High-resolution XPS spectra in the C-1s region of the Ti3Cy MXene
revealed three main peaks occurring at 284.8, 286.5 and 288.2 eV,
which may originate from Ti-C, C-C and C-O interactions, respectively
(Fig. 4a). The main peak at 288.2 eV in the C-1s XPS spectra in AGM03
indicates the existence of the N=C-N5 coordination (Wen et al., 2017).
The N 1s can be fitted into two peaks at 398.7 eV and 400.5 eV, which

Fig. 3. TEM images of (a—c) GCN, (d-f) Ti3C, MXene, (g-i) AGMO03 nanocomposite and (j) EDX spectra of AGM03 nanocomposite, (k-p) elemental mapping of

representative AGMO03 nanocomposite.
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Fig. 4. X-ray photoelectron spectra of (a) C 1s, (b) N 1s, (c) Ti 2p, (d) F 1s, (e) O 1s and (f) Au 4f of AGMO03 nanocomposite.

indicates the presence of pyridinic-N and pyrrolic-N atoms (Fig. 4b) (Tan
et al., 2015; Wen et al., 2017). Furthermore, the Ti-2p peak can be
deconvoluted into multiple peaks indicating the presence of Ti-C, Ti-X
and Ti-O bonds (Fig. 4c). The single peak at 684.3 eV corresponds to
the Ti-F bond in the nanocomposite arising from the F functionality in
the Ti3Cy MXene (Fig. 4d). The peaks for O 1s at 529.9 and 532.2 eV can
be assigned to Ti-O and C-Ti-Oy or C-Ti-(OH)y, respectively, as shown in
Fig. 4e (Halim et al., 2016; Cao et al., 2017; Shah et al., 2017). The Au 4f
spectra are deconvoluted into two different peaks at 83.2 and 86.8 eV
that can be attributed to Au 4f;/, and Au 4fs 5, respectively, confirming
the metallic state of Au NP as shown in Fig. 4f (Tunc et al., 2005).

Brunauer-Emmett-Teller surface area (Sggy) technique was used to
determine the surface properties of the photocatalysts, and the obtained
results are summarized in Table S1 (supplementary information). It was
observed that the surface area of AGCN catalyst was found to be higher
than that of GCN due to the incorporation of small size Au NP. The
AGMO3 nanocomposite exhibits the highest surface area due to the
incorporation of Au NP and Ti3Cy MXene nanosheets. The higher surface
area of nanocomposites, is quite favourable for the high adsorption of
the pollutants, thereby resulting in enhanced photocatalytic activity.
The incorporation of Ti3Cy MXene nanosheets leads to more numbers of
surface active sites in AGCN, thus enhancing the tendency of pollutant
adsorption (Zhang et al., 2010).

3.3. Photocatalytic pollutant degradation studies

The photocatalytic potential of the catalysts was investigated for the
mineralization of a colourless pharmaceutical pollutant, cefixime (the
chemical structure is shown in Fig. S3, supplementary data) was per-
formed under visible light irradiation. The progress of the decomposi-
tion process was monitored using UV-visible spectroscopy. A constant
decrease in the absorbance peak of cefixime (centred at 286 nm) was
found with respect to time. The time-dependent UV-visible spectra for
the decomposition of cefixime are shown in Fig. S4 (supplementary
data). To calculate the degradation percentage the following eq. (1) was
used (Zhu et al., 2016):

C{) — Ct

o

% degradation = x 100 (@D)]

Here, Cj is the concentration of the pollutant at time 0 min and C; is
the pollutant concentration after time t min.

The histograms depicted in Fig. 5 represent the decomposition of
cefixime under visible light using different photocatalysts. Also, two
control experiments, one without catalyst (WC) and another under dark
conditions were performed to ensure the photocatalytic potential of as-
prepared catalysts. The percentage degradation of cefixime observed
WC, under dark conditions, with GCN, AGCN, AGM01, AGM03, AGM05
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Fig. 5. (a, b) Kinetic curve of cefixime decomposition, (c) histogram presenting the degradation rate (%) of cefixime and (d) rate constants for all the catalysts under
visible light, (e) schematic illustration of photocatalytic decomposition mechanism of cefixime using AGM nanocomposites under visible light illumination.

and AGM10 under visible light irradiation was shown in Fig. 5a, c. In the in the degradation process. GCN shows approximately 41.63% of
absence of photocatalysts, very low (9.00%) degradation of cefixime cefixime degradation in 105 min under visible light irradiations. The
was found when illuminated with visible light. Under dark conditions, small-sized Au NP decorated over GCN (AGCN photocatalyst) increases
the degradation was just 8.30% which confirms the role of visible light the photocatalytic activity to 44.99% due to their plasmonic effect.
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Among all the AGM nanocomposites, the highest catalytic activity
(64.69%) is shown by the AGMO03 nanocomposite which can be ascribed
to the combined effect of plasmonic Au NP and Ti3C,; MXene due to
which the rate of generation of active species is enhanced, whereas the
charge recombination rate is reduced to an appreciable extent.
Furthermore, for AGM05 and AGM10 nanocomposites, the photo-
catalytic activity is decreased to a certain extent which can be attributed
to the higher content of MXene, which gets deposited over the surface of
GCN nanosheets and does not allow visible light to pass through to reach
active sites of GCN. As a result, there is a limited generation of photo-
induced charge carriers, which further decreases the number of active
species, thereby decreasing the degradation rate. Besides, the kinetics of
the degradation was fitted with the model reactions, as shown in Fig. 5b.
It was observed that the degradation of cefixime follows the pseudo first-
order model as mentioned in eq. (2).

~In(C,/Co) = kt 2

Here, k is the rate constant for the degradation process.

Furthermore, based on the acquired results, a plausible photo-
catalytic mechanism has been formulated which is depicted in Fig. 5e. In
brief, on illuminating visible light, the electrons get excited from the
valence band (VB) to the conduction band (CB) in GCN, thereby
generating electron-hole pairs. Since the Fermi energy level of the n-type
semiconductor, GCN, is at a higher negative potential value than the
Fermi energy level of Ti3Cy MXene, the photoinduced electrons will
move from GCN CB to the surface of highly conducting TizC,; MXene
(Ding et al., 2019). GCN and TigCy; MXene components, when used
individually as catalysts, suffer from many limitations, the major being
the fast recombination rate of electron-hole pairs which results in
decreased photocatalytic activity. However, if used combinedly with
GCN and Ti3Cz MXene, the electrons from GCN are transferred to Ti3Cy
MXene, where a fixed positive charge is developed near the GCN and
TizCy MXene heterojunction, resulting in the formation of the Schottky
barrier which aids in ruling out this major limitation of recombination to
some extent (Yin et al., 2020). Also, the free electrons in Au NP move to
higher energy levels due to the SPR effect, which further transfers from
to the CB of GCN or to Ti3C,; MXene nanosheets. Now, these electrons
will react with adsorbed water molecules to form active radical species,
superoxide anion (O3*) and hydroxyl radical (OH*) species, responsible
for the degradation of cefixime (Wojciechowski et al., 2019; Biswal
et al., 2021). Hence, it can be concluded that the electron transfer in-
volves two pathways. One is via the Schottky junction, which effectively
captures the existing electrons and acts as an electron trap. Secondly, the
strong plasmonic effect of Au NP, leads to the fast transport of electrons
in the composite photocatalyst (Kumar et al., 2021b). The proposed
mechanism is in good agreement with earlier reported literature (Mos-
tafaloo et al., 2019; Salimi et al., 2019; Zhang et al., 2021). On illumi-
nating visible light, electrons will excite to the CB of GCN, leaving the
electrons in the VB (eq. (3)). The Au NP shows the SPR effect when
illuminated with visible light resulting in the production of highly en-
ergetic hot electrons. However, in the nanocomposite Au NP plays a dual
role, as an electron acceptor due to its lower Fermi energy level than CB
of GCN and as a photosensitizer to capture light photons due to the SPR
effect (egs. (4) and (5)) (Clavero, 2014). In addition to this. Au NP can
also transfer its electrons to Ti3Co, MXene as the Fermi energy level of
this material is lower than the Fermi energy level of Au NP (eq. (6)).
Furthermore, electrons in Au NP and Ti3Co MXene, and separated
electron-hole pairs in GCN, will react with the adsorbed water molecules
resulting in the formation of hydrogen peroxide and finally OH* (egs. (7)
and (8)) (Biswal et al., 2021a; Chen et al., 2021). Ultimately, these OH*
reacts with the pollutant molecule, cefixime to give the fragmented
products (eq. (9)). The degradation of cefixime using AGM nano-
composites under visible light irradiation can be depicted by the
following equations:

GCN -+ hv (visible light) - GCN (ecg + hyg) 3
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Au NP + visible light — Au (epor) “4)
Au (epop) + GCN — Au + GCN (ecp) 5)
Au (ene) + Ti3C, MXene — Au + TizC, MXene (e7) 6)
e~ (GCN/Au/ Ti3Cy MXene) + O, + 2H' — H,0, — OH* @)
hyg (GCN/Au) + H,0 — OH* )]
OH* + Cefixime — Degraded products 9

Furthermore, to support the photocatalytic mechanism of the
nanocomposite active species trapping experiments were performed
under visible light irradiations (Fig. 6a). For the mineralization of the
pollutant, the active species such as superoxide radicals (O3 *), hydroxyl
radicals (OH*) and holes (h™) are playing the important role. The trie-
thanolamine (TEA), isopropyl alcohol (IPA) and chloroform was used as
a radical active scavenger for h, OH* and O3°, respectively. The hy-
droxyl radical scavenger IPA gives almost no suppression effect on the
removal of cefixime from the system indicating the minor role of the
hydroxyl radicals in the degradation process. Consequently, the O3*
radical scavenger shows a slight suppression effect, indicating the
comparatively higher contribution of O3 radicals in the process. In the
presence of TEA, the remarkable decrease in the photocatalytic perfor-
mance of the catalyst revealing h™ acts as major active radical for the
degradation of cefixime under visible light irradiations. The photo-
catalytic performance of the as compared photocatalyst was compared
with the previously reported GCN-based photocatalysts as shown in
Table S2 (supplementary data). The table illustrates the comparison of
irradiation source, pollutant concentration, catalyst amount and
degradation efficiency of different pollutants.

3.4. Photoluminescence and photoelectrochemical investigations

Photoluminescence (PL) investigations were used to study the in-
fluence of the photogenerated charge carriers on the photocatalytic
activity and the obtained results are presented in Fig. 6a. To record the
PL spectra of the nanocomposites, 360 nm was used as the excitation
wavelength. Upon illumination of the samples under visible light irra-
diations, electrons get excited to higher energy levels. When these
excited electrons come back to lower energy levels, the emitted energy
can be recorded in the form of photoluminescence. The faster the
recombination of the charge carriers, lower the photocatalytic perfor-
mance. Fig. 6b shows that the highest emission peak at 440 nm can be
ascribed to the charge carrier recombination band transitions. The
lowest intensity of the AGMO3 nanocomposite indicates the slow
recombination rate of the charge carriers, thereby expected to show the
best photocatalytic performance. Furthermore, it was found that the
increase in the GCN content results in an agglomeration that starts
acting as recombination centres for the photoinduced charge carriers
(Kumar et al., 2018b).

Further, to confirm the effective separation of the charge carriers
(electrons and holes), photoelectrochemical (PEC) investigations were
performed. Fig. 6¢ shows the photocurrent time (I-t) curves of GCN,
AGCN and AGMO3 nanocomposite under visible light irradiations. In the
absence of the light photons, the photocurrent decays to zero suggesting
the recombination of charge carriers. On illuminating visible light, the
observable photocurrent density in GCN is because of the effective
separation of photogenerated charge carriers. The addition of Au NP
enhances the photocurrent density of the nanocomposite which can be
ascribed to the formation of the Schottky junction between Au NP and
GCN that promotes charge carrier separation at interfaces. In addition to
this Au NP also acts as a plasmonic photosensitizer under visible light.
The highest photocurrent density of the AGM03 nanocomposite (~5 pA
cm~2) can be ascribed to the synergistic effect of the presence of Au NP
and Ti3CyTx MXene nanosheets. MXene nanosheets are excellent
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Fig. 6. (a) Active species trapping experiments of AGM nanocomposite using TEA, IPA and chloroform under visible light irradiations. (b) Photoluminescence spectra
of AGM nanocomposites, (¢) transient photocurrent responses and (d) Nyquist plots of GCN, AGCN and AGMO03 nanocomposite.

acceptors and transporter of electrons due to their conducting nature.
This justifies the role of the Au NP and MXene nanosheets in improving
the lifetime of the photogenerated charge carriers to enhance the pho-
tocatalytic performance of the AGM.

Electrochemical impedance spectroscopy (EIS) studies of control
samples and as-prepared nanocomposites were examined under visible
light illumination. The obtained Nyquist plots are shown in Fig. 6d. The
diameter of the semicircle signifies the resistance of charge transfer at
photocatalyst/electrolyte interfaces. For instance, the AGMO03 compos-
ite samples showed a small diameter of the semicircle compared with
other samples. This indicates that the presence of the Au NP and MXene
nanosheets drastically enhances the charge transfer across the interface.

In practical application, the sustainable performance of photo-
catalyst after each cycle of the water treatment process is crucial.
Therefore, the recyclability of the benchmarking nanocomposite,
AGMO3 up to three cycles was tested for the degradation of cefixime.
The nanocomposite was recovered and washed several times after the
completion of every cycle. Only a minor decrease in the photocatalytic
activity was observed even after the completion of three cycles, indi-
cating the reusability of the photocatalyst (Fig. S5a, supplementary
data). The structural integrity of the recovered photocatalyst was
analyzed using XRD and SEM techniques after three cycles as shown in
Fig. S5b and Fig. S5c (supplementary data), respectively. It is observed
that even after 3 cycles, the AGMO3 photocatalyst was highly stable and
structurally intact.
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4. Conclusions

In summary, it was successfully demonstrated that the simultaneous
loading of plasmonic Au NP and TisCy MXene as co-catalysts can
effectively boost the photocatalytic performance of GCN for the removal
of a colourless pharmaceutical pollutant. Herein, a novel plasmonic
photocatalyst consisting of Au NP, GCN and Ti3C, MXene nanosheets
has been designed using an electrostatic assembly route. The optimized
photocatalyst having 3 wt% Ti3C, MXene exhibits remarkably enhanced
photocatalytic performance due to the mutual effect of different mate-
rials used, which facilitates excellent charge carrier separation and an
increased number of active sites. Impressively, the heterojunction
formed due to dual cocatalysts (Au NP and Ti3Co MXene) onto the
semiconducting material GCN provides distinguished features of excel-
lent charge separation and transport, abundant reaction sites, efficient
harvesting of visible light, thereby exhibiting the 64.7% removal of the
cefixime in 105 min which is much higher than bare GCN. On increasing
Ti3Cy MXene content beyond 3 wt%, a decrease in the photocatalytic
performance was found, due to the hindrance to the light photon ab-
sorption because of an excessive amount of Ti3Cy MXene. This work
unlocks new opportunities for the development of highly efficient
MXene-based multi-component plasmonic photocatalysts for elimi-
nating harmful water pollutants.
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