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A B S T R A C T   

Pharmaceutical industry wastewater is causing an increased risk of resistant pharmaceutical micropollutants 
(PMP) e.g. antibiotic resistant bacteria (super bug) in the ecosystem. Amongst variety of wastewater treatment 
approaches, Advanced oxidation processes (AOPs) employing photocatalysis provides a cost-effective and sus
tainable approach for fixation of PMP in an economical and efficient manner to counter the potential risks. Until 
today, tremendous efforts have been made to trig the performance of photocatalytic wastewater treatment, with 
the key focus on development of cost-effective, efficient and a moderately stable photocatalyst. Such attempts 
succeeded with different types of photocatalysts using different synthesis techniques. In recent years, graphitic 
carbon nitride (GCN) has emerged as one of the cost effective, moderately stable, nontoxic and efficient pho
tocatalyst, and has been scarcely studied specifically for pharmaceutical micropollutants (PMPs) degradation. 
Hence, considering these factors alongside the facile synthesis and moderate optical absorption of GCN, an effort 
was made in the present work with effective customization of GCN i.e. silver (Ag) doping to extend light ab
sorption in visible light range which may enhance the photocatalytic performance for Ciprofloxacin (CIP) 
degradation. The optimization of photocatalytic performance was executed with varied Ag dopant content to 
obtain an optimum sample with supreme photocatalytic activity for the maximum degradation of CIP, a common 
antibiotic. The best Ag-doped GCN sample (0.1 AGCN) exhibits a photocatalytic degradation efficiency of 84%, 
which is 2.15 times greater than pure GCN (39%). The obtained results showed that the strategy of Ag doping 
substantially enhances the photocatalytic performance, thus offering an efficient mean for developing visible 
light active photocatalyst for PMP removal and encouraging further research. The photocatalytic performance of 
the prepared samples was evaluated by degradation of CIP under visible light irradiation. Several character
ization techniques were used to characterize and analyze the prepared samples, such as X-ray diffraction (XRD), 
Scanning electron microscopy (SEM), Raman spectroscopy, Fourier Transform Infrared (FTIR) spectroscopy, UV 
Visible absorption, and Photoluminescence (PL) spectroscopy.   

1. Introduction 

An increase in world population and human activity on the planet 
has triggered and progressively encouraged the contamination of the 
environment via different types of organic and inorganic pollutants 
(Belhaj et al., 2015). Out of the many environmental risks, water 
pollution, and contamination is one of the major and potential challenge 
desired to be fixed on a prime basis (Schweitzer and Noblet, 2018). 

Water contamination is mainly caused by improper disposal of waste
water from various industries such as textile, agricultural, fertilizer, 
leather and tannery, cosmetics and pharmaceutical etc. Hence, rapid 
industrialization and development improve human lifestyle and com
fort, on contrary, it comes with severe environmental issues directly 
influencing human life, wildlife, aquatic habitats, climatic changes, and 
global warming (Demir et al., 2014). Amongst various industries, 
pharmaceutical industry contributes vitally to water pollution via 
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improper disposal of certain important drugs such as antibiotics, anti
septics, steroids, and hormones (Chander et al., 2016). The excessive 
and/or undesirable medicines are disposed directly to sewage water, 
affecting the environment directly, which may lead to stable, and 
complex nature of the pharmaceutical micropollutants (PMP) pertaining 
for a long duration. Moreover, PMP can penetrate the surface and 
groundwater, portraying a major threat to human life and the 
ecosystem. Thus, pharmaceutical micropollutants (PMP) are considered 
a potential threat to the ecosystem because of their recurrent usage and 
presence in high concentrations among various environmental bodies 
(Verlicchi et al., 2012). The PMP, including antibiotics, are mostly 
complex organic compounds in nature with diverse physiochemical and 
beneficial properties (Kümmerer, 2009). Along with their countless 
benefits, these PMPs, specifically antibiotics, are devastating the ecology 
of developing countries (Rehman et al., 2015). Antibiotics have also 
increased the number of antibiotic-resistant bacteria termed as “SUPER 
BUG” in the environment. It is estimated that around 700,000 deaths 
around the world are caused by such bacterial infections (Abromaitis 
et al., 2022). Recently, during the COVID-19 pandemic, the use of 
pharmaceutical and personal care products increased by 80% between 
2020 and 2022, with increased consumption and releasing of pharma
ceutical drugs and antibiotics (Chen et al., 2021; Conceicao et al., 2023). 
Around the world, 667 million people were affected by COVID-19. Due 
to such a vast level of effects in almost every part of the world, the use of 
pharmaceutical drugs and antibiotics has greatly increased which has 
led to biohazardous effects on aquatic and land environments. There
fore, after such a calamity, the presence of PMPs in the ecosystem is 
inevitable, and strategies must be developed for their removal from the 
environment (Khan et al., 2023; Parasuraman et al., 2023b). 

Among the antibiotic drugs, ciprofloxacin (CIP), introduced in the 
1980s, a second-generation fluoroquinolone antibiotic with a quinolone 
structure and piperazine part, is the most widely used to treat many 
bacterial infections and illnesses through antimicrobial action (Shehu 
Imam et al., 2018). It is established that along with other PMPs, cipro
floxacin is present in wastewater sources near relevant industries, hos
pitals, clinics, and sewage waste. Further, CIP possesses more complex 
segmented adsorption in the sediments, which are difficult to remove 
from the environment (Ashfaq et al., 2019). Hence, it is necessary to 
purify water from such persistent PMP at an early stage by employing a 
more sustainable and viable treatment approach that can be easily 
implemented by these pharmaceutical industries for a better ecosystem 
(Sirés and Brillas, 2012). 

Various treatment methodologies/approaches for fixing/degrading 
the PMP include ozonation, membrane technology, adsorption, 
advanced oxidation processes (AOPs), chemical and biological treat
ments (Eniola et al., 2022). Among these techniques, chemical treatment 
offers coagulation-flocculation method (Ghazal et al., 2022). Activated 
carbon and cellulose membranes are also widely used to remove CIP 
from wastewater, where 27% elimination of CIP was observed using 
cellulose membrane (Bera et al., 2022; de Ilurdoz et al., 2022). 
Advanced oxidation processes (AOPs), including electrochemical 
oxidation (EO), ozonation, and Fenton process (FP), are the most 
promising treatment technologies used worldwide for wastewater 
treatment. AOPs based on ultraviolet radiation (UV/H2O2) technology 
for CIP removal from wastewater are an alternative to conventional 
AOPs (An et al., 2010). Biological treatment is also attractive treatment 
technology in which Anaerobic Digestion (AD) is the most prominent 
method under the anaerobic method, whereas the Biological Aerated 
Filter system (BAF) is the most widely used technique under the aerobic 
method (Lakatos, 2018). 

Under the domain of AOPs, photocatalytic wastewater treatment 
employs semiconductor materials (acting as a photocatalyst) which 
become active under light irradiation, a free source of energy, charges 
are generated at the photocatalysts surface which reacts with the target 
pollutant ultimately oxidizing into less or nonhazardous products. 
Hence photocatalysis provides a cost effective and efficient way to fix 

the PMP in wastewater. 
Until today, an extensive amount of research has been done for the 

development of photocatalytic materials mainly metal oxides including 
TiO2, ZnO, Fe2O3, WO3, Cu2O, and LaFeO3 etc. These photocatalysts 
possesses key benefits of low cost, favorable redox potential, improved 
chemical-physical stability, and friendly behavior towards environment 
(Aruljothi et al., 2023; Bahnemann, 2004; Bhuvaneswari et al., 2021). 
Besides their pros, the cons of these photocatalysts include photo- 
corrosion effect causing lower stability during photocatalysis, and 
limited light absorption due to wider band gap, restricted to UV light 
region which comprises 4–5% of terrestrial light (Lee et al., 2016; Par
asuraman et al., 2023a). As an example, case of TiO2 which is considered 
as a standard photocatalyst, absorbs only UV light due to its wide band 
gap (3.2 eV), and to some extent recombination of photogenerated 
electron and hole pairs, thus limiting its ability to perform for a wider 
scale of applications (Bhuvaneswari et al., 2023; Lee and Park, 2013). 
Therefore, a necessity to synthesize visible light active photocatalyst, 
with minimized photogenerated carrier recombination arises with spe
cific application of wastewater treatment in a cost-effective manner. 

Visible light active photocatalysts have got recognition among re
searchers as a major portion of sunlight is visible light (approx. 
40–45%), and can be utilized effectively in photocatalytic applications. 
Among visible light active photocatalysts, graphitic carbon nitride 
(GCN) in the last decade has gained enormous attention due to its simple 
synthesis, stable and non-toxic behavior, and band gap falling within 
visible light range (Zheng et al., 2016). GCN is a material with an 
average band gap of 2.9 eV, and decent visible light response up to 460 
nm (Du et al., 2012). With these features of low cost, simplistic prepa
ration, good chemical stability, and band gap, GCN is an optimal pho
tocatalyst to be used in photocatalytic applications. Despite of admirable 
advantages, photocatalytic performance is still restricted mainly due to 
quick recombination of photogenerated electron-hole pairs, low surface 
area, and insufficient visible light absorption (Xu et al., 2018). In liter
ature, certain modification approaches are reported for GCN modifica
tion with the aim of enhanced performance such as metals and non- 
metals doping, GCN exfoliation, sensitizers loading, coupling with 
other photocatalytic materials resulting in heterojunction like Z-scheme 
etc. (Jiang et al., 2017; Kumar et al., 2020; Li and Shi, 2016; Rabbani 
et al., 2023; Raizada et al., 2020; Shanmugam et al., 2023; Wen et al., 
2018). The photocatalytic performance enhancement by simply doping 
of GCN is one of the uncomplicated and effective strategies for nar
rowing of band gap leading to increased optical absorbance and active 
sites. Furthermore, the dopants in the GCN network also inhibit charge 
recombination and increase surface area. Consequentially to improve 
the photocatalytic performance of GCN, established focused is on 
enhancement of optical absorption, minimization of photoexcited 
charges recombination and improved surface area. 

Thus, being inspired by the imperative effects of doping strategy, the 
present work portrays a facile synthesis approach for silver (Ag) doped 
GCN and its application for CIP, a potential PMP, degradation. Ag metal 
is doped into GCN, narrowing down its band gap, in turn extending its 
visible light absorption with outcome of improved photocatalytic ac
tivity for CIP degradation. The Ag dopant concentration is varied and 
optimized with respect to CIP degradation. The compelling aspect of Ag 
doped GCN is its superior photocatalytic performance under 5 W LED 
white light irradiation. Additionally Ag doping also suppresses the 
photogenerated charge recombination and variation in morphology. 

2. Experimental section 

2.1. Chemicals and reagents 

Urea (NH2CONH2 ≥ 99%) was purchased from PENTA CHEMICALS 
UNLIMITED and was used for synthesis of GCN. Silver nitrate (AgNO3, 
ACS grade ≥ 99%) was purchased from VWR CHEMICALS and was used 
for doping. Both chemicals were used as obtained without any 
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modification. Deionized (DI) water was used as a solvent and obtained 
from Aqua Flow (Made in Taiwan) reverse osmosis water purifier system 
for washing throughout the experimentation. Ciprofloxacin (CIP) anti
biotic was obtained from Pakheim International Pharmaceuticals Pvt. 
Limited and used as a targeted pollutant to evaluate photocatalytic 
activity. 

2.2. Synthesis of pure graphitic carbon nitride (pure GCN) 

Pure graphitic carbon nitride (pure GCN) was prepared using a 
conventional thermal polycondensation process. In brief, 20.0 g of urea 
was taken in a 100.0 ml ceramic crucible and placed in a muffle furnace 
at 550 ◦C for 3 h in static air. The obtained light-yellow powder after the 
completion of the process was taken out, well-grounded using mortar 
and pestle, washed using centrifugation, and dried at 70 ◦C overnight. 
The obtained product was given the name pure graphitic carbon nitride 
(pure GCN) (Das et al., 2018; Guo et al., 2020, 2017; Zhang et al., 2013). 

2.3. Synthesis of silver doped graphitic carbon nitride (x-AGCN) 

Silver (Ag) doped GCN was synthesized in a similar manner as pure 
GCN was synthesized with minor modification. In brief, 10.0 g of urea 
with a specified amount of silver nitrate (AgNO3) was dissolved in 50.0 
ml D.I water via stirring for 30.0 min using a magnetic stirrer. After 
proper dissolution, an alight milky mixture obtained, is evaporated on a 
hot plate under continuous stirring at 70 ◦C. The white crystalline dried 
crust obtained in the beaker was collected and transferred to a ceramic 
crucible, which is subjected to a thermal polycondensation process (like 
pure GCN) in a muffle furnace at 550 ◦C (3 h). The as-prepared powder 
was collected, grounded, washed, filtered, and then subjected to over
night drying in an oven at 70 ◦C. Five different samples of silver (Ag) 
doped GCN were prepared by varying the amount of silver nitrate 
(AgNO3) = 0.05 g, 0.07 g, 0.1 g, and 0.13 g to obtain optimal photo
catalysts based on photocatalytic performance in accordance to CIP 
degradation. The different samples prepared were designated as x-AGCN 
(where x  = 0.05, 0.07, 0.1, and 0.13 g of AgNO3). 

2.4. Materials characterization 

Crystallinity of the prepared samples was investigated by obtaining 
X-ray diffraction (XRD) patterns of the prepared samples using a PAN
alytical X-pert Powder diffractometer, Pro DY38059, employing Cu Kα 
radiations of 0.15406 nm. The presence of inorganic and organic com
pounds and structural bonds was identified using a Fourier transform 
infrared spectroscopy (FTIR THERMO NICOLET 6700 USA). The 
electron-hole pairs recombination are studied using Photoluminescence 
(PL) spectroscopy. The prepared sample’s chemical structure, crystal
linity, and molecular interactions were investigated by obtaining 
respective Raman spectra. Raman and photoluminescence (PL) were 
examined with the laser excitation source of 514 nm and 457 nm, 
respectively, by InVia Raman Microscope by RENISHAW UK. The pre
pared samples surface morphology and elemental composition were 
determined by obtaining images via Scanning electron microscopy 
(SEM) with the help of JSM-6490A equipment possessing built-in 
function of energy dispersive X-ray spectroscopy (EDX) for elemental 
composition analysis. The optical absorption of the prepared samples 
was investigated by obtaining UV–VIS absorption of the dilute suspen
sions of samples using a UV-1602 spectrometer provided by Biotech
nology Medical Services (BMS). 

The band gaps (Eg) of the prepared samples were estimated by using 
the Tauc’s relation (Sarwar et al., 2023): 

(αhν)n
= A(hν − Eg) (1)  

where α is the molar absorption coefficient, A is a constant, Eg is the 
average band gap of the material, n is the number of transitions, and hv 

is the photon energy. 

2.5. Photocatalytic activity measurement 

The prepared photocatalysts activity was evaluated by the degra
dation of Ciprofloxacin (CIP) micropollutant under visible light irradi
ation. The photocatalyst samples include pure GCN, 0.05-AGCN, 0.07- 
AGCN, 0.1-AGCN, and 0.13-AGCN. Typical, 10.0 ppm CIP solution was 
made in 100.0 ml D.I water, and its UV–VIS spectrum was determined 
for the photocatalytic degradability comparison with dark and under 
light irradiation. The solution was then poured into a photocatalytic 
glass reactor with a 5 W visible light source and magnetic stirrer. The 
solution was allowed to stir for 10 mins for the homogeneous dispersion 
of the micropollutant. Then 0.2 g of the photocatalyst was added to the 
photocatalytic reactor containing CIP (10 mg/L). The mixture was kept 
in the dark under continuous stirring for 1 h to achieve adsorp
tion–desorption equilibrium. After 1 h, the CIP sample was taken and 
centrifuged at 5000 rpm for 5 min. and its UV–VIS spectrum was ob
tained. Now, the light source was irradiated on the reactor, and CIP 
samples were taken from the reactor after every 15 min of reaction. The 
light irradiation was performed for 2 h. These samples were centrifuged, 
and their UV–VIS spectra were determined. A similar approach was used 
for finding the degradation data of CIP for 0.05-AGCN, 0.07-AGCN, 0.1- 
AGCN, 0.13-AGCN. The degradation efficiency, and normalized con
centration vs. time were obtained using the following equation (Krýsa 
et al., 2000): 

Rate of degradation =
C0 − CT

C0
× 100 (2)  

where C0 is the initial concentration of CIP at time, t = 0 min., 
CT is the concentration of CIP at a certain time i.e., after 1 h of dark 

condition and after every 15 min. during light irradiation period. 
The rate of the reaction for CIP degradation is analyzed by a pseudo 

first-order kinetic model. The rate constant equation for this model is 
given as (Chakrabarti and Dutta, 2004): 

kt = ln
(

Ct

Co

)

(3)  

where “Co” is the initial concentration of CIP, and “Ct” is the concen
tration of CIP after time “t”. 

Fig. 1. XRD patterns of pure GCN and x-AGCN (where x  = 0.05, 0.07, 0.1, and 
0.13 g of AgNO3). 
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3. Results and discussion 

3.1. Crystallinity analysis 

The crystallinity of the prepared samples was investigated by 

obtaining their X-ray diffraction (XRD) patterns. Fig. 1 exhibits the XRD 
pattern of the pure GCN and Ag doped GCN i.e. x-AGCN samples, dis
playing a small humpy peak appearing around 2θ values of 13.0◦ and a 
distinct characteristic peak appearing around 27.5◦. The smaller peak 
can be attributed to (100) plane of oriented melon units, providing 

Fig. 2. Raman spectra of (a) pure GCN, (b) 0.05 AGCN, (c) 0.07 AGCN, (d) 0.1 AGCN, and (e) 0.13 AGCN samples.  
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primary framework to GCN, whereas second prominent peak is associ
ated to (002) plane representing the stacked graphitic content of crys
talline GCN (Bu et al., 2014; Ge et al., 2011; Han et al., 2014; Liu et al., 
2012; Sridharan et al., 2013; Tian et al., 2014). It can be noticed that all 
the samples i.e., pure GCN and x-AGCN exhibit significantly these two 
peaks corresponding to crystalline GCN, suggesting Ag dopant do not 
disturb the molecular structure and retained the main phase of GCN. 
However, upon doping Ag into GCN, a small peak is observed appearing 
at 43.7◦ which provides a clue of successful Ag doping into GCN and its 
crystalline nature (Luo et al., 2017; Pham et al., 2022, 2021; Xu et al., 
2014; Zhang et al., 2014; Zhao et al., 2018). 

3.2. Raman spectroscopy 

Vibrational modes in a GCN molecular structure are investigated 
with Raman Spectroscopy. Fig. 2 illustrates the Raman Spectra of pure 
GCN and x-AGCN samples. The Raman spectrum for pure GCN (Fig. 2a) 
shows the vibrational signals of CN heterocycle appearing at a wave
number of 473 cm− 1 (Li et al., 2017). However, for Ag doped samples i.e. 
x-AGCN samples (Fig. 2b–e), the respective CN heterocycle signal is 
observed with shifted wavenumber values such as at 473 cm− 1 for 0.05 
AGCN, 495 cm− 1 for 0.07 AGCN, 475 cm− 1 for 0.1 AGCN, and 447 cm− 1 

for 0.13 AGCN (Jiang et al., 2016; Li et al., 2017). Such slight shifting 
indicates Ag doping well into the GCN structure. 

The in-plane balanced stretching vibrations of heptazine and tri-s- 
triazine heterocyclic structure are observed in all samples within the 
range of 500 cm− 1–600 cm− 1, and 1090 cm− 1–1150 cm− 1, respectively. 

The pure GCN sample doesn’t exhibit any characteristic Raman peak of 
Ag, however, x-AGCN samples depict the Ag peaks appearing at 1303 
cm− 1 for 0.05 AGCN, 1311 cm− 1 for 0.07 AGCN, 804 cm− 1, and 1302 
cm− 1 for 0.1 AGCN, 816 cm− 1 and 1303 cm− 1 for 0.13 AGCN (Bai et al., 
2014; Prabakaran and Pillay, 2021). The peaks appearing within the 
range of 500 cm− 1–600 cm− 1, 700 cm− 1–800 cm− 1, and 1200 
cm− 1–1300 cm− 1 shows A1 vibration pattern of bulk GCN tri-s-triazine 
group (Liu et al., 2010). The peak at 677 cm− 1 shows a ring breathing 
mode 2 of the triazine ring, suggesting deformation in the triazine ring of 
pure GCN. Similar peaks are found in all other samples from 600 
cm− 1–700 cm− 1, except 0.1 AGCN, which shows a low rate of defor
mation in the sample (Liu et al., 2010). Ring breathing mode 1 of the tri- 
s-triazine ring is present in all samples at 717 cm− 1, and within 900 
cm− 1–1000 cm− 1 (Hu et al., 2015). The peaks appearing within 400 
cm− 1–500 cm− 1 and 900 cm− 1–1000 cm− 1 are prominent in pure GCN, 
whereas they are weaker in x-AGCN samples, suggesting structural 
deformation due to the addition of Ag dopant (Pawar et al., 2015). The 
peaks within 1200 cm− 1–1300 cm− 1 and 1500 cm− 1–1600 cm− 1 

represent the defects in the graphite structure and enlarging modes of 
C––N bond. The disordered phase and imperfections in the graphite 
layer of sp3 atoms represented by ring modes of the A1 pattern of pure 
GCN (D band) are exhibited by peak at 1468 cm− 1.Whereas, the 
graphite-like structure of E2g corresponding to sp2 carbon–carbon 
bonds in the chains (G band) appears at 1558 cm− 1 (Kudin et al., 2008). 
For 0.05 AGCN, the D and G bands appear at 1493 cm− 1 and 1525 cm− 1; 
for 0.07 AGCN, the D and G bands are at 1480 cm− 1 and 1540 cm− 1; for 
0.1 AGCN, the D and G bands are at 1480 cm− 1 and 1586 cm− 1, and for 
0.13 AGCN the D and G bands are at 1466 cm− 1 and 1533 cm− 1 (Kora 
and Arunachalam, 2012). The intensity of D band is too much higher 
than G band for pure GCN samples, indicating the presence of defects 
and the formation of graphite structure, while in x-AGCN samples, the 
intensity of both D band and G band is reduced, indicating fewer defects 
and disorders possibly due to Ag doping (Guo et al., 2022b). 

3.3. Fourier transform infrared spectroscopy (FTIR) 

FTIR spectra of pure GCN and x-AGCN samples (0.05-AGCN, 0.07- 
AGCN, 0.1-AGCN, 0.13-AGCN) are shown in Fig. 3. All samples show 
a broad band at 3179 cm− 1, which can be attributed to surface O–H 
stretching vibrations (Bojdys et al., 2008). The stretched carbon nitride 
(CN) arrangements depicted by characteristic stretching of C–N het
erocycles can be observed in all samples within wavenumber range of 
1200–1630 cm− 1. The winding vibrations of carbon and nitrogen atoms 
comprising the triazine structure are depicted by vibration at 888 cm− 1, 
whereas the wagging and twisting vibrations of tri-s-triazine ring are 
represented by a peak at 806 cm− 1 (Li et al., 2009). The intensity of all 
the peaks mentioned above is relatively decreased in Ag doped samples 
i.e. x-AGCN samples, indicating structural deformation due to the 
addition of Ag dopant. This may lead to the deformation of sp2 C–N 
bonds existing in triazine ring due to Ag dopant, which might be 

Fig. 3. Fourier transform infrared (FTIR) spectra for pure GCN and x-AGCN 
(where x  = 0.05, 0.07, 0.1, and 0.13 g of AgNO3). 

Fig. 4. SEM images of (a) pure GCN, and (b) 0.1-AGCN samples.  
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replaced by new cyano bonds (–C––N), represented by a peak at 2173 
cm− 1, observed for x-AGCN samples (Dahiya et al., 2023). Moreover, 
disturbance peaks appearing at 1232 cm− 1, 1313 cm− 1, 1397 cm− 1, 
1453 cm− 1, and 1542 cm− 1 are due to the presence of sp3 C–N bonds in 
the redolent loop structure of GCN (Fan et al., 2017; Paul et al., 2020). 

3.4. Surface morphology and compositional analysis 

The surfaces morphology of pure GCN sample and 0.1 AGCN sample 
(representative sample of Ag doped GCN i.e. x-AGCN samples) was cross 
examined by obtaining respective scanning electron microscopy (SEM) 
images (Fig. 4). It is clear from the SEM image that the surface of pure 
GCN seems to be irregular, bulky, and comprised of roughly agglomer
ated layered stacks, whereas for 0.1-AGCN the surface appears in similar 
nature with smooth, organized, and stratified layers of GCN. Such 
morphology can be associated to the delamination effect induced by Ag 
atoms to urea for polymeric condensation and thus restricting the 
development of bulk layered morphology (Xia et al., 2017; Yu et al., 
2014; Zheng et al., 2015). Hence, smooth, fragmented and reasonable 
porous nature of 0.1 AGCN sample compared to pure GCN can be 
attributed to the doping effect of Ag into GCN. 

The composition analysis of both samples was investigated by 
energy-dispersive X-ray spectroscopy (EDX), a built-in function of the 
respective SEM equipment. The atomic concentration for pure GCN and 
0.1 AGCN samples is shown in Table 1. The EDX data clearly shows 0.1 
AGCN, exhibiting 0.1 atomic % of Ag, which is absent in pure GCN 
sample, thus distinctly confirming the successful doping of Ag into GCN. 

3.5. Optical absorption and band gap estimation 

The optical absorption obtained for the pure GCN and x-AGCN sus
pensions is shown in Fig. 5. It is observed that the absorption spectra of 
all the samples depict the intrinsic absorption of the pure GCN in 
UV–Visible region with the absorption edge appearing around wave
length of 500 nm (Wudil et al., 2023). Further, the absorption observed 

within the visible region (λ = 400–700 nm) for x-AGCN samples exhibits 
redshift, extending absorption towards longer wavelengths upon doping 
with Ag. It is also noticed that upon increasing the Ag dopant concen
tration, a humpy peak appears at wavelength of 410 nm for 0.07 AGCN 
to 0.13 AGCN samples. This peak can be ascribed to the characteristic 
absorption of Ag nanoparticles due to surface plasmon resonance (SPR) 
(Karimi-Nazarabad and Goharshadi, 2023), and redshift or extended 
absorption towards the longer wavelengths for x-AGCN samples can be 
attributed to the creation of defect states within the band gap of GCN, 
suggesting the doping of Ag atoms into GCN. Moreover, such an ab
sorption peak is not observed for the 0.05 AGCN sample, which might be 
due to the low concentration of Ag content in it (Barman and Sadhu
khan, 2012; Ren et al., 2016). 

The band gaps for pure GCN and x-AGCN samples were estimated 
using Tauc’s relation (Eq. (1) with consideration of direct band gap (n =
2) (Corkill and Cohen, 1993; Dong et al., 2014; Han et al., 2019; Molina 
and Sansores, 1999; Xu and Gao, 2012). The Tauc’s plot for all samples is 
shown in Fig. 6; the band gap is estimated by extrapolating the linear 
part of the plot to the zero of x-axis. It is obvious from the estimated band 
gap values that upon Ag doping, narrowing of the pure GCN band gap 
occurs. This information firmly suggests the formation of dopant 
induced energy states within the band gap of pure GCN (Vuggili et al., 
2023), leading to enhanced absorption and probably improved photo
catalytic performance. 

3.6. Photoluminescence (PL) spectroscopy 

Photoluminescence (PL) spectroscopy mainly represents electron- 
hole recombination rate via observing emission spectra obtained as a 
result of photoexcited charges recombination (Das et al., 2017). The PL 
spectra for all the samples investigated in the present research work is 
shown in Fig. 7. It can be seen that the pure GCN sample (Fig. 7a) ex
hibits a single emission peak centered around 618 nm, whereas Ag 
doped samples i.e. x-AGCN samples display two peaks: 1st peak at 546 
nm, and 2nd peak at 715 nm (Wu et al., 2019). It is well established that 
2p orbitals of nitrogen create the valence band or the highest occupied 
molecular orbital (HOMO), while the conduction band or lowest unoc
cupied molecular orbital (LUMO) is made by sp2 hybridized carbon
–nitrogen group. The excitation of the electrons from the valence band 
to the conduction band can be ascribed to the 1st peak at 546 nm, 
whereas the 2nd peak (715 nm) can be ascribed to the emissions caused 
by recombination of charges trapped at defect states, induced by Ag 
dopant probably below the conduction band (Das et al., 2017; Wen 
et al., 2023). As evident from PL spectra of x-AGCN samples (Fig. 7b–e), 
upon Ag doping the 1st peak (546 nm) is quenched significantly, 
exposing the restricted band to band recombination, by trapping excited 
electrons at defects states created by Ag dopant, resulting in 2nd emis
sion peak. Moreover, it can also be noticed that with the increase in Ag 
dopant content, the 2nd peak (715 nm) becomes moderately less from 
0.05 AGCN sample to 0.1 AGCN sample, but significantly less for 0.13 
AGCN sample. Such dampening, specifically for 0.13 AGCN sample, can 
be ascribed to heavy doping caused by increased Ag content, letting 
defect states becoming merely a trapping center. It may also result in 
decreased photocatalytic performance (Wen et al., 2023). Therefore, it is 
derived from the above discussion, that the dampening of peaks is 
caused by the effective doping of Ag into GCN (which is not present in 
case of pure GCN), making Ag doped sites a suppression center reducing 
electron-hole recombination. Moreover, the extreme dampening of PL 
intensity peak for 0.13 AGCN sample (Fig. 7e) is attributed to the 
increased dopant (Ag) concentration causing surface poisoning by acting 
as combination sites for electron-hole recombination and limitig the 
photocatalytic performance (He et al., 2024). 

3.7. Photocatalytic performance evaluation 

The photocatalytic performance of all the prepared samples i.e., pure 

Table 1 
The atomic concentration of pure GCN and 0.1 AGCN by EDX spectroscopy.   

Atomic concentration (at. %) 

Samples C N O Ag 

Pure GCN  41.1  49.1  9.7  0.0 
0.1 AGCN  36.6  56.0  7.3  0.1  

Fig. 5. UV–VIS absorption spectra for pure GCN and x-AGCN samples.  
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GCN and x-AGCN samples, was evaluated by employing them for pho
todegradation of pharmaceutical pollutant (CIP) under visible light 
irradiation. Fig. 8 shows the degradation concentration profile and % 
degradation efficiency (calculated using Eq. (2) for wastewater 
contaminated with target pollutant i.e. CIP antibiotic. It can be observed 
that under dark conditions (first 60 min.), there is a decrease in the CIP 
concentration, ascribed to mere adsorption, intentionally performed to 
obtain an adsorption–desorption equilibrium curve. However, upon 
light irradiation, a further decrease in CIP concentration is observed due 
to photocatalytic degradation reactions occurring at the photocatalyst 
samples. The maximum change in concentration of CIP (Fig. 8a) and best 
degradation efficiency (Fig. 8b) is portrayed by 0.1 AGCN sample after 2 
h of visible light irradiation, showing degradation efficiency of 

approximately 84 %, which is 2.15 times higher than pure GCN samples 
(39 %). The photocatalytic performance of prepared samples respective 
to CIP degradation is organized as: 0.1 AGCN > 0.07 AGCN > 0.13 
AGCN > 0.05 AGCN > pure GCN. It is interesting to note here that the 
visible light activity is reducing in the case of 0.13 AGCN because of 
increasing Ag dopant content, which can be attributed to the fact that 
recombination centers for photogenerated electron-hole pairs are 
excessively created and dominantly acting as trapping centers, in turn 
limiting photocatalytic performance (He et al., 2024). The rate constants 
(k) for all the samples employing CIP degradation are calculated (using 
Eq. (3) with consideration of pseudo first order kinetic model and 
tabulated in Table 2. As noticed, 0.1 AGCN shows the best photocatalytic 
performance, it shows a rate constant of 0.01 min− 1, the maximum 

Fig. 6. Estimated band gaps (employing Tauc’s relation) for (a) pure GCN, (b) 0.05-AGCN, (c) 0.07-AGCN, (d) 0.1-AGCN, and (e) 0.13 AGCN samples.  
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amongst all the samples. 
Increased photocatalytic performance upon Ag doping, can be 

modestly elucidated on the basis of combined outcome of enhanced light 
absorption and separation of photogenerated charge carriers (Luo et al., 
2021). It is obvious, upon Ag doping the light absorption edge of pure 
GCN is shifted towards the red region and extended light absorption 
depicting the creation of defect states leading to band gap narrowing 
(Das et al., 2020). Such defects states within the band gap and narrowing 

of the band gap, resulting in enhanced light absorption will led to 
increased photogenerated charges (e− -h+ pairs) (Tahir et al., 2022). 
Concurrently, the PL spectra show quenching of band-to-band excitation 
peak (1st peak at 546 nm), enlightening the efficient separation of 
photogenerated charges, which are likely to be trapped at the defect 
levels, followed by their diffusion to photocatalysts surface to degrade 
CIP ultimately. Further when the Ag dopant concentration is increased 
in samples from 0.05 AGCN to 0.1 AGCN sample, improvement in 

Fig. 7. PL spectra of (a) pure GCN, (b) 0.05 AGCN, (c) 0.07 AGCNS, (d) 0.1 AGCN, and (e) 0.13 AGCN samples.  
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photocatalytic performance is observed. However, upon increasing the 
Ag dopant amount i.e., in sample 0.13 AGCN, a decrease in the photo
catalytic activity is noticed. The reason for such a decrease can be 
explained by PL spectra, which depicts a decrease in the emission in
tensity of defect induced peak (2nd peak at 715 nm), indicating the 
trapping of photogenerated electrons for a prolonged duration (Li et al., 
2022; Liu et al., 2020). Hence it can be stipulated that there exists an 
optimum value of Ag dopant well balancing the light absorption and 
charge separation, resulting in the enhanced photocatalytic perfor
mance of Ag doped GCN, evaluated by CIP degradation. 

The photocatalytic degradation mechanism for CIP contaminated 
water is well established in literature based on experimental findings 
and investigations (Ao et al., 2018; Guo et al., 2022a; Nie et al., 2022; 
Noroozi et al., 2022; Pan et al., 2022; Sayed et al., 2016; Wang et al., 
2021). Recently, research work done by (Chen et al., 2024), demon
strates the photocatalytic conversion of CIP into several intermediate 
species and identified using LC-MS, which undergoes series of reactions 

finally mineralizing into H2O and CO2. The degradation pathway re
ported involves the adsorbed species attacked by O2•

− and OH• forming 
reactive intermediate species which undergoes series of reaction and at 
the later stage are mineralized to H2O and CO2 (Chen et al., 2024). 

A similar degradation mechanism is proposed in the present study, 
displayed by Fig. 9 and Eqs. (4)–(10). It can be interpreted that Ag 
doping improves optical absorption and charge separation, leading to 
enhanced photogenerated charges and separation. The photogenerated 
electrons in the conduction band and at defect states can reduce O2 to 
O2•

− , whereas holes in the valence band can oxidize OH− to OH•. Both 
species can react with CIP adsorbed on the surface or in solution to 
several intermediate reactive species which ultimately results in the 
degradation products. Hence based on well reports and established 
literature, various reactions presumed to be involved in the CIP degra
dation are shown in Eqs. (4)–(10) (Li et al., 2020; Salma et al., 2016). 

AGCN →
hv AGCN

(
e−CB) + AGCN(h+

VB

)
(4)  

AGCN
(
e−CB

)
+O2→O•−

2 (5)  

2O•−
2 + 2H+→H2O2 (6)  

AGCN
(
e−CB

)
+H2O2→OH• +OH − (7)  

AGCN
(
h+

VB

)
+OH − →OH• +AGCN (8)  

CIP+OH•→Degradationproducts (9)  

Fig. 8. Photocatalytic performance evaluation of pure GCN and x-AGCN samples demonstrated by (a) change in concentration and (b) degradation efficiency of 
simulated CIP wastewater. 

Table 2 
Rate constants calculated for all samples with consideration of 
pseudo first kinetic model.  

Sample name Rate constant, k (min¡1) 

Pure GCN  0.00259563 
0.05-AGCN  0.004512549 
0.07-AGCN  0.00530978 
0.1-AGCN  0.010147777 
0.13-AGCN  0.005390168  

Fig. 9. Proposed mechanism for the photocatalytic degradation of CIP polluted wastewater.  
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CIP+O•−
2 →Degradationproducts (10) 

Fig. 10 displays the XRD and SEM image of the spent 0.1 AGCN 
sample (optimum Ag doped GCN showing best degradation perfor
mance) after being employed for CIP degradation. It can be observed 
that both XRD and SEM don’t show any major changes thus suggesting 
the Ag doped sample to be quite stable during the photocatalytic re
actions and process. 

Table 3 shows summarized comparison of different photocatalysts 
reported in literature, employed for CIP degradation. The photocatalytic 
material, light irradiation source and degradation (%) are compared 
with respect to photocatalytic CIP degradation. It can be realized from 
the table that optimum Ag doped GCN sample (0.1 AGCN), synthesized 
in the present work exhibits better performance, most importantly under 
visible light irradiation from a 5 W light source as compared to other 
mentioned research works employing high energy light sources (Phoon 
et al., 2020). 

4. Conclusions 

Ag doped GCN photocatalysts were synthesized successfully 
employing a facile and simple synthesis approach executing the aim of 

visible light active photocatalyst. The photocatalytic performance of 
pure GCN and Ag doped GCN (x-AGCN), with varied content of Ag 
dopant, was evaluated concerning the degradation of CIP, a prominent 
antibiotic micropollutant whose use had also been increased during and 
post COVID-19 pandemic. In particular, the photocatalytic CIP degra
dation was evaluated under 5 W LED light irradiation. The sample with 
optimum content of Ag, i.e. 0.1 AGCN sample showed maximal photo
catalytic performance, thus acting as the best sample. The improved 
photocatalytic performance upon Ag doping can be ascribed to the 
collaborative effect of improved optical absorption and modest photo
generated charge separation, with increased Ag dopant content to a 
maximum performance and then decreased. The improved optical ab
sorption is ascribed to band gap narrowing induced by defect states, 
whereas the quenching of emission spectra is associated to the trapping 
of band-to-band photoexcited charges by defect states. Upon further 
increasing Ag dopant content, above optimum level, the photocatalytic 
performance is decreased and is ascribed to excessive doping forming 
immoderate defects acting as merely recombination centers for photo
excited electron-hole pairs. Conclusively, a simple synthesis strategy of 
Ag-doped GCN is suggested with the objectives of eco-friendly, visible 
light active, narrow band gap photocatalyst through cost effective 
doping of pure-GCN providing favorable results in the present experi
mental work. It is expected this research will pave the way forward for 
the development of visible light active photocatalysts with high effi
ciencies towards PMP removal in the domain of AOP and photocatalytic 
wastewater treatment. 
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