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Abstract

Synthesis of 2D carbon-based layered structures materials is highly desirable for higher-
photocatalytic activities. Here in this regard, we use commercially exhausted urea for the
fabrication activated carbons and graphitic carbon nitride (GCN) layered structures doped with
sulphur to accumulate activated carbon with S for pollutants degradation using the thermal
decomposition method. The synthesized material contains activated carbon in a small amount,
which does not accumulate with nitrogen to form GCN and cause a higher energy bandgap (3.31
eV - 3.38 eV). However, through S, we have modified the bandgap and reduced it to (2.84 eV -
3.06 eV) for visible light. The S with activated carbon system along with GCN enhances the
synergetic contribution in degradation. The reaction constant (K) is increased from (3.5 x 1073 -
4.1 x 1072) owing to synergic effect. Most notably, a significant amount of sulphur accumulated
with activated carbon and GCN, altered the charge transfer route and enhanced optical absorption
and higher photocatalytic activity, and i considered a novel approach for environmental

remediation.
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Introduction

The predicted future energy needs are satisfied by solar energy, a promising alternative
energy source. Consequently, the conversion of solar energy into a usable form has recently
attracted a lot of attention [1-2]. Using semiconducting visible-light-driven photocatalysts to
degrade pollutants is seen as a successful strategy for resolving the current pollution issue. Metal-
free graphitic carbon nitride (GCN) has gained the most interest among visible-light-driven
photocatalysts because of its ideal band structure for the degradation of contaminants, hydrogen
generation reaction (HER), high thermal, and chemical stability, and earth abundance [3].
Unfortunately, pure GCN have disadvantages of relatively rapid photo-generated carrier
recombination, a low density of active sites, and a small surface area for use in practical
applications [4]. Therefore, in this condition, a number of approaches have been devised to address
these issues and enhance the photocatalytic activity of GCN. Doping GCN with heteroatoms [5],
such as metal and non-metal atoms, is one method [6]. Two-dimensional GCN nanosheets (NSs)
have a higher surface area than bulk GCN and can therefore offer more active and adsorption sites
for the photocatalytic process [7-8]. The NSs structure can indeed encourage charge carrier

mobility at the interface, increasing the photocatalytic activity [9].

Atomic doping is of great interest because it can alter the electrical and optical properties
of GCN at the atomic level, such as tuning the band structures. Narrowing the optical bandgaps,
and improving charge transport is important, compare to other modification methods like creating
heterojunction photocatalysts and morphological engineering [10-11]. Extensive investigations
into GCN nonmetal modification have been attempted. For example to improve the quality
attributes of GCN [12-13], M. Seredych et al. constructed a composite made of CS, or visible-light

photoactive S-doped carbon, which was synthesized from the common polymer (sodium 4-styrene



sulfonate) [14]. For the synthesis of the nanocomposite, a newly established diffusive force-based
approach was applied [15-16]. For example, Zou et al. showed that boron doping significantly
increased the photo-degradation activity of GCN by introducing boron atoms into the C sites [17-
[18]. Fluorine doping, according to Wang et al.'s observation, largely caused C single bond F
bonding in the framework, which resulted in a reduced bandgap and a wider range of light
absorption [19]. First-principles theoretical research has shown that the interstitial sites of in-planar
GCN include atoms that preferentially replace the edge C and N atoms, altering the optical and
electrical characteristics of GCN [20-21]. A significant proportion of earlier studies have
concentrated on single-doping, but it has been shown that co-doping GCN with two different metal
and non-metal atoms, such as P and S co-doping [22-23] (P, Na) co-doping [24], and (C, O) co-
doping [25-26], exhibits higher photocatalytic activity and unusual physiochemical characteristics
than single element doping. The doping site has been shown to be essential for GCN photocatalytic
performance [27-28]. Doing multi-element doping in the GCN matrix and investigating the
mechanism underlying the doping-induced increase in photocatalytic activity are hence
challenging. As an illustration, Liu et al. created sulphur-doped GCN by processing the high-grade
GCN powder at 450 °C environment of gaseous H.S [17], [29]. It is important to consider the
potential environmental and health risks associated with the synthesis of sulphur-assisted activated
carbon GCN composites, and to implement appropriate measures to minimize these risks [30-32].

This study is based on the synthesis of activated carbon GCN by the thermal decomposition
method, which is modified with the sulphur (S) element for higher photocatalytic activity. The
sulphur is accumulated within the layered structure of activated carbon as well as CGN, which
altered the charge transfer route, suppressed photogenerated charge recombination, and reduced

the optical band gap for the absorption of visible energy. The optimized amount of sulphur is added



together with activated carbon and GCN. Methyl Blue (MB) is used as an investigator dye to
evaluate the efficiency of GCN-0.8 using solar energy irradiation. This study offers an exhaustive
analysis of sulphur element assistance with activated carbon GCN, which is crucial for the

synthesis of innovative photocatalysts.
2. Experimental section
2.1. Materials

Carbamide ((NH2)2CO) commercial used, sulphur power (99.9 %, grade A), carbon
tetrachloride (CCl4, 99 %, grade A), ethylene glycol, distilled water, was used as purchased from
Sigma Aldrich Pakistan Co, Ltd. (Lahore, Pakistan). The organic dye methyl blue (MB), edta
disodium (EDTA-2Na) and isopropyl alcohol (IPA, 99 %, grade A) was likewise obtained from
Sigma Aldrich Pakistan Co, Ltd. (Lahore, Pakistan), and used without further purification and

modification.
2.2. Synthesis activated carbon GCN

Thin graphitic carbon nitride (GCN) nanosheets with activated carbon were synthesized
using thermal decomposition and the secondary-calcination method. Normally, 25 g of carbamide
were directly heated in a muffle furnace using a ceramic combustion boat. The annealed
temperature was kept at 550 °C for 3 h with a heating rate of 5 °C min~*. Resumed the annealing
procedure as described above, allowing the material to cool naturally to room temperature. A
yellow-colored power was attained, which further grounded to a fine power obtained for
characterizations. The pristine synthesized GCN nano-sheets were identified as activated carbon

GCN.

2.3. Synthesis of sulphur assisted activated carbon GCN



The synthesized activated carbon GCN nanosheets and sulphur power in different weight
percent ratios, such as (1:0.1, 1:0.2, 1:0.4, 1:0.6, and 1:0.8), were dispersed in a 20 mL carbon
tetrachloride. The prepared solution was stirred for 3 h at room temperature. The resulting
materials were centrifuged and collected in the form of precipitates. Moreover, it was washed
thoroughly several times with distilled water and ethanol. Finally, the product was dried at 80 °C
for 24 h before further investigation. The trails classified are called GCN, GCN-0.1, GCN-0.2,
GCN-0.4, GCN-0.6, and GCN-0.8, where the numbers represent the sulphur ratio added to the

activated carbon GCN.

2.4. Characterization

X-ray Diffraction (XRD) (Philips X'Pert Pro MPD, with X-ray source, 3 kW, Cu Ka
(1.5405 A)) is used to analyze the crystal structures of all the synthesized samples. Scanning
electron microscopy (Hitachi S-4800, 1.0 nm resolution at 15 kV, WD = 4 mm, Accelerating
Voltage range 0.5 to 30 kV in 100 V steps) was used to examine the elemental weight percentage
and microstructure of the synthesized samples. Methyl-Orange (MO) dye degradation was used to
evaluate the products' stability and effectiveness (A > 420 nm, CEL-HXF300, China Education
Au-light, Beijing). In order to examine band gaps and K values, UV-Vis. spectra were recorded
using a Shimadzu UV-1700 spectrophotometer. Bandgaps and K values were calculated from these

measurements.



3. Result and discussion
3.1. Structural and compositional analysis

The XRD diffraction pattern analysis for crystal structure and phase identification of the
activated carbon GCN with sulphur assistance composites is shown in Fig. 1. The broader
diffraction peak appeared at 20.00, which is the consequence of randomly positioned activated
carbon aromatic sheets, which confirmed that activated carbon is present in the GCN [33-34]. The
distinctive graphitic layered structures that maintain the inter-layer stacking of conjugated system
is indicated by the peak positioned at 27.90, which matches the interlayer at d = 0.327 nm. No
extra peak is displayed in the XRD spectra, which attributes that only graphitic nitride and
activated carbon is accumulated with sulphur element. It is suggested that, although the crystal
structure of the doped material does not change, the phase and lattice constant generally do change,
resulting in a slight shift in the diffraction peaks. [35]. Because the intensity of the activated carbon
peak decreases as the sulphur amount increases, this could be due to an extra amorphous state
appearing due to lattice strain. Furthermore, the nuclide size of the carbon element is significantly
smaller compared with the sulphur element, which is a major reason for the induction of lattice
strain, amorphous states, and increased crystallite size of the material. Moreover, dropping the
peak intensity may be due to the thinning quality of GCN. As a result, as the sulphur quantity
increases, the peak intensity at an angle of 27.90 increases, indicating that the crystallinity of the
activated carbon GCN increased because the sulphur element has a more crystalline nature, as

shown in Fig. 1(b).

The Scanning Electron Microscopy (SEM) analysis is used to characterize microstructures,
which enable us to determine the morphology, size, and shape of synthesized particles. It facilitates

our comprehension of the physical properties of our material. The SEM analyses of activated



carbon GCN and sulphur assisted composites were carried out. The SEM images for all the samples
were recorded as shown in Fig. 2. SEM image of pure activated carbon GCN is shown in Fig. 2(a),
which shows the material has thin sheet-like structures. The sulphur assistance with activated
carbon GCN is shown in Fig. 2(b-f). As the pure activated carbon GCN-0 displays a two-
dimensional structure with a typical irregular porosity and the morphology of flat sheets stacked
together with wrinkles and irregular shapes. The nanosheets sticking to each other in the
photographs could be the cause of the uneven size distribution of the sheets. The nanosheets
become smaller, thicker, and more folded as the sulphur-loaded ratio increases. Furthermore, the
specific surface area of the nanosheets may increase as they gradually turn and fold into a round
shape. Moreover, energy dispersive x-ray spectroscopy (EDS) offers further insight into the
surface material. EDX analysis, which provides chemical composition and elemental study as

shown in Fig. 2(g-i), determines a sample's elemental composition.

The EDS spectral analysis results of the selected samples exhibited the existence of
elements such as N, C, O and S in the composite material. The oxygen present in the spectrums
typically observed and is from the ambient of the instrument. Similarly, the additional spectral
peaks with high intensity present in Fig. 2(g-i) may be coming from the sample holder where the
sample was placed. In the synthesized material the elemental percentage for GCN-0 is 32.69 %,
59.38, and 06.84 % of C, N, and O, respectively, as displayed in the EDS results. It is interesting
to note that the presence of sulphur in the GCN structure has been confirmed, and its amount has
been enhanced by adding additional quantities of sulphur to the GCN structure (Fig. 2h and ).
Consequently, sulphur element is accumulated with GCN, resulting in higher catalytic sites and

enhanced photocatalytic activity.



4. UV-vis analysis

The optical band gap for activated carbon GCN and sulphur assisted composites is
measured using UV-Vis diffuse reflectance spectra. Using optical measurements, the light
absorption characteristics of semiconductor materials were assessed as shown in Fig. 3.
Surprisingly, two band gaps occur: one is for activated carbon element, and the other is due to
graphitic carbon nitride, which is mentioned in the XRD spectra. In pure activated carbon GCN,
the bandgap energy is 3.31 eV and 3.38 eV, for GCN and activated carbon, respectively. The
higher band gap of CGN-0 indicated that carbon contents were added, which increased band gap
energy that was outside the range of visible light spectra, resulting no light energy being absorbed
for photocatalytic activity. As we loaded sulphur element with the activated carbon GCN, the
reduction in band gap arises. The band gap energy for activated carbon GCN is lowered from 3.38
eV to 3.06 eV, whereas for GCN its reduction is from 3.15 eV to 2.84 eV in the samples GCN-
0.1, GCN-0.2, GCN-0.4, GCN-0.6, and GCN 0.8, as shown in Fig. 3(b-f). Therefore, it
demonstrates how crucial a role the S element play in improving light absorption for enhanced
photocatalytic activity. The following mathematical expression is employed for approximating the

potential energy of the semiconductor materials.
(ahv)" = A(h v- Ey) (1)

The bandgap energy, absorption coefficient, frequency, Planck's constant, and band tailing
constant are denoted by the following symbols, in that order: Eg, a, v, h, and A. The power factor
of the transition mode, n (2, and 1/2), serves as an indication of the material's characteristics. Its
value is 2 for materials with a direct bandgap transition, while 1/2 is represented by an indirect

bandgap transition. From the results mentioned in Fig. 3, enhanced solar energy absorption,



attributed to narrow band gap energy. As a consequence, enhanced photocatalytic activity was

observed.

5. Photocatalytic activity

To study the photocatalytic activities of the synthesized materials, the common organic dye
Methyl Blue (MB), which is commonly employed in the industry, was selected. The trails for
photocatalytic degradation were performed at (500 W Xe-lamp, 380 nm, visible light irradiation
at ambient temperature). The degradation of prototype dye MB is clearly illustrated in Fig. 4, which
shows 26 %, 43 %, 56 %, 73 %, 88 %, and 99 % degradation for the samples GCN-0, GCN-0.1,
GCN-0.2, GCN-0.4, GCN-0.6, and GCN-0.8, respectively. The percentage of degradation on
sample GCN-0.8 attained the highest level compared to the other trails, even if we increase
activated carbon GCN: sulphur ratio to 1:1. The GCN-0.8 is the optimized sample, which has
higher photo-catalytic activity, consequence of the accumulation of sulphur contents on the
activated carbon. In the development of a satisfactory catalyst, sulphur paid a significant influence.
Sulphur, which belongs to the sixth group of periodic table and has more electrons in the valance
band, which pushes energy levels close to the conduction band. It facilitates the catalytic behavior's
transition from the valence band to the conduction band and alters the charge transfer route,
suppressing the photo-generated electron-hole pairs recombination. The activated carbon present
in the GCN, as evidenced by the XRD spectra, which elevated the bandgap of the GCN [36]. The
low photocatalytic activity of the other samples is due to the activated carbon exiting in the GCN-
0. Furthermore, the decreased photocatalytic activity of GCN-0 is linked to increased photo-
generated electron-hole recombination and less solar energy absorption [35]. Surprisingly, the MB
nearly entirely deteriorated with GCN-0.8 within 80 min. The Langmuir-Hinshelwood model is

typically used to determine the photocatalytic degradation kinetics of organic pollutions. Hence, it



is assumed that the catalytic interaction takes place here between absorbed pollutant molecules
and photo-generated reactive oxygen vacancies. By allowing that the amount of pollutant
molecules absorbed does not depend on their concentration in the medium, the Langmuir-
Hinshelwood model is employed as a second-order kinetic model, which is further simplified to a
pseudo-first-order kinetic [37]. Consequently, the pseudo-first-order reaction constant (k) for
GCN-0.8 was evaluated as shown in Fig. 4(c-d). In the logarithmic form, the first order kinetic

reaction constant (k) is determined using mathematical expression (2).
n
n(%2)" = -kt @)

wherein, k is the kinetic reaction constant, C, (initial) and C (verified) concentration for MB, and
t (min) is the time of reaction. The experimentally evaluated values of k for GCN-0, GCN-0.1,
GCN-0.2, GCN-0.4, GCN-0.6, and GCN-0.8 are 3.5 x 103, 7.0 X 1073, 9.9 X 10-3, 1.5 X 10-2,
2.2 x 102, and 4.1 x 10-2, respectably. The optimum quantity of sulphur assisted with the
activated carbon GCN regulated the charge transfer route and enhanced the optical absorption,

indicated by a large k value, resulting in higher photocatalytic activity.

6. Photocatalytic mechanism

The afore-mentioned evaluation and experimentation observations provided a detailed explanation
of the photocatalytic degradation process. Results demonstrate that the synthesized samples of
GCN have varying photo-absorption capabilities while maintaining the same shape and phase
composition, as indicated above. Because of this, the accumulation of sulphur element with porous
layered structures of GCN has the exceptional ability to facilitate efficient charge separation and

transfer from the bulk to the outer surface of the layers. The optimized GCN trial is an essential



step for suppression of photo-generated electron-hole pairs and improved photocatalytic
efficiency. Additionally, the degree of GCN nanosheet thickness, crystallinity, and altering the
charge transfer route through sulphur element may be crucial factors for photocatalytic activity
[38]. Surface imperfections had a big impact on how nanomaterials behaved chemically and
physically. Due to the solar energy irradiation upon the photo-catalysts, oxygen vacancies (OVs)
can be produced on the surface of GCN [39], which is possible due to the unique layer structure
and relatively low materialization energy [40]. The localized states of generated oxygen vacancies
may improve visible light responsiveness and serve as activation centers and sites for adsorption,
which increases photocatalytic activity [41]. The GCN-0.8 sample, which has been optimized for
outstanding MB degradation performance, as shown in Fig. 5(a-b). According to our previous
studies, the sulphur GCN composites demonstrated remarkable photodegradation performance for
MB. This is due to secondary level states produced at conduction band minima near positive
potential and valence band maxima in GCN and activated carbon. Moreover, the bandgap is
reduced with sulphur addition, which is attributed to higher optical energy absorption. The band
gap for activated is reduced from 3.38 eV to 3.06 eV, and since the optical absorption is started at
3.1 eV, this confirms that three samples, such as GCN-0.4, GCN-0.6, and GCN-0.8, have the
ability to absorb visible light energy. On the other hand, the band gap of graphitic carbon nitride
is reduced from 3.31 eV to 2.84 eV, indicating that all trials absorbed visible energy except the
GCN sample. The combined effect of activated carbon and graphitic carbon nitride encouraged a
large range of optical energy to be absorbed from a higher energy region to a lower one, resulting

in higher photocatalytic activity being achieved.

Since the activated carbon is made up of a complex matrix, with a larger sulphur

concentration would seem to result in enhanced photocatalytic activity [42], [43]. Sulphur-



functional organic groups, such as sulphur in aromatic rings, are thought to be responsible for the
photoactivity of sulphur-assisted activated carbon [44]. Sulphur likely causes the band gap to
narrow and electron-hole pairs to develop. Researchers have looked at the physics of band-gap
reduction in a variety of materials, including nanocrystals and nanocomposites [45]. Furthermore,
GCN and sulphur exhibit excellent pollutant degradation efficiency [46]. Moreover, activated
carbon GCN and sulphur assistance have a synergistic effect on methyl blue degradation. We also
conducted a stability test, as depicted in Fig. 5b, which revealed a slight reduction over the course

of four successive cycles, demonstrating the outstanding stability of photocatalysts.[47].

7. Conclusion

In this article, we examine the thermal decomposition of commercially used urea to
synthesized activated carbon CGN with sulphur composites. The specific ratio of sulphur with
GCN is employed for the degradation of methyl blue. The accumulation of sulphur with the
activated carbon and GCN decreased the bandgap of the materials and a photogenerated electron-
hole pair transfer channel, which decreased photogenerated charge recombination and enhanced
the photocatalytic performance. The degradation of synthetic organic methyl blue dye was
investigated for all the synthesized samples, it was discovered that GCN-0.8 demonstrated
improved catalytic efficiency as a result of its reduced band gap, higher crystallinity and reduced
charge transfer impedance. The optical energy bandgap of activated carbon GCN-0.8 was
estimated to be 2.84 eV, and the GCN-0.8 first-order kinetic constant led to improved solar energy
absorption and increased MB photocatalytic degradation efficiency. This study also identifies

useful photocatalysts that may clean up organic contaminants when exposed to visible light energy.
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Fig. 1. XRD characteristics spectra for (a) activated carbon GCN with sulphur assistance and (b)

local enlarged view.
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Figure 3 Optical bandgap energy for activated carbon GCN and sulphur assisted GCN composites
(a-f).
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Fig. 4. Methyl Blue Photo-degradation (a), Degradation percentage (%) (b),

First-Order Kinetic
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Fig. 5. Activated carbon GCN band gap variation with sulphur loading (a), stability test for GCN-

0.8 (b).
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