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Abstract
A new era in the development of advanced functional materials was partly sparked by the discovery of 2D materials. In 
this respect, graphene is believed to have marked the origin of 2D materials. The ability to fabricate a vast majority of such 
advanced nanomaterials hinges upon the strength of interplanar interactions realized in their respective bulk counterparts. 
The present study undertakes the comparative analysis of oft-explored 2D materials such as Dirac 2D materials (GO, rGO), 
TMDCs (MoS2) and 2D insulators (BN) in the context of their structural, optical, thermal and morphological parameters. 
Despite implementing several methodologies including a combination of physical, chemical and biological techniques, 
aquatic and microbial pollution remains a challenge to this day. More recently, nanomaterials have attracted considerable 
attention as these are believed to hold an extraordinary prospective for utilization toward environmental remediation. Among 
several probable candidates, 2D materials hold immense appeal due to its useful properties including high absorptivity and 
large surface area, which enable them to be employed for multifaceted applications. In the present study, a wide range of 
experimental results extracted from numerous characterization techniques (i.e., XRD, UV–Vis, FTIR, HR-TEM, XPS, DSC-
TGA, and Raman) is included. For instance, optical data obtained from these materials point toward a narrow bandgap, while 
HR-TEM images show large surface area, which suggests that these materials hold promising prospect for use in applica-
tions that require strong catalytic activity. Further experimental results indicate that photocatalytic and sonophotocatalytic 
potential is significantly enhanced by 2D materials. In this respect, rGO showed 60% degradation of synthetic pollutant in 
100 min and MoS2 realized 55% degradation during the same duration. The present study suggests that rGO may be used as 
a superior photocatalyst in wastewater treatment and related environmental applications. Moreover, the sonophotocatalytic 
behavior exhibited by these materials showed consistently higher efficiency compared to the respective individual processes 
which is attributed to the formation of larger amounts of electron–hole pairs.
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Introduction

Research in two-dimensional (2D) materials exploded 
on the heels of isolation of graphene in 2004. Graphene 
formed the basis for the development of advanced 2D 
materials (Beshkova and Yakimova 2020; Chenet 2016). 
These materials, also referred to as 2D topological or sin-
gle-layered materials, have a thickness of a few nanom-
eters and exhibit a range of exceptional properties (Vargas-
Bernal 2016). Single-layered materials possess ultra-low 
weight, high strength, large Young’s modulus, superior 
charge carrier mobility, high conductivity and long spin 
diffusion length, which are suitable for use in spintron-
ics devices. Moreover, anisotropy between in-plane and 
out-plane results in improved mechanical properties (Li 
et al. 2017; Geng and Yi 2019). The adjacent atoms in 
a plane are linked through covalent bonding, whereas 
stacking of layers provides stability due to van der Waals 
(vdW) interactions (Li et al. 2017). Furthermore, a newly 
developed material system using graphene-coated surface 
has been shown to realize macroscale lubricity on mac-
roscale surfaces under ambient conditions (Zhang et al. 
2020a), which up until recently was considered not fea-
sible. In addition, due to large specific surface area, high 
electrical conductivity and good stability, graphene and 
its derivatives such as graphene oxide (GO) and reduced 
graphene oxide (rGO) have been employed as catalyst sup-
ports resulting in enhanced electrocatalytic activity and 
durability. To cite an example, rGO-supported PtPd nano-
cubes possess outstanding electrocatalytic activity toward 
methanol oxidation reaction in an acidic electrolyte, as 
compared to unsupported PtPd nanocubes and commercial 
Pt/carbon black (Liu et al. 2019a; Zhang et al. 2020b). Fur-
thermore, nanomaterials are widely employed to develop 
novel environment-friendly slurries and technologies. 
This paves the way to fabricate high performance devices 
for use in aerospace, semiconductor and microelectron-
ics industries, which is extremely difficult to manufac-
ture with conventional technologies. More importantly, 
research in nanomaterials contributes toward eliminat-
ing pollution induced by traditional manufacturing and 
industries (Zhang et al. 2017a, 2018, 2019). On the other 
hand, a tremendous increase in the production and usage 
of graphene-based nanomaterials for biomedical purposes 
raises concerns about their effects on humans and environ-
ment. It is, therefore, necessary to understand the interac-
tion of these nanomaterials with life forms to advance the 
biomedical application of nanomaterials. Although, the 
health effects associated with graphene-based nanomate-
rials have been studied at the cellular level and in animal 
models, the consequences of human exposure are vastly 
unknown. It has been shown that humans can be affected 

by graphene-based nanomaterials via several exposure 
routes (Zhang et al. 2012; Wang et al. 2018a; Cui et al. 
2019; Rashid 2020).

Herein, it is crucial to explore reliable routes to synthesize 
2D materials. Several approaches such as micromechanical 
exfoliation, ultrasonic chemical exfoliation, plasma cracking 
of hydrocarbons, chemical vapor deposition (CVD), hydro-
thermal technique, and topochemical transformation have 
been employed to synthesize single-layered materials (Wang 
et al. 2016; Tun and Naing 2020). Among these methods, 
top-down exfoliation (chemical exfoliation) and hydrother-
mal technique present numerous advantages including low 
cost, solution processibility, and ability to maintain sustain-
able output. These techniques have shown excellent potential 
for use in various vital areas. A variety of morphologies 
such as nanopetals, flowers, nanowires, and nanorods have 
been synthesized with these techniques. Therefore, in the 
current study, these two approaches are used to synthesize 
nanosheets and nanopetals (Cai et al. 2018; Feng and Li 
2017).

The 2D materials can be categorized as Dirac 2D mate-
rials, transition metal dichalcogenides (TMDCs), 2D insu-
lators, mono-element 2D materials, and an emerging class 
known as MXenes (Beshkova and Yakimova 2020). In the 
present article, the first three categories listed above are 
discussed. The first category includes Dirac 2D materials 
that exhibit Dirac cone-like band structure typology. It con-
sists of semi-metals with valence band (VB) and conduction 
bands (CB) about their Brillouin point formed as inversed 
cones that touch at their vertex, and possess “massless” 
fermions around that point. This permits the production of 
auspicious electrons that are unique and distinguished from 
standard electrons emitted by metals (Feng and Li 2017; Ng 
2019). Graphene, because of its favorable energy state of sp2 
hybridization, is the most stable Dirac material. Graphene is 
referred to as semi-metal owing to its π–π* band structure. In 
graphene, VB and CB are symmetrical around Dirac point, 
thus electronic properties are defined close to K point in the 
Dirac equation and not by Schrödinger equation (Beshkova 
and Yakimova 2020; Hasan et al. 2020; Li et al. 2018; Man-
zeli et al. 2017; Li and Zhu 2015). In addition, graphene 
oxide (GO) which is an oxidized form of graphene preserves 
all properties of graphene (Beshkova and Yakimova 2020; 
Hasan et al. 2020; Li et al. 2018). Apart from graphene, 
allotropes of Si and Ge, i.e., silicene and germanene, respec-
tively, also belong to Dirac 2D materials, which are unstable 
and exclusively synthetic (Beshkova and Yakimova 2020; 
Manzeli et al. 2017).

The next emerging and eye-catching class of 2D materi-
als are TMDCs that show semiconductor behavior of the 
type MX2, where M is known as a transition metal and X 
is a chalcogen. It consists of a monolayer of M (W, Mo, 
Zr, Nb, Ta, Ti, and Hf, etc.) sandwiched between two X 
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(S, Se, Te) atoms. These materials possess remarkable cata-
lytic, photoluminescence, direct bandgap, and water resist-
ance properties and also show higher structural rigidity as 
compared to graphene or boron nitride. There are approxi-
mately 60 TMDCs identified so far. Among these, MoS2 has 
gained much attention due to its ability to show 2H phase 
(semiconductor), 1T (metallic nature) and 3R (standard 
and stable condition) polytypes (Hasan et al. 2020; Li et al. 
2018; Manzeli et al. 2017). In monolayer configuration, it 
exhibits 1.8 eV direct bandgap. This property enables it to 
compensate for the shortcoming in gapless graphene and 
consequently opens doors for its use in switching and opto-
electronic systems as well as catalytic applications in the 
future (Li and Zhu 2015).

The third class of widely researched 2D insulators is 
boron nitride (BN), which is isostructural to graphene. It 
has an equal concentration of boron and nitrogen atoms and 
shows exotic properties similar to graphite. Monolayer BN, 
which can be extracted as a stable material from its bulk 
form, exhibits a bandgap of 5.9 eV. Moreover, in crystalline 
form, BN occurs in three key structural configurations; hex-
agonal BN (h-BN) that resembles graphite, sphalerite BN 
(β-BN) comparable to cubic diamond, and lastly wurtzite BN 
(ɣ-BN) that is structurally analogous to diamond (Beshkova 
and Yakimova 2020; Zhang et al. 2017b; Yuan et al. 2016). 
The h-BN exhibits valuable optoelectronic properties. It is 
mechanically robust, chemically inert, and possesses high 
thermal stability. Although it behaves as an insulator, its 
properties and functionality can be modified systematically 
using various strategies such as doping, hybridization, and 
substitution making it a promising functional material that 
is highly suitable for numerous applications (Beshkova and 
Yakimova 2020; Zhang et al. 2017b).

The aforementioned 2D materials have contributed to 
several key developments in advanced materials research. It 
has fulfilled wafer-scale growth requirements for numerous 
materials that have eventually led to several industrial appli-
cations in areas including sensors, solar cells, biotechnology, 
transportation, energy, and environmental sectors. (Morgan 
et al. 2019). A clean environment is one of the most chal-
lenging issues faced by humankind today. In recent decades, 
inadequate access to drinking water has become a global 
concern. Rapid population growth and industrialization 
have contributed to the rising environmental pollution, with 
approximately 750 million people estimated to live without 
proper access to sufficiently clean water (Raza et al. 2019; 
Rafiq et al. 2019; Junaid et al. 2019). Various techniques 
including ion exchange, electrolysis, carbon filter, chemi-
cal coagulation, biological procedures, membrane filtration 
and reverse osmosis (RO) have been employed to address 
the problem of water pollution. However, these methods are 
marred by inefficiency, complicated processes, high sludge 
composition, high capital and operational costs, and high 

energy usage (Raza et al. 2019; Ikram et al. 2020a; Sattar 
et al. 2019). Therefore, researches into the development of 
enhanced technologies for water treatment continue. One 
such technique is photocatalysis which overcomes most of 
the deficiencies mentioned above. Photocatalytic potential 
of inorganic semiconductor nanomaterials has attracted 
researchers due to its admirable physical and chemical 
properties such as low toxicity, electrochemical stabil-
ity, excellent oxidant performance, cost-effectiveness and 
environmental viability (Altaf 2020; Khurshid et al. 2019). 
Research in water treatment has shown that graphitic car-
bon allows transport of photoelectron and greatly improves 
photo-efficiency of the system due to a large number of 
delocalized electrons conjugated to sp2 carbon network. 
The GO nanosheets demonstrate a high absorption rate of 
organic materials in an aqueous solution. Hence, GO and 
rGO permit photocatalysis reaction and can be considered 
as visible light active photocatalysts (Kumar et al. 2019; 
Dadvar et al. 2017). Transition metal dichalcogenide mate-
rial such as MoS2 leads to suitable changes in redox potential 
that permit it to act as visible light-reactive photocatalyst. 
Moreover, conduction and valence band electronic states 
predominantly originate from Mo 4d orbitals. This suggests 
that photo-excited electron does not considerably weaken 
bonds between Mo and S atoms, which allows for boosted 
photochemical stability. The visible light response of photo-
catalysts based on TMDCs nanostructures finds a variety of 
applications in contrast with other traditional photocatalysts, 
such as ZnO and TiO2 possessing large bandgap (> 3 eV) 
which may only react under UV irradiations (Mishra et al. 
2015).

Catalytic behavior and antimicrobial potential of these 
materials have been studied by the same team of authors 
previously (Raza et al. 2019; Ikram et al. 2020a, b, c, e, f, g; 
Qumar et al. 2020; Hassan et al. 2020; Aqeel et al. 2019). 
In the present work, 2D materials were synthesized and a 
comparative study was undertaken to evaluate their struc-
tural, optical, chemical, and photocatalytic properties in the 
presence and absence of an ultrasonic bath. Two experiments 
including photocatalytic and sonophotocatalytic activity 
were performed for evaluation of catalytic behavior.

Experimental section

Materials

Graphite (99%), sulfuric acid (H2SO4, 37%), sodium nitrate 
(NaNO3, 99.9%,) and phosphoric acid (H3PO4) were pro-
cured from Sigma-Aldrich. Potassium permanganate 
(KMnO4, 99%) and hydrochloric acid (HCl) were acquired 
from Merck. For the synthesis of MoS2 nanopetals, sodium 
molybdate dehydrate (Na2MoO4·2H2O, 99%), thiourea 
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(NH2CSNH2, 99%) and oxalic acid (H2C2O4) were pur-
chased from Sigma-Aldrich. For the preparation of boron 
nitride nanosheets, bulk boron nitride, dimethylformamide 
(DMF) and ethanol were attained from Sigma-Aldrich.

Synthesis of graphene oxide (GO)

Graphene oxide was synthesized by adopting a modified 
Hummers method. Firstly, in this process, graphite pow-
der (5 g) was mixed with sodium nitrate-NaNO3 (2.5 g) in 
the presence of sulfuric acid-H2SO4 (108 ml) and 12 ml 
phosphoric acid. The mixture was magnetically blended 
and moved to an ultrasonic bath for 10 min. After filtra-
tion, the solution was dried for about 2 h in a muffle furnace 
at 60 °C, until complete elimination of moisture occurred. 
KMnO4 (15 g) was incorporated slowly to the above mixture 
at ~ 5 °C. Subsequently, suspension was transferred to the 
ice bath and stirred for 2 h. The suspension temperature was 
held at 98 °C for 1 h, while deionized water (DIW) was con-
tinuously added up to 400 ml of suspension volume. After 
5 min, H2O2 (15 ml) was added. Subsequently, the acquired 
product was centrifuged and washed thoroughly with DIW 
and 5% HCl and later dried at 60 °C. Upon synthesis, the pH 
of GO was measured at 5.7, as shown in Fig. 1 (Song et al. 
2014; Alam et al. 2017). Reduced form of GO (rGO) was 
obtained from synthesized GO using thermal reduction at a 
temperature of 300 °C. This was undertaken by increasing 
the temperature rapidly, which serves to remove the oxygen 
atoms and attached functional groups from carbon planes 

leading to exfoliation of GO to produce rGO, as shown in 
Fig. 1 (Sengupta et al. 2018). The rGO may be considered 
as chemically derived GO that exhibits diversity in structure 
from single layer to multilayers (Le et al. 2018).

Synthesis of MoS2 nanopetals

The hydrothermal route was adopted for the synthesis of 
pristine MoS2 nanopetals, as shown in Fig. 2, In brief, thio-
urea (1.4 g) and sodium molybdate dehydrate (1 g) were dis-
solved vigorously in deionized water (80 ml) in an ultrasonic 
bath for 10 min. Herein, Na2MoO4·2H2O donates Mo to the 
process, while NH2CSNH2 was used as a source of S. The 
preparation proceeds by the addition of 0.4 g of oxalic acid 
to maintain pH value of the solution in an acidic regime. 
The suspension was ultrasonicated again for 20 min, moved 
to autoclave and sealed tightly. Afterwards, autoclave was 
shifted into a vacuum oven operated at 170 °C for 20 h. 
Upon completion of the reaction, the autoclave was cool 
naturally to room temperature. Acquired blackened product 
was washed thoroughly with ethanol and DI water several 
times using ultrasonic cleaning to eliminate impurities and 
subsequently dried at 50 °C for 5 h (Kumar et al. 2017).

Preparation of h‑boron nitride nanosheets

BN nanosheets were extracted from bulk BN through chemi-
cal exfoliation. In this regard, bulk BN powder (200 mg) was 
liquefied in 50 ml of DMF and stirred vigorously for 20 min. 

Fig. 1   Illustration showing synthesis of GO and thermal reduction of rGO
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Later, solution was transferred to an ultrasonic bath for 12 h 
at 50 °C. Acquired suspension was centrifuged at 3500 rpm 
(20 min). Supernant was poured to extract a concentrated 
solution of exfoliated h-boron nitride nanosheets. The pre-
cursor was washed thoroughly with ethanol and DI water to 
eliminate by-products. Finally, the solution was dehydrated 
at 100 °C for 6–7 h in a vacuum oven and h-BN nanosheets 
were collected in powder form. The procedure of above-
mentioned experiment is illustrated in Fig. 2 (Zhang et al. 
2017c).

Photocatalytic and sonophotocatalytic activity

Photocatalytic activity (PCA) of synthesized materials using 
sunlight and ultrasonic bath with sunlight (sonophotoca-
talysis) was assessed by determining the degradation rate 
of an industrial pollutant namely methylene blue (MB), as 
illustrated in Fig. 3. In this regard, 5 mg of dye was mixed 
in 500 ml DIW under vigorous stirring. 10 mg suspension 
of photocatalyst (GO, rGO, MoS2, BN) was mixed with 
prepared solution and placed in dark for at least 30 min to 
enable substantial absorbance. Later, 60 ml of solution for 
each photocatalyst was taken and ultrasonicated for 20 min. 

Afterwards, the solution was transferred to a photoreactor 
operated with mercury lamp (400 W with 400–700 nm) 
as a visible light source (sun). The distance between the 
light source and solution was maintained at 15 cm to pre-
vent excessive heating. The degree of sonophotocatalytic 
degradation undertaken by catalysts was determined using 
rectangular shaped ultrasonic bath (XUB6; Grant Co., Ltd., 
England) operated at a fixed frequency of 35 kHz and an 
ultrasonic power of 200 W. The same beaker was placed in 
the center of ultrasonic bath under visible light source. After 
exposure to light for 20 min, 3 ml solution was withdrawn to 
measure dye reduction capability. The absorption spectrum 
of MB was examined through UV–Vis spectrophotometer. 
The same procedure was followed for all samples and the 
degradation efficiency was calculated as follows:

In the above equation, Co corresponds to initial absorb-
ance (i.e., t = 0) and C refers to the final absorbance at time t 
(Rafiq et al. 2019; Suresh et al. 2018). Collected solution was 
centrifuged at 4000 rpm for 5 min to remove photocatalyst 

Degradation efficiency (%) =

(

Co − C

Co

)

× 100.

Fig. 2   Various steps involved in the synthesis of MoS2 nanopetals and exfoliation of bulk BN
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from the solution; similar procedure was undertaken for 
SPCA.

Reaction mechanism

The photocatalysis principle is shown schematically in 
Fig. 3, where electronic band structures of semiconducting 
materials are visible. An electron (e−) in the valence band-
VB is excited by photo-radiation to an unoccupied conduc-
tion band-CB, which are separated by forbidden bandgap, 
leaving a positive hole (h+) in VB. The formation of exci-
tons (e− –h+ pair) initiates oxidation and reduction reaction 
within synthetic compounds, which are then absorbed by the 
surface of photocatalyst. The limitation mentioned above 
does not hold for electronic band structure of photocatalysts. 
As an example, isolated chemical species that do not possess 
aforesaid band structure in solid form may be considered 
photocatalysts. Even with the use of a bulk material, photo-
absorption and the resulting reaction may proceed on local-
ized sites of photocatalyst (Ohtani 2010).

Numerous steps are involved in the transfer of reactants 
to the surface of photocatalyst:

1.	 Adsorption of reactants
2.	 Absorption of visible light photons by catalysts
3.	 Formation of electron (e−)-hole (h+) pairs
4.	 Migration of e−-h+ to the surface-active sites of photo-

catalyst

5.	 Reaction between adsorbed products and adsorbed reac-
tant species

6.	 Desorption of products
7.	 Removal of products from catalyst surface region

The above-mentioned seven steps may be categorized into 
three main areas namely electronic reactions, surface chemi-
cal reactions, and mass transfer (Liu and Li 2014).

Reaction kinetics

A photo-excited electron and positive hole generate a redox 
reaction that governs the kinetics of a chemical reaction. 
Thereby, rate constant of these active species can be evalu-
ated. Kinetics of electron–hole recombination depends upon 
its approach. For excitation as well as recombination of exci-
tons, the rate of combination follows 1st order rate equation, 
i.e., − dA

dt
= k(A) , whereas if multiple e−-h+ originate simul-

taneously within photocatalyst particle, the rate obeys 2nd 
order rate equation, i.e., − dA

dt
= k(A)2 . The overall reaction 

rate also depends upon recombination ability by considering 
that k-redox and k-recombination are reaction rate constants 
corresponding to “e−” and “h+” and their recombination. 
However, no method exists to calculate k (recombination), 
because recombination does not produce any chemical spe-
cies (Ohtani 2010). The photocatalyst is irradiated by pho-
tons of energy equal/greater than the corresponding bandgap 
of the photocatalyst:

Fig. 3   Photocatalytic and Sonophotocatalytic mechanism for dye degradation in the presence of photocatalyst
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Produced electrons through photons may freely be 
absorbed by O2 to generate superoxide radical as O2

·−:

Therefore, O2
·− reacts with H2O to create hydroperoxy 

radicals-H2O· and hydroxyl radical-OH·, which are strong 
oxidizing agents that decompose organic pollutants:

Simultaneously, photogenerated holes could be trapped 
by hydroxyl groups, i.e., H2O on the surface of a photocata-
lyst to generate hydroxyl radicals (OH•):

Ultimately, organic molecules are oxidized to produce 
CO2 and H2O as follows:

Temporarily, slight recombination of e−-h+ might take 
place which could reduce photocatalytic activity of prepared 
nanocatalyst (Gnanaprakasam et al. 2015):

Materials characterization

Crystal structure and phase purity of samples were evalu-
ated with XRD using Spectrum Bruker system (X-ray dif-
fraction (XRD), D2 Phaser, USA) equipped with Cu Kα 
radiation. Chemical analysis and study of attached func-
tional groups were undertaken using FTIR Perklin Elmer 
3100 spectrometer. Optical properties were analyzed 
through UV–Vis Spectrophotometer (Genesys 10S) rang-
ing from 200 to 700 nm. Surface morphology and d-spacing 
of synthesized specimens were observed through FESEM 
along with EDS spectrometer, JSM-6460LV, and HR-TEM 
(Philips CM30 and JEOL JEM 2100F). Raman microscope 
with a λ = 532 nm (6 mW) laser was employed to explore 
molecular vibrational mode as well as to record structural 
fingerprint. Photoluminescence-PL spectroscopy was carried 
out to probe migration and recombination of electron–hole 
pairs using a spectrofluorometer (JASCO, FP-8300). Ther-
mal behavior and weight loss were measured using TGA, 
SDT Q600 (TA Instrument) in a controlled environment, at 
1000 °C with 10 °C min−1 ramp rate. XPS was undertaken 

(1)Photocatalyst + hv → e−(CB) + h+(VB).

(2)e− + O2 → O⋅−
2
.

(3)O⋅−
2
+ H2O → HO⋅

2
+ OH.

(4)h+ + OH−
→

⋅OHad

(5)h+ + H2O →
⋅OH + H+.

(6)
OH + organic molecules + O2 → products

(

CO2and H2O
)

.

(7)e−
CB

+ h+
VB

→ Photocatalyst.

with Thermo-VG Scientific ESCALAB 250 equipped with 
a monochromatic Al Kα x-ray source.

Results and discussion

In case of MoS2, observed peaks located around ~ 14.2°, 
33.5°, 38.5°, 44°, 58° and 70° are indexed as (002), (101), 
(103), (006), (110) and (108) planes, respectively. The data 
confirms the presence of hexagonal structure of MoS2 (2H-
MoS2) which is consistent with JCPDS 00-37-1492 of P63/
mmc space group with lattice constants a = 3.161 Å and 
c = 12.299 Å, as shown in Fig. 4a. Within the limits of 
instrument’s sensitivity, no impurity phases are found, which 
indicates the formation of pure 2H-MoS2 (Yi and Zhang 
2018; Wang and Li 2007; Ma et al. 2016; Veeramalai et al. 
2016). In a pattern of MoS2, two characteristics peaks are 
detected referred to as (002) and (101). The (002) plane is 
the basal plane along C axis direction of molecular lamellae 
of MoS2 that signifies well-developed layered structure with 
the enhanced planar crystal structure. It has an interlayer 
spacing of 0.62 nm that agrees well with HR-TEM obser-
vations (see Fig. 7c’) (Wang and Li 2007; Ma et al. 2016; 
Veeramalai et al. 2016). SAED rings of MoS2 unveil discrete 
ring features analogous to different planes of 2H-MoS2 as 
depicted in Fig. 4. This confirms the formation of a highly 
crystallized sample that indicates good agreement between 
XRD and SAED patterns.

XRD profiles of BN show diffraction peaks centered 
at ~ 26.71°, 41.52°, 43.49° and 50.27°. Observed diffrac-
tion profiles agree with crystallographic planes of (002), 
(100), (101) and (102), respectively, and harmonize well 
with standard spectrum (JCPDS reference # 00-034-0421). 
It suggests the presence of hexagonal phase of BN with lat-
tice parameters of a = b = 2.5044 Å and c = 6.6562 Å includ-
ing space group P63/mmc, as shown in Fig. 4a (Ikram et al. 
2020e; Tang et al. 2019; Fan et al. 2016b). Interlayer spac-
ing of characteristic peak (d002) at 26.7° evaluated through 
Bragg’s law is 0.34 nm, which corresponds well with the 
measurement obtained from the HR-TEM image (Fig. 7d′). 
The value of d-spacing can be considered to be a good 
indicator of adsorption properties and molecular transport 
behavior of BN (Tang et al. 2019). In addition, sharpness 
and intensity of peaks suggest formation of thin layers of 
BN and weak stacking of nanosheets in preferred c-direction 
(Zhang et al. 2017c). Indexed SAED ring is consistent with 
the XRD data obtained from BN nanosheets, as illustrated 
in Fig. 4. XRD profiles of all samples show good agreement 
with structural properties that may affect their application.

FTIR was employed to examine attached functional 
groups and molecular fingerprints with various vibrational 
bonding modes, ranging from 4000 to 500 cm−1. In IR 
spectra of GO and rGO, detected peaks are located around 
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1082, 1620, 1719, 2337, 3433 cm−1, as shown in Fig. 4b. 
The absorption peak at 650 cm−1 is an identification region 
of sp2 configured carbon bonding assigned to C–H bend-
ing vibration (Ngidi et al. 2019). The low absorption peak 
at 1082 cm−1 is attributed to C–O–C bond formation due 
to stretching vibrations of hydroxyl groups. Observed peak 
at 1620 cm−1 is designated to aromatic C–C stretching, 
which is also evident in UV–Vis. data (Aqeel et al. 2019; 
Some et al. 2013; Luceño-Sánchez et al. 2018; Gurunathan 
et al. 2015). Peaks observed at 1719 and 2371 cm−1 are 
assigned to C=O stretching vibrations that originate from 
COOH groups and CO2, respectively (Aqeel et al. 2019; 
Church et al. 2016; Eigler et al. 2012). Broad band around 
3433 cm−1 appeared due to O–H stretching vibration (Aqeel 
et al. 2019; Some et al. 2013; Gurunathan et al. 2015).

In case of MoS2, clear transmitted peaks are situated 
at ~ 676, 1124, 1636, 2337, 3438 cm−1, and assigned to 
desired functional groups, as demonstrated in Fig. 4b. Two 
distinctive peaks are found at 676 and 1124 cm−1, which are 
assigned to Mo–O bonding group and S=O functional group 
(Fosso-Kankeu et al. 2018). Transmittance detected around 
1636 and 3438 cm−1 are allocated to hydroxyl (–OH) group 
and the formation of O–H. Both transmittances correspond 

to stretching vibrations (Fosso-Kankeu et al. 2018; Vatti-
kuti and Byon 2015; Wang et al. 2016a). The sharp peak 
observed at 2337 cm−1 in all samples is due to intercalation 
of CO2 between nanosheets (Church et al. 2016; Eigler et al. 
2012; Wang et al. 2018b).

Crystal symmetry of BN is influenced by the vibrational 
mode of respective bonding, while optical activity under var-
ious excitation sources is assessed by selection rules. Optical 
phonon modes that belong to h-BN at the above-mentioned 
space group and K point of corresponding Brillouin zone are 
assumed by Eq. 8 (Geick et al. 1966).

In the above equation, 2B1g is evaluated optically, which 
is inactive so it does not appear in the vibrational spectrum. 
Besides, characteristic E1u and A2u mode are infrared active 
phonon modes that are attributed to stretching (in-plane) as 
well as bending (out-of-plane) transverse optical (TO) vibra-
tions, respectively. Former mode identified at 1340 cm−1 is 
referred to B–N, whereas later peak observed at 782 cm−1 
is ascribed to B–N–B vibrations (Vu et al. 2018; Ding et al. 
2018a). The other two peaks situated at ~ 925 and ~ 1106 cm−1 

(8)K = 2B1g + A2u + E1u + 2E2g

Fig. 4   a XRD profiles of prepared samples, b FTIR spectra; and corresponding SAED images
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correspond to boron oxy-nitride N–B–O band (stretch-
ing vibration) (Kumar et al. 2016). Another peak traced at 
1640 cm−1 is associated with C=O, while peak centered at 
1082 cm−1 relates to hydronium ion (–OH). An extensive band 
observed around 3433 cm−1 relates to O–H indicating the pres-
ence of moisture, as seen clearly in Fig. 4b (Li et al. 2013).

Optical properties of prepared 2D materials in terms of 
absorbance of ultra-visible light and bandgap measurement 
were evaluated with UV–Vis spectrograph (200–700 nm), as 
displayed in Fig. 5a. In case of Dirac 2D material (GO), spec-
trum shows characteristic peak at ~ 230 nm that is attributed 
to π–π* transition in aromatic C–C bonding, which reveals 
restoring of an extensive conjugated framework of sp2 carbon 
atoms. An additional shoulder peak sited around 300 nm is 
caused by n–π* transitions of C=O bonds (Kumar et al. 2019; 
Gurunathan et al. 2015; Fan et al. 2016b). Comparatively, 
in the study of rGO, former peak found to be red shifted at 
270 nm indicates π–π* transition of aromatic C–C bonding as 
also observed in the FTIR spectra of GO. This shows evidence 
for redox reaction and also reveals the absence of electron 
restoring in conjugation of graphene (Gurunathan et al. 2015; 
Fan et al. 2016b). Bandgap energies are estimated by employ-
ing the Tauc relationship, as shown in Fig. 5b–e:

where α is absorption coefficient equal to 2.303 log(T/d) (T 
is transmission of light and d indicates thickness of sam-
ple), h represents Planck’s constant, � is light frequency, 
K is absorption index, and Eg is bandgap energy (eV). The 
value of exponent (n) is associated with electronic nature of 

(9)�h� = K
(

h� − Eg

)n
,

bandgap and corresponds to direct allowed transitions (1/2), 
indirect allowed transitions (2), direct forbidden transitions 
(3/2), and indirect forbidden transitions (3), respectively. 
However, transition data allows to best linear fit in band 
edge area if n = 1/2. Bandgap energy (Eg) is characteristi-
cally measured by assessment of (αhν)1/n vs hν plots. Linear 
trend acquired from Eq. 9, modeled as the tangent of Tauc 
plot near the point of maximum slope. If the plot covers an 
appropriate amount linear area, the linear tangent is extrapo-
lated at a point, where (αhν)1/n is equal to zero (or a small 
value) provided by demonstrated baseline signal (Suram 
et al. 2016; Viezbicke et al. 2015). Bandgap of GO and rGO 
was found to be 4.0 and 3.8 eV, respectively, as shown in 
Fig. 5b, c (Yaragalla et al. 2016; Mangalam et al. 2019).

In UV–Vis spectra of MoS2, characteristic absorption 
spectra were observed around 300 nm. MoS2 nanopetals 
exhibit increased light absorption in the range below 350 nm 
for band to band electron transitions and maximum absorp-
tion due to intrinsic narrow bandgap and multilayer struc-
ture, as shown in Fig. 5a. This phenomenon can be asso-
ciated with an exclusive production of MoS2 nanosheets 
(Pineda-León 2018; Ali et al. 2019). These outcomes cor-
roborate the value of bandgap of MoS2 which was measured 
at 2.6 eV, as shown in Fig. 5d (Pineda-León 2018).

In Fig. 5a, spectra obtained from BN indicate the pres-
ence of absorption at 210 nm which lies in deep ultravio-
let (DUV) region. No other absorption peak at a lower or 
higher energy side was detected, which reveals the existence 
of dense structural defects (Kumar et al. 2016; Mahdizadeh 
et al. 2017). Exfoliated BN-NS exhibit bandgap energy (Eg) 
of 5.76 eV which supports the direct nature of the bandgap. 

Fig. 5   UV–Vis spectra of prepared species. b–e Bandgap of respective samples using Tauc plot
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This nature of Eg is due to improved interaction of dis-
persed layers in electronic bands (Cassabois et al. 2016). 
This DUV luminescence and extensive bandgap properties 
make BN-NS a suitable candidate in UV, DUV and photon 
emission detectors. According to the literature, bulk BN 
display bandgap values in the range of 5.2–5.4 eV, while 
in case of bi- or multilayer nanosheets, it is 5.56–5.92 eV 
(Fig. 5e). In addition, monolayer indicates an Eg value of 
6.07 eV which correlates well with theoretical predictions 
(Zhang et al. 2017b).

The surface morphological features were visualized by 
FESEM, as shown in Fig. 6a–d. GO sample exhibited thin 
fluffy curtain-like morphology as well as rich wrinkle-like 
sheet structure, as observed in Fig. 6a. In case of rGO, par-
tially folded transparent wave-like nanosheets along with 
slight fluctuations were observed (see Fig. 6b). This 2D 
structure is vital in sustaining thermodynamic stability of 
graphene. The surface morphology of MoS2 revealed nan-
opetals-like structure with irregular distribution of petals in 
Fig. 6c. Several interspaces were visible among nanopetals 

that appeared to be scattered. FESEM micrograph of BN 
nanosheets in Fig. 6d indicates that synthesized particles 
displayed nanosheet-like morphology. Nanosheets are com-
pact with uniform features and curved edges.

HR-TEM was used to gain further information about 
surface morphology of 2D materials. Figure7a, b reveals 
morphology of GO and rGO, respectively. Lamellar and 
sheet-like surface with transparent area was observed in 
case of GO and rGO (Fig. 7a, b) with a few surface stacking 
folds due to distortion from a large fraction of carbon bond-
ing defects. Figure 7c unveils morphology of MoS2 as thin 
scattered layers composed by a single monodispersed sheet 
with slight curvature or twist. The corresponding image in 
Fig. 7c′ shows interlayer spacing of bare MoS2 calculated 
by IFFT (inset) with measured spacing of 0.62 nm that cor-
responds to (002) plane seen in XRD. These findings pro-
vide evidence for the formation of 2H structure of MoS2 
(Veeramalai et al. 2016; Wu et al. 2010). Image in Fig. 7d 
shows dark and bright segments in TEM image, which cor-
respond to variation in density or thickness of nanosheets. 

Fig. 6   FESEM images of a GO, b rGO, c MoS2, d BN
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The sheet-like morphology observed in the samples during 
TEM investigation is a result of chemical exfoliation pro-
cess. Evidently, observed morphology of prepared samples 
demonstrates that chemical exfoliation had no adverse effect 
on shape and structure of nanosheets. Corresponding image 
in Fig. 7d’ reveals that the interlayer distance of h-BN at d002 
is 0.34 nm which agrees well with the XRD pattern of pure 
BN (Ji et al. 2012; Zhong et al. 2017).

Raman spectroscopy was used to determine molecu-
lar vibrational mode and structural fingerprint by which 
molecules can be identified further. Raman spectroscopy 
provides information about the number of layers and den-
sity of defects of low dimensional structures, as illustrated 
in Fig. 8a–d. In the Raman study of GO (Fig. 8a), two 

characteristic bands are observed at ~ 1360 and 1593 cm−1. 
Comparatively, in rGO, D and G bands exist at ~ 1338 and 
1583 cm−1. Progressive features in Raman spectra of gra-
phene and their analogs are peak positions as well as inten-
sity of G and D bands and their overtones (2D) (Tiwari 
et al. 2017). The G band is indicative of sp2 hybrid structure 
which signifies crystallizability and symmetry of carbon 
atoms as well as introduction of scattering phonon mode 
(E2g). The D band arises due to breathing mode of k-point 
with A1g phonon mode symmetry, which is also an indica-
tion of sp3 carbon atoms (Gurunathan et al. 2015; Fan et al. 
2016b; Haldorai et al. 2014; Gong et al. 2015). In addition, 
D band is a measure of surface defects and imperfections in 
structures that appear with attached hydroxyl and epoxide 

Fig. 7   a, b HR-TEM images of GO and rGO, c–c′) 100 nm image of MoS2 and corresponding 10 nm image used for d-spacing measurement 
(d–d′) 100 nm image of BN and corresponding 10 nm image used for d-spacing measurement
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functional groups intercalated between carbon basal planes 
(Suresh et al. 2018; Gurunathan et al. 2015). Latter band 
(G) is only present in Raman mode that is initiated by con-
ventional 1st-order Raman scattering process and relates 
with in-plane zone center. It also doubly degenerates pho-
non mode [transverse (TO) and longitudinal (LO) optical] 
with E2g symmetry (Frank et al. 2011). Figure 8c shows 
other two bands at 2682 (2D) and 2900 cm−1 (D + G). The 
latter band represents slight disordering due to scattering 
combination (Suresh et al. 2018; Ngidi et al. 2019; Tiwari 
et al. 2017; Frank et al. 2011; Gayathri et al. 2014). The 
2D band is not mentioned nor addressed in several previous 
studies. 2D (or G′) mode instigates from 2nd order of D 
band with double resonant process between non-equivalent 
K points within Brillouin zone (BZ) of graphene. This band 
occurs due to lattice vibrations of phonons; nevertheless, it 
is not related to defects such as in D band. Assuredly, 2D 
band is perceived as a strong band even when there is no 
existence of D band (Ngidi et al. 2019; Frank et al. 2011; 
Gayathri et al. 2014). Difference in relative intensities of 
D and G bands in GO during reduction process typically 

reveals change of electronic conjugation state. This change 
proposes an increase in the number of sp2 atomic domains 
through GO reduction (Gurunathan et al. 2013). Mostly, 
2D band depends upon the scattering rate of electrons or 
holes with lattice and charge carrier of some doping materi-
als. Consequently, ID/IG ratio will increase electron defect 
elastic scattering rate, whereas I2D/IG ratio would increase 
electron–hole inelastic scattering rate referred to as Cou-
lomb interaction (Ngidi et al. 2019). Indeed, intensity ratio 
ID/IG (Fig. 8a) is extensively employed to determine defect 
quantity in graphene layers; a high ratio indicates a largely 
disordered structure. The intensity ratio of GO and rGO 
is ~ 0.80 and ~ 0.91 respectively, which confirms the reduc-
tion in average size of sp2 atomic domains along with edge 
defects as a result of C=C bond reduced in GO (Ding et al. 
2018b; Yasin et al. 2018; Kaniyoor and Ramaprabhu 2012).

In acquired Raman spectrum of MoS2, detectable peaks 
are sited at 146, 188, 231, 285, 338, 375, 401, 600, 645, and 
820 cm−1 which agrees well with the literature, as demon-
strated in Fig. 8b (Ahmed et al. 2018; Placidi et al. 2015; 
Windom et al. 2011; Demas et al. 2012; Thangappan et al. 

Fig. 8   a Raman spectra of GO, rGO and BN, b MoS2, c zoom area of 2D and D + G bands of GO and rGO, d magnified area of characteristic 
peaks of MoS2
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2016). In the plotted spectrum, three 1st order active modes 
occur at frequencies of 285, 374 and 401 cm−1 allocated 
as E1g, E1

2g and A1g vibrational modes, respectively which 
suggests the formation of 2H phase of MoS2 (Windom 
et al. 2011; Demas et al. 2012; Thangappan et al. 2016; Sun 
2016). The E1g mode is prohibited on a basal plane in a back-
scattering experiment according to Raman tensor and basi-
cally, this mode is originated by S–Mo–S interlayer vibra-
tions (Ahmed et al. 2018; Demas et al. 2012; Sun 2016). The 
E2g vibrational mode is related to in-plane vibrations of S 
atoms with respect to Mo atoms. Besides A1g mode speci-
fies out-of-plane vibrations caused by two S atoms vibration 
with opposite direction to Mo stationary atom, as demon-
strated in Fig. 8d (Sun 2016; Liu et al. 2016). Frequencies 
of these two modes (E2g and A1g) reveal layered features 
of S–Mo–S. Generally, these two modes are commonly 
used to recognize the number of layers (N) of MoS2, which 
are directly related to the frequencies of these modes (Sun 
2016; Mouri et al. 2013; Patil et al. 2014; Lewandowska 
2014; Bozheyev et al. 2017). Accordingly, in-plane (E2g) and 
out-of-plane (A1g) vibrational modes exhibit opposite vari-
ation trend toward decreasing number of layers in S–Mo–S, 
which suggests prevalence of E2g vibration mode under A1g 
mode due to the weakening of van der Waals forces that 
exist in adjacent layers (Sun 2016; Bozheyev et al. 2017). 
Subsequently, frequency difference between E2g and A1g 
is ~ 26 cm−1 which suggests formation of 6L, as displayed 
in Fig. 8d (Thangappan et al. 2016; Sun 2016; Mouri et al. 
2013; Lewandowska 2014). Some other peaks around 146 
and 188 cm−1 are ascribed to E2g—LA(M) and ZA(M) pho-
non mode, respectively (Placidi et al. 2015; Windom et al. 
2011). Vibrational mode at 231 cm−1 is referred to first-order 
LA(M), which occurs with a disorder in induced scattering 
from zone edge M point (Sun 2016). Peak at 645 cm−1 is a 
combination of LA(M) and A1g mode; another intense peak 
around 820 cm−1 is accredited to 2nd order spectral region 
in Raman scattering (2A1g), as shown in Fig. 8b (Windom 
et al. 2011; Gołasa et al. 2014).

Raman spectra of BN display a strong peak positioned at 
1367 cm−1 which refers to E2g active phonon mode (Fig. 8a). 
This E2g mode can also be attributed to G band of 2D-gra-
phene as boron nitride is a graphene analogous 2D mate-
rial (Li et al. 2014; Cai et al. 2017; Feng and Sajjad 2012). 
Explanation of this G band was included in Raman analysis 
of grapheme, while illustration of this band is visualized 
in Fig. 8a. Few layered nanosheets cause slight elongation 
within boron and nitrogen bonds (B–N). Consequently, this 
elongation in B–N bond indicates the softening of phonons 
and agrees well with previously cited results (Thangasamy 
and Sathish 2015; Kumbhakar et al. 2015). Over a few lay-
ers, monolayer h-BN induces expected shortening of B–N 
bond owing to weak van der Waals forces among interlayer 
interaction (Lee and Song 2017). Literature studies reveal 

that high-quality monocrystal h-BN exhibits E2g active 
phonon mode at 1367 cm−1 (Weng et al. 2013). Generally, 
Raman spectra of BN are subordinate to phonons (lattice 
vibrations) which are strongly affected by chemical structure 
together with atomic bonds of supported material (Singh 
et al. 2016). Broadening of E2g mode was detected which 
may be caused by ordering of stacked layers, domain size or 
porosity present in the material (Mahdizadeh et al. 2017). 
Moreover, two minor peaks in Raman spectrum were also 
observed around 500 and 800 cm−1 that originate due to 
high florescent background or may be due to amines (Štengl 
et al. 2014).

Photoluminescence (PL) spectroscopy was undertaken 
to probe migration and recombination of electron–hole 
pairs as well as interaction between graphitic 2D nanostruc-
tures. Recombination of e−/h+ generates photonic emission 
resulting in photoluminescence phenomenon, as illustrated 
in Fig. 9a (Bano et al. 2019; Pal 2015). In case of graphite, 
no luminescence behavior was observed due to of its zero 
bandgap, though at nano-level bandgap became wide owing 
to quantum confinement effects as shown by the observed 
results of luminescence phenomenon (Ding et al. 2018b). 
With regard to the optoelectronic properties of carbon-based 
materials, sp2 and sp3 both are bonded zones and directed 
by π sp2 state of atomic domains. A fixed ratio of π and π* 
energy states of sp2 domains exists in between σ and σ*, 
respectively, of sp3 matrix. Disordered carbon film contains 
both regions (sp2 and sp3), and therefore, PL through these 
materials attributable to radiative recombination of e−/h+ 
pairs confined in sp2 domains. The emitted photon can be 
organized by changing sp2 cluster shape, size and fraction. 
This photoemission can be organized by changing fraction, 
size and shape of sp2 clusters (Pal 2015). In further research 
regarding GO and rGO nanosheets, oxide functional groups 
and empty states of carbon can alter graphene into many 
nano-carbon clusters that show luminescence and semi-
conductor behavior (Ding et al. 2018b; Bano et al. 2019). 
In acquired spectrum, observable peaks were detected 
around ~ 330, 565 and 608 nm elucidating recombination 
of electron–hole pair in sp2 confine state of carbon clusters 
combined using sp3 matrix. Consequently, rGO lumines-
cence is disturbed through disappearing of functional groups 
associated with oxygen that facilitate percolation of paths 
among sp2 clusters (Ding et al. 2018b; Bano et al. 2019; 
Jayanti et al. 2017).

In Fig.  9a, PL spectra of MoS2 monolayer show the 
behavior of a direct bandgap, where inter band transition of 
lowest energy semiconductor at Brillouin zone of K-point. 
Emitted photon with 1.9 eV energy occurred due to exci-
tons relaxation at K-point (Eda et al. 2011). As expected, 
through partial metallic character bulk MoS2 do not exhibit 
PL spectrum. The emission spectra for MoS2 single layer 
consist of two characteristics peaks of one at 610 and the 
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other at 660 nm. These peaks are to be regarded as A and B 
that are well consistent with A and B excitons energy lead-
ing to PL direct gap as of K-point (Raza et al. 2019; Chacko 
et al. 2019). Mechanically exfoliated MoS2 monolayer cor-
responding to the observed PL spectra forms due to intrinsic 
properties of MoS2 and has no interaction with structural 
defects or impurities. Defects using Mo and S unsaturated 
bonds that originate from midgap-state are directed as active 
non-radiative recombination centers for excitons (Eginligil 
et al. 2015).

PL spectra of BN nanosheets display a wide band identi-
fied at ~ 330 nm (blue emission) that corresponds to vacan-
cies present, which can be optimized as excitons recombi-
nation, adsorption, activation, and photosensitivity centers 
(Fig. 9a) (Lee and Song 2017). In addition, PL spectra 
exhibit onset of luminescence at ~ 460 nm which could be 
attributed to the commencement of electronic transition. 
Surely, this electronic transition includes individual/mutual 
transition among 2p states of BN bands (Doll et al. 1989). 
Excitation of an electron (e−) from lower to higher (val-
ance to conduction) band causes to boost luminescence 

intensity as well as an enhancement in the energy of exci-
tation light. This electronic transition (460 nm) represents 
the presence of an energy peak ~ 2.7 eV (Wu et al. 2017). 
The most intense peak implies maximum recombination of 
photogenerated charges, where the lowest intensity indicates 
separation of electron holes (Silly et al. 2007). K. Watanabe 
et al. (Watanabe and Taniguchi 2009) reported Jahn–Teller 
effect on excitons state in h-BN consistent of distortion in 
excited state (E2g type). Moreover, expression of Jahn–Teller 
for phonons at Brillouin zone center can be expressed as

According to Jahn–Teller effect, two types of E2g modes 
are probable in removing degeneracy of excitons states. 
Firstly, phonon mode of shearing among two facing sp2 lay-
ers that constitutes B and N atoms. Secondly, possible E2g 
mode in which both B and N atoms (in-plane) move in oppo-
site path as facing atoms move in the same segment among 
layers (Watanabe and Taniguchi 2009). The emission spectra 
acquired in this study indicated an excitation supported PL 

2E1u + 2A2u + 2E2g + 2B1g.

Fig. 9   a PL spectra, b–d EDS profiles of respective samples
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behavior that is in agreement with the reported literature 
(Liu et al. 2019b).

EDS was employed to identify elemental composition 
of all prepared samples. Image in Fig. 9b shows GO com-
position as carbon and oxygen is detected only. There is 
no peak from impurities which is evident to the formation 
of pure GO. Figure 9c confirms the presence of Mo and 
S atoms indicating the presence of MoS2. Oxygen peak is 
generated due to pick-up of oxygen during synthesis (Li 
et al. 2019). Figure 9d indicates strong signals for boron 
and nitrogen atoms which suggest formation of as-prepared 
product. In addition, an artificial signal of oxygen is also 
detected in EDS which may arise due to the impurity of 
fluorescent background.

XPS analysis is used for quantitative surface analysis 
specifically, to determine chemical as well as electronic 
state, corresponding empirical formula, and more impor-
tantly elemental composition (Khanra et al. 2012). In the 
present study, XPS was undertaken to detect presence of 
oxygen-related functional groups associated with GO. The 
high-resolution XPS survey of GO in Fig. 10a shows that 
GO displayed significant C 1 s and O 1 s peaks attributed 

to the binding energy of GO (Fig. 10b, c). Peak assignment 
in O 1 s spectra supported assignments of “carbon, oxygen” 
functional groups as discussed in the literature. Information 
obtained from O 1 s analysis can be combined with the infor-
mation provided by C 1 s analysis. Photoelectron kinetic 
energies in O 1 s spectra are smaller than those recorded in C 
1 s. O 1 s spectra reveal a somewhat larger specific surface, 
since sampling depth is lower. The O 1 s peak positioned 
at 530.6 eV originate from C=O, while O=C–OH groups 
and peak identified around 533 eV corresponds to C–OH 
groups, as can be seen in Fig. 10b (Yang et al. 2009). Fig-
ure 10c indicates the presence of a significant peak of C 1 s 
with a binding energy of ~ 284.0 eV that can be assigned to 
graphitic C–C peak owing to sp2 carbon bond and oxygen-
containing functional groups (Jiang et al. 2013). Two clear 
peaks C 1 s appear at binding energies of 285.7 and 288.0 eV 
that can be associated with C–O and C=O (carbonyl C), 
respectively. Clearly, most of the oxygen-containing func-
tional groups in GO are epoxide groups (C–O–C) (Ren et al. 
2011; Krishnamoorthy et al. 2013).

XPS spectra were acquired to determine chemical state 
of Mo and S within MoS2, as indicated in Fig. 10d, e. In 

Fig. 10   XPS spectra. a–c GO and d–e MoS2
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Fig. 10d, high-resolution XPS data provide information 
about Mo 3d5/2 and Mo 3d3/2 binding energies which cor-
responds to 229.88 and 233.03 eV, respectively, pointing 
toward the presence of Mo+4 in pure MoS2 (Qumar et al. 
2020; Ke et al. 2017). Besides S, an apparent peak posi-
tioned at 226.8 eV is attributed to the binding energy of 
S 2 s, which suggests the presence of MoS2. Whereas in 
Fig. 10e, a spectrum of S 2p region with single doublet 
peaks of 2p3/2 (161.7 eV) and 2p1/2 (162.8 eV) confirm 
Mo–S bond. Similarly, peak at 163.0 eV and 163.9 eV can 
be assigned to S 2p3/2 and S 2p1/2 is attributed to S element 
spin–orbit separation, suggesting the presence of − 2 oxida-
tion state of S (Qumar et al. 2020; Ali et al. 2019; Vattikuti 
et al. 2015).

The thermal behavior of GO was measured up to 1000 °C 
through DSC/TGA measurements. In Fig. 11a, small but 
far from negligible endothermic peak of GO was observed 
before 100 °C, which significantly corresponds to desorption 
of water (Traina and Pegoretti 2012). Another endothermic 

peak of GO is evidenced at 213 °C which points toward GO 
thermolysis, after which weight loss becomes smoother (Lu 
et al. 2013). In TGA curve (Fig. 11a), initially GO loses 
about 20% mass below 100 °C owing to water evaporation 
and pyrolysis of oxygen-containing –OH, COOH groups, 
etc. As temperature is increased, mass loss becomes very 
rapid, initial mass loss of roughly 30% occurs at a tempera-
ture of about 200 °C indicating thermal decomposition of 
functional groups associated with oxygen. This is presum-
ably, owing to pyrolysis of oxygen-related functional groups, 
e.g., hydroxyl (–OH), carbonyl (COOH) and carboxylic-acid 
(RCOOH) yielding CO, CO2 and water molecules (H–O–H) 
(Alam et al. 2017; Wang et al. 2012a). Around this tempera-
ture, GO is effectively converted into conductive (rGO). In 
case of GO sample, rapid mass loss around initial/starting 
temperature specifies higher defect density (Alhassan et al. 
2013).

DSC-TGA analysis was performed in an air environ-
ment to investigate the phase transformation of MoS2, 

Fig. 11   DSC-TGA curves. a GO, b MoS2 and c BN
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as shown in Fig. 11b. Prepared samples were exposed to 
temperature ranges from 25 to 970 °C keeping ramp rate 
of 10 °C/min. TGA analysis indicates that initial weight 
loss of 2–3% starts at 330 °C, most probably attributed to 
removal of water as hydronium ion (H3O+) as explained 
by Eq. 10 and organic material content used for wash-
ing samples during synthesis. Further weight loss can be 
explained with the following reaction:

In Fig. 11b, an exothermic peak observed at 514 °C may 
correspond to oxidative roasting of molybdenite (Raza 
et al. 2019; Golmakani et al. 2018). Main factors that influ-
ence the formation of this exothermic peak could be MoS2 
partial oxidative roasting phenomenon. Furthermore, the 
formation of this exothermic peak can be elucidated with 
the help of Eq. 11:

It is important to mention that DSC results presented 
in the range of 100–200 °C in Fig. 11b do not indicate 
any thermal peak, aside from a partial detachment. How-
ever, mass loss with fairly significant peak demonstrates 
physical transformation within this range of temperature. 
Another 2–5% weight loss observed at 795 °C reveals ther-
mal decomposition of MoS2 (Nafees et al. 2015). The reac-
tion takes place under a temperature of 800–1100 °C, at 
this temperature MoS2 (VI) decomposes into molybdenum 
(III) sulfide and sulfur.

Chemical reaction for thermally decomposed MoS2 is 
given by Eq. 12 as follows:

Figure  11c represents DSC-TGA curve of BN-NS 
measured from room temperature to 1000 °C. Some endo-
thermic peaks were identified on DSC curve around 220, 
450, and 880 °C. These peaks correspond to dissociation, 
melting, solidification, and crystallization, respectively. 
Peaks around 220 and 450  °C are attributed to phase 
transformation from bulk BN to BN nanosheets (Gross-
man et al. 2016). Correspondingly, TGA curve indicates 
two decreases in gravity. First decrease in gravity is identi-
fied at the start of temperature rise from ~ 120 to 490 °C, 
which can correspond to a loss of surface adsorbed/func-
tionalized water as well as organic groups resulting from 
the presence of ionic B–N bonds. The second decrease 
in gravity is detected at ~ 850 °C which corresponds to 
the formation of BN–NS (Wang et al. 2012b, 2016b). No 
weight loss was observed below 120 °C and in the range 
450–850 °C, which stems from thermal stability (Wang 
et al. 2016b).

(10)HCl + 2H2O → H3O
+ + Cl−.

(11)MoS2 + 3.5O2 = MoO3 + 2SO2 + Q

(12)2MoS2

(

800 − 1100◦C

→

)

Mo2S3 + S.

In Fig. 12, both photocatalysis and sonophotocatalysis 
are described simultaneously. The light-induced activity 
of all samples is illustrated in Fig. 12a, b for PCA, where 
absorbance is displayed as a function of time. Photocatalytic 
response of all 2D materials arise due to their high surface 
area. In Fig. 12a, maximum degradation is shown by rGO 
with C/Co equal to 0.39 (60%) concentration within 120 min. 
Small amount of degradation occurs in all samples in the 
dark but during the presence of light, samples demonstrate 
substantial MB removal within 120 min. Moderate degra-
dation is displayed by MoS2 with C/Co equal to 0.44 (55%) 
owing to its small bandgap, while BN shows less degrada-
tion because of its wide bandgap. Figure 12b, c shows SPCA 
plot with similar calculations which reveals a significant 
increase in dye reduction, when samples were placed in an 
ultrasonic bath.

Rate constants of all samples using the pseudo-first-order 
equation is given as (Eq. 13) (Arshad et al. 2017)

where Ct is the concentration at a specific time and Co is 
the initial concentration, k is an apparent rate constant. Fig-
ure 13a, b shows that PCA and calculated rate constants for 
rGO, MoS2, GO, and BN are 0.0076, 0.0068, 0.0041 and 
0.0033 min−1, respectively. Figure 13c, d shows SPCA rate 
constants and % degradation calculated as 0.0178, 0.0118, 
0.0086, and 0.0051 min−1 for rGO, GO, MoS2, and BN, 
respectively. Figure 13a, c shows baseline C that represents 
ratio of Ct/Co. Figure 13b, d reveals % degradation of all 
samples with time. These findings show strong potential of 
rGO to treat industrial wastewater. Significant enhancement 
in photocatalytic efficiency was observed due to doping of 
materials. Results show that SPCA is more efficient than 
simple PCA suggesting that reduction can be enhanced by 
incorporating dopants. Literature survey reveals that incor-
poration of dopants into 2D materials causes to acceler-
ate dye degradation as well as increase its efficacy. Vari-
ous reports reveal maximum dye reduction with doping of 
selected species into host rGO, GO, MoS2 and BN (Kumar 
et al. 2019; Hassan et al. 2020; Tian et al. 2016; Sheng 
et al. 2019; Ikram et al. 2020d). Comparison of degradation 
results with those previously reported are shown in Table 1.

pH value

In PCA and SPCA, pH value plays a vital role during dye 
degradation treatment of textile wastewater, especially in 
reaction mechanisms that can contribute to dye degrada-
tion. Percentage degradation as calculated using Eq. 1 has 
a direct relation with pH value. In the currently performed 
experiments for BN, MoS2, rGO and GO, value of pH was 
recorded as 8.5, 9.1 8 and 8.2, respectively which clearly 

(13)−ln
(

C
t
∕Co

)

= kt,
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indicates experiment was carried out in a basic environment. 
In addition, dye degradation using photocatalytic approach 
shows excellent results under basic conditions that construc-
tively support the findings of this study.

Stability and reusability

Since the stability of PCA and SPCA is an important fac-
tor in the performance assessment of a photocatalyst, the 
stability and reusability of experiments performed in this 
study were investigated. Performed experiment for all sam-
ples was allowed to stay for 3 days in dark after 120 min of 
irradiation. After 3 days, it was observed that the degrada-
tion was still in its previously observed form. Discoloration 
of dye was still the same as was performed initially. Reus-
ability was examined by recycling of rGO (Fig. 13a, c) and 

MoS2 (Fig. 14b, d) as these two catalysts exhibited superior 
dye degradation compared to other synthesized materials. 
Recycling of photocatalyst was performed for up to four 
cycles which showed approximately the same results when 
compared with the actual experiment. It can be seen from 
the above two experiments that SPCA resulted in efficient 
and enhanced dye degradation as compared to simple PCA. 
Obtained spectra for recycling of photocatalyst were also 
monitored through UV–Vis, as visualized in Fig. 14a–d.

Load of photocatalyst

Load of catalyst also holds great importance with regard 
to testing dye degradation for a number of cycles. In 
the above executed experiment, load of photocatalyst 
before and after four cycles of recycling was observed. 

Fig. 12   a, b Plot of concentration ratio (C/C0) vs time and plot of − ln(Ct/C0) vs time spectra for sonophotocatalysis. c, d Plot of concentration 
ratio (C/C0) vs time and plot of − ln(Ct/C0) photocatalysis
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Minor weight loss was detected for both rGO and MoS2. 
For MoS2 and rGO weight of actual photocatalyst was 
10 mg prior to experiment. After four cycles, it decreased 
down to 9.4 mg taking into consideration ~ 5% sensing 
deviation.

Conclusion

In the present study of comparison of 2D materials, GO was 
synthesized using revised Hummers method and reduced 
GO was extracted from GO using thermal reduction tech-
nique. MoS2 nanopetals and BN nanosheets were synthe-
sized via hydrothermal and chemical exfoliation strategies, 
respectively. XRD was used to detect hexagonal phase 
present with all samples and calculate inter-layer spacing 
which coincided well with HR-TEM micrographs as well 
as confirmed the reduction of GO. Fingerprint region of 
sp2 hybridized carbon was sited at 650 cm−1 and assigned 
to C–H, which is an evidence for the formation of Dirac 
2D material. The characteristic peak of Mo and S bond-
ing was located around 676 and 1124 cm−1, respectively, 
and characteristic modes E1u and A2u of BN were assessed 
through FTIR. UV–Vis spectra revealed π–π* transition 
in aromatic C–C and n–π* transitions for GO and rGO. It 
was also used to calculate bandgap of GO (4.0 eV), rGO 

Fig. 13   a, b Rate constants and degradation (%) of PCA, respectively. c, d Rate constants and  % degradation for SPCA, respectively

Table 1   Comparison of degradation of MB with reported results

Sample Literature Present study
Degradation (%) Degradation (%)

GO 62 (Ikram et al. 2020b) 64
rGO 65 (Deng et al. 2016) 60
MoS2 45 (Yein et al. 2019; Phung 

et al. 2018)
55

BN 30 (Sheng et al. 2019) 33
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(3.84 eV), MoS2 (2.6 eV) and BN (5.7 eV). FESEM and 
HR-TEM micrographs revealed transparent nanosheets with 
slight fluctuation and thin fluffy curtain-like morphology as 
well as rich wrinkle-like structure observed in GO and rGO, 
and dispersed MoS2 nanopetals with interlayers spacing of 
0.62 nm. BN nanosheets possessed a d-spacing of 0.34 nm 
as visualized with HR-TEM. In Raman studies, G band 
indicated sp2 hybrid with crystallizability and symmetry of 
carbon atoms along scattering phonon mode (E2g). D band 
indicated k-point breathing mode with A1g phonon mode 
symmetry which is also an indication of sp3 carbon atoms. 
Two other bands at 2682 (2D) and 2900 cm−1 (D + G) were 
detected. The D + G band represents slight disordering due 
to scattering combination. In case of MoS2, E2g vibrational 
mode was related to in-plane vibrations and A1g mode was 
identified as out-of-plane vibrations. Frequency difference 

between E2g and A1g was ~ 26 cm−1 that suggests formation 
of six layers. Besides, in BN, E2g mode was attributed to 
G band that is analogous to graphene, and a few layered 
structures that caused slight elongation within boron and 
nitrogen bonds (B–N). In case of GO and rGO, PL spectra 
were attributed to recombination of electron–hole pair in 
confine state of sp2 carbon clusters combined with sp3 matrix 
and rGO luminescence was caused by disappearance of 
oxygen-related functional groups that facilitate percolation 
of paths among sp2 clusters. In case of BN nanosheets, PL 
spectra appeared at 460 nm which was ascribed to electronic 
transition including individual or mutual transition among 
2p states of BN bands. In XPS spectra of GO, O 1 s peak 
positioned at 530.6 eV originated from C=O and O=C–OH 
groups and C 1  s significant peak with binding energy 
of ~ 284.0 eV was caused by graphitic C–C peak owing to 

Fig. 14   a, b Plots of C/C0 vs time for reusability for PCA of rGO and MoS2, respectively, b, c reusability for SPCA of rGO and MoS2 reusability
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sp2 carbon bond and oxygen-containing functional groups. 
In spectra obtained from MoS2, S 2p region that exhibited 
single doublet peaks of 2p3/2 (161.7 eV) and 2p1/2 (162.8 eV) 
confirmed the presence of Mo–S bond. Endothermic peak 
of GO is evidenced at 213 °C which elucidated to GO ther-
molysis. In TGA curve, initially GO lost mass of about 20% 
below 100 °C owing to water evaporation and pyrolysis of 
oxygen-containing –OH, COOH groups. In case of MoS2, 
oxidation occurred between 320 and 650 °C with weight loss 
of 25%, which revealed thermal decomposition. Strong pho-
tocatalytic activity was exhibited by rGO and MoS2 which 
degraded 60% and 55% of MB concentration, respectively. 
The experimental results indicate that the products synthe-
sized in this study can be regarded as excellent nanocatalysts 
suitable for elimination of organic pollutants from waste-
water. It was also shown that the techniques and materials 
employed here for the synthesis of nanocatalysts exhibit no 
hazardous behavior in wastewater treatment process.
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