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Project summary

Abstract: At first, the liquid phase-based exfoliation (LPE) method was opted for based on co-solvent
strategy. The dispersants, or solvents like NMP, DMF, etc. have been considered for exfoliation of as-
purchased bulk WS; to nanoflakes. In addition, fractal-like patterns were grown by synthesizing
exfoliated WS, nanoflakes onto sodium ¢arboxymethyl ceflulose (NaCMC) with varying concentrations
using the solution mixing-evaporation technique. Moreover, radiation-induced effects through energetic
particles or He?* ion beam irradiation were studied on the layered WS, nanosheets. The WS, system
exposed to UV- & f-rays showed enrichment in porosity leading to augmented photocatalytic activity.
Furthermore, the He?* jon irradiation has led to the exfoliation of the layered system in addition to
surface patterning.
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1. Introduction and background

The inorganic, 2D transition metal dichalcogenide (TMDs) layered semiconducting WS, system
consists of three atomic planes, with a typical 6-7 A thick layers of chalcogen (S) atoms sandwiched
between a hexagonally packed layer of metal (W) atoms. In its bulk or multilayer form, the indirect
bandgap of WS, ranges between 1.3 and 1.4 eV, whereas in its bilayer and monolayer forms, the direct
bandgap falls between 1.8 and 2.1 eV [1]. It was known that though the basal plane is very inactive, the
edge sites, with their surface-active sites, are crucial for the catalytic application of TMDs. The 2D
TMDs have significance in tunablé optical, optoelectronic, electrical, electrochemical, and
electromechanical characteristics. And their response to selective chemical and biosensing is also very
encouraging depending on the number of layers, the chemical composition, the quantity of transition
metal d-electrons. Additionally, point defects such as chalcogen vacancies in the systems show
semiconducting, half-metallic, or metallic characteristics reported in earlier works [2].

In the realm of condensed matter research, pattern development in nano- or micro-structures
resulting from the crystal growth of different polymer-containing composites or polymeric blends is
also a topic of significant interest [3]. Witten and Sander, in 1981 formed a model, namely the diffusion-
limited aggregation (DLA) model [4], which serves as the basis for the irreversible self-assembly
development of complicated forms resulting in dendritic growth made up of numerous microscopic
particles. The main factors responsible for pattern formation include particle transport phenomena,
diffusivity, growth Kkinetics, anisotropic effect, supercooling, etc. A polysaccharide, namely sodium
carboxy methyl cellulose (NaCMC) made up of the cellulose derivative (water-soluble) with carboxy
methyl groups (-CH.-COOH) linked to the part of monomers (hydroxyl group) comprised of
glucopyranose. Due to the aforementioned ability to form films, hydrophilicity, low toxicity, and non-
allergenic property, NaCMC has been recommended as a host, or cohost [5].

The layered 2D materials are thought to facilitate exceptional chemical and physical properties
because of their hierarchical structural and morphological advantages over their bulk counterparts. The
hierarchical porous materials contain the appearance of diverse ranges of porosity with variable sizes
and length scales, including (i) micropores of dia. ~2 nm), (ii) mesopores of dia. in the range of ~2-50
nm), and (iii) macropores of dia. > 50 nm) [6]. In addition, a number of the pore size ranges described
may have bimodal distributions as well as trimodal distributions. In particular applications with desired



functions, the existence of multiple ranges of changeable pores in a material system is significant [7].
Due to an increase in surface area, which facilitates electron transfer and increased photocatalytic
activity, such micro-porous systems were thought to utilize light rather effectively [8].

To alter and manifest the physical characteristics of materials, ionizing radiation (e.g., gamma-
rays), focused ion beams (FIB), and swift heavy energetic ions are often employed. Due to the strong
interaction between the incident ions and the target material, modification to crystal structures,
geometries, patterns, and chemical compositions can be realized for both bulk and nanosystems [9].
The primary way by which an energetic particle (ion, or electron) penetrates a solid or target medium
and transfers its energy to the target atoms is a collision between the electrons of the target atoms. In
general, as the ion beam travels through a solid target, the energy loss mechanism occurs via two
processes: nuclear energy loss (Sp) and electronic energy loss (Sc). In general, when using a low-energy
ion beam irradiation technique (i.e., up to a few tens keV regimes), nuclear energy loss is mostly carried
on by elastic collisions that cause collision cascades that displace the atoms from their starting positions
[10]. Furthermore, the nature of target material as well as ion beam energy, size and mass of the
projectiles also serve as the crucial factors in determining the properties of post-irradiated samples.

Through this project work, the layered sheets of WS; that were processed via the LPE routes
are exploited in detail along with radiation induced effects. To begin with, the creation of fractal-like
structures has been realized after dispersing them in NaCMC. Moreover, the effects of radiation by
ultraviolet (UV), beta (B), and gamma (y) rays were also studied for the WS, nanosystems. In addition,
the bombardment of low energy ion beams such as 15 keV He?" onto the WS, system was characterized
at varied fluences. The structural analysis, morphology, surface topology, composition, Raman
signature, and vibrational modes of the pristine, composites and irradiated WS, nanosystems are
discussed.

2. Objectives

To analyze exfoliated, fractal structures and surface roughness of WS,/NaCMC composite films along
with spectroscopic features.

To study the adsorption-desorption isotherms, porosity measurements, spectroscopic analysis, and its
photocatalytic activity in bulk form, exfoliated sheets, £-, and UV- irradiation effects on WS sheets.
To study the y-irradiated structural, spectroscopic, and optoelectronic properties on exfoliated WS,
systems with varying doses.

Study of He?" ion irradiation-induced effects on the WS, system with the formation and collapsing of
helium bubbles.

2. Experimental: Materials and methods
2.1 Exfoliation of WS:sheets

Propan-2-ol (IPA, isopropanol, extrapure, FINAR® chemicals) and analytical grade tungsten disulfide
(99% pure, WS,, grain size of 2 um, Sigma Aldrich®) were obtained from various sources/agencies and
utilized without additional purification steps. We attempted to exfoliate the purchased WS, powder in
bulk form by dissolving it in water/IPA co-solvent. The bulk WS; of 0.32 g that we measured was put
in 30 % IPA solvent. Now, the mixture was stirred for around 20 minutes using a magnetic stirrer to
produce a uniform mixture for WS,. After further stirring, the mixture was exposed to ultrasonic waves
in a sonicator (RoHS®, 100 W, 50 Hz) consistently for ~5 h and at an interval of 30 min. The precursors,
which were produced after several hours of ultrasonication, were centrifuged at 2500 RPM for ~10 min.
for WS, and the residue was then rinsed with DI (deionized) water several times. The precipitate was

3

@



allowed to get dry in an oven (hot air, REMI®) at a temperature of 70°C which comprises exfoliated
sheets of WS,.

2.2 Svathesizing WS»/NaCMC based composite films

Sodium carboxy methyl cellulose sodium (NaCMC), obtained from Loba Chemie® was utilized without
additional purification. A simple solution mixing-cum evaporation technique was used to produce
WS,/NaCMC composites. To begin, a 1% NaCMC solution was prepared by mixing 0.5 g of NaCMC
in 50 mL of DI water. The NaCMC was magnetically stirred (1000 RPM) for at least one hour while
maintaining a temperature of 70° for a homogeneous sol. Then, the exfoliated WS, (0.005 g) was added
to the NaCMC sol and stirred at ~1000 RPM at a temperature of 60° for around 24 h with a pH ~7 to
synthesize a 1 wt.% WS,/NaCMC composite. Additionally, NaCMC (1.5 g) was dispersed in 150 mL
of DI (deionized) water while being stirred at 1000 rpm for about an hour. Next, 0.015 g of exfoliated
WS, was added, and stirring was maintained for another 48 h. In a similar way, 2-4 wt.% WS,/NaCMC
composites were also made. In order to prepare uniform films, the sol. was drop casted onto several
microscopic slides. The films were then left to dry in an oven (hot air, REMI®) at a temperature of 70°C
and further used for analysis purposes.

2.3 Effects of UV and B-particles on WS: svstems

The exfoliated WS; sheets of 1.5 g (powder form) kept in a boat is brought under the UV cabinet for 30
min. kept 12 cm away from the UV lamp source (Ax = 365 nm). On the other hand, 1.5 g WS, is exposed
to pB-particles inside a Pb-shielded chamber (using a laboratory-grade-"*’Cs as the source, offering
energy ~1.17 MeV stable state), with a radioactivity of about 0.2 kGy in 30 min. All of the samples
were handled at room temperature (300 K) and further examined for porosity study with regard to the
impact of energetic particles on the system as well as in the bulk form that was bought directly and its
exfoliated case.

2.4 Exposure of y-photons on WS:systems

The exfoliated WS, was kept in a y-irradiation chamber accessible at UGC-DAE CSR, Kolkata (source:
%Co, dose rate=1.75 kGy/h, energy ~1.3 MeV,) at a temperature of 300 K. The specimens were
irradiated for 0 kGy (pristine), 10 kGy, 25 kGy, 30 kGy, 35 kGy, and 40 kGy consequently, and
categorized such as G0, G1, G2, G3, G4, and G5 for WS;. The specimens after being exposed over
stipulated time duration were taken out from the chamber after the requisite y-doses.

2.5 Exposure of He” ions to WS- system

The bulk WS; purchased in powder form (with micron size) was directly infused over a teflon-pellet
prepared from multipurpose teflon tape being crumpled into a thick circular disc of typical diameter
~13 mm. The WS; pellets were prepared by hot pressing onto the teflon support by a hydraulic press by
applying a pressure of ~60 bar. The prepared specimens were exposed to low energy He**{onirradiation
employing K130 variable energy cyclotron with the electron cyclotron resonance (ECR) ion source (6.4
GHz) available at Variable Energy Cyclotron Centre (VECC), Kolkata. The specimens were irradiated
with fluences for 1x10" ions/cm?, 5x10" ions/cm?, 1x10'¢ions/cm?and also irradiated at 55° angle for
a particular fluence of 5x10" ions/cm®. The beam current was also checked during the experiment
through the Faraday cup which was calculated to be around ~ 1.5 pA at 300 K and, the operating voltage
was set at 7.5 kV giving a charge state of +2.

2.5 Characterization technigues
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With the help of a field emission scanning electron microscope (FE-SEM, model: Zeiss, Sigma®) and
attached energy dispersive spectroscopy (EDS) unit, the dried films casted over glass substrates were
studied. AFM, NTEGRA Prima®, was utilized to examine the surface topography of the films. p-Raman
spectroscopy (EZRaman-N®), which has a laser operating at A=785 nm and power 350 mW, was used
to analyze the Raman spectra of the dried films. Also, Raman spectroscopy (Renishaw, UK), which
uses an Ar" ion laser excitation source operating at A=514 nm and power 50 mW, was used to
characterize WS; nanosystems exposed to radiation. The Fourier transform infrared (FT-IR) spectra
were studied for dried films using a spectrophotometer (Nicolet Impact 1-410®). Moreover, the N,
adsorption-desorption isotherms and pore-size distribution using the NOVA 1000e® Quanta chrome
system was used to characterize WS, irradiated to energetic particles. An X-ray diffractometer (D8
FOCUS, BRUKER AXS, Germany) attached with CuKa (A=1.54) line source was used to ascertain the
crystallinity and phase structure of WS,. X-ray photoelectron spectroscopy (XPS) surface analysis was
carried out using the PHI Versa Probe IIT model to examine the chemical state information of the
material under study. Using a UV-Vis spectrophotometer (Lambda 365, PerkinElmer®), the absorbance
of the samples as prepared was evaluated. Every experiment was carried out at room temperature (300
K).

3. Results and discussion
3.1 Study on the morphology and vibrational study of fractal patterns

Fig. 1(a.h) represents the FE-SEM images for 1-4 wt.%. WS»/NaCMC composites. In the case of a | wt.%
sol. synthesized for 48 h, we see the emergence of longitudinal flat patterns that are oriented in one direction.
However, a 1 wt.% sol. obtained in 24 h, reveals self-aggregate arrangements developed with fragments of
irregular phases, caused by the addition of NaCMC in between the WS; layers through constant stirring, as
shown in Fig. 1(b.f). On the contrary, the fractal patterns formed in the 2 and 4 wt.% may be due to the
screening effect causing repulsion between the individual entities and is strongly influenced by the rate of
diffusion. The patterns formed reasonably as a result of site-responsive percolation of NaCMC onto WS, by
smearing away nanoflakes through diffusion-limited disruption (DLD) principle [11.12]. Fig. 1(i-1) represents
the local fractal dimension (df) vs. frequency plots fitted with multi-peak Lorentzian functions showing the
bimodal and trimodal distributions of self-similar fractal structures after deconvolution with asymmetrically
broadened nature and having sharp maxima at dr= 2 varying from 1.93 to 1.6 and indicating fractal-like
patterns that have occurred in the layered WS; retaining its 2D nature as a background.
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Figure 1: FE-SEM micrographs for (1-4 wt.%) composites of WS2/NaCMC at (a-d) magnified at lower scale
(scale bar: 10 um), while (e-h) specify micrographs of higher magnifications (scale bar: 200 nm) of the specimens.
The micrographs were taken for (a,e) 1 wt.% processed for 48 h, (b,f) 1 wt.% processed for 24 h, (¢,g) 2 wt.%
processed for 48 h, and (d,h) 4 wt.% processed for 48 h; (i-1) displays local fractal dimension (d) against frequency
plots illustrated with Lorentzian fits for each system.

Fig. 2(a-f) displays the 2D surface scans and 3D topography of the films for 1-4 wt.% WS,/NaCMC
composites. The presence of fractal aggregates is also evident from the surface topography exhibiting
self-similar pockets and oblates. Also, the calculated surface roughness parameter (o) of the 1 wt.%
case provides, o ~ 45.1 nm while ¢ is moderately higher for 4 wt.% WSz/NaCMC composite, i.e. 0 ~
66.5 nm. From the scanning analysis, various bumps are quite apparent through the multiple grains
although the elongated structures seemed to have a smooth texture (Fig. 2(g-j)).

Fig. 3(a) displays the vibrational Raman spectra fitted with multi-peak Lorentzian functions of varying
concentrations ranging from 16 wt.% to 1 wt%. of the WSyNaCMC nanocomposites. The two
dominant first-order phonon optical modes, specifically, E’,, in-plane mode and 4,5 out-of-plane mode
have appeared at ~350 cm™ and 418 cm’'; respectively [13]. The E';¢/4,;, mode intensity ratios of pure
WS, (without NaCMC) together with 16 wt.% to 1 wt.% composite with increasing WS, content
evaluated suggest a non-linear rising trend (Fig. 3(b.c)). Fig. 3(d) shows the FT-IR spectra of NaCMC,
WS, and composites of WS,/NaCMC for 1 wt.%. to 16 wt.% respectively. The IR active molecules
tend to get shifted and broadened due to the interaction among themselves, also the spectral fingerprints
of both NaCMC and WS; have been retained in the composites.
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Figure 2: AFM of selected sites for 1 and 4 wt.% WS,/NaCMC composites: (a,b) the 3D topography, (¢,d) 2D
surface scans, (e,f) 2D views (magnified) in a scale bar of 500 nm for directional scanning. The locations are
designated by italicized numbers such as 1, 2, 3, etc.; (g,h) directional height profiles for 1 & 4 wt.% WS2/NaCMC
composites, measured laterally along the designated lines. Here, (i,j) 5 specific locations were selected showing
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Figure 2: AFM of selected sites for 1 and 4 wt.% WS,/NaCMC composites: (a,b) the 3D topography, (c,d) 2D
surface scans, (e,f) 2D views (magnified) in a scale bar of 500 nm for directional scanning. The locations are
designated by italicized numbers such as 1, 2, 3, etc., (gh) directional height profiles for 1 & 4
wt.% WS»/NaCMC composites, measured laterally along the designated lines. Here, (i,j) 5 specific locations
were selected showing horizontal line scans for respective height profiles. Arrowhead lines from the left
represent the specimen's variation in height over a range of distances.
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Figure 3: (a) Raman spectra shown for 1-16 wt.% composite systems of WSz/NaCMC and of pure WS, (b)
highlights the function of host matrix NaCMC in the pattern of intensity ratio (E! 3¢ -to- Ajz) mode for various
loadings; (c) the intensities of £’z and 4, modes exhibiting non-linear trend with increase in concentration of
WS;; (d) FT-IR spectra: NaCMC, WS, and 1 wt.% to 16 wt.% WS/NaCMC composites.



Table 1. Using the HRSEM analysis, fractal dimensions are determined through the local fractal
dimension (f2) vs. frequency plot, whilst the AFM study provides information on RMS roughness,

skewness and kurtosis values.

Concentration Fractal Dimension ~ RMS roughness

(samples)

() (nm)

Skewness (S)  Kurtosis

(K)

1 wt.% (24 h) 1.83

1.94

1.98
1 wt.% (48 h) 1.84
1.96
2 Wt.% (48 h) 1.79
1.93
1.98
4 wt.% (48 h) 1.60
1.83
1.90
1.96

45.1 £ 6.02

66.5 +15.03

-0.2024 5.8336

0.5463 3.5675
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Figure 4: (a) Nz adsorption-desorption isotherms, (b) the pore size distribution, (c) the distribution of pore sizes
associated with bulk WS, exfoliated WS, irradiated with UV- and B-rays is shown in magnified view,
respectively. (d) the area below the respective curves was compared within dia. ~ 8-100 nm, the meso- and
macro-pore size distribution of the samples was calculated.
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3.2 Effects of radiation (UV and B-ravs) on porosity and its application in photocatalytic activities

Fig. 4(a).(b) illustrate, respectively, the isotherms and pore-size distribution of four distinct systems.
Through the BJH model, the pore-size distribution was analyzed for bulk WS,, exfoliated WS,
nanosheets (NSs), and WS, exposed to UV rays (Aex = 365 nm for 30 min) and S-particles (0.2 kGy)
examined through the Brunner-Emmett-Teller (BET) analysis by means of N2 adsorption/desorption
isotherms carried out at liquid nitrogen temperature (77 K). A typical type-IV curve showing the
existence of meso-pores with dia. ~2-50 nm can be evident for a notable increase in volume adsorbed



in the range of relative pressure, p/po =0.5-1.0, as can be found in Fig.4(a). This is explained by the fact
that capillary condensation takes place in mesopores that are quite big in size [14].

{b) T Exokated WS, ]
. e UV-sracated WS,
(a) ~ . »_”_m,.,./-\:v\; rradated WS,
P 1211 1] 08 e \\ .
i —— 15 min 7 N
- T omnl Beal N
H 45 min 02 :
8 - -— 60 min
£ o 7sminl sed
420 460 460 450 SO0 520 340 860 330
§ Wavelongth (nm)
E (4
2 () - Exiohated WS,
< 104 e UV srradsated WS,
_ o ,u/“;;:;:{{ o faradated WS,
5 0.8 e ~ RN
1 i S N
. -
Ty T T T L o8 e - ™ 4
420 440 480 480 500 520 540 860 880 |~ \
Wavelength (nm) b _ AN
..
021 h

420 440 460 480 500 520 540 560 530
Wavelength (nm)

Figure 5. (a) WS;added Congo red (CR) dye absorbance spectra after exposures for upto ~75 min exposure; (b,c)
a comparative plot for WS, (exfoliated), WS, exposed to UV- and B-rays for 15 and 45 minutes, respectively, as
a catalyst added to Congo red dye.

The photocatalytic activity has been studied due to the presence of meso-macro pores in the WS,
material witnessed from the BET analysis upon exposure with UV and f-rays. The UV-vis spectra
displayed in Fig. 5 were used to analyse the efficiency of photocatalytic degradation exfoliated WS,
and a comparative plot for exfoliated and exposed WS, systems on Congo red dye Fig. 5(a-c). The CR
dye, which absorbs light in the blue region, has a strong absorbance peak maximum at around 497 nm
with a broadened spectral nature. It has also revealed rapid degradation through the addition of WS,
nanosheets as a catalyst irradiated for 75 minutes, leading to the cleavage of the dye molecule's -N=N
bond. For up to 15 and 45 minutes, respectively, a relative plot for CR dye added with exfoliated WS,
UV-, and B-irradiated WS; as a catalyst was also examined. Under UV light irradiation for 45 minutes,
as indicated in Table 2, we could observe that the p-irradiated WS, system showed enhanced
photocatalytic degradation of CR dye by efficiency of 59.38%. This could be because the WS, system
has substantially more sulfur atomic vacancies than the WS, system that wasn't exposed to radiation,
which is known to make it easier to transfer and separate photo-generated carriers and improve the
performance of the catalyst in photocatalytic activity.



Table 2. Calculation of Congo red dye degradation percentage (%) using peak maxima of the

absorbance spectra.

Sample Degradation (%)
illumination for 15 min illumination for 45 min
WS; (exfoliated) 07.32 08.22
WS; upon UV-irradiation 0732 10.23
WS, upon B-irradiation 58.55 59.38

3.3 Effects of He ion irradiation on the WS- systems

When exposed to fluences of 1x10'%, 1x10'6 ions/cm? for normal incidence and 5x10" ions/cm” at a
55° incidence angle, as illustrated in Fig. 6, the hillocks present in pristine specimens begin to diminish
their heights with the development of the corrugated surface texture (b.c.h.k). The RMS roughness
determined by employing WSxM software version 5.0 (Nanotec, Inc.)® on the AFM micrographs
reduced as compared to the bulk WS, although the amount is significantly dependent on the incidence
cases (normal or oblique) and providing values (#, ~ 0.36 to 0.87 nm). The chemically inert He ions
upon implantation, become charge neutral and diffusing to locally form nuclei within the projectile’s
range. As a result, bubble formation that weakens van der Waal forces leads to exfoliation and patterned
surfaces [15]. Additionally, the systems under investigation subjected to ion irradiation result in defects
formation such as vacancies or interstitials
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Figure 6. 2D surface scans (AFM images) of (a) pristine (bulk WSy) and irradiated WS, for (d) 1x10'® ions/cm?
at 0° normal incidence, (g) 5%10'° ions/cm? at 55° incident angle, and (§); 1x10'¢ ions/cm? at 0° normal incidence;
(b,e,h,K) respective 3D topography images; (¢,f,i,l) corresponding height profiles.

Fig. 7 shows the High-resolution transmission electron microscopy (HRTEM) images to analyses the
morphology of the pristine (WS;) and after irradiation with 15 keV He?"ions for fluence 5x10"*ions/cm’
at 0° and 55° incident angle; respectively. The edge angle (120°) showing the hexagonal structure of
the WS, sheets can be seen in Fig. 7(a). Moreover, as a result of the creation of bubbles and the collapse
of He nuclei between the Vander Waal bonded layers bombarded through He ions in the WS, the
irradiated systems caused exfoliation by causing layers to separate from stacks seen in the pristine case
(Fig. (c-1)). The irradiated system with a normal angle (0°) incident angle shows two sets of diffraction
points in the corresponding selective area electron diffraction (SAED) shown as an inset (Fig. (¢)).
However, in the case of the 55° incident angle (Fig. (1)), only one set of distinct diffraction spots is seen
strongly indicating the single crystallinity of layered WS: nanosheets.

Employing XPS analyses, Fig. 8(a-f) illustrates the chemical compositions and elemental states of the
pristine and irradiated WS, for fluence 510" ions/cm®. The W4 f7,and W4 f5; states of tungsten are
revealed in the deconvoluted XPS spectra produced using multi-peak Gaussian fitting as evidenced by
two different peaks at 30.96 eV and 33.05 eV, respectively.

Figure 7. High-resolution transmission electron microscopy (HRTEM) images of (a,b) pristine (WS;) case,
after irradiation for fluence (c,d) 5x10' ions/cm?at 0°; (e,f) 5x10'° ions/cm? at 55° incident angle respectively;
note that SAED pattern of the irradiated WS; systems are shown as an inset (d,f).
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Figure 8. XPS survey scan: (a) pristine, (b) fluence (5x 10% ions/cm?) irradiated WS»; (¢) W4f-core level
spectra (pristine case), (d) W4f-core level spectra (irradiated case); S 2p-core level of (e) pristine, and ()
irradiated WS,.

These locations of the peaks are slightly shifted to ~ 33.29 eV and 35.47 eV; respectively and the W
5ps2 state at ~38.90 eV (Fig. 8(c.d)) corresponds to the various binding energies that define the tungsten
valence W*' state [16]. In contrast to the pristine case, the peaks of the S element in the irradiated
speCimen moved toward greater binding energy situated at 162.85 eV and 164 eV, respectively ascribed
to the S 2ps»and S 2pip states of divalent sulfide ions (Fig. 8(e.f)) belonging to the phase-pure structure
of WSz.
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