Chapter 5

Functionalized 2D-MoS;
Nanosheets for
Electrocatalytic Hydrogen
Evolution Reaction via Water
Electrolysis
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5.1 Introduction

This chapter presents the development of sulfonic acid (-SO3sH) group functionalized 2D-
MoS; nanosheets and their structural characterizations such as (Raman, FTIR, XPS, FESEM,
TEM/HRTEM, TGA, DSC) followed by application for hydrogen evolution reaction (HER).
Over the past few years, many potential alternatives for noble-metal-free electrocatalysts for
hydrogen evaluation reaction (HER) have been exploited, including chalcogenides of cobalt
[1], molybdenum [2, 3], tungsten [4], nickel [5], and a series of molecular catalysts [6].
Among these materials, molybdenum disulfide (MoS,) has received tremendous attention due
to its suitable Gibbs free-energy for hydrogen adsorption, earth-abundant, high
electrocatalytic activity, low cost, and also has long-term stability in strongly acidic and
alkaline conditions [7, 8]. Two-dimensional (2D) layered transition metal dichalcogenides
(MX5) are typically consist of M as a transition metal (Mo, W, V) and X as a chalcogen (S,
Se, Te), where each MX; type layer (S-Mo-S layers) are stacked to each other and connected
with the week van der Waals interaction [9-11]. Owing to the anisotropic structure, MoS; is
likely to form two-dimensional (2D) morphology that offers a large surface area and 2D
permeable channels for ion adsorption and transport [12-14]. Although in abundant form,
however, 2D-MoS; lacks in intrinsic electrical conductivity owing to its bandgap (1.81 eV for
monolayer and 1.27 eV for bulk), low carrier concentration, limited interlayer charge-
transport, and restricted electron transfer at the interfaces.[15] Hydrogen evolution reaction
(HER) activity of MoS; is localized to the rare edge surfaces, whereas the (0001) basal planes

are relatively inactive, which significantly limits the overall HER performance. [16, 17]

Motivated by this understanding, intense research efforts have been focused on developing
various 2D nanostructured MoS, based HER catalysts to maximize the number of exposed
edge sites, including metallic 1T polymorph [18, 19], amorphous [20], and crystalline

materials [21], vertically aligned structures [22, 23], and molecular mimics [24]. Besides
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active sites, the intrinsic conductivity of catalysts is another crucial factor affecting the
electrocatalytic activity because high conductivity ensures faster electron transport from the
conductive substrate to active sites. Several efforts have been made to enhance the
conductivity of MoS; include hybridizing with conductive substrates, especially
carbonaceous materials such as rGO [25, 26], carbon nanotube [27, 28], carbon fiber [29],
carbon cloth [30], and hollow carbon sphere [31], by taking advantage of synergetic coupling
effects or doping with foreign transition metal and non-metal atoms (for example, Fe, Co, Cu,
N, P, O and Ni) into MoS; to increase the number of unsaturated atom sites along the MoS;
edges. These schemes further help in modifying the electronic properties of MoS, and
enhance the intrinsic conductivity [32-35]. Engineering of interlayer spacing could be a
distinct parameter of MoS; nanosheets, which has been overlooked as one of the important
aspects for tuning properties of MoS,. Also, interlayer engineering of MoS; nanosheets could
play a key role in improving their efficacy for energy conversion and storage [36-38].
Expanded interlayer spacing not only significantly improve diffusion kinetics of ions but also
enhances the surface area, increase surface catalytically active sites, and reduce diffusion
barriers (in particular, when ions with large sizes and multiple valences (Mg®*, Na*) got
intercalated between the MoS; nanosheets) [36, 39]. Furthermore, expanded interlayer
spacing in MoS, drastically influences the electronic structures of individual MoS;
monolayers, specifically, exposing the atoms at the edge-sites, which is essential for
catalyzing hydrogen evolution reaction (HER) [40]. Density Functional Theory (DFT)
calculations illustrated that even a small interlayer expansion of MoS, to 6.57 A (i.e., 6%
interlayer expansion) can reduce the Gibbs free energy of hydrogen adsorption (AGy) by =~
0.05 eV [41]. Larger interlayer expansion from 6.2 to 9.5 A (i.e., 53% interlayer expansion)
in MoS; further lowers AGy by 0.149 eV [42]. Xie et al. demonstrated oxygen intercalated

MoS; with an enlarged interlayer spacing of 9.5 A prepared by a one-pot hydrothermal
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method [43]. With additional exposure of active edge sites for HER, the highly active HER
catalysts showed an excellent activity with Tafel slopes of 55 mV/dec with a much lower
onset overpotential (1) value of 120 mV as well as good long-term stability [43]. Gao et al.
reported that the microwave-assisted MoS, synthesis process, which increases interlayer
spacing up to 9.4 A results in reducing the Tafel slope to 49 mV/dec and lowering the onset
potential to 103 mV for HER [44]. Attanayake et al. reported the sodium ion (Na®)
intercalation into the MoS, with 12.33 A interlayer spacing exhibiting the low overpotential
(=183 mV) and small Tafel slopes of 45 mV/dec [45]. Wang et al. reported ammonia (NH3")
intercalated MoS; film with enlarged interlayer spacing, which also improved the HER with a
smaller Tafel slope (49 mV/dec) and low overpotential [8]. Despite such striking approaches,
many practical challenges still remain to improve the catalytic activity and stability of 2D-

MoS; based catalysts for HER.

The reactivity, stability, and electronic properties of MoS, can also be modified with the
covalent functionalization of the basal site [46, 47]. Recently, Vedhanarayana et.al
synthesized the n-Butyle covalent functionalized to 1T-MoS, nanosheets and their results
show that MoS; was still in the metallic 1T phase after the functionalization and improved
the electrochemical activity and stability [48]. Similarly, Benson et al. reported the covalent
functionalization of 1T-MoS;, nanosheets with the electron-donating functional group of (p-
(CH3CHy)2 NPh), which directly influence the kinetics of HER, stability, and surface

energetics [49].

To this end, functionalization of S-Mo-S layers with a large molecule could have a better
choice to enlarge the interlayer distances of MoS,, modify the electronic structure, and
improve the stability of electrocatalytic activities. Sulfonic (-SOsH) molecules are unique
since they can hybridize with the p and d states of the S and Mo of the S-Mo-S layers, thus

increasing the interlayer distances of MoS; and changing electronic structures by shifting the
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valance band maxima (VBM); thereby improving the carrier concentrations in MoS,
structure. Interestingly, -SOsH functional group is stable in water as well as non-oxidizing,
thus, could offer faster charge transfer with enhanced stability to the structure while

enhancing the HER via water splitting.

In this work, we have developed in-situ functionalization of MoS, with sulfonic (-SO3H )
group via one-pot hydrothermal synthesis followed by characterizing the MoS; structure and
structure-function relationship using X-ray diffraction (XRD), Transmission electron
microscopy (TEM), Fourier transforms infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, and electrochemical methods. We used the SO3H-
MoS; as electrocatalytic electrodes for HER and found the enhanced charge-transfer kinetics
in functionalized MoS;, compared to the pristine one. We have also demonstrated the step-by-
step controlled functionalizations by changing the molar ratios to the saturation where we
found enhanced electrocatalytic performance. The DFT calculations showed that the sulfonic
group is adsorbed on the surface of MoS; via the charge distribution wherein the surface Mo
atom loses, and S atoms gain charge. There is a charge distribution between the S, O, and H

atoms, thereby making the functional group stable and attaches to the surface.
5.2 Results and discussions

In-situ -SO3H functionalized MoS, was synthesized by a one-pot hydrothermal method at 180
°C in a hot air oven, as discussed in the experimental section 2.1.8 of chapter 2. In the typical
process, we have synthesized 2D-MoS; nanosheets by taking 2.067 g of ammonium
molybdate tetrahydrate (NH;)sM070,4.4H,0O while increasing thiourea (CH;N,S) to molar
ratios of 2, 4, 6, 8, and 10. These samples were addressed as Mo0S;-2, Mo0S,-4, MoS,-6,

MoS;-8, and MoS;-10 during all experimentation and data analysis.
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As a mechanism of functionalized MoS; synthesis, we believe that thiourea hydrolysis play
key role as given in Equation 5.1 and Equation 5.2. Where thiourea (CH4N,S) undergoes
various dissociation and decomposition reactions and transformed into S* anion via the

hydrolysis step at the elevated temperature.
(NHZ)ZCS + 2H,0 — 2NH3 + CO5 + H,S (51)
H,S + 20H — §* (5.2)

Ammonium heptamolybdate tetrahydrate (NH4)sM070,4 was reduced at elevated temperature

by the following reaction (Equation 5.3 to 5.5).
(NH4)sM07024. 4H,0 — 6NH3z 1+ 7MoOs + TH,01  (5.3)
MoOs+ 3 S% + H,O — MoO, + SO?, (5.4)
MoO, + $* — MoS; (5.5)

With increasing the thiourea precursor content, S anion concentration is increased in the

aqueous medium. This leads to the functionalization of the sulfonic (-SO3H) group on MoS;.

Comparative Raman spectra in Figure 5.1 show two characteristic peaks at ~374 cm™ and
~401 cm™ for each sample associated with the in-plane vibration of E',, and out of plane
vibration of A;y mode of MoS; bands [50]. In the in-plane mode, the sulfur (S) and
molybdenum (Mo) atoms vibrate in two opposite directions within the layer plane. In
contrast, in the out-of-plane mode, only sulfur (S) atoms vibrate in the one vertical direction
of the plane [51]. The differences between the two modes (Aig - Elzg = Ak) typically
determine the number of MoS; layers formed during the hydrothermal synthesis as shown in
Table 1 [52]. When the thiourea molar ratio is increased, the second-order Raman scattering
peaks observed at ~449.2 cm® ~585.5 cm™, ~746.79 cm®, and ~816.87 cm™ are

corresponding to the 2LA, Eig, 2Esg, and Aig modes of vibration occurring due to the
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coupling of phonon mode to electronic states existed optically in the crystals [53]. Raman

peak at ~1013 cm™ in M0S;-6, M0S,-8, and MoS,-10 corresponds to the -SOsH group and

manifests that increasing the CH4N,S molar ratios to 6, 8, and 10, the -SOsH

functionalizations occurred [54].
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Figure 5.1: Comparative Raman Spectra of all as-synthesized MoS, samples with the

different molar ratios of thiourea.

Table 5.1: Lists the Raman peak positions of various MoS;, samples

Sample E’yg (cm™) Agg (cm™) Ak (cm™)
MoS; -2 374.82 401.33 26.5
MoS; -4 377.30 401.75 24.4
MoS; -6 374.82 402.16 27.3
MoS; -8 377.33 404.26 26.9
MoS; -10 377.75 404.67 26.9
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Figure 5.2: Shows (a) comparative Fourier transform infrared (FTIR) spectra of all pristine

and functionalized MoS, sample; (b) A comparative FTIR spectra of MoS,-8 and MoS,-10.

The Fourier transform infrared (FTIR) measurement was carried out to obtain the bending
and stretching vibration of the functional group present in the as-synthesized all MoS,
samples (Figure 5.2a). The broad absorption bands at ~1627 cm™ (O-H) are associated with
the surface absorbed water molecule [55]. Two absorption bands at ~462 cm™ and ~594 cm™
are corresponded to the Mo-S stretching vibration [56, 57]. Absorption bands observed at
1056 cm™ is associated with the S=O (SO3) stretching mode of -SOsH functional group [58-
60]. Two absorption bands at 1227 cm™ and 1402 cm™ are associated with the 0=S=0
stretching mode of the -SO3H functional group [61-63]. When thiourea molar ratio increased
from MoS,-8 to MoS,-10 in Figure 5.2b we observed that there is a successive transformation
of the SO3™ group along with the -SO3H functional group [63]. The FTIR spectrum indicates
that the as-prepared MoS, sample exhibits the Mo-S bands. The formation of the -SO3H
group (S=0 and O=S=0) signifies the functionalization of the -SO3H functional group on the

surface of MoS, nanosheets.
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Figure 5.3: High-resolution Mo 3d XPS spectrum of all as-synthesized MoS, nanosheets with

varying molar ratios of thiourea. The entire XPS spectrum was analyzed by the CasaXPS

software. The two characteristic peaks Mo 3ds,, and Mo 3ds,; located at ~229.17+0.28 eV and

~232.32+0.28 eV correspond to the Mo*" oxidation states, while the peak located at

~226.40+0.25 eV to S 2s in MoS..
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XPS data shows the chemical composition and valency states of all the elements in samples,
as shown in Figure 5.3 and Figure 5.4. The high-resolution Mo 3d XPS (Figure 5.3 a-e)
spectrum can be deconvoluted into three peaks. The characteristic peaks Mo 3ds, and Mo
3day, were found located at ~229.17+0.28 eV, and ~232.32+0.28 eV correspond to the Mo**
oxidation states, while the peak obtained at ~226.40+0.25 eV represents S 2s in MoS; (as
listed in Table 5.2) [64]. In the high-resolution S 2p XPS, Figure 5.4 a;-e; spectra show two
pairs of S 2ps, and S 2py, spin-orbit doublets. The XPS peaks at 162.02+0.26 eV and
163.24+0.21 eV represent the S 2ps;» and S 2py, binding energy of S, respectively [65]. In
the high-resolution S 2p XPS, Figure 5.4 a;-e; spectra show two pairs of S 2ps;, and S 2p;.,
spin-orbit doublets. The XPS peaks at 162.02+0.26 eV and 163.24+0.21 eV represent the S
2psr2 and S 2py1, binding energy of S%, respectively [65]. The XPS peaks at higher binding
energies of (Figure 5.4 ¢; and Figure 5.4 d;) ~168.57+0.19 eV and ~169.12+0.14 eV confirm
the presence of S 2ps, and S 2p;, of S-OH and S=O obtained from the -SO3H functionalized
MoS; as listed in Table 5.2 [63, 66]. In M0S,-10 sample (Figure 5.4 e;), XPS peak observed
at 166.6 eV, which is corresponding to the SO3z  functional group along with the two
successive peaks of -SO3H group at 168.80 eV (S 2ps) and 169.8 eV (S 2pi2). This result
further suggests that when we increased the thiourea molar ratios from MoS,-8 to MoS,-10,
there is the formation of the SO3” functional group along with the -SO3H functional group in
MoS,-10 sample. Similarly, Figure 5.4 a,-e, demonstrates the high-resolution deconvolution
of Ol1s XPS spectra. In Figure 5.4 c,-e, depicts two oxygen peaks at ~532.20+0.63 eV, and
~533.16£0.47 eV correspond to the S-OH and S=0, respectively [59, 67]. The further details

of all the XPS peaks and their positions as listed in Table 5.2.
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Figure 5.4: (a;-e;) Comparative S 2p and (ay-e;) Ols peak obtained from X-ray
photoelectron spectroscopy of as-synthesized MoS, nanosheets with varying molar ratios of

thiourea.
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We observe that with the molar ratios of (NH4)sM07024.4H,0 and CH4N,S as 1:2, and 1:4,
the 2D-MoS; turns out to be pristine. However, after increasing the thiourea molar ratios to
1:6, 1:8, and 1:10, the sulfonic group starts forming, and the functionalized MoS; nanosheets
are produced. The percentages (%) of functional groups are 1.47, 4.84, and 3.45%, with
respective molar ratios of 1:6, 1:8, and 1:10. We believe that the formation of MoS; during
the hydrothermal process involves various intermediated stages, where MoO3 and MoO, form
first, followed by the transformation of Mo-oxides into 2D-MoS;, nanosheets in the presence
of H" and SO, ions in the solution [68-71]. With increasing the thiourea content the excess
SO, ions get attached to the MoS; surface as well as intercalated through the 2D-MoS,

interlayers, thereby produced the -SO3H functionalized 2D-MoS; nanosheets.

Table 5.2: Demonstrates XPS peak parameters for all MoS; samples

Mo 3d (eV) S2p (eV) O 1s (eV)

Sample | 3ds;, 3ds, S 2s 2p1p 2pz; | S-OH | S=O | SO; | M-O | H-O | S-OH | S=0

MoS,-2 | 229.45 | 232.59 | 226.62 | 162.26 | 163.45 - - - 530.79 | 532.27

MoS,-4 | 229.24 | 232.37 | 226.46 | 162.07 | 163.28 - - - 530.88 | 532.02

MoS,-6 | 229.29 | 232.42 | 226.48 | 162.11 | 163.30 | 168.7 | 169.2 - 531.82 | 533.16
6 6

MoS,-8 | 229.17 | 232.32 | 226.40 | 162.02 | 163.24 | 168.5 | 169.1 - 532.83 | 533.58
7 2

MoS,-10 | 229.45 | 232.60 | 226.65 | 162.28 | 163.47 | 168.8 | 169.8 | 166.6 532.20 | 533.18
0 0

The crystal structure and phase purity of all 2D-MoS; nanosheets were analyzed by the X-ray
diffraction (XRD) method, and comparative XRD plots for all the samples were presented in
Figure 5.5. In pristine MoS,, (i.e., sample MoS,-2, the red curve in Figure 5.5) diffraction

peaks were obtained at 14.23°, 33.62°, 39.78°, and 58.95°, which corresponds to crystal planes
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of (002), (010), (013), and (110) of 2D-MoS,. The (002) peak at 14.23° corresponds to the
MoS; interlayer distance of 6.2 A. It was observed that with increasing the molar ratios of
thiourea (from 2 to 10), the successive shifts of the (002) plane occurred corresponds to the
increase of the interlayer spacing of as-synthesized 2D-MoS; nanosheets. For example, in
MoS;-4 (the blue curve in Figure 5.5), most of the diffraction peaks were shifted to the lower
angle side at 26=14.03°, 33.47°, 39.72°, and 58.87°, which are attributed to the MoS, crystal
planes with the successive increase in the interlayer distance (i.e., for (002) plane it is 6.3 A).
When the thiourea molar ratio was further increased from 4 to 6 (green curve), (002) peak of
MoS; is shifted to the further lower angle where two new peaks emerged at 9.43° (002) and
17.98° (004), and the equivalent d-spacing was found to be 9.4 A and 4.92 A, respectively.
The diploid relation between the d-spacing indicated the formation of a new lamellar
structure with the enlarged interlayer d-spacing of 9.4 A [48]. Moreover, two peaks at higher
angles at 32.64° and 57.68° correspond to the (010) and (110) crystal planes of the MoS;,
indicating that the MoS, crystal structure remains the same even after the -SOzH
functionalization. Similar trends were observed in MoS,-8 and MoS,-10 (yellow-green and
pink curves, respectively) with the successive lower angle shift in the XRD data. It may be
presumed that in -SO3H functionalized MoS,, a certain -SOsH molecules were intercalated
through the 2D MoS; interlayers, thereby emerging as functionalized MoS, nanosheets (for
MoS,-6, M0S,-8, and MoS,-10) with enlarged interlayer distances. Thus, it can be inferred
that the attachments of the -SOsH group occurred on MoS; simultaneously via surface
hybridization as well as intercalation, which will be discussed further in the next sections

(XRD and TEM/HRTEM).
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Figure 5.5: Shows a comparative XRD plots of all as-synthesized MoS, nanosheets with

varying molar ratios of thiourea compared with MoS, (JCPDS # 98-001-8125).

Scanning electron microscopy was used to characterized morphology and the structure of as-
synthesised 2D-MoS; and functionalized MoS; as shown in the Figure 5.6. It seems the as-
synthesised 2D-MoS, consist of petal-like nanosheets, which are agglomerated and bind
together to from the flower like nanostructure. The 2D-MoS, nanosheets exhibit sharp edges,
which play a key role in faster electron transfer for higher catalytic activity as discussed in

the electrochemical sections. However, it was noticed that the primary nano-flower structure
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of 2D-MoS; remain same even after the sulphonic acid (SOsH) functionalization (Figure 5.6

d;-d2 and Figure 5.6 e;-e).

Figure 5.6: Shows the scanning electron micrographs with different magnifications with
scale bars of ~500 nm and ~200 nm, (a; and a,) MoS-2, (b1 and b,) MoS,-4, (c; and cy)

MoS,-6, (d; and d,) MoS,-8 and (e; and e;) M0S,-10.
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Figure 5.7: (a1, a2, as, and as ) Shows the TEM, SAED pattern, and HRTEM of MoS,-2 with
the interlayer d-spacing of 6.1 A; (bs,bs, bs and b, ) TEM, SAED pattern, and HRTEM of

MoS;-4 with the interlayer d-spacing of 6.3 A; (c1,c2, 3 and c¢;) TEM, SAED pattern and
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HRTEM of MoS,-6 with the interlayer d-spacing of 9.4 A; (di, do, ds, and d;) TEM, SAED
pattern and HRTEM of MoS,-8 with the interlayer d-spacing of 9.4 A; and (ey,e2, €3, and ey)

TEM, SAED pattern and HRTEM of MoS,-10 with the interlayer d-spacing of 9.4 A.

Figure 5.7 shows the transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) images of all pristine and functionalized MoS,
samples. Figure 5.7 a;-e; shows transmission electron micrographs of all MoS, samples with
ultra-thin nanosheets like two-dimensional morphology along with certain ripples and
corrugations. All these micrographs show that the structure and morphologies were not
changed during the functionalization of 2D-MoS; nanosheets. Figure 5.7 a,-e, shows the
respective SAED patterns of all MoS;, samples with the characteristic diffraction planes of
(001), (013), and (011), indicating that the MoS; crystal structure remains identical even after
the -SO3H functionalization of nanosheets. Slight changes were observed in diffraction rings
due to interlayer distances enlargements, specifically for MoS,-6, MoS,-8, and Mo0S,-10
samples. Figure 5.7 as-e3 shows the high-resolution TEM images of all the samples
illustrating the few to multi-layered 2D-MoS, nanosheet with lamellar morphologies.
Similarly, Figure 5.7 as-e4 shows the magnified images of all MoS, samples depicting the
crystalline MoS; nanosheets with varying interlayer spacing of (002) plane. The (002)
interlayer spacing were found increasing successively from 6.1 A to 9.4 A in MoS,-2 to
MoS,-10, respectively, which may be due to the intercalation of -SO3H ions as discussed in

the Raman, FTIR, XPS, and XRD sections earlier.

The thermal stability of SOs;H-MoS, was determined by the thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) analysis as shown in Figure 5.8a. In
Figure 5.8a, it can be clearly seen that the endothermic peak (DSC curve, the blue curve) of
the -SOsH group disintegrating from the MoS, at Thx= 325.6 °C. The temperature is

associated with a sharp 4.89 % Weight loss in the TGA curve (the black curve in Figure
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5.8a). After obtaining the -SO3H dissociation temperature from DSC/TGA curve, we did the

heat treatment of the same sample under identical conditions (inert gas atmosphere) for a

certain period (~ 350 °C, 2 h). We did the XRD before and after the heat treatment, as shown

in Figure 5.8b.
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Figure 5.8: Shows (a) the TGA and DSC curves for MoS; -8; (b) shows the XRD pattern of

MoS,-8 before and after the annealing at 350 °C for 2h in an inert gas atmosphere.

Figure 5.8b illustrates that the (002) peak of the MoS,-8 sample was shifted back to its

original position (exactly like the pristine MoS,-2 sample) from ~ 26 = 9.4° (doz) = 9.4 A) to

~20 = 14.10° (d(oz) = 6.25 A), which attributed to the de-intercalation of the -SOzH group out

of the (002) plane and restored its original lattice spacing. Again, this was further verified by

the HRTEM, which shows the d-spacing is reduced from 9.4 A (Figure 5.9 d and Figure 5.9

f) to 6.28 A. All these experimentations demonstrate that the -SOsH functionalization in 2D-

MoS, occurred not only at the surface but also at the -SO3H group intercalated through the

inter-planar spacing (i.e., (002) plane) as well.
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Figure 5.9: Shows (a) TEM, (b) SAED pattern; (¢ & d) HETRM of MoS,-8 sample after

annealing at 350 °C for 2h in an inert gas atmosphere; (f) the IFFT line profile of MoS,-8

after annealing with the interlayer d-spacing 6.28 A.

Since, we observed the surface properties change via Raman spectroscopy, XPS, we use
contact angle measurements (section 2.2.10, chapter-2) of as-synthesised pristine and SO3H-
MoS, samples (MoS,-8) to identify their wettability in aqueous solution. Figure 5.10 shows
the wetting properties for a MoS;,-2, MoS,-4 and MoS,-8 samples in air by using water
contact angle measurement. A decrease in contact angle was observed (Figure 5.10) from
pristine MoS; to sulphonic acid (-SOzH) functionalized MoS., and hence it was observed that
the hydrophilicity of the as-synthesized functionalized MoS, increases after the

functionalization of sulphonic group into MoS..
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Figure 5.10: Demonstrates contact angle images of a water droplet on as-synthesised (a)
MoS,-2; (b) MoS2-4; (c) sulfonic acid (-SO3H) group functionalized MoS, (MoS;-8); (d) a
comparative contact angle data of MoS,-2 (69°) , MoS,-4 ( 106°), and (MoS,-8 (38°); (e)
represents the time dependent dynamic contact angle measurement data showing the
lowering of contact angle for MoS,-8, depicting the improvement in hydrophilicity of the

sample.

All the electrodes for electrochemical studies were fabricated by drop-casting the ink
prepared via dispersing as-synthesized powder in isopropanol stabilized with Nafion (5 wt.
%) as discussed in section 2.3 of (chapter 2). First, we have investigated the flat band
potential (Erg) of the sample by using the Mott-Schottky method. As shown in Figure 5.11
given below, where positive slope of the C? vs. V plot suggests that the all as-synthesised
MoS, was n-type semiconductor with electron as the majority carriers. The slope of the
functionalized MoS; is much smaller than the MoS;-2 to M0S,-6 nanosheets, showing the

high current density in the sulfonic acids functionalized MoS,. The high current density of
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the functionalized MoS, plays major role in the enhancement of the electrocatalytic
performance. The flat band potential (Erg) was determined from the intersection of the slope
with the X-axis of M-S plot (Table 5.3). As shown in the Table 5.3, the flat band potential
(Ers) of functionalized MoS; nanosheets are more negative than the pristine MoS; and MoS,-

6. The upward shift of Egg indicated the more charge transfer to the solid/liquid interface.

1.00E+008 - MoS,-2
o MoS, -4
MoS,-6 %
7.50E+007 MoS,-8
© 6
= 5.00E+007 -
Q
2 50E+007 -
0.00E+000 ; . : . .
1.0 0.5 0.0 0.5

Potential (V) vs. RHE

Figure 5.11: Comparative Mott-Schottky plot of all as-synthesized MoS, nanosheets with

varying molar ratios of thiourea.

Table 5.3: Calculated flat band potential (Ers) of as-synthesised pristine and functionalized

MoS,
Sample Flat band potential
(Ere)
MoS,-2 -0.46 V
MoS,-4 -0.50 V
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MoS,-6 -0.62 V

MoS;-8 -0.76 V

MoS,-10 -0.87 V

Furthermore, HER performances of all the as-synthesized MoS; and functionalized MoS;
electrodes were evaluated via series of electrochemical characterizations (as mentioned in
detail in the chapter 2 (section 2.3)). Figure 5.12a shows the linear sweep voltammetry (LSV)
of the as-prepared MoS; catalysts with varying degrees of -SO3H functionalization with iR
corrected with an R (internal resistance. We also performed all the equivalent and similar sets
of experiments with graphite paper and commercial Pt wire (99.99% purity) as a reference for
this work. Table 5.4 shows the as-calculated electrocatalytic parameters of all MoS, samples
to demonstrate the HER performances. It can be seen that the overpotential (110) is linearly
decreasing from MoS,-2 to MoS,-8 and increasing in MoS,-10 (277 mV, 188 mV, 139 mV,
82 mV, and 156 mV) where the commercial Pt wire shows low overpotential (n19) ~15 mV,
respectively. In this context, graphite paper shows significantly low or no electrocatalytic
activity for HER (Figure 5.12a), while Pt wire shows the high electrocatalytic activities as-
expected. Among all the MoS, samples, the MoS;-8 catalyst exhibits overpotential (110) Of
~82 mV, which was found lowest than the rest of the other pristine and functionalized
electrocatalysts. These results inferred that the MoS,-8 electrocatalyst shows much superior
electrocatalytic performance than the rest of the samples, including, MoS,-2, MoS;-4, MoS,-

6, and Mo0S,-10.

Figure 5.12b shows that the Tafel slopes of all the as-synthesized samples were derived from
the LSV data. The Tafel slope () is an inherent property of the catalyst that is determined by

the rate-limiting step of the HER. On the surface of electrode, HER mechanisms in alkaline
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solution involve two-step processes: (1) electron-coupled water dissociation (Volmer step:
H20 + e = Hygs + 'OH, formation of adsorbed hydrogen); (2) The concomitant combination of
absorbed hydrogen into molecular hydrogen (I: Volmer- Heyrovsky step: HoO + & = Hygs +
OH and Hgygs + H2O + e° = Hy1 + "OH or II: Volmer- Tafel step: H,O + e = Hygs + 'OH and
Hags + Hags = H21).[65, 72, 73] It seems that the Tafel slopes (B) decreases with -SO3H
functionalizations from MoS,-2 (210 mVdec™) to MoS,-8 (57 mVdec™) as listed in Table
5.4.[74, 75] These successive increases in the electrocatalytic performances as a function of
increased % functionalizations may be due to the enrichment in the surface electron
concentrations of MoS; owing to the hybridizations of -SO3H to the MoS; as discussed in the

theoretical section and predicted via DFT calculations.
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Figure 5.12: Shows (a) Polarization curve of as-synthesized MoS, nanosheets;(b) the
corresponding comparative Tafel plot; (c) Nyquist plots; and (d) the stability of the electrode

prepared using MoS,-8 sample.
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It may be consider that the enhancement in the localized electron concentration due to
functionalization further leads to the enhancement in the charge-transfer during the
electrocatalytic process, which resulted in the low Tafel slope.[48, 76] Likewise, it can be
noticed that after MoS,-8 the Tafel slope for MoS,-10 started decreasing, which may be due
to the rate limiting charge-transfer process occurred owing to the saturation of the -SO3;H
functional groups in MoS; structure as delineated previously in Raman, FTIR, XPS, XRD,
and TEM data. Low Tafel slope and high HER performance of the commercial Pt wire ( =
34 mV dec™) exhibited due to the low energy barrier (AG (H,0) = 0.44 eV) of the Volmer
step provide the Pt catalyst with a faster Tafel step (i.e., Volmer-Tafel step) in alkaline
electrolytes.[77] In particular, the -SO3H functionalized MoS; catalyst (MoS,-8) shows the
Tafel slope as low as ~57 mV dec™ (i.e., close to Pt-metal wire itself) compared to the other
pristine and functionalized samples, suggesting a coupled Volmer-Heyrovsky type

mechanism is followed for HER in this catalyst electrodes.[65, 78].

Table 5.4: Lists HER performances of all MoS; electrocatalyst in 1M KOH solution

Sample name 1 (mV) at 10 B (mV dec’)  Cg (Flcm?)
mA/cm?

Graphite paper 612 285 -
MoS; -2 277 210 0.075
MoS; -4 188 202 0.083
MoS; -6 139 66 0.108
MoS; -8 82 57 0.129

MoS,-10 156 86 0.095
Pt 15 34 -

160|Page



Electrochemical impedance spectroscopy (EIS) was performed to understand the
electrode/electrolyte interface kinetic in the HER process at open-circuit voltage. Figure
5.12c shows the Nyquist plots of all MoS, samples, and the Randles equivalent circuit (inset
of Figure 5.12c) is used for fitting the EIS experimental results. In the Randles circuit, the
capacitor was replaced with a constant phase element (CPE), a typical characteristic of a
coated thin-film electrode. Specifically, the CPE represents some distinctive non-ideal/leaky
capacitor characteristics of electrocatalytic electrodes. Simultaneously, Rs, Re and R,
represent the solution resistance, charge transfer resistance, and absorption resistance,
respectively.[25] The Rs, R, and R, values were derived from the EIS fittings of the Randles
circuit, as demonstrated in Table 5.5. The MoS,-8 catalyst shows a much smaller charge
transfer resistance (R) and solution resistance (Rs) than the rest of pristine and
functionalized samples, indicating the higher catalytic conductivity of the MoS,-8 catalyst.
This is primarily due to the effect of the MoS; lattice bounded -SO3H functional group, which
especially offers faster charge transfer kinetics owing to the enhancement in the surface-
active sites in functionalized samples. It was found that -SO3H functional group used to attach
to nanosheets via p and d hybridizations with S and Mo atoms of MoS,, as discussed in the
DFT section of this chapter. It seems such hybridization causes the change in density of states
(DOS) of MoS; nanosheets via shifting of valence band maximum (VBM) and conduction
band minimum (CBM). Such VBM shifts are primarily attributed to the enhancement in the
carrier concentrations as well as a reduction in the work function (WF) of functionalized
MoS, nanosheets by improving the charge-transfer kinetics via electrocatalytically active
redox properties. Long-term stability is one of the fundamental criteria to figure out the
reliable performance of the catalytic electrodes for HER. Figure 5.12d shows the

chronoamperometric (i-t) data of Mo0S,-8 electrocatalyst (the overall high-performance
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catalyst electrode) at constant overpotential 200 mV (vs. RHE) for 12 h at a current density of
10 mA/cm? in 1M KOH solution suggesting the excellent stability of the MoS;-8

electrocatalyst in alkaline solution.

Table 5.5: EIS fitting parameters from the equivalent circuit model for all the samples

Parameter MoS,-2 MoS;-4 MoS;-6 MoS,-8 MoS,-10

Rs (Q) 1.83 1.75 1.53 1.23 1.65

CPE; (S-sec") 0.0713 0.438 0.037 0.033 0.057
Ny 0.8 0.8 0.8 0.8 0.8

Ret (Q) 2.5 1.15 0.82 0.69 1.01

CPE; (S-sec") 0.0729 0.122 0.181 0.148 0.195
N, 0.8 0.8 0.8 0.8 0.8

Rp (2) 3.70 3.31 2.66 2.37 2.92

Figure 5.13 shows the comparative plot of electrochemical double-layer capacitance (Cq) as a
function of the scan rate, measure the electrochemical active surface area (ECSA) of all the
samples. The Cgy was calculated from the CV curves recorded as a function of scan rates for
each catalyst electrode, as shown in Figure 5.13 a-e. The Cy value for pristine catalyst
(MoS;,-2) was found to be 0.075 F/cm?® whereas Cq was obtained as 0.129 F/cm? for MoS;-8.
It could be observed that MoS,-8 exhibits the higher Cgy value indicating the presence of
more catalytically active sites on the catalyst's surface, thereby showing the best electro-
catalytically active HER in comparison to the other electrodes. The Cy value was further

decreased to 0.095 F/cm? for MoS,-10, suggesting the deterioration in the catalytically active
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sites may be due to the transformation of the -SOsH functional group into SO3™ functional

group as discussed in FTIR, XPS and TEM sections.

10 10
(@) “Twes2 (b)
= 5 a 54
£ /f £
o o
£ ] v £l
g e y 22, £
H
J o
B 5 /,// ' £ -5
£ 97 " —20mVIs g
o [/ —— 40 mV/s 3
-10 4 4 — 60 mV/s -10 4
— 80 mV/s
= 100 mVis — 100 mV/s
-15 T T T T -15 4 T T T v T v
-0.20 0.15 -0.10 -0.05 0.00 0.05 0.20 015 010 0,05 0.00 0.05
Potential (V) vs. RHE Potential (V) vs. RHE
10
(c) (d)-
ol 5 o
E E s
: g
.‘E ‘E 0
[} 0
= c
] 5 ]
o T 5]
t t
2 2
3 101 3 -0
18 —100 mV/s 151 —— 100 mV /s
-0.20 -ﬂ.'15 -I]."Ill -I].'I]5 I].:]I] 0.05 -0.20 -ﬂ.'15 -Il."ll] -I].'IIS I].:]I] 0.05
Potential (V) vs. RHE Potential (V) vs. RHE
16 oS
(e) 104 Mos 10 (F) {= MoS.-2 0.1294 F
14 = MoS,-4
E s - s MoS,-6 1081 F
3} E
2 6124 = MoS,-8
E o] 2 |+ Mos,10
z I 104 0.00532 F
c =
4 -5 [+ 0.0834 F
€ v 8
o >
E -10 —20mV/s 3 0.0754 F
O —d40 mV/s 64
— 50 mV/s
154 ——80mVis
—100 mV/s 44
20 T . . . T T T T T
-0.20 0.15 -0.10 -0.05 0.00 0.05 20 40 60 80 100
Potential (V) vs. RHE Scan rate (mV/s)

Figure 5.13: (a-e) Shows the cyclic voltammetry (CV) with different scan rates of 20-100

mV/s for MoS; -2 to MoS,-10; (f) Comparative Cgy plot as a function of scan rate.

Figure 5.14 shows the comparative LSV data of the MoS,-8 catalyst before and after the
stability test demonstrating its reliability performance. We observed that the current density
was decreased from 6.5%-7% lowering in current density after 12 h of stability test, and that

could be due to the poisoning of the catalytically active sites in MoS; nanosheets.[75, 79, 80]
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Figure 5.14: Comparative LSV data taken before and after the stability test of MoS,-8

electrode.
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Figure 5.15: Comparative Raman spectra of the same electrode taken before and after the

stability test showing the characteristics of MoS, peaks at the corresponding

position ~ 369.7 cm™ (E'y,) and 398.5 cm™ (Ay) before the stability test while the same

position was found at ~372.2 cm™ (E';) and 398.5 cm™ (Ay) for the electrode after the
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stability test. In this regard, it should be mentioned that even after the stability test for12h in
1M KOH solution at 10 mA/cm current density, no significant changes in the bonding and

structure were observed for the as-functionalized 2D-MoS; nanosheets (MoS,-8) catalyst.
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Figure 5.16: Shows comparative XPS spectra of before and after the 12h stability data of

MoS,-8 samples depicting (a;-a;) Mo3d, (b1-b,) S 2p, and (c;-c;) Ols.

Figure 5.15 shows the Raman spectrum of MoS,-8 catalyst electrode before and after the
stability test, where it was realized that even after the 12 h stability test, the MoS,
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characteristic Raman peak positions, peak intensity ratios, and Ak values change negligibly,
suggesting the development of highly stable structure of -SOsH functionalized MoS;
electrocatalysts for HER. Furthermore, Figure 5.16 depicts the XPS spectra of the same
(MoS,-8) catalyst electrode after the stability test. In Mo 3d spectrum, the two characteristic
peaks Mo 3ds;; and Mo 3ds; located at ~229.41 eV and ~232.55 eV correspond to the Mo**
oxidation states and the peak at ~226.56 eV represents the S 2s binding energy in MoS,. The
S 2p XPS spectrum shows two pairs of S 2ps, and S 2pi/, spin-orbit doublets at 162.24 eV
and 163.45 eV represent the S 2s in MoS,, respectively. The XPS peaks at higher binding
energies ~168.76 eV and ~169.27 eV confirm the existence of S-OH and S=O bonds as
obtained earlier during the before stability test (Figure 5.16a;). This further ensures that the -
SO3H functional group were intact hybridized with the MoS, nanosheets, further validated
using the DFT calculations in the upcoming section. Similarly, the O 1s XPS (Figure 5.16bs)
spectrum depicts three oxygen peaks; peaks at 531.77 eV and 533.47 eV correspond to the S-
OH, S=0 while the higher binding energies peak at 535.47eV corresponds to the -CF,-O-CF;

group appeared from Nafion, which was used as the binder for electrode fabrication.
5.3 Computational methodology

For obtaining further clarity and insight into our experimental findings, density functional
theory (DFT) calculations were done using the plane-wave pseudopotential code, Vienna Ab
Initio Simulation Package (VASP) [81, 82]. The interactions between core and valence
electrons were described using the projected augmented wave method based on
pseudopotentials [83]. The exchange-correlation interactions were treated by the generalized
gradient approximation (GGA), within the Perdew—Burke—Ernzerhof (PBE) formalism [84].
Kinetic energy cut off of 520 eV is used to expand the plane waves included in the basis set.
The supercell approach is used to model the MoS; surfaces such that the relaxed lattice

parameter of the super-cell isa =12.73 A, b = 12.73 A, and ¢ = 34.69 A respectively, such
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that a vacuum layer of 20 A is employed along the Z direction to create the surface slab. A
Monkhorst pack k-grid of 3x3x1 was used for the Brillouin zone integration. After the
relaxation of the pristine MoS; surface, the -SOsH functional group is attached over it and
further structural optimization is carried out. The optimized structure is shown in Figure 5.17.
It can be seen that the functional group is stable and attached to the surface with an H atom

pointing towards the surface.

Table 5.6: The Bader charges calculated for the MoS,-SO3;H surface, for the atoms directly

below the -SO3;H attachment

Bader charges
Surface atoms -SO;H
S:-0.84,-0.84,-0.84 |Mo: 1.74 S:5.27
0:-1.94,-1.94,-1.89
H: 0.065

We did the computational analysis via DFT calculations to get further insight into the
electronic structure and charge transfer properties. The Bader analysis is carried out and
presented in Table 5.6. A positive Bader value means that the atom loses charge and a
negative value indicates charge gain. It can be seen that the surface Mo atom loses, and S
atoms gain charge, while in the -SO3H group, there occurs a charge distribution between the
S, O, and H atoms, making the functional group stable and attaches to the surface. The
differential charge density analysis is also conducted to visualize the charge transfer at the
surface and is shown in Figure 5.17. The yellow and blue regions represent the charge
accumulation and depletion, respectively. It can be seen that the surface S atoms above which

the H atoms are aligned accumulates charge as evidenced by the Bader analysis as well.
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Figure 5.17: (a) & (b) Show the respective side view and top view of the optimized structure
of the MoS,-SOzH surface. (c) & (d) shows the side view and top view of the differential
charge density plots calculated for the MoS,-SOsH surface. The isosurface level is 0.06
e/A%(e) total density of states of the pristine and SOsH functionalized surface and (f) The

orbital resolved partial density of states of the MoS,+SO3H surface.

The DOS of the surfaces with and without -SOzH is calculated to understand the changes in
band structure brought about by the presence of the functional group. Figure 5.17 shows the
total DOS for the pristine and functional group attached surfaces, and it is evident that VBM
and CBM both are shifted with the attachment of functional group. The orbital and atom
resolved DOS is shown in Figure 5.17. Significant hybridization occurs between the -SOzH
and p and d states of the S and Mo, and this pushes the valence band maximum towards

higher energies, consequently narrowing the bandgap (Figure 5.18 a and Figure 5.18 b).
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Furthermore, the Work function (WF) is calculated by subtracting the Fermi energy (Eg) from
the vacuum potential (E,) such that, WF = E, — E¢. The vacuum potential is calculated for
both pristine MoS; surface as well as for the -SOsH functionalized surface and the plots are
shown in the Figure 5.18 ¢ and Figure 5.18 d. The Ey calculated for the MoS; surface is 3.88
eV and the Eg is -1.34 eV. Therefore, the WF is calculated as 5.21 eV. Similarly, the Ey
calculated for the MoS,+SOsH surface is 2.86 eV and the Er is -1.96 eV. Therefore, the
calculated WF is 4.82 eV. Hence it can be seen that the functionalization with -SOsH is

reducing the WF of the surface and thereby enhancing its redox activity.
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Figure 5.18: (a) Band-structure of the MoS; surface; (b) Band-structure of the MoS,+SOzH
surface; (c) Vacuum potential calculated for the MoS; surface; (d) Vacuum potential of the

MoS,+SO3H surface.

To sum it all, with increasing the thiourea molar ratio, the as-synthesized 2D-MoS,

nanosheets get -SOsH functionalized via chemical hybridizations and intercalation. We
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obtained that the -SO3H the functional group was attached to the MoS; nanosheet via p and d
states of the S and Mo, respectively. The hybridization of -SO3;H functional group increases
with increasing the thiourea molar ratio, and at 1:10 (i.e., for M0S,-10 sample), the -SO3H
functional group hybridization gets saturated due to the transformation of -SOsH functional
group into SO3™ functional group. In this regard, it is also obtained that the increase in the
interlayer spacing in MoS; nanosheets also impregnate at 9.4 A. The dual effects of
hybridizations and intercalations successively modify the electronic structure of 2D-MoS,
nanosheets and improve the electrocatalytic activities. Typically, -SOsH hybridizations via p
and d states shift the VBM and CBM, increasing the localized charge concentrations, further
enhancing the catalytic charge transfer of such functionalized MoS, catalysts via VVolmer-

Heyrovsky mechanisms.

On the other hand, the successive intercalations of the -SOsH functional group also broaden
the interlayer spacing of MoS, nanosheets, which usually lowers the AG (energy barrier) of
the catalyst’s surface, thereby accelerating the H* absorptions/desorptions.[80] We believe
that the simultaneous escalation of both the kinetics of charge transfer and lowering the
surface energy barrier of H" adsorption /desorption and concurrently affect the improvement
in the catalytic activities of the 2D-MoS;, nanosheets with improved hydrogen evolution via
electrocatalytic water splitting, as evident from the electrochemistry data. In addition, the
increase in the interlayer spacing results in the improvement in the surface catalytic sites
(Figure 5.13). It can also promote the enhancement in the electrocatalytic activity of
functionalized MoS, catalyst compared to the pristine one. Furthermore, the catalysts
electrode was stable under 12 h of the continuous test at specific current densities. After the
stability test, it was found that the intact MoS, structure (physical, chemical, and
physiochemical) with almost no change in hybridization properties or catalytic activities.

Using DFT, we calculated WF for the pristine MoS; surface (~5.21 eV) as well as with -
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SO3H functionalized MoS, surface (~4.82 eV), where it was found that the reduction in WF
occurred, indicating the enhanced redox-activity, which are well-supported with our
experimental evidence as presented in this manuscript. We are confident that this work is
novel, straightforward, and prompt, which will open a new chapter of functionalizations of
2D materials while consequently paving pathways towards new materials development via
functionalizations of earth-abundant other 2D-TMDs for improved electrocatalytic activities

for hydrogen production.
5.4 Chapter summary

In summary, we have developed in-situ -SO3H functionalized MoS; catalysts with interlayer
expanded features synthesized via a one-pot hydrothermal process with increasing thiourea
content. Characterization techniques (such as Raman spectroscopy, FTIR, XPS, XRD, and
TEM/HRTEM) endorsed the successful functionalization of MoS; nanosheets, where surface
functionalizations and intercalations of -SO3H functional group co-occurred with expanded
interlayer distance via successive increase of thiourea. The 2D-MoS; nanosheets produced
using molar ratio 1:8 of (NH4)sM07024.4H,0:CH4N,S showed the 4.84% of -SOsH
functional group contained in MoS, nanosheets, which demonstrated the high-performance
electrocatalytic activity for HER. We also found that further increase in the thiourea ratio
decreases the % of -SO3H functional group and transforming -SOzH functional group into
SO;5 functional group while deteriorating the electrocatalytic performance of the electrode

too.

We believe that -SO3H functionalized MoS, nanosheets with expanded interlayer distance
enhances the surface area, interfacial charge transfer kinetics, and H* adsorption-desorption
by lowering the AG (energy barrier), enhancing the surface conductivity, and improving the
catalytically active sites. The overpotential, Tafel slope, and R were obtained as ~82 mV
(n10), ~57 mV/dec, and 0.69 Q, respectively, along with excellent stability of 12 h for the
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SO3H-MoS; (particularly for MoS,-8), which are pretty close to equivalent Pt-wire. Using
DFT, we calculated the work function for the pristine MoS, ~5.21 eV and -SOzH
functionalized MoS; ~4.82 eV. Such reduction in WF in SO3H-MoS; indicates an increase in
localized charge concentrations, which further improves the catalytic charge-transfer kinetics
of such functionalized MoS, catalysts via Volmer-Heyrovsky mechanisms. We further
believe that this work is unique, straightforward, and up-to-date, which will open a new
paradigm of 2D-MoS; functionalizations, consequently paving pathways towards improving

the catalytic activities of earth-abundant other 2D-TMDs for next-generation electrocatalysis.
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