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ABSTRACT
Anthropogenic release of the greenhouse gas carbon dioxide is believed to be a
leading cause in the global rise in temperature. The main source of the carbon dioxide
released is from combustion of fossil fuels. Thus, its necessary to mitigate the release of
CO2, look for alternatives for fossil fuels and capture and sequester or capture and convert
CO2 to other useful fuels and chemicals hence creating carbon neutral or carbon negative
energy cycles. This thesis work was primarily focused on design, adapt and understand the
chemistry of two-dimensional (2D) layered materials, particularly transition metal
dichalcogenide (TMD) molybdenum disulfide and transition metal carbides (MXenes) as
catalytic materials for the conversion of renewable energy into fuels and chemicals as an
alternative for fossil fuels. This investigation was accomplished by combining
electrochemistry, state of the art characterization and density functional theory (DFT)
calculations. We hypothesized that it would be possible to improve the electrocatalytic
hydrogen evolution reaction (HER) on MoS2 by engineering catalytically active sites on
the plane, their edges and their interlayer regions. We also hypothesized 2D MXene sheets
would serve as good carbon dioxide reduction reaction (CO2RR) catalysts under aprotic
conditions. Conceivably the broad impact of this thesis work utilizing experimental and
theoretical studies is the realization of transition metal doped metallic MoS2 as a potential
candidate towards HER in alkaline conditions.
Initially the interlayer region of MoS2 were investigated for the HER by introducing
Na+, Ca2+, Ni2+ and Co2+ cations in the interlayers of metallic phase MoS2. Experimental
results show that intercalation of cations (Na+, Ca2+, Ni2+, and Co2+) into the interlayer
region of 1T-MoS2 to lower the overpotential for the HER. In acidic media the
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overpotential to reach 10 mAcm-2 for 1T-MoS2 with intercalated ions is lowered by 60
mV relative to pristine 1T-MoS2 (230 mV). DFT calculations suggest that the introduction
of states from the intercalated metals whether sp or d, to lower the Gibbs free energy for
H-adsorption (GH) relative to intercalant-free 1T-MoS2. The DFT calculations suggest
that Na+ intercalation results in GH closest to zero, which is consistent with our
experiments where the lowest overpotential for the HER is observed with Na+ intercalation.
In order to explore the activity of the edge sites of MoS2 and the effect of a
conductive support we used a microwave-assisted growth technique to synthesize
interlayer expanded MoS2 with a vertically orientation on conductive two-dimensional
Ti3C2 MXene nanosheets (MoS2⊥Ti3C2). Judicious choice of reaction temperature allows
a control over the density of the edges obtained. Compared to pure MoS2 this unique
inorganic hybrid structure allows an increased exposure of catalytically active edge sites
of MoS2. The produced materials were investigated as electrocatalysts for the hydrogen
evolution reaction (HER) in acidic conditions. The MoS2⊥Ti3C2 catalyst synthesized at
240 0C exhibited a low onset potential (-95 mV vs RHE) for the HER and a low Tafel slope
(~40 mV dec-1). The decrease in the overpotential is linked to decrease in the charge
transfer resistance of the materials with the electrode and the increased edge site density.
In a third study the basal plane of metallic MoS2 was engineered by doping with
transition metals Co and Ni to be evaluated as a catalyst for the alkaline HER. Due to a
lack of oxygen evolution catalysts that can oxidize water at the anode under acidic
conditions, there is an urgency to realize HER catalysts that can efficiently reduce water to
hydrogen gas under alkaline conditions. Though metallic MoS2 has an optimum H binding
free energy for the HER, the sluggish water dissociation step under alkaline conditions has
iv

made the implementation of MoS2 as a catalyst at higher pHs harder. We hypothesized that
doping transition metals in the basal plane of metallic MoS2 that can efficiently catalyze
the water dissociation step in alkaline conditions would help to reduce the overpotential
required for the HER under alkaline conditions. Ni and Co were doped in orthorhombic
MoO3 which was then converted metallic MoS2 under hydrothermal conditions. The
polarization plots obtained in 1.0 M KOH solution shows a low onset overpotential of -75
mV vs RHE for the 10% Ni doped metallic MoS2 with an overpotential of -145 mV to
reach a current density of 10 mA/cm2. Pure metallic MoS2 reaches the same current density
at an overpotential of -238 mV vs RHE while samples doped with 10% Co atoms reached
10 mA/cm2 at -165 mV. This improvement in the doped samples is attributed to the
improved kinetics of the water dissociation step under the alkaline reaction conditions.
DFT calculations suggests that an optimal binding of water for the water dissociation step,
H binding free and low free energy of binding for OH intermediates. Rigorous cycling of
the catalysts shows extremely high stability with the doped samples while the pure metallic
MoS2 loses its activity with continuous cycling. DFT calculations show that the doped
samples provide extra stability to the metastable metallic MoS2 thus improving their longterm stability.
Photo/electrochemical conversion of CO2 is an important step in the path to
renewable production of carbon-based fuels and chemicals. Activity and selectivity have
been major concerns on the CO2RR catalysts. The activity of known materials are hindered
by the scaling relationship in the binding energies of the many intermediates involved in
the CO2RR. Thus, the simplest of CO2RR products CO and HCOOH are of great value.
Nano structured precious metals like silver and gold have shown promise as cathode
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materials for the conversion of CO2 to CO. In this thesis work we evaluate the
electrocatalytic properties of Mo2C and Ti3C2 MXenes towards the electrochemical CO2
reduction reaction (CO2RR) as cheaper alternatives for precious metals. Though there have
been theoretical predictions of the ability of MXenes with certain composition to have the
ability to reduce CO2 to hydrocarbons, there are no experimental findings to support these
calculations. In this study we observe very high faradaic efficiencies, ~90% for the CO2
reduction to CO at low overpotentials ~250 mV in acetonitrile/ionic liquid electrolytes on
Mo2C MXene while Ti3C2 shows ~65% FE at an overpotential of ~600 mV for the cathodic
half reaction. Density functional theory calculations suggests that the enhanced activity of
Mo2C relative to Ti3C2 is due to relative lowering of the energy barrier for the initial proton
couple electron transfer step of CO2 and the spontaneous dissociation of the absorbed
*

COOH species to *CO and H2O on the Mo2C surface. The calculations also predict the

most probable active sites for the CO2 conversion to be vacant oxygen sites. High
selectivity and high FE of CO2 reduction to CO makes these earth abundant materials an
attractive electrocatalyst for the CO2RR.
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CHAPTER 1
INTRODUCTION
1.1 Overview
One of the greatest challenges facing humanity in the 21st century is providing
energy security to the rising global population with clean and sustainable sources.1-3 To
meet this challenge the scientific community has been active in identifying and developing
potential fuel sources that are environmentally benign alternatives to fossil fuels. The rapid
growth in technology and the quality of life were made possible by the abundance of cheap
fossil fuels such as coal, natural gas and petroleum oil.4-7 In a global perspective the energy
demand will only continue to rise into the next century, and the need for replacing fossil
fuels with greener sources are of paramount importance. The current global energy
requirement of ~18 TWy is predicted to reach an unprecedented 24 to 26 TWy by 2040
with the rapid growth of population and expanding industrialization.2 The bulk of the 18
TWy (~80%) consumed today is derived from fossil fuels.8 The inevitable consequence of
the combustion of the large quantities of carbon based fuels is the release of the greenhouse
gas, CO2.9 It is widely accepted that CO2 is one of the major atmospheric gases that is
related to climate change.7 The International Energy Agency (IEA) has estimated that
32507 million tonnes (Mt) of CO2 were released to the atmosphere in 2017 alone. This
amount is predicted to reach 35818 Mt by 2040.9 The detrimental effect of CO2 buildup in
the atmosphere demands cutting down carbon emissions by the middle part of the next
century to avoid potentially catastrophic consequences for life on earth.7 The most obvious
solution is to shift towards environmentally benevolent energy sources and reduce carbon
emissions by creating carbon neutral economies. Moreover, depleted fossil fuel reserves
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are bound to create an energy crisis that in itself will be a serious impetus to diversify our
energy sources and drive a transitioning toward renewable energy sources.1, 3-4, 8, 10
To decrease our reliance on fossil fuels there has been an intense effort to harvest
energy from renewable sources such as wind, hydroelectricity, and solar. Perhaps, the most
attractive solution would be building energy security around abundantly available solar
energy (~120,000 TW per year) reaching the Earth’s surface.1-5, 10-11 A downside to solar
energy is that it is an intermittent source, not always available throughout the day and not
available at night. Storing the abundance of solar energy in the form of electrical energy is
not considered a viable solution, since currently available devices, such as batteries and
capacitors, cannot store enough charge to supply the current demand. This issue is largely
due to the lower energy capacity of these devices in their current form, and many
researchers are focused on improving their viability.
Another storage option beyond electrical energy is storing the energy harvested
from solar in the form of chemical bonds (potential energy) in molecules, such as molecular
hydrogen (H2).1-3,

11-12

Hydrogen can be used as a clean source of fuel to power

transportation, power industrial, generate fertilizers in agricultural industry and also to
power the domestic appliances. This can create energy security based on a hydrogen based
economy. Generation of H2, in a sustainable system would ideally be derived from splitting
water using (photo)electrochemical methods.2, 8, 11, 13 A second method would employ
electricity generated by photovoltaics in tandem with an electrolyzer which splits water to
generate H2.1-2, 8, 14 The electrochemical water splitting reaction (eq. 1.1) is comprised of
two half reactions; 1) Hydrogen evolution reaction (HER, eq. 1.2), occurring at the cathode
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which reduces protons (H+) in an acidic solution, and 2) Oxygen evolution reaction (OER,
eq. 1.3), the other half of the reaction oxidizes water to oxygen.6, 14
2H2O → O2 + 2H2

(1.1)

2H+ + e-→ H2

(1.2)

2H2O → O2 + 4H+ + 4e-

(1.3)

Both half reactions involve multiple electron/proton coupled transfer steps which
introduce a kinetic barrier for the water splitting reaction.8

Commercializing such

technology would occur only after the development of improved electrocatalysts that can
efficiently reduce the kinetic barrier for the water splitting reaction.8, 14
A similarly important reaction for reducing CO2 emissions into the atmosphere that
has received attention in the scientific and engineering community is the carbon dioxide
reduction reaction (CO2RR). Two important approaches in reducing CO2 emissions are 1)
the capture and sequestering of CO2 in its supercritical phase within depleted oil reserves
or aquifers below the Earth’s surface and/or 2) the capture of CO2 at its point of generation
and the subsequent (photo)electrochemical conversion of it into fuels or value added
commodity chemicals, thus creating a closed carbon or carbon neutral cycle.2, 8 In regard
to the first approach, there are inherent issues in the sequestration process, where there
exists the possibility of stored CO2 finding its way back into the atmosphere due to
geochemical processes or natural phenomena, such as earthquakes.15-16 Thus, the challenge
of long term sustainability would be better met by converting CO2 to value added chemicals
and fuels (that are themselves not greenhouse gases) using solar energy.8
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It is mentioned that the CO2RR is more challenging than HER from a chemical
standpoint as it involves multiple proton-coupled electron transfer steps before the simplest
of the CO2RR product, carbon monoxide, can be produced. Realizing potential
electrocatalysts for either HER or CO2RR will require catalysts that can efficiently stabilize
the many intermediates that populate the energy landscape associated with the conversion
of reactant to product. Mechanistic details for both the HER and CO2RR are now presented
that bring forward some of the molecular ingredients that would be associated with an
active HER and CO2RR electrocatalyst.
1.2.1 HER
HER is the cathodic half reaction of water splitting, which is a prototypical example
of a two electron transfer reaction with one catalytic intermediate bound to the reaction
surface (H*, * denotes a species bound to the catalytic surface).8, 17-18 The bound species
may then take either the Volmer-Heyrovsky or Volmer-Tafel pathways toward the
formation of H2 product.8, 14
H+ + e- → H*

Volmer step

(1.4)

H* + H+ + e- → H2 + *

Heyrovsky step

(1.5)

2H* → H2 + 2*

Tafel step

(1.6)

2H+ + 2e- → H2

Overall reaction

(1.7)

The details of the electronic properties of the electrode material on which the HER
proceeds can control the HER reaction kinetics. For example, platinum (Pt), which is
considered the benchmark catalyst for HER, follows the Volmer-Tafel mechanism,
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whereas most other heterogenous HER catalysts follow the Volmer-Heyrovsky
mechanism.13,

17, 19-20

The overall reaction is highly pH dependent, where the surface

species involved in the reaction are thought to be different in acidic or basic conditions.14,
21-22

The above reaction pathways (1.4-1.7) outline the probable path under acidic

conditions, where (1.8-1.11) depict the species involved in each step in alkaline
conditions;14, 21-22
H2O + e- → H* + OH-(aq)

Volmer Step

(1.8)

H* + H2O + e- → * + OH-(aq) + H2(g) Heyrovsky Step

(1.9)

2H* → 2M + H2(g) + 2*

Tafel Step

(1.10)

2H2O(aq) + 2e- → H2(g) + 2OH-(aq)

Overall reaction

(1.11)

In both acidic and basic media, once the intermediate bound to the catalytic surface
(H*, the Volmer step) is formed, it then follows either the Heyrovsky or Tafel type
mechanism.21-22 The binding free energy of this intermediate determines the overall rate of
the reaction: for materials that bind H* too weakly the adsorption step (Volmer step) would
be the rate limiting step, and for materials that bind H* too strongly the rate limiting step
would be the desorption (Heyrovsky step) or association step (Tafel step).14, 20-23 Thus, the
most common descriptor used to evaluate HER catalysts is the H* binding free energy.8, 18,
21-22, 24

From a thermodynamic point of view, the standard Nernst potential required for the

HER is 0 V (at pH 0) vs the Standard hydrogen electrode (SHE).14 The HER is pH
dependent and to overcome the issue with SHE, -59 mV per pH unit is added to the SHE
to quote potentials which is commonly known as the Reversible Hydrogen Electrode
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(RHE). Since pH dependence is included in the RHE, the thermodynamic potential for the
HER is 0 V irrespective of the pH of the medium.14, 25
As the HER have multiple proton-coupled electron transfer steps, the rates of the
reactions are highly affected by the kinetics of the reaction intermediates. Extra energy
(potential beyond the thermodynamic minimum) is required to overcome the kinetic barrier
(activation energy) of HER which has to be applied to push the reaction forward. This extra
potential needed to overcome the kinetic barrier is known as the ‘overpotential’, which can
be described as the extra potential applied above the thermodynamic minimum potential
for the reaction of interest to occur.13 A grand challenge, still to be met in the HER

Figure 1.1: Volcano plot of exchange current density vs H binding free energy
calculated using DFT. For metals on the right side of the plot, with ∆GH>0, the binding
on the catalytic surface is too weak. For catalysts on the left-hand side of the plot the
∆GH<0, which implies that the binding is too strong on the catalytic surface for the
intermediate H. Thus, both cases yield lower exchange current densities. Metals that
exhibited higher exchange current density has near zero binding free energies (∆GH≈0).
Pt sits at the top of the plot with the highest exchange current density and with a ∆GH≈0.
Adapted from ref. 27 with permission.
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chemistry, is to develop materials that can efficiently stabilize the intermediates of the
HER, reducing the reaction overpotential as close to zero as possible.13, 18, 26-27
Theoreticians working with experimental scientists have made impressive progress
over the past decade in understanding the key metrics that govern electrochemical
transformations in the water splitting reaction.8, 18, 22-24 The main descriptor used today to
rank catalysts for their HER efficiency is the free energy of H binding energy (∆GH).
Surfaces which bind H too weakly are limited by the Volmer step (equation 1.8), and
surfaces which bind H too strongly will limit the desorption step (Heyrovsky step, equation
1.9) or association step (Tafel step, equation 1.10).27-28 Thus, a necessary but not sufficient
condition for the HER catalysts is to have a ∆GH close to zero (∆GH~0).8, 18, 23-24, 27 When
the experimentally obtained exchange current density is plotted for a wide range of known
HER catalysts vs the calculated binding free energy of H using DFT, a volcano relation is
observed illustrating a so called Sabatier principle (Figure 1.1).23, 27-29 An active catalyst is
observed to bind the reaction intermediates neither too strongly nor too weakly.
Using ∆GH as the descriptor to evaluate HER catalysts in acidic media is well
established.8, 26, 30-31 Nevertheless, as stated previously, the reaction is highly pH dependent
and there is still ambiguity among the scientific community as to whether the same
descriptor is valid in alkaline conditions.21-22 Prior studies show that the reaction rates in
alkaline conditions are two to three times lower in magnitude than under acidic
conditions.8, 21, 26, 30 The debate over the descriptor includes: 1) whether the sole descriptor
for both acidic and alkaline conditions is ∆GH, and 2) whether the extra energy penalty for
the water dissociation (Volmer step) affects the overall reaction rate.21, 26 While no single
descriptor has been identified to explain the overall activity of HER catalysts under alkaline
7

conditions, attempts to understand the effect of each factor (∆GH and the energy for water
dissociation step) has shed light on the mechanism of the reaction. Despite the change in
rate in alkaline medium HER, the activity volcano in Figure 1.1 does not shift left or right,
consistent with the notion that the value of ∆GH is still intimately related to the activity of
a particular catalyst.8 Studies carried out on single crystal Pt (111) surfaces and Ru (0001)
show that the dissociation barrier for water is higher on the Pt(111) surface even though
for this catalyst, ∆GH ≈0.32-33 Thus, the rate of the reaction under alkaline conditions were
slower on Pt (111) surface which indicates that the rate determining step is the water
dissociation step (Volmer step). Ru (0001) has a lower water dissociation barrier but has a
∆GH which makes the product desorption (Heyrovsky/Tafel) step slower. Hence, the

desorption step acts as the rate limiting step.8, 32 This trend can be explained by using a
linear relationship between the water dissociation energy and the bound intermediates
(H*/OH*). A low water dissociation barrier requires the strong enough adsorption of H*
and OH*.30 Nevertheless, a strong adsorption of H* (∆GH < 0) limits product desorption
(Heyrovsky/Tafel step). Thus, a single elemental catalyst will not sufficiently fulfill both
necessities. Nevertheless, it is evident that both factors (∆GH and the barrier for water
dissociation) play a part in the reaction rate in alkaline HER.8, 19, 21, 30
1.2.2 OER

The four electron - four proton oxidation of water to produce O2 (Equation 1.3) at
the anode in an electrolytic cell is more challenging than the two proton, two electron
reduction of protons to hydrogen gas.13,

31

The thermodynamic minimum potential or

Nernstian potential required for the OER is 1.23 V vs SHE (pH 0). As a function of pH the
standard potential is written as 1.23 V – 0.59V*pH. The acquisition of solar based fuel
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from water splitting is primarily hindered, not by the HER, but by the slow kinetics of the
OER.18, 34 To better appreciate the underlying factors that determine the kinetics of the
OER it is necessary to identify the reaction intermediates and the rate limiting steps for
OER. The following elementary reaction steps are the widely accepted to be part of the
reaction mechanism for the OER (* denotes a species bound to the catalytic surface):18, 27,
34-35

In acidic conditions
H2O(l) + * → OH* + H+(aq) + e-

(1.12)

OH* → O* + H+(aq) + e-

(1.13)

O* + H2O(l) → OOH* + H+(aq) + e-

(1.14)

OOH* → O2(g) + H+(aq) + e- + *

(1.15)

2H2O(l) → O2(g) + 4H+(aq) + 4 e- (Overall reaction)

(1.16)

In basic conditions:
OH- (aq) + * → OH* + e-

(1.17)

OH* + OH- (aq) → O* + H2O(l) + e-

(1.18)

O* + OH- (aq) → OOH* + e-

(1.19)

OOH* + OH- (aq) → O2(g) + H2O(l) + e- + *

(1.20)

4OH- (aq) → O2(g) + 2H2O(l) + 4 e- (Overall reaction)

(1.21)
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The sluggish kinetics (low turnover frequency and large overpotentials) associated
with the OER catalytic surface is a result of the four electron/proton coupled steps in the
reaction.34 Most electrodes used as catalysts in the OER are metal oxides. The common
descriptor used to rank these oxides is ∆GO - ∆GOH.36 (where ∆GO and ∆GOH are the binding
free energies of oxygen and hydroxyl, respectively). A plot of overpotential vs ∆GO - ∆GOH
shows a volcano type plot.8, 36 The oxides that sit at the summit of the plot are precious
metal based oxides such as IrOx and RuOx. Metal surfaces are usually passivated at the
high oxidizing potentials employed, thus the most common OER catalysts are metal oxides
or alloys of metal oxides.31, 37-38

Figure 1.2: Volcano plot for metal oxides in OER. The binding free energy difference
for the oxygen and hydroxyl species are denoted as ∆GO - ∆GOH respectively. The
Overpotentials of the oxides and complex perovskite structures form a volcano type
plot when plotted against the difference in the binding energies of bound oxygens and
hydroxyl species on the catalyst surface. Adapted from ref. 8 with permission.
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Under acidic conditions only IrO2 has shown reasonable binding energies (not too
strong nor too weak) for the intermediates involved.39-42 Most metal oxides that have been
studied follows a scaling relation (i.e. the change of ∆G of one species linearly affects the
binding of the other species) between the OOH* and OH* species.36 This scaling relation
has hindered the development of a catalyst with a zero overpotential.8, 36 Thus, there is need
for the realization of theoretical and experimental results that can predict and discover
materials that can efficiently oxidize water to O2.

1.2.3 CO2RR
CO2RR proceeds through multi electron/proton transfer steps. Unlike HER, which
by definition refers to only H2 product, the CO2RR encompasses chemistry that can yield
multiple products with varying number of carbons, such as carbon monoxide, formate
Table 1.1: Product distribution of CO2RR on metal electrodes in aqueous KHCO3
solution. Adapted from ref. 45 with permission.
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formaldehyde, formic acid, methane, methanol and two carbon hydrocarbons and
oxygenates. An understanding of how to control the selectivity of the CO2RR is a major
area of research interest, since the thermodynamic minimum potentials for most of the
carbon-containing products are close to 0 V versus RHE, making the kinetically less
challenging H2 production pathway (i.e., HER) a competing reaction.8,

11, 34, 43

Not

unexpectedly, a challenge for the CO2RR is the development of inexpensive
electrocatalysts capable of selectively converting CO2 into fuels and chemicals with a high
efficiency (low overpotentials). At least one reason for the slow kinetics of the CO2RR is
that the products of interest require multi electron multi proton reactions.43-44 Even the
simplest CO2RR products CO (Eq 1.22) and formic acid (HCOOH) (Eq 1.23) involves the
transfer of two electrons and two protons while the simplest hydrocarbon methane requires
eight electrons and protons (Eq. 1.24).45
CO2 + 2H+ + 2e- → CO +

H2O

(1.22)

CO2 + 2H+ + 2e- → HCOOH

(1.23)

CO2 + 8H+ + 8e- → CH4 + 2H2O

(1.24)

Due to multiple reduction steps involved in the process a large kinetic barrier has
to be overcome. This barrier is likely the reason for the large reaction overpotential and
slow turnover numbers that are typically associated with CO2RR (Table 1.1). Noble metals
such as gold and silver have shown a lot of promise in electrochemically reducing CO2 to
carbon monoxide (Table 1.1).45 Carbon monoxide is considered to be a high value-added
product, since it is widely used to produce synthetic petroleum and liquid fuels via FischerTropsch process by the reaction between CO and H2 via the syn gas reaction (eq 3, 4 and
5).46
12

n CO + (2n+1) H2 → CnH2n+2 + n H2O

(1.25)

n CO + 2n H2 → CnH2n + n H2O

(1.26)

n CO + 2n H2 → CnH2n+1OH + (n-1) H2O

(1.27)

There are relatively few electrochemical systems with non-precious metal catalysts
that can efficiently reduce CO2. Prior research has showed that MoS247 can reduce CO2 to
CO at low overpotentials (~90 mV) but with a low faradaic efficiency of 7%. The FE
increases to near unity (98%) at higher overpotentials (> 600 mV).47 Nevertheless, the low
overpotential of MoS2 towards the competing HER has made it harder to implement MoS2
for the conversion of CO2 to CO under aqueous conditions.47-48 Catalysts with specific
electronic structures, that can preferentially bind different CO2-derived intermediates to
facilitate CO2RR and suppress the competing HER need to be realized. To suppress the
HER, one method that has been used in prior studies is to use ionic liquids (especially 1,3dialkyl substituted imidazolium based ionic liquids(IL)) as an electrolyte in either an
aqueous or organic solvent environment.47, 49 Ionic liquids have also been shown to act as
co-catalyst and have shown great promise as an electrolyte, because of their ability to
reduce the energy barrier in the intermediate steps of the CO2RR. In organic electrolytes
(usually acetonitrile (ACN)) H2 evolution is suppressed due to the scarcity of protons (i.e.,
aprotic solvent). Reactions in organic solvents produced only CO, formate and oxalates as
the CO2RR products showing good selectivity towards a single CO2RR product.50-52
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The choice of solvent and the electrolyte used in the CO2RR are crucial factors that
influence the distribution of the CO2RR products. With water as the solvent in bicarbonate
electrolytes, the products distribute from simple products such as CO to more complex
three carbon products like propanol (Table 1.1).53-57 If the primary targets of the reaction
are hydrocarbons, reactions in aqueous bicarbonate solutions is a prerequisite. Among the
materials that can reduce CO2 to hydrocarbons is Cu which is generally considered to be
the best current option.58 Nevertheless, a high overpotential and the wide range of

Figure 1.3: Volcano plot for CO binding free energy vs CO2 reduction current density
on metal electrodes. A scaling relation is observed for the metals with neither having an
ideal binding free energy depicted by the blue line (~ -0.5 eV). Adapted from ref. 54
with permission.
hydrocarbons obtained (poor selectivity) in the reduction are negative aspects related to
Cu-catalyzed electrocatalysis.45, 58 Theoretical calculations and experimental work have
shown that the free energy of CO adsorption on the catalyst is a key metric for the selection
of an efficient catalyst for the electrochemical CO2RR (Figure 1.3).
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Metals that bind CO too strongly (Pt, Ni) poison the catalytic surface while those
that bind CO too weakly (Au, Zn and Ag) do not allow the surface mediated chemical
transformations to occur that lead to hydrocarbon production (Figure 1.3).58-60 Thus, an
intermediate binding energy as depicted with the blue line in Figure 1.3 would be the ideal
binding energy to produce hydrocarbons. Nevertheless, Norskov et al58, 60 predicted that
pure metals cannot break the scaling relationships of bound intermediates leading to higher
hydrocarbons, oxygenates and alcohols to produce CO2 reduction products with higher
efficiency and good selectivity. Hence, there is a need to realize cheap materials (alloys or
heteroatomic compounds) that can reduce CO2 with high faradaic efficiencies and low
overpotentials.
1.3 HER on the MoS2 electrocatalyst

Figure 1.4: a) Structure of 2H-MoS2 with the trigonal prismatic co-ordination and the
ligand field splitting of the Mo 4d orbitals, b) structure of 1T-MoS2 with the 0ctahedral
co-ordination with the 4d ligand field splitting. Adapted from ref. 61 with permission.
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MoS2 is a transition metal dichalcogenide (TMD) with a layered structure, with the
2D MoS2 sheets being held together by Van der Waals forces. When found in nature it is
referred to as the mineral molybdenite.61-62 Three polymorphic phases of MoS2 are known,
where the most stable is the semiconducting 2H phase (band gap 1.2-1.9 eV).63 While
naturally occurring MoS2 is found in the 2H phase the polymorphic 1T phase is a
metastable state of MoS2 which is metallic in nature and does not occur naturally.
Differences in electronic structure arise due to differences in the structures of the
polymorphs, where 2H MoS2 has a trigonal prismatic coordination of the S atoms around
the Mo atoms (Figure 1.4a), and the 1T-MoS2 has an octahedral coordination (Figure
1.4b).64-66
The semiconducting nature of 2H-MoS2 is attributed to the symmetry (D3h) induced
splitting of the Mo 4d orbitals into three states: 1) completely filled Mo 4dz2, 2) unoccupied
Mo 4dx2-y2 and Mo 4dxy, and 3) unoccupied Mo 4dyz and Mo 4dxz orbitals. In the case of
metallic 1T-MoS2 the ligand field splitting of the Mo 4d orbitals results in 1) the degenerate
Mo 4dxy, yz, xz orbitals which occupy only two electrons, and 2) two unoccupied orbitals,
4dz2 and 4dx2-y2 (Figure 1.4).64-67 The electrons in the three degenerate orbitals that are not
completely occupied leads to a metallic ground state in the 1T-MoS2. This incomplete
occupancy of the ground sate also leads to the instability of this phase.66
In the context of HER, MoS2 was previously believed to be inactive for the reaction.
This belief was largely due to the inactive basal plane of the 2H-MoS2.64-65 Taking
inspiration from hydrogen producing enzymes such as nitorgenases and hydrogenases
Norskov et. al. performed DFT calculations on the Mo edges of MoS2. The calculations
revealed that at a 50% coverage of H on the edge sites, ∆GH was near the optimum value
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of zero for HER.28 The calculations also revealed that ∆GH on the basal plane was 1.92 eV
higher than ∆GH on the edge sites. Since this revelation, there has been a focus on
optimizing MoS2 for HER. Jaramillo et. al. experimentally showed that the activity of
MoS2 was directly proportional to the length of the exposed edges of the perimeter rather
than the total area of the MoS2 sheets,29 and thus much research has tried to develop MoS2
morphologies that maximize the number of edge sites.68-80 Using engineering techniques
like growing MoS2 on a double gyroid support was an early attempt to maximize the
exposed edges but the long electron transport distances led to a greater resistance for charge
transport reducing the overall activity of the catalyst.81 To overcome the conductivity
problems, nanostructured vertically aligned MoS2 was synthesized on conducting support
(graphene, graphene oxide, conductive carbon, and reduced graphene oxide). This
supported MoS2 system allowed the exposure of a large number of edge sites. Moreover,
the facile electron transport with the conductive support enabled fast electron transport.6875, 77-80, 82

More recent studies investigated lithium intercalation into the van der Waals gap of
2H-MoS2 as a way to tune the electronic and transport properties of MoS2 towards the
HER.83-85 Lithium intercalation was carried out by stirring 2H-MoS2 in an organo-lithium
solution (n-butyl lithium in hexane) for three days, followed by exfoliation in water
(equation 1.28 and 1.29 respectively).61, 83, 85-87
MoS2 + (C4H9)Li → LixMoS2 + C4H9-

(1.28)

LixMoS2 + H2O → MoS2 + LiOH + H2

(1.29)
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Lithium intercalation in MoS2 followed by hydration in water leads to a phase
transformation (2H to 1T) and the hydration process leads to an exfoliation of the material
into mono- or few layer sheets. This exfoliation process converts a large percentage of the
semiconducting 2H phase to the metallic 1T phase.85 Theoretical calculations have shown
that the 1T phase has a ∆GH close to zero, not only on edge sites, but also on the basal
plane.88 The activity for the HER was hence increased due to an increase in the number of
active sites and the improved charge transfer kinetics on the plane of MoS2 sheets. The
overpotential at a current density of 10 mA/cm2 for 2H-MoS2 (320 mV vs RHE) was
reduced by ~125 mV on the 1T-MoS2 under similar reaction conditions. Nevertheless, the
lithium intercalation process with pyrophoric n-BuLi leads to only an ~80% conversion of
the 2H material to the 1T phase of MoS2.
More recently, a method has been reported in the literature that allows one to
synthesize 1T-MoS2 which is carried out using a hydrothermal conversion of orthorhombic
MoO3 to metallic MoS2 using a mild reducing agent urea and thioacetamide as the sulfur
source.89 A pure metallic MoS2 phase was obtained in the reaction carried out at 200 oC for
12 hours. The same reaction at an elevated temperature (240 0C) yields the semiconducting
phase, thus showing that the octahedral MoO3 converts to a 2H phase via a metastable 1T
phase.89 This synthetic method will be used in Chapter 5 to allow the doping of 1T MoS2
with Ni and Co. It should be noted that there is ambiguity among the nomenclature in the
1T structure. Usually a more relaxed structure of 1T known as the 1T’ is observed
experimentally and theoretical calculations with the H adsorptions. Nevertheless, it is
common in literature to site one over the other and in this thesis, we refer to as the metallic
phase of the MoS2 as 1T-MoS2.
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1.4 CO2RR on MXene electrocatalysts
MXenes have the general formula Mn+1XnTx, where M is an early transition metal
(Ti, V, Nb, Mo, etc.), X is carbon or nitrogen and Tx is the surface termination group
(typically -O, -OH or –F) left after the selective etching process of their precursors (MAX
phase) and n= 1-3. ‘A’ from the MAX phase is either a Group IIIA or IVA element (e.g.
Al, Si, Ga) which is preferentially etched to obtain the MXene (Figure 2).90-94 More than
twenty different MXenes have been synthesized and studied to date, such as Ti2CTx,
Mo2CTx, Ti3C2Tx, V2CTx, Mo2TiC2Tx.93
A recent report95 (2017), using DFT, demonstrates the ability of 2D-MXene
nanosheets to capture and electrochemically reduce CO2 to hydrocarbons. The calculations
predicted that MXenes with the composition M3C2 were promising candidates for the
electrocatalytic CO2RR. To date, there are no reports to prove these predictions true or not.
Additional predictions95 were that Cr3C2 and Mo3C2 MXenes would have the best activity
towards the CO2RR, although the synthesis of these MXenes has not been realized to date.
In a DFT study by Neng Li et al. it was observed that CO2 is absorbed spontaneously on
MXene surfaces, and moreover, they are adsorbed preferentially over water molecules. We
can expect this preferential adsorption of CO2 over water molecules to enhance the CO2RR
selectivity over the competing proton reduction reaction (HER). Experimental and
theoretical studies have shown that MXenes are capable of capturing CO2 and that they
activate CO2 through a charge transfer leading to a bent anionic CO2δ- species.95-96 In the
calculations they observe the low coordinated metal atoms interact with the carbon atom
of CO2 potentially via electron donation from the carbides. This phenomenon of CO2
activation is well documented for metal surfaces where metals with a lower work function
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favors the transfer of an electron.97 For transition metal carbides the work function
increases along the period, thus it is expected that the MXenes with early transition metals
can activate the CO2 more than the carbides of late transition metals.98 It has also been
predicted that the binding of CO2 is strengthened by the strong attraction between the O
lone pairs of CO2 and the 3-fold metal atoms (under coordinated surface metal atoms).95
Jaramillo and coworkers99 have shown Mo2CTx and Ti3C2Tx MXenes have
overpotentials of 283 and 609 mV, respectively, for the HER, which is lower than the
potentials employed to enable the CO2RR in aqueous electrolytes. DFT calculations on
these materials have shown that the surface O functional groups function as the active sites
for the HER reaction. Hence, these as-prepared materials would prefer the competing HER
in aqueous solutions over the more kinetically challenging CO2RR. Thus, the active sites
for both the HER and CO2RR of as-prepared MXenes would be the terminal O, and in the
absence of an abundance of H+ in solution the CO2RR dominates. On the other hand, it
implies that the surface functional groups play a pivotal role in catalysis. The prediction
made by Sun and co-workers (2017)95 assume a pristine MXene surface, when in reality
the surface often has oxide hydroxide and/or fluorine surface terminations. Thus, an aprotic
solvent would be key in the CO2RR on these MXenes to suppress the competing HER.
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1.5 Thesis Goals and Outline
The primary goals of this thesis research were to understand and engineer the
molecular level chemistry of the transition metal dichalcogenide, MoS2, towards the
electrochemical hydrogen evolution reaction (HER) and the 2D transition metal carbides
(MXenes) toward the CO2 reduction reaction (CO2RR) using electrochemical techniques,
structural characterizations and computational calculations. The successful investigation
was aided by the fruitful collaborations within the Department of Energy funded Energy
Frontier Research Center (EFRC) at Temple University the Center for Computational
Design of Functional Layered Materials (CCDM) now restructured as Center for Complex
materials from First Principles (CCM).
This dissertation is comprised of six more chapters. Chapter two will be dedicated
to providing a useful background to the reader about the basic science underlying the
electrocatalytic water splitting reaction. Chapters three through five will cover the bulk of
the thesis research focused on the HER on MoS2 and Chapter six will discuss the CO2RR
on MXene surfaces.82, 86 Chapters three and four are reprints of published research and
chapters four and five are prepared manuscripts for publications. The three chapters on the
HER chemistry of MoS2 investigates how the material’s activity toward the HER can be
tuned by engineering modifications in the layered material’s 1) interlayer, 2) edge sites and
3) basal plane as depicted in Figure 1.5. Chapter three describes the effect of intercalation
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Figure 1.5: Structure of MoS2 showing three different regions that are engineered in
this thesis work. Black balls resemble Mo atoms while the yellow balls resemble sulfur
atoms.
of cations in the interlayer region of 1T’-MoS2 for the HER.86 Experiment and theory
provided insight on the improved catalytic activity. Chapter two details the investigation
of the improved catalytic activity of vertically aligned MoS2 (exposing more edge sites) on
Ti3C2 MXene as a conductive support.82 Chapter five revisits metallic MoS2 and shows
that doping the basal plane of 1T-MoS2 surface with Ni or Co leads to significant
enhancements in the material’s HER activity as well as its stability as a catalyst. Chapter
six discusses the electrochemical CO2RR on Mo2C and Ti3C2. Experiment coupled with
DFT calculations shows that the high activity of Mo2C for the reduction of CO2 to CO is
due to the low binding free energy of CO* on the surface. Finally, chapter seven
summarizes the main findings of the thesis research and discusses the potential future
impact of the research.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES
Each chapter contains an experimental section detailing the specifics of that work
while this chapter is dedicated to providing insight into the basic electrochemical
techniques with an emphasis on the thermodynamics and kinetics of electrochemical
reactions, analytical instrumentation used for the characterization of the synthesized
catalysts, and the instrumentation used for the product analysis of the CO2RR.
2.1 Electrochemical Techniques
2.1.1 Thermodynamics and kinetics of electrode processes
Consider a system where an electronic conductor (an electrode) is immersed in an
ionic conductor (an electrolyte). An electronic conductor has a continuum of energy levels,
thus it is possible to increase the energy of the electrons by applying an external voltage,
resulting in a shift in the Fermi level of the electrode. If the electrolyte contains an
electroactive species with a lowest unoccupied orbital (LUMO) overlapped by the shift in
the energy level of the electrode, an electron is transferred to the LUMO of the electrolyte,
thus reducing the species (Figure 2.1a). Similarly, if the energy of the electrons in the
electrode were lowered by imposing a more positive voltage, at a point when the
electrode’s Fermi level is lower than the highest occupied orbital (HOMO) of the
electroactive species in the electrolyte, an electron is transferred to the electrode resulting
in oxidation (Figure 2.1.1b). While the critical potentials at which these processes occur
are related to the thermodynamic standard potential of the chemical species, these
potentials do not describe the electron transfer kinetics of the electrode processes.1
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Figure 2.1: Schematic representation of a) reduction process and b) oxidation of a
species, A, in solution. The highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of A represented in the figure. Adapted from
Ref. 1 with permission.
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2.1.2 Linear sweep voltammetry and Cyclic voltammetry

Figure 2.2: a) Potential sweep in a LSV with the initial potential Ei and b) resulting
voltage vs current (i-V) curve. Adapted from ref. 1 with permission.
The two most commonly used techniques for the evaluation of an electrocatalyst
are linear sweep voltammetry (LSV) and cyclic voltammetry (CV). These techniques
provide valuable information on the electron transfer kinetics and transport properties of
electrochemical systems.1, 2 A typical potential scan for LSV for an oxidation half reaction
is shown in figure 2.1a. The resulting voltage vs current (i-V) curve for the applied potential
program is given in figure 2.1b.
When the potential scan is started at voltage below E0’ (onset potential), the current
is only due to the non-faradaic processes. When the electrode potential reaches E0’, current
begins to flow with electrons flowing through the electrode to oxidize the species at the
electrode surface. For a reaction with a defined equilibrium potential (E0’), that potential
or voltage is an important reference point. The departure of the potential (E) applied at the
electrode surface from the equilibrium potential (E0’) when a faradaic current passes
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through the cell is called polarization. The excess potential applied during this process of
polarization is termed the overpotential, η,
η = E – E0’
The i-V curve of a LSV plot is thus used as a means to evaluate the catalyst by
determining η for the reaction. Related to the research outlined in this thesis work are the
onset overpotential and the overpotential @ 10 mA/cm2. The onset overpotential is the
minimum potential required to register a faradaic current, while the overpotential
determined at a current density of 10 mA/cm2 is the benchmark overpotential reported on
in literature.3-5 These LSV plots can also provide useful information for Tafel analysis
(which is explained below).1 Cyclic voltammetry (CV) is an extension of LSV, where in
CV the potential scan is reversed at a selected point to sweep in the opposite direction,
while the scan rate is kept unchanged (Figure 2.2). The reverse scan results in an identical
shape (for a reversible process) as the forward scan, but with the polarity of the current
changed. Here the species at the electrode surface can undergo oxidation and reduction
cycles.

Figure 2.3: a) Potential sweep for cyclic voltammetry, and b) resulting i-V curve
(voltammogram) for the potential scan in a. Adapted from ref. 1 with permission.
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Figure 2.4: Schematic of a polarization plot (potential vs current density) for the HER.
The green curve shows a lower onset overpotential and a lower overpotential @10
mA/cm2 than the brown curve.
A typical polarization plot obtained from linear sweep voltammetry in the HER is
given in figure 2.3. The green curve shows an electrode that has a lower onset and
overpotential at 10mA/cm2 for the HER. The current obtained in the polarization plot is
typically normalized to the geometric area of the working electrode.
Tafel plots used in this study are derived from the polarization plot. by plotting the
overpotential vs the log of the current density. The Tafel slope is a metric that reveals
mechanistic information about the electrode process. The following is the derivation of the
Tafel equation using the Butler-Volmer equation. It is expected that this derivation will
help the reader appreciate the meaning of the values obtained from the Tafel plots.
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Consider a general case where, the forward reaction is cathodic and the reverse
reaction is anodic (equation 2.1.1)
𝑂 + 𝑛𝑒 −

𝑘𝑓
̅̅̅̅
𝑘𝑏

𝑅

2.1.1

For such a system is controlled by interfacial dynamics (which is not limited by
mass transport, equation 2.1.1) at a steady state, the governing electrode kinetics can be
explained using the Butler-Volmer equation (2.1.2).1 The relationship takes into account
the standard rate constants for a forward (kf) and reverse reaction (kb) which is then
substituted with the Arrhenius rate equation.
𝛼𝑎 𝑛𝐹𝜂𝑎

𝑖 = 𝑖0 {𝑒𝑥𝑝 [

𝑅𝑇

] − 𝑒𝑥𝑝 [−

𝛼𝑐 𝑛𝐹𝜂𝑐
𝑅𝑇

]}

2.1.2

Here, i is the current density, i0 is the exchange current density (current density in
the absence of net faradaic process), n is the number of electrons transferred during the
process, α is the transfer co-efficient (a-anodic, c-cathodic), F is the Faraday constant
(96485 C/mol), ηa and ηc are the overpotentials at the cathode and the anode respectively,
R is the universal gas constant and T is temperature. For the system at equilibrium both
exponential terms become important.
If the system is driven away from equilibrium through a potential increase one of
the exponential terms will dominate (depending on whether oxidation or reduction is
driven) and the Butler-Volmer equation simplifies to the Tafel equation:
For a reaction with a large cathodic term 𝛼𝑐 ~0
−𝛼𝑎 𝑛𝐹𝜂𝑎

𝑖 = 𝑖0 (𝑒𝑥𝑝 [

𝑅𝑇

])
2.1.3
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For a reaction with a large anodic term 𝛼𝑎 ~0
−𝛼𝑐 𝑛𝐹𝜂𝑐

𝑖 = −𝑖0 (𝑒𝑥𝑝 [

𝑅𝑇

])

2.1.4

Both equations take the form of
2.3𝑅𝑇

𝜂=(

𝛼𝑛𝐹

2.3𝑅𝑇

) log 𝑖0 − (

𝛼𝑛𝐹

) log 𝑖

2.1.5

which can be simplified to obtain the Tafel equation
𝜂 = 𝑎 + 𝑏 log 𝑖

2.1.6

where,
𝑎=(

2.3𝑅𝑇
𝛼𝑛𝐹

) log 𝑖0

2.1.7

and
𝑏 = (−

2.3𝑅𝑇
𝛼𝑛𝐹

)

2.1.8

According to equation (2.1.6) the value of the Tafel slope is obtained from
polarization plots where the overpotential (η) is plotted as a function of the log of the
current density (log i). The value of the Tafel slope is restricted by the number of electrons,
n, involved in the electron transfer process. Hence, the Tafel slope is commonly used as an
indication of the reaction mechanism. For example, a Tafel value of 40 mV/dec for a HER
catalyst is associated with a Heyrovsky type rate determining step (equation 1.2), while a
larger Tafel slope (120 mV/dec or higher) is associated with a Volmer step (equation 1.1)
in the HER. The most commonly used figures of merits in electrocatalytic water splitting
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reactions are the overpotentials (measured at a current density of 10 mA/cm2) and Tafel
slopes.
2.1.3 Electrochemical stability tests
Chronoamperometry and chronopotentiometry are two techniques used to evaluate
the stability of an electrocatalyst for HER and OER and as a means of evaluating the
efficiency of a catalyst in the CO2RR.3, 6, 7 In chronopotentiometry, a constant current is
applied between the working and the counter electrodes and the potential at the working
electrode is measured as a function of time. A stable material will maintain a constant
voltage while an unstable material will need a change in potential to keep the current
constant. A decrease in potential is observed for a reduction reaction and an increase for
an oxidation reaction. For a chronoamperometric experiment, a constant voltage is applied
at the working electrode and the current response in the circuit is measured as a function
of time. A stable material will maintain a constant current at an applied potential, while a
material that is unstable will yield a decrease or increase in current depending on whether
oxidation or reduction is of occurring.
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2.1.4 Electrocatalyst and electrode preparation for testing

Figure 2.5: a) Schematic of a three-electrode system. The system shown is for the HER
under acidic conditions. The working electrode (WE) is the cathode where protons
reduce to hydrogen gas and the counter electrode (CE) is the anode where water is
oxidized to oxygen gas. The potential at the WE is measured with reference to the
reference electrode (RE). b) Three electrode cell used for HER, and c) three electrode,
two compartment cell used in CO2RR.
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All the electrochemical experiments were performed in a three-electrode setup
(Figure 2.5) with a CHI 660E potentiostat under ambient conditions (24±2 0C).
Electrochemical studies in Chapters 3 and 4 were carried out in 0.5 M H2SO4, while
alkaline HER outlined in chapter 5 was evaluated in a 1 M KOH (pH~14) solution. CO2RR
electrocatalysis was carried out in acetonitrile as the solvent with 0.1 M 1-ethyl-2methylimmidazolium tetrafluoroborate (EMIMBF4) as the electrolyte. The working
electrode used was a glassy carbon electrode with a 3 mm diameter or a Ni foam (5x5 mm2)
for the HER catalysis and a 5x5 mm2 home built GC electrode for CO2RR (Figure 2.5c).
All GC electrodes were polished in 1.0, 0.3, 0.05 µm alumina powder respectively,
followed by sonicating in ethanol and de-ionized (DI) water for 10 min each. A saturated
calomel electrode was used as the reference electrode in the HER experiments while a nonaqueous Ag/Ag+ reference electrode was used in the CO2RR experiments. A Pt wire was
used as the counter electrode in the experiments in chapters 3, 4 and 6, while a graphite rod
was used as the counter electrode in the electrochemical experiments of chapter 5. Though
Pt wires are constantly used as the counter electrode in electrochemical reactions, care has
to be taken to avoid Pt deposition on the cathode which can skew the results, especially the
HER. Thus, the use of a graphite rod as the counter electrode eliminates the issue with Pt
contamination. The working electrode was prepared by drop casting 5 µL (loading 0.71
mgcm-2) of the catalyst made into an ink by sonicating 10 mg of the catalyst in 1 mL of DI
water for 30 min. For HER in alkaline conditions outlined in chapter 5 and CO2RR in
chapter 6, 20 µL of the ink was drop-cast on the Ni foam electrode and 5x5 mm2 GC
electrode respectively. The scan rate employed for the polarization plots are given in the
accompanying experimental sections of each chapter. All polarization plots that are
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reported were corrected for any iR loses and each experiment was repeated at least three
times. The overpotential at 10 mA/cm2, onset overpotential and the analysis of the Tafel
slope were based on these polarization plots. The Electrochemical active surface area
(ECSA) estimations were performed by plotting the capacitive current density differences
vs the scan rate. The capacitive current density is obtained by cycling the potential in a 100
mV potential window with the open circuit potential falling in the middle. The slope of the
curve obtained is twice the double layer capacitance of the electrode and the ECSA is
proportional to this value. Thus, the ratio of the double layer capacitance is used as an
estimation of the ECSA between the catalysts. Stability tests were carried out using
chronopotentiometry, where a constant current was applied at the cathode and the variation
of the potential was monitored as a function of time. Durability was also tested by cycling
the catalysts at a rapid scan rate of 500 mV/s for 10,000 CV cycles. To evaluate the
catalysts for the CO2RR, chronoamperometric curves were obtained by holding the cathode
at a constant voltage in CO2 saturated EMIMBF4/ACN solution for 30 min. The total
charge passed was obtained by integrating the area under the amperometric curves and the
headspace of the closed cell was analyzed by gas chromatography (GC) for gaseous
products. To analyze the electrolyte for any liquid products the electrolyte after electrolysis
was evaluated with H-NMR with dimethyl sulfoxide as an internal standard.
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2.2 Materials and product characterization techniques
2.2.1 X-Ray Photoelectron Spectroscopy (XPS)

Figure 2.6: Schematic diagram showing the X-ray source, specimen and the
hemispherical electron energy analyzer in a X-ray photoelectron spectrophotometer.
X-ray photoelectron spectroscopy (XPS) is a powerful surface analytical technique
that provides useful qualitative and quantitative information on materials. The working
principle of the technique is based on Einstein’s photoelectric effect. Under working
conditions, X-rays incident on a material surface induce the ejection of core level electrons
which will be at a specific kinetic energy, denoted by the following equation.
Eb = hʋ - Ek - ɸ

(2.2.1)
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Eb is the binding energy of the ejected electron, equal to the difference in energy of the
incident X-ray energy (hʋ, h is Planck’s constant and ʋ is the frequency of the X-ray), the
kinetic energy of the ejected electron (Ek), and work function of the spectrometer (ɸ). The
photon energy and the work function are fixed for the instrument and thus, the kinetic
energy of the ejected electrons can be related to the binding energy of the electron in the
atom from which it originated from.

Figure 2.7: Illustration of the ejection of core level electrons by incident X-Ray
with an excitation energy (hʋ).
The binding energy of an electron depends on the nuclear charge, number of core
level electrons, and bonding to nearby atoms, thus Eb can provide information on the
elemental composition, and moreover the chemical environment of the ejected electrons.
For instance, the energy required to eject a 1s electron from a carbon atom in a C-C bond
is 284.8 eV, whereas a carbon atom bound to an electronegative element, such as oxygen
having a C-O bond, would require 286.8 eV to eject the same electron. This observed shift
of carbon in different chemical environments is an example of a core level shift. In general,
the core level shift is defined as a change in binding energy of a core electron of an element
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due to a change in the chemical bonding of that element. Consider the binding energy (Eb)
of electrons of a core level of an atom ‘j’ with qv valence electrons and radius rv. The
change in binding energy (∆Eb) due to the formation of an ion of the atom j is given by
∆Eb = ∆ qv e2/ rv

(2.2.2)

Where e is the charge of an electron. Adding the inter atomic potential change due
to an atom ‘i’ on the atom j (∆Vij), the shift in the binding energy can be given as
∆Eb = ∆ qv e2/ rv - ∆ Vij

(2.2.3)

where Vij = potential of atom i on j. Equation 2.2.3 shows that the binding energy of the
electrons observed in the XPS are sensitive to the oxidation state and the chemical
environment. In the case of the C-O bond, the shift is attributed to the O atom pulling
electron density from the more electropositive C atom, thus increasing the effective nuclear
charge felt by the 1s electron and hence, increasing the energy required to remove the
electron, resulting in an increase in the observed binding energy. XPS data obtained for
this thesis work was primarily acquired on an in-house system that included a VG Scientific
instrument 100 mm hemispherical analyzer operating in constant energy mode with an Xray generator, Mg Kα with a power rating of 300 W. Related to the research outlined in the
research Mo 3d region and S 2p regions were evaluated using XPS. Mo 3d5/2 and 3d3/2
peaks appear around 229 eV and 232 eV respectively, for semiconducting 2H phase of
MoS2. These values lower by ~1 eV for the metallic 1T phase, thus making XPS a useful
technique to determine the phase of MoS2. Deconvoluted Mo 3d and S 2p regions can also
provide the quantitative information of the relative amounts of each phase of MoS2.
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2.2.2 X-ray Diffraction (XRD)

Figure 2.8: Schematic describing Bragg’s Law, θ is the angle of incidence of the
incident X-ray and d is the path difference equal to a whole number of the wavelength
of the X-ray.
Powder X-Ray diffraction is a powerful tool that was used to characterize and
identify the atomic structure of samples investigated in this thesis work. The principle used
in XRD is the diffraction and interference of monochromatic X-rays as they are incident
on a material. The resulting pattern of a sample is created by the constructive and
destructive interference of X-rays as they are diffracted through a material (Figure 2.8).
The resulting diffraction pattern can be explained by considering the Bragg diffraction law:
nλ=2d sinθ

(2.2.4)

where, n is an integral multiple of the wavelength (known as the order of diffraction), λ is
the wavelength of the monochromatic X-ray source, θ is the scattering angle, and d is the
interplanar distance of parallel crystal planes. The interlayer distances are quite frequently
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used in these studies, as the optoelectronic properties of the transition metal dichalcogenide
(MoS2) being a layered structure is highly sensitive to the interlayer spacing. The layer
spacings are sensitive to the phase of the underlying material and moreover the phase of
the layered material studied. By calculating the shifts in the diffraction peaks or the
interplanar distances, the environment in the interlayers can be determined. For instance,
the intercalation of cations of different sizes in the interlayers of the 2D-layered MoS2
would be expected to change the distance between interlayers and hence can be confirmed
by XRD. The XRD data presented in this thesis was obtained on either a Bruker APEX II
DUO diffractometer equipped with a Mo Kα radiation from a sealed molybdenum tube
with a TRRIUMP monochromator or a Bruker D8 Advance X-ray Powder Diffractometer
equipped with a 2kW Cu Kα1 radiation monochromator.

2.2.3 Transmission electron microscopy (TEM)
Electron microscopy uses a beam of electrons to image samples smaller than the
fundamental limit of optical resolution. The resolution of electron microscopy, particularly
transmission electron microscopy (TEM), is orders of magnitudes higher than optical
microscopy due to the fact that the wavelength of the electrons employed are much shorter
than visible light. The wave-particle duality of electrons is demonstrated by an operating
TEM. A high voltage (V) is applied to accelerate electrons where they gain kinetic energy
(momentum). The relationship between the voltage (V) and wavelength (λ) can be
established (equation 2.2.7).8

𝜆=

ℎ

(2.2.5)

𝑚𝑣
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Where, h is the Planck’s constant (6.626 x 10-34 J s), m is the mass of an electron
(9.1 x 10-31 kg) and v is the velocity of the accelerated electron. This is the de Broglie
relationship. The velocity of the electron is related to the accelerating voltage by
𝑒𝑉 =

1

(2.2.6)

2𝑚𝑣 2

2𝑒𝑉

𝑣=√

(2.2.7)

𝑚

Where, e is the charge of an electron (1.6 x 10-19 C). Thus, for a microscope operating at
120 kV, the de Broglie wavelength (λ) would be 3.53 pico meters. With such small
wavelengths high resolution images (~0.1 nm) with can be obtained.
The high energy electron beam is produced at a cathode, usually a LaB6 crystal,
and then accelerated and focused by a series of magnetic lenses. The electron beam
interacts with the ultrathin sample, depending on the sample thickness and composition of
the sample the intensity of the transmitted electrons varies. The transmitted electrons are
then magnified and focused by an objective lens to appear on a luminescent screen or
charge coupled device (CCD) to form a 2D image of the specimen. In this work,
transmission electron microscopy (TEM) images were obtained using a JEOL JEM-1400
microscope operating at an accelerating voltage of 120 kV. Specimens studied were
dispersed in water via sonication and then a 10 µL drop of this suspension was drop cast
on a holey carbon grid (Ted Pella) supported on carbon mesh.
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2.2.4 Scanning electron microscopy (SEM)

Figure 2.9: Illustration of the different types of signals used in SEM, and their origins
in the specimen.
Similar to TEM, scanning electron microscopy (SEM) uses electrons for imaging,
but at a lower energy (0.4-40 keV). The electron beam probes the specimen by scanning
the sampling area in a raster pattern. Unlike TEM where the transmitted and diffracted
electrons are directly used for image generation, SEM employs backscattered and
secondary electrons generated by the interaction of the beam with the sample to generate
an image (Figure 2.9).9 As a result, an array of detectors are used to gather information for
the specimen. The interaction of the electron beam with the sample also generates X-rays,
arising from the relaxation of excited core electrons, which is employed to obtain the
elemental composition of the sample.9 The use of these X-ray emissions to gather semiqualitative information on the sample is known as energy dispersive spectroscopy (EDS).
All SEM micrographs presented in this thesis were obtained using a FEI Quanta 450 FEG46

SEM microscope operating at 0.4-40 kV. EDS spectroscopic analysis was performed by
an Oxford systems nanoanalysis EDS system, using Aztec 2.1 analyzing software.
2.2.5 Raman spectroscopy

Figure 2.10: Schematic of the energy diagram depicting the origin of the Raman
peaks.
Raman spectroscopy is used to determine the structural information of organic and
inorganic compounds in solid, liquid, or gaseous states. The technique uses monochromatic
light to irradiate the sample, and the resulting interaction with the sample scatters light
elastically (referred to as Rayleigh scattering) and inelastically.10 Raman spectra uses the
radiation scattered inelastically, which has a range of shifted frequencies relative to the
frequency of the irradiated light. The shift of the frequency relative to the incident radiation
is called the Raman shift and it is related to various vibrational modes/energies of the
sample. A typical spectrum is a plot of detected light intensity versus Raman shift
frequencies. The intensity carries the information about number of molecules and
scattering cross-section. Raman effect is based on the change in polarizability of the
molecule during molecular vibrations. The incoming electric field interact and deform the
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electron cloud around the molecule to portray specific Raman modes.10 Polarizability α is
defined as,
P= α • E

(2.2.8)

Where, P is the induced dipole moment and E is the electric field. Polarizability
varies based on how strong the electron cloud is bound around the nucleus or the molecule.
The energy diagram of the origin of Raman peaks is depicted in figure 2.10. Upon
irradiation, electrons are excited to the virtual energy state from where the electrons are
released back to different vibrational states. Energy of the virtual state depends on the
exciting radiation. The energy difference between this vibrational energy state with respect
to the initial energy state where electron is excited is given as the Raman shift (stokes and
anti-stokes scattering, Figure 2.11). These shifts are always defined with respect to the
Rayleigh scattering frequency. As the vibrational energy states are characteristic to the
probing molecule, Raman shifts are independent from the excitation wavelength. However,
the excitation wavelength can affect for the scattering cross cession which determines the
scattering intensity of the Raman modes. Following is the typical Raman peaks
corresponding to the above transitions. Raman measurements in this thesis work was

Figure 2.11: Diagram showing the subsequent Raman peaks due to the transitions in
figure 2.10

48

performed using a Horiba Jobin Yvon Labram HR800 Evolution confocal Raman
spectrometer with 532 nm laser excitation, Olympus MPlan N 100x microscope objective
focusing excitation light to ~1µm spot, 1800 gmm grating providing ~2 cm-1 spectral
resolution. Related to the thesis work are the fingerprint spectra for the vibrational modes
of 2H and 1T MoS2. Semiconducting 2H MoS2 has two significant peaks at 386 cm-1 and
407 cm-1 that are known as E12g and A1g modes. These peaks diminish in intensity and three
phonon modes called J1, J2 and J3 at 156 cm-1, 220 cm-1 and 325 cm-1 are observed
respectively, for the 1T phase for the MoS2.

2.2.6 Gas Chromatography (GC)
Gas chromatography is a commonly used in analytical chemistry for separating and
analyzing compounds which can be vaporized without decomposition. A sample in the
gaseous form, or a vaporized liquid sample, is injected into the head of a chromatographic
column where it is transported through the column by a flow of an inert gas (the mobile
phase). The column (stationary phase) is either liquid or a solid state adsorbed onto the
surface of an inert solid. As the sample is carried along the heated chromatographic
column, it will interact with the stationary phase. Depending on the different interactions
of the sample components, the sample is separated, and various components will elute at
different times. Most commonly thermal conductivity detectors (TCDs) are employed as a
universal detector, and additional detectors, such as flame ionization detectors (FIDs) can
be added to detect specific species, like hydrocarbons. In this work a HP 5890 GC equipped
with a 2 m long Shin Carbon St packed column (Restek) was employed with a TCD
detector. Ultra-high purity Ar and He gases were used in tandem as the carrier gas
depending on the analytes.
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CHAPTER 3
EFFECT OF INTERCALATED METALS ON THE ELECTROCATALYTIC
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3.1 Introduction
As discussed in Chapter 1, capture and storage of solar energy as a renewable
energy source would be one of the most important steps toward turning away from the use
of fossil fuels. There is significant interest in developing methods to store solar energy in
the form of chemical fuels. In this context, splitting water into hydrogen and oxygen using
solar energy would be one such method to harness solar energy and store it in chemical
bonds (i.e., hydrogen).1-3 Solar-induced water splitting has generally been investigated in
two ways: (1) the direct photochemical splitting of water over suitable semiconductor
catalyst and (2) the use of photovoltaics to harness solar energy and to then split water with
an electrolyzer.4 One crucial step in this latter effort is the hydrogen evolution reaction
(HER) step:
2H+ + 2e- → H2

(3.1)

This chapter introduces the reader to the use of MoS2 as a potential low-cost
candidate for HER catalysis outlined in equation 3.1. Precious metals such as Pt are still
the most efficient HER catalysts, but they are not ideal for mass scale H2 production via
water electrolysis due to their scarcity and high cost. Toward the goal of economic
feasibility there is a significant research effort designed to find efficient and earth abundant
electrocatalytic materials that can catalyze the HER at the lowest possible overpotential.
2D transition metal dichalcogenides (TMD) have shown significant promise for the HER
in acidic media.5-7 Within this material class, WS2 and MoS2 are the most studied.8-10 This
research effort has been inspired in part by the excellent catalytic activity of nano and micro
sized MoS2 structures in petroleum refining industries.11 TMD are layered structures with
van der Waals forces binding the sheets together. The activity of the TMD varies depending
52

on structure and morphology. For example, bulk MoS2 was thought to be inactive towards
HER until nano structures were realized and found to be excellent HER catalysts.6, 12, 13
Three polymorphs of MoS2 have been identified. The polymorphic semiconducting 2H
type with a trigonal prismatic coordination to six sulfur atoms was shown to have active
sites on the edges on under coordinated Mo atoms. The basal planes of these materials were
found in general to be inactive towards HER,12,

14

while edge sites and sulfur anion

vacancies provided sites for increased HER activity.15 Furthermore, it was shown that
introduction of lattice strain in the layered sheets increased the HER activity.16 Also, of
note is that the interplanar conductivity of the TMD is 2200 times less than the conductivity
along the basal plane.8 The paucity of active sites and low out of plane conductivity are
key issues that limit the electrocatalytic activity of bulk 2H phase of MoS2 (i.e., 2H-MoS2)
for the HER.
Toward the goal of making MoS2 a more efficient HER catalyst, it has been shown
that the 2H-MoS2 phase can be transformed into the polymorphic metallic 1T type MoS2
(via the intercalation of Li ions17-21) with octahedral coordination of S around the Mo.
Lithium intercalation followed by exfoliation yields stable nano-sheets (NS) of 1T-MoS2,
with lattice distortions.22-24 These distorted metallic 1T-MoS2 NS show good
electrochemical activity relative to the 2H phase on both the edge sites and the basal
plane.24, 25 The exfoliated NS bear a surface negative charge that enables a stable colloidal
solution in water, although this charge has been proposed to reduce their electrocatalytic
efficiency.5, 22
A hypothesis tested in this research is that the electrocatalytic activity of the layered
1T-MoS2 NS for the HER can be enhanced by controlling its electronic and structural
53

properties via the intercalation of metal cations. Prior studies have already shown examples
where the electrocatalytic behavior for water splitting of particular layered materials are
sensitive to the nature of metal/cations in the interlayer region.26-28 To test this hypothesis
for 1T-MoS2 we determined the electrocatalytic HER activity of this layered material
individually intercalated with Co2+, Ni2+, Ca2+, and Na+. Density Functional Theory (DFT)
calculations were employed to gain an insight into the Gibbs free energy of adsorption for
hydrogen (ΔGH) on each of the intercalated samples. The value of ΔGH has been widely
used as a descriptor for evaluating catalysts for HER.12, 29-31 In particular, an improved
catalytic activity is observed for ΔGH values close to zero.
3.2 Experimental section
Materials and Methods
Reagents and chemicals used in this study were purchased from commercial
vendors and used without further purification. X-ray diffraction (XRD) data were acquired
on a Bruker Kappa APEX II DUO diffractometer using Mo Kα radiation from a sealed
molybdenum tube with a TRIUMPH monochromator. X-ray photoelectron spectroscopy
(XPS) were performed on an the ink used for electrocatalysis drop casted on to copper tape.
Transmission electron microscopy (TEM) images were obtained using a JEOL JEM-1400
microscope operating at 120 kV. Scanning electron microscopy (SEM) images were
obtained using a FEI Quanta 450 FEG-SEM microscope operating at 10-30 kV. Energy
dispersive spectroscopy (EDS) analysis was performed with an Oxford systems nanoanalysis EDS system, using Aztec 2.1 as the analyzing software. Raman measurements
were performed using a Horiba Jobin Yvon Labram HR800 Evolution confocal Raman
spectrometer with 532 nm laser excitation, Olympus MPlan N 100x microscope objective
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focusing excitation light to ~1µm spot, 1800 gmm grating providing ~2 cm-1 spectral
resolution. The excitation intensity was maintained below the sample optical damage
threshold. Each measurement was performed at least twice on the same spot, and
homogeneity of samples was checked by measuring at least 5 spots per sample. Samples
were drop cast onto a glass slide for Raman spectroscopy and dried in air for 24 hours
before collecting the spectra.
Synthesis of 1T-MoS2
Lithiated MoS2 was synthesized by reacting bulk MoS2 (Sigma Aldrich) 1.0 g with
1.6 M n-butyl lithium 10 mL in hexane under argon atmosphere for 48 hours. The lithiated
MoS2 (LixMoS2) was filtered and washed with excess hexane to remove residual lithium
and organic materials. The LixMoS2 was dried under vacuum. The LixMoS2 was exfoliated
by sonicating 0.100 g in 40 ml of DI water for an hour. The unexfoliated MoS2 and LiOH
were centrifuged out. Weighing the unexfoliated materials gives approximately a
monolayer MoS2 sheet concentration of 2 mg/mL. This NS solution was freeze dried to
obtain a black powder of 1T-MoS2.
Synthesis of Intercalated compounds
10 mg of the 1T-MoS2 was resuspended in 5 mL of water and sonicated in water
for 15 min. This process re-suspends the 1T-MoS2 into monolayers in water. Then NaNO3
solid was added to the 1T-MoS2 suspension to make the Na+ concentration 20 mM. The
suspended 1T-MoS2 flocculates completely in about 5 min. The precipitate is centrifuged
and washed with excess DI water 3 times to remove any excess ion on the material. The
same procedure is repeated for other metal ions but maintaining a cation concentration of
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10 mM for Co2+, Ni2+ and Ca2+ by adding solid cobalt(ii) nitrate hexahydrate, nickel (ii)
chloride and calcium nitrate respectively. The precipitate obtained is suspended in 1 mL of
DI water for electrochemical measurements and a few drops of the ink was used for
imaging (SEM and TEM), Raman spectroscopy and XPS. A precipitate prepared in a
similar manner was dried in air to obtain a powder for XRD measurements.
Electrochemical Characterization
Electrocatalytic studies were carried out in acidic media (0.5 M H2SO4) using a
CHI 660E potentiostat operating in a standard three-electrode configuration at ambient
temperature (24 ± 2 °C). All the potentials were measured with respect to a standard
calomel reference electrode (CH instruments) and a Pt wire was used as the counter
electrode. The working electrode was prepared by drop casting 5 μL of catalyst ink
suspension on a 3 mm diameter glassy carbon electrode (loading 0.71 mg/cm2). The ink
solution was prepared by adding 10 mg of freeze dried 1T-MoS2 in 1 mL of DI water. All
the polarization curves were recorded at 50 mV/s scan rate after correcting for iR losses.
For all the catalysts tested here, polarization curves were replicated 3 times. The
overpotential (at a current density of 10 mA/cm2) and Tafel slopes reported are based on
an analysis of these data. Chronopotentiometry measurements of each sample were carried
out at 5 mA/cm2 for 24 hr in 0.5 M H2SO4. Electrochemical Impedance Spectroscopy (EIS)
Nyquist plots were obtained at 200 mV overpotential within the frequency range 0.1 Hz to
106 Hz. Cyclic voltamograms obtained at various scan rates (2, 40, 60, 80, 100, 120, 140
mVs-1) in the potential range 100-200 mV vs RHE were used to determine the ECSA and
double layer capacitance.
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First Principles calculations
The density functional theory calculations were performed in the Vienna Ab Initio
Simulation Package (VASP)32 within the projector augmented wave method (PAW).33 The
newly developed meta-GGA SCAN34 and it’s non-local van der Waals corrected form,
SCAN+rVV10,35 were used as the exchange-correlation approximations. We believe
correct absorption energy is achieved using these two density functionals. We used 550
eV as the cut-off energy for the calculations. Geometry optimization was achieved using
the conjugated gradient method and the atomic coordinates were relaxed within the
convergence criteria of 0.01 eV/Å.

Electronic energies were converged using the

convergence condition of 0.00001 eV. The systems were modeled using a bilayer slab of
1T-MoS2 separated by the experimentally determined inter-layer separation distance. We
used a 15 Å of vacuum in the z direction on the top of the topmost layer to model the
adsorption surface. The 2×2 supercells were constructed from the fully relaxed 1T-MoS2
bulk structure with the a=3.176 Å, b=3.17 Å and an Mo-Mo distance of 3.17 Å. A Gammacentered 8×8×1 k-mesh was used to perform the geometry optimization and for the DOS
calculations. The intercalated structures were realized by adding two ions between the two
layers of the pristine 1T-MoS2. A hydrogen atom was placed on top of S atom of the MoS2
basal plane, which is also found to be the most preferable adsorption site in previous
studies.29,

36

The relaxed S-H distance are listed on Table A1 using SCAN and

SCAN+rVV10 for the structures studied. The top layer with the adsorbed H atom is relaxed
in our calculations, whereas the intercalated atoms and the bottom layer are kept fixed.
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Table 3.1: Distance (in Å) between adsorbed H atom and the S atom of the top layer of
MoS2 calculated using SCAN, and SCAN+rVV10.
Structure

SCAN

SCAN+rVV10

Pristine (Clean MoS2)

1.362

1.362

Na/1T-MoS2

1.361

1.362

Ca/1T-MoS2

1.360

1.361

Ni/1T-MoS2

1.361

1.362

Co/1T-MoS2

1.361

1.362

Gibbs free energies for the hydrogen adsorption were calculated using the formula
∆𝑮𝑯 = ∆𝑬𝑯 + ∆𝑬𝒁𝑷𝑬 − 𝑻∆𝑺𝑯 (3.2), where ∆𝐸𝐻 represents the hydrogen absorption
energy, ∆𝑬𝒁𝑷𝑬 is the zero point correction and ∆𝑺𝑯 is the entropic correction of hydrogen
molecule. The absorption energy of the hydrogen atom was calculated using ∆𝑬𝑯 =
𝟏

𝑬𝑴𝒐𝑺𝟐−𝑯 − 𝑬𝑴𝒐𝑺𝟐 − 𝑬𝑯𝟐 (3.3) where 𝑬𝑴𝒐𝑺𝟐−𝑯 is the total energy of the adsorbed
𝟐

structure , 𝐸𝑀𝑜𝑆2 is the total energy of the pristine MoS2, and 𝐸𝐻2 is the total energy of the
hydrogen molecule in a box. For the intercalated structures, we used the same method
except 𝑬𝑴𝒐𝑺𝟐−𝑯 becomes 𝑬𝑴𝒐𝑺𝟐−𝑿−𝑯 where X=Na, Ca, Ni, Co. The Zero Point Energy
𝟏

𝑯

𝟐
(∆𝐸𝑍𝑃𝐸 ) is calculated using ∆𝑬𝒁𝑷𝑬 = 𝑬𝑯−𝑨𝒅𝒔𝒐𝒓𝒃𝒆𝒅
− 𝑬𝑪𝒍𝒆𝒂𝒏
𝒁𝑷𝑬
𝒁𝑷𝑬 − 𝑬𝒁𝑷𝑬 (3.4), where

𝟐

𝐻

𝐶𝑙𝑒𝑎𝑛
𝐻−𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑
2
𝐸𝑍𝑃𝐸
, 𝐸𝑍𝑃𝐸
and 𝐸𝑍𝑃𝐸
are the ZPE corresponding to the H adsorbed, clean

structures and H molecule respectively. We found this value to be 0.078 eV for all the
structures. We have taken the entropy correction from the gas phase of H2 [6] (∆𝑺𝑯 ≅
𝟏

− 𝑺𝟎𝑯𝟐 ). Therefore, in our calculations we used the value of 0.278 eV as the ∆𝑬𝒁𝑷𝑬 −
𝟐
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𝑻∆𝑺𝑯 which simplifies the above equation for Gibbs free energy to ∆𝑮𝑯 = ∆𝑬𝑯 + 𝟎. 𝟐𝟕𝟖
(3.5).
3.3 Results and Discussion
3.3.1 Material characterization
To prepare 1T-MoS2 samples we used a well-established method that yields lithium
intercalated bulk 2H-MoS2 by using strong reducing agents such as LiBH4 and n-butyl
lithium.17 The intercalated material, LixMoS2, was then exfoliated in water to produce
metallic monolayer NS of MoS2.37 Prior studies have shown that these NS can be restacked
by adding cations to a NS containing solution.38
To prepare intercalated samples for this study, solutions containing either Na+,
Ca2+, Ni2+ or Co2+ ions were added separately to a solution containing 2 mg/mL 1T-MoS2
NS. This addition led to a precipitated phase. The solution was centrifuged, and the
precipitate was washed three times with deionized (DI) water. Samples individually
prepared with Na2+, Ca2+, Ni2+, and Co2+ will be referred to hereafter as Na/1T-MoS2,
Ca/1T-MoS2, Ni/1T-MoS2 and Co/1T-MoS2, respectively.
X-ray diffraction (XRD) was used to determine the interlayer spacing of the various
samples. Figure 3.1 exhibits diffractograms for bulk 2H-MoS2 and 1T-MoS2 NS that were
collected for analysis upon drying, and 1T-MoS2 NS that immediately precipitated from
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Figure 3.1. Comparison of (001) and (002) XRD reflections of bulk 2H-MoS2, 1TMoS2 and metal cation-intercalated-1T-MoS2.
solution after individual exposure to Co2+, Ni2+, Ca2+, and Na+. Inspection of the data shows
that bulk 2H-MoS2 exhibits a (002) reflection associated with an interlayer spacing of 6.36
Ȧ.39, 40 Exfoliated MoS2 sheets that stacked upon drying exhibit an interlayer spacing of
12.87 Ȧ, due to a water double layer that persists in the interlayer region.40 The
comparatively weak Bragg reflections associated with 1T-MoS2 NS (Figure 3.1 and
Appendix Figure A2 for complete diffractograms) after exfoliation and drying suggest that
this material likely has poor long range order (relative to the other samples). An analysis
of the XRD does show that the interlayer distance is a function of the intercalated metal
cation. Based on an analysis of the (001) reflection, the presence of Na+ results in the
smallest interlayer distance (12.33 Å), while Ni2+ results in the greatest interlayer distance
(12.73 Å).
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To confirm that the intercalated samples maintained the 1T phase, Raman
spectroscopy was carried out (Figure 3.2). The distinct phonon modes at 154 (J1), 219 (J2)
and 327 cm-1 (J3), which are characteristic of metallic 1T-MoS2, are attributed to the
formation of a super lattice structure.38 The presence of the 1T super lattice strucuture was
also observed in selective area elecron diffraction (SAED) patterns of both 1T-MoS2 and
intercalated 1T-MoS2 samples (Appendix Figure A3).25, 41, 42 The broadening of 404 (A1g)
and 380 cm-1 (E12g) modes, as well as suppressed intensity of E12g are also typical for 1T
phase. These results suggest that the metallic nature of the 1T NS is retained upon stacking
in 3D with intercalated metal cation.
Additional evidence for the presence of the 1T phase and the super lattice structure
was obtained from X-ray photoelectron spectroscopy (XPS). The Mo 3d region associated
with MoS2 consists of two primary peaks at ~229 and 232 eV corresponding to the 3d3/2

Figure 3.2. Raman spectra of 2H-MoS2 (black),1T-MoS2 (green), and metal ion
intercalated 1T-MoS2 samples.
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and 3d5/2 components of Mo4+ (Appendix Figure A4). Similar to the analysis of XPS for
2H- and 1T-MoS2 in prior work, deconvolution of the peaks obtained in this study for MoS2
shows additional peaks with a shift to lower binding energy of ~1.0 eV, that corresponds
to the 1T phase.23, 37 Analysis of the S 2p1/2 and 2p3/2 XPS also shows that each feature is
composed of two contributions, due to the presence of the 2H and 1T phases of MoS2. The
presence of two phases gives rise to the super lattice structure. Deconvolution of both the
Mo 3d and S 2p regions shows that ~75% of the exfoliated MoS2 material is in the 1T
phase. The intercalated samples also show a similar contribution of the 1T phase suggesting
that metal ion intercalation does not alter the relative concentration of the 2H and 1T phase
(see Appendix Figure A4-A6). Analysis of the samples with energy dispersive
spectroscopy (EDS) suggests that the amount of intercalant varies in the range of 1-2%
when 10 mM divalent cation solutions and 4-5 atomic % is observed with the 20 mM
solution of monovalent Na+ cation (Figure A7 and A10). We did not observe an increase
in the intercalated cation concentration when the MoS2 sheets were exposed to higher
cation solution concentrations. We believe this result is because the exfoliated sheets
flocculate only when the charge on the sheet is neutralized by the intercalated cations. XPS
of the Ni and Co intercalated samples (Figure A6b and A6c) showed the presence of Ni2+
and Co2+, respectively, indicating that redox chemistry between the cations and MoS2 did
not occur during the intercalation process.

62

Figure 3.3 shows scanning electron microscopy (SEM) images of 1T-MoS2 and
Co/1T-MoS2, and transmission electron microscopy (TEM) images of the exfoliated 1TMoS2 and flocculated samples of Co/1T-MoS2. The exfoliated 1T-MoS2 sheets are very
thin and, upon flocculation, several sheets stack over one another as evident from the SEM
images and TEM image contrast. SEM and TEM images of the other intercalated samples
are shown in the Appendix (Figure A8-A9). During the intercalation process we do not
experimentally observe a difference in the sizes of the 1T-MoS2 NS that stack to form the
intercalated structures.

Figure 3.3. SEM images of (a) 1T-MoS2 and (b) Co/1T-MoS2 and TEM images of
exfoliated (c) 1T-MoS2 and (d) stacked Co/1T-MoS2 (refer to SI for images of other
samples)
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3.3.2 Electrochemical results

Figure 3.4. A) Polarization plots of current density (j) vs V after iR correction showing
enhanced catalytic activity of metal cation intercalated 1T-MoS2. The inset exhibits a
magnified view emphasizing the differences in overpotential between the samples (at 10 mA cm-2); B) Tafel plots for 1T-MoS2 and metal cation intercalated 1T-MoS2
samples; C) Nyquist plot showing the decrease in charge transfer resistance after
intercalation; D) Plots of scan rate vs current density used for ECSA calculations.
Electrochemical experiments were carried out to understand the effect of the intercalated
metals on the HER activity of 1T-MoS2. Measurements were performed with a threeelectrode system (see experimental section for further information). Figure 3.4A exhibits
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polarization curves for the different samples. These data show the effect of the intercalated
atoms on the overpotential () for HER associated with the different electrocatalysts (at a
current density of 10 mA/cm2). The lowest overpotential in the MoS2 series studied was
associated with Na/1T-MoS2 (=183 mV) and this material had an onset potential as low
as 120 mV. This  value was 50 mV lower than the  value for pristine 1T-MoS2. The 
value of 230 mV vs RHE for 1T-MoS2 obtained in our study is consistent with prior HER
studies for this same material.20, 21, 24 An important conclusion that can be drawn from the
data is that all the 1T-MoS2 materials with intercalated metal ions show a lower  than
does intercalant-free 1T-MoS2. While Na/1T-MoS2 exhibits the lowest  value, all of the
other intercalated metal ion-1T- MoS2 samples exhibit  values that are within 12 mV of
the Na-intercalated samples and more than 40 mV lower than the  associated with 1TMoS2 (see Table 1).
Figure 3.4B exhibits Tafel plots, derived from extrapolating the linear region of a
plot of  vs log j. The Tafel slope for Na/1T-MoS2 is 45 mV per decade, similar to the
Tafel slope for 1T-MoS2 (also 45 mV decade-1). Tafel plots for all the samples are provided
in the Appendix (Figure A11). Based on prior studies, the relatively low Tafel slope values
obtained for our MoS2 samples imply that a two-electron-transfer process takes place in
the HER, consistent with a Volmer-Heyrovsky mechanism where the rate limiting step in
the process is the desorption of H2.43 The similar Tafel slopes for all the samples suggest
that the intercalation process does not alter the HER mechanism that is associated with
pristine 1T-MoS2. It is also important to mention that prior studies24 have suggested that
removing some negative charge from exfoliated 1T-MoS2 NS (by exposing to iodine) also
improves the catalytic HER activity of 1T-MoS2 (based on a lowering of ). This reduction
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in charge upon intercalation is emphasized in our research by zeta potential measurements
(see Table A1). It was found, for example, that upon intercalation with Na+, the zeta
potential decreased from a value of -43 mV to -29 mV. In view of this prior assertion, it is
possible that the removal of some of the charge from the surface of 1T-MoS2 due to
intercalation plays a role in facilitating the electron transfer between the NS and protons
during the HER. To investigate the effect that intercalation had on the charge transfer
resistance (Rct) of the samples, we carried out electrochemical impedance studies. Figure
3.4C exhibits data obtained at a  value of 200 mV. 1T-MoS2 exhibits an Rct value of ~60
Ω, compared to a Rct ~10 kΩ for the non-metallic 2H-MoS2 phase (figure A12). The lowest
Rct values are observed for the intercalated 1T-MoS2 samples (Rct varies from 25 to 55 Ω),
consistent with the superior HER activity of these samples.
The electrochemically active surface area (ECSA) both gives an estimation of the
active sites and is proportional to the double layer capacitance (Cdl). The slope of capacitive
current for cyclic voltamograms (Figure A13) plotted vs scan rate (Figure 3.4D) gives half
the value of Cdl. The ECSA is proportional to the Cdl values (an increase in Cdl is associated
with an increase in ECSA).44 The Cdl values are tabulated in Table 3.1. Based on these
values, all the intercalated samples display a higher Cdl. Higher Cdl values imply that the
capacitance on the catalyst has improved, suggesting that intercalated cations reside in the
interlayer region. The improvement in the ECSA upon intercalation suggests that more
sites are accessible for HER upon intercalation. We do not believe that the improved ECSA
is due to changes in interlayer spacing, since all the intercalated samples have similar
spacings. This improved ECSA is an interesting experimental observation considering that
prior research of the 2H phase of MoS2 suggested that an increase in accessible reaction
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sites and lowering of the  for this phase occurred with an expansion in interlayer
distance.45 It may be the case that a reduced charge on the sheets upon cation intercalation
may allow more reaction site accessibility for the proton reduction cycle, resulting in the
decreased overpotential and increased ECSA.
Chronopotentiometric measurements carried out at 10 mA/cm2 show that the
intercalated samples are stable over a period of 24 h (see Appendix figure A14). Raman
spectroscopy of Na/1T-MoS2 after the stability test shows that the 1T structure is preserved
(Appendix figure A15). All the experimental data taken together show that the intercalated
samples are stable and more active than intercalant-free 1T-MoS2.

Table 3.2: Summary of electrochemical data
Sample

η (mV)

Tafel Slope
(mV/dec)

Rct (Ω)

Cdl (mF cm-2)

1T-MoS2

230

45

60

3.75

Na/1T-MoS2

183

45

25

9.20

Ca/1T-MoS2

190

46

30

7.35

Ni/1T-MoS2

191

47

30

6.30

Co/1T-MoS2

195

46

40

6.15

3.3.3 DFT results
Finally, it is useful to revisit the electrochemical polarization results in view of DFT
calculations. Specifically, we calculated the hydrogen atom adsorption free energy change
(ΔGH) for 1T-MoS2 in the absence and presence of the different intercalated cations. Prior
studies have generally shown that ΔGH is an excellent descriptor to assess the
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Figure 3.5. Free energies of hydrogen atom adsorption on the basal plane of pristine
1T-MoS2 as well as on the intercalated 1T-MoS2.
electrochemical HER activity of catalytic surfaces.12, 29-31 In particular, optimal catalytic
activity is associated with a ΔGH  0.12, 30 DFT calculations were performed in the Vienna
Ab Initio Simulation Package (VASP)32 within the projector augmented wave method
(PAW).33 The newly developed meta-GGA SCAN34 and its non-local van der Waals
corrected form, SCAN+rVV1035 were used as the exchange-correlation approximations
(Refer to the appendix A for detailed information including geometries). Figure 5
summarizes the computational results. The largest ΔGH value is obtained for 1T-MoS2 in
the absence of intercalant, while the Na+ intercalated sample is associated with the ΔGH
value closest to zero.
These calculations are consistent with the experimental finding that the highest and
lowest overpotential are associated with 1T- MoS2 and Na/1T- MoS2. Figure A14 exhibits
density of states (DOS) plots for the different 1T- MoS2 systems. The presence of the
localized d-states of Co and Ni at the Fermi level (EF) are prominent features for Ni/1TMoS2 and Co/1T- MoS2 while delocalized sp states characterize the Na/1T- MoS2 and
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Ca/1T- MoS2 DOS plots. Interestingly, while the contributions of the different intercalants
to the DOS of 1T- MoS2 are varied, all these intercalated systems are more effective HER
catalysts than 1T-MoS2 without intercalant. These calculations suggest that the
introduction of DOS at the EF, whether from a transition metal or sp metal, favorably
affects HER by a lowering of ΔGH from the value associated with intercalant-free 1TMoS2.
3.4 Summary
To summarize, we have used a solution-based technique to intercalate metal cations
into the interlayer region of 1T- MoS2 to improve the efficiency of the material for the
HER. Intercalation likely lowers the  for the HER at least in part by increasing the ECSA
of the intercalated samples. Also, DFT calculations suggest that the intercalation of either
a sp or d-band metal cation into the 1T phase of MoS2 results in a change of ΔGH, relative
to the ΔGH associated with the intercalant-free material, that can be related to enhanced
activity for the HER.
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CHAPTER 4
VERTICALLY ALIGNED MoS2 ON Ti3C2 (MXENE) AS AN IMPROVED HER
CATALYST
(Note: Content of this Chapter is adapted from the publication “N. H. Attanayake, S. C.
Abeyweera, A. C. Thenuwara, B. Anasori, Y. Gogotsi, Y. Sun and D. R. Strongin,
Vertically aligned MoS2 on Ti3C2 (MXene) as an improved HER catalyst, J. Mater. Chem. A,

2018, 6, 16882.” with permission.)
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4.1 Introduction
Chapter 3 discussed the improvement of the catalytic activity of metal intercalated 1TMoS2 towards the hydrogen evolution reaction (HER). It was shown that the interlayer
region could be tuned to tailor and engineer the structure and electronic properties of the
metallic phase of MoS2. This chapter outlines the improvement of the catalytic activity of
the semiconducting 2H phase of MoS2 towards the HER. As discussed in Chapter 1, section
1.3, the activity of the 2H phase is primarily limited to the edge sites. The research
discussed in this chapter evaluates the catalytic activity of edge oriented MoS2 as a function
of the exposed edge site density. This is achieved by the growth of MoS2 with an edge-on
morphology on a conductive support Ti3C2 (MXene).
As was discussed in Chapter 1 and Chapter 3 theoretical investigations of the
hydrogen evolution reaction (HER) have suggested that materials which display low
binding free energies for atomic hydrogen (ΔGH~0) are the most suitable candidates.1, 2 In
particular, it has been shown that the edge sites of 2-dimensional (2D) MoS2 sheets are
associated with ΔGH values close to zero.3-5 Relatively weak van der Waals forces bind
the 2D MoS2 sheets into a layered structure with an interlayer spacing of ~6.2 Å.5-7 Two
polymorphic forms of MoS2 have been studied extensively for HER: the semiconducting
2H (trigonal prismatic co-ordination) and the metallic 1T (octahedral co-ordination) phase.
2H-MoS2 is the more stable phase and prior research has shown that the basal plane of this
phase is largely inactive towards the electrochemical HER.3, 4, 6, 8, 9 The 1T-MoS2 phase has
been shown to have a higher electrical conductivity along both the basal plane and at its
edges making it a better HER electrocatalyst than 2H-MoS2.8, 10 The long term instability
of 1T-MoS2 for the HER has prevented 1T-MoS2 from being an optimal catalyst. Thus,
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considerable effort has been expended to create 2H-MoS2 nanostructures that optimize the
exposure of edges and which exhibit an improved conductivity.11-15
Recent research12 has shown that expansion of the interlayer spacing of MoS2
improves HER catalysis.16 The growth of vertically aligned interlayer expanded MoS2 (IEMoS2) on conductive substrates and scaffolds have been shown to lead to materials with
efficient charge transfer from electrode to catalyst and more exposed edge sites.17 Many
carbon based materials have been extensively studied as the conductive support for MoS2
and other HER catalysts .18-20 Carbon nanotubes (CNTs),21, 22 carbon cloth,23, 24 graphene
oxide/reduced graphene oxide (GO/rGO),13, 25-27 amorphous carbon supports,28 and glassy
carbon15, 29 have all been studied as support materials. In this study, we present a novel
method to grow vertically aligned MoS2 directly on a 2D layered inorganic material,
titanium carbide (Ti3C2) to further improve HER catalysis for IE-MoS2. Ti3C2 belongs to
the family of 2D transition metal carbides and nitrides, called MXenes.30-35 MXenes have
the general formula Mn+1XnTx, where, M is an early transition metal (Ti, V, Nb, Mo, etc.),
X is carbon or nitrogen, and n= 1-3. Tx is the surface termination group (typically -O, -OH
or –F) left after the selective extraction of certain atomic layers in a top-down etching
process of their precursors. More than twenty different MXenes have been synthesized and
studied to date, such as Ti2CTx, Mo2CTx, Ti3C2Tx, V2CTx, Mo2TiC2Tx.33 We drop the Tx
notation referring to the surface termination when referring to the samples in the current
study. MXenes are mostly metallic (conductivity is up to 9880 S/cm for Ti3C2),35 because
of their metal carbide core layers, and hydrophilic due to their surface terminations.30-32
Conductivity of Ti3C2 MXene, is higher than that of CNTs, graphene or GO materials,
which makes it an excellent candidate to support MoS2 catalyst for the HER.35
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Our hypothesis that motivates the present study is that vertically aligned IE-MoS2
grown on Ti3C2 will serve as an excellent HER catalyst. The hypothesis rests largely on
the realization that Ti3C2 exhibits a metal-like conductivity, likely making it a better
substrate than GO for the growth of vertically aligned MoS2.36, 37 The conductivity between
the substrate and catalyst is a crucial factor in determining the charge transfer kinetics of
the catalyst. Exfoliated Ti3C2 MXenes provide a large surface area and moreover show
better conductivity than reduced graphene/GO and most other 2D materials hence, Ti3C2
would make a superior substrate for the growth of MoS2 .33, 35, 38-40 Furthermore, we hold
out the possibility that a higher density of vertically aligned MoS2 layers can be grown on
Ti3C2 than can be grown on the more studied graphene support.13, 25-27, 41 The hydrophilicity
of the MXene support can aid the binding of ionic precursors (MoS42-) on their surfaces
and dispersion in polar solvents unlike hydrophobic graphene supports.

Scheme 4.1: Schematic of the synthesis process for the growth of vertically aligned
IE-MoS2/Ti3C2. In the first step, Ti3C2 flakes were homogeneously distributed in
DMF by sonication and then (NH4)2MoS4 was added to the Ti3C2 loaded DMF
solution. Exposure of the (NH4)2MoS4 and Ti3C2 containing solution to microwave
radiation led to the nucleation and then vertically oriented growth of MoS2 on the
conductive Ti3C2 support.
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To grow vertically aligned MoS2 on Ti3C2, we used a microwave assisted colloidal
synthetic method. Ammonium tetrathio molybdate ((NH4)2MoS4) in N,N-dimethyl
formamide (DMF) was used as the precursor solution for IE-MoS2.12 Microwaves
interacting with charges on the MXene sheets generates the heat that help nucleate MoS2
sheets on a support as depicted in Scheme 1.27, 42-44 Ti3C2 was expected to be an ideal
surface for this process, since it provides metallic conductivity, a large surface area, and a
charged surface for nucleation and growth of MoS2. We support this contention by noting
that prior studies have shown that Ti3C2 exhibits a very high absorption of electromagnetic
waves (e.g., in the microwave region), even at very small thicknesses.45, 46 The synthesis
of IE-MoS2 vertically aligned on Ti3C2 (IE-MoS2⊥Ti3C2) was achieved at four different
temperatures (200, 220, 240, and 260

0

C). For each growth temperature, the

electrochemical performance of the IE-MoS2⊥Ti3C2 for HER was determined. The
heterostructures obtained at the different growth conditions were characterized with
scanning electron microscopy (SEM), scanning tunneling electron microscopy energy
dispersive spectroscopy (STEM-EDS), Raman spectroscopy, transmission electron
microscopy (TEM), X-ray Photoelectron Spectroscopy (XPS), and X-ray diffraction
(XRD).
4.2 Experimental Section
All chemicals were analytical grade or technical grade and were used as received from the
supplier (Fischer, Alfa Aesar and Sigma Aldrich) without further purification.
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Synthesis of Ti3C2. Synthesis of the Ti3AlC2 MAX phase has been described previously.1
Ti3C2 MXene powder was prepared by the following etching procedure. One gram of
Ti3AlC2 powder was slowly added into a solution composed of 1 g lithium fluoride (LiF,
Alfa Aesar, 98+ %) in 20 ml 9 M hydrochloric acid (HCl, Fisher, technical grade, 35-38%).
This addition was followed by stirring at 35 °C for 24 h. The acidic suspension was washed
with 100 ml of deionized (DI) water and centrifuged until a pH  6 was reached and a
stable dark green supernatant of Ti3C2 was collected after 30 min centrifugation at 3500
rpm. The resulting Ti3C2 supernatant solution was filtered using a vacuum-assisted
filtration through a polypropylene filter (3501 Coated PP, Celgard LLC, Charlotte, NC),
followed by drying at room temperature under vacuum.

Synthesis of the IE-MoS2 and IE-MoS2/Ti3C2 at different growth temperatures. The
synthesis of the IE-MoS2 was similar to the procedure developed by Sun Y. et al..2 In brief
10 mg of (NH4)2MoS4 (Alfa Aesar, 99.95%) was dispersed in 6 mL of DMF (Sigma
Aldrich, 99.8%). The mixture was stirred with the assistance of a magnetic stirrer at
ambient conditions for 30 min to uniformly disperse the (NH4)2MoS4. The solution was
then heated in a sealed vessel in a microwave (Monowave 300, Anton Parr) at the desired
temperature for 2 hr. The reaction vessel was quickly cooled to room temperature with a
pressurized air flow. The product obtained was collected by centrifugation at 10000 rpm
for 5 min, then washed with DI water followed by washing three times with a
acetone/ethanol (1:1) mixture. The sample was dried in an oven overnight at 60 0C. In the
case of the MoS2⊥Ti3C2 synthesis, the Ti3C2 (5 mg) was initially sonicated in the DMF for
1 h before adding (NH4)2MoS4 (10 mg). The resulting mixture was stirred with the
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assistance of magnetic stirring for a further 30 min. Thereafter the procedure was similar
to the synthesis of IE-MoS2.

Characterization. Samples for SEM were prepared by drop casting the sample of interest
in a mixture of water/ethanol (4:1) on to a silicon wafer. SEM images were obtained with
a FEG Quanta 450 FEG electron Microscope, operated at an acceleration voltage of 20 kV.
Energy Dispersive X-ray Spectra (EDS) were obtained with an X-MaxN 50 spectrometer
(Oxford Instrument) mounted on the SEM. Samples for TEM were obtained by diluting
the above samples with ethanol and drop casting them onto holey carbon grids. TEM and
HRTEM images were recorded with a JEOL JEM-1400 microscope and JEOL JEM-2100
respectively. Raman measurements were performed using a Horiba Jobin Yvon Labram
HR800 Evolution confocal Raman spectrometer with 532 nm laser excitation, Olympus
MPlan N 100x microscope objective that focused excitation light to an ~1µm spot, and a
1800 gmm grating providing ~2 cm-1 spectral resolution. Samples were drop cast onto a
silicon wafer for Raman spectroscopy and dried in air overnight before collecting the
spectra.

Electrochemical characterization. Electrocatalytic were performed in an acidic media
(0.5 M H2SO4) that was degassed by bubbling N2 (for 20 min), using a CHI 660E
potentiostat. The potentiostat operated in a standard three-electrode configuration at
ambient temperature (20 ± 2 °C). All the potentials were measured with respect to a
standard calomel reference electrode (CH instruments) and a Pt wire as the counter
electrode. 5 μL of a catalyst ink suspension was drop cast on to a 3 mm diameter glassy
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carbon electrode (loading 50 µg) which was used as the working electrode. The electrode
was dried in a fume hood for 30 min. The ink solution was prepared by adding 5 mg of the
catalyst to 0.5 mL of an ethanol/DI water mixture (1:3), that was sonicated for 1 hr. It
should be noted that no binder (e.g. Nafion) was added when the catalyst ink was prepared.
All the polarization curves were recorded at 10 mV/s scan rate after correcting for any iR
losses. iR loses in the solution was determined to be (8-10 Ω) by a CHI 660E potentiostat
via the resistance test, which were then corrected from the polarization curves by
subtracting iR (current x resistance) from the potential (V). Polarization curves obtained
with graphite rod counter electrode are given in SI figure 9. For all the catalysts tested here,
polarization curves were replicated 3 times and obtained after cycling for 30 cycles. The
onset potential, overpotential and Tafel slopes reported in this work are based on an
analysis of these data. Chronopotentiometry measurements of each sample were carried
out at a current density of 10 mA/cm2geo for 20 h in 0.5 M H2SO4 without any corrections
for iR loses. Electrochemical Impedance Spectroscopy (EIS) Nyquist plots were obtained
at 170 mV overpotential within the frequency range 0.1 Hz to 106 Hz. Cyclic voltamograms
obtained at various scan rates (20, 40, 60, 80, 100, 120, 140 mVs-1) in the potential range
180-280 mV vs SCE were used to determine the ECSA and double layer capacitance.
Electrochemical impedance spectroscopy was used to obtain Mott-Schottky plots.
Experiments were carried out in 0.1 M Na2SO4 solution (pH 7.2) at 100, 1000, and 10000
Hz.
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4.3 Results and Discussion.
4.3.1 Material characterization

Figure 4.1: SEM micrographs of IE-MoS2⊥Ti3C2 at growth temperatures of A) 200 oC, B)
220 oC, C) 240 oC, and D) 260 oC. E) IE-MoS2 grown without the MXene substrate. F)
Calculated % edge densities of MoS2 sheets (see supporting information, Figure S1 and
Table S1) based on the area of the images as a function of growth temperature. IEMoS2⊥Ti3C2@240 exhibits the highest edge density without flower-like aggregates (i.e.,
MoS2⊥Ti3C2@260). Lower growth temperatures (e.g., 200 and 220 oC) result in lower MoS2
edge densities.
SEM micrographs presented in Figure 4.1 provide direct evidence for the vertically
aligned structural motif for IE-MoS2⊥Ti3C2. Analysis of the images (Appendix,
Figure B1 and Table B1) also suggests that the vertically aligned MoS2 sheets
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became denser (i.e., area of the edges of MoS2 relative to the area of the Ti3C2 sheets)
on the MXene support as the growth temperature was increased from 200 (i.e., IEMoS2⊥Ti3C2@200) to 240oC (i.e., IE-MoS2⊥Ti3C2@240). IE-MoS2⊥Ti3C2@260
exhibited flower-like aggregates of MoS2 coexisting with a vertically aligned MoS2
component (Figure 4.1D), leading to a reduction in the density of vertically aligned
edges of MoS2 sheets, relative to IE-MoS2⊥Ti3C2@240. We mention that a prior
study by Xianhong et al. used a hydrothermal method to obtain vertically aligned
MoS2 on Ti3C2 MXene stabilized by carbon nanoplating.47 In contrast to the
microwave synthesis approach, this prior study showed that the Ti 3C2 MXene
support, in the absence of carbon nanoplating, was unstable under hydrothermal
synthesis conditions.
Our experimental observations from SEM suggest that at a microwave-assisted
synthesis temperature of 2600C there is some formation and nucleation of MoS2
sheets in solution prior to binding to the MXene support. This homogeneous reaction
would appear not to occur at a synthesis temperature of 240 0C where formation of
MoS2 sheets during microwave heating occurs exclusively at the MXene surface. At
the lower synthesis temperatures (200 and 220 0C) we believe that incomplete
reduction of the MoS42- precursor within the reaction time of 2 h leads to the lower
density of vertically aligned MoS2 sheets.

The atomic ratio, Mo:S, of IE-

MoS2⊥Ti3C2@240 obtained with EDS was ~1:2 (Appendix, Figure B2 and B3)
consistent with the growth of MoS2 sheets. A STEM-EDS elemental map of IEMoS2⊥Ti3C2@240 (Appendix, Figure B3) shows the distribution of Ti, Mo and S
on the MXene sheets. The SEM images suggest that a growth temperature of 240 oC
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is optimal for the synthesis of IE-MoS2⊥Ti3C2, since it led to the highest density of
vertically aligned sheets without the presence of flower-like aggregates (Figure
4.1F).
High-resolution TEM (HRTEM) (Figure 4.2A and Appendix Figure B4) was
used to characterize the interlayer spacing of IE-MoS2⊥Ti3C2. XRD was not useful
for such a determination, since the relatively weak Bragg reflections of the MoS 2
component of IE-MoS2⊥Ti3C2 were obscured by the strong reflections associated
with the Ti3C2 support (Appendix Figure B5). TEM (Figure 4.2A) shows MoS2 nano
clusters with their edge-on morphology confirming the presence of vertically
aligned clusters of sheets in IE-MoS2⊥Ti3C2@240. The number of sheets making up

Figure 2: A) HRTEM of IE-MoS2⊥Ti3C2@240 and B) Height profile of MoS2 along the
white line on image 2A, C) and D) TEM images of IE-MoS2⊥Ti3C2@240 and
MoS2⊥Ti3C2@260 and E) IE-MoS2 without the MXene support.
82

the clusters ranged from two (i.e., a bilayer) to 10 layers. Contrast profiles of these
stacked sheets in the HRTEM were used to determine the interlayer spacing that was
associated with IE-MoS2⊥Ti3C2@240 (Figure 4.2B). Analysis of these data show a
uniform interlayer spacing of ~9.4 Å. This spacing does not vary with the synthesis
temperature of IE-MoS2⊥Ti3C2 (see Appendix Figure B4 for samples synthesized at
200, 220 and 260 0C). Previous research showed that the microwave assisted
synthesis of unsupported colloidal MoS2 (using the same precursors as in this study)
also gave rise to stacked MoS2 with an interlayer spacing ~9.4 Å (an expansion of
~3.2 Å relative to 2H-MoS2).12, 13 To further validate this statement, we synthesized
MoS2 with no MXene (IE-MoS2@260) and performed XRD on the resulting
powder. Analysis of this material showed a similar interlayer spacing of ~9.4 Å
(Appendix Figure B5). The expansion of the interlayer spacing could be due to the
intercalation of oxidized DMF and/or to interlayer NH4+ (retained from the
(NH4)2MoS4 precursor).12 TEM micrographs in Figure 4.2 also show that IEMoS2⊥Ti3C2@240 (Figure 4.2C) is composed of uniform sheets of MoS2 vertically
aligned on the MXene substrate. With regard to IE-MoS2⊥Ti3C2@260, TEM shows
the presence of flower-like aggregates of MoS2 (Figure 4.2D) in addition to
vertically aligned MoS2 sheets, consistent with the SEM result shown above. These
flower-like structures resemble the aggregates of IE-MoS2 that grow in the absence
of the MXene substrate (Figure 4.1E and 4.2E). As mentioned above, this
morphology associated with IE-MoS2⊥Ti3C2@260 is likely due to the homogeneous
nucleation of (NH4)2MoS4 in solution at 260 oC in the presence of the microwave
electromagnetic field interacting with the ion dipoles of MoS42-.12, 13, 44
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Samples were further characterized with Raman spectroscopy. Figure B6 exhibits
Raman data for IE-MoS2⊥Ti3C2@240, IE-MoS2⊥Ti3C2@260, and commercially
purchased 2H-MoS2. For the IE-MoS2 samples, peaks at 402 and 376 cm-1 are
assigned to the E12g and A1g vibrational modes of MoS2, respectively. The peaks
show a red shift relative to those analogous Raman features associated with 2HMoS2 (407 and 381 cm-1) that does not have an expanded interlayer. A possible
reason for this shift in vibrational frequencies is that the larger interlayer spacing for
IE-MoS2⊥Ti3C2 reduces the coupling between the sheets (relative to reference 2HMoS2).12, 48, 49 The intensity of the out-of-plane A1g mode is greater than the in-plane
E12g mode suggesting that IE-MoS2 and IE-MoS2⊥Ti3C2 have abundant edge sites
with less S-Mo-S interactions in between layers due to the relatively large interlayer
spacing.12 XPS was used to identify the phase and the oxidation states of Mo, S and
Ti. Characteristic Mo4+ peaks at binding energies of 228.8 and 231.8 eV,
corresponding to 3d5/2 and 3d3/2 spectroscopic features, respectively, were observed
in the fitted spectrum (Appendix Figure B8A). Moreover, a higher oxidation state
Mo species (Mo5+/Mo6+) was apparent. The presence of Mo5+/Mo6+ oxidation states
have been observed in previous studies and their presence is believed to be due to
some oxidation of the (NH4)2MoS4 precursor.27 S 2p XPS shows no oxidation of the
S2- groups (Figure B8B). We note that overall, the binding energies of Mo and S are
lower in energy (~0.6 eV) than those respective features associated with the
semiconducting 2H-MoS2 phase. This difference could conceivably be due to the
differences in electronic structure (i.e., the metallic like 1T-MoS2 phase versus the
semiconductor 2H-MoS2 phase). Ti-2p XPS shows a range of peaks assigned to
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various functional groups on the surface (Appendix Figure B7 and B8). Ti is
primarily bonded to C and O, but spectroscopic features associated with Ti-F are
present which presumably results from the etching process, that leads to at least a
fraction of the Ti3C2 sheets being fluorine terminated.
Samples were further characterized with Raman spectroscopy. Appendix, Figure
B6 exhibits Raman data for IE-MoS2⊥Ti3C2@240, IE-MoS2⊥Ti3C2@260, and
commercially purchased 2H-MoS2. For the IE-MoS2 samples, peaks at 402 and 376
cm-1 are assigned to the E12g and A1g vibrational modes of MoS2, respectively. The
peaks show a red shift relative to those analogous Raman features associated with
2H-MoS2 (407 and 381 cm-1) that does not have an expanded interlayer. A possible
reason for this shift in vibrational frequencies is that the larger interlayer spacing for
IE-MoS2⊥Ti3C2 reduces the coupling between the sheets (relative to reference 2HMoS2).12, 48, 49 The intensity of the out-of-plane A1g mode is greater than the in-plane
E12g mode suggesting that IE-MoS2 and IE-MoS2⊥Ti3C2 have abundant edge sites
with less S-Mo-S interactions in between layers due to the relatively large interlayer
spacing.12 XPS was used to identify the phase and the oxidation states of Mo, S and
Ti. Characteristic Mo4+ peaks at binding energies of 228.8 and 231.8 eV,
corresponding to 3d5/2 and 3d3/2 spectroscopic features, respectively, were observed
in the fitted spectrum (Appendix Figure B8A). Moreover, a higher oxidation state
Mo species (Mo5+/Mo6+) was apparent. The presence of Mo5+/Mo6+ oxidation states
have been observed in previous studies and their presence is believed to be due to
some oxidation of the (NH4)2MoS4 precursor.27 S 2p XPS shows no oxidation of the
S2- groups (Figure B8B). We note that overall, the binding energies of Mo and S are
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lower in energy (~0.6 eV) than those respective features associated with the
semiconducting 2H-MoS2 phase. This difference could conceivably be due to the
differences in electronic structure (i.e., the metallic like 1T-MoS2 phase versus the
semiconductor 2H-MoS2 phase). Ti-2p XPS shows a range of peaks assigned to
various functional groups on the surface (Appendix, Figure B7 and B8). Ti is
primarily bonded to C and O, but spectroscopic features associated with Ti-F are
present which presumably results from the etching process, that leads to at least a
fraction of the Ti3C2 sheets being fluorine terminated.
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Figure 4.3: HER kinetics for samples prepared at different temperatures, A)
polarization curves of heterostructures synthesized at 200, 220, 240, 260 0C, and IEMoS2 obtained at a scan rate 10 mVs-1 in 0.5 M H2SO4, B) Tafel plots for the samples
derived from the polarization plots of A, C) Impedance spectra (Nyquist plots) inset:
equivalent circuit used to stimulate the Nyquist plot where, Rs-solution resistance, CPEconstant phase elements, R1-resitance in the catalyst, Rct-charge transfer resistance and
Cdl-double layer capacitance, D) scan rate vs current density (j0) with Cdl values in the
legend.
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To prepare samples for the determination of catalytic activity for the
electrocatalytic HER, MoS2 with and without MXene support were individually
drop-cast on a 3 mm diameter glassy carbon electrode with no added binder. The
total mass loading of each sample was 0.071 mg cm -2. As the heterostructure is
composed of both MXene and MoS2, the samples were decomposed in nitric acid
and the concentration of Mo and Ti were determined with Inductive Coupled Plasma
Optical Emission Spectrometry (ICP-OES). We used this mass data to normalize the
linear sweep voltammetry current densities for MoS2 and MoS2⊥Ti3C2 samples
prepared at different growth temperatures. We believe that normalization based on
mass is more revealing, since only the MoS2 in the heterostructure is active towards
HER.50 Figure 4.3A (see Appendix Figure 9B for polarization plots with a graphite
counter electrode) shows the cathodic polarization plots corrected for iR losses in
solution. A polarization plot normalized to geometric surface area is included in the
SI for comparison (Figure B10). Analysis of the polarization curves shows that the
onset (ƞ0) for the HER for IE-MoS2⊥Ti3C2@240 is ~95 mV (Figure 4.3A). It is
noted that the polarization curves shown were obtained after cycling the catalyst 30
times between 0 and -0.70 V vs RHE (Appendix Figure B10B). After cycling,
polarization plots with no background capacitive current in the non-faradaic region
(i.e, before the onset potential) were obtained. The overpotential (ƞ) to reach a
current density of 10 mA/cm2mg for IE-MoS2⊥Ti3C2@240 was 110 mV. At the
same current density, IE-MoS2 deposited on glassy carbon required an overpotential
of ~160 mV to achieve a 10 mA/cm2mg current density. We attribute the increased
catalytic activity (i.e., lower onset and overpotential) of IE-MoS2⊥Ti3C2@240 for
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the HER relative to the unsupported MoS2 to the ease of electron transfer from the
substrate to the MoS2 catalyst. Overall our results show that the current density at
50 mV beyond the onset potential of each sample increases with an increasing
density of edge sites (Appendix Figure B11). The higher current densities observed
for samples synthesized at higher temperatures at a given potential is a result of the
availability of more active edge sites. With regard to the Tafel slope, another merit
of electrocatalytic performance, samples synthesized at 220, 240, 260 oC all had
similar values (~40 mV dec-1) to IE-MoS2 (Figure 4.3B). The exception was IEMoS2⊥Ti3C2@200, which had a Tafel slope of 53 mV dec-1. Based on our data,
however, we cannot determine why this particular sample had a higher slope.
Differences in Tafel slope are typically taken to indicate changes in reaction
mechanism. Considering that all our samples contained vertically aligned IE-MoS2,
as the catalytic component, a change in mechanism would not be expected.
Figure 4.3C exhibits impedance spectra for all the samples investigated in this
study. The impedance spectra are not perfect semi circles, implying that there is a
charge transfer resistance (Rct) between the electrolyte and the catalyst, as well as a
resistance in the catalyst and the substrate (R1). The charge transfer resistance Rct is
lower (6.8 Ω) for MoS2⊥Ti3C2 compared to MoS2 alone (~48 Ω) for the stimulated
circuit shown in the inset of Figure 3C. The higher impedance for IEMoS2⊥Ti3C2@260 is not surprising given the heterogeneity and agglomeration of
MoS2 sheets into nano flower-like aggregate structures for this sample. The lower
charge transfer resistance between the MXene and MoS2 sheets helps improve the
catalytic activity of the MoS2⊥Ti3C2 hybrid system. It has been suggested in prior
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research that the IE motif of MoS2 allows the MoS2 sheets to act as monolayer
sheets which can allow isotropic electron transfer from substrate to the MoS 2
sheets.12 This effect is more pronounced in IE-MoS2⊥Ti3C2 which provides a better
conductivity for the MoS2 sheets with the current supplying cathode, reducing R ct
for the heterostructures relative to IE-MoS2 directly deposited on the glassy carbon
electrode. The electrochemical double layer capacitance (Cdl) value is widely used
to determine the electrochemically active surface area (ECSA) of electrocatalysts
(Figure B12), since the value of the Cdl is proportional to the ECSA.51-53 Our data
show that all the samples (Figure 4.3D) have at least twice the active surface area
compared to IE-MoS2. The improved activity for IE-MoS2⊥Ti3C2@240 is also
reflected by it having the highest ECSA value among all the samples in this study.
Chronopotentiometry was used to evaluate the stability of the electrocatalysts during
the HER. Appendix, Figure B13 shows the chronopotentiometric curve for IEMoS2⊥Ti3C2@240 and IE-MoS2 for a reaction time of 20 h, carried out at a current
density of 10 mA cm-2geo. Both samples show excellent catalyst stability, with each
sample showing less than a 7% change in the potential required to maintain 10 mA
cm-2 during the 20 h period. Polarization plots obtained after the stability test (Figure
B14) showed little difference from the respective polarization plots obtained before
the test.
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The presence of a Schottky-like barrier (metal-semiconductor junction) between
the metallic Ti3C2 and semiconducting MoS2 can have an effect on the onset
potential for the MoS2⊥Ti3C2 samples. We believe the difference in the onset
potential for samples at different temperatures to be a result of the energy barrier for
charge transfer between the MXene and MoS2 interface. The carrier concentration
of the different MoS2⊥Ti3C2 samples were investigated using the linear region of the
Mott Schottky plots. The inverse value of the slope of these plots is proportional to
the carrier density of the catalyst.54-56 Analysis of the data shows that there is a direct
correlation between the charge carrier concentration and the activity of the samples.
The positive slopes of the Mott Schottky plots in Figure 4.4 are characteristic of ntype semiconductors.54, 56, 57 The formation of a Schottky barrier can result in an
energetic penalty for electron transfer. The lower the barrier, the faster the electron
transfer between the interface and catalyst. With a higher carrier concentration in
MoS2 this barrier would be more like a metal-metal junction with no barrier, thus

Figure 4.4: Mott Schottky plots for MoS2⊥Ti3C2 heterostructures prepared at different
temperatures of 200, 220, 240 and 260 0C obtained in 0.5 M Na2SO4,
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causing enhanced electron transfer.56 For samples synthesized at higher
temperatures (240 and 260 0C) the carrier density is significantly higher than the
samples synthesized at lower temperatures (200 and 220

0

C). The carrier

concentrations are summarized in Appendix, Table B2.

Table 4.2: Comparison of onset potentials and tafel slopes of studies on vertically
aligned MoS2 synthesized on different substrates.
Catalysts

Synthesis
technique

a

Thermal
evaporation
Solvothermal

VA-MoS2 on
Glassy carbon
b
VO-MoS2 on
carbon cloth
MoS2
nanoparticles on
graphene
IE-MoS2 on
c
GO/rGO
Self templated 1T2H MoS2
1T-MoS2 on glassy
carbon
VA-MoS2 on
carbon cloth
IE-MoS2 on rGO
MoS2 on Ti3C2
with carbon
nanoplating
IE-MoS2 on Ti3C2
MXene

Onset
potential
(mV vs
RHE)d
-250

Tafel slope
(mV/dec)

Ref.

105-120

-100

50

D. Kong et
al.20
Y. Yan et al.29

Solvothermal

-100

41

Y.Li et al.31

Microwave

-75

63

Solvothermal

-119

60

Thermal
evaporation
Hydrothermal

-110

44

-100

39

Microwave
Hydrothermal

-117
-20

42
45

M. Chatti et
al.32
T. Xiang et
al.33
H. Wang et
al.34
N. Zhang et
al.28
Y. Sun et al.18
W. Xianhong
et al.51

Microwave

-95

40

This work

(a VA-vertically aligned, b VO- vertically oriented, c GO-graphene oxide). dOnset
potentials were derived from their respective tafel plots.
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4.4 Conclusions
Table 4.1 summarizes the results from relevant literature for vertically aligned
MoS2 on a range of substrates. A comparison of the HER onset for IEMoS2⊥Ti3C2@240 to those obtained in prior studies for other vertically aligned
samples shows that IE-MoS2⊥Ti3C2@240 is one of the most active materials to date.
It is noted that while IE-MoS2⊥Ti3C2@240 exhibits a relatively low overpotential
for the HER, the value is comparable to vertically aligned MoS2 on reduced
graphene oxide.27 We mention that MoS2 grown on carbon nanoplated Ti3C247
exhibits a low onset potential of -20 mV, but it is noted that in the same study the
hydrothermal synthesis of MoS2 on MXene without nanoplating led to oxidation of
Ti3C2 and a relatively high onset potential of -260 mV. Based in part on this
comparison, we contend that the microwave synthetic method for IE-MoS2⊥Ti3C2
detailed in this contribution is a scalable and relatively fast synthetic method using
Earth abundant materials to produce a highly active MoS2 catalyst for the HER. The
improved activity is attributed to the enhanced conductivity between the highly
conductive MXene and IE-MoS2 and also the higher carrier densities in the MoS2
and higher number of exposed edges of the catalyst. This high activity taken together
with the excellent stability of the IE-MoS2⊥Ti3C2 catalyst makes the material a
potentially attractive electrocatalyst for HER in the context of clean energy
generation.
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CHAPTER 5

TUNING METALLIC MoS2 TOWARDS ALKALINE HYDROGEN
EVOLUTION REACTION
(Note: Content of this Chapter is adapted from a manuscript being prepared for
submission for publication, “Nuwan H. Attanayake, Lakshay Dheer, Akila C. Thenuwara,
Sasitha C. Abeyweera, Coby Collins, Yugang Sun, Umesh Waghmare, and Daniel R.
Strongin, Tuning metallic MoS2 towards alkaline Hydrogen Evolution Reaction.) The
density functional theory (DFT) calculations presented in this study were executed by Dr.
Lakshay Dheer under the supervision of Dr. Umesh Waghmare at JNCASR.
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5.1 Introduction
Water electrolysis research detailed in Chapters 3 and 4 was carried out in 0.5 M
H2SO4. This chapter, however, brings forward research that was focused on modifying the
basal plane activity of 1T-MoS2 so that it could be an efficient HER catalyst for alkaline
medium (1.0 M KOH) water electrolysis. There is a significant literature for the HER in
acidic media and the oxygen evolution reaction OER in alkaline conditions. There,
however, is a paucity of HER catalysts made from Earth abundant elements that can
electrolyze water under basic conditions and OER catalysts that can do the same under
acidic conditions.1-4 Of the two half reactions the OER is more energy demanding as it
involves four sequential proton coupled electron transfer steps to form the molecular
oxygen product.5 This reaction also is highly pH dependent and there are few materials that
can efficiently electrocatalytically oxidize water in acidic conditions. Iridium and
ruthenium-based catalysts stand out as low pH catalysts, but they are rare earth metals.2, 59

There are, however, a large number of oxides and (oxy)hydroxides of Ni, Fe and Co that

can act as electrocatalysts for the OER under alkaline conditions.10-12 The development of
HER catalysts that can reduce water under basic conditions would be a valuable
contribution since they would operate in the same pH range as the OER catalyst. This
circumstance, if achieved, would simplify the design of electrolyzers since both half
reactions could be operated at the same solution pH.12, 13
To develop active catalysts for the HER using earth abundant materials it is useful
to identify the thermodynamic descriptors that govern the mechanism of the HER in
alkaline conditions.1, 14 In acidic conditions the main descriptor for the HER is the binding
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free energy of H on the catalytic surface. Materials that show near zero binding free
energies (based on computation) are known to be effective catalysts.15-17
The mechanism for HER follows either Volmer Heyrovsky or Volmer tafel pathways.
Volmer step: H+ + e- + * → H*

(5.1)

Heyrovsky step: H* + H+ + e- →H2 + *

(5.2)

Tafel Step: 2H* → H2 + 2*

(5.3)

In the case of HER under alkaline conditions the mechanism includes the Volmer
step and either the Heyrovsky or Tafel step, similar to acidic conditions. Under basic
conditions, however, there is an additional step where the intermediate H* is obtained
through water dissociation.18
H2O + e- → H* + OH-

(5.4)

This step introduces an energy barrier which would be the rate determining step.8
Moreover, the adsorption energy of the OH* intermediate is known to have an effect as
well. Materials that bind the hydroxyl intermediate too strongly are known to poison the
catalyst, reducing the efficiency of the catalyst.19 Based on calculations for a variety of
surfaces, only a small set of materials would fulfill all those criteria.18, 20-22
Molybdenum disulfide (MoS2) has received attention as a promising catalyst for
the HER based on DFT calculations.17 The calculations reveal that undercoordinated edge
S atoms of MoS2 exhibit a free energy of H binding that is optimal (∆GH~0 eV). Based on
this result, there has been a large research effort to obtain MoS2 morphologies that would
exhibit a large amount of exposed edge site.23-28 MoS2 exists in various known polytypes
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(Figure 5.1), of which the semiconducting 2H-MoS2 phase (space group 𝑃6⁄𝑚𝑚𝑐) with S
atoms forming a trigonal prismatic coordination around Mo and two S-Mo-S units per unit
cell is the ground state. Other metastable polytypes include 1T which has an octahedral
coordination of S atoms around Mo (one S-Mo-S unit per unit cell)29 and 3R which also
has a trigonal prismatic coordination but with three S-Mo-S units in the c-direction.30

(c)

(b)

(a)

Figure 5.1: Polytypes of MoS2 (a) 1T-MoS2, (b) 2H-MoS2, and (c) 3R-MoS2. Images
provided by collaborators, L. Dheer and U. Waghmare

Though MoS2 has shown a lot of promise in the catalytic proton reduction step it has not
been successful in reducing water under alkaline conditions due to the relatively high
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energy barrier for H2O dissociation on MoS2.19 Prior research has also shown that the basal
plane of MoS2 is inactive for the HER. It has been shown, however, that the less stable
polymorphic form of MoS2, the metallic 1T phase is active on both the undercoordinated
edges and the basal plane.31-33 This phase of MoS2, while initially active for the HER, does
show a significant decrease in activity for the HER over time due to structural instability
issues.41-42 The synthesis of 1T-MoS2 is conventionally carried out by reducing the
semiconducting 2H-MoS2 via lithium intercalation and subsequent exfoliation in water.
Very relevant to the research described in this contribution is that recent studies have
shown that it is possible to synthesize 1T-MoS2 via a hydrothermal method where
orthorhombic MoO3 is reacted with an organo-sulfur source and urea (acting as a reducing
agent).16
In this study we hypothesized that the doping of transition metals such as Ni or Co
into the basal plane of 1T-MoS2 would help in the water dissociation step and provide extra
stability towards the HER in alkaline conditions. Ni, Co and Fe are metals that are known
to facilitate the dissociation of water in electrocatalysis for HER. For example, prior
research has shown that it is possible to reduce the overpotential required for the HER on
2H-MoS2 (semiconductor phase) by doping the edge sites of 2H-MoS2 with Co and Ni.19
To the best of our knowledge, we for the first time successfully incorporated
transition metal dopant into the 2-dimensional sheets of 1T-MoS2. Our method first
prepared doped orthorhombic MoO3 and converted with doped metal oxide to the metallic
MoS2 phase under hydrothermal conditions. We report here that the 1-20 at.% Ni- and
Co/1T-MoS2 catalysts are significantly more active than pristine (i.e., undoped) 1T-MoS2.
We also show that the incorporation of transition metal in to the 1T structure stabilizes the
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electrocatalyst (increases its catalytic lifetime) when compared to the undoped system.
DFT calculations will be presented that shed light on the mechanism of the HER on the 3d
transition metal doped 1T-MoS2 electrocatalysts.

5.2 Experimental section
Synthesis of Doped MoO3. MoO3 was synthesized using the Pechini method34, a sol-gel
method where a resin was synthesized with Mo salt, citrate and ethylene glycol.35-37
Initially a molybdenum citrate complex was synthesized by stirring ammonium molybdate
tetrahydrate with citric acid. The citrate ions chelate with the molybdenum which when
heated with ethylene glycol at 110 0C for 30 min polymerized to form a polyesterified resin.
This resin was sintered at 600 0C for 2 hr to combust the organics leaving MoO3. After the
MoO3 reached room temperature it was then washed several times with water and finally
with ethanol before drying it in a vacuum oven overnight. To obtain the doped MoO3, 1%,
5%, 10% and 20% of cobalt acetate and nickel acetate were added separately to the reaction
mixture to form the corresponding citrate complexes before adding the ethylene glycol.
This ensured the formation of a homogenous mixture of the metal/dopant complexes and
the formation of homogenous resin. The same post reaction procedure was used with the
Ni and Co dopants as the pure MoO3.
Synthesis of metallic MoS2. The as synthesized 24 mg of MoO3 was stirred with 32 mg
of thioacetamide and 240 mg of urea in 20 mL of deionized water. The mixture was stirred
for 2 hours. Then the mixture was transferred into a 25 mL Teflon lined autoclave and
heated at 200 0C for 12 hr. The product was cooled to room temperature and washed with
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DI water, followed by washing with ethanol. Finally, the as synthesized metallic MoS2 was
dried in a vacuum oven. To synthesize the doped MoS2 with Co and Ni, doped MoO3 was
used as the Mo precursor. The same process used to prepare pure metallic 1T-MoS2 was
used to synthesize the Ni or Co-doped 1T-MoS2.
Material characterization. X-Ray Diffraction (XRD) was carried out using a Bruker D8
Advance X-ray Powder Diffractometer equipped with a 2kW Cu Kα1 radiation
monochromator. XRD data for pure MoO3 and the doped materials were obtained by drop
casting suspensions of the materials in ethanol on a Si single crystal sample holder.
Samples for SEM were prepared by drop casting the sample of interest on to a silicon wafer.
SEM images were obtained with a FEG Quanta 450 FEG electron Microscope, operated at
an acceleration voltage of 30 kV. Energy dispersive spectroscopy (EDS) analysis was
performed with an Oxford systems nano-analysis EDS system mounted on the FEG
electron microscope, using Aztec 2.1 as the analyzing software. Samples for TEM were
obtained by diluting the above samples with ethanol and drop casting them onto holey
carbon grids. TEM images were recorded with a JEOL JEM-1400 microscope operating at
120 kV. Raman measurements were performed using a Horiba Jobin Yvon Labram HR800
Evolution confocal Raman spectrometer with a 532 nm laser excitation source, an Olympus
MPlan N 100x microscope objective that focused excitation light to an ~1µm spot, and an
1800 gmm grating providing ~2 cm-1 spectral resolution. Samples were drop cast onto a
silicon wafer for Raman spectroscopy and dried in vacuum overnight before collecting
data. Samples characterized post reaction were directly analyzed on the glassy carbon
electrode used for electrochemistry.
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Electrochemical characterization. Electrocatalysis was performed in a basic media (1 M
KOH) that was degassed by bubbling N2 (for 30 min), using a CHI 660E potentiostat. The
potentiostat was operated in a standard three-electrode configuration at ambient
temperature (20 ± 2 °C). All the potentials were measured with respect to a standard
calomel reference electrode (CH instruments) and a graphite rod was used as the counter
electrode. A catalyst ink suspension (20 μL) was drop cast on to a 5x5 mm2 nickel foam
electrode (loading 200 µg) which was used as the working electrode. The electrode was
dried in a vacuum oven for 2 hr. The ink solution was prepared by adding 10 mg of catalyst
to 1 mL of an ethanol/deionized water mixture (1:3), that was sonicated for 1 hr. A Nafion
solution (10 uL), prepared by diluting 100 uL of a 20% Nafion solution in 1 mL of
isopropyl alcohol, was added onto the working electrode. All the polarization curves were
recorded at a 5 mV/s scan rate with a correction for iR losses. For all the catalysts tested
here, polarization curves were replicated 3 times and obtained after 100 cycles. The onset
potential, overpotential and Tafel slopes reported in this work are based on an analysis of
these data. Electrochemical Impedance Spectroscopy (EIS) Nyquist plots were obtained at
50 mV overpotential within the frequency range 0.1 Hz to 106 Hz. Cyclic voltamograms
obtained at various scan rates (60, 80, 100, 120, 140 and 160 mVs-1) in the potential range
-1.0 and -1.1 V vs SCE were used to determine the ECSA and double layer capacitance.
Computational Details. First-principles calculations (carried out by Dr. Lakshay Dheer
and Dr. Umesh Waghmare at JNCASR) are based on density functional theory (DFT) as
implemented in the Quantum ESPRESSO code38 employing plane-wave basis sets and
ultra-soft pseudopotentials39 to represent the interaction between ionic cores and valence
electrons. We adopt the exchange-correlation energy functional of Perdew-Burke-
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Ernzerhof (PBE)40 [3] within a generalized gradient approximation (GGA). We smear
occupation numbers of electronic states with Fermi–Dirac distribution and a smearing
width (kBT) of 0.04 eV. An energy cut-off of 30 Ry is used to truncate the plane-wave basis
used in representation of Kohn-Sham wave functions, and of 240 Ry to represent the charge
density. We included van der Waals (vdW) interactions using Grimme scheme.41 Structures
were determined through minimization of energy until the Hellmann-Feynman force on
each atom is smaller than 0.03 eV/Å in magnitude. In the supercell to model a surface, a
vacuum layer of 14 Å is introduced parallel to the slab separating adjacent periodic images.
We sampled Brillouin-zone integrations on uniform grids of 9x9x1 k-points. The projected
density of states for all the structures was obtained from a much denser 21x21x1 k-point
mesh. Calculated lattice constant of 1T-MoS2 (a = 3.22 Å) is in good agreement with the
experimental value (a°1T-MoS2 = 3.19 Å).19
To understand the effect of Ni/Co substituents on the structural, electronic and
catalytic activity of 1T-MoS2, we modelled a 5x4x1 supercell of 1T-MoS2 (Mo20S40) with
Ni and Co atom(s) substituting Mo atom(s). For this study two substitution concentrations
were employed:
(i) Mo19M1S40: 5 % substitutional doping
(ii) Mo18M2S40: 10 % substitutional doping
where M= Ni/Co. We estimated the formation energy of the substituted samples using:

𝐸𝑓𝑜𝑟𝑚 =

𝐸𝑀𝑜20−𝑥𝑀𝑥𝑆40 − {𝐸𝑀𝑜20𝑆40 − 𝑥𝐸𝑀𝑜 + 𝑥𝐸𝑀 }
𝑥
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where 𝐸𝑀𝑜20−𝑥𝑀𝑥𝑆40 , 𝐸𝑀𝑜20𝑆40 , 𝐸𝑀𝑜 , 𝐸𝑀 are the energies of Ni/Co substituted 1T-MoS2,
pristine 1T-MoS2, isolated Mo and Ni/Co atoms respectively. Here, 𝑥 is an integer giving
the number of Mo atoms substituted with Ni/Co atoms.
The interaction strength between the monolayer and adsorbates (H, OH and H2O) is
determined using:

∆𝐸𝑎𝑑𝑠 =

𝐸[(𝑛×𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒)+𝑀𝑜20−𝑥𝑀𝑥𝑆40 ] − (𝐸𝑀𝑜20−𝑥𝑀𝑥𝑆40 + 𝑛 × 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 )
𝑛

where, 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒+𝑀𝑜20−𝑥𝑀𝑥𝑆40 , 𝐸𝑀𝑜20−𝑥𝑀𝑥𝑆40 , 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 are the energies of adsorbate and
pristine or Ni/Co substituted 1T-MoS2 monolayer complex, pristine or Ni/Co substituted
1T-MoS2 monolayer and isolated adsorbate, respectively. 1⁄2 𝐸𝐻2 is taken as the energy
of an isolated H-atom, and 𝐸𝐻2 𝑂 − 1⁄2 𝐸𝐻2 is taken as the energy of OH. Here, 𝑛 is an
integer denoting the number of adsorbate atoms/molecules interacting with the catalyst.
We further estimated the Gibbs free energy of H adsorption (∆𝐺𝐻 ) which is a descriptor of
catalytic activity towards HER:17
𝐻
𝐻
∆𝐺𝐻 = ∆𝐸𝑎𝑑𝑠
− 𝑇∆𝑆𝐻 + 𝐸𝑍𝑃𝐸
𝐻
where, ∆𝐸𝑎𝑑𝑠
is the H-adsorption energy, ∆𝑆𝐻 = 1⁄2 𝑆𝐻° 2 , 𝑆𝐻° 2 being the entropy of H2
𝐻2
𝐻2
𝐻
molecule and 𝐸𝑍𝑃𝐸
= 1⁄2 𝐸𝑍𝑃𝐸
, 𝐸𝑍𝑃𝐸
being the zero-point energy of an isolated H2

molecule.42 A close to zero value (∆𝐺𝐻 ~ 0 eV) indicates optimal catalytic activity.
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5.3 Results and discussion
5.3.1 Materials characterization
Figure 5.2 exhibits diffractograms for orthorhombic MoO3, 10.7 at.% Ni/MoO3,
and 8.8 at.% Co/MoO3 that were synthesized in our laboratory. Prior studies showed the
preferential growth of the (0 2k 0) plane family with the addition of either Co or Ni dopant
into MoO3. Our experimental observations are similar as there is an increase in the intensity
of the (0 2 1) and (0 4 0) Bragg reflections associated with MxMo1-xO3 (M=Ni, Co). The
X-Ray diffractograms of doped samples with varying concentrations (1, 5, 10 and 20%) of
dopant are shown in Figure S1. A visual inspection of the diffractograms shown in Figure
S1 show that as the dopant concentration is increased there is an increase in the intensity
of the peaks associated with secondary phases.

Figure 5.2: XRD diffractogram of pure orthorhombic MoO3 and doped MoO3 with
10at.% Ni and Co.

108

The morphology of the MoO3 with and without 3d transition metal was evaluated
with SEM and SEM-EDS. The SEM micrographs of pure MoO3 and the oxide with 10 at.%
dopant are presented in appendix Figure C2. Inspection of the SEM micrographs shows
that the introduction of Ni or Co does not change the elongated plate like structure that
characterizes MoO3, but there is evidence of the formation of smaller particles. EDS maps
obtained for the samples show homogenous doping among all particles (Appendix Figure
C2 and Figure C3) and the EDS-determined dopant concentrations are summarized in
appendix C, Table C1 and Table C2.
The as-synthesized MoS2 (via the MoO3 precursor) was characterized with SEM,
TEM, XRD, Raman spectroscopy, and XPS. To ensure the presence of dopant, EDS was
performed on the samples and ICP-OES was performed on samples digested in nitric acid.
SEM micrographs for the pure 1T-MoS2 and the MoS2 with 10 at.% dopant are shown in
Figure 5.3 (a, b and c). The micrographs show a similar morphology for all the samples
and the layered nature is apparent. TEM micrographs (Figure 5.3d-5.3f) also show a similar
morphology for the 1T-MoS2 and doped samples. The MoS2 sheets have a lateral
dimension of ~100 nm and are 3 layers thick. Analysis of the TEM micrographs show the
presence of the few layer stacks among mono layer sheets. The image in Figure 5.3g is a
zoomed image emphasizing the interlayer distance of the material. The gray scale profile
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(inset of Figure 5.3g) was created along the white line on the image which shows that the
interlayer distance is 6.4 ± 0.2 Å.

Figure 5.3: SEM images of a) Pure metallic MoS2, b) 10% Ni-1T MoS2 and c) 10% Co
1T-MoS2 respectively. TEM images of d) Pure 1T e) 10% Ni and f) 10% Co. g) TEM
images of dry pure metallic MoS2 and the inset is the height profile along the white line
on the image.
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The interlayer distance in the wet and dry state was also evaluated with XRD
(Figure 5.4a). The diffractograms show a larger spacing (001 peak) between the layers of
~9.8 Å when the sample is wet (Figure 5.4a inset). When dry the interlayer distance
decreases to ~6.43 Å (002 peak). Height profiling of the TEM image of the doped sample
shows an interlayer spacing of 6.4 ± 0.2 Å (Appendix Figure C4). The similar interlayer
distance for the doped and undoped MoS2 samples is consistent with the dopant occupying
positions in the MoS2 sheets rather than residing in the interlayer region. Prior studies have
shown that with cations intercalated in the interlayers the distance between the MoS2 layers
even after drying should exceed 10 Å.15
Both XPS and Raman spectroscopy data support our contention that the phase of
the MoS2 that we synthesized is the metallic 1T rather than the semiconducting 2H phase.
1T-MoS2 has a few key spectral differences when compared to the 2H MoS2 for both XPS
and Raman spectroscopy. The Mo-3d region of the 1T-MoS2 is observed ~1 eV below the
naturally occurring 2H MoS2 (i.e. 229 eV). The Mo-3d5/2 peak for Mo4+ in metallic MoS2
appears at 228.4 eV which is ~1eV (Figure 5.4b) below the Mo-3d5/2 peak of
semiconducting MoS2. This experimental observation is consistent with the as-synthesized
MoS2 being in the 1T phase. The MoS2 samples doped with Ni and Co show similar
spectral feature binding energy positions as the undoped sample, suggesting that the 1T
phase is preserved in the presence of Ni and Co dopant. The fitted Mo-3d region of 1TMoS2 is shown in Figure 5.4c which shows a small component of oxidized Mo6+ which we
believe is due to surface oxidation of the reactive Mo4+ of the metallic MoS2 sample. We
do not observe a second peak corresponding to the semiconducting phase of MoS2 which
is an indication that the as-synthesized samples are primarily 1T in nature. Deconvoluted
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spectra of samples with 10% dopant in them are provided in Appendix C, Figure C6 and
Figure C7.

Figure 5.4: a) XRD diffractogram of Pure metallic MoS2 and 10% Ni and 10% Co
dopants ratio, inset- XRD diffractogram of dried Ni doped 1T-MoS2 and wet Ni-doped
1T-MoS2. b) XPS of Mo-3d region comparing the metallic Mo4+ peak with
semiconducting 2H Mo4+ peaks. c) Mo-3d region and inset S-2p region of pure metallic
MoS2 deconvoluted to show the different components. d) Raman Spectra of pure
metallic MoS2 in comparison to the 2H phase.
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Differences between Raman spectra (Figure 5.4d) of the 2H and 1T phases of MoS2
is believed to arise due to the difference in the symmetry of S atoms in 1T-MoS2. The 2H
phase has two peaks: E2g mode at ~385 cm-1 and the A1g mode at ~403 cm-1. The
experimental Raman spectra of the metallic phase has two main differences compared to
the 2H phase: i) the diminishing intensity or disappearance of the E2g mode and ii) the
appearance of additional peaks denoted J1, J2 and J3. The J1 mode observed at 146 cm-1 is
due to in-plane shearing mode of one layer of atoms with respect to the other atoms on the
chain. The J2 peak at ~225 cm-1 is associated with shifts of S atoms with respect to the Mo
atoms. The J3 mode at 333 cm-1 is due to a breaking of the zig zag chain in two layers with
an out-of-plane component. Calculations have predicted that the J1 peak appearing at 147
or 151 cm-1 is due to a distortion of MoS2 from the perfect octahedral coordination. This
distorted structure is commonly known as the 1T’ phase which is another metastable phase
between the 1T and 2H phases.
5.3.2 DFT structure analysis
Table 5.1 Formation energy of M= Ni/Co substitution in 1T-MoS2 basal plane. Values
provided by L. Dheer and U. Waghmare.
𝑬𝒇𝒐𝒓𝒎 (eV)⁄(𝑴 𝒂𝒕𝒐𝒎)
Catalyst
Ni

Co

Mo19M1S40

-0.8

-0.84

Mo18M2S40

-1.1

-1.3
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As is evident from Table 1, both Co and Ni substitutions stabilise the 1T-MoS2
lattice, and the formation energy per Ni/Co atom is higher (in magnitude) for 10%
substitutional doping than at 5%. Substitution of Ni/Co in the 1T-MoS2 results in local
structural distortion around the dopants (see SI Figure 9), and consequent trimerization of
Mo-atoms which resembles closely to a distorted polytype of 1T-MoS2 referred to as 1T’’
earlier work .43 The pristine 1T’’ structure is higher in energy than the 1H phase but is
about 0.2 eV/Mo-atom lower in energy than the 1T structure. Upon structural distortion,
the Mo-Mo bond length changes locally form 3.25 Å for pristine 1T-MoS2 and ranges from
2.7 - 3.7 Å for the Ni/Co substituted samples. We further studied the effect of substitution
of Ni and Co on the electronic properties of 1T-MoS2. Pristine MoS2 in the high symmetry
1T phase is metallic in nature (see SI Figure 10a). Upon 10% substituting of Ni/Co the
Density of States (DOS) near the Fermi level (𝜑) changes significantly. In Co substituted
1T-MoS2, we find states arising from Co just below the 𝜑 (SI Figure 10c), while the Ni
states lie deeper in energy in the Ni-substituted 1T-MoS2, (see, SI Figure 10b). Secondly,
we see a drop in DOS at the 𝜑, indicating presence of a pseudo gap correlating with the
stabilization of the 1T-MoS2 lattice.
5.3.4 Doped 1T-MoS2 for HER
Catalytic activity for the HER for the doped metallic samples was investigated in a
1.0 M KOH (pH 14) solution (purged with N2 to remove dissolved oxygen) using linear
sweep voltammetry. A conventional three electrode setup with a graphite counter electrode
was used. A scan rate of 5 mVs-1 was employed to minimize capacitive currents. The
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Figure 5.5: a) Polarization plot obtained in pH 14 KOH for pure 1T-MoS2, samples
with 10% dopants in 1T-MoS2, Pt/C and bare Ni foam, b) Tafel plots obtained from the
polarization plots. c) Plot of scan rate vs capacitive currents obtained at 1.050 V vs SCE,
used to estimate the electrochemically active surface area and d) EIS spectra and the
equivalent circuit inset.
samples were deposited on to 0.25 mm2 Ni foam. To determine the optimum dopant
concentration for the HER in alkaline media, samples prepared with varying dopant
concentrations (1%, 5%, 10% and 20%) were initially evaluated. A significant difference
is observed in the polarization plots obtained in alkaline media (1.0 M KOH) with doped
metallic samples relative to the pure metallic MoS2. With dopant, the lowest onset
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overpotential and potential to reach 10 mA/cm2 were the samples containing 10% dopant
(Appendix Figure C11). The remainder of the electrochemical characterization was carried
out on the most active samples of the doped 1T MoS2.
A relatively low onset potential of ~-75 mV vs RHE was observed for 10% Ni
doped 1T-MoS2 with an overpotential to reach 10 mA/cm2 recorded at 160 mV and 145
mV for 10% Co/1T-MoS2 and 10% Ni/1T-MoS2 respectively (Figure 5.5a). 1T-MoS2 has
a higher onset overpotential of ~150 mV vs RHE and it exhibits an overpotential of 240
mV at 10 mA/cm2. Polarization plots were used in the Tafel analysis (Figure 5.5b). 1TMoS2 is associated with a Tafel slope of 125 mV per decade which correspond to a VolmerHeyrovsky type mechanism.4, 19, 44 Both 10% Co/1T-MoS2 and 10% Ni/1T-MoS2 have
similar Tafel slopes as 1T-MoS2 (Figure 5.5b). 10% Co/1T-MoS2 has a Tafel slope of 124
mV per decade and 10% Ni/1T-MoS2 has a Tafel slope of 110 mV per decade. The lower
Tafel slope for 10% Ni/1T-MoS2 indicates better kinetics for the HER than pure 1T-MoS2.
To understand the importance of Co and Ni dopant in the sheets a control
experiment was carried out by mixing aqueous Co2+ and Ni2+ ions with 1T- MoS2 to
precipitate the 1T-MoS2 with the Co2+ or Ni2+cations trapped within the interlayer region.
The polarization plots obtained (SI Figure 12) with the mixed metal cations show no
improvement in the overpotential for the HER relative to the pure metallic MoS2. This
result indicates that the dopant metal needs to be incorporated into the sheet structure of
the 1T- MoS2 to enhance the HER.
The double layer capacitance (Cdl) was measured to estimate the electrochemical
active surface area using cyclic voltammetry in the potential region 1.0 V to 1.1 V vs SCE
where no faradaic currents would be observed (SI Figure 13). The slope of the ECSA plot
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is the Cdl value which is proportional to the active surface area. The data in Figure 4c
indicates that the sample with 10% Ni dopant (18 mF cm-2) has at least twice the active
surface area than the 1T-MoS2 (8.5 mF cm-2). A higher active surface area was also
observed with the 10% Co doped sample (13 mF cm-2) relative to the 1T-MoS2. This
increase in the active surface area can be attributed to dopant sites that may act as efficient
centers for dissociating water to produce adsorbed H. Improved kinetics for charge transfer
for the doped 1T- MoS2 was also observed with electrochemical impedance spectra (EIS).
The Nyquist plot for determining the Rct is shown in Figure 4d, with the equivalent circuit
shown in the inset. The simulated circuit corresponds to two series components, a resistor
(R) and a capacitor (C) in parallel. Rct for the 1T- MoS2 24 Ω which is a low value relative
to many semiconducting MoS2 samples that have been reported on in the literature. The
doped samples show even lower charge transfer resistance with 10% Ni/1T- MoS2 having
a 16 Ω impedance and 10% Co/1T- MoS2 having a 22 Ω impedance. This lowering of
charge transfer is an indication of the improved kinetics on the doped samples.
The long-term electrochemical stability of 10% Ni/1T- MoS2 and 10% Co/1TMoS2 were tested by running the catalysts for 10000 cycles at a scan rate of 100 mV s-1.
Figure 5a shows the linear sweep voltamograms obtained after the 1st and 10000th cycles.
Analysis of the data shows an increase of 5 mV for the Ni doped sample at 10 mA cm-2
and a 20 mV increase for the Co doped sample at the same current density. On the other
hand, 1T-MoS2 shows a large drop (~ 60 mV) in the potential to obtain the same current
density. To understand the deactivation of undoped 1T- MoS2 and the improved stability
of the doped samples, XPS was carried out on the samples after 10000 cycles. XPS shows
that a significant fraction of Mo4+ in 1T- MoS2 becomes oxidized via cycling as evidenced
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Figure 5.6: a) Polarization plots of the pure metallic MoS2 and samples doped with Co
and Ni after 10,000 cycles of cyclic voltammetry in 1M KOH, b) The XPS spectra of
the samples after 10,000 cycles.

by the growth of the Mo 3d5/2 peak at 232 eV that is associated with Mo6+. The growth of
Mo6+ peak is less prominent in the doped samples. Moreover, the peak position
corresponding to the metallic nature of Mo4+ peak (3d5/2 and 3d3/2) is unchanged. This
indicates that there is no phase change of the MoS2 during the electrochemical cycling of
the catalyst in alkaline conditions. Thus, it can be concluded that the addition of dopant to
the metallic MoS2 helps to improve water dissociation and also provides stability to the
structure.
5.3.4 DFT results
To assess the catalytic activity of pristine and Ni/Co substituted 1T-MoS2 towards
alkaline HER, we simulated the adsorption of reactant and intermediate species of the
reaction at inequivalent surface sites (see SI Figure 9). We find that 1T-MoS2 in its pristine
state interacts strongly with the H-atom while the Ni/Co substituted 1T-MoS2 exhibit an
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Figure 5.7: a) Free energy relevant to hydrogen evolution reaction over Pristine and
Ni/Co substituted 1T-MoS2. b) Energies of adsorption of OH and H2O on pristine and
Ni/Co substituted 1T-MoS2. Plots provided by collaborators, L. Dheer and U. Waghmare.
optimal interaction strength (Figure 5.7a). The high (in magnitude) adsorption energy for
H-atom on pristine 1T-MoS2 is comparable to the estimate reported by Tang et al. (2016).43
Nearly optimum ∆𝐺𝐻 is obtained for 10% Ni-substituted 1T-MoS2 (∆𝐺𝐻 ~ 0.2 eV) and 10%
Co-substituted 1T-MoS2 (∆𝐺𝐻 ~ -0.17 eV). Interestingly we observe a structural transition
of the (pristine) 1T lattice on H-adsorption consistent with previous reports.42, 43, 45 In our
case however, the 1T lattice transforms into a 1T’’ at lower H-coverages (<40%) which
further transforms into 1T’ phase at higher H-coverage (≥40%) (see Appendix Figure
C14).
Both H2O and OH molecules too exhibit high affinity towards pristine 1T-MoS2
(Figure 5.7b) which we believe is due to the metastable nature of the 1T polytype. When
we simulate the adsorption of H2O molecule on Ni and Co substituted 1T-MoS2, we find a
lower (in magnitude) interaction strength for both 5% and 10% substituted samples (Figure
5.7b). Both Ni and Co substituted 1T-MoS2 interact repulsively with OH molecule and
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exhibit a positive adsorption energy (Figure 5.7b), showing enhanced catalytic activity
upon Ni/Co substitution, as OH is known to poison active sites of a catalyst in alkaline
HER.
5.4 Conclusions
In this study we have demonstrated the synthesis of doped 1T’- MoS2. The HER
activity of the doped materials in alkaline conditions show superior catalytic activity
relative to the undoped metallic MoS2. The 10% Ni doped 1T-MoS2 and for 10% Co doped
1T-MoS2 electrocatalysts exhibit overpotentials of -145 and -165 mV, respectively, @ 10
mA/cm2 for the HER under alkaline conditions. These overpotential values are some of the
lowest reported HER overpotentials for a MoS2 based catalyst under alkaline conditions.
We also showed that the addition of Ni or Co into the 2D sheets of 1T’-MoS2 stabilizes its
catalytic activity during repeated catalytic cycles compared to undoped 1T’-MoS2. DFT
calculations show that substitution of Ni orCo into 1T’-MoS2 locally distorts the lattice
structure near the dopant site, giving the 1T’’-like polytype which is lower in energy than
the 1T phase. Binding free energy obtained from the DFT calculations on the doped
structures suggests that the enhanced catalytic activity to be a consequence of the lowering
of the binding strength of the adsorbed H (∆GH~0) and the proton source water (∆GH2O)
relative to the pure 1T’-MoS2. Increased stability under electrolytic conditions can be
attributed to the lower affinity of the doped structures to hydroxyl ions which are believed
to poison the surface of catalysts under alkaline conditions. Furthermore, the use of earth
abundant materials and the facile synthesis methods make these doped metallic MoS2
attractive catalysts for alkaline HER.
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CHAPTER 6
ENHANCED ELECTROCATALYTIC CO2 REDUCTION ON 2D-Mo2C AND
Ti3C2 MXENES
(Note: Content of this Chapter is adapted from a manuscript ready for submission “,
Nuwan H. Attanayake, Huta R. Banjade, Akila C. Thenuwara, Babak Anasori, Yury
Gogotsi, Qimin Yan, and Daniel R. Strongin. The density functional theory (DFT)
calculations presented in this chapter were executed by Huta R. Banjade under the
supervision of Dr. Qimin Yan)
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6.1 Introduction
The three previous chapters 3, 4 and 5 were devoted to the understanding of the
hydrogen evolution reaction (HER) on 2D transition metal dichalcogenide (MoS2). As
important as they are in the context of a sustainable future is the carbon dioxide reduction
reaction (CO2RR). In this chapter the work on CO2RR on 2D MXenes surfaces are
presented. This part is integrated in this thesis work to also show the importance of 2D
materials towards various electrochemical processes. The development of the
electrochemical CO2 reduction reaction (CO2RR) would help to create a closed carbon
cycle around the burning of fossil fuels and potentially mitigate environmental problems
resulting from the release of CO2 to the atmosphere.1-2 The utility of an efficient CO2RR
would not only include the suppression of greenhouse gas emission, but it would extend to
the generation of industrially valuable chemicals that are now obtained through the
petroleum industry.3-4 Development of earth abundant and relatively inexpensive catalysts
that efficiently drive the electrochemical CO2RR to produce fuels and commodity
chemicals still remains a challenge.
With regard to electrochemical CO2RR, even the simplest products, carbon
monoxide (Eq 1) and formate involves a 2e-/2H+ reduction process:
CO2 + 2H+ + 2e- → CO + H2O

(6.1)

CO is a value added chemical as it can be converted to higher hydrocarbons by the reaction
with H2 via Fischer-Tropsch chemistry.5-6 Hence, CO is considered one of the most
important CO2RR products. Over the past few decades the electrochemical CO2RR to
convert CO2 to CO has been evaluated on many heterogenous catalysts, although only a
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few materials have shown promise as potential catalysts that can be scaled up to an efficient
industrial process. Precious metals, such as silver and gold, have been shown to be able to
electrochemically reduce CO2 to CO at relatively low overpotential values with high
faradaic efficiencies. These metals, however, are not earth abundant and would be
expensive if used at a commercial scale.7-10
To reduce the need for precious metal-based catalysts for the CO2RR, there has
been a significant research effort in developing catalysts comprised of earth abundant
elements. Much of the research has been focused on metals and oxide derived metals as
the catalytic material.3, 10-13 With regard to metal catalysts, prior studies have reported high
faradaic efficiencies and selectivity towards the reduction of CO2 to CO on
electrodeposited Bi metal with acetonitrile (MeCN) and ionic liquid (IL) as the
electrolyte.14-15 In general, the production of CO2 reduction products is suppressed in the
aqueous environment due to the high reactivity of many catalysts for the hydrogen
evolution reaction (HER).11, 13-14 To circumvent this particular reaction, ILs have been
successfully employed to suppress the HER on many electrochemical systems in the
CO2RR.11, 16-19 Fewer studies have been focused on non-metallic systems.20-22 One example
in this category is a study of the small band gap semiconductor MoS2, where molybdenum
edge terminations showed high current densities towards the reduction of CO2 to CO at
low over potentials.11 MoS2 is a well-known HER catalyst in aqueous systems,12, 23-27 and
to suppress HER, the authors used an IL as the electrolyte as well as cocatalyst.11 This nonmetallic system recorded a lower overpotential for the CO2RR than the precious metals,
silver and gold. Although a lower onset for the CO2RR was recorded the activity of the
metal dichalcogenide did not show an appreciable faradaic efficiency (FE) for the
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production of CO until large potentials were applied as the HER was dominant at lower
potentials. In general, there is a paucity of available materials that can efficiently
electrochemically reduce CO2 at lower overpotentials and high FE. A fundamental
understanding of the reaction pathways and their energetics can play a pivotal role in the
discovery of materials towards this venture.
Theoretical studies have shed light on the mechanistic detail of the CO2RR3, 28-29
and have suggested that the binding free energy of the CO adsorbed intermediate during
the CO2RR can be related to the particular catalyst surface’s ability to from CO or a more
reduced carbon product. In particular, catalytic materials that bind CO relatively weakly
allow CO desorption to occur, preventing the further reduction of the species. Tighter
binding of the surface CO is typically associated with catalytic materials that can reduce
the CO intermediate to products such as formaldehyde or methanol. In all cases, it is usually
accepted that the first electron transfer step in the CO2RR is to form CO2- (i.e., the energy
intensive step).30
In the current study we investigate the ability of Mo2CTx and Ti3C2Tx (MXenes),
comprised of earth abundant elements, to catalyze the electrochemical CO2RR. MXenes
are a class of 2D materials comprised of transition metal carbides, nitrides, and
carbonitrides derived ternary carbides and nitrides, mostly MAX phases.31-34 The name
MAX is derived from the composition of the material where “M” denotes an early
transition state metal, “A” an A-group metal such as aluminum or gallium and “X” denotes
carbon and/or nitrogen. MXenes have the general formula Mn+1XnTx (n=1-3) where Tx
represents the surface functional groups, mostly –OH, –F, and =O.33, 35-36 To form the
MXene, the A group element is selectively etched from the MAX phase with mostly
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fluoride-containing acidic solutions, such as hydrofluoric acid (HF), or a mixture of lithium
fluoride (LiF) and hydrochloric acid (HCl). The resulting layered MXenes have been
investigated for use in supercapacitor and battery applications and more recently in
electrochemical water splitting, water purification, photocatalysis, transparent conductive
electrodes and sensors, among others.27, 32-34, 37 To the best of our knowledge this class of
material has not been experimentally studied as potential catalytic materials for the CO2RR.
A recent density functional theory (DFT) computational study, however, has suggested that
M3C2 MXenes are promising materials for the CO2RR.38
We show in this contribution that both Mo2CTx and Ti3C2Tx can indeed catalyze
the

electrochemical

CO2RR

in

acetonitrile

using

1-ethyl-3-methylimidazolium

tetrafluoroborate (EMIMBF4) as the IL electrolyte. In each case the primary product is CO
with the Mo2CTx and Ti3C2Tx materials exhibiting faradaic efficiencies for CO formation
of 90 and 60%, respectively. The faradaic efficiency associated with Mo2CTx is close to
that associated with the precious metal silver. DFT calculations are also presented that
model the CO2RR on the two MXenes and add insight into the microscopic properties of
the surface that facilitate the CO2RR. In particular, the calculations suggest that oxygen
vacancies on oxygen terminated MXene are important active sites for the CO2RR on these
layered metal carbide surfaces.
6.2 Experimental Section
Materials and Methods
All chemicals were analytical grade or technical grade and were used as received from the
supplier (Fischer, Alfa Aesar and Sigma Aldrich) without further purification. 1-ethyl-3methylimidazolium tetrafluoroborate ([EMIM]BF4) was purchased from Alfa Aesar. High
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purity Carbon dioxide, ultra-high purity helium and ultra-high purity Argon were
purchased from Air Gas Company. Tetraethylammonium perchlorate (TEAP)
electrochemical grade (>99.0%), acetronitrile (ACN) HPLC grade (99.9%), silver nitrate
(AgNO3) were purchased from Fischer scientific. Silver nano powder (<100 nm, 99.5%)
were purchased from Sigma Aldrich.
Synthesis of Ti3C2. Synthesis of the Ti3AlC2 MAX phase and its Ti3C2 MXene have

been described previously.1 To synthesize Ti3C2 MXene powder, one gram of
Ti3AlC2 powder was slowly added into a solution composed of 1 g lithium fluoride
(LiF, Alfa Aesar, 98+ %) in 20 ml 9 M hydrochloric acid (HCl, Fisher, technical
grade, 35-38%). This addition was followed by stirring at 35 °C for 24 h. The acidic
suspension was washed with 100 ml of deionized (DI) water and centrifuged until a
pH  6 was reached and a stable dark green supernatant of Ti3C2 was collected after
30 min centrifugation at 3500 rpm. The resulting Ti3C2 supernatant solution was
filtered using a vacuum-assisted filtration through a polypropylene filter (3501
Coated PP, Celgard LLC, Charlotte, NC), followed by drying at room temperature
under vacuum.
Synthesis of Mo2C. Mo2Ga2C synthesis was described previously, and the powder was
also sieved to achieve particle size of < 37 µm. To synthesize Mo2C powder (p-Mo2C),
two grams of Mo2Ga2C powder was added over ≈ 2 min to 20 mL of 50% aqueous
hydrofluoric acid (HF; Fisher Scientific) solution and held for 7 days at 55ºC while stirring
with a magnetic Teflon coated bar, rotating at ~ 200 rpm.2 The mixture was washed at least
5 times by adding deionized (DI) water, shaking for 1 min and centrifuging for 2 min at
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3500 rpm for each 5 cycle until a pH of > 6 and finally the supernatant was decanted and
the sediment was kept. Since it was shown previously that there is some non-etched
Mo2Ga2C even after 7 days of etching,3 extra steps were taken to achieve a pure Mo2CTx
powder. About 40 mL of DI water was added to the residue sediment of the last centrifuge,
followed by 10 min sonication and centrifuging at 200 rpm for 2 min. The supernatant
suspension was filtered on Celgard to collect p-Mo2C with no non-etched Mo2Ga2C. We
used the p-Mo2CTx to make exfoliated (e-Mo2C), which were delaminated via intercalation
with organic molecule tetrabutylammonium hydroxide (TBAOH; basic in nature) as
described previously.4
To prepare delaminated Mo2CTx (d-Mo2C), 2 g of Mo2Ga2C powder was added to
a mixture of 20 mL of 9 M hydrochloric acid (HCl; Fisher Scientific) and 4 g of lithium
fluoride (LiF; Alfa Aesar) over ≈ 2 min and held for 72 h at 35ºC while stirring with a
Teflon coated bar.2 The mixture was washed similar to the HF-etched ones until a pH of >
6. After decantation of the last centrifuge supernatant, 40 mL of DI water was added to the
residue and was sonicated for 45 min, before centrifuging for 1 h at 3500 rpm. Lastly, the
supernatant was collected. The concentration of the resulting d-Mo2CTx colloidal solution
was ≈ 1 mg mL-1.
Electrochemical Characterization. Electrochemistry was performed using a CHI660E
potentiostat/galvanostat. Cyclic and linear sweep voltammetry experiments were
performed using a standard three-electrode configuration. The working electrode was a
homemade bare glassy carbon electrode (GCE, 5.0 mmx 5.0 mm). The catalyst ink was
prepared by dispersing 5 mg of the catalyst in 1 mL of deionized water by sonication for 1
hour. 10 uL of the catalyst was deposited on the GCE. A piece of platinum coil wire was
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used as used as the auxiliary electrode. All potentials were measured against a Ag/Ag+
reference electrode (ANE) (0.1 M AgNO3, 0.1 M TEAP, CH3CN) and converted to the
SCE reference scale using the ESCE = EAg/Ag+ + 0.430 V.5 The reference electrode was
calibrated against Fc/Fc+ in acetonitrile (Figure SI 7).

Cyclic and linear sweep

voltammograms were recorded at 10 mV/s with iR drop compensation. The glassy carbon
electrode was polished with a slurry of 0.05-micron alumina powder in deionized (DI)
water. Residual alumina was rinsed from the GCE surface with DI water, and the electrode
was then sonicated in DI water for 15 minutes followed by acetone for a further 10 min.
Cyclic voltametry and Linear Sweep voltammetry (LSV) curves were obtained in CO2
saturated acetonitrile/EMIMBF4 (ACN/IL) media. Prior to obtaining CV or LSV curves
the electrolyte was vigorously bubbled with high purity CO2 gas for 30 min. All
electrochemical experiments were carried out in a two-compartment cell separated by a
cation exchange nafion membrane. 10 mL of the electrolyte was filled into the cathode
compartment and 6 mL onto the anode compartment. The solution was continuous stirred
with a stir bar magnet at a speed 200 rpm. The headspace of the cell was purged with high
purity CO2 gas prior to any electrochemical measurements to ensure a blanket of CO2 above
the electrolyte. At the end of chronoamperometric measurements the headspace was
analyzed by GC.
Product analysis. 500 uL of the headspace after electrolysis was injected into the GC
(Hewlett Packard series ii 5890) equipped with a ShinCarbon ST Packed Column (Restek)
and a thermal conductivity detector (TCD). For analysis of CO, ultra-high purity helium
(purchased from Air gas) was used as the carrier gas and for H2 ultra-high purity Ar
(purchased from Air gas) served as the carrier gas. The GC was calibrated for the CO and
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H2 gases by injecting specific volumes of the gases into the electrochemical cell with the
electrolyte saturated with CO2 gas. The system was then allowed to equilibrate for 1hr.
Thereafter, 500 uL of the headspace was injected into the GC using a gas tight syringe
equipped with a sample lock. The oven was run at isothermal conditions (temperature 40
0

C) for 6 min followed by a temperature ramp to 100 0C which was then held at 100 0C for

14 min. A clear peak corresponding to CO appears at 4.54 min and H2 at 0.80 min with He
carrier gas while H2 appeared at 1.25 min with Ar carrier gas. The correlating peaks were
integrated to obtain a calibration curve. The faradaic efficiency (FE) was obtained by
injecting 500 uL of the dead volume of the cathode compartment under similar conditions
to the calibration. The FE was calculated using equation 6.1. The electrolyte was analyzed
by 1H-NMR with dimethylsulfoxide (DMSO) as an internal standard.
FE %= amount of product/amount of charge passed*100
𝐹𝐸% =

(𝑎𝑛𝐹)
𝑄

(6.2)

𝑥100

Where, a is the stoichiometric amount of the specific product from the reduction of CO2, n
the number of moles of product, F faradaic constant (96485 C mol-1) and Q is the total
charge passed during electrolysis.
Computational Details. First-principles calculations were performed using density
functional theory (DFT) and the projector augmented wave (PAW) method as implemented
in the Vienna ab Initio Simulation Package (VASP)6. Within the framework of generalized
gradient approximation, the Perdew–Burke–Ernzerhof (PBE) exchange correlation
functional7 were used to treat the electron exchange correlation energy. A 4x4x1 centered k-point mesh and a plane wave basis set with an energy cut-off of 500 eV is
applied for the calculations. To minimize the effect of adsorbate – adsorbate interaction,
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all of the surface absorption calculations were performed on a 3x3x1 supercells. A vacuum
distance of 20 Å was imposed to avoid the interlayer interactions. Atomic structures were
relaxed until the final force exerted on each atom was less than 0.02 eV/Å and the change
in total energy between the two steps was less than 10-5 eV. Adsorption energies were
computed as Eads = Eadsorbate + surface – Eadsorbate – Eslab, where Eadsorbate + surface, Eadsorbate, and
Esurface are the total energies of the adsorbed system, the gas phase species, and the surface,
respectively. To take into account the strong on-site Coulomb interactions of the localized
d electrons in Ti3C2 and Mo2C, we include the additional Hubbard-like parameters by using
the DFT+U method, 8 with a U value of 3 eV applied on both surfaces. Figure D7 shows
the free energy diagrams for the electrochemical reduction of CO2 to CO using the DFT+U
method. We did not observe any significant difference in the trend for the electrochemical
reduction of CO2 to CO and the main conclusion obtained from the standard DFT
calculations holds true.
6.3 Results and Discussion
6.3.1 Material characterization
The Mo2C and Ti3C2 MXene samples used in this study were produced from their
respective ternary carbide precursors using the proper preparation methods. In particular,
2D layered Mo2C samples were obtained by i) etching the Ga layers from Mo2Ga2C in a
solution containing LiF/HCl to form a colloidal suspension of delaminated Mo2C (referred
to as d-Mo2C), ii) etching the Ga layer of the associated MAX phase with HF with
subsequent drying to produce Mo2C powder (referred to as p-Mo2C), and iii) exfoliating pMo2C with tertra-butyl ammonium hydroxide (TBAOH) to form few layer Mo2C (referred
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to as e-Mo2C). Note that d-Mo2C and e-Mo2C have a few-layer morphology, albeit the
route to produce that morphology is different. Ti3C2 used in the study was obtained by
exfoliating the corresponding Ti3AlC2 MAX phase with LiF/HCl to form a delaminated
Ti3C2. Details of the etching of the MAX phase, exfoliation techniques and synthetic
procedures for the different MXene samples are included in the experimental information.
We direct the reader to the following literature for a complete characterization of
the samples.31, 35, 39 Scanning electron microscopy (SEM) images of different Mo2C and
Ti3C2 samples used in this study are shown in Appendix Figure D1. The samples were
prepared for imaging by drop casting the samples dispersed by sonicating for 30 min in
water to form colloidal solutions. The exfoliated MXene nanosheets show excellent
stability as colloidal suspensions in water, due to to their negative surface charge.31, 39-40
The SEM micrographs associated with d-Mo2C and e-Mo2C both show a layered
morphology. In contrast to these morphologies p-Mo2C shows little evidence of
delamination (i.e., few layer particles), but instead shows a layering consistent with a bulk
stacking of sheets. Finally, the SEM micrograph associated with Ti3C2 exhibits evidence
for a layered structure consistent with this sample undergoing a delamination process in its
synthesis.
The atomic composition and chemical environment of the different elements
making up the MXenes were investigated with X-ray photoelectron spectroscopy (XPS).
Appendix, Figure D2a and Figure D2b exhibit the Mo 3d and Ti 2p regions of d-Mo2C and
Ti3C2, respectively. The Mo 3d5/2 peak at 229.0 eV is associated with the Mo-C bond in
the Mo2C MXene.39 Other contributions to the Mo 2p region include those associated with
Mo-O (231.4 eV) and Mo-F (233.0 eV) bonding. The presence of F is due to the use of HF
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in the etching step in the preparation of the MXene. XPS analysis of the Ti 2p region of
Ti3C2 (Appendix, Figure D2b) exhibits features that we associate with Ti-C, Ti-O, and TiF bonding. In general, surface terminations of the MXenes with O/OH and F that we
observe on Mo2C and Ti3C2 is consistent with prior XPS studies of MXenes.32, 34, 36, 39-40
6.3.2 Electrochemical results
Experiments were conducted to determine the electroactivity of the MXenes for the
CO2RR using a standard 3-electrode cell setup, as described in details in the experimental
section. In brief, the electrodes were prepared by drop casting 10 µL of a 2 mg/mL MXene
solution on to a glassy carbon electrode with a surface area of 0.2 cm2. Prior to deposition
the glassy carbon electrodes were polished using 0.05-micron alumina powder. Due to the
charged nature of the MXene sheets no binders were necessary to hold the MXene film on
the working electrode for the electrochemical experiments. Also, due to the high electrical

Figure 6.1: a) Polarization plots of Mo2C comparing the influence of the delamination
technique towards the CO2RR. b) Comparison of the polarization plots of Mo2C in MeCN/IL
saturated with CO2 and N2 before electrolysis.
conductivity of the MXenes, conductive carbon did not need to be added to the catalyst
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ink. Additional details concerning the preparation of the MXene coated electrodes are
presented in the section 6.1.
Figure 1a exhibits polarization plots obtained by linear sweep voltammetry (LSV)
for the three different Mo2C samples in CO2 saturated acetonitrile (MeCN) containing the
IL [EMIM]BF4. Figure 6.1b includes polarization curves for a clean glassy carbon
electrode in the CO2 saturated MeCN/IL solution and data for d-Mo2C in a CO2-free
(nitrogen-sparged) MeCN/IL environment. The control d-Mo2C coated electrode in a CO2free MeCN/IL solution does show an onset potential for current flow at about -2.1 V.
Analysis of the reaction vessel headspace shows hydrogen product in this non-aqueous
reaction environment (see Appendix, Figure D3). While the MeCN was dried before use,
the presence of some residual water (perhaps also due to the hydroscopic nature of the IL)
cannot be ruled out as the proton source. Most importantly, however, is that the polarization
data for the d-Mo2C and p-Mo2C both exhibit a lower onset potential (-1.85 and -2.0 V vs
SCE, respectively) and higher cathodic current with increasing potential compared to dMo2C (-2.2 V onset) in the CO2-free environment. We therefore attribute the lower onset
potential and higher cathodic currents to CO2RR chemistry. Support for this contention
comes from an analysis of the reaction cell headspace, which shows primarily CO product
(See Appendix, Figure D2). In contrast, inspection of the polarization data for e-Mo2C
shows an onset potential that is actually similar to the d-Mo2C CO2-free circumstance ( 2.2 V vs SCE). The cathodic current associated with e-Mo2C, however, is significantly
higher than e-Mo2C in the absence of CO2 for any given potential above the onset potential.
We attribute this increased cathodic current to the CO2RR, consistent with the production
of CO as evidenced by an analysis of the reaction headspace (see Appendix, Figure D4).
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Our results indicate that e-Mo2C has the highest onset potential among the three
types of Mo2C (Figure 6.1a). This can be due to the smaller flake sizes of e-Mo2C
compared to d-Mo2C, due to the former MXene delamination process with TBAOH. It has
been shown that delamination with organic molecules such as TBAOH leads to smaller
flakes compared to the delamination with lithium-containing salts (e.g., LiF).32, 36, 39 It has
been shown that MXene basal planes are catalytically active,36 unlike TMDs where only
edges are active.36, 41 Smaller flake size leads to more edges that are not active in the
process. Another possible reason for the relatively high onset potential of e-Mo2C is the
deactivation of potentially active catalytic sites by adsorbed organic surfactant (TBAOH)
that is used in the exfoliation process to produce the few layer material.39-40, 42 The lower
onset potential and increased cathodic current at a given potential for d-Mo2C relative to
p-Mo2C is likely due to increased active surface of the delaminated d-Mo2C material .36
Due to the high catalytic activity of d-Mo2C we used this sample for further analysis.
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Figure 6.2: Polarization plot of the Mo2C, Ti3C2 MXenes and Ag nanoparticles in CO2
saturated MeCN/IL electrolyte.
Figure 6.2 allows a comparison of the polarization curve for d-Mo2C to the Ti3C2
MXene and nano-dimensioned silver. While the d-Mo2C electrocatalyst exhibits an onset
as low as –1.85 V vs SCE (~100 mV overpotential), the onset for the Ti3C2 MXene occurs
at a higher potential of -2.2 V vs SCE. Based on this comparison the d-Mo2C is a better
CO2RR electrocatalyst than the Ti3C2 MXene. The electrocatalytic activity of d-Mo2C is
quite similar to that of the precious metal silver under our experimental conditions. In
particular, the polarization data associated with a silver nano particle electrode exhibits an
onset ~-1.8 V (vs SCE) for the CO2RR, similar to that of the earth-abundant elements Mo2C
MXene. Furthermore, the similarity of the Tafel slope values for Mo2C and Ag (Appendix,
Figure D5) suggest that the mechanism for the electrochemical reduction of CO2 is similar
on both surfaces.
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Chronoamperometric measurements (constant voltage) for the d-Mo2C, Ti2C3, and
silver were carried out in a two-compartment cell to determine the stability of the
electrocatalysts and their faradaic efficiency for CO production. The anode and the cathode
compartments were separated by an anion exchange Nafion membrane. This Nafion
membrane kept any reduction products in the cathode side from diffusing to the anode
compartment. Gaseous products were analyzed by gas chromatography (see experimental
details for more information). GC analysis of the headspace gas showed that carbon
monoxide was the only gaseous product formed from the CO2RR and small quantities of
H2. Analysis of the headspace during the electrochemistry of Mo2C in MeCN/IL without
CO2 present shows no CO product ruling out the possibility of CO resulting from the

Figure 6.3: a) Chronoamperometric curves for d-Mo2C MXene and b) FE vs overpotential
plots for d-Mo2C, Ti3C2 MXenes and Ag nano particles (Ag-NP).
decomposition of the MeCN/IL or Mo2C. An analysis of the electrolyte with 1H-NMR
after the CO2RR for the CO2/d-Mo2C system showed no evidence for solution phase
reaction products or decomposition of the MeCN/IL (Appendix, Figure D7).
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The stability of the Mo2C electrocatalyst for CO2RR was investigated by
determining the cathodic current as a function of potential (voltages used: -2.04, -2.14, 2.24, -2.34, -2.44 and -2.54 V vs SCE) for 0.5 hours. The stability of the d-Mo2C MXene
catalyst was excellent for at least 30 min at the cathode potentials between -2.0 and -2.3 V
based on the constant cathodic current in this range of voltages (Figure 6.3a). A decrease
in the current density was observed over the 30 min experiment for cathode voltages of 2.4 and -2.5 V, suggesting that there was a deterioration of the catalyst activity at these
higher potentials. Figure 3b exhibits the FE of d-Mo2C and Ti3C2 MXenes, and Ag
nanoparticles for CO production during the CO2RR as a function of cathodic voltage. Up
until a cathodic voltage of -2.24 V d-Mo2C exhibits a FE of ~90% for CO production,
similar to the Ag nanoparticle catalyst. At higher overpotentials the FE associated with dMo2C drops (~80% at 600 mV and 50% at 750 mV overpotential) while the Ag catalyst
efficiency remains at 90%. The decrease in faradaic efficiency for CO production is
mirrored by a corresponding increase in H2 product evolution at these higher overpotentials
(Figure 6.3b). The overpotential for initial CO production during CO2RR for Ti3C2 was
650 mV, significantly higher than the 200 mV overpotential that resulted in CO
production on Mo2C. The activity of the Ti3C2 for CO production is maintained at the
potentials studied for times approaching 0.5 h (Appendix, Figure D6). Prior research has
shown that in an acidic aqueous solution HER occurs with a lower overpotential on Mo2C
than on Ti3C2.36 In the present study the HER has been suppressed by using an aprotic
solvent, a typical approach when evaluating the electrocatalytic activity of materials for the
CO2RR.11, 17-18, 43 Experiments that have investigated the electrocatalytic activity of Mo2C
on Ti3C2 in CO2 saturated aqueous IL results in only H2 production (See Appendix Figure
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D9) (i.e., the CO2RR is not viable in the aqueous environment). These results taken
together also suggest that the active sites on the MXenes that catalyze the reduction of CO2
to CO are likely the same sites that drive the HER under aqueous conditions.36
Mo 3d and Ti 2p XPS (Figure 6.4c and d) for the d-Mo2C and Ti3C2 samples,
respectively, before and after the CO2RR suggest that there is a change to the elemental
composition of the working surfaces during electrochemistry. In particular, both postelectrochemistry analysis of d-Mo2C and Ti3C2 show a reduction in features that are
assigned to Mo-O bonding (at 234.9 and 232.0 eV) and Ti-O bonding (465 and 459 eV),
respectively. We infer from the XPS that there is a reduction of surface oxygen terminating

Figure 6.4: a, b) Mo2C before and after performing chronoamperometric measurements
respectively. c, d) are XPS spectra of the Mo 3d region and Ti 2p region before and after
chronoamperometric measurements.
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the Mo2C and Ti3C2 MXene sheet structure at the reducing potentials used for the CO2RR.
SEM analysis, for at least the d-Mo2C electrocatalyst, (Figure 6.4a and b) suggests that
there are probably no gross morphological changes that occur during electrochemistry
(although this is based on ex-situ measurement).
6.3.3 DFT results
Density functional theory (DFT) based computations were carried out in order to
shed light on the mechanism for the CO2RR on Mo2C and Ti3C2. We investigated the
energetics of elementary reaction steps for the CO2RR on model pristine and oxygen
terminated MXene surfaces. For non-terminated pristine Mo2C and Ti3C2 surfaces that
were not oxygen terminated (i.e., the bare model surfaces), binding energy calculations
show that CO2, CO and other reaction intermediates such as *COOH have very strong
binding (i.e. chemisorption).38, 44 The reaction free energy diagram for the electrochemical
reduction of CO2 on these bare surfaces is presented as Figure D10 (Appendix D).
Inspection of the free energy diagram suggests that there is an over-binding of the CO2
reduction intermediates, CO and COOH, on the bare surfaces of Ti3C2 and Mo2C.
Therefore, it is not expected that a significant amount of CO gas can be generated from the
bare surfaces of Ti3C2 and Mo2C. Our XPS measurements, however, suggest that the
MXene surfaces used in our study are oxygen terminated consistent with previous studies
of Mo2C that suggest that such a termination stabilizes the bare surface.36 Furthermore, it
is predicted that the oxygen functionalized Mo2C is more stable than those terminated by
other functional groups.45 A similar conclusion has been arrived at for oxygenated surfaces
of Ti3C2.28 Our results indicate that the perfect O-terminated surface does not capture CO
and CO2 (see Appendix, Figure D11), which indicates too weak binding for the CO2
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reduction reaction. Thus, we looked at other plausible sites for the CO2RR on these
MXenes.

Figure 6.5: (a) CO absorbed at the oxygen vacancy on Mo2C. (b) COOH absorbed at
the oxygen vacancy on Mo2C (red-oxygen atoms, brown-carbon atoms, white-hydrogen
and purple- molybdenum atoms). The distances between molecules and surfaces are
noted in the plots (in Angstrom). (c) The free energy diagram for CO2 reduction reaction
at the oxygen vacancy on Ti3C2 (in black) and Mo2C (in red) calculated using the PBE
functional.
We chose to carry out DFT calculations on the model MXene oxygenated
terminated surface with an oxygen vacancy (VO) to study the mechanism of
electrochemical reduction of CO2 to CO. Such sites are plausible reaction sites for the
CO2RR, since they can be generated during the exfoliation of MXenes from their bulk
phases and under electrochemical reduction conditions.39 Furthermore, XPS results
presented in this study show a reduction of surface oxygen on Mo2C and Ti3C2 after the
CO2RR, consistent with the presence of oxygen vacancies under reaction conditions.
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Figure 5 exhibits various relaxed structural configurations used to model the Mo2C surface
with a VO and adsorbates CO2 and CO adsorbed at the vacancy site. Our study indicates
that CO2 reduction can be realized by a standard three-step process which includes the
activation of CO2 to form *COOH (COOH attached to the surface) through the first
electron/proton transfer and the dissociation of COOH to *CO (CO attached to the surface)
and H2O as products resulting from the second transfer. The final step is accompanied by
the detachment of CO from the surface. The computed free energy diagram for oxygenated
Ti3C2 and Mo2C surfaces with a VO are shown in Figure 5c. CO2 exhibits weak binding at
the VO on oxygenated Ti3C2, while it is physically absorbed at the VO on oxygenated
Mo2C. The activation of *CO2 to *COOH in the first hydrogenation step demands a free
energy input of 1.04 and 0.78 eV for the case of Ti3C2 and Mo2C, respectively. The
calculated free energy diagram suggests that, in the second protonation process, the
*

COOH intermediate absorbed on both surfaces will spontaneously dissociate and form

H2O and *CO. During the electrochemical reduction of CO2 to CO, the rate limiting step
is the first electron/proton transfer step, i.e., the activation of CO2 to form *COOH. The
rate limiting step demands 0.26 eV less free energy input for Mo2C than in Ti3C2.
Therefore, we conclude that Mo2C is a more promising catalyst that requires a lower
overpotential for the electrochemical reduction of CO2 to CO, which agrees well with our
experimental observation.
6.4 Conclusions
In this study we report for the first time the use of Mo2C and Ti3C2 MXenes as earth
abundant materials for the electrochemical conversion of CO2 to CO. DFT computations
indicate that the enhanced activity of Mo2C relative to Ti3C2 is due to the lowering of the
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energy barrier for the first protonation step of CO2 and the spontaneous dissociation of the
absorbed *COOH species on the Mo2C surface. We believe that the presence of VOs on
the surfaces of these materials play a crucial role in the catalysis as active sites. Good
stability and commendable activity based on a comparison to silver catalyst make these
materials potentially attractive alternatives for precious metal catalysts for the CO2RR.
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CHAPTER 7
BRIEF SUMMARY AND RESEARCH IMPACT
Research detailed in this thesis integrates experimental observations with state-ofthe-art theoretical calculations to shed light on the molecular level ingredients that underlie
the electrocatalysis of water splitting on 2D layered MoS2 and the CO2RR on 2D layered
Mo and Ti carbides. With regard to the MoS2 investigations research showed how 1) the
chemical modification of the interlayer region with metal cations, 2) the engineering of the
material to expose more edge sites, and 3) the substitution of 3d transition metals into the
basal plane of the materials could be used to enhance the electrocatalytic activity of the
metal dichalcogenide. Chapter 3 presented research to show how the electronic properties
of the MoS2 could be tuned by intercalating the interlayer with alkali metals and transition
metals. Contrary to our expectation that the electroactive transition metals would have the
biggest positive impact on the reaction kinetics in the HER, the experimental results
showed instead that the alkali metal cation, Na+, had biggest effect on the microscopic
properties leading to a better HER catalyst. This observation was supported by DFT
calculations where it was shown that Na+ intercalation led to ∆GH being close to 0, which
is a necessary but not sufficient parameter in HER catalysis. The broad impact of this study
is that the electronic properties of the MoS2 can be tuned through metal cation intercalation
to lead to a more active catalyst for HER. The idea of improving 2D materials by
intercalation has been effectively employed in the OER catalysis and HER in a number of
studies, but in these prior studies the intercalated metal is itself an active catalyst.1-4 It is
also mentioned that this study also suggests the use of these intercalated structures in
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supercapacitor research as these MoS2 structures provide a large surface area to store ions
while providing metallic like conductivity.5-6
Chapter 4 investigated the possibility of developing a synthetic protocol for the
development of MoS2 that preferentially exposed edge sites and was therefore active for
the HER. Prior studies that attempted to accomplish this goal grew vertically aligned MoS2
on conducive substrates7-10 that included graphene, graphene oxides and functionalized
graphene materials.9-15 Research presented in this thesis used Ti3C2Tx as a conductive
support primarily to take the advantage of the metallic like conductivity and the large
surface area of the 2D layered MXene material. Ti3C2 is known to have a higher
conductivity than most graphene materials. A microwave assisted heated method was used
to synthesize the MoS2. The rapid heating following the irradiation of microwaves proved
to be a useful technique to nucleate MoS2 seeds which then grew into larger sheets at
isothermal conditions and with a large number of exposed edges. A control over the density
of the exposed edges were obtained by the judicious choice of temperature (200, 220, 240
and 260 0C). The optimum coverage without the formation of isolated aggregates of pure
MoS2 were obtained at 240 0C. The HER activity of these materials directly correlated with
the density of exposed edges. Compared to the unsupported MoS2 synthesized under
similar reaction conditions these vertically aligned MoS2 structures showed lower charge
transfer resistance and a higher carrier density emphasizing the importance of the
conductive support for high HER activity.
Research presented in Chapter 5 showed a novel way to tune the structure of the
basal plane of metallic MoS2 for high alkaline HER activity. It is felt that this particular
research may have a high future scientific impact. Over the last decade of MoS2 research,
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there have been no reports of doping the 2D sheets of metallic MoS2 with 3d transition
metals. To accomplish the doping of the sheets for the first time, a recent method outlined
by Chen T-p. and coworkers16 to synthesize metallic MoS2 was used. This method involved
the conversion of orthorhombic phase MoO3 with an octahedral coordination into the
octahedrally coordinated metallic MoS2. The MoO3 structure was pre-doped individually
with Ni and Co. The as-synthesized doped MoO3 was converted to the metallic MoS2.
Alkaline HER was evaluated on these materials and the overpotential required to generate
H2 with a current density of 10 mA/cm2 with 10% Ni doped and 10% Co doped 1T-MoS2
was -145 mV and -160 mV vs RHE respectively. These doped samples exhibited a
reduction of ~100 mV with respect to the undoped metallic MoS2. DFT studies predicted
that the addition of the dopants in the metallic MoS2 structure enhanced the HER in alkaline
media by improving the water dissociation step associated with the Volmer step. Moreover,
∆GH was also lowered on the doped surface. MoS2 that was doped with either Ni or Co was
also found to have a much higher catalytic lifetime than undoped MoS2.
Chapter 6 investigated the electrocatalytic reduction of CO2 on two MXenes, Ti3C2
and Mo2C. These 2D materials are a novel class of materials that were not studied before
for electrocatalytic CO2RR. Acetonitrile was chosen as the solvent with 1-ethyl-2methylimmidazolium tetrafluoro borate (EMIM BF4) as the electrolyte to minimize the
competing HER under the potentials employed for the CO2RR. CO was observed as the
only CO2RR product with a Faradaic efficiency that was close to unity on the Mo2C MXene
at an overpotential of ~200 mV. Ti3C2 showed a larger onset overpotential and a lower
Faraday efficiency than the Mo2C MXene. DFT calculations showed that the difference in
the reactivity was primarily due to the better kinetics observed on the Mo2C MXene in the
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intermediate step where the CO is produced from the adsorbed CHO. Moreover, DFT
calculations predicted that the most probable sites for the CO2RR were the oxygen vacancy
sites on these MXenes.
Molybdenum sulﬁde is an exceptional HER catalyst if it is appropriately
nanostructured to expose a high density of active sites. In this thesis work two activity
metrics were focused on; improving total electrode activity by increasing the edge sites of
the 2H-MoS2 and intrinsic active site activity by doping and intercalating the metallic phase
of MoS2. Though not explored in this thesis work, comparisons of the overall activity for
several other classes of molybdenum sulﬁde catalysts, including crystalline MoS2,
amorphous molybdenum sulﬁde ﬁlms,17-18 and molecular molybdenum sulﬁde clusters
have been studied extensively elsewhere.19-20 All these investigations were carried out with
the intention of approaching the near-ideal HER activity of Pt. The engineering challenges
to employ MoS2 as a photo/electrocatalyst in a photoelectrochemical cell (PEC) has to be
evaluated and addressed. Though low overpotentials have been realized with MoS2 there
exists a lot of room for improvement in the area of hydrogen turnovers on a catalytic site.21
One probable path that can be employed toward that end is the growth of metallic MoS2
with the exposure of an optimum number of sheets on a conductive support which has not
been achieved so far. Thus, progressive approaches in the development of the PEC
technologies can help enable energy production, storage and use the energy harnessed by
intermittent renewable energy resources such as solar and wind. Lowering the cost of these
technologies is of paramount importance to be competitive against fossil fuels. In this
context molybdenum sulfide catalysts can play a crucial role as a scalable, nonprecious
metal catalyst in hydrogen production via the HER.
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In the context of the CO2RR there are many issues that need to be addressed before
they can be used in PEC technologies. The limited success in the CO2RR can be traced to
the limitations set by the scaling relations that exist between the energies of the different
intermediates adsorbed on the known electrocatalysts. Thus, a new paradigm of catalysts
are required that can effectively stabilize these intermediates. Strategies to circumvent
these problems would involve the realization of three dimensional catalytically active sites
that can stabilize different intermediates efficiently. In this context, MXenes have a great
potential in the CO2RR chemistry. Their metallic like conductivity, ultrathin nature and
tunability of the composition and the interlayers makes them attractive 2D materials for
electrochemical systems. Though not explored in this thesis there is a need for a screening
of available MXenes for the CO2RR, DFT calculations can be used as an effective
screening tool to identify active MXene compositions for selective CO2RR. More variables
such as doping, alloying, introduction of defects, surface functionalization and interlayer
confinement of metal cation can create 3D sites in MXenes that may help improve the
selectivity issues related to the CO2RR.
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APPENDIX A

SUPPLEMENTAL FIGURES FOR CHAPTER 3

Figure A1: This figure depicts different configurations used for the DFT calculations.
Fig 1. (a) is the top view supercell version of the original 2×2 supercell used for the
pristine 1T-MoS2 surface. Fig. (b) shows the adsorbed hydrogen atom on top of an S
atom of the basal plane. Distance between the S-H atoms is 1.362 Å. Fig. (c) and Fig.
(d) are the top and side views of the intercalated structures. (in these structures two Ni
atoms have been introduced between the two layers of the 1T-MoS2)
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Figure A2: XRD spectra of bulk MoS2 (black), 1T-MoS2 (orange) has lost long range
order in the lattice and showing (001) reflection due to water bilayer between the sheets.

156

Figure A3: Selected Area Electron Diffraction (SAED) patterns of 1T-MoS2 (top) and
Na/1T-MoS2 (bottom), m indicates the main lattice spots and s indicates the super lattice
spots.
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a

Figure A4: X-ray Photoelectron Spectra of (top) 3d region of Mo in 2H-MoS2, (bottom)
S 2p region of 2H-MoS2 fitted for 3d5/2 and 3d3/2 for Mo and 2p3/2 and 2p1/2 for S.
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Figure A5: X-ray Photoelectron Spectra of (top) 3d region of Mo in 1T-MoS2, (bottom) S2p
region of 1T-MoS2 fitted for 2H and 1T components.
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Figure A6: a) XPS spectra of Mo 3d region of 1T-MoS2 and intercalated samples, b) Ni
2p region fit shows that the Ni is in the 2+ state and c) Co 2p region shows that the Co is
also in the 2+ state.
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Figure A7: a),c), e) and g) SEM images of Na/1T-MoS2, Ni/1T-MoS2, Co/1T-MoS2 and
Ca/1T-MoS2 respectively and b), d), f) and h) their atomic percentages obtained from
EDAX.
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Figure A8: TEM images of a) 1T-MoS2, b) Na intercalated 1T-MoS2 and c) Co intercalated
1T-MoS2, d) Ni intercalated 1T-MoS2 and e) Ca intercalated 1T-MoS2. These images
shows that the sheet like morphology remains intact with intercalation.
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Figure A9: SEM images of a) 1T-MoS2, b) Na/1T-MoS2, c) Ni/1T-MoS2 and d) Ca/1TMoS2 respectively.
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Figure A10: a) STEM image of Co/1T-MoS2, b), c) and d) EDS mapping of cobalt,
molybdenum and S respectively. The EDS map shows an even distribution of Co on the
1T-MoS2 sheets.
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Figure A11: Tafel plots for all the intercalated 1T-MoS2 samples and 20% Pt-C electrodes.
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Figure A12: Impedance measurement at 200 mV overpotential within the frequency
range 0.1 Hz to 106 Hz
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Figure A13: Cyclic voltamograms of 1T-MoS2 and the intercalated samples at different
scan rates in 100 mV to 200 mV region vs RHE. The difference in current density Δj0 vs
scan rate for ECSA and Cdl calculation plots are extrapolated from these plots.
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Figure A14: Chronopotentiometric measurement for 24 hr with a current density of 5
mA/cm2.
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Figure A15: Raman spectrum of Na/1T-MoS2 before and after 24 hr of the stability
test. The 1T phase and the superlattice structure is still retained.
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Table A1: Zeta potentials of the intercalated samples measured in pH 7.0 PBS buffer
solution
Sample

Zeta potential (mV)

1T-MoS2

-42.3±6.5

Na/1T-MoS2

-29.8±2.3

Ca/1T-MoS2

-31.9±4.9

Co/1T-MoS2

-31.5±2.5

Ni/1T-MoS2

-32.2±4.7
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Figure A16: Density of States (DOS) plots for 1T-MoS2 and intercalated 1T-MoS2. The
corresponding cations intercalated are listed on the plots. Co and Ni contributes d
electrons at the fermi level (at 0eV) whereas for Ca and Na the sp electron density is
delocalized.
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Intercalant

Figure A17: Variation of ΔGH as a function of the intercalated cation. All the samples
show lower binding free energies than pristine 1T-MoS2. The low free energies close to
zero suggest that they are superior HER catalysts
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APPENDIX B

SUPPLEMENTAL FIGURES FOR CHAPTER 4

A

B

C

D

Figure B1: Contrast profiles obtained from Imagej varying the threshold of the SEM
images. These images were used to obtain the edge density given in table S1 for IEMoS2⊥Ti3C2 at growth temperatures of A) 200, B) 220, C) 240 and D) 260 0C. In the
calculation of vertically aligned edges, the area from flower like morphologies (marked
by the white line) have been subtracted from image D.
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Table B1: Edge density of IE-MoS2 grown on Ti3C2. The area with the green pixels
were normalized to the total area of the image to obtain the density.
Image
A
B
C
D

Temperature
(0C)
200
220
240
260
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Edge density (%)
27.6
33.1
36.1
34.3

A

B

Figure B2: A) SEM micrograph of IE-MoS2⊥Ti3C2@240 showing three regions used for
quantifying the atomic percentages of Ti, Mo and S with EDS, B) Intensity maps of the EDS
spectra for different Ti, Mo and S (inset: average atomic percentage of each component).
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A

C

S-Kα

B

Ti-Kα

D

Mo-Kα

Figure B3: A) STEM image and B), C) and D) STEM-EDS maps of the elemental
composition of the IE-MoS2⊥Ti3C2@240.
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A

B

C

Figure B4: A), B) and C) HRTEM images of MoS2⊥Ti3C2 for samples grown at a) 200,
b) 220 and c) 260 0C. These images show that the interlayer spacing of each is ~ 0.94 nm
irrespective of the temperature of synthesis.
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Figure B5: XRD diffractogram for IE-MoS2⊥Ti3C2@260 (black) normalized by
dividing by a factor of 100000. The relatively weak (002) Bragg reflection peak of MoS2
(red) of interlayer expanded MoS2 is not seen in this diffractogram due to the masking
of the peaks by the more intense peaks of the MXene.
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Figure B6: Comparison of the Raman spectra of IE-MoS2 and the heterostructures
synthesized at 240 and 260 0C. A blue shift is observed in the IE-MoS2 and
heterostructures relative to commercial 2H-MoS2.
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B

A

C

Figure B7: XPS spectra for the A) Ti 2p, B) C 1s, and C) O 1s region for Ti3C2
before nucleating MoS2.
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Figure B8: XPS for the A) Mo-3d, B) S-2p, C) Ti-2p and D) C-1s region for IEMoS2⊥Ti3C2@240 0C.
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Figure B9: Polarization plots obtained after cycling for 1000 cycles in 0.5 M H2SO4
with a Pt counter electrode and a graphite rod counter electrode. These LSV curves are
almost identical to each other implying there had not been an influence of the counter
electrode used.
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Figure B10: A) Polarization plot normalized to geometric surface area of the electrode.
The MXene alone shows a high overpotential of ~500 mV @ 10 mA/cm2. B)
Polarization plot of IE-MoS2⊥Ti3C2@240 0C for the first and 30th cycle. The cycling
reduced capacitive background currents in the polarization curves.
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Figure B11: Comparison of current density (50 mV below the onset) and edge density
of samples prepared at different temperatures. The current density increases with the
increasing edge density of MoS2 on the Ti3C2 MXene.

186

A

B

D

C

E

Figure B12 : Cyclic voltammetry (CV) curves obtained in 0.5 M H2SO4 from 180 to
280 mV vs SCE to investigate the capacitive currents used to calculate the
electrochemically active surface area of the catalysts synthesized at different
temperatures. The legend on the top right corner gives the scan rates (20, 40, 60, 80,
100, 120 and 140 mV/s). The presence of rectangular CVs implies the currents are nonfaradaic and are capacitive.
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Figure B13: Chronopotentiometry at 10 mA/cm2geo of the IE-MoS2 and the
heterostructure synthesized at 240 0C over a period of 20 h in 0.5 M H2SO4. The
catalysts show good stability in the region in the time period the tests were carried out
with less than 7% decrease in potential to maintain a constant current of 10 mA/cm2geo.
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Figure B14: Polarization plots obtained before and after the stability
(chronopotentiometry) test for IE-MoS2⊥Ti3C2@240 0C.
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The Mott-Schottky plots of IE-MoS2⊥Ti3C2@T where T is 200, 220, 240 and 260 0C were
obtained in 0.1 M Na2SO4 vs a Ag/ AgCl reference electrode (Figure 5a). From the MottSchottky relation:
1
𝐶𝑆𝐶𝐿

2

=

2
𝑘𝑇
(𝐸 − 𝐸𝐹𝐵 − )
𝑒 ∊∊0 𝑁𝐷
𝑒

Where CSCL-capacitance of the space charge layer, e is the charge of an electron, ∊0 is
permittivity of free space 8.85x10-12 F m-1 , ∊ is dielectric constant of MoS2, E is applied
potential, EFB is flat band potential, ND is donor density, k is Boltzmann constant, T is
Kelvin temperature.3

Table B2: Carrier concentration of MoS2 grown on Ti3C2

Samples

Carrier concentration (cm-3)

IE-MoS2⊥Ti3C2@200
IE-MoS2⊥Ti3C2@220
IE-MoS2⊥Ti3C2@240
IE-MoS2⊥Ti3C2@260

1.1785 × 1020
2.2701 × 1020
2.5996 × 1020
6.3213 × 1020
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APPENDIX C
SUPPLEMENTAL FIGURES FOR CHAPTER 5

Figure C1: X-ray diffractograms of the doped MoO3 oxide with a) Co and b) Ni respectively. The
varying concentration of the dopants does not vary the orthorhombic (α) nature of the MoO 3. Peaks
indicated by * are due to the formation of the secondary phase MxMo(1-x)O3 (where M is Ni or Co).
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Figure C2: SEM micrographs of a) Pure MoO3, b) 10% Ni doped MoO3 and c) 10% Co-doped
MoO3.
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Figure C3: EDS map of elemental composition of the 5% Co doped MoO3. A
homogeneous distribution of the dopant is seen on the image.

Table C1: Experimentally obtained EDS percentages of the dopants in the Co doped
MoO3 samples.
Sample

EDS ratio

1% Co-MoO3

1.4

5% Co-MoO3

5.4

10% Co-MoO3

10.7

20% Co-MoO3

20.1
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Figure C4: EDS map of elemental composition of the 5% Ni doped MoO3. Homogeneous
distribution of the Ni dopant is seen on the maps.

Table C2: Experimentally obtained EDS percentages of the dopants in the Ni doped
MoO3 samples.
Sample

EDS ratio

1% Ni-MoO3

1.9

5% Ni-MoO3

4.8

10% Ni-MoO3

8.8

20% Ni-MoO3

20.0
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Table C3: The ratio of the dopants (M) and Mo in doped metallic MoS2 samples
obtained from EDS and ICP-OES
Sample

EDS ratio (M:Mo)

ICP-OES ratio
(M:Mo)

1% Ni doped 1T-MoS2

0.092

0.074

5% Ni doped 1T-MoS2

0.048

0.0409

10% Ni doped 1T-MoS2

0.098

0.1247

20% Ni doped 1T-MoS2

0.21

0.194

1% Co doped 1T-MoS2

0.08

0.072

5% Co doped 1T-MoS2

0.045

0.0456

10% Co doped 1T-MoS2

0.1019

0.111

20% Co doped 1T-MoS2

0.2265

0.214
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Figure C5: a) TEM image of pure 1T-MoS2 before drying, to the right of the image is the grey
scale profile along the white line on the image showing an interlayer spacing of 9.7±0.2 Å, b)
and c) TEM image of dried Ni doped 1T-MoS2 and Co doped 1T-MoS2 respectively with the
height profile showing an interlayer space of 6.4±0.2Å on the right side of the image.
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Figure C6: Deconvoluted XPS spectra of semiconducting MoS2 synthesized at the reaction
temperature 240 0C. Figure a) is the Mo 3d region and b) is the S 2p region.

198

Figure C7: Deconvoluted XPS spectra of 10% Co doped metallic MoS2 sample. a) Mo3d region, b) S 2p region and c) Co 2p region are shown on the figure.
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Figure C8: Deconvoluted XPS spectra of 10% Co doped metallic MoS2 sample. a) Mo3d region, b) S 2p region and c) Ni 2p region are shown on the figure.
200

Figure C9: Optimized structures of (a) Pristine 1T-MoS2, (b) Ni-substituted 1T-MoS2,
and (c) Co-substituted 1T-MoS2. Molybdenum, sulphur, nickel and cobalt atoms are
represented by blue, gold, magenta and violet spheres, respectively. Selected surface
sites for simulations of adsorption are denoted by orange (site 1) and green (site 2)
circles respectively. We note a significant distortion which leads to trimerization of Moatoms around (b) Ni-substituents and (c) Co-substituents.
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(a)

(b)

(c)

Figure C10: Projected Density of States of (a) Pristine 1T-MoS2, (b) Ni-substituted
1T-MoS2, and (c) Co-substituted 1T-MoS2. Fermi level is denoted by dashed black
lines.
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Figure C11: Polarization plots obtained with varying concentrations of a) Ni and b) Co
in the as synthesized doped metallic MoS2 in 1.0 M KOH solution. Samples with a 10%
dopant ratio has the lowest overpotential to reach 10 mA/cm2 current density.
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Figure C12: Comparison of the polarization plots of doped metallic MoS2 (dash line)
and pure metallic MoS2 collapsed with the respective cations (Ni2+ and Co2+) in them
(solid lines).
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Figure C13: Cyclic voltammetry curves obtained by varying the scan rate in the nonfaradaic region -1.00 V to -1.10 V vs SCE used for the ECSA calculation. The observed
currents are due to capacitive currents.
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Figure C14: Structural transformation of 1T phase to 1T’’ (inset a) at lower H-coverage and
further transformation into 1T’ (inset b) polytype at H-coverage ≥40%.
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APPENDIX D
SUPPLEMENTAL FIGURES FOR CHAPTER 6

Figure D1: SEM Micrographs of a) d-Mo2C, b) e-Mo2C, c) p-Mo2C, and d) Ti3C2. The
delaminated or exfoliated samples associated with d-Mo2C, e-Mo2C, and p-Mo2C show
structures with more extensive layering than p-Mo2C.
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a

b

Figure D2: XPS spectra of a) Mo2C Mo 3d region and b) Ti3C2 Ti 2p region. The Mo
3d region and Ti 2p regions were fitted to show the different functionalities and bonds
on the MXene sheets.

208

Figure D3: Gas chromatograms of headspace of the cell after electrolysis with CO2
saturated electrolyte and N2 saturated electrolytes with d-Mo2C as the catalyst. Ar
carrier gas is used to identify H2 gas and He in order to identify CO. H2 gas has a
thermal conductivity quite similar to He and Ar has a thermal conductivity similar to
CO, thus the carrier gases are switched.
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Figure D4: Gas chromatogram of the headspace of the cell with e- Mo2C catalyst for the
CO2RR at -2.4 V vs SCE. The low sensitivity of the H2 is due to the similar thermal
conductivities of H2 and He carrier gas.
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Figure D5: Tafel plots of Mo2C-d, Ti3C2 and silver nanoparticles.
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Figure D6: Chronopotentiometry curve for Ti3C2. Potentials applied are recorded
with respect to the SCE. At higher potentials the Ti3C2 shows lower stability in
the currents towards the CO2RR.
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Figure D7: H-NMR spectra for the electrolyte before chronopotentiometry
measurements and after 30 mins of electrolysis obtained from the anode, cathode
compartments and CO2 saturated electrolyte before electrolysis.
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Figure D8: CV curve obtained for ferrocene/ferrocenium (Fc/Fc+) couple in
acetonitrile, TEAP used for the calibration of the reference electrode Ag/Ag+. E1/2 for
the Fc/Fc+ is 50 mV. The potential vs SCE is thus +430 mV.
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Figure D9: Gas chromatogram from the analysis of headspace with aqueous EMIMBF4
(96%) as the electrolyte. Electrolysis was carried out at -1.0 V vs RHE with Mo2C as the
electrode material. Large amounts of H2 is generated with minute quantities of CO.
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Figure D10: Reaction free energy diagram for CO2 reduction to CO by using bare Mo2C
and Ti3C2 as a catalyst. Species attached with * represent the chemisorption.
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Figure D11: The relaxed structures of (a) CO and (b) CO2 on oxygenated Mo2C surface.
CO and CO2 adsorption energy ~0.02 eV. The relaxed structures of (a) CO and (b) CO2
on oxygenated Ti3C2 surface. CO adsorption energy -0.05 and CO2 -0.04 eV. The
optimized distance between the surface and the adsorbent is large >3Angstrom, indicates
no activity of such adsorbate with the surface.
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Figure D12: The free energy diagram for CO2 reduction reaction at the oxygen
vacancy on Ti3C2 (in black) and Mo2C (in red) calculated using the PBE+U functional
with U = 3 eV.
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