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Abstract

Molecular hydrogen (H) is the most promising candidate for replacing fossil fuels because of its
high energy density and zero carbon emission. Cleaner ways for hydrogen production are highly
expected. Electrocatalytic hydrogen evolution reaction (HER) serves for this purpose. Developing
highly efficient HER electrocatalysts to minimize the overpotential and facilitate the reaction
kinetics is one of the prerequisites to electrocatalytic hydrogen production in large-scale. The
research is based on a synthesis of MXenes/MOFs composites for enhanced electrocatalytic HER.
TisCoTx MXenes and UiO-66 MOFs were used for this purpose. TisCoTx MXenes were
synthesized via NH4sHF, and citric acid chemical etching. UiO-66 MOFs were synthesized through
hydrothermal technique. TisC.Tx/UiO-66 composite was synthesized through an in-situ synthesis
approach. Three TizC,Tx/UiO-66 composites were synthesized, based on different mass ratios, i.e.,
1:1, 1:2 and 2:1 of TisC,Tx:UiO-66. Electrochemical testing was performed to evaluate HER
performance of the synthesized electrocatalyst. The electrochemical testing results showed that the
MX-2/MOF had lowest HER and OER potentials of 93 and 77 mV respectively. Moreover, the
electrocatalyst had lowest Tafel slope of 86 mVdec™. The catalyst was highly stable and retained
its activity even after 6h. Thus, TisC2Tx MXenes/UiO-66 MOFs composites can serve for
electrocatalytic H> production.

Keywords: MXenes, Electrocatalyst, H2 production, Water splitting.
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Chapter 1:

Introduction
1.1 Background

The extinction of fossil fuels is giving rise to energy crisis around the world, since fossil fuels are
major energy production source, there is need of new technologies for energy generation keeping
the environmental safety in view. Hydrogen energy is the best alternative so far discovered.
Hydrogen energy source is buildout of clean energy technologies. The abundant amount of
hydrogen, its environmentally benign nature, and higher calorific values than new energy
technologies make it promising energy source in sustainable energy development. The
conventional H2 production methods such as steam reforming produces CO: as a byproduct which
ultimately causes global warming. A zero-carbon technology for Ha generation is electrolysis of
water, the method is environmentally safer however intense energy requirements make it
undesirable. MXenes based catalysts can best serve for hydrogen (H2) production. MXenes
materials possess high metallic conductivity and hydrophilicity, which play fundamental role in
catalytic applications. MXenes are superior candidate for catalytic applications than other 2D
nanomaterials such as metal organic frameworks (MOFs), graphene and transition metal
dichalcogenides (TMDs). The higher catalytic activity of MXenes is due to their high metallic
conductivity, hydrophobic surfaces and abundant reactive sites. MXenes act as carbon support to
provide channels for effective conduction of electrons but prevents the corrosion of carbon support
up to notable catalytic cycles [1, 2].

The majority of H2 production relies on the reforming of fossil reserves, generating a large amount
of carbon dioxide. Currently, steam reforming is the dominant way for the hydrogen production in
industry, which produces the commercial hydrogen at about 95 % of the world production. In the
reforming process, steam reacts with methane at high temperature and pressure on nickel catalyst.
However, the process releases a huge amount of CO- that is 8 times higher than that of hydrogen
produced leading to ever-increased greenhouse effect. Presently, 96% of the industrial hydrogen
production is done through fossil-fuel based technologies, The remaining 4% of the industrial
hydrogen production is carried out by electrocatalytic splitting of water. Hz produced by
electrocatalytic water-splitting is extremely pure (>99%) and yields no toxic by-products or

greenhouse emissions. A major advantage of electrocatalytic water-splitting is that it can be
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coupled to intermittent energy sources (solar, wind, etc.) and utilize the excess energy to produce
storable hydrogen. The stored hydrogen can be used for on-site applications or transported to

distant locations with appropriate handling [3].
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Figure 1.1: Worlds energy production sources.

1.2 Importance of H2 Energy

Molecular hydrogen (H.) is considered to be the most promising candidate for replacing fossil
fuels because of its high energy density and zero carbon emission. As a result, clean ways for the
production of hydrogen are highly expected. Hydrogen as energy has attracted much attention due
to its rich resources and high calorific value among new energy technologies.

Water electrolysis can produce a high purity Hz for energy purposes. Since water is present in
abundant amount. The produced hydrogen gas can also be combined with carbon dioxide emitted
from burnt coals and plastics, to release harmless natural gas or as source of agrofertilizers. Use
gas grid for heating and cooking purposes. Hz production through cleaner production technologies

like water electrolysis and steam methane reforming with carbon capture storage, can develop



commercial viability into mass markets. Large scale H. storage contributes to achieving zero-
carbon footprint in various fields, including industry, transportation, buildings and fuel cells.

H> is widely used in industry, about 70 million tons of H> was consumed annually by industries in
2019, in its pure form. It is expected that Hz production market for industrial uses to grow to $155
billion in 2022 [4, 5]. H2 is critical reactant in chemical process industries, such as ammonia
production and fertilizers. Ammonia is produced by Haber-Bosch process through reaction, i.e.,
H, + N, & 2NH; . Oil refineries are largest consumers of H., which is produced by steam
reforming on-site, as captive Ha, which contributes to 33 % of world’s H2 production. Hz is used
for processing of crude oil to refined fuels [6].

Another advantage is hydrogen’s energy density. Diesel has an energy density of 45.5 megajoules
per kilogram (MJ/kg), slightly lower than gasoline, which has an energy density of 45.8 MJ/kg.
By contrast, hydrogen has an energy density of approximately 120 MJ/kg, almost three times more
than diesel or gasoline. In electrical terms, the energy density of hydrogen is equal to 33.6 kWh of
usable energy per kg, versus diesel which only holds about 12—-14 kWh per kg. What this really
means is that 1 kg of hydrogen, used in a fuel cell to power an electric motor, contains
approximately the same energy as a gallon of diesel. Taking this into consideration, Nikola claims
its vehicles can get between 12 and 15 mpg equivalent, well above the national average for a diesel
truck, which is around 6.4 mpg. IEA analysis finds that the cost of producing hydrogen could fall

30% by 2030 as a result of declining costs of renewables and the scaling up of hydrogen production

[7]1.
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Figure 1.2: Energy production sources in timeline 1980-2050.
1.3 Hydrogen Evolution Reaction
Hydrogen evolution reaction (HER), the reductive half reaction of water splitting, provides a clean
and renewable way to produce hydrogen at the cost of electric energy. Obviously, developing
highly efficient HER electrocatalysts to minimize the overpotential and facilitate the reaction
Kinetics is one of the prerequisites to realize industrial electrocatalytic hydrogen production in
large-scale.
1.3.1 Electrocatalytic HER Mechanism
Hydrogen generation by water splitting through electrocatalysts is subject of interest for
researchers due to minimum power consumption [8].
Electrocatalytic HER mechanism relies on adsorption and desorption of hydrogen on catalyst
surface. The adsorbed hydrogen forms intermediate product H* (Volmer reaction). The hydrogen
gas is released upon desorption of hydrogen (Tafel reaction or Heyrovsky reaction). The binding
strength of H* on the electrocatalyst surface is defined in terms of Gibbs free energy, AG*, which

defines the difficulty of reaction initiation on catalyst. The AG* value close to zero is desired for



hydrogen evolution, it indicates equilibrium between the adsorption and desorption process. The
electrical driven hydrogen production contains hydrogen evolution reaction on the cathode which
is a two-electron route reaction and the oxygen evolution reaction on anode, a four-electron route
reaction. These reactions are expressed through a combined mechanism termed as Volmer—
Heyrovsky or Volmer—Tafel mechanism [9, 10].

H,0 + e - Hyys + OH™ (Volmer)
H,0 + Hyys + e - Hy, + OH™ (Heyrovsky)
Hads + Hads + 2e — Hz (Tafel)

Since HER is based on adsorption/desorption of hydrogen, therefore it relies on electrochemical
adsorption (Volmer) and desorption, followed by either electrochemical (Heyrovsky) or chemical
(Tafel) step [11-14]. Volmer step includes hydrogen (H*) adsorption on active sites of
electrocatalyst. The adsorbed hydrogen then combines either with a proton in vicinity electron in
Heyrovsky step to yield hydrogen gas or proceed to Tafel step in which hydrogen atoms combine
to form hydrogen molecule. AG* is critical factor in electrocatalysis for HER. An efficient catalyst
requires AG* approaching to zero for a thermal -neutral reaction and a small Tafel slope for high
charge transfer. Large values of AG* (positive or negative) hinders proton attraction and hydrogen
release. [15-18]

In H* adsorption/desorption the interaction of H* with the active sites of catalyst significantly
affect the catalytic activity of electrocatalyst. The d-band of noble metals conduct
adsorption/desorption process by interacting with H*. The partially filled d-orbital of transition
metals (such as Co, Ni, Fe, W and Mo) interacts with 1s orbital of H by providing active sites for
H adsorption. However, the strong binding force of transition metals with H make desorption the
rate-determining step in HER. The transition metals can be alloyed to change their d-band state
and modulate the binding forces to improve the catalytic activity of transition metals. Introduction
of small radius atoms into lattice structure causes d-band contraction which move up the d-band
center towards Fermi energy level. The interaction between transition metal and H* is weaken,
resulting in improved catalytic process by faster hydrogen desorption. The transition metal
carbides and nitrides are suitable candidates for this d-band adjustment for HER. MXenes structure
make them a promising electrocatalyst for HER, transition metals on outer layer provide
electrocatalytic potential simultaneously the C/N atoms in middle layer or and the surface

terminations monitor their electronic structures. [19-23]



Figure 1.3: HER mechanism.

1.4 MXenes

Acquisition of two-dimensional (2D) nanomaterials in diverse applications paved a way forward
for researchers to explore them. MXenes is one of such 2D materials, they are carbides and nitrides
of transition metals or sometimes transition metal carbonitrides. The first MXenes was discovered
in 2011 at Drexel University, since then more than 30 MXenes’ composition have been published
[24].

MXenes are conventionally synthesized by chemical etching of precursor known as MAX phase.
Max phase is polycrystalline structure of carbides and nitrides. MAX phase is expressed as
Mn+1AX, (n=1-3), where M symbolize early d-block transition metals, A belongs to group I11A or
IVA element of periodic table and X represents carbon (C) or nitrogen (N). A layer of MAX phase
is removed to give 2D flakes of MXenes through etching. The A general representation of MXenes
IS Mn+1XnTx, Where Tx shows functional groups such as fluorine (F)/chlorine [4], oxygen (O) or
hydroxyl (-OH) atoms bonded on outer layer of transition metals (M) [24, 25].

Most MXenes are synthesized through chemical etching. Hydrofluoric acid (HF) was the first
etchant used in this respect. TisCoTxwas the first MXene was synthesized etching of Aluminum
(Al) layer from the TisAlIC, MAX phase, with hydrofluoric acid (HF) as etchant. HF being
hazardous to environment was replaced by safer etchants which causes in-situ formation of HF,
such as fluoride salts and strong acid (LiF, NH4F, KF and NaF with HCI) and bifluoride salts



(NH4HF2, NaHF, and KHF;). The toxic nature of HF is major drawback in HF-based MXenes
synthesis. Therefore, new routes such electrochemical etching, ionic liquid-based etching,
chemical vapor deposition and deep eutectic solvent are devised for HF-free synthesis of MXenes.
MXenes-based materials are also contributing towards emerging energy production technologies.
TizC2Tx MXenes
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Figure 1.4: MAX phase and MXenes structure.
1.5 MOFs

MOFs are promising materials for electrocatalytic applications due to their high surface area and
active centers which include transition metal sites and functional groups [26].

1.5.1 UiO-66 MOFs

The poor stability of MOFs derived from the reversible nature of coordination bonds is commonly
regarded as the major drawback for their practical applications in most research fields. Post
synthesis modifications enhance stability against moisture, after thermal modification and
formation of an amorphous carbon coating on the MOF particle surfaces. improved stability of the
MOFs after post-treatment is always expensive. Much research has been invested to directly

construct MOFs with inherent stability in structure and composition. The discovery of UiO-66.



The structure of UiO-66 exhibits unprecedented stability, especially hydrothermal stability beyond
most reported MOFs.

One key feature of Zr-MOFs is the high oxidation state of Zr compared with M(l), M(ll), and
M(l11)-based MOFs (M stands for metal elements). Due to high charge density and bond
polarization, there is a strong affinity between Zr and carboxylate O atoms in most carboxylate-
based Zr-MOFs. Zr ions and carboxylate ligands are considered hard acid and hard base,
respectively, and their coordination bonds are strong. As a result, most Zr-MOFs are stable in
organic solvents and water, and even tolerable to acidic aqueous solution. Also electrolyte used in
electrochemical testing is acid to MOFs can operate in acidic conditions. [27]

Ui0-66 is a Zr-based MOF having exceptional hydrothermal stability and is a model compound
for diverse post-synthesis organic functionalization. Zirconium is highly resistant to corrosion and
has a high affinity for hard oxygen donor ligands. As anticipated from the strong Zr-carboxylate
bonding, UiO-66 shows high chemical and thermal stability. UiO-66 is stable in polar protic
solvents including water and alcohols. The crystallinity of UiO-66 was found to be retained even
after treatment with aqueous HCI (pH=1) or aqueous NaOH (pH=14). Zirconium is widely
distributed in nature and is found in all biological systems. The rich content and low toxicity of Zr

further favor the development and application of Zr-MOFs.
1.6 MXenes/MOFs Composites

MXenes/MOFs composites are a type of hybrid material composed of two different classes of
materials: two-dimensional transition metal carbides, nitrides, or carbonitrides (MXenes), and
metal-organic frameworks (MOFs). These composites combine the unique properties of both
MXenes and MOFs and offer enhanced properties and performance for various applications, such
as gas separation, energy storage, and catalysis.

Even though MOFs possess high surface area and large number of active sites, The major
restriction in their application for catalysis is poor stability and low thermal and electrical
conductivity. MOFs are not stable against moisture, they have inferior electrocatalytic activity due
to low electrical conductivity. This issue can be mitigated by hybridizing MOFs with other
materials, such as 2D materials. MXenes are emerging 2D materials owing to rich surface
chemistry and stimulating electrochemical properties. MXenes have been reinforced with MOFs
to boost up stability, electrical conductivity and catalytic activity of MOFs. Moreover, this

composites formation prevents the oxidation of MXenes. MXenes provide structural stability and



charge transport medium to active catalyst sites. MXenes suffer from oxidation and restaking
which limit their surface area and electrochemical properties. MXenes/MOFs composites unites
the unique properties of both the MXenes and MOFs resulting in enhanced surface area,
electrochemical properties and stability.

1.6.1 Synthesis of MXenes/MOFs Composites

Here is a general synthesis process for MXenes/MOFs composites:

Synthesis of MXenes: The first step is to synthesize MXenes following the steps mentioned earlier,
i.e., etching the precursor MAX phase with a strong acid to obtain MXenes.

Synthesis of MOFs: The second step is to synthesize MOFs using various synthesis methods, such
as solvothermal, microwave, or electrochemical synthesis.

Preparation of MXenes/MOFs composites: The MXenes/MOFs composites can be prepared by
various methods, including direct mixing, in situ growth, or layer-by-layer assembly. Direct
mixing involves the physical mixing of MXenes and MOFs in a solvent followed by drying and
annealing to form a composite. In situ growth involves the growth of MOFs on the surface of
MXenes by introducing metal ions and organic ligands in the MXene suspension. Layer-by-layer
assembly involves the sequential deposition of MXenes and MOFs on a substrate to form a thin
film.

The resulting MXenes/MOFs composites exhibit enhanced properties compared to their individual
components, such as increased surface area, improved stability, and synergistic effects in catalytic
reactions. These composites have great potential for various applications, including gas separation,

energy storage, and catalysis.
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Figure 1.5: MXenes/MOFs composites' structure.
1.7 Research Problem
H> production through water electrolysis can contribute to achieving zero-carbon footprint.
Developing highly efficient HER electrocatalysts is a prerequisite for electrocatalytic H»
production. The application of MXenes for electrocatalytic H> production is an important
development. Our research aims at synthesis of TisC,Tx/UiO-66 MOFs composite and its

application in electrocatalytic HER.

1.8 Research Objectives
1. Synthesis and characterization of TisC>Tx/MOFs electrocatalyst.

2. Application of TisC,Tx/MOFs electrocatalyst for optimum H2 production.
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Chapter 2:

Literature Review

MOFs generally have lower conductivity therefore they are incorporated with other materials to
give a composite with enhanced conductivity. MXenes and MOFs composite is one such example
which unites the properties of MXenes and MOFs to give electrocatalyst for enhanced HER.

2.1 MXenes/MOFs Composites Synthesis

2.1.1 In-Situ Synthesis Method

In situ technique was adopted widely for synthesis of nano-heterostructures. Zhao et al.
synthesized a composite of TizC2Tx MXenes with CoBDC MOFs by in situ synthesis method. Co
metal salt, 1,4-BDC were reacted with TisC.Tx MXenes in test tube. By this method CoBDC was
coated on MXenes sheets’ surfaces. The composite showed enhanced electrocatalytic performance
[28].

The TizC2-QD/Ni-FOM nanosheets were synthesized by Qin and co-workers. In-situ strategy was
adopted for the synthesis. The nanosheets were prepared by ultrasonication. NiCl,.6H.0 and BDC
were dissolved in mixture of DMF, ethanol and deionized mixture, under ultrasonication. The TEA
and TisC2-QD were injected into the solution under continuous ultrasonication. The product was
washed with ethanol and dried. The synthesized Ti3C2-QD/Ni-FOM photocatalyst was used for N2
fixation [29].

In-situ synthesis of dual metal MOF and MXenes based materials was carried out. The Co-Zn-ZIF
MOF was hybridized with TizC2Tx MXenes by mixing of cobalt and zinc metal salts, TisC2Tx
MXenes and 2-methylimidazole. The synthesized C0o-Zn-ZIF/ TisC,Tx composite was subjected to
calcination under inert environment. During calcination Zn was evaporated and CoOx-N-C/TiO,C
was obtained [30].

A TizC2Tx MXenes supported CoNi-ZIF-67 composite was synthesized through in-situ growth of
CoNi-ZIF-67 on TisC,Ty, by coprecipitation reaction. The CoNi-ZIF-67/TisC,Tx composite was
synthesized by mixing solution of methanol containing TizC2Tx, Co(NO3)2.6H.O and
Ni(NO3)2.6H-0, with solution of methanol containing 2-methylimidazole. Hexadecyl trimethyl
ammonium bromide (CTAB) was added to the mixed solution followed by continuous mixing at
room temperature for 8 h. Final precipitates were obtained by washing with methanol and water,

through centrifugation, and dried at 60 °C, under vacuum. The CoNi-ZIF-67/Ti3C,Tx composite

11



was used as electrocatalyst for OER, which showed enhanced performance than pristine TizC2Tx
MXenes and CoNi-ZIF-67 [31].

° ® BiR>wW > o a. Etchmg ) b. Exfoliation

m—»

° DBV D O

Cc. Inter-
diffusion
reaction

TizAIC, MAX phase Multilayer TizC,

Figure 2.1: In-situ MXenes/MOFs synthesis method.
2.1.2 Mixing Method
MXenes/MOFs composites can be synthesized by facile mixing of the two components, followed
by treatment of resulting mixture under suitable conditions. The binding forces in this case are

weak wander forces and hydrogen bonding. Zhao et al synthesized a hydrogen-bonded composite

of metal-porphyrin frameworks (MPFs) and Ti3C2Tx MXenes. The two components were mixed and

a stacked MPFs/ TisCoTx MXenes was obtained after vacuum filtration. The synthesized composite

possessed large interlayer spacing [32].
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Figure 2.2: Mixing method for synthesis of MXenes/MOFs composite
2.2 TisC,Tx MXenes-based Electrocatalysts for H> Generation
The nanoparticles are emerging candidates for HER catalysts due to their immense surface energy
and surface area. Beside their high catalytic activity, they are also inclined for favor catalytic de-
activation. MXenes possess high specific surface area and potent the electrical conductivity of
nanoparticles when used as substrate to fabricate nano-hybrids [33]. Pt is the most efficient noble
metal electrocatalyst for HER. The Pt/C catalyst is used commercially in HER applications. It is
composed of 5-20% Pt loaded on carbon black. Despite of its efficiency the poisoning effect and
high cost of Pt/C catalyst are constraints in their practical applications. Therefore, it is essential to
develop an efficient and cost effective HER catalyst. Pt can be alloyed with non-noble metals to
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devise an electrocatalyst with enhanced intrinsic activity and reduced Pt amount. The Pt-alloyed
nanoparticles are thermodynamically stable which aids in catalytic regeneration in industrial
applications. The controlled particle sizes in Pt-based alloy NPs promote HER activity by
increasing number of active sites and enhancing reactivity of these sites. Recently the MXenes-
based electrocatalyst gathered attention because these hybrid structures enhance the
electrochemical activity. Pt nanoparticles alloyed with TisCoTx with minimum Pt content exhibit
improved HER activity. The PtsTi/TizC2Tx composite formed of PtsTi intermetallic nanoparticles
(INPs) on TizC2Tx MXene is an efficient electrocatalyst for HER. [34-41]

Wau et al. synthesized the electrocatalyst through in-situ co-reduction. The synthesis was caried out
at different temperatures to get the optimum HER electrocatalyst. The optimum H* adsorption
strength of catalyst was observed for reduction temperature of 550 °C. The catalyst showed small
Tafel slope, higher mass, lower overpotential, higher stability and greater specific activity than a
commercial Pt/C catalyst. Pt precursors were loaded on HF synthesized TizC2Tx MXenes via
incipient wetness impregnation (IWI1). Then reduction was carried under Ho/Ar atmosphere at 550
°C to obtain Pt/TizC,Tx electrocatalyst. HER performance of the electrocatalyst was evaluated
using three-electrode system with a hydrogen cell having two compartments. The Pt/TizC2Tx
electrocatalyst showed very small overpotential () at 10 mA of 32.7 mV and 40 mA at 60.8 mV.
The overpotential at 10 mA of Pt/TizC2Tx was 23 mV which is lower than overpotential of Pt/C
catalyst with same Pt amount. Mass activity of Pt/TisCoTxat 50 mV overpotential was 1.3 mA pg-
1 it was 3.3 times greater than that of Pt/C catalyst. The mass activity of Pt/TisC2Tx (2.65 mA ug-
1) was also observed to be 4.4 times higher than for Pt/C catalyst (0.6 mA pg™). The Pt/TisC,Tx
exhibited excellent stability, an increase in overpotential of 2.5 mV was noticed in 2000th cycle.
[42]

The 2D hierarchical MoS,/TisC2-MXene@C nanohybrid was produced to determine the
performance of these MXenes-based nanohybrids in electrocatalytic HER. MXenes coated with
carbon layer prevents degradation and oxidation of MXenes structure. TizC2 MXene nanosheets
were synthesized through exfoliation of TisAIC2 MAX phase via LiF/HCI etchant. The negatively
charged oxygen and fluoride ions on MXenes surface electrostatically adsorb metal ions from
ammonium molybdate tetrahydrate (AMT) to form MoS, nanoplates through reaction with
thiourea and glucose. The MoS2/TizCo-MXene@C nanohybrid tested for HER application showed

that the electrocatalyst required small overpotential of 135 mV for 10 mA cm current density.

14



Tafel slope of 45 mV dec? was obtained. By extrapolation of Tafel slope it was determined that
the electrocatalyst had current density of 29 pA cm?which was higher over that of Pt/C (11 pA
cm?). The MoS2/TizC,-MXene@C electrocatalyst exhibited good stability. Long-term cyclic
volumetric cycling conducted on electrodes in 0.5 H,SO4 at scan rate of 50 mV s, the polarization
curves showed negligible shift after 2000 cycles. [43]

The MoS/TisC, hybrid electrocatalyst synthesized through microwave method showed an
overpotential of 110 mV at 10 mA cm, lower than bare MoS; which was 169 mV at same current
density. [44] Similarly, MoS2/Nb,CTx synthesized through hydrothermal route exhibited an
overpotential of 127 mV at 10 mA cm. The Tafel slope of 56.3 mV dec! was obtained in acidic
media. The enhanced performance of these hybrid electrocatalysts was ascribed by MXenes ability
to easily transfer electrons to MoS: catalyst and reducing resistance to charge transfer. [45]

The transition metal [1] adsorbed V2CO> MXene was analyzed as electrocatalyst for HER, with
different TMs. The TM- promoted V2CO; was investigated for cobalt (Co), iron (Fe) and nickel
(Ni) to determine HER activity of MXene based electrocatalysts. The AG* for Ni-V2CO;, Fe-
V>CO; and Co-V2CO> were observed to be -0.01, -0.04 and -0.03 eV respectively, smaller than
AG* of Pt surface (0.09 eV). Thus these TM- V.CO: indicated excellent HER catalytic activity.
[46]

MXenes nanosheets of double transition metal (Mo2TiC2Tx) provide plenty of Mo vacancies which
served as anchoring sites for single Pt atoms. The Mo,TiC,Tx -Ptsa catalyst was synthesized
through electrochemical exfoliation process, during which the Pt atoms immobilize on Mo
vacancies. Pt atoms formed Pt-C bonds with the C atoms on MXenes to stabilize. The HER activity
of Mo2TiC,Ty -Ptsa catalyst was examined three electrode system with graphite counter electrode
in 0.5M H2SO;4 electrolyte. The Mo2TiC, Ty -Ptsa showed that overpotential of 30, 77 and 104 mV
were required to reach 10, 100 and 200 mA cm current densities. The catalyst exhibited Pt-like
kinetics with Tafel slope of 30 mV dec?, affirming rapid HER activity. The catalyst had mass
activity of 8.3 A g for HER activity which was 39.5 times higher than that of Pt/C commercial
HER catalyst. The catalyst exhibited excellent stability beyond 10,000 HER cycles. [47]

The PtxNi ultrathin nanowires (NWSs) formed composite with TizC through in situ NWs grown on
MXenes nanosheets with varying Pt compositions (x = 1.4, 3.21 and 5.67). The PtyNi/TizC>
electrocatalysts exhibited exceptional HER performance in acidic and alkaline solutions. By using

three electrode setup the electrocatalytic performance of PtiaNi/TisCz, Pt321Ni/TizC2 and
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Pts.67Ni/Ti3C2 was evaluated. The role of TizC2 MXene in HER was demonstrated by comparison
with free standing Pts21Ni NWs. The Pt32:Ni/Ti3Cz showed smallest Tafel slope amongst all others
which was 13.3 mv dec?, while Pt14Ni/TisCy, Ptse7Ni/TisC2 and Pts2:Ni had 27.7, 33.3 and 34.5
mV dec™ respectively. This was due to AG* of Ptz 21Ni/Ti3C> (-0.03 eV) was very close to optimal
value. While the other samples; Pt1.4Ni/TizCz, Ptss7Ni/TisC2 and Ptz 2:Ni NWs had AG* values of
-0.08, -0.13 and -0.15 eV. Thus, coupling of PtxNi (x=3.21) and TizC> nanosheets resulted in
enhanced performance HER electrocatalyst with very small AG*. [48]

2.3 MXenes/MOFs Electrocatalysts

The TisC2Tx-CoBDC synthesized via in situ method showed OER overpotential of 164 mV at 10
mA cm current density. The Tafel slope of the catalyst was 48.2 mV decade™, which was lower
than CoBDC (48.8 mV decade™) and pristine TisC2Tx MXenes (187.1 mV decade™) [28].

A novel approach for synthesis of Ni-Co-mixed metal sulfide/TisCoTx MXenes composite was
adopted, to device electrocatalysts. It could benefit from unique structure and strong interfacial
interaction between NiCoS and TisCoTx MXenes sheets. ZIF-67-MOF derivative was hybridized
with TizC2Tx MXenes through in-situ nucleation and conversion of ZIF-67 MOF to porous Ni-
CO-mixed metal sulfide on TisC.Tx MXenes nanosheets. The NiCoS/TisC>Tx showed OER
overpotential of 365 mV at current density of 10 mA cm [49].

CoZn-ZIF/ TisC,Tx composite was modified to CoOx-N-C/ Tiz0.C composite, for electrocatalytic
applications. Cobalt species, derived from CoZn-based MOF was combined with carbon nanotubes
and loaded onto TisC2Tx MXenes. The CoOx-N-C/ TisO.C composite was used as electrocatalyst
for water splitting. It showed that 10 mA cm current density was achieved at 145 mV [50].
CoNi-ZIF-67/TiC2Tx composite synthesized via in-situ approach was applied for electrocatalytic
OER and showed better OER activity than the components i.e., CoNi-ZIF-67 and TizC2Tx MXenes.
Ti3C2Tx MXenes showed no OER activity, CoNi-ZIF-67 showed overpotential of 341 mV for
current density 10 mA cm?, whereas the CoNi-ZIF-67/TisC.Tx electrocatalyst achieved 10 mA
cm? current density at an overpotential of 275 mV. Hence it was seen that the composite exbibit
properties that hold best for an electrocatalyst, including high surface area, increased conductivity
and porosity. The specific surface area of TisC.Tx MXenes, CoNi-ZIF-67 and CoNi-ZIF-
67/TisCoTx composite was 14.1, 202.9 and 1135.8 m?/g [31]. Therefore, it can be concluded that

the MXenes/MOFs composites have enhanced properties. MXenes are when hybridized with
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MOFs the unique properties of MOFs and MXenes combined to give enhanced properties, which
can be useful for electrocatalytic applications.
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Chapter 3:
Methodology

Ti3CoTx MXenes, UiO-66 MOF and TizC2Tx MXene/UiO-66 MOF composites were synthesized.
MX/MOF composites were synthesized with varying mass ratios of MXenes and MOF.
3.1 Synthesis of TizC2Tx MXenes
3.1.1 Chemicals
o 27.4 g NHsHF; (4.8M NHsHF; solution)
e 509 (1.3M) citric acid
e 49 TizAIC; MAX phase powder
3.1.2 Procedure
Etching
1. Weighted 27.4 g of NH4HF: in beaker and dissolved it in 100 ml deionized water to 4.8 M
solution.
Weighted 50 g citric acid in beaker and dissolved it in 200 ml deionized water.
Added both solutions to a plastic bottle.
Added 200 ml deionized water to the solution.
Placed the glass bottle on magnetic stirrer plate. Inserted Teflon magnetic stirrer in it.
Weighed 4 g Max phase.
Slowly added 4 g of MAX phase to it.
Loosely closed the lid of the bottle.

© © N o g B~ wDn

Allowed the reaction to proceed for 24 hr, at room temperature with stirring at 750 (1/min).
Centrifugation

10. Noted pH before centrifugation, it was 3.

11. Performed centrifugation 4 cycles at 4500 rpm for 30 min.

12. Noted pH after centrifugation. The pH was 5.

Intercalation

13. Added 4 ml TMAOH in beaker and added 200 ml deionized water in it.

14. Added synthesized MXenes in it.

15. Allowed stirring at 750 1/min at room temperature for 72 hr.

16. Checked pH after intercalation, it was 7.7.
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Vacuum Filtration

17. Vacuum filtration was performed with membrane specifications 0.45 pm.

18. Vacuum filtration was continued, the MXenes was washed with 2-liter deionized water.

19. MXenes paste was formed after vacuum filtration.

Vacuum Drying

20. MXenes paste was dried in vacuum oven at 90 °C for 60 hr. The sample was named as MX.

Mass of Synthesized MXenes

Mass of petri dish = 46.004 g

Mass of petri dish containing dried MXenes = 49.598 g
Mass of MXenes synthesized = 49.298 - 46.004 = 3.594 g

™

NH,HF, +
Citric Acid

Ti;AIC , MAX Chemical
powder Etching Centrifugation Intercalation ~ Vacuumfiltration Ti,C,T, MXenes

powder

Figure 3.1: MXenes' synthesis method.

3.2 Synthesis of UiO-66 MOF
3.2.1 Chemicals

2.33 g of ZrCls (0.5 M)
1.66 g of 1,4-benzenedicarboxylic acid (BDC) (0.5 M)
1,4-dimethylformamide (DMF)

3.2.2 Procedure

Reaction

1.
2.

Weighted 2.33 g of ZrCla,

The weighted ZrCls was transferred to a beaker and DMF was added to make the volume of
solution 20 ml.

Continuous stirring was allowed for 2 hr.

Weighted 1.66 g of BDC.
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5. Inabeaker weighted BDC was transferred and DMF was added to make the volume of solution
20 ml.

6. Continuous stirring was allowed for 2 hr.

7. Both solutions were mixed and placed the beaker in ultrasonication bath for 30 min.

8. The solution was transferred to Teflon lined stainless steel autoclave.

9. Reaction was carried out at 120 °C for 24 h.

Centrifugation

10. The product was washed with DMF and ethanol via centrifugation.

11. Three centrifugation cycles were performed at 4500 rpm for 15 mins.

12. A thick gel was obtained.

Drying

13. Gel was dried at 80 °C in oven for 48 hr.

14. The dried gel was grinded to form powder.

15. 2.29 g of powdered MOF gel was obtained. The sample was named as MOF.

-

ZrCl,+ BDC+ DMF Reaction Centrifugation Ui0-66 MOFs
24 hr/ 120 °C Powder

Figure 3.2: UiO-66 MOFs synthesis method.
3.3 Synthesis of MXenes/MOFs composites
3.3.1 Chemicals
e 0.466 g of ZrCls (0.1 M)
e 0.332 g of 1,4-benzenedicarboxylic acid (BDC) (0.1 M)
e 1.4-dimethylformamide (DMF)
e 0.466 g of MXenes
3.3.2 Procedure

Reaction
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1. Weighted 0.466 g of ZrCls,

2. The weighted ZrCls was transferred to a beaker and DMF was added to make the volume of
solution 20 ml.

3. Continuous stirring was allowed for 15 min.

4. Weighted 0.332 g of BDC.

5. Weighted BDC was transferred to beaker and DMF was added to make the volume of solution
20 ml.

6. Continuous stirring was allowed for 15 min.

7. Both solutions were mixed, and the final solution was labeled as “A”.

8. 0.466 g of MXenes was dispersed in 10 ml DI water by 30 min sonication. The solution was
labeled as “B”.

9. Solutions A and B were mixed and stirred continuously for 2 hr.

10. Sonication was performed for 30 min.

11. The solution was transferred to Teflon lined stainless steel autoclave.

12. Reaction was carried in autoclave at 120 °C for 24 h.

Centrifugation

13. The product was washed with DMF and ethanol via centrifugation.

14. Three centrifugation cycles were performed at 4500 rpm for 15 mins.

15. A thick black gel was obtained.

Drying

16. Gel was dried at 80 °C in oven for 48 hr.

17. The dried gel was grinded to form powder.

18. 0.77 g of powdered MX/MOF gel was obtained.

19. Two more composites were synthesized in same manner, with 1:2 and 2:1 mass ratios of
Ti3C2Tx MXenes:UiO-66 MOF, labelled as MX-1/MOF and MX-2/MOF composites.
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Zrc|4 + BDC + Dispersed T|3C2Tx| Reaction Centrifugation Ti3C2Tx IUi0-66
DMF MXenes I 24 hr/ 120 °C Composite

Figure 3.3: MXenes/UiO-66 composite synthesis method.
3.4 Materials Characterization
3.41 XRD
X-ray diffractometer analysis (XRD, STOE Germany) with Cu Ka irradiation was employed to
determine crystal structure at 26 ranging from 5 - 50°.
3.4.2 SEM
The structure and morphology of synthesized catalysts were characterized by Scanning Electron
Microscopy (SEM, JEOL instrument JSM-6490A).
3.43 EDX
Composition analysis was performed on the SEM equipped with EDX. Surface area and pore
structure were determined from N2 sorption isotherms via Brunauer-Emmett-Teller method
(Quantachrome TouchWin).
3.5 Electrodes Preparation
Electrode preparation contained ink formation, treatment of support material and deposition of ink
on its surface.
Ink Formation
1. Ink was prepared by mixing 85 % of active catalyst, 10 % carbon black (conductive additive),
5 % Polyethylene difluoride (PVDF) as binder, and 0.4 ml 1-methyl-2-pyrrolidone (NMP) as
solvent.
2. Mixture was sonicated for 3 h.
Support Material Treatment
3. Nickel foam served as conductive support material. 1x1 cm? Ni foam was cut.

4. It was treated by 30 min sonication in 2M HCL and ethanol each.
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5. It was dried at 60 °C for 1 h.

Ink Deposition

6. The prepared ink was deposited on treated Ni foam to form electrode.

7. Electrode was dried at 80 °C for 24 h.

8. Five electrodes were prepared: MX, MOFs, MX/MOF, MX-1/MOF and MX-2/MOF by
following the same procedure.

3.6 Electrochemical Testing

Electrochemical measurements were performed on three electrode system (Gamry Potentiostat) in

1M KOH aqueous electrolyte. Working electrode composed of catalyst deposited on Ni foam, Pt

wire was used as counter electrode and Ag/AgCl as reference electrode.

CV measurements were performed from 0.0 — 0.6 V at scan rates of 50 and 100 mV s*. The OER

activities of samples were examined through linear sweep voltammetry (LSV) in potential range

from 0.0 — 1.5 V at scan rate of 10 mv s™. Electrochemical impedance spectroscopy (EIS)

measurements were performed in frequency range of 1 to 100 kHz. Stability of catalyst was

determined by chronopotentiometry for 6 h.
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Chapter 4:

Results

The synthesized materials were characterized using XRD, SEM, EDX and BET. XRD determined
the crystal structure and particle size. SEM and EXD were used to determine surface morphology
and elemental composition. Through BET surface area of electrocatalysts was evaluated.
Electrochemical testing was performed to evaluate HER and OER overpotentials, CV curves,
electrochemical resistances and stability of electrocatalyst.

4.1 Characterization Results

4.1.1 XRD

XRD patterns of TizAlC,, MX, MOF and MX/MOF were recorded to examine the crystal structure
of materials (Fig 1). The characteristic peaks of TisAlIC2 MAX precursor disappear in MX,
showing successful exfoliation of MAX phase into MXenes (Fig S1). Absence of intense and sharp
peaks for planes (004) and (104) at 19° and 39° marked for complete removal of Al through organic
acid-assisted etching. Shifting of (002) peak from 9.49° to 7.08° in MX as compared to TisAIC,
MAX indicated increased interlayer spacing from 9.32 A to 1248 A [28]. Moreover, the
occurrence of new broad peaks showed the insertion of functional groups (-COOH), (=0O), [14]
and (-OH) after the removal of Al layers [51]. The characteristic peaks for MOF appear for planes
(111), (200), (400) and (442) at 26=7.33° 8.46 17.29 and 25.60, which are consistent with the
literature [52]. This signifies that gel consists of crystalline components of 3D framework of UiO-
66 structure. The broad and weak diffraction peaks reflected less crystalline structure of MOF
particles. This is due to the higher concentration of reactants which led to faster nucleation rate
and less crystalline structure i.e., amorphous structure. Moreover, the broadening of diffraction
peaks indicated nanoparticles of MOF present in the gel [53]. This is further confirmed by the
Debye-Scherrer equation; the average MOF’s particle size was 28.83 nm. The MX/MOF peak
shifted to a lower angle at 6.58° than pure MX and MOF at 7.08° and 7.33°. The peak shift showed
increased d-spacing 13.44 A in MX/MOF than 12.48 A and 12.05 A in MX and MOF. The
heterostructure formed by growth of MOF particles on surface and between the layers of MX
increased the interlayer spacing in MX/MOF. The occurrence of broad and less intensity peaks in

composite is due to its amorphous structure.
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Figure 4.1: XRD of (a) TisAIC2 MAX phase and TisC2Tx (b) MX, MOF and MX/MOF composite.
The peak shift from 6.58° in MX/MOF to 6.39° in MX-1/MOF indicates increased d-spacing of

13.82 A in MX-1/MOF than 13.44 A in MX/MOF. It is due to growth of MOFs particles on
MXenes surface. In this samples the ratio of MOFs is higher therefore more MOFs particles are
grown on MXenes surface thus increasing its d-spacing. However, in sample MX-2/MOF the peak
shifts towards higher angle of 6.59° in MX-2/MOF than 6.58° and 6.39° in MX/MOF and MX-
1/MOF. It has smaller d-spacing of 13.41 A than other two composites. This is because MX-
2/IMOF has higher TizC2Tx MXenes concentration than MOFs particles grown on their surface,
therefore less spacing between MXenes sheets is observed. Moreover, the characteristic peak for
MX-1/MOF has lesser intensity than the characteristic peak of MX-2/MOF due to amount of

MXenes in the samples.
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Figure 4.2: XRD of MX/MOF, MX-1/MOF and MX-2/MOF.
412 BET

BET adsorption-desorption isotherms were applied to calculate the specific surface area of MX,
MOF and MX/MOF. The specific surface areas for MX, MOF and MX/MOF determined were
30.50 m?/g, 393.70 m?/g and 214.52 m?/g respectively. MX has comparatively the lowest specific
surface area due to its layered structure. The nano-sized particles of MOF had the highest surface
area. The MX/MOF exhibited higher surface area tha pristine MX due to formation of composite
with MOF. Moreover, the average pore radius of MX is 4.95 nm, MOF is 1.58 nm and MX/MOF
is 1.28 nm.
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Figure 4.3: BET isotherms of MX, MOF and MX/MOF.

413 SEM

SEM was performed to analyze the morphology of materials. After etching of MAX phase the
interlayer spacing between the MXenes’s sheets is increased. The synthesized UIO-66 MOFs has
gels network like structure. MOFs particles are grown on MXenes surface and forms an

agglomerated structure.
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414 EDX

Figure 4.4: SEM of (a) MAX Phase (b) MX (c) MOF and (d) MX/MOF.

The elemental composition of MXenes, MOF and MX/MOF was determined by EDX analyzer,

shown in table 1.

Table 4.1: EDX elemental composition of MXenes, MOF and MX/MOF

MXenes MOF MX/MOF

Elements | Composition (%) | Elements | Composition (%) | Elements | Composition (%)
C 14.7 O 52.3 C 31.1

N 4.2 C 39.8 O 24.5

O 20.9 Zr 7.9 Ti 18.2

F 1.7 Zr 23.9

Ti 52.5 F 2.3
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4.2 Electrochemical Testing Results
4.2.1 CV Curves
CV curves at 50 mV/s and 100 mV/s are shown in figure 4.5.
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Figure 4.5: CV curves of MX, MOF and MX/MOF at (a) 50 mV/s and (b) 100 mV/s scan rate.
CV curves of MX/MOF samples of varying mass ratios are at 50 mV/s and 100 mV/s are shown
in figure 4.6.
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Figure 4.6: CV curves of MX-1/MOF and MX-2/MOF at (a) 50 mV/s and (b) 100 mV/s scan rate.
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4.2.2 Tafel Slope

Tafel slope is used to determine kinetics of process. A smaller Tafel slope means faster reaction
kinetics, indicating that catalyst can achieve desired current at lower potential. The lowest
overpotential amongst all samples was 86 mVdec? of MX-2/MOF. By increasing the
concentration of MXenes in composite the reaction rates are increased, due to increased electrical
conductivity of electrocatalyst.
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Figure 4.7: Tafel slopes of MOF, MX; MX/MOF, MX-1/MOF and MX-2/MOF.

4.2.3 HER

The electrocatalytic HER behavior of MX, MOF and MX/MOF were examined by three electrode
system in 1 M KOH. The overpotential needed to achieve current density 10 mA cm™ varied
among prepared samples. The modifications in conventional synthesis of TisC,Tx MXenes and
UiO-66 MOFs done in this work are proven to be beneficial for electrocatalysis purpose and led a
way forward for researchers. The introduction of -COOH functional groups on MXenes surface
and the gel based UiO-66 MOFs’ structure provided an increased number of active sites.
Moreover, the MX/MOF composite has much less overpotential than pure MX and MOF which is

101 mV. The MX-2/MOF showed lowest overpotential amongst all, this is due to increase of
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MXenes quantity in the composite. The high conductivity of mxenes resulted in lowering the
overpotential. The introduction of -COOH functional groups on MXenes surface and the gel based
UiO-66 MOFs’ structure provided an increased number of active sites. The ability of MX/MOF
electrocatalysts to achieve current density 10 mA cm at this overpotential signifies that MX/MOF
heterostructures enhanced HER active sites and increased electron transfer at MX/MOF interface.
Table 4.2 show HER overpotential values for current density 10 mA cm™.
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Figure 4.8: HER overpotential of MX, MOF, MX/MOF, MX-1/MOF and MX-2/MOF.
424 OER

The overpotential needed to achieve current density 10 mA cm varied among prepared samples.
The MX/MOF composite has much less overpotential than pure MX and MOF which is 80 mV.
MX-2/MOF showed lowest overpotential which is 77 mV. The ability of MX/MOF
electrocatalysts to achieve current density 10 mA cm at this overpotential signifies that MX/MOF
heterostructures enhanced OER active sites and increased electron transfer at MX/MOF interface.

Table 4.2 shows OER overpotential values for 10 mA cm current density.
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Figure 4.9: OER overpotential of MX, MOF, MX/MOF, MX-1/MOF and MX-2/MOF.

Table 4.2: HER and OER overpotentials.

HER overpotential OER overpotential
(mV) (mV)
MX 140 177
MOF 127 153
MX/MOF 105 91
MX-1/MOF 101 153
MX-2/MOF 93 77

425 EIS

The electrochemical impedance spectroscopy results were analyzed using Gamry software. EIS
was performed to determine the resistances, i.e., solution resistance and charge transfer resistance.
Solution resistance is often a significant factor in the impedance of an electrochemical cell. A three
electrode electrochemical cell accounts for the solution resistance between the counter and
reference electrodes. It depends upon ionic concentration, type of ions, temperature, and the
geometry of the area in which current is carried. Charge transfer resistance is formed by a single,
kinetically controlled electrochemical reaction. During forward reaction, electrons enter the metal

and metal ions diffuse into the electrolyte, causing charge to transfer with a certain speed. This
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speed depends on reaction type, temperature, concentration of the reaction products and the
potential. Warburg impedance is created due to diffusion and depends on the frequency of the
potential perturbation. At high frequencies, it is small because diffusing reactants don't have to
move very far. At low frequencies, the reactants must diffuse farther, increasing the Warburg-
impedance. The figure 4.10 shows Nyquist plot of pure MX and MOF and the composite
MX/MOF.
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Figure 4.10: EIS plot of MOF, MX, MX/MOF, MX-1/MOF and MX-2/MOF.
Table 4.3 show the value of resistances. The charge transfer resistance for MX-2/MOF is lowest,

which indicated higher HER Kinetics of the composite.
Table 4.3: EIS parameters of MOF, MX and MX/MOF.

Parameters MOF MX MX/MOF | MX-1/MOF | MX-2/MOF
Solution resistance | 2.520 2.554 2.011 4.529 4.03

(Rs, Q)

Capacitance (C, F) | 2.5x103 8.73x10° | 5.93x10° | 1.78x103 1.69x103
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Charge transfer

resistance (Rct, Q)

218.5 60.57 48.81 5.948

3.86

Warburg Resistance
(Qs-l/Z)

19.54x10%° | 19.55x10° | 29.16x10° | 5.88x107

7.074x10°°

4.2.6 Electrocatalyst Stability
The MX-2/MOF had the lowest overpotential for HER. Therefore, the electrocatalyst was

subjected to analyze its stability. Stability of electrocatalyst was determined through

chronopotentiometry at 10 mA. The catalyst showed a stable behaviour due its structure. The

response was constant without any significant change loss in activity.
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Figure 4.11: Chronopotentiometry curve for MX-2/MOF at 10 mA.
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Conclusion

The study was aimed to synthesize a TisC2Tx MXenes based electrocatalyst for optimum H:
production through water electrolysis. TizC2Tx MXenes/UiO-66 MOFs composite was selected as
material for electrocatalyst for HER. In this work the TisC2Tx MXenes were modifies as TisCoTx-
(COOH) through etching with NHsHF> and citric acid. Occurrence of -COOH groups on MXenes
surface increased their conductivity and enhanced their electrochemical activity. Three different
composites of varying TizC2Tx MXenes:UiO-66 MOFs mass ratios of 1:1, 1:2 and 2:1 were
synthesized. The electrochemical testing results showed that the MX-2/MOF had lowest HER and

OER potentials of 93 and 77 mV respectively. Moreover, the electrocatalyst had lowest Tafel slope

of 86 mVdec™. The catalyst was highly stable and retained its activity even after 6h. Thus, TisC2Tx

MXenes/UiO-66 MOFs composites can serve for electrocatalytic H> production.

Recommendations

1. The high conductivity of MXenes make them potentially applicable in energy storage and
energy conversion devices. MXenes other than TisC,Tx, can be as electrocatalyst for H>
production through making their composites with UiO-66 MOFs or other Zr based MOFs.

2. The modification of MXenes done in this work can open ways for modification of Mxenes
through various etchants can increase their HER activity. Therefore, in future MXenes can be
modified through etching with other carboxylated acids and can be tested for HER activity.

3. The synthesis method used in this work was in-situ approach. However, the same composites
can be synthesized by mixing approach. The effect of synthesis method can be analyzed and

compared with this work.
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