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ABSTRACT

Anthropognic release othe greenhouse gasrbon dioxides believed to be a
leadingcausein the global rise in temperatur€éhe mainsourceof the carbon dioxide
releaseds from combustion of fossil fuelsThus, its necessary tuitigate the release of
COg, look for alternativedor fossil fuelsand captur@ndsequesteor capture and convert
COz to otherusefulfuels andchemicalshence creating carbon neutraloarbon negative
energycycles This thesis work was primarily focused design adaptand undestand the
chemistry of two-dimensional (2D) layered materials particularly transition metal
dichalcogenidé TMD) molybdenum disifide andtransition metal carbided/(Xene$ as
catalytic materials for the conversionrehewable energy into fuetsxd chemialsas an
alternative for fossil fuels This investigation was accomplishedly combining
electrotiemistry, state of the art characterizatemmd density functional theory (DFT)
calculations.We hypothesized that it would be possible to improve the elet#igtic
hydrogen evolutiomeaction(HER) on MoS by engineeringatalytically activesites on
theplane their edges anttheirinterlayerregions We also hypothesizeZD MXenesheets
would serve agioodcarbon dioxide réuction reaction @O:RR) catalyss under aprotic
conditions.Conceivably e broad impacof this thesis workutilizing experimental and
theoretical studiess the realization ofransition metal doped metallic Mp&s a potential

candidateowards HER in alkalineonditions

Initially the interlayeregionof MoS: were investigated for the HER byroducing
Na*, C&*, Ni?* and CG&" cations in the interlayeof metallic phasé10S.. Experimental
resultsshow that intercalation of cations (N&&*, Ni?*, and Cd") into the interlayer

region of 1FMoS: to lower the overpotential for the HER. In acidic media the



overpotentialto reach 10 mam? for 1T-MoSz with intercalated ions is lowered B¥%0
mV relaive to pristine 1TMoSz (~230mV). DFT calculationsuggesthatthe introduction
of states from the intercalated metalsether sp or gto lower the Gibbs free energy for
H-adsorption DGr) relative to intercalanfree 1T-MoS.. The DFTcalculations suggest
that Nd intercalation resultsn DGH closest to zerq which is ®nsistent withour

experimentsvherethe lowest overpotential for the HERobserved wittNa" intercalation.

In order to explore thactivity of the edge sites of Me&nd the effect of a
conductive supportwve used amicrowaveassisted growthtechnique to synthesize
interlayer expanded MaSwith a vertically orientationon conductive twalimensional
TisC2 MXene nanosheets (Me@Ti3C2). Judicious choice afeactiontemperaturallows
a control over the density of the edges obtain@dmpared to pure MaShis unique
inorganic hybrid structure allows an increased exposure of catalytically active edge sites
of MoS. The produced ntarials were investigatedas electrocatalys for the hydrogen
evolution reaction (HER acidic conditions The MoSUTisC: catalystsynthesized at
240°C exhibited a low onset potentiabé mV vs RHE) for the HER and a low Tafel slope
(~40 mV ded). The decrease in the overpotential is linked to decrease in the charge

transfer resistance of the materials with the electandiethe mcreased edge site density.

In a third studyhe basal plane ohetallic MoS was engineered by doping with
transition méals Co and Nto beevaluatedas a catalyst for the alkaline HERue to a
lack of oxygen evolution catalysts that caridize water at theanodeunder acidic
conditions there isanurgencyto realize HER catalysts that can efficiently reduce water to
hydrogen gas under alkaline conditiomoughmetallicMoSz has an optimuri binding

free energy for the HERhesluggish water dissociation step under alkaline conditions has
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made the implementation of Mp&s a catalysit higher pt$ harder We hypothesied that
dopingtransitionmetalsin the basal plane of metallMdoS: that can efficiently catalyze

the water dissociation step in alkaline conditions would help to reduce the overpotential
required for the HER under alkaline conditiohNs.and Co were dagd in orthorhombic
MoOs which wasthen converted metallic MoSunder hydrothermal conditions. The
polarization plots obtained in 1.0 M KOH solution shows a low onset overpotentid of

mV vs RHEfor the 10% Ni doped metallic MaSvith an overpotentiabf -145 mV to
reachacurrentdensityof 10mA/cn?. Pure netallic MoS reaches the same current density

at an overpotentialf -238 mV vs RHEwhile samples doped with 10% Co atoms reached
10 mA/cnt at -165 mV. This improvementn the doped samplés attributted to the
improved kinetics of the water dissociation step under the alkaline reaction conditions.
DFT calculations suggests thaat optimal binding of water for the water dissociation,step

H binding free and low free energy of binding for @itermedia¢s.Rigorous cycling of

the catalysshowsextremely high stability with the doped samples while the pure metallic
Mo$S. losesits activity with contiruous cycling.DFT calculations show that the doped
samples provide extra stability the metastable mdtia MoS: thus improvingheirlong-

termstability.

Photo/éectrothemical conversion of CQ@ is an important step in the path to
renewable production of carbdrased fuels and chemicaksctivity and selectivity have
been major concerns on t8€:RR catalgts. Theactivity of known materials are hindered
by the schng relationship in the bindingnergies of thenanyintermediatesnvolved in
the CORR. Thus, the simplest of GBR products CO and HCOOH are of great value.

Nano structuregrecious metals Ke silver and gold have showpromiseas cathode



materials for the conversion of @Qo CO. In thisthesis workwe evaluate the
electrocatalytic propertiesf Mo2C and T#C2 MXenes towards the electrochemical £0
reduction reaction (C£RR) as cheaper alteatives for precious metalBhough theréave

been theoretical predictions of thealdy of MXenes with certain composition to have the
ability to reduce C@to hydrocarbons, there are no experimental findings to support these
calculationsIn this studywe observevery high faradaic efficiencies, ~90% for the £0
reduction to CO at low overpotential250 mV in acetonitrile/ionic liquid electrolytes on
Mo2C MXene while T3Cz shows ~65% FE at an overpotential of ~600 mV for the cathodic
half reactionDensity functional theory calculations suggests thatethieancd activity of
Mo2C relative to TiCzis due tarelativelowering of the energy barrier for tivatial proton
couple electron transfestep of CQ and the spontaneous dissociation of the absorbed
"COOH specieso “CO and HO on the MeC surface The calculations alsgredictthe

most probable active sites for the COconversion to bevacant oxygen siteHigh
selectivity and high FE of CQOeduction to CO makes these earth abundant materials an

atiractive electrocatalyst for the CGRR.

Vi



DEDICATION
This dissertation isvholeheartedly dedicated to loviparents

For without you vision, this would have only been a dream

Vil



ACKNOWLEDGMENTS

First and foremost, | would like to extg my sincere gratitude to the most amazing
PhD mentor, DrDaniel R.Strongin. His unwavering support during the last five years at
graduate school made this arduous journey pleasant and was really the catakggitthat
me moving towards research goalde taught the lessons of perseverance in thick
situations and the rewards it yielded. The constant intellectual discussions with Dr.
Strongin are what madais thesis work of quality and candor. No words would iseff
his support and encouragement exezhdowards me. | would also like to extend my
heartfelt gratitude to my dissertation committee/close collaborators: Dr. Michael J. Zdilla,
Dr. Yugang Sun and Dr. Qimin Yan for their invaluable guidance towards nayeement

as a scientist.

As a member fathe experimental research team of the Temple led Energy Frontier
Research Centre (EFRC) the CCOMM, | had the privilege of both representitige
centerand disseminating my research work with the scientific conitywuThe prolific
collaborative effortat CCDM is a main factor that allowed my work to be published in
high impact journalsl make this the opportunity to thartke theoretical groups and
collaborators at th€CDM and CCM Dr. John P Perdew, DMichael Klein, Dr. Eric
Borguet,Dr. Qimin Yan Dr. Yaraslov Aulin,Dr. Himanshu Charkraborty, DAbhirup
Patraand Huta Bajade for their suppoit disseminating thBFT calculationgnd Dr. lan
McKendryand Sasitha Abeyweefar theirsupport in synthesis also extend my gratitude
to Dr. Umesh Vidghmare and Dtakshay Dheer atawaharlal Nehru Centre for Advanced
Scientific ResearcfJNCASR for their DFT calculationswhich were an important

contribution to the scientific content Ghapter 51 should also thank Dr. Yury Gogotsi

viii



and Dr.Babak Arasori at Drexel Universityor their support in providing with MXene

materials and conducting fruitful discussions on research directions.

| thank past Strongin group members: Dr. Akila Thenuwara, Dr. Kristin
Lammers, Dr. Elizabeth Cerkez, Dr. Saiten Shumlas, Dr. Qing Kangnd Joseph
Dalessandrdor thdr support in trainingmne in instrumentatigniaboratory practices and
moreover provithg me with a great friendly atmosphere to work Tiney were true
inspirations and great mentors at timaésspecial word of thanks is appropriate to Akila
Thenuwara for being a great inspiration and a great colleague with whom | had many long
intellectuad conversations that helped immenselymg research output® specialword
of gratitude to Liz is alsmecessar as she has bedmelping me a lot to revise this
dissertation and also being theto person for altroubleshootingl should also thank the
presentStrongin lab memberdrarbod AlimohammadiShashiprabha Dunuweera and
Uddipana Kakati forengagingin great intellectual discussions to make my research

productiveand being great volleyball buddies

| would also like to pen a special gratitude towards my family. Living thousands of
miles away they always made time to lookout for me through thick andrtesduring
my time at graduate schodVords cannot do justice to the vision my parents hmadot
just raising me buguidingmeto bet h e p e r s a Wy siblings ViputadHarghani,
Piyumi and Ransirini have alway&enthe cheer leadethat| coud always rely orfor
spirit.

Finally, I would like to acknowledge U.S. Department of Energy, Office of Science,

Basic Energy Sciences (Award No. DESC0012575) BR&®C CCDM/CCM for the

financial supportwithout funding none of this would have beasgibe.

iX



TABLE OF CONTENTS

Page
AB ST R A C T e eee et e e e emen e e e e ili
DEDICATION ..ttt ee e e e e e e e e et e e e e amee e e e e e eennnnnns Vil
ACKNOWLEDGMENTS. ... .oiiiiiiiiiiiiieieiiiiiieeee et smmmeeeesssnnnnenn e VT
LIST OF TABLES ... .o eeeme et e e e s Xiv
LIST OF FIGURES. ...ttt e e e e et e e e e e e annmeeeeees XV
CHAPTERS

1. INTRODUCGCTION ... .ttt e e e et e e e e e eeeta s e e e e e eesammmeenes 1
L1 OVEIVIEBW. .ttt e e e eeenne e 1
L1220ER. e 8

L1233 CORR . 11

1.3 MOS2 tOWArdSHER. ...t 15
1AMXENES fOr CARR.......oiiiiiiiiiiii et 19

1.5 Thesis GoB and OULIINE...........oooiiiiiiiiiii e 21

1.6 REFEIENCES. ....cci ittt 23

2. EXPERIMENTAL TECHNIQUES. ... eeee e 29
2.1 Electrochemical TeChNIQUES..........ccceiiiiiiiiiieeee e 29

2.1.1 Thermodynamics and kinetics of electrode processes............ 29

2.1.2 Linear Sweep Voltammetry and Cyclic Voltammetry.............. 31

2.1.3 Electrochemical stability teStS.........cccoeeiiiiiiiiiicceiciiicee e, 36

2.1.3 Electrocatalyst and electrode preparation for testing.............. 37



2.2 Materials and product characterization techniques.................ccooveeeennn. 40

2.2.1 X-Ray Photoelectron Spectroscopy (XRS).........ccvvvvvvvvrviennn. 40
2.2.2 X-ray Diffraction (XRD)..........coiiiiiiiiiiiiiiciieeee e 43
2.2.3 Transmission electron microscopy (TEM)..........cccvvvviiiiiiiieenn. a4
2.2.4 Sanning electron microscopy (SEM).........cevveiviiiiiiiiccciieneeen 46
2.2.5 RaMaN SPECITOSCOPY....uuuiierrurierrnererrmmmrseerssneeersneeessnsannneenes a7
2.2.6 Gas Chromatography (GC)....covevviiiiiiiieieeiieemeeee e 49
2.3 RETEIENCES. ... .. 50

3. EFFECT OF INTERCALATED METALS ON THEELECTROCATALYTIC

ACTIVITY OF 1T-MoS FOR THE HYDROGEN EVOLUTION

REACTION. L. et ereer e e e e e e ee e e e emana e e e e ennes 51
L INEFOAUCTION. ... e 52
3.2 EXperimental SECHON..............ooviiiiiiiiemee e 54

3.2.1 Materials and Methods.............ccuvviiiiiiiccni e 54
3.2.2 First Principle Calculations.............cccoovvviiiiieeee e 57
3.3 ReSUItS aNd DISCUSSION. .......cccuuiriiiieeiiieeeiit ettt emmme e 59
3.3.1 Materials characterization.............c.cccuuvviiieemeee e 59
3.3.2Electrochemical reSUltS...........cceveeiiiiiiieeeieeeeee e 64
3.3 3 DFT FESUILS....cceeiiiiiiiiie e eeei et e 6.7
B4 SUMIMIAIY ...ttt emme ettt e e et rran e e e et e e e et e e e eta e e e s rmmmenn s 69
SO REIBIENCES. ...t 69

Xi



4. VERTICALLY ALIGNED Mo% ON TisCz (MXENE) AS AN IMPROVED

4.1 INETOAUCTION. ...t e ettt e e e e e e e s e e e e e e nmnnan 73
4.2 EXperimental SECHOM.........coouviiii e remr e 76
4.3 Results and DiSCUSSION...........cccccuiiiiiiiieeersiii e eeesr e 80

4.3.1 Material daracterization..............ccccuuvrrrrriimmmriiieee e 80

4.3.2 ElectrohiemiCalr@SUIS.........uuiiiiiiiiiiiiiceiceeeice e 87
A4 CONCIUSION ..ottt e e erer e e e e e e e e e e e e e e e s s s s 93
A5 REIEIENCES. ....oiiiiiiiiii e e 94

5. TUNING METALLIC MoS; TOWARDS ALKALINE HYDROGEN

EVOLUTION REACTION..... it e e 98
5.1 INFOAUCTION. ... e e 99
5.2 EXperimental SECHON............oooviiiii e 103
5.3 ReSUItS and DISCUSSION. .......ccuuiiiiieeiiiieeeiiieee e rmees e 108

5.3.1 Materiak characterization................cccvviiiieace i 108
5.3.2 DFT structure analySiS.........cccceeeiiieeeeeiceeeiiiiee e e e eeeeeeeeeeeeeaies 113
5.3.3. Doped 1TMoS2 for HER.......ooooiiiiiii e 114
5.3 4. DFT rUIS ... 115
5.4 CONCIUSION....ceiiiiiiiiiiei e eeei ettt m e e e e e e e s ammees 120
5.5 REIEIENCES. .....iiiiiiiii et 121

6. ENHANCED ELECTROCATALYTIC CQ REDUCTION ON 2DMo2C

AND TizCo MXENES.......cooi ittt 124

Xil



B.1 INErOAUCTION. ... et e e aana 125

6.2 Experimental SECHON............cooiiiiiiiiieeee e 128

6.3 ReSUlts and DiSCUSSION..........uuiiiiiiiiiiieieeeeiee e e et e e s eesere e e 133

6.3.1 MaterialcharacCterization...............cccvvviiiiieemiiiieeeeceeeeeeee 133

6.3.2ElectrochemiclreSultS.............oviiiiiiiiieen e 135

B.3.3DFT FESUILS......ouiiiiiiiiiiiiiiii e 142

6.4 CONCIUSION.....cuuiiiiiiiiiiiiiii e 144

6.5 REEIENCES. ... .. 145

7. BRIEFSUMMARY AND RESEARCH IMPACT.......coiiiiiieeeieiee e 148
APPENDICES

A. SUPPLEMENTAL FIGURES FOR CHAPTER 3., 155

B. SUPPLEMENTAL FIGURES FOR CHAPTER 4., 175

C. SUPPLEMENTAL FIGURES FOR CHAPTER S........iiieee e, 192

D. SUPPLEMENTAL FIGURES FOR CHAPTER G.....ccovviiiiiiiii e, 207

E. LIST OF PUBLICATIONS. ... ..t 220

Xiii



LIST OF TABLES

Table Page
1.1 Product distribution of CE8RR on metal electrodes in agueous KRHCO
solution. Adapted from ref. 45 with permissian............ccccceeeiiivieccnvnnnnnns 11

3.1 Distance (in A) between adsorbed H atom dredS atom of the top layer of
MoS: calculated using SCAN, and SCAN+IVVI0.......ccoooiiiiiiiiiiiiicennnnn 58

3.2 Summary oflectrochemical data...............ccovvvvviiiieeee e 67

4.1 Comparison of onset potentials and Tafel slopes of studies on vertically
aligned MoS synthesized on differesubstrates............cccceeeiiiiiiiiieeeennnnns 92

5.1 Formation energy of M= Ni/Cgubstitution in 1IMoS; basal plane......... 113

Al Zeta potentials of the intercalated samples measured in pH 7.0 PBS buffer
£ ] (11 o S 171

B1 Edge density of IBMoS; grown on TiC2. The area with the green pixels
were normalized to thtotal area of the image obtain the density.......... 176

B2 Carrier concentration of M@Yrown on T8Cz.......ccoovvviiiiiiiiiiiiiiinnnniinne 190

C1l Experimentally obtained EDS percentages of the doparnieiCo doped
MOO3 SAMPIES ...ceiiiiiieee e e e e 194

C2 Experimentally obtained EDS percentages of the dsparthe Ni doped
MOO3 SAMPIES ...ceiiiiiieee e e e e 195

C3 The ratio of the dopants (M) and Mo in dopedtallicMoS; samples
obtained from EDS and ICBES................coiiiii e 196

Xiv



LIST OF FIGURES

Figure Page

1.1 Volcano plot of exchange current density vs H binding free energyaidu
using DFT.Fome t al s on t he r i ghuwO, thabthdéingof t he pl
on the catalytic surface is too weak. For catalysts oteft@andside of the
pl ot H® whiclea@plies that the binding is too strong on the catalytic
surface for tk intermediate H. Thy) both cases yield lower exchange current
densities. Metals that exhibited higher exchange current density has near zero
binding fre@0OpnePyisst 66t the top of toh
exchange current density and with Q@ . Adapted from ref.
LS 415751 (o o SOOI 6

1.2 Volcano plot for metal oxides in OER. The binding free energy difference for
the oxygen and hydr oxylae@upespedtivwly. are den.
The Overpotentials of the oxides and complex perdesitiuctures 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 WIthpermiSSiON........coooi oo 10

1.3 Volcano plot for CO binding free energy vs £2@uction 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 |lin®.6-eV).
Adapted from ref. 54 WitPpermission............cccoeeeviiiiiiiiieeee e 14

14 a) Structure of 2HM0S: with the trigonal prismatic cerdination and the
ligand field splitting of the Mo 4d orbitals, b) structure oflMBS: with the
Octahedral cardination with the 4d ligand field splitting. Adapted from ref.
61 WIth PEIMISSION......eeiiiiiiiiiiiiee e 15

1.5 Structure of MoSshowing hree different regions that are engineered in this
thesis work. Black balls resemble Mo atoms while the yellow balls resemble
SUITUN BLOMIS....ciiiiei et r et e e e e e e e e s e 22

2.1 Schematic representation of a) reduction process and b) oxidation of a species,
A, in solution. Thehighestoccupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of A represented in the figure.
Adapted from Ref. 1 With PErmiSSION..........uuviiiiiiiiiiiiieeeiiieeeeeeee e 30

2.2 a) Potential sweep in a LSV with the initial potential Ei and b) resulting
voltage vs currenti-V) curve. Adapted from ref. 1 with permissian......... 31

XV



2.3

24

25

26

2.7

28

29

a) Potential sweep for cyclic voltammetry, and b) resulting curve
(voltammogram) for the potential scan in a. Adapted from ref. 1 with
(LS 41751 (o o TP 32

Schematic of a polaation plot (potetial vs current density) for the HER.
The green curve shows a lower onset overpotential and a lower overpotential
@10 MA/cnE than the DIOWN CUIVE. ... ...eeeeee e 33

a) Schematic of a thredectrode system. The system shown is for the HER
under acidic conditions. Ehworking 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 referencke@rode (RE). b) Three algode cell used

for HER, and c) three electrode, two compartment cell used #RROQ.......37

Schematic diagram showing the -r&y source, specimen and the
hemispherical electron energy analyzer in ara) photoelectron

SPECIIOPNIDIMELEL ... e 40
lllustration of the ejection of core level electrons by inciderRay with an
excitation..ener.gy. .. .ho) .. 41
Schematic describing Braggdés Law, d

X-ray and d is the path difference equal tehele number of the wavelength

OF TN XTAY. .o e e 43
lllustration of the different types of signals used in SEM, and their origins in
thE SPECIMEI. ...t e e e e e e e e e e enssmmnes 46

2.10 Schematic of the energy diagram depicting the origin of the Raman peéks

2.11 Diagram showinglte subsequent Raman peaks dubé¢ transitions in figure

3.1

3.2

3.3

Comparison of (001) and (002) XRD reflections of bulkdSz, 1T-MoS2
and metal catiomtercalatedlT-MOS2. .......ccoeviiiiiiiiiiiiiee e 60

Raman spectra of 2MoS: (black),1FMoS: (green), and metaion
intercalatedl T-MOS2 SAMPIES......coviiiiiiiiiee e 61

SEM images of (a) I'MoS: and (b) Co/1IMoS: and TEM images of
exfoliated (c) 1T™o0S: and (d) stacked CO/EVIOS.. ....vvvvveeeeeeeeeeeeeeeeeeee, 63

XVi



3.4

3.5

4.1

4.2

4.3

4.4

5.1

5.2

5.3

A) Polarization plots of current density (j) vs V afterdBrrection showing
enhanced catalytic activity of metal cation intdated 1TMo0S,. The inset
exhibits a magnified view emphasizing the differences in overpotential
between the samples (A0 mA cm?); B) Tafel plots for 1TMoS; and metal
cation intercalated MoS; samples; C) Nyquist plot showing the decrease
in chargdransfer resistance after intercalation; D) Plots of scan rate vs current
density used for ECSA calculations..............ccccceeiiiiiieeen e, 64

Free energies of hydrogen atom adsorptiorthe basal plane of pristine-1T
MoS: as well as on the intercalated-MOS: .........cccvvvvviiiiiiiiiiieeeeiiiieeeee 68

SEM miciographs of IEMoS:UTisCz at growth temperatures of A) 20Q,
B) 220°C, C) 24(°C, and D) 260C. E) IEMoS: grown without the MXene
substrate. F) Calculated % edge densities of MVkifeets (see supporting
information, Figure S1 and Table S1) based on the area of thesraage
function of growth temperature. IB0SUTisCo@240 exhibits the highest
edge densityithout flowerlike aggregates (i.e., M@8Tiz:Co@260). Lower
growth temperatures (e.g., 200 and ZZ) result in lower Mo% edge
JENSIIES ..o et e e e e e e e ennne s 80

A) HRTEM of IEEMoSUTisC@240 and B) Height profile of MeSlong
the white line on image 2A, C) and D) TEMages of IEMoS:UTisC@240
and MoSUTi3C2@260 and E) IBMIoS: without the MXene suppatt.......... 82

HER kinetics for samples prepared at different temperatures, Adizeation
curves of heterostructures synthesized at 200, 220, 246C260d IEM0S;
obtained at a scan rate 10 mVim 0.5 M HSQs, B) Tafel plots for the
samples derived from the pateation plots of A, C) Impedance spectra
(Nyquist plots) inset: equalent circuit used to stimulate the Nyquist plot
where, R-solution resistance, CP&nstant phase elements;iesitance in
the catalyst, R-charge transfer resistance angtdduble lyer capacitance,
D) scan rate vs current density) {vith Cai values in the legend................ 87

Mott Schottky plots for Mo3JTisC2 heterostructures prepared at different
temperatures of 200, 220, 240 and 26(btained in 0.5 M N&Qu............ 91

Polytypes of Mo%(a) 1T-MoS,, (b) 2HMo0Sz, and (c) 3RM0S................. 101

XRD diffractogram of pure orthorhombic MoO3 and doped Ma@h 10%
N> g o N o SRR 108

SEM images of a) Pure metallic Mop®) 10% Ni1lT MoS and c¢) 10% Co

1T-Mo$S: respectively. TEM imagesf d) Pure 1T e) 10% Ni and f) 10% Co.
g) TEM images of dry pure metallic Me8nd the inset is the height profile
along thewhite line onthe image.............ooovvviiiiiiicc e 110

Xvii



5.4

5.5

56

5.7

6.1

6.2

6.3

6.4

6.5

Al

a) XRD diffractogram of Pure metallic Me%nd 10% Ni and 10% Co
dopants ratio, inseiXRD diffractogram of dried Ni doped 1¥o0S; and wet
Ni-doped 1TMo0S:. B) XPS of Mo3d region comparing the metallic Mo
peak with sentonducting 2H M@* peaks. ¢) Me3d region and inset-3p
region of pure metallic MaSleconvoluted to show the different components.
d) Raman Spectra of pure metallic Ma$ comparison to the 2ghase....112

a) Polarization plot obtained in pH KOH for pure 1TMoS, samples with

10% dopants in 1:'MoS,, 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 testimate the electrochemically activefaoe area

and d) EIS spectra and the equivalent circuit inSet............c..ovvvvvieeenn... 115

a) Polarization plots of the pure metallic Mashd samples doped with Co
and Ni after 10,000 cycles of cyclic voltammetry in 1M KOH, b) KirS
spectra of the samples after 10,000l€FC...........cceeeeeviiiiiiiieeeieeeeeeeeeeee 118

a) Free energy relevant to hydrogen evolution reaction over Pristine and
Ni/Co substituted 1Moz, b) Energies of adsorption of OH andQHon
pristine and Ni/Co substituted AMOS,. .........uuuviriiiiiiiiiiiei e 119

a) Polaization plots of M@C comparing thenfluence of the delamination
technique towards the GRR. b) Comparison of the polarization plots of
Mo2C in MeCN/IL saturated with C£and N> beforeelectrolysis.............. 135

Polarization plot of the M, TisC2 MXenes ad Ag nanoparticles in CO
saturated MeCN/IL eleCtrolyte...........ceeiiieiiieie e, 143

a) Chronoamperometric curves for-Mo2C MXene and b) FE vs
overpotential plots for-#o02C, TisC2 MXenes and Ag nano particles (Ag

a, b) MaC before and aftgperforming chronamperometric measurements
respectively. c, d) are XPS spectra of the Mo 3d region and Ti 2p region before
and after chronoamperometric measurements............cccevvvevieeeeieeeeeeens 141

(a) CO absorbed at the oxygen vacancy on®A(h) COOH absorbed at the
oxygen vacancy on M€ (red-oxygen atoms, brownarbon atoms, white
hydrogen and purplenolybdenum atoms). The distances between molecules
and surfaces are noted in the plots (in Angstréop)The free energy diagram
for COz reduction reaction at the oggn vacancy on 3C2 (in black) and
Mo2C (in red) calculated using the PBIEhctional...............cccooooeiiiiiieeenns 143

This figure depicts different configurations used for the DFT calculations. Fig
1. (a) is the top view supercell version of the original 2x2 supercell used for

Xvili



A2

A3

A4

A5

A6

A7

A8

A9

A10

All

the pristine 1TMoS2 surfae. Fig. (b) shows the adsorbed hydrogen atom on
top of an S atom of the basal plane. Distance betweenkhat@ms is 1.362

A. Fig. (c) and Fig. (d) are the top and side views of the intercalated structures.
(in these structurgsvo Ni atoms have been mtduced between the two layers

OF the LTFMOS2) ..ot e e e e e 155

XRD spectra of bulk MoS2 (black), IMoS2 (orange) has lost long range
order in the lattice and showing (001) reflection due to Wakeyerbetween
LTSS == 156

Selected Area Electron Diffraoth (SAED) patterns of XMoS; (top) and
Na/1T-Mo$S: (bottom), m indicates the main lattice spots and s indicates the
SUPET |ALtICE SPOLS....uiriiiiiiiiie e e e e e e ceerie e e s e e e e e e e e e e e eee e e e e e e e e e e eeeeeeanenn 157

X-ray Photoelectron Spectra of (top) 3d region of Mo inNé5,, (bottom)
S 2 regionof 2H-Mo$; fitted for 3d2 and 3d2 for Mo and 2p2 and 2p.2
O S et ————————————— 158

X-ray Photoelectron Spectra of (top) 3d region of Mo iAMdS,, (bottom)
S2p regionof 1T-MoS; fitted for 2H and 1T components.............c..eeeeee.. 159

a) XPS spectra of Mo 3d region of-MoS; and intercalated samgleb) Ni
2p region fit shows that the Ni is in the Rtate and c) CBp region shows
that the Co is also iN the 2+ State..........c.cuvviiiiiiiiiieeeiiiiieeeeeeece e 160

a),c), e) and g) SEM images of Na/MoSz, Ni/1T-MoS,, Co/1T-MoS: and
Ca/1T-Mo$S; respectively and b), d), f) and h) their mio percentages
obtained from EDAX ....cooi i 161-162

TEM images of a) 1MMoS;, b) Na intercalated *MoS: and c¢) Co
intercalated 1Mo, d) Ni intercalated 1-MoS: and e) Ca intercalated 4T
MoS.. These imageshowthat the sheet like morphology remains intaith
(=] {o%= 1= [0 o SRR 163

SEM images of a) *-MoS,, b) Na/1FMoS,, ¢) Ni/1T-MoSz and d) Ca/iT
MOS2 FESPECTIVEIY.. .ttt 164

a) STEM image of Co/1-MoS, b), ¢) and d) EDS mapping of cobalt,
molybdenum and S respectively. The EDS map shows an evenudistribf
Co 0N the 1TMOS2 SNEETS......uuviiiiiiiiiiiiiiiie et 165

Tafel plots for all the intercalated iANM0S; samples and 20% &
L= [T o 1 0T [ USSR 166

XiX



A12 Impedance measurement at 200 mV overpotential withifreljeency range
QT VR (o T L RO 167

A13 Cyclic voltamograms folT-Mo$; and the intercalated samples at different
scan rates in 100 mV to 200 mV region vs RHE. The difference in current
d e n s bus gcangogte for ECSA drCal calculation plots are extrapolated
from these PIOLS........cooo e 168

A14 Chronopotentiometric measurement &% hr with a current density of 5

A15 Raman spectrum of Na/iNWloS; before and after 24 hr of the stability test.
The 1T phase and the superlattice structure is still retained................ 170

A16 Density of States (DOS) plots for MoS, and intecalated 1TMoS.. The
corresponding cations intercalated are listed on the plots.ar@b Ni
contributes d electrons at the fermi level (at 0eV) where as for Ca and Na the
sp electron density is delocalized...............ccooeiii e 172

Al7 Var i at inasmfunction gbthe intercalated cation. All the samples show
lower binding free energies than pristih&-MoS.. The low free energies
close to zero suggest that they are superior HER catalysts................. 173

B1 Contrast profiles obtained frommbkgej varying the threshold of the SEM
images. These images were used to obtain the edge density given in table S1
for IE-MoS:UTisCzat growth temperatures of A) 200, B) 220, C) 240 and D)
260°C. In the calculation of vertically aligned edges, the arem filower

B2 A) SEM micrograph ofE-MoS:UTisC2@240 showing three regions used for
guantifying the atomic percentages of Ti, Mo and S with EDS, B) Intensity
maps of the EB spectra for different Ti, Mo and S (inset: average atomic
percentage of each compoNent)..........couoiiiiiiiiiiiceiiiie e, 177

B3 A) STEM image andB), C) and D)STEMEDS maps of the elemental
composition of the IBMOSUTisCo@24Q..........ccoeiiiiiiiiiiieeeeieee 178

B4 A), B) and C) HRTEM images of M@BTisC2 for sampes grown at a) 200,
b) 220 and c) 268C. These images show that the interlayer spacing of each
is ~ 0.94 nmirrespective of the temperature of synthesis..................... 179

B5 XRD diffractogram for IEMoS:UTisCo@260 (black) normalized by dividing

by a factor of 100000The relatively weak (002) at 9,4(004) at 18.8and
(100) at 32.2 Bragg reflection peak of MaSred) of interlayer expanded

XX



B6

B7

B8

B9

B10

B11

B12

B13

B14

C1

MoS: is not seen in this diffractogram of -MoS/TizCo@260 due to the
masking of the peaks by the more intense peaks of thenglX............... 180

Comparison of the Raman spectra ofMBS; and the hetastructures
synthesized at 240 and 2680. A red shift is observed in the-MoS, and
heterostructures relative to commerciatRaS,.............ccovvvvvvvviviiiccennnn.. 181

XPS spectra for the A) Ti® B) C 1s, and £O 1s region for BC2 before
NUCIEALING IMOS ...t e e e e e e 182

XPS for the A) Mo-3d, B) S2p, C) Ti2p and D) Gls region for IE
MOSUTiZC2@2400C. ...ttt ente e 183

Polarization plots obtained after cycling for 1000 cycles in 0.5:8I(4 with

a Pt counter electrode andmphite rod counter electrode. These LSV curves
are almost identical to each other implying there had not been an influence of
the counter electrode USEd.............oooiiiiiiiiiie e 184

A) Polarization plot normalized to geometric surfaceaas€the electrode.
The MXene aloa shows a high overpotential of ~500 mV @ 10 mA(dB)
Polarization plot of IBM0S:UTizC@240°C for the first and 30cycle. The
cycling reduced capacitive background currents in the polarization cut8és

Comparson of current density (50 mV below the onset) and edge density of
samples prepared at different temperatures. Tirermdensity increases with
the increasing edge density of Ma$h the T3Cz MXene............eeevvveeenennn. 186

Cyclic voltammetry (CV) curvesbtained in 0.5 M 50 from 180 to 280

mV vs SCE to investigate the capacitive currents used to calculate the
electrochemically acte surface area of the catalysts synthesized at different
temperatures. The legend on the top right corner gives theatean20, 40,

60, 80, 100, 120 and 140 mV/s). The presence of rectangular CVs implies the
currents are nofaradaic and are Capagri..............coevvvvvviiiiiccceeeeeeeennnnns 187

Chronopotentiometry at 10 mA/@gaoof the IEM0S: and the heterostructure
synthesized at 24%C over a period 020 h in 0.5 M HSQs. The catalysts
show good stability in the region in the time period the tests were carried out
with less tharv% decrease in potential to maintain a constant current of 10
IMVA/CITEGE0 - vveeeveeeeeeeetee et et e emeneseeteeeateeeteeeateeetessmenteessesanteesresanseesresemnnrs 188

Polarization  plots obtained before andafter the stability
(chronopotentiometry) test for iIMo0SUTisCo@240°C.........cveevveeneee... 189

X-ray diffractograms of the doped Mexide with a) Co and b) Ni
respectively. The varying concentration of the dopants does not vary the

XXi



orthorhombi c ( U) Peaka indicated by *f are tdiedo tHdo O
formation of the segwlary phase MMo(1-xOs (where M is Ni or Co)........ 192

C2 SEM micrographs of a) Pure Ma() 10% Ni doped Mo&and c) 10% Co
(o [o] oT=To 1Y/ [ 1 PP UUPUPPPPPR 193

C3 EDS map of elemental composition of the 5% @Goped MoQ. A
homogeneous distribution of the dopant is seen emtiage.................... 194

C4 EDS map of elemental composition of the 5% Ni doped béldmogeneous
distribution of the Ni dopant is seen on the maps..............ccoevvvvicmmnnnnn. 195

C5 a) TEM image of pure :-MoS; before drying, to the right of the image is the
grey scale profile along the whitine on the image showing an interlayer
spacing of 9.7+0.2 A, b) and ¢) TEM image of dried Ni dopedVIbB, and
Co doped 1IMoS: respectively with the height profile showian interlayer
space of 6.4+0.2A on the right side of the image..........c.cccooveveveennnn.. 197

C6 Deconvouted XPS spectra of semiconducting Mo§/nthesized at the
reaction temperature 24Q. Figure a) is the Mo 3d region and b) is the S 2p
=T | o U 198

C7 Deconvoluted XPS spectra of 10% Co doped metallic MaBiple. a) Mo
3d region, b) S 2p region and@p 2p region are shown on the figure....199

C8 Deconvoluted XPS spectra of 10% Co doped metallic Magple. a) Mo
3d region, b) S 2p region and c) Ni gggion are shown on the figure......200

C9 Optimized structures of (a) Pristine -MoSz, (b) Ni-substitued 1FMoS,,
and (c) Cesubstituted 1IM0Sz. Molybdenum, sulphur, nickel and cobalt
atoms are represented by blue, gold, magenta and violet spheregijvelspec
Selected surface sites for simulations of adsorption are denoted by orange
(site 1) and greefsite 2) circles respectively. We note a significant distortion
which leads to trimerization of Matoms around (b) Nsubstituents and (c)
COSUDSHIUBIE ...t 201

C10 Projected Density of States of (a) PristineNI®S,, (b) Ni-substituted 1T
Mo, and (c)Co-substituted 1IMoSz. Fermi level is denoted by dashed
DIACK [INES ...ttt 202

C11 Polarization plots obtained with varyimgncentrationsf a) Ni and b) Co in
the as synthesized dopetallicMoS:in 1.0 M KOH solution. Samples with
a 10% dopant ratio habe lowest overpotential to reach 10 mAfararrent
(0 1=] 0 S | PP PP PP PP 203

XXii



C12 Comparison of the polarization plots of doped metallic Ma&shline) and
pure metallic MoScollapsed with the respective cations{Nind C3") in
them (SOl INES).....uueeiiei it 204

C13 Cyclic voltammetry curves obtained by varying the scan rate in the non
faradaic region1.00 V to-1.10 V vs SCE used for the ECSA calculati®he
observed currents are due to capacitive CUrents...........ccccceeeeveeeeeennn. 205

C14 Structural transformation of 1T phase 6 & 6 ( iatdosver Hcowelage
and further transfor mat H-comeragend0% 1TO6 (i ns

D1 SEM Micrographs of) d-Mo2C, b) e-Mo2C, c) p-Mo2C, andd) TizCz. The
delaminated or exfoliated samples associated avito2C, e-Mo2C, andp-
Mo2C showstructures with more extensive layering tipaozC............... 207

D2 XPS spectra of a) M€ Mo 3d region an®) TisC2 Ti 2p region. The Mo 3d
region and Ti 2p regions were fitted to show the different functionalities and
bonds on the MXene Sheets............euiiii e 208

D3 Gas chomatograms of headspace of the cell after electrolysis with CO
saturated electrolyte and:Nsaturatedelectrolytes withd-Mo2C as the
catalyst. Ar carrier gas is used to identify dhs and He in order to identify
CO. Hgas has a thermal conductivity tusimilar to He and Ar has a thermal
conductivity similar to CO, thus the carrier gases are switched........... 209

D4 Gas chromatogram of the headspace of the cellevitho2C catalyst for the
CORR at-2.4 V vs SCE. The low ssitivity of the H is due to theimilar
thermal conductivities of Hand He carrier gas...........ccooovvvvvviiieenneeennn. 210

D5 Tafel plots of MaC-d, TisCz and silver nanoparticles..............cccevvvviiies 211

D6 Chronopotentiometry curve for 3sl02. Potentials applied are recorded with
respect to th&CE. At higher potentials thesO2 showslower stability in the
currents towards the GRR..........cooiiiieee e 212

D7 H-NMR spectra for the electrolyte before chronopotentiometry measurements
and after 30 mins of electrolysis obtained from the anode, cathode
compartments ahCQ saturated electrolyte before el@tysis ................. 213

D8 CV curve obtained for ferrocene/ferrocenium (F¢JFouple in acetonitrile,
TEAP used for the calibration of the reference electrode Ag/Eg for the

D9 Gas chromatogram fromhe analysis of headspace with aqueous EMIM@®B%)
as the electrolyte. Electrolysis was carried outldd V vs RHE with MeC as the
electrode material. Large amounts ofisigenerated with minute quantities of Q@b

XXili



D10 Reaction free energy diagraior CO; reduction to CO by using bare M
and TsCzas a catalyst. Species attached with * represent the chemis@pgion

D11 The relaxed structures of (a) CO and ({2 on oxygenated M« surface.
CO and CO2 adsorption energy ~0.02 eV. The relakedtares of (a) CO
and (b) CQ on oxygenated BC: surface. CO adsorption energy.05 and
C02-0.04 eV. The optimized distance between the surface and the adsorbent
is large >3Angstrom, indicates no activity of such adsorbate witbuttiece.

D12 The free energy diagram for G&duction reaction at the oxygen vacancy on
TisCz (in black) andMo2C (in red) calculated using the PBE+U functional
WIth U = 3 @V et e e et e e 218

XXV



CHAPTER 1
INTRODUCTION
1.1 Overview

One of the greatest challenges facing hunyainitthe 2% century is providing
energy security to the rising global population with clean and sustainable sbtifaes.
meet this challenge the scientific community has been active in identifying agidpiay
potential fuel sources that are environmentally benign alternatives to fossil fuels. The rapid
growth in technology and the quality of life were made s$y the abundance of cheap
fossil fuels such as coal, natural gas and petroleufif la global perspectévthe 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
requirment of ~18 TWYy is predicted to reach an unprecedented 24 Twvgey 2040
with the rapid growth of population and expanding industrializétidhe bulk of the 18
TWy (~80%) consumed today is derived from fbisels® The inevitable consequence of
the combustion ahe large quantities of carbon based fuels is the releasegretirghouse
gas, CQ.0 It is widely accepted that GQs one of the major atmospheric gases that is
related to climate chandeThe International Energy Agency (IEA) has estimated that
32507 million tonnes (Mt) of C®were released to the atmosphere in 2017 alone. This
amount is predicted to reach 35818by 2040° The detrimatal effect of CQbuildup in
the atmosphere demands cutting down carbon emissions by the middle part of the next
century to avoid potentially catastrophic consequences for life on’éérthmost obvious
solution is to shift towards environmentally benevolent energy sourcasdunce carbon

emissions by creating carbon neutral economies. Mere 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 renewablgy source$ >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?ataaps, the most
attractive solution would be building energy security arounchddtly available solar
energy (~120,000 TW per yeR®YAdownsidgedtoslarng t he
energy is thattiis 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 availablecdsysuch as battesi@nd
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 optiobheyond electrical energy is storing the energy harvested
from solar in the form of chemical bonds (potential energy) in molecules, such as molecular
hydrogen (H).1® 112 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 applie@s. This can create energy security based on a hydrogen based
economy.Generation of K in a sustainable system would ideally be derived from splitting
water using (photo)electrochemical methéds'* > A second method would employ
electricity generated by photovoltaics in tandem with an electrolyzer which splits water to
generate k8 14 The electrochemical water splitting reaction (eq. 1.1) is cis@g of

two half reactions; 1) Hydrogen evolution reaction (HER, eq. &)yrring at the cathode



which reduces protons {Hin an acidic solution, and 2) Oxygen evolution reaction (OER,

eq. 1.3), the other half of the reaction oxidizes water to oxydén.

2HO0 Y 2 +2H (1.1)
2H*+eY H (1.2)
2H0 Y 2 +QIH" + 46 (1.3)

Both halfreactions involve multiple electron/proton coupled transfer steps which
introduce a kinetic barrier for the water splitting reacfionCommercializing such
technology would occur only after the development of improved electrocatalysts that can

efficiently reduce the kinetic Ibaer for the water splitting reactich*

A similarly important reaction for reducing G@missions into the atmosphere that
has received attention in the scientific and engineering community is the carbon dioxide
reduction raction (CORR). Two important approaches in reducing2@@issions are 1)
the capture and sequestering of Q®its supercritical phase within depleted r@serves
or aqui fers below the Eart habitspostofrgénatmre and/ «
and the subsequent (photo)electrochemical conversion of it into fuels or value added
commodity chemicals, thus creating a closed carbon or carboraineytte? & In regard
to the first approach, there are inherent issues in the sequestration process, where there
exists the possibility of stored Gdinding its way back into the atmosphere due to
geochemical processes or natural phenomena, such as eartHgifzkess, the challenge
of long term sustainability would be better met by convertingtG®alue added chemicals

and fuels (that are themselves not greenhouse gases) using solafenergy.



It is mentioned that the CBR is more challenging than HER from a chemical
standpoint as it involves multiple protaoupled electron trarafsteps before the simplest
of the CQORR product, carbon monoxide, can be produced. Realizing potential
electrocatalysts for either HER or eRR will require catalysts that can efficiently stabilize
the many intermediates that populate the energy landasapciated with the conversion
of reactant to product. Mechanistic details for both the HER aniRR@re now presented
that bring forward some of the molecular ingredients that would be associated with an

active HER and C&RR electrocatalyst.
1.2.1HER

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 surfatéf The bound species
may then take either the VolmEleyrovsky or VolmeiTafel pathways toward the

formation of B product® 4

H*+e Y H Volmer step (1.4)
H+H +eY +° Heyrovsky step (1.5)
2H'Y 2 Tafel step (1.6)
2H"+2eY H Overall reaction (1.7)

The details of the electronic properties of the electrode material on which the HER
proceedscan control the HER reaction kinetics. For example, platinum (Pt), which is

considered the benclark catalyst for HER, follows the Volmdrafel mechanism,



whereas most other heterogenous HER catalysts follow the Wblmgovsky
mechanisnt? 17 1920 The overall reaction is highly pH dependent, whire surface
species involved in the reaction are thought to be different in acidic or basic contditions.
222 The above reaion pathways (1-4.7) outline the probable path under acidic
conditions, where (1-8.11) depict the species involved in each step in alkaline

conditions!# 2122

H20 + € - H* + OH (aq) Volmer Step (1.8)
H* + H2O + € - * + OH g+ H2g) Heyrovsky Step (1.9)
2H* - 2M + Hyg)+ 2 Tafel Step (1.10)
2H20(@aq) + 26 - Hz@) + 20H@q  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
mechanisnt?2 The bindingfreeenergy of this intermediatietermines the overall rate of
the reaction: for materials that bind tdo weakly the adsorption step (Volmer step) would
be the rate limiting step, and for materials that binddd strongly the rate limiting step
would be the desorption (Heyrovsky Step association step (Tafel stépf>22 Thus, the
most common descriptor used to evaluate HER catalysts K4 binding free energ§.*®
212224 From a thermodynamic point of view, the standard Nernst potential requirde for t
HER is 0 V (at pH 0) vs the Standard hydrogen electrode (SHHE)e HER is pH
dependent and to overcome the issue with SBEmV per pH unit is added to the SHE

to quote potentials which is commonly known as the Reversible Hydrogen Electrode



(RHE). Since pH dependence is included in the RHE, the therrandgmotential for the

HER is 0 V irrespective of the pH of the medih?®

As the HER havenultiple protoncoupled electrotransfer 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
(activationenergy) of HER which has to bpgied to push the reaction forward. This extra
potential needed to overcome the kinetic
be described as the extra potential applied above the thermodynamic minimurapotenti

for the reaction of interesbtoccurt® A grand challenge, still toeomet in the HER
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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 pdssfbté?’

Theoreticians working with expenental scientists have made impressive progress
over the past decade in understanding Key metrics that govern electrochemical
transformations in the water splitting reactfot?. 2224 The main descriptor used today to
rank catalysts for their HER efficiency is the free energy of H binding enesgy). (
Surfaces which bind H too weakly are limited by the Volmer ségmudtionl1.8), and
surfaces which loid H too strongly will limit the desorption step (Heyrovsky sezpation
1.9) or association step (Tafel steguationl.10)?"28 Thus, a necessary but not scifnt
condition for the HER catalysts is to havesa,.c | o s e t @-0)2%€#%% WharG
the experirentally 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?32I¥° An active catalyst is

observed to bind the reactiamtérmediates neither too strongly nor too weakly.

Using &G as the descriptor to evaluate HER catalysts in acidic media is well
established.?53031 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 conditio”%?? Prior studies show that theaetion rates in
alkaline conditions are two to three times lower in magnitude than under acidic
conditions® 212630 The debate over the descriptor includes: 1) whether the sole descriptor
for both acidic and &hline conditions is«G, and 2) whether the extra energy penalty for
the water dissociation (Volmer step) affects the overall reactior'r&t&Vhile no single
descriptor has been identified to explain the overall activity of HER catalystsalkalane
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conditions attempts to understand the effect of each fae#@r (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 Figuredbds not shift left or right,
consistent with the notion that the valofessGy is still intimately related to the activity of

a particular catalystStudies carried out on single crystal Pti)14urfaces and Ru (0001)
show that the dissociation barrier for water is higher on the Pt(111) surface even though
for this catalyst,aG 4032 Thus, the rate of the reaction under alkaline dions 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
aGy which makesthe product desorption (Heyrovsky/Tafel) step ®owHence, the
desorption step acts as the rate limiting $t&pThis trend can be explad by using a

linear relationship between the watdissociation energy and the bound intermediates
(H'/OH"). A low water dissociation barrier requires the strong enough adsorption of H
and OH.2° Nevertheless, a strong adsorption 6f(Haa 0) limits product desorption
(Heyrovsky/Tafel step). Thus, a single elemental catalyst wilkuafficiently fulfill both
necessities. Nevertheless, it is eviddmdttboth factorsaGy and the barrier for water

dissociation) play a part in the reaction rate in alkaline BERL 30
1.2.2 OER

The four electron four protonoxidation of water to produce2@Equation 1.3) at
the anode in an electrolytic cell is more challieggthan the two proton, two electron
reduction of protons to hydrogen ¢ds®' The thermodynamieninimum 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/\0.59V*pH. The acquisition of solar based fuel



from water splitting is primarily hindered, not by the Rifbut by the slow kinetics of the
OER!8 34 To better appreciate the underlying factors that determine the kinetics of the
OER it is necessary to identithe reaction intermediates and the rate limiting steps for
OER. The following elementary reactiotegs are the widely accepted to be part of the

reaction mechanism for the OERJenotes a species bound to the catalytic surf&cé):

34-35

In acidic conditions

HOp+ " - OH* + H'ag+€ (1.12)
OH* - O* + H'agt+e (1.13)
O* + H2Op) - OOH* + HYag)+ € (1.14)
OOH*- Oz@g+ H'@y+e +* (1.15)
2H20() - Oz(g)+ 4H(@ag)+ 4€ (Overall reaction) (1.16)

In basic conditions:

OH (ag+ * - OH*+¢ (1.17)
OH* + OH (ag) - O* + H20() + €& (1.18)
O* + OH (ag) - OOH* + € (1.19)
OOH* + OH (ag)- O2(g+ H20()+€ + * (1.20)
40H (ag)- Oz(g)+ 2H0q) + 4€ (Overall reaction) (1.22)



The sluggish kinetics (low turnover frequency and large overpotentials) associated
with the OER catalytic surface is a result of the fouctete/proton coupled steps in the
reaction®* Most dectrodes used as catalysts in the OER are mgidé® The common
descriptor used toee®E kvhtehomn e G@Eihdhindingi s &G
free energies of oxygen and hydr oocsgeley 1 espe
shows a volcano type pldt® The oxides that sit at the summit of the plot are precious
metal based oxidesuch as Ir@and RuQ. Metal surfaces are usually passivated at the
high oxidizing potentials employed, thus the most common OER catalysts are metal oxides

or alloys of metal oxide¥:3"-38
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Under acidic conditions only Irfhas shown reasonable binding energies (not too
strong nor too weak) for the intermediates invol¥&#.Most metal oxides thdtave been
studied follows a scaling relation (i.e.
binding of the other species) between the OOH* and OH* ep&cThis scaling relation
has hindered the development of a catalyst witkra overpotentigt.3® Thus, there is need
for the realization of theoretical and experimental results that can predict and discover

materials lhat can efficiently oxidize water to20

1.2.3 CORR

COzRR proceeds through multi electron/proton transfer stépike HER, which
by definition refers to only Hproduct, the C@RR encompasses chemistry that can yield

multiple products with varying number of carbons, such as carbon monoxide, formate

Table 1.1 Product distribution of C&RR on metal electrodesr aqueous KHC®

solution.Adapted from ref. 45 with permission.

Current
Putential (V) density Faradaic cfficiency/%

Electrode vs. nhe (mAcm™® CH, C,H, EOH PrOH €O HCOO~ H, Total
Cu —1.44 50 333 25.5 57 3.0 1.3 94 205 103.5*
Au - 114 5.0 0.0 0.0 0.0 0.0 §7.1 0.7 10.2 98.0
Ag -1.37 5.0 0.0 0.0 00 0.0 81.5 0.8 124 94.6
7n —1.54 50 0.0 0.0 0.0 0.0 79.4 6.1 99 954
Pd -1.20 50 29 0.0 00 0.0 28.3 28 262 60.2
Ga —-1.24 5.0 00 0.0 0.0 0.0 23.2 0.0 790 1020
Pb ~1.63 5.0 0.0 0.0 00 00 0.0 974 S0 1024
Hg —1.51 0.5 0.0 0.0 00 0.0 0.0 99.5 0.0 99.5
In —1.55 5.0 0.0 0.0 00 0.0 2.1 94.9 33 1003
Sn —1.48 50 0.0 0.0 0.0 0.0 7.1 884 46 1001
cd —1.63 5.0 1.3 0.0 0.0 0.0 13.9 78.4 94 1030
Tl —-1.60 5.0 0.0 0.0 00 00 0.0 95.1 62 1013
Ni —1.48 50 1.8 0.1 00 0.0 0.0 1.4 88.9 924t
Fe -091 50 0.0 0.0 0.0 0.0 0.0 0.0 948 948
Pt -1.07 50 0.0 0.0 0.0 0.0 0.0 0.1 95.7 95.8
Ti —1.60 5.0 0.0 0.0 00 0.0 tr. 0.0 99.7 99.7

Electrolyte: 0.1 M KHCO,; temperature: 18.5 + 0.5°C.

* The total value contains C;H;OH (1.4%), CH,CHO (1.1%) and C,H;CHO (2.3%) in addition to the tabulated sub-
slances.

+ The total value contains C,H, (0.2%).
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formaldehyde, formic acid, methane, methanol and two carbon hydomsa and
oxygenags. An understanding of how to control the selectivity of theRFOis a major
area of research interest, since the thermodynamic minimum potentials for most of the
carboncontaining products are close to 0 V versus RHE, making the dafgtiess
challerging H production pathway (i.e., HER) a competing reactioft. 34 43 Not
unexpectedly, a challenge for the fRR is the development of inexpensive
electrocatalysts capable of selectively converting @® fuels and chemicals wienhigh
efficiency (low overpatntials). At least one reason tte slow kinetics ofite CO2RR is

that the products of interest require multi electron inprivton reactioné>** Even the
simplest C@QRR products CO (Eq 1.22) and formic acid (HCOOH) (Eq 1.23) involves the
transfer of two electrons and two protons while the simplest hydrocar&ihiane requires

eight electrons and protons (Eq. 1.2%).

CO; + 2H" +26 Y CO + H:0 (1.22)
CO; + 2H" +26 Y HCOOH (1.23)
CO; + 8H" +86 Y CHa+ 2H.0 (1.24)

Due to multiple reduction steps involvedtire 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 wittRRJTalde 1.1). Noble metals
such as gold and silver have shoaviot of promise in electrochemically reducing 80
carbon monoxide (Table 1.483Carbon monoxide is considered to be a high valiged
product, since it is widely used to produce synthetic petroleum and liquid fuels via Fischer
Tropsch process by the reactiogtwween CO and Hvia the syn gas reaction (eq 3, 4 and

5) .46
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NCO+ (2n+1) H Y CiHanez + N HO (1.25)
NCO+ 2nHe ¥ CiHzn + N HO (1.26)
NCO+ 2nH Y  @Bl2n+1OH + (n1) HO (1.27)

There are relatively few electrochemical systems withpregious metal catalysts
that can eftiently reduce C@ Prior research has showed that MB%an reduce C&xo
CO at low overpotentials (~90 mV) but with a low faradaic efficiency of 7%. The FE
increases to near unity (98%) agler overpotentialé> 600 mV)?#’ Nevertheless, the low
overpotential of MoStowards the competing HER has made it harder to implement MoS
for the conversion of COto CO under aqueous conditict$® Catalysts with specific
electronic structures, that can preferentially bind diffé CQ-derived intermediates to
facilitate CORR and suppress the competing HER need to be realized. To suppress the
HER, one method that has beenduseprior studies is to use ionic liquids (especially-1,3
dialkyl substituted imidazolium based iorniquids(IL)) as an electrolyte in either an
aqueous or organic solvent environm&rt? lonic 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 internagelisteps of the GBR. In organic electrolytes
(usually acetonitrile (ACN)) Hevolution is suppressed due to the scarcity of protons (i.e.,
aprotic solvent). Reactions in organic solvents produced only CO, formate and oxalates as

the CQRR products showig good selectivity towards a single gRR producf®>?

13



The choice of solvent and the eletyte used in the CERR are crucial factors that
influence the tribution of the C@RR 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 granol (Table 1.1)*°7 If the primary targets of the reaction
are hydrocarbons, reactions in aqueous bicarbonate solutions is a prerequisite. Among the
materials that can reduce €® hydrocarbons is Cu which is generally ddesed to be

the best current optiofi. Nevertheless, a high overpotential and the wide range of

a 10 T T T T ‘T\' ,,'
@ -0.80+0.05Vvs RHE| | 1\Au

_._2_' 1 1’/ \\ A
= = 0.1 - Cu \\
TE -7 \
g Pt 7 Zn
— s \
3%001 -7 _Ni "
1
m('\l
O 0.001
&)

0.0001

20 -16 -12 -08 -04 00
CO Binding Strength [eV]

Figure 1.3:Volcano plot for CO binding free energy vs £@duction current densit

on metal electrdes. A scaling relation is observed for the metals with neither havir

ideal binding free energy depicted by the blue lineQ(5 eV). Adapted from ref.%6

with permission.

hydrocarbons obtained (poor selectivity) in the reduction are negative aspects related to
Cu-catalyzed electrocatalysi3.>® Theoretical calculations and experimental work have
shown that the free energy of CO adsorption on the chialg key metric for the selection

of an efficient catalyst for the electrochemic®8R (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 surfaegliated chemical
transformations to occur that lead to hydrocarbon production (Fig8)é®®° Thus, an
intermediate binding energy as depicted with the bleeihirFigure 1.3 would be the ideal
binding energy to produce hydrocarbons. Nevertheless, Norskot? & pitedicted that
pure metals cannot break the scaling relationships of bound intermediates leading to higher
hydrocarbons, oxygenates and alcohols to produceréduction products with higher
efficiency and good selectivity. Hence, there is a need to realizap materials (alloys or
heteroatomic compounds) that can reduce @&h high faradaic efficiencies and low

overpotentials.

1.3 HER on the MoS electrocatalyst

Octahedron

Figure 1.4:a) Structure of 2HMo0S: with the trigonal prismatic cordinaton and the
ligand field splitting of the Mo 4d orbitals, b) structure of 6S: with the Octahedra

co-ordination with the 4d ligand field splitting. Adapted from &E.with permission.
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Moz is a transition metal dichalcogenide (TMD) with a layered structure, with the
2D MoS sheets being held together by Van der Waals forces. When found in nature it is
referred to as the mineral molybderfité€? Three polymorphic phases of Mo&eknown,
where the most stable is the semiconducting 2H phase (band ga® %)% While
naturally occurring Mo%is found in the 2H phase the polymorphic 1T phase is a
metastable state of MaSwhich is metallic in nature and does not occur naturally.
Differences in elecbnic structure arise due to differences in the structures of the
polymorphs, where 2H Me$as a trigonal prismatic coordination of the S atoms around
the Mo atoms (Figure 1.4a), and the-MbS; has an octahedral coordination (Figure

1.4h)5466

The semiconducting nature of M0z is attributed to the symmetrip¢r) induced
splitting of the Mo 4d orbitals into three states: 1) completely filled M& 2)iunoccupied
Mo 4d?.y2 and Mo 46y, and 3) unoccupied Mo ¢and Mo 4d; orbitals. In the case of
metallic 1T-Mo$; the ligand field splitting of the Mo 4d athls results in 1) the degenerate
Mo 4dy, yz, xz Orbitals which occupy only two electrons, and 2) two unoccupied orbitals,
40,” and 4d2-y? (Figure 1.4P*%" The electrons in the three degenerate orbitals that are not
completely occupied leads to a metallimgnd state in the YMoS.. This incomplete

occupancy of the ground sate also leads to the instability of this $hase.

In the context of HER, MaSwas previously believed to be inactive for the reaction.
This belig was largely due to the inactive basal plane of theMa¥$.54%5 Taking
inspiration from hydrogen producing enzymes such as nitorgenases and hydrsgenas
Norskovet. al performed DFT calculations on the Mo edges of Md®%e calculations

revealedthaht a 50% cover age ofvasHearahe optirhuen vadud g e
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ofzerofor HER® T he cal cul at i on siomnthedbasal plapervasll92eV t hat
hi gher utom then edeesBes. Sice this revelation, there has been a focus on
optimizing MoS for HER. Jaramilloet. al. experimentally showed that the activity of

MoS: was directly proportional to the length of the exposed edges of the perimeter rather
than the total ared the MoS sheets?® and thus much research has tried to develop 2MoS
morphologies that maximize the number of edge &§#¥sUsing engineering techniques

like growing MoS 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 thetadgst®! To overcome the conductivity
problemsnanostructured vertically aligned Mp®as synthesized on conducting support
(graphene, graphene oxide, conductive carbon, and reduced graphene Bhide).
supported Mossystem allowed the exposure of a Ergumber of edge sites. Moreover,

the facile éectron transport with the conductive support enabled fast electron traffsport.

75, 77-80, 82

More recent studies investigated lithium intercalation into the van der Waals gap of
2H-MoS; as a way to tune the electronic and transport properties of Mof@rds the
HER &85 Lithium intercalation was carried ouy Istirring 2HMoS; in an organdithium
solution (rbutyl lithium in hexane) for three days, followed by exfoliation in water

(equation 1.28 and 1.29 respeetiy) 5% 83 8587
MoSz + (CaHg) L i xMoSi+CaHe (1.28)

LixMoSe+ H:0 ¥ MHLSOH + Ho (1.29)
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Lithium intercalation in Mo% 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 monae or few layer sheetd his exfoliation process converts a large percentage of the
semiconducting 2H phase to the metallic 1T pifa3éeoretical calculations have shown
that the 1T phase hassaG close to zero, not only on edge sites, but also on the basal
plane® The activity for the HER was hence increased due to an increase in the number of
active sites and the imprest charge transfer kinetics on the plane of Msigets. The
overpotential at a current density of 10 mAfcfor 2H-MoS, (320 mV vs RHE was
reduced by ~125 mV on the AMoS; under similar reaction conditions. Nevertheless, the
lithium intercalation proceswith pyrophoric FBuLi leads to only an ~80% conversion of

the 2H material to the 1T phase of M0S

More recently, a method has beeported in the literature that allows one to
synthesize 19MoS: which is carried out using a hydrothermal conversioortifornombic
MoOs to metallic MoS using a mild reducing agent urea and thioacetamide as the sulfur
source®® A pure metallic MoSphaseavas obtained in the reaction carried out at ZD€or
12 hours. The same reaction at an elevated temperaturéQyields the senasbnducting
phase, thus showing that the octahedral Mod@hverts to a 2H phase via a metastable 1T
phasé® This synthetic method willdused in Chapter 5 to allow the doping of 1T MoS2
with Ni and Colt should be noted that there is ambiguity among the nomenclature in the
AT structure. Usually a more relaxed structure of 1T known as tRes1dbserved
experimentally and theoretical calations with the H adsorptions. Nevertheless, it is
common in lierature to site one over the other amthis thesis, we refer to #s metallic

phase of the Mofas II'-MoSe.
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1.4CO2RR on MXene electrocatalysts

MXenes have the general formula«NKnTx, where M is an early transition metal
(Ti, V, Nb, Mo, etc.), X is carbon or nitrogen and i the surface termination group
(typically -O, -OH ori F) left after the selective etching process of their precursors (MAX
phase) and=1-3. &6 A6 f r ohase is hither aroUp IPA or IVA element (e.g.
Al, Si, Ga) which is preferentially etched to obtain the MXene (Figuf&%)More than
twenty different MXens have been synthesized and studied to date, suGihv@s;,

MOZCTX, TiSCZTx, VZCTX, MOZTiCZTx.93

A recent repoff (2017), using DFT, demonstrates the ability 2D-MXene
nanosheets to capture and electrochemically redue@ad®drocarbons. The calculations
predictedthat MXenes with the composition & were promising candidates for the
electrocatalytic CeRR. To date, there are no reports to prove thesegbi@th true or not.
Additional prediction® were that GC2 and MaC2 MXenes would have the best activity
towards the CeRR, although the synthesis of teedXenes has not been realized to date.
In a DFT study by Neng Li et al. it was observed that @@bsorbed spontaneously on
MXene surfaces, and moreover, they are adsorbed preferentially over water molecules. We
can expect this preferential adsorptafrCO; over water molecules to enhance theRR
selectivity over the competing proton reductiosaction (HER). Experimental and
theoretical studies have shown that MXenes are capable of capturign@@hat they
activate CQ through a charge transferading to a bent anionic GOspecie$>% In the
calculations they observe the low coordinated metal atoms interact withrtien atom
of CO potentially via electron donation from the calds. This phenomenon of GO

activation is well documented for metal surfaces where metals with a lower work function
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favors the transfer of an electrdhFor transition metal carbides the work function
increases along the period, thus it is expected that the MXenes with early transition metals
can activate the COmore than the carbides of late transition me¥alt has also been
predicted that the bding of CQ is strengthened by the strong attraction between the O

lone pairs of C@and the Jold metal atoms (under coordinated surface metal atéms).

Jaramillo and coworket$ have shown MgCTx and TsC2Tx MXenes have
overpotentials o283 and 609 mV, respectively, for the HER, which is lower than the
potentials employed to enable the &R in aqueous electrolytes. DFT calculations on
these materials hawshown that the surface O functional groups function as the active sites
for the HER reaction. Hence, these jaepared materials would prefer the competing HER
in aqueous solutions over the more kinetically challengingREO Thus, the active sites
for both the HER and C£RR of asprepared MXenes would be the terminal O, and in the
absece of an abundance of tih solution the CERR dominates. On the other hand, it
implies that the surface functional groups play a pivotal role in catalysis. The prediction
made by Sun and eworkers (2017 assume gristine MXene surface, when in reality
the surface often has oxide hydroxide anflimrine surface terminations. Thus, an aprotic

solvent would be key in the GRR 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, Mmvards the
electrochemical hydrogen evolution reaction (HER) and the 2D transition metal carbides
(MXenes) towad the CQ reduction reaction (C£RR) 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 Compatation
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. ©hawo will be dedicated
to providing a useful background to the readbout 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\Mo& Chapter six will discuss the GRR
on MXene surface®: 8 Chapters three and four are reprintspablished research and
chapters four and five are prepared manuscripts for publicationshiBeechapters on the
HER chemistry of MoSi nvesti gates how the material 0s
tuned by engineering modifications inthe layeredmatero s 1) i nter |l ayer,

3) basal plane as depicted in Figure 1.5. Chapter three describes the effect of intercalation
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Basal Plane sites

Edge sites

Figure 1.5: Structure of Mo%showing three different regionsatare engineered il
this thesis work. Black balls resemble Mo atoms while the yellow balls resemble

atoms.

of cations in the interlayer region of 34MoS; for the HER®® Experiment and theory

provided insight on the improved catalytic activity. Chapter two details the investigation

of the improved catalytic activity of vertically aligned Md®&xposing more edge sijemn

TizC2 MXene as a conductive suppétt.Chapter five revisits metallic Me%nd shows

that doping the basal plane of -MoS: surface with Ni or Co leads to significant
enhancements in the mat er ilityladascatdtys.RChagptert i v i t
six discusses the electrarhical CQRR on MeC and T3Cz. Experiment coupled with

DFT calculations shows that the high activity of 2@dor the reduction of C&xo CO is

due to the low binding free energy of COn the surfaceFinally, chapter seven
summarizes the main findings tfe thesis research and discusses the potential future

impact of the remarch.
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CHAPTER 2
EXPERIMENTAL TEC HNIQUES

Each chapter contains an experimental section detailing the specifics wbtkat
while this chapter is dedicated to providing insight into the batectrochemical
techniques with an emphasis on the thermodynamics and kinetics of electrochemical
reactions, analytical instrumentation used for the characterization of the syrdhesize

catalysts, and the instrumentation used for the product analysis of tRRCO
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 extéags,
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 t&J#O 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
el ect Feard E\elsis lower than the highest occupiediml (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 piatef the chemical species, these

potentials do not describe the electron transfer kinetics of the electrode précesses.
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Figure 2.1 Schematic representatiami a) reduction procesand b) oxidationof a
species, A, irsolution.The highest ocquied molecula orbital(HOMO) and thdowest
unoccupiedmolecular orbital (LUMO) of A represented in the figure. Adapted fr

Ref. 1 with permission.
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2.1.2 Linear sweep voltammetry and Cyclic voltammetry
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Figure 2.2: a) Potential sweep in a LSV with the initial potentialaBd b)resulting

voltage vs current{V) curve. Adapted from ref. 1 with permission.

The two most commonly used techniques fordkaluation of an etdrocatalyst
are linear sweep voltammetry (LSV) and cyclic voltammetry (CV). These techniques
provide valuable information on the electron transfer kinetics and transport properties of
electrochemical system<. A typical potential scan for LSV for an oxidation half reaction
is shown in figure 2.1a. The resulting voltage vs currewi) Gurve for the applied potential

program is given in figure 2.1b.

When the potential scan is startad/oltage bel E° fonset potential), the current
is only due to the nefaradaic processes. When the electrode potential reablearent
begins to flowmwith electrons floving through the electrode to oxidize thgesies at the
electrode surface. For a reactiortiwa defined equilibrium potential (i that potential
or voltage is an important reference point. The departure of the potential (E) applied at the

electrode surface from the equilibrium potentiaf ¥Evhen a faradaic current pass
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through the cell igalled polarization. The excess potential applied during this process of
pol arization is termed the overpotential,
q = EP

The +V curve of a LSV plot is thus used as a means to evaluate the catalyst by
d et e r miomhe nagtiord Related tche research outlined in this thesis work are the
onset overpotential and the overpotential @ 10 mA/dfhe onset overpotential is the
minimum potential required to register a faradaic current, while the overpotential
determined at a crent density oflO mA/cn? is the benchmark overpotential reported
in literature>® These LSV plots can also provide useful information for Tafel aisalys
(which is explained belv).! Cyclic voltammetry (CV) is an extension of LSV, whéne
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 sdemnimnesu identical
shape(for a reversible process) as the forward stan with the polarity of the current
changed. Here the speciestla electrode surfaceanundergo oxidatiorand reduction

cycles
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Figure 2.3: a) Potential sweep for cyclic voltammetry, and b) resultivgadurve

(voltammogram) for the potential scan in a. Adapted from ref. 1 with permissio
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Figure 2.4: Schematic of a polarization pl@gotential vs current densitfor the HER.
The green curve shows a lower onset overpotential and a lower overpotentia

mA/c? than the brown curve.

A typical polarization plot obtained from linear sweep voltammetrheHER is
given in figure 2.3. The green curve shows an electrode that has a lower onset and
overpotentialat 10mA/cn? for the HER. The current obtained in the polarization slot

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 densitie Tafel slope is a metric that reveals
mechanistic information about tleéectrode process. The following is the defiwaof the
Tafel equation using the Butli&folmer equation. It is expected that this derivatwaiti

help the readesppreciate theneaning of thevalues obtained from the Tafel plots.
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Consider a general case where, the forward reaction is cathodic areVvdise

reaction is anodic (equation 2.1.1)
0 €Q —Y 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 kindies ca
explained using the Butlérolmer equation (2.1.2) The relationship takes into account
the standard rate constants for a forwarg énd reverse reaction pjkwhich is then

substituted with the Arrhenius rate equation.
Q QQwARA—— Qo —— 2.1.2

Here i is the current densityy is the exchange current density (current density in
the absence of net faradaic processy the number of electrons transferradidg the
process,U is the transfer cefficient (aandalic, c-cathodic),F is the Faraday constant
(96485 C/mol)da and dc are the overpotentials at the cathode and the anode respectively,
R is the universal gas constant ahds temperature. For theystem at equilibrium both

exponential terms become important.

If the system iglrivenaway from equilibriurthrough a potential increasae of
the exponential termavill dominate(depending on whether oxidation or reduction is

driven)and the ButleiVolmer equation simplifies to the Tafel equation:
For a reaction with a large cathodic term-0

2.1.3
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For a reaction with a large anodic tgrn~0

0 0 QoF—— 2.1.4

Both equations take the form of

8 8

- — i — i@ 2.1.5

which can besimplified to obtain the Tafel equation

- o ol liw 2.1.6
where,

A, I c'> 2.1.7
and

- 2.1.8

According to equation (2.1.6) the value of the Tafel slagpebtained from
polarization plots where the overpotentid) {s plotted as a function of the log of the
current density (log). The value of the Tafel slopgiiestricted by the number of electrons,
n,involved in the electron transfer process. Hertoe,Tiafel slope is commonly used as an
indication of the reaction mechaniskor examplea Tafel value of 40 mV/deor a HER
catalystis associated with a Heyrsky type rate determining step (equation 1.2), while a
larger Tafel slope (120 mV/dec or highés 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 og@otentials fneasured at a current densityl@fmA/cn?) and Tafel

slopes.
2.1.3 Electrochemieal stability tests

Chronoamperometry and chronopotentiometry are two techniques used to evaluate
the stability of an electrocatalyst for HER and OER and as asnefaevaluating the
efficiency of a catalyst in the GRR 2 87 In chroropotentiometrya constant current is
applied between the working and theuoter 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 wileed achange in potentialo keep the current
constant. Adecreasen potental 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 ande current response in the circuit is measured as a function
of time. A stale material will maintain a constant current at an applied potential, while a
material that is unstable will yield a decrease or increase in current dependirigether

oxidationor reduction is of occurring.

36



2.1.4 Hectrocatalyst and electrode preparéon for testing

a ) ii

® o ¢

1] MBeference

/}g gs

Reference
electrode Nafion

membrane -~

Figure 25: a) Schematic of a threelectrode system. The system shown is for the
under acidicconditions. The working electrode (WE) is the cathode where prc
reduce to hydrogen gas and the couelectrode (CE) is the anode where watel
oxidized to oxygen gas. The potential at the WE is medswith reference to the
reference electrode (REb) Three electrode cell used for HER, and c) three electr

two compartment cell used in CRR.
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All the electrochemical experiments were performed in a tbledrode setup
(Figure 2.5) with a CHI 660E potentiostat under ambient conditions (2&)2
Electrochemical studies i@hapters 3 and 4 were carried out in 0.5 M58, while
alkaline HER outhed in chapter 5 was evaluatedih M KOH (pH~14) solution. C&RR
electrocatalysis was carried out in acetonitrile as the solvent with 0.Xelyi2-
methylimmidazolium tetrafluoroborate (EMIMBF as the electrolyte. The working
electiode used was aagsy carbon electrode with a 3 mm diameter or a Ni foam (53 mm
for the HER catalysis and a 5x5 rhhome built GC electrode for GRR (Figure 2.5c).

All GC electrodes were polished in 1.0, 0.3, 0.05 um alumina powder respectively,
followed by sonicatingn ethanol and d@nized (DI) water for 10 min each. A saturated
calomel electrode was used as the reference electrode in the HER experiments while a non
aqueous Ag/Agreference electrode was used in theeRR experiments. A Pt wire was

used as the coumtelectrode in the experiments in chapters 3, 4 and 6, while a graphite rod
was used as the counter electrode in the electrochemical experiments of chidmegh.

Pt wires are constantly used as the counter electrode in electrocheaati@ins, carbas

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
contaminationThe working electrode was prepareg drop casting fuL (loading 0.71
mgcm?) 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 argRRGn

chapter 6, 20 pL of the ink was drgpst on te Ni foam electrde and 5x5 miGC
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 aach experiment warepeated at least three
times. The overpotentialt 10 mA/cn?, onset overpotential and the analysis of the Tafel
slope were based on these polarization plots. The Electrochemical active surface area
(ECSA) estimations were performed dgting the capative 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 iswice the doubldayer 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
chronopotenbmetry, where aanstant 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 rafe500 mV/s for 10,000 CV cycles. To evaluate the
catalysts for th€ O2RR, chronoamperometric curves were obtained by holding the cathode
at a constant voltage in GQaturated EMIMBEACN solution for 30 min. The total
charge passed was obtained by integrating the area under the amperometric curees and th
headspace of éhclosed 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 fiMR 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)

Electron energy
analyzer

X-ray Source

- Photoelectrons
Ey

o

Specimen

Figure 26: Schematic diagram showing the-rXy source specimen and the

hemispherical electron energy analyrea X-ray photoelectron spectrophotormiet

X-ray photoelectron spectroscopy (XPS) is a powerful surface analytical technique
that provides useful qualitative and quantitative information on mkgtefiae working
principle of the technique 1Is based on Ei
conditions, Xrays incidenbna material surface induce the ejection of core level electrons

which will be at a specific kinetic energy, denoted by tilewing equation.

Eb=hd- Ex- £ (2.2.1)
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Eb is the binding energy of the ejected electrequal to thalifference in energy of the
incident Xray energy (Bbhi s P11 an c k 6 Ais thedregaency of the Xay),dhe
kinetic energy of the ejected electron)(Eand work function of the spectromete).(The
photon energy and the work function are fixed for the instrument and thus, the kinetic
energy of the ejected electrons can be relaidte binding energy of &electronin the

atom from which it originatettom.

hv L Energy

Core levels

K O ®

Figure 2.7: lllustration of the ejection of core level electrons by inciderRay

with an excitation energynQ).

The binding energy of an electron depends on the nuclear charge, number of core
level electrons, and bonding to nearby atoms, thusalB provide information on the
elemental composition, and moreover the chemical environment of the ejected slectron
For instance, the energy required to eject a 1s electron from a carbon atorCitbheng
is 284.8 eV, whereas a carbon atom bound tel@ctronegative element, such as oxygen
having a GO bond, would require 286.8 eV to eject the same electron. bbes\eed shift
of carbon in different chemical environmergan example of aore level shiftin general

the core level shifs definedas achange in binding energy of a core electron of an element
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due to a change in the chemical bonding of that eden@onsider the binding energyoE
of el ectrons of a c oy wlenteeclearons and radusmTheat om 6

changeinbind n g e n ¢ dug o thé¢ feziBation of an ion of the atom j is given by
abh= &g (2.2.2)

Where e is the charge of an electron. Adding the inter atomic potential change due

to an atom 0i i), theshift in theebindirig engy can bé geedh as
abEp= a&lq-& iV (2.2.3)

where \j = potential of atom i on jequation 2.2.3howsthat the binding energy of the
electrons observed in the XPS are sensitive to the oxidation state and the chemical
environment. In the casof the GO 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, esulting in an increase in the observed binding energy. dd@&obtained for

this thesis work was primarigcquiredbn an inhousesystem that included\AG Scientific
instrumentl00 mmhemispherical analyzer operating in constant energy mode with an X
ray generator, Mg KU wRetatedt@thepesearehroutinedtnithe g o f
research Mo 3d region and S 2p regions were evaluated using XPS.sMan8d3d/.

peaks appear around 229 eV and 232 eV respectively, for semiconducting 2H phase of
MoSz. These values lower by ~1 eV for the metallic 1T phase, thus making XPS a useful
technique to determine the phase of Md¥convoluted Mo 3d and S 2p regions can also

provide the quantitative information of the relative amounts of each phase ef MoS
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2.2.2 Xray Diffraction (XRD)

Scattered beam
—

Incident beam
e

Figure 28. Schemati ¢ descr i isithaapgleBf iacgandéss thelL
incident Xray andd is the path difference equal to a whole nundi¢he wavelengt

of the Xray.

Powder XRay diffraction is a powerful todhat wasused to characterize and
identify theatomic structuref samplesnvestigatedn this thesis work. The principle used
in XRD is the diffraction and interference of ma@hoomatic Xrays as they are incident
on a material. The resulting pattern of a sample is created by the constructive and
destructive interference of-Kys as thewre diffracted through a material (Figure 2.8).

The resulting diffraction pattern can be&ained by considering the Bragg diffraction law:
ne=2d sind (2.2.4)

where,nis an integral multiple of the wavelength (known as the order of diffractas),
the wavelength of the monochromatieray sourced is the scattering angle, adds the

interplanar distance of parallel crystal plaridse interlayer distances are quite frequently

43



used in these studies, as the optoelectronic properties of thédrametal dichalcogenide

(MoS.) being a layered structure is highly sensitive to the interlayer spacing. The layer
spacings are sensitive the phase of the underlying material and moreover the phase of

the layered material studied. By calculating tints in the diffraction peaks or the
interplanar distances, the environment in the interlayers can be determined. For instance,

the intercation of cations of different sizes in the interlayers of thel®@red MoS

would be expected to change the diseabetween interlayers and hence can be confirmed

by XRD. The XRD data presented in this thesis was obtained on either a Bruker APEX Il
DUOdi ffractometer equipped with a Mo KU r a
with a TRRIUMP monochromator or a BeikkD8 Advance Xray Powder Diffractometer

equi pped with a 2kW Cu KU1l radiation monoc

2.2.3 Transmission electron microscopy (TEM)

Electron microscopy uses a beam of electrons to image samples smaller than the
fundamental limit of optical resolatn. 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 wae-particle duality of electrons is demonstrated by an operating
TEM. A high voltage (V) is applied to accelerate electrons where they iaitickenergy
(momentum). The relationship between the voltdgg and wavelength( acan be

estblished (equatioR.2.7)®

— (2.2.5)
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Where,hi s t he Pl a 6.628 % X*J9omis themass of gn electron
(9.1 x 10°*kg) andv is the velocity of the accelerated electron. This is the de Broglie

relationship. The velocity of the electron is relatedhie accelerating voltage by

Qh — (2.2.6)

Vp— (2.27)

Where,e is the charge of an electroh.§ x 10'*° C). Thus, for a microscope operating at
120 kV, the de Broglie wavel engtchsmale) wo u

wavelengths high resolution images (~0.1 nm) with can be obtained.

The high energy electron beam is produced at a cathode, usuaBs &rystal,
and then accelerated and focused by a series of magnetic lenses. The electron beam
interacts with he ultrathin sample, depending on the sample thickness and composition of
the sample the intensity of the transmitted electrons varies. Tisntiteed 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 specimbn.this work,
transmission electron microscopy (TEM) images were obtained usia@la JEM-1400
microscope operating at an accelerating voltage of 120 kV. Specimens studied were
dispersed in wateria sonication and then a 10 uL 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)

Incident electron beam

Backscattered electrons
Secondary electrons

X-rays

Specimen

Figure 2.9: lllustration of the different types of signals use&EM, and their origins
in the specimen.

Similar to TEM, scanning electron microscopy (SEM) uses electrons for imaging,
but at a lower energf0.4-40 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
semondary electrons geraed by the interaction of the beam with the sample to generate
an imaggFigure 2.9) As a result, an array of detectors are used to gather infornfiation
the specimen. The interaction of the electron beam with the sample also geneetes X
arising from the relaxation of excited core electrons, which is englty®btain the
elemenal composition of the sampleThe use of these -Xay emissiongo gather sermi
qualitative information on the sample is known as energy dispersive spectroscopy (EDS).

All SEM micrographs presente this thesiavere obtained using a FEI Quanta 450 FEG
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SEM microscope operating at 840 kV. EDS spectroscopic analysigs performed by

an Oxord systems nanoanalysis EDS system, using Aztec 2.1 analyzing software.

2.2.5 Raman spectroscopy

Virtual state ry ry y
Vibrational states * v ¥
Stokes Anti-stokes  Rayleigh
shift shift scattering

Figure 2.10: Schematic of the energy diagram depicting the origin of the Ra

peaks.

Raman spectroscopy is used to determinstifuetural information of organic and
inorganic compounds in solid, liquid, or gasestages. The technique uses monochromatic
light to irradiate the sample, and the resulting interaction with the sample scatters light
elastically (referred to as Rayleigbattering) and inelasticall).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 relatedvarious 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 crossection. Raman effect is b 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 mbBes.| ar i zabi | i t

defined as,
P= U A E (2.28)

Where,P is the induced dipole moment aids the electric field. Polarizability
varies based on how strong the electron cloud is bound around the nucleus or the molecule.
The energy diagram of ¢horigin of Raman peaks is depicted in figuré02.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 radiatio. The energy difference between this vibrational energy stateesiplect
to the initial energy state where electron is excited is given as the Raman shift (stokes and
antistokes scattering, Figure 2)1 These shifts are always defined with respedh&
Rayleigh scattering frequency. As the vibrational energy statesharacteristic to the
probing molecule, Raman shifts are independent from the excitation wavelength. However,
the excitation wavelength can affect for the scattering cross cessidm @gtermines the
scattering intensity of the Raman modes. Followisgthe typical Raman peaks
corresponding to the above transitio&aman measuremenits this thesis work was

Rayleigh
scattering

Stokes Stokes
shift shift

» Wavelength

Figure 2.11: Diagram showing the subsequent Raman peaks due to the transiti

figure 2.10
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performed using a Horiba Jobin Yvon Labram HR800 Evolution confocal Raman
spedrometer with 532 nm laser excitation, Olympus MPlan N 100x miomsobjective
focusing excitation light to ~1um spot, 1800 gmm grating providing ~2 spectral
resolution.Related to the thesis work are the fingerprint spectra for the vibrationakmode
of 2H and 1T Mo% Semiconducting 2H MaShas two significant péa at 386 cnt and

407 cmt that are known as'ey and Aigmodes. These peaks diminish in intensity and three
phonon modes callec,J» and 3 at 156 cmi, 220 cm! and 325 cnt are obsered

respectively, for the 1T phase for the MoS

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 formpr 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 adsotbete
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 entapuii dute 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 hydrocarbottssiworka HP 5890 GC equipped
with a 2 m long Shin Carbon Spackedcolumn (Restek) was employed with a TCD
detector. Ultrahigh 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

ACTIVITY OF 1T -M0oS; FOR THE HYDROGEN EVOLUTION REACTION

(Note: Content of this Chapter is adapted from the publicatiivuwan H.
AttanayakeAkila C. ThenuwaraAbhirup Patrayaroslav V. Aulin,Thi M.
Tran,Himanshu Chakrabort§ric BorguetMichael L. Klein,John P. Perlv, andDaniel
R. Strongin Effect of Intercalated Metals on the Electrocatalytic Activity ofNI®S; for
the Hydrogen Evaition ReactionACS Energy Letter80183 (1), 7-130 with permission
Thedensity functional theor§DFT) calculations presented in this chapteene executed
by Dr. Abhirup Patraand Dr. Himanshu Chakrabortynder the supervision of Ddohn

P. Perdew andr. Michadl L. Klein.)
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3.1 Introduction

As discussed in Chapter 1, capture and storagmlaf 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 significamterest in developing methods to store solar energy in
the form of chemical fuels. In this contexpliging 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., hydrogenr)® Solarinducedwater splitting has generally been investigated in
two ways: (1) the direct photochemical splitting of water over suitable semiconductor
catalyst ad (2) the use of photovoltaics to harness solar energy and to then split water with
an electrolyzef.One crudl step in this latter effort is the hydrogen evolution reaction

(HER) step:
2H"+2eY H (3.1)

This chapter introduces the reader to tlse of MoS as a potential lovzost
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 sgal®dtiction via
water electrolysis due to their scarcépd highcost. 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 diclicogenide (TMD) have shown significant promise for the HER
in acidic media:’ Within this material class, W%ind MoS are the most studiett’ This
research effort has been inspired in part by the excellent catalytic activity of nano and micro
sized MoS structures in petroleumefining industries! TMD are layered structures with

van der Waals forces binding the sheets together. The activity of the TMD varies depending
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on structure and morphology. Fexample, bulk MoSwas thought to be inawg towards

HER until nano structures were realized and found to be excellent HER cédtafysts.
Three polymorphs of MaShawe 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 atohesbdsal planes of these materials were
found in general to bénactive towards HER? 1 while edge ges and sulfur anion
vacancies provided sites for increased HER activifyurthermore, it was shown that
introduction of lattice straiim the layered sheets increased the HER acti%ifjlso, of

note is that the interplanar conductivity of the TMD is 2200 times less than the conductivity
along the basal plarfeThe paucity of active sites andatoout of plane conductivity are

key issues that limit the electrocatalytic activity of bulk 2H phase of2NIaS, 2H-MoS,)

for the HER.

Toward the goal of making Me& more efficient HER catalyst, it has been shown
that the 2HMo0S: phase can be transfoed into the polymorphic metallic 1T type MoS
(via the intercalation of Li iod$2) with octahedral coordination of S around the Mo.
Lithium intercalation folloved by exfoliation yields stable naisbeets (NS) of 1'MoS,,
with lattice distortiong??* These distorted metallic 1WoS; NS show good
electrochemical activityelative to the 2H phase on both the edge sites and the basal
plane?:2° The exfoliated NS bear a surface negativarge that enables a stable colloidal
solution in water, although this charge has been proposed to reduce their electrocatalytic

efficiency> 22

A hypothesis tested in this research is that the electrocatalytiityaot the layered

1T-MoS: NS for the HER can be enhanced by controlling its electronic and structural
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properties via the intercalation of metalioas. Prior studies have already shown examples

where the electrocatalytic behavior for water splittingoafticular layered materials are

sensitive to the nature of metal/cations in the interlayer re§fdm.o test this hypothesis

for 1T-MoS: we determined the electrocatalytic HER activity of this layered material
individually intercalated with G6, Ni?*, C&*, and Na. Density Functional Theory (DFT)
calculations were employed to gain an insight into the Gibbs free energy of adsorption for
hydr ogein dmpGeach of the i nter glaableenembelys a mp | e
used as a descriptor for evaluating catalysts for HER3! In particular, an improved

catalytic acti viivdlugsclosetoaebos er ved f or oG

3.2 Experimental section

Materials and Methods

Reagents and chemicals used in this study were purchased from commercial
vendors ad used without further purification.-kay diffraction (XRD) data were acquired
on a Bruker Kappa APEX 1|1 DUO diffractomet
molybdenum wbe with a TRIUMPH monochromator.-bdy photoelectron spectroscopy
(XPS) were pedrmed on an the ink used for electrocatalysis drop casted on to copper tape.
Transmission electron microscopy (TEM) images were obtained using a JEQL4EM
microscope opating at 120 kV. Scanning electron microscopy (SEM) images were
obtained using &EI Quanta 450 FEGEM microscope operating at-BO kV. Energy
dispersive spectroscopy (EDS) analysis was performed with an Oxford systemas nano
analysis EDS system, using t&z 2.1 as the analyzing software. Raman measurements
were performed using a HoabJobin 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 ~1um spot800 gmm grating providing ~2 chspectral
resolution. The excitation intengitvas 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 meagwaineast 5 spots per sample. Samples
were drop cast onto a glass slide for Rarspectroscopy and dried in air for 24 hours

before collecting the spectra.
Synthesis of 1TMoS;

Lithiated MoS was synthesized by reacting bulk MqSigma Aldrich) 1.0 g wh
1.6 M nbutyl lithium 10 mL in hexane under argon atmosphere for 48 hourditfiaged
Mo (LixM0oSz) was filtered and washed with excess hexane to remove residual lithium
and organic materials. ThexMoSz was dried under vacuum. TheMoS: was exfoliated
by sonicating 0.100 g in 40 ml of DI water for an hour. The unexfoliate&&nd LiOH
were centrifuged out. Weighing the unexfoliated materials gives approximately a
monolayer Mo$% sheet concentration & mg/mL. This NS solution was freeze dried to

obtain a black powder of 1MoS,.
Synthesis of Intercalated compounds

10 mg ofthe 1FMoS: was resuspended in 5 mL of water and sonicated in water
for 15 min. This process+&uspends the 1MoSz into monolars in water. Then NaNO
solid was added to the INIoS; suspension to make the Neoncentration 20 mM. The
suspended 1Mo flocculates completely in about 5 min. The precipitate is centrifuged
and washed with excess DI water 3 times to remove any excess the material. The

same procedure is repeated for other metal ions but maintaining a cation concentration of
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10 mM for Co?*, Ni?* and C&" by adding solid cobalt(ii) nitrate hexahydrate, nickel (ii)
chloride and calcium nitrate respectively. Thecjpitate 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 powderBD measurements.
Electrochemical Characterization

Electrocatalytic studies were carried out in acidic media (0.528Cy using a
CHI 660E potentiostat operating in a standard teteetrode configuration at ambient
temperature (24 £ 2 °C). All the femtials were measured with respect to a standard
calomel reference electrode (CH instruments) and a Pt wire was used asurier c
el ectrode. The working electrode was prep
suspension on a 3 mm diameter glasspaarelectrode (loading 0.71 mg/@mThe ink
solution was prepared by adding 10 mg of freeze drieMa%: in 1 mL of DI wate. All
the polarization curves were recorded at 50 mV/s scan rate after correcting for iR losses.
For all the catalysts tested Rerpolarization curves were replicated 3 times. The
overpotential (at a current density of 10 mAfrmnd Tafel slopes repodere based on
an analysis of these data. Chronopotentiometry measurements of each sample were carried
out at 5 mA/cmfor 24 hr n 0.5 M BSQu. Electrochemical Impedance Spectroscopy (EIS)
Nyquist plots were obtained at 200 mV overpotential within theuigacy range 0.1 Hz to
10° Hz. Cyclic voltamograms obtained at various scan rates (2, 40, 60, 80, 100, 120, 140
mVs?) in the potatial range 10200 mV vs RHE were used to determine the ECSA and

double layer capacitance.
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First Principles calculations

Thedensity functional theory calculations were performed in the Vienna Ab Initio
Simulation Package (VASP)within the projector augmented wave method (PAWNhe
newly developed met&GA SCAN**a nd i HloéakvanmdernVaals corrected form,
SCAN+rVV102® were used as the exchangmrelation approximations. Whelieve
correct absorption energy is achieved using these two density functionals. We used 550
eV as thecut-off energy for the calculations. Geometry optimization was achieved using
the conjugated gradient method and the atomic coordinates were reléked the
convergence criteria of 0.01 eV/A. Electronic energies were converged using the
convergence catition of 0.00001 eV. The systems were modeled using a bilayer slab of
1T-MoS2 separated by the experimentally determined-lay@ar separation distae. We
used a 15 A of vacuum in the z direction on the top of the topmost layer to model the
adsorption grface. The 2x2 supercells were constructed from the fully relaxeddS2
bulk structure with the a=3.176 A, b=3.17 A and anMo distance of 3.17 AA Gamma
centered 8x8x1-knesh 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 2Mo0S2. A hydrogen atom was placed on top at@n of the MoS
basal plane, which is also found to be the most preferable adsorption site in previous
studies?® 3¢ The relaxed $1 distance are listed on Table Al using SCAN and
SCAN+rVV10 for the structures studied. The top layer with the adsorbed H atom is relaxed

in our calculations, whereas the intdated atoms and the bottom layer are kept fixed.

57



Table 31: Distance (in A) between adsorbed H atom and the S atom of the top layer of

Mo$: calculated using SCAN, and SCAN+rVV10.

Structure SCAN SCAN+rVV10
Pristine (Clean M0S) 1.362 1.362
Na/1T-MoS; 1.361 1.362
Ca/lT-MoS, 1.360 1.361
Ni/1T-MoS; 1.361 1.362
Co/1T-MoS; 1.361 1.362

Gibbs free energies for the hydrogen adsorption were calculated using the formula

Y1 YR Y. A%, (32, whereYO represents the hydrogen absorption

energy,y@ | isthe zero point correction ar)"(a"TI is the entropic correction dfydrogen

molecule. The absorption energy of the hydrogen atom was calculated K(ﬁ'r{lg
fefq - - (33 wherep.y ;5 is the tothenergy of the adsorbed

structure O is the total energy of the pristine Mg&rd O s the total energy of the

hydrogen molecule in a box. For the intercalated structures, we used the same method

exceptfy . § 5 becomespu. y L o whereX=Na, Ca, Ni, Co.The Zero Point Energy

o . Y =By o g By gt

(YO ) is calculated usingY ey . - EAL- L b - (34), where

O , O and O are the ZPE corresponding to the H adsorbed, clean

structures and H molecule respeely. We found this value to be 0.078 eV for all the

structures. We have taken the entropy correction from the gas phasd®of/ff. e

-1, . Therefore, in our calculations we used the value of 0.278 eV dépthe
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1%

(35).

|, which simpifies the above equation for Gibbs free energyte Y, 8

3.3 Results and Discussion
3.3.1 Material characterization

To prepare 1IMoS: samples we used a wastablished method that yields lithium
intercalated bulk 2HMoS; by using strong reducing agents such as LiBHd rbutyl
lithium.X! The intercalated material, JMo0S;, was thenexfoliated in water to produce
metalic monolayer NS of Mo&*’ Prior studies have shown that these NS can be restacked

by adding cations to a NS containing solutién.

To prepare intercalated samples for this study, solutions containing either Na
C&*, Ni?* or Cc* ions were added separately to a solution containing 2 mg/ri1d%
NS. This addition led to a precipitatgghase. The solution was centrifuged, and the
precipitate was washed three times with deionized (DI) water. Samples individually
prepared with N&, Ca*, Ni?*, and Cé" will be referred to hereafter as Na/MoS,,

Ca/lT-MoS, Ni/1T-MoSz and Co/1TMoS,, respectively.

X-ray diffraction (XRD) was used to determine the interlayer spacing of the various
samples. Figure 3.1 exhibits diffractograms for @HkMoS; and 1 FMoS: NS that were

collected for analysis upon drying, and-MbS; NS that immediately pregitated from
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Figure 3.1. Comparisorof (001) and (002) XRD reflections of bulk 20, 1T-

Intensity (a.u)
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MoS: and metal catioiintercalatedl T-MoSs.

solution after individual exposure to €pNi?*, C&*, and Na. Inspection of the data shows
that bulk 2ZHMoS; exhibits a (002) reflection associated with an interlayer spacing of 6.36

i 3240 Exfoliated MoS sheets that stacked upon drying exhibit an interlayer spacing of

12. 87

comparatively weak Bragg reflections associated withMbs; NS (Figure 3.1 and
Appendix Figure A2 for complete diffractograms) after extadiaand drying suggestat

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 (00l)ertion, the presence &fa" results in the

smallest interlayer distance (12.33 A), whiléNesults in the greatest interlayer distance

(12.73 A).

¥

due to a water d o u brl regiont® alyee r
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To confirm that the intercalated samples maintained the 1T phase, Raman
spectroscopy was carried outdBre 3.2). Thalistinct phonon modes at 154)(219 (3)
and 327 crit (&), which are characteristic of metallic -MoS,, are attributed to the
formation of a super lattice structufeThe presence of the 1T super lattice strucuture was
also observed in selective area elecron diffraction (SAED) patterns of bdifto3Iand
intercalated 1IMoS; samples (Appendix Figure A3 4142 The broadening of 404 ¢4
and 380 crit (El2g) mades, as well as suppressed intensity ‘of &e 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 plaaskthe super lattice structure
was obtained from Xay photoelectron spectroscopy (XPS). The Mo 3d region associated

with Mo consists of two primary peaks at ~229 and 232 eV corresponding tosihe 3d

Co/1T-MoS,

Ni/1T-MosS,

Ca/1T-MoS,

Intensity (a.u)

2H-MoS,

™ L] . v I L] : v - L] . v L] v
100 200 300 400 500 600
Wavenumber (cm™)

Figure 3.2. Raman spectra of 2MoS; (black),1FMoS: (green), and metal ion

intercalated 1IMoS samples.
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and 3d2 components of MY (Appendix Figure A4)Similar to the analysis of XPS for

2H- and 1 FMoS:in prior work, deconvolution of the peaks obtained in this study for;MoS
shows additional peaks with a shift to lower binding energy of ~1.0 eV, that corresponds
to the 1T phas& 3’ Analysis of the S 2y and 2p/2 XPS also shows that each feature is
composed of two contributns, due to the presenokthe 2H and 1T phases of MoShe
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 exfoliated2Muferial is in the 1T
phase. The intercalated samples also sheimiar 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 AAG6). Analysis of the gaples with energy dispersive
spectroscopy (EDS) suggests that @ineount of intercalant varies in the range €%

when 10 mM divalent cation solutions ané 4atomic % is observed with the 20 mM
solution of monovalent Necation (Figure A7 and A10). Weadinot observe an increase

in the intercalated cation concentratizvhen the MoSsheets 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 nezgdby the intercalated cations. XPS

of the Ni and Co intercalateshmples (Figure A6b and A6c) showed the presence?sf Ni

and Cd*, respectively, indicating that redox chemistry between the cations angditoS

not occur during the intercalation process.
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Figure 3.3 shows scanning electron microscopy (SEM) imagé3-edoS; and
Co/1T-M0Sz, and transmission electron microscopy (TEM) images of the exfoliated 1T
Moz and flocculated samples of CoEMoS,. The exfoliated 1IMoS: sheets are very
thin and, upon flocculation, several sheets stack over one another as fviteiie SEM
images and TEM image contrast. SEM and TEM images of the other intercalated samples
are shown in the Appendix (Figure 48). During the intercalation process we do not
experimentally observe a difference in the sizes of thiMd$: NS that sadk to form the

intercalated structures.

Figure 3.3. SEM images of (a) Mo and (b) Co/1TMoS: and TEM images ol
exfoliated (c) 1TMoS: and (d) stacked Co/tWoS; (refer to Sl for images of othe

samples)
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3.3.2 Electrochemical results
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Figure 3.4. A) Polarization plots of current density (j) vs V after iR correction shov

enhanced catalyticctivity of metal cation intercalated IWloS,. The inset exhibits ¢

magnified viewemphasizing the differences in overpotential between the sample

10 mA cm?); B) Tafel plots for 17TMoS; and metal cation intercalated -MoS,

samples;C) Nyquist plot showing the decrease in charge transfer resistance

intercalation;D) Plots d 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 1MoS.. Measurements were performed withhaee

electrode systa (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 overpotentidl)(for HER associated with thiifferent electrocatalystaf a
current density of 10 mA/cfh The lowest overpotential in the MpSeries studied was
associated with Na/AMoS; (h=183 mV) and this material had an onset potential as low
as 120 mV. This value was-50 mV lower than thé value for pristine 1IMoS. Theh
value of 230 mV vs RHE for ¥Mo0S: obtained in our study is consistent with prior HER
studies for this same materf&l?* 2* An important conclusion that can be drawn from the
data is that all the TMoS: materials with intercalated metal ions show wdoh than
does intercalantree 1T-MoSz. While Na/1FMo$; exhibits the lowesh value, all of the
other intercalated metal ialiT- MoS, samples exhibih values that are within 12 mV of
the Naintercalatedsamples and more than 40 mV lower thanhhresseiated with 1F

Mo$S: (see Table 1).

Figure 3.4B exhibits Tafel plots, derived from extrapolating the linear region of a
plot of h vs log j. The Tafel slope for Na/iWMloS; is 45 mV per decade, similar to the
Tafel slope for 1IMoS: (also 45 mV decadd. 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 MoSsamples imply that a twelectrontransfer procestakes place in
the HER, consistent with a Volmeéteyrovskymechanism where the rate limiting step in
the process is the desorption of ¥ The similar Tafel slopes for all the samples suggest
that the intercalation process does not alter the HER mechanism that is associated with
pristine 1FTMoS,. It is also important to mention that prior studfdsave suggested that
removing some negsae charge from exfoliated 1MoS; NS (by exposing to iodine) also

improves the catalytic HER activity of iMoS; (based on a lowering &f). This reduction
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in charge upon intercalation is emphasized in our relsdgrezeta potential measurements

(see Tal# Al). It was found, for example, that upon intercalation with, Nize zeta

potential decreased from a value-48 mV to-29 mV. In view of this prior assertion, it is

possible that the removal of some of thergkafrom the surface of IWMoS; 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 (R of the samples, weacried out electrochemical impedance stsdiFigure

3.4C exhibits data obtained ahaalue of 200 mV. 19IMoS: exhibits an Rvalue of ~60

q, Compad~eld tkoyg o -oRtallic 2HBloSnpbase (figure A12). The lowest
Rctvalues are observedrfthe intercalated MoS: samples(Rvar i es from 25 to

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 doubletaapacitance (. The slope ofapacitive
current for cyclic voltamograms (Figure A13) plotted vs scan rate (Figure 3.4D) gives half
the value of G. The ECSA is proportional to thei@alues (an increase iru@ associated
with an increase in EC9A* The Gi values are tabulated in Table 3.1. Based on these
values, all the intercalated samples display a higheHyher Gi values imply that the
capacitance on the catalyst has improved, suggesting that intercalated eaimarthe
interlayer region. Té 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 intercadataegles have similar
spacings. Tl improved ECSA is an interesting experimental observation considering that

prior research of the 2H phase of Ma&biggested that an increase in accessible reaction
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sites and lowering of thé for this phase occurred witan expansion in interlayer
distan@® It may be the case that a reduckdrge on the sheets upon catiomioalation
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 nfAstrow that the
intercalated samples are stable over a period of 24 h (see Appendix figurdRAG¥Bn
spectroscopy of Na/EMo$S; after the stability test shows that the 1T structure is preserved
(Appendix figure A15)All the experimental data takéogether show that éhintercalated

samples are stable and more active than intercakzentl FMoS,.

Table3.2 Summary of electrochemical data

Sample d ( mV) Tafel Slope Ret( @) Ca (MmF cm?)
(mV/dec)

1T-MoS; 230 45 60 3.75

Na/1T-MoS; 183 45 25 9.20

Ca/lT-MoS; 190 46 30 7.35

Ni/1T-MoS; 191 47 30 6.30

Co/1T-MoS; 195 46 40 6.15

3.3.3 DFTresults

Finally, it is useful to revisit the electrochemical polarization results in view of DFT
calculations. Specifically, we calculated thelftogen atom adsorpin free energy change
( gpfor 1T-MoS: in the absence and presence of the different intercalated cations. Prior

studi es have g e n eqris|a &nl excellsnh degcniptort th adsess qilte
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Figure 3.5. Free energies of hydrogen atom adsorption on the basal plane of p

1T-MoS: as well as on the intercalated-MoSs.

electrochemical HER activity of catalyticidacest? %31 In particular, optimal catalytic
activity is associa d  wi tnh 0.3 DilGealculations were performed in the Vienna
Ab Initio Simulation Package (VASP)within the projector augmented waweethod
(PAW) 22 The newly developednetaGGA SCAN* and its nodocal van der Waals
corrected form, SCAN+rVV18 were used as the exchang@relation approximations
(Refer to the appendix A for detailed information including geometries). Figure 5
summarizes the computational results. The large@t value is obtained for Moz in

the @sence of interalant, while the Naintercalated sample is associated with gh&

value closest to zero

These calculations are consistent with the experimental finding that the highest and
lowest overpotential are associated with MbS; and Na/1F MoS,. Figure Al4 exhibits
density of states (DOS) plots for the different MoS; systems. The presence of the
localized dstates of Co and Ni at the Fermi level (EBF¢ prominent features for Ni/1T

MoS: and Co/1F MoS: while delocalized spstates charaetize the Na/17 MoS; and
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Ca/lT MoS: DOS plots. Interestingly, while the contributions of the different intercalants
to the DOS of 1TMo$; are varied, all these intercalated systems are more effective HER
catalysts than 1-MoS2 without intecalant. Thesecalculations suggest that the
introduction of DOS at the = whether from a transition metal or sp metal, favorably
affects HER byunfiom theovaleerassnctatedovfith ineBaténee 1T

MoS..

3.4 Summary

To summarize, we & used a sotion-based technique to intercalate metal cations
into the interlayer region of ¥TMoS: to improve the efficiency of the material for the
HER. Intercalation likely lowers thefor the HER at least in part by increasing the ECSA
of the intecalated sampk Also, DFT calculations suggest that the intercalation of either
a sp or éband metal cation into the 1T phaseof Mo s ul t s | n nwaelatvdh ange
t o t hassoga@d with the intercalainee material, that can be related to amted

activity for the HER.
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CHAPTER 4

VERTICALLY ALIGNED MoS 2 ON TisC2 (MXENE) AS AN IMPROVED HER
CATALYST

(Note: Content of this Chapter is adapted from the publicaiddnH. Attanayake, S. C.
Abeyweera, A. C. Thenuwara, B. Anasori, Y. Gogotsi, Y. Sun and DStRngin,
Vertically aligned MoSon TisC, (MXene) as an improved HER catalydt Mater. Chem. A

2018,6, 168820 with permissior)

72



4 .1 Introduction

Chapter 3 discussed the improvement of the catalytic activity of imé&tatalated 1T
MoS: towards the hyabgen evolution reaction (HERIL was shown thathe interlayer
regioncould betunedto tailor and engineer the structure and electronic properties of the
metallic phase of MaS This chapter outlines the improvement of the catalytic activity of
the semezonducting 2H phase of Me®wards the HER. As discusseddhapter 1section
1.3, theactivity of the 2H phase is primarily limited to the edge sites. fEsearch
discussed in this chapter evaluates the catalytic activity of edge orientec$/&iction
of the exposed edge site density. This is achieved by the growth efliibSan ede-on
morphology on a conductive support@i (MXene).

As was discussed in Chapter 1 and Chapter 3 theoretical investigations of the
hydrogen evolution reaction (HERhave suggested that materials which display low

binding free energies for atomic hydesgX G1~0) are the most suitable candidatésn

particular, it has been shown that the edge sitesdim2nsioml (2D) MoS sheets are

associated wit G values close to zer® Relatively weak van der Waals forces bind

the 2D MoS sheets into a layered structure withiaterlayer spacing of ~6.2 A Two
polymorphic forms of MoShave been studied extensively for HER: the semiconducting
2H (trigonal prismatic cordination) andtie metallic 1T (octahedral eardination) phase.
2H-Mo%; is the more stable phase and prior research has shown that the basal plane of this
phase is largely inactive towards the electrochemical HER ° The 1T-MoS: 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 thaiVei$.% 1° The long term instability

of 1T-Mo$; for the HER has prevented MoS: from being an optimal catalyst. Thus,
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considerable effort has been expended to creat®l@8k nanostructures that optimize the
exposure of edgeand which exhibit an improved conductivity>

Recent researéhhas shown that expansion of the interlayer spacing of2MoS
improves HER calysisi® The growth of vertically aligned interlayer expanded MQS-
MoS2) on conductive substrates and scaffdidse been shown to lead to materials with
efficient charge transfer fromestrode to catalysind more exposed edge sitéslany
carbon based materials have been extensively studied as the conductive support for MoS
and other HER catalyst$2° Carbon nanotubes (CNT$)22 carbon cloti¥® 24 graphene
oxide/reduced graphene oxide (GO/rG®3>2’ amorphous carbon suppoftsand glassy
carbort®> 2° have all been studied as support materials. i ghidy, we present a novel
method to grow vertically aligned MeSlirectly on a 2D layered inorganic material,
titanium carbide (BC2) to further improve HER catalysis for4d0S.. TisCz belongs to
the family of 2D transition metal carbides and nitrides, called MXé&h€dMXenes have
the general formula MiXnTx, where, M is an early transition metal (Ti, Nb, Mo, etc.),
X'is carbon or nitrogen, anme 1-3. Txis the surface termination group (tydlgaO, -OH
or i F) left after the selective extraction of certain atomic layers in @d@am etching
process of their precursors. More than twenty different Md$ehave been synthesized and
studied to date, such asCilx, M02CTx, TisC2Tx, V2CTx, M02TiC2Tx.3 We drop the T
notation referring to the surfacert@nation when referring to the samples in the current
study. MXenes are mostly metallic (conductivity is up to 9880 S/cm #)[° because
of their metal carbide core laygrand hydrophilic due to their surface terminations.
Conductivity d TisCz MXene, is higher than that of CNTs, graphene or GO materials,

which makes it an excellent candidate to support MaSalyst for the HER®
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Our hypothesis that motites the present study isat vertically aligned IEM oS,
grown on T3C2 will serve as an excellent HER catalyst. The hypothesis rests largely on
the realization that 3C2 exhibits a metalike conductivity, likely making it a better
substrate than GO feie growth of vertically lilgned MoS.2% 2’ The conductiity between
the substrate and catalyst is a crucial factor in determining the charge transfer kinetics of
the catalyst. Exfoliated 3C2 MXenes provide a large surface area and moreover show
better conductivity than reduderaphene/GO and most other 2[@tarials hence, IC2
would make a superior substrate for the growth of M&S*®> 2&4° Furthermore, we hold
out the possibility that a higher density of vertically aligned Magers can be grown on
TisCzthan can be grown on the more studied graphene suppeft:*: The hydrophilicity
of the MXene support can aid the binding of ionic precursors &)o@ their surfaces

and dispersion in polar solvents unlike hydrophobic graphene supports.

s (NH,),Mos, P
)
Microwave
A heating
Exfoliated Ti;C,T, Heterogeneous MoS,
in DMF nucleation

Vertically aligned MoS, on
Ti;C,

Schemed.1: Schematic of the syhesis process for the growth of vertically align
IE-M0S/TisCz. In the first step, BC:2 flakes were homogeneously distributed
DMF by sonication and then (NHMoSs was added to the 32 loaded DMF
solution. Exposte of the (NH)2MoSs and TsCz containing solution to microwavt
radiation led to the nucleation and then vertically oriented growth of:Mon$he
conductive T4Cz support.
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To grow verticallyaligned MoS on TisCz, we used a microwave assisted colloidal
synthetic method. Ammonium tetrathio molybdate (gdM0Ss) in N,N-dimethyl
formamide (DMF) was usedsathe precursor solution for {8022 Microwaves
interacting with chargesn the MXene sheets generates the tiedithelp nucleate MeS
sheets on a support as depicted in Schere*2* TisC2 was expected to be an ideal
surface for this process, since it provides metallic conductivity, a large surface area, and a
charged surfee for nucleation and growth of MaSNe support this contention by noting
that prior studies have shown thatda exhbits a very high absorption of electromagnetic
waves (e.g., in the microwave region), even at very small thickn€s§eBhe synthesis
of IE-Mo%; vertically aligned on BCz (IE-MoS:UTi3C2) was achieved at four different
temperatures (200, 220240, and 260°C). For each growth temperature, the
electrochemical performance of the-MoS:UTisCz for HER was determined. The
heterostructures obtained at the different growth conditions were ctdrgzad with
scanning electron microscopy (SEM), scawgntunneling electron microscopy energy
dispersive spectroscopy (STEBDS), Raman spectroscopy, transmission electron
microscopy (TEM), Xray Photoelectron Spectroscopy (XPS), anda¥ diffraction
(XRD).

4.2 Experimental Section
All chemicals were analital grade or technical grade and were used as receivedifeom

supplier (Fischer, Alfa Aesar and Sigma Aldrich) without further purification.

76



Synthesis of TiC,. Synthesis of the TAIC2 MAX phase has been described previodsly.
TisC2 MXene powder was prepared by the following etching procedure. One gram of
TisAlC2 powder was slowly added into a solution compased g lithium fluoride (LiF,

Alfa Aesar, 98+ %) in 20 ml 9 M hydchloric acid (HCI, Fisher, technical grade; 3%%).

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 ceafuged until a pH?> 6 was reached and a
stable dark green superaat of TeC2 was collected after 30 min centrifugation at 3500
rom. The resulting BC2 supernatant solution was filtered using a vacwassisted
filtration through a polypropylene filter f®1 Coated PP, Celgard LLC, Charlotte, NC),

followed by drying atoom temperature under vacuum.

Synthesis of the IEM0oS; and IE-M0S2/TisC: at different growth temperatures. The
synthesis of the I®M0S, was similar to the procedure developed by Sun ¥l.8tn brief

10 mg of (NH)2MoSs (Alfa Aesar, 99.95%)was dispersed in 6 mL of DMF (Sigma
Aldrich, 299.8%). The mixturevas stirred with tle assistance of a magnetic stirrer at
ambient conditions for 30 min taniformly disperse the (NE2MoSs. The solutionwas

then heated in a sealed vessel in a microwave (Monowave 300, Anton Parr) at the desired
temperature for 2 hr. Theaetion vesselasquickly cooled to room temperature with a
pressurized air flow. The product obtaingdscollected by centrifugation at 20000 rpm
for 5 min, then washed with DI water followed by washing three times with a
acetone/ethanol (1:1) mixtureh& samplavasdried in an oven overnight at 6C. In the
case otheMoS:UTisCz synthesisthe TsCz (5 mg)wasinitially sonicated in the DMF for

1 h before adding (NHbkMoSs (10 mg). The resulting mixturevas stirred with the
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assistance of magnetic stirring for a hat 30 min. Thereafter the procedwassimilar

to the synthesis of H¥0S,.

Characterization. Samples for SEM wengrepared by drop casting thaenspleof interest

in a mixture of water/ethanol (4:1) ¢m a silcon wafer. SEM images were obtained with
aFEG Quanta 450 FEG electron Microscopeerated at an acceleration voltage of 20 kV.
Energy Dispersive Xay Spectra (EDS) were obtained with arMéxN 50 spectrometer
(Oxford Instrument) mounted on the SEM. S&espgfor TEM were obtained by diluting
theabove samples with ethanol and drop casting them onto holey carbon grids. TEM and
HRTEM images were recorded with)EOL JEM1400 microscope and JEQEM-2100
respectively. Raman measurements were performed udttagilaa Jobin Yvon Labram
HR800 Evolutionconfocal Raman spectrometer with 532 nm laser excitation, Olympus
MPlan N 100x microscope objectitieat focused excitation light toan~1um spotand a
1800 gmm grating providing ~2 chspectral resolution. Sargs were drop cast onto a
silicon wafer f& Raman spectroscopy and dried in air overnight before collecting the

spectra.

Electrochemical characterization Electrocatalyticwere performedn an acidic media

(0.5 M HSQy) that wasdegassed by bubbling2Nfor 20 min), using a CHI 660E
potentiostat The potentiostabperaed in a standard threelectrode configuration at
ambient temperature (20 £ 2 °C). All the potentials were measured with respect to a
standard calomel reference electrode (CH instrument$)aaRt wire as the counter

electrode5g L of acatalyst ink suspensiomas drop castnto a 3 mm diameter glassy
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carbon electrode (loading 50 pghich was used as the working electrode. The electrode
wasdriedin a fume hood for 30 min. The ink solution was prepared by adding 5 mg of the
catdyst to 0.5 mL ofan ethanol/DI water mixture (1:3Xhat wassonicated for 1 hr. It
should be noted thabrbinder (e.g. Nafion) was added when the catalyst ink was prepared.
All the polarization curves were recorded at 10 mV/s scan rate after correctany iR
lossesiR loses in the solution was determined to b&@¥) by a CHI 660E potentiostat

via the resistance test, which were then corrected from the polarization curves by
subtracting IR (current xesistancgfrom the potential (Y. Polarization curves obtained

with graphite rod counter electrode are given ifigéire 9.For all the catalysts te=d here,
polarization curves were replicated 3 times and obtained after cycling for 30 cycles. The
onset potential, overpotential and Tafel slopes repartetthis work are based on an
analysis of these data. Chronopditemetry measurements of each sampkre carried

out ata current density a0 mAkmPgeofor 20 h in 0.5 M HSQ: without any corrections

for iR loses Electrochemical Impedance Spectroscopy (EIS) Nyquist plots were obtained
at 170 mV overpotential withithe frequency range 0.1 Hz to®H. Cyclic voltamograms
obtained at various scan rates (20, 40, 60, 80, 100, 120, 148) imse potential range
180280 mV vs SCE were used to determine the ECSA and double layer capacitance.
Electrochemical impedancepectroscopy was used to obtain M®thottky plots.
Experiments were carried out in 0.1 MJS&x solution (pH 7.2) at 100, 1000, and 10000

Hz.
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4.3 Results and Discussion.

4.3.1 Material characterization

-
8 &

B Edge density
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- NN W W
o o o
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Figure 4.1: SEM micrographs of IBMoS:UTisCz at growthtemperatures of A) 20T, B)
220°C, C) 240°C, and D) 260°C. E) IE-M0S: grown without the MXene substrate.
Calculated % edge densities of Mosheets (see supporting information, Figure S1
Table S1) based on the area of the images as a fundtignowth temperature. H
MoS:UTisCo@240 exhibits the highest edge density without fleliker aggregates (i.¢
MoS:UTisCo@260). Lower growth tempatures (e.g., 200 and 220) result in lower Mog

edge densities.

SEM micrographs presented in Figdré& provide direct evidence for the vertically
aligned structural motif for IBMoSUTi3C2. Analysis of the imagesAppendix,

Figure B1 and TableB1) also suggests that the vertically aligned MasBeets
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became denser (i.e., area of the edges of:.vE&ive to thearea of the BC2 sheets)

on the MXene support as the growth temperature was increased from 200i.e., IE
MoSUTisCo@200) to 246C (i.e., IEMoSUTizC2@240). IEMoS:UTisCo@260
exhibited flowerlike aggregates of MeRoexisting with a vertically aligned d&
component (Figurd.1D), leading to a reduction in the density of vertically aligned
edges of MoSsheets, relative to HMoS:UTisCo@240. We mention that a prior
study by Xianhonget al. used a hydrothermal method to obtain vertically aligned
MoS: on TisC2 MXene stabilized by carbon nanoplatiffgin contrastto the
microwave synthesis approach, this prior study showed that #@ WXene
support, in the absence of carbon nanoplating, was unstable under hydrothermal
synthesis conditions.

Our experimental observations from SEM suggest that atmeowaveasssted
synthesis temperature of 26Dthere is some formation and nucleation of MoS
sheets in solution prior to binding to the MXene support. This homogeneous reaction
would appear not to occur at a synthesis temperature 8€C24bereformation of
MoS: sheets during microwave heating occurs exclusively at the MXene surface. At
the lower synthesis temperatures (200 and ¥20we believe that incomplete
reduction of the Mo$ precursor within the reaction time of 2 h leads to the lower
density of vertical} aligned MoS sheets. The atomic ratio, Mo:S, of HE
MoSUTisCo@240 obtained with EDS was ~1:2ppendix, Figure B2 andB3)
consistent with the growth of MeSheets. A STEMEDS elemental map of {E
MoSUTisCo@240 Appendix, Figure B3) shows the distribudgn of Ti, Mo and S

on the MXene sheets. The SEM images suggest that a growth temperaturé®f 240
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is optimal for the synthesis of IoS:UTi3Cz, since it led to the highest density of
vertically aligned sheets without theegence of flowelike aggregate (Figure
4.1F).

High-resolution TEM (HRTEM) (Figuret.2A and Appendix Figure B4) was
used to characterize the interlagpacing of IEMoS:UTisC2. XRD was not useful
for such a determination, since the relatively weak Bragg reflections of the MoS
compment of IEMoS:UTisC2 were obscured by the strong reflections associated
with the TsCz support AppendixFigureB5). TEM (Fgure4.2A) shows MoSnano
clusters with their edgen morphology confirming the presence of vertically

aligned clusters of sheats|E-MoS:UTisC2@240. The number of sheets making up

Grayscale intensity (a.u.)

' '

:

0.94 nm
1

i A 1
1 2 3 4 5
Distance (nm)

Figure 2: A) HRTEM of IE-MoS:UTisCo@240 ad B) Height profile of Mo%along the
white line on image 2A, C) and D) TEM images of-MeSUTisC2@240 and

MoSUTisCo@260 and E) IBMoS, without the MXene support.
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the clusters ranged from two (i.e., a bilayer) to 10 layers. Contaf#ep of these
stacked sheets in the HRTEM were used to determine the interlayer spacing that was
associated with BMoS:UTizCo@240 (Figure4.2B). Analysis of these data show a
uniform interlayer spacing of ~9.4 A. This spacing does not vary withythénesis
temperature of IBMoS:UTi3C2 (seeAppendixFigureB4 for samples synthesized at
200, 220 and 266C). Previous research shoavehat the microwave assisted
synthesis of unsupported colloidal Mq8sing the same precursors as in this study)
also @qve rise to stacked Me®vith an interlayer spacing ~9.4 A (an expansion of
~3.2 A relative to 2HM0S).% 13 To further validate this statement, we synthesized
MoS: with no MXene (IEMoS:@260) and performed XRD on thesudting
powder. Analysis of tlsi material showed a similar interlayer spacing of ~9.4 A
(AppendixFigureB5). The expansion of the interlayer spacing could be due to the
intercalation of oxidized DMF and/or to interlayer NH(retained from the
(NH4)2MoSs precursor)? TEM micrographs in Figuret.2 also show that IE
MoSUTisCo@240 (Figuret.2C) is composed of uniform sheets of Ma®rtically
aligned on the MXene substrate. With regard tM&S:UTizC@260, TEM shows
the presence of flowdike aggregates of MaS(Figure 4.2D) in addition to
vertically aligned MoSsheetsconsistent with the SEM result shown above. These
flower-like structures resemble the aggregates afiiEs; that grow in the absence
of the MXene substrate (Figuré.lE and 4.2E). As mentioned above, this
morphology associat with IEMoS:UTisC2@260 is ikely due to the homogeneous
nucleation of (NH)2Mo%s in solution at 260C in the presence of the microwave

electromagnetic field interacting with the ion dipoles of Ma% 13 44
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Samples were further characterized with Raman spectroscopy. Bigersdibits
Raman data for HMoS:UTizCo@240, IEMoS:UTizCo@260, and commercially
purchased 2HMo0S:. For the IEM0S; samples, peaks at 402 and 376 care
assigned to the & and Ay vibrational modes of Mo respectively. The peaks
show a red shift relative to those analogous Ramamresaassociated with 2H
MoS: (407 and 381 crb that does not have an expanded interlayer. A possible
reason for this shift in vibrational frequencies is that the larger interlayer spacing for
IE-MoS:UTi3C2 reduces the coupling between the sheets (relativeference 2H
M0S).12 4849 The intensity of the oubf-planeA1g moce is greater than the-plane
E!2g mode suggesting that {80 and IEMoS:UTizCz have abundant edge sites
with less SMo-S interactions in between layers due to the relatively large interlayer
spacingt? XPS was used to identify the phase and the oxidation states of Mo, S and
Ti. Characteristic M& peaks at binding energies of 228.8 and 231.8 eV,
corresponding to 3¢ and 3d/2 spectroscopic featurgmespectively, were observed
in the fitted spectrumAppendixFigure B8A). Moreover, a higher oxidation state
Mo species (M®/Mo®*) was apparent. The presence ofPMdlo®* oxidation states
have been observed in previous studiesthed presence is beled to be due to
some oxidation of the (N§kMoSs precursor’ S 2p XPS shows no oxidation of the
S* groups (Figurd8B). We note that overall, the binding energies of Mo aaceS
lower in energy (~® eV) than those respective features associated with the
semiconducting 2HMoS: phase. This difference could conceivably be due to the
differences in electronic structure (i.e., the metallic likeMd@S; phase versus the

semiconduair 2H-MoS; phase). TH2p XPS shows a range of peaks assigned to
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various functional groups on the surfad&ppendix Figure B7 andB8). Ti is
primarily bonded to C and O, but spectroscopic features associated vitlar€i
present which presumably resulterfr the etching procesthat leads to at least a
fraction of the TiC2 sheets being fluorine terminated.

Samples were further characterized with Raman spectros&ppgndix,Figure
B6 exhibits Raman data for dMoS:UTisCo@240, IEMoS:UTizCo@260, and
commercially purchased 2Mo%. For the IEMoS: samples, peaks at 402 and 376
cm! are assigned to thet4g and Ag vibrational modes of Mo respectively. The
peaks show a red shift relative to those analogous Raman features associated with
2H-Mo0S: (407 and 381 cm that does ndbave an expanded interlayer. A possible
reason for this shift in vibrational frequencies is that the larger interlayer spacing for
IE-MoS:UTi3C2 reduces the coupling between the sheets (relative to reference 2H
M0S).12 4849 The intensity of the oubf-plane Agmode is greater than thefilane
El>g mode suggesting that 480S; and IEMoS;UTisCz have abundant edge sites
with less SMo-S interactions in between layers due to the relatively large interlaye
spacing'? XPS was used to identify the phase and the oxidation stakés, & and
Ti. Characteristic M& peaks at binding energies of 228.8 and 231.8 eV,
corresponding to 3¢ and 3d/2 spectroscopic features, respectively, were observed
in the fitted spectrumAppendixFigure B8A). Moreover, a higher oxidation state
Mo speies (M@*/Mo®*) was apparent. The presence ofPMdlo®* oxidation states
have been observed in previous studies and their presence is believed to be due to
some oxidation of the (NBkMoSs precursor?’ S 2p XPS shows no oxidation of the

S? groups (Figuré88B). 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 associatedhwith
semiconducting 2HMoS: phase. This difference could concaily be due to the
differences in electronic structure (i.e., the metallic likeMd@S; phase versus the
semiconductor 2HMo0S; phase). T2p XPS shows a range of peaks assigned to
various funabnal groups on the surfac&gpendix, Figure B7 andB8). Ti is
primarily bonded to C and O, but spectroscopic features associated viatlaréi
present which presumably results from the etching process, that leads to at least a

fraction of the TiC2 sheets being fluorine terminated.
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Figure 4.3: HER kinetics for samples prepared at differentngeratures, A)
polarization curves of heterostructures synthesized at 200, 220, 248 260d |E

MoS: obtained at a scan rate 10 mMa 0.5 M H.SQs, B) Tafel plots for the sample
derived from the polarization plots of A, C) Impedance spectra (Nyplats) inset:
equivalent circuit used to stimulate the Nyquist plot whegesdRition resistance, CPE
constant phase elementg;isitance in the catalystcfeharge transfer resistance a
Ca-double layer capacitance, D) scan rate vs current dgjgityith Ca values in the

legend.
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To prepare samples for the debtémation of catalytic activity forthe
electrocatalytic HER, MoSwith 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. &k the h&erostructure is
composed oboth MXene and Mo% the samples were decomposed in nitric acid
and the concentration of Mo and Ti were determined with Inductive Coupled Plasma
Optical Emission Spectrometry (IGPES). We used this mass data to normalize the
linear sweep voltammetry cuntedensities for Mosand MoSUTisCz samples
prepared at different growth temperatures. We believe that normalization based on
mass is more revealing, since only the MwmS&he heterostructure is active towards
HER>° Figure4.3A (seeAppendixFigure 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 areacisided in the
Sl for comparison (FigurB10). Analysis of the polarization curves shows that the
o n s aey)tfor theEHER for IEMoS:UTizC2@240 is ~95 mV (Figurd.3A). It is
noted that the polaation curves shown were obtained after cycling the catallyst 3
times between 0 and).70 V vs RHE Appendix Figure B10B). After cycling,
polarization plots with no background capacitive current in thefaadaic region
(i.e, before the onset potentialler e obt ai ned. The over po:
current densit of 10 mA/cntmg for IEMoS:UTisCo@240 was 110 mV. At the
same current density, iIM0S; deposited on glassy carbon required an overpotential
of ~160 mV to achieve a 10 mA/@mg current densitywe attribute the increased

catalytic activity (i.e., lower ot and overpotential) of HoS:UTisCo@240 for
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the HER relative to the unsupported Mda& the ease of electron transfer from the
substrate to the MeSatalyst. Overall our results show that the current density at
50 mV beyond the onset potential of eagample increases with an increasing
density of edge site®\ppendixFigureB11). The hgher 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 redy#o the Tafel slope, another merit

of electrocatalytic performance, samples synthésete220, 240, 260C all had
similar values (=40 mV dé¥¢ to IE-MoS: (Figure 4.3B). The exception was E
MoS:UTizC@200, which had a Tafel slope of 53 mV deBased 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 aur samples contained vertically alignedM6 S,

as the catalytic component, a change in mechanism would not be expected.

Figure 4.3C exhibts impedance spectra for all the samples investigated in this
study.The impedance spectra are not perfect sgroies, implying that there is a
charge transfer resistance:ifbetween the electrolyte and the catalyst, as well as a
resistance in theatalyst and the substrate1]RThe charge transfer resistancgif
| ower (6. 8UTiXC)comparedtoMMoBa | one (~48 Y) for
circuit shown in the inset of Figure 3CIrhe higher impedance for 1E
MoSUTisCo@260 is not surprising givethe heterogeneity and agglomeration of
Moz sheets into nano flosw-like aggregate structures for this sample. The lower
charge transfer resistance between the MXene and MoS2 sheets helps improve the

catalytic activity of the Mo&JTisCz hybrid system. Ihas been suggested in prior
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research that the IE motif of Me@llows the MoS3 sheets to act as monolayer
sheets which can allow isotropic electron transfer from substrate to the MoS
sheetd? This effect is more pronounced in-NE0S;UTi3C2 which provides a better
conductivity for the Mo$S sheets with the current supplying cathode, reducinng R

for the heterostructures relative toMo0S, directly deposited on the glassy carbon
electrode. The electrochemical double layer capacitangev@ue is widely used

to detemine the electrochemically active surface area (ECSA) of electrocatalysts
(FigureB12), since the value of thex@s proportional to the ECSA:®3 Our data

show that all the samples (Figu&D) have at least twice the active surface area
compared to IBEM0S:. The improved activity for IBMoS:UTizsCo@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 cunor fE-
MoSUTizC2@240 and IEMoS, for a reaction time of 20 h, carried out at a current
density of 10 mA crigea Both samples show excellent catalyst stability, with each
sample showing less than a 7% change in the potential required to maintain 10 mA
cm? during the 20 h periadPolarization 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 Schottkige barrier (metakemiconductor junction)diween
the metallic Ti3C2 andemiconducting MoS2 can have an effect on the onset
potential for the Mo&JTisCz 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 &alS; interface. The carrier concentration
of the different MoSUTisCzsamples 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 theatalyst2*>® 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 Figileare characteristic ofn
type semicondutors>* 56 57 The formation of a Schottky barrier can reésnol 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

Mo this barrier would be merlike a metaimetal junction with no barriethus

2.5
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Figure 4.4: Mott Schottky plots for Mo2JTi3C2 heterostructures prepared at differe

temperaturesf 200, 220, 240 and 26C obtained in 0.5 M N&8Os,
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causing enhanced electron transferFor samples synthesized at higher

temperatures (240 and 260) the carrier density is significantly higher than the

samples synthesizl at lower temperatures (200 and 2%0). The carrier

concentrations are summarizeddppendix, TableB2.

Table 42: Comparison of onset potentials and tafel slopes of studies on verticall

aligned MoS synthesized on different substrates.

Catalysts

a/A-MoS; on
Glassy carbon
bVO-MoS; on
carbon cloth
MoS;
nanoparticles on
graphene
IE-M0S2 on
GO/rGO

Self templated 1F
2H MoS;
1T-MoSz on glassy
carbon

VA-MoS; on
carbon cloth
IE-Mo0S; on rGO
MoSzon TisC>
with carbon
nanoplating
IE-M0S; on TizC>
MXene

Synthesis
technique

Thermal
evaporation
Solvothermal

Solvothermal

Microwave
Solvothermé
Thermal
evaporation
Hydrothermal
Microwave

Hydrothermal

Microwave

Onset
potential
(mV vs
RHE)
-250
-100

-100

-75
-119
-110
-100
-117
-20

-95

Tafel slope Ref.

(mV/dec)

105120  D. Konget
al.20

50 Y. Yanet al?®

41 Y.Li et al!

63 M. Chattiet
al.32

60 T. Xiang et
222

44 H. Wanget
al.34

39 N. Zhanget
al.28

42 Y. Sunet al18

45 W. Xianhong
et al>!

40 This work

(2VA-vertically aligned® VO- vertically oriented® GO-graphene oxideyOnset

potentials were derived from their respective tpfets.
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4.4 Conclusions

Table 4.1 summarizes the results from relevant literature for vertically aligned
MoS: on a range of substrates. A comparison of the HER onset for IE
MoS:UTisCo@240 to those obtained in prior studies for other verticaligned
samples shows thatdHo0S;UTisCo@240 is one of the most active materials to date.
It is noted that while IBMoS:UTizCo@240 exhibits a relatively low overpotential
for the HER, tle value is comparable to vertically aligned Mas reduced
graphene oxidé. We mention that MoSgrown on carbon nanoplatedsTp*’
exhibits a low onset potential e20 mV, but it is noted that in the same study the
hydrothermal syntisis of MoS on MXene without nanoplating led to oxidation of
TisC2 and a relatively high onset potential 460 mV. Based in part on this
comparison, we contend that the microwave synthetic method felolRUTisC2
detailed in thiscontibution is a scalable and relatively fast synthetic method using
Earth abundant materials to produce a highly active Magalyst for the HER. The
improved activity is attributed to the enhanced conductivity between the highly
conductive MXene and HMo0S; and also the higher carrier densities in the MoS
and higher number of exposed edges of the catalyst. This high activity taken together
with the excellent stability of the HFoS:UTisCz catalyst makes the material a
potentially attractive electrocdyat for HER in the context of clean energy

generation.
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CHAPTER 5

TUNING METALLIC M 0S; TOWARDS ALKALINE HYDROGEN
EVOLUTION REACTION

(Note: Content of this Chapter is adapted fraan manuscriptbeing prepared for
submission fopublicationi Nuwa n H. llakshag bheerkilk €., Thenuwara,
Sasitha C. Abeyweer&oby Collins, Yugang Sun, Umesh Waghmamad Daniel R.
Strongin, Tuning netallic MoS towards alkaline Hydrogen Evolution Reactjoiihe
density functional theor§DFT) calculationspresented in this studyere executed byr.

Lakshay Dheer under the supervision of Dr. Umesh WaghatafdCASR
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5.1 Introduction

Water electrolysigesearch detaileih Chapters 3 and 4agcarried out in 0.5 M
H2SQu. This chapter, howevdsrings forward research that wiasusedon modifyingthe
basalplane activity of 1TM0oS: so that it could be an efficient HER cataljet alkaline
medium(1.0 M KOH) water electrolysisThere is a sigficant 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 frearth abundant elements that can
electrolyze water under basic conditions and OER catatiistscan do the same under
acidic conditiong:* Of the two half reactions the OER is more energy demarasniy
involves four sequential proton coupled electron transfer steps to form the molecular
oxygen prodct?® This reaction also is highly pH dependent and there are few materials that
can efficiently electroatalytically oxidize water in acidic conditions. Iridium and
rutheniumbased catalysts stand out as loH catalysts, but they are rare earth metals.

° There arehowever, a large number of oxides and (oxy)hydroxides of Ni, Fe and Co that
can act as electrocatalysts for the OER under alkaline condifittiEhe 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 achiede would simplify the designfoelectrolyzers since both half

reactions could be operated at the same solutioft pH.

To develop active catalysts for the HER using earth abundant materials it is useful
to identify the tlermodynamic descriptors that govern the mechanism of the HER in

alkaline conditions:** In acidic conditions the main descriptor for the HER is the binding
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free energy of H on the catalytic surface. Materithat show near zero binding free

energies (bsed on computation) are known to be effective catalysts.

The mechanism for HER follows either Volmer Heyrovsky or Volmer tafel pathways.

Volmer step: H+e+"Y H (5.1)
Heyrovsky step: H+ H*+ e Y Hao+ " (5.2)
Tafel Step: 2HY 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 conslitidnder basic
conditions, however, there is andittbnal step where the intermediaté K4 obtained

through water dissociatiotf.
H:O +eV H+OH (5.4)

This step introduces an energy barrier which would be the rate determinifg step.
Moreover, the adsorption energy of the ‘Onrtermediate is known to have an effas
well. Materials that bind the hydroxyl intermediate too strongly are known to poison the
catalyst, reducing the efficiency of the catafysBased on calculations for anety of

surfaces, only a small setmaterials would fulfill all those criteri#: 2022

Molybdenum disulfide (Mog has reeived attention as agmising catalyst for
the HER based on DFT calculatiois he calculations reveal that undercoordinated edge
SatomsofMoBe x hi bit a free ener gy uelfeV)HBasedamdi n g
this result, there has been a large research effort to obtainmtwhologies that would

exhibit a lage amount of exposed edge ité MoS; exists in various known polytypes
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(Figure5.1), of which the semiconducting 2MoS; phasgspace group@j & & dwith S
atoms forming a trigonal prismatic coordination around Mo and tVnSS units per unit
cell is the ground state. Other metastable/tgpkes include 1T which has an octahedral
coordination of S atoms around Mo (ondvi8-S unit per unit celff and 3R which also

has a trigonal prismatic coordination but withetlh SMo-S units in the @irection®°

(b)

(@)

€

|
AMEEA IS

Figure 5.1: Polytypes of Mo% (a) 1T-MoS,, (b) 2HMoS,, and (c) 3RM0S,. Images

provided bycollaborators, L.Dheer andJ. Waghmare

Though MoS 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 D dissociation on Mo Prior research has also shown that the basal
plane of MoS is inactive for the HER. It has been shown, however, that the less stable
polymorphic form of Mog the metallic 1T phase is active on both the undercoordinated
edges and the basal plaiié3 This phase of Mo while initially active for the HER, does
show a significant decrease in activity for the HER over time due to struictstability
issues’™2 The synthesis of 1'MoS: is conventionally carried out by reducing the
semiconducting 2HMoS; via lithium intercalation and subsequent exfoliation in water.
Very relevant to the research described in this contribution is thattretelies have
shown that it is possible to synthesiZET-MoS: via a hydrothermal method where
orthorhombic MoQis reacted with an orgarsulfur source and urea (acting as a reducing

agent)!®

In this study we hypothesized that the doping of transition metals such as Ni or Co
into the basal plane of iMoS; would help in the water dissociation step and provide extra
stability towards the HER in alkaline aditions. Ni, Co and Fe are metals that are known
to facilitate the dissociation of water in electrocatalysis for HER. For example, prior
research has showthat it is possible to reduce the overpotential required for the HER on

2H-Mo0$S: (semiconductor phayey doping the edge sites of oS, with Co and Nit®

To the best of our knowledge, we for the first time successfully incorporated
transition metal dopant into thedmensional sheets of IWloS;. Our method fist
prepared doped orthorhombic Me@nd converted with doped metal oxide to the metallic
MoS: phase uner hydrothermal conditions. We report here that #29 &t.% Ni and
Co/1T-Mo$. catalysts are significantly more active than pristine (i.e., undopget¥)dsS..

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 mechasifithe HER on the 3d

transition metal doped 1MoS; electrocatalysts.

5.2 Experimental section

Synthesis of Doped Mo@ MoOs was synthesized using the Pechini methaal solgel
method where a resin waynthesized with Mo salt, citrate and ethylene glyed.
Initially a molybdenum citrate complex was synthesiagdtirring ammonium molybdate
tetrahydrate with citric acid. The citrate ionsetate with the molybdenum which when
heated with ethylene glycol at 19O for 30 min polymerized to form a polyesterified resin.
This resin was sintered at 68D for 2 hr b combust the orgarsteaving MoQ. After the
MoOs reached room temperature iagvthen washed several times with water and finally
with ethanol before drying it in a vacuum oven overnight. To obtain the doped, %O

5%, 10% and 20% of cobalt acetatel mickel acetate were added separately to the reaction
mixture to form the corsponding citrate complexes before adding the ethylene glycol.
This ensured the formation of a homogenous mixture of the metal/dopant complexes and
the formation of homogenoussin. The same post reaction procedure was used with the

Ni and Co dopants asdtpure MoQ.

Synthesis of metallic Mo%. The as synthesized 24 mg of MoWas stirred with 32 mg
of thioacetamide and 240 mg of urea in 20 mL of deionized water. The madsrstirred
for 2 hours. Then the mixture was transferred into a 25 mL Teflon lined autoclave and

heated at 206C for 12 hr. The product was cooled to mtemperature and washed with
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DI water, followed by washing with ethanol. Finally, the as synthesigdllic MoS was
dried in a vacuum oven. To synthesize the doped2MaiB Co and Ni, doped Mofwas
used as the Mo precursor. The same process usedpare pure metallic 2MoS: was

used to synthesize the Ni or@doped 1TMo0S..

Material characterization. X-Ray Diffraction (XRD) was carried out using a Bruker D8
Advance Xr ay Powder Di ffractometer equi pped
monochromator. XR@lata for pure Mo®and the doped materials were obtained by drop
casting suspensions of the matexial 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 wre obtained with a FEG Quanta 450 FEG electron Microscope, operated at
an acceleration voltage of 30/. Energy dispersive spectroscopy (EDS) analysis was
performed with an Oxford systems naamgalysis EDS system mounted on the FEG
electron microscope, ung Aztec 2.1 as the analyzing software. Samples for TEM were
obtained by diluting the above sampiegh ethanol and drop casting them onto holey
carbon grids. TEM images were recorded with a JEOL-IBBD microscope operating at

120 kV. Raman measuremsntere performed using a Horiba Jobin Yvon Labram HR800
Evolution confocal Raman spectrometer wit82 nm laser excitation source, an Olympus
MPIlan N 100x microscope objective that focused excitation light to an ~1um spot, and an
1800 gmm grating providg ~2 cm® spectral resolution. Samples were drop cast onto a
silicon wafer for Raman spectroscopydadried in vacuum overnight before collecting
data. Samples characterized post reaction were directly analyzed on the glassy carbon

electrode used for elg#ochemistry.
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Electrochemical characterization Electrocatalysis was performed in a basic medid (1

KOH) that was degassed by bubbling(fr 30 min), using a CHI 660E potentiostat. The
potentiostat was operated in a standard tkteetrode configuraan 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
el ectrode. A catalyst ink s uxsmenickélfmam ( 20
electrode (loading 200 ug) which was used as the working electrode. The elecide
dried in a vacuum oven for 2 hr. The ink solution was prepared by adding di0cadglyst

to 1 mL of an ethanol/deionized water mixture (1tB3t was sonicated for 1 hr. A Nafion
solution (10 uL), prepared by diluting 100 uL of a 20% Nafion solutiod 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 coroector iR losses. For all the catalysts tested
here, polarization curves were replicated 3 times and obitaifter 100 cycles. The onset
potential, overpotential and Tafel slopes reported in this work are based on an analysis of
these data. Electrochemidmpedance Spectroscopy (EIS) Nyquist plots were obtained at
50 mV overpotential within the frequency rar@é Hz to 16 Hz. Cyclic voltamograms
obtained at various scan rates (60, 80, 100, 120, 140 and 16%) m\ise potential range

-1.0 and-1.1 V s SCE were used to determine the ECSA and double layer capacitance.

Computational Details. First-principlescalculations(carried out byDr. Lakshay Dheer
andDr. Umesh Waghmarat INCASR are based on density functional theory (DFT) as
implemented in the Quantum ESPRESSO &bdmployingplanewave basis sets and
ultra-soft pseudopotentiafsto represent the interaction between ionic cores and valence

electrons. We adopt the exchangerrelation energy functional of Perddurke
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Ernzehof (PBEY? [3] within a generalized gradient approximation (GGA). We smear
occupationnumbers of electronic states with Ferirac distribution and a smearing
width (ksT) of 0.04 eV. An energy cdff of 30 Ry is used to truncate the plamave basis
used in representation of Kot8ham wave functions, and of 240 Ry to represent the charge
density. We includedan der Waals (vdW) interactionsing Grimme schenfe Structures
were determined through minimization of energy until the Hellrfaaynmanforce on
each atom is smaller than 0.03 gMh magnitude. In the supercell tooatel a surface, a
vacuum layer of 14 is introduced parallel to the slab separating adjacent periodic images.
We sampled Brillouirzone integrations on uniform grids of 9¥9&-points. The projected
density of states for all the structures was obtained from a much denser 21xadirnt k
mesh.Calculated lattice constant of MoS; A o0& o is in good agreement with the

experimental value (&T-MoS, = 3.19 A)*°

To understand the effect of Ni/Co substituents on the structural, electronic and
catalytic activity of 1TMoSz, we modelled a 5x4x1 supercell of-MoSz (M020S40) with
Ni and Co atom(s) substituting Mo atom(s). For this stwdysubstitution concentrations

were employed:
(i) MoisM1Ss0: 5 % substitutional doping
(i) Mo1sM2S40: 10 % substitubnal doping
where M= Ni/Co. We estimated the formation energy of the substituted samples using:

O O (he) "o
&
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whereO , O , O , O are the energies of Ni/Co substituted-ldS,,

pristine 1FMoS;, isolated Mo and Ni/Co atoms respectively. Heses an nteger giving

the number of Mo atoms substituted with Ni/Co atoms.

The interaction strength between the monolayer and adsorbates (H, OH@pdsH

determined using:

o 0 O ¢ O
YO

where, O , O , O are the energies of adsorbate and

pristine or Ni/Co substitutefiT-MoS; monolayer compbe pristine or Ni/Co substituted

1T-MoS: monolayer and isolated adsorbate, respectiy@lg.O is taken as the energy
of an isolated Fatom, andO pj ¢'O is taken as the energy of OH. Heteis an

integer denoting the muberof adsorbate atoms/molecules interacting with the catalyst.

We further estimated th@ibbs free energy of H adsorptioiQ ) which is a descriptor of

catalytic activity towards HER
YO YO WY O
where, YO is the Hadsorption energyy’y P C"\’ , "Y being the entropy of H

molecule andO =P C'O , O being the eropoint energy of an isolated2H

molecule?? A close to zero valué/{O ~ 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 Me(Q10.7 at.% Ni/MoG,
and 8.8 at.%Co/MoGs that were synthesized in our laboratdPyior studies showed the
preferential growth of the (0 2k 0) plane family with the addition of either Co or Ni dopant
into MoGs. Our experimental observations are similar as there is an increase intisgynte
of the (0 2 1) and (0 4 0) Bragg reflectsoassociated with M101.xOs (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 diffractogiaonensn Figure
S1 show that as the dopant concatmbn is increased there is an increase in the intensity

of the peaks associated with secondary phases.

——0-MoO,
@ —— Ni-MoO,
" ©040)
(020) Co-MoO,

(Ouo)
(1(110) (0“21) « *
® (130)
C 20 30 '

2 theta (deg)

| I T T T TN T -

Intensity (a.u.)

At 1 1 1 1 1 1

10 40 50

Figure 5.2 XRD diffractogram of pure orthorhombic MoO3 and doped M®eth

10at% Ni and Co.
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The morphology of the Mofwith and without 3d transition metal was evaluated
with SEM and SEMEDS. Thke SEM micrographs of pure Ma@nd the oxide with0 at.%
dopant are presented appendixFigure C2. Inspection of the SEM micrographs shows
that the introduction of Ni or Co does not change the elongated plate like structure that
characterizes Mo§) butthere is evidence of the formation of smallertiples. EDS maps
obtained for the samples show homogenous doping among all padpfesndixFigure
C2 and FigureC3) and the EDSletermined dopant concentrations are summarized in

appendix CTableC1 ard TableC2.

The assynthesized MoS(via the MoQ precursor) was characterized with SEM,
TEM, XRD, Raman spectroscopy, and XPS. To ensure the presence of dopant, EDS was
performed on the samples and FOES was performed on samples digested in nitric acid.
SEM micrographs for the putel-MoS; and the M&: with 10 at.% dopant are shown in
Figure5.3 (a, b and c). The micrographs show a similar morphology for all the samples
and the layered nature is apparent. TEM micrographs (Fag8d.3f) also show a similar
morphology for thelT-MoS: and doped samgd. The MoS sheets have a lateral
dimension of ~100 nm and at8 layers thick. Analysis of the TEM micrographs show the
presence of the few layer stacks among mono layer sheets. The image irbHgisea

zoomed image emphasizing the interlayer distaof the material. The gray scale profile

109



(inset of Figureb.3g) was created along the white line on the image which stimtshe

interlayer distance is 6.4 + 0.2 A.

15 20 25 3
Distance (nm)

Figure 5.3: SEM images of a) Pure metallic Mp®) 10% Ni1T MoS and c) 10% Co

1T-MoS: respectively. TEM images of d) Pure 1T e) 10% Ni and f) 10% Co. g) 1
images of dry pure metallic Me&nd the inset is the height profile along the white |

on the image
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The interlayer distance in the wet and dry state was also evaluated with XRD
(Figure5.4a). The diffractograms show a larger spacing (001 peak) between the layers of
~9.8 A when the sample is wet (Figuseda inset). When dry the interlayer distance
decreases to ~6.43 A (002 peak). Height profiling of the TEM image of the doped sample
shows an interlayer spacing of 6.4 + 0.2 AppendixFigureC4). The similar interlayer
distance for the doped and undoped KMeBnples is consistent with the dopant occupying
positions in the MoSsheets rather than residing in the interlayer region. Rudres have
shown that with cations intercalated in the interlayers the distance between thiay¢oS

even after drying should exceed 1G°A.

Both XPS and Raman spectroscopy data support our contention that the phase of
the MoS2 that w synthesized is the metallic 1T rather than the semiconducting 2H phase.
1T-MoS: has a few key spectral differences when compared to the 2H fsld$th XPS
and Raman spectroscopy. The8d region of the 1Moz is observed ~1 eV below the
naturally ocarring 2H MoS (i.e. 229 eV). The Mds2 peak for Md* in metallic MoS
appears at 228.4 eV which is ~1leV (Figusedb) below the Me3ds. peak of
semiconduting Mo&. This experimental observation is consistent with theyashesized
MoS: being in thelT phase. The MaSsamples doped with Ni and Co show similar
spectral feature binding energy positions as the undoped sample, suggesting that the 1T
phase is geserved in the presence of Ni and Co dopant. The fitte®@dieegion of 1T
MoS: is shown in Figee 5.4c which shows a small component of oxidized®Mehich we
believe is due to surface oxidation of the reactivé’\db the metallic MoSsample. We
do notobserve a second peak corresponding to the semiconducting phasezafiNtdt

is an indication that the &ynthesized samples are primarily 1T in nature. Deconvoluted
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spectra of samples with 10% dopant in them are providégpendix C,FigureC6 and

FigureC7.
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Figure 5.4 a) XRD diffractogram of Pure metallic Me&nd 10% Ni and 10% Cc
dopants ratio, inseXRD diffractogram of dried Ni doped tWoS; and wet Nidoped
1T-MoS2. b) XPS of Mo3d region comparing the metallic Kfopeak with
semiconductin@H Mo* peaks. c) MeBd region and inset-3p region of pure metallic
MoS: deconvoluted to show the different components. d) Raman Spectra of

metallic MoS in comparison to the 2H phase.
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Differences between Raman spectra (Fidgudd) of the 2H ad 1T phases of MaS
is believed to arise due to the difference in the symmetry of S atomsMo$3. The 2H
phase has two peakszgEmode at ~385 crhand the Ag mode at ~403 crh The
experimental Raman spectra of the metallic phase has twodiffairences compared to
the 2H phase: i) the diminishing intensity or disappearance of zhedle and ii) the
appearance of additional peaks denotecd.hnd 3. The 3 mode observed at 146n is
due to inplane shearing mode of one layer of atonth wespect to the other atoms on the
chain. The Jpeak at ~225 crhis associated with shifts of S atoms with respect to the Mo
atoms. ThezJmode at 333 crhis due to a breaking of the zigg chain in two layers with
an outof-plane component. Calculahs have predicted that thepkak appearing at 147
or 151 cmt is due to a distortion of MeSrom the perfect octahedral coordination. This
distorted structure is commonly known as théptise which is another metastable phase

between the 1T and 2Hhases.

5.3.2 DFT structure analysis

Table 5.1 Formation energy of M= Ni/Co substitution in-MoS; basal planevalues

provided byL. Dheer andJ. Waghmare

- G eijvd =|= < O
Catalyst
Ni Co
Mo19M 1S40 -0.8 -0.84
Mo1sM2&40 -1.1 -1.3

113



As is evident from Table 1, both Co and Ni substitutions stabilise th1d3
lattice, and the formation energy per Ni/Co atom is higher (in magnitude) for 10%
substitutonal doping than at 5%. Substitution of Ni/Co in theM®S, results in local
structural dstortion around the dopants (see Sl Figure 9), and consequent trimerization of

Mo-atoms which resembles closely to a distorted polytype éfld®r ef er r ed t o

a ¢

earlierwork *The pristine 1T606 structure is high

about 0.2 eV/Meatom lower in energy than the 1T struetupon structuradlistortion,

the MoMo bond length changes locally form 3x2%or pristine 1 FMoS:and ranges from

2.7- 3.7v for the Ni/Co substituted samplé&'e further studied the effect of substitution

of Ni and Co on the electronic propertiesldtMoS.. PristineMoS: in the high symmetry

1T phase is metallic in nature (see Sl Figure 10a). Upon 10% substituting of Ni/Co the
Density of States (DOS) near the Fermi level ¢hanges significantly. In Co substituted
1T-MoSz, we find states arisinffom Co just below the (SI Figure 10c), while the Ni
states lie deeper in energy in thedubstituted 1IMoS,, (see, Sl Figure 10b). Secondly,

we see a drop in DOS at tke indicating presence of a pseudo gap correlating thih

stabilization of thel T-Mo$: lattice.
5.3.4Doped1T-MoS; 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 Nto remove dissolved oxygen) using linear
sweep voltammetry. A conventional threeattode setup with a graphite counter electrode

was used. A scan rate of 5 mYsas employed to minimize capacitive currents. The
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Figure 5.5 a) Polarizatio plot obtained in pH 14 KOH for pure IMoS,,, samples

with 10% dopants in 1Mo, Pt/C and bare Ni foam, b) Tafel plots obtained from

polarization plotsc) Plot of scan rate vs capacitive currents obtained at 1.050 V vs

used to estimate the eteochemically active surface area and d) EIS spectra an

equivalent circuit inset.
samples were deposited on to 0.25 3viva foam. To determine the optimum dopant
concentration for the HER in alkaline medsamples prepared with varying dopant
concentations (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 mi@aMoSz. With dopant, the lowest onset
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ovempotential and potential to reach 10 mAfowere the samples containing 10% dopant
(AppendixFigureC11). The remainder of the electrochemical characterization was carried

out on the most active samples of theetbp T MoS.

A relatively low onsepotential of ~75 mV vs RHEwas observed for 10% Ni
doped 1TMoS; with an overpotential to reactD mA/cnt recordedat 160 mVand 145
mV for 10% Co/1TMoS: and 10% Ni/1TMoS; respectively (Figure 5.5a)T-MoS, has
a higrer onset overpotential of ~150 m\¢ RHE and it exhibits an overpotential of 240
mV at 10 mA/cm. Polarization plots were used in the Tafel analyBSigure 5.5b) 1T-
MoSzis associated with a Tafel slope of 125 mV per decade which correspond to a-Volmer
Heyrovsky type mechanisfm?® 4 Both 10% Co/1TM0S; and 10% Ni/1T-MoS; have
similar Tafel slopes as 1MoS; (Figure 5.5b)10% Co/1FMoS; has a Tafel slope of 124
mV per decade and 10% Ni/AMoS, has a Tafel slope of 110 mV per decade. The lower

Tafel slope for 10% Ni/1MMoSzindicates better kinetics for theBR thanpurelT-MoSs.

To understand the importance of Co and Ni dopant in the sheets a control
experiment was carried out by mixing aqueoug*G@md Nf* ions with 1F MoS: to
precipitate the 1MoS; with the C3* or Ni?*cations trapped within the inteylar region.

The polarization plots obtained (Sl Figure 12) with the mixed metal cations show no
improvement in the overpotential for the HER relative to the pure metallic.Mdfss
result indicates that the dopant metal needs to be incorporated inteet#tessucture of

the 1T MoS:to enhance the HER.

The double layer capacitanced(fGvas meased to estimate the electrochemical
active surface area using cyclic voltammetry in the potential region 1.0 Vto 1.1 V vs SCE

where no faradaic currents woudd observed (Sl Figure 13). The slope of the ECSA plot
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is the Gi value which is proportional tthe active surface area. The data in Figure 4c
indicates that the sample with 10% Ni dopant (18 mF)chas at least twice the active

surface area than the -MoS: (8.5 mF cn¥). A higher active surface area was also
observed with the 10% Co doped sam(8 mF cnv) relative to the 1IMo0S.. This

increase in the active surface area can be attributed to dopant sites that may act as efficient
centers for dissoating water to produce adsorbed H. Improved kinetics for charge transfer

for the doped 17Mo0S: was also observed with electrochemical impedance spectra (EIS).

The Nyquist plot for determining the:fs shown in Figure 4d, with the equivalent circuit

shown in the inset. The simulated circuit corresponds to two series components, a resistor
(R) and acapacitor (C) in parallel.&forthe 1TFMoS:24 Y which is a | ow
to many semiconducting MeSamples that have been reported on in the fitegaThe

doped samples show even lower charge transfer resistance with 10%Mo/'¥Ihaving

alé Y impedance MaSatda viiOrgg Cao /2221 Y i mpedance.

charge transfer is an indication of the improved kinetics on the doped samples.

The longterm electrochemical stability of 10% Ni/AMoS: and10% Co/1F
MoS. were tested by running the catalysts for 10000 cycles at a scan rate of 100 mV s
Figure 5a shows the linear sweep voltamograms obtained afte¥ #émel 1.0008) cycles.
Analysis of the data shows an increase of 5 mV for the Ni doped sample at 10%A ¢
and a 20 mV increase for the Co doped sample at the same current density. On the other
hand, 1TMoS: shows a large drop (~ 60 mV) in the potential to obtain the same current
density. To understand the deactivation of undopedVds; and the improvedtability
of the doped samples, XPS was carried out on the samples after 10000 cycles. XPS shows

that a significant fraction of Min 1T- MoS; becomes oxidized via cycling asi@enced
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Figure 5.6: a) Polarization plots of the pure metallic Mathd saples doped with Cc
and Ni after 10,000 cycles of cyclic voltammetry in 1M KOH, b) The XPS spect

the samples after 10,000 cycles.

by the growth of the Mo 3¢ peak at 232 eV that is associated with® The growth of

Mo®* peak is less prominent in the doped samples. Moreover, the peak position
corresponding to the metallic nature of Mpeak (3d2 and 3dx) is unchangedThis
indicates that there is no phase change of thezMuofing the electrochemical cycling of

the atalyst in alkaline conditions. Thus, it can be concluded that the addition of dopant to
the metallic Mo$ helps to improve water dissociation and alsovptes stability to the

structure.
5.3.4 DFT results

To assess the catalytic activity of pristine &ifCo substituted 1IMoS; towards
alkaline HER, we simulated the adsorption of reactant and intermediate species of the
reaction at inequivalent surfadées (see Sl Figure 9). We find that-MoS; in its pristine

state interacts strongly with thediomwhile the Ni/Co substituted 2MoS; exhibit an
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Figure 5.7: a) Free energy relevant to hydrogen evolution reaction over Pristine
Ni/Co substituted 1IMoSz. b) Energies of adsorption of OH ancd® on pristine and

Ni/Co substituted 19IM0S. Plots provided byollaborators,L. Dheer and U. Waghmare

optimal interaction strength (Figuke7a). The high (in magnitude) adsorption energy for

H-atom on prishe 1T-MoS; is comparable to the estimate reported by Tetrag,. (2016)43

Nearly optimumy"O is obtained for 10% Nsubstituted 1IMoS: (YO ~ 0.2 eV) and 10%
Co-substituted 1IMoS: (Y'O ~-0.17 eV). Interestingly we observe a structural transition

of the (pristine) 1T lattice on4ddsorption consistent with previous repdfté> *® In our

case however, the 1T lattice transforms intb & 6 dowea H-coverages (40%) which
further transf or ms +avarage (20%0) (sepAppersdx Figarée hi g h

C14).

Both HO and OH molecules too exhibit high affinity towards pristineMdS;
(Figure 5.7b) which we believe is due to the metastableirgaof the 1T polytype. When
we simulate the adsorption ob® molecule on Ni and Caibstituted 1TMoS,, we find a
lower (in magnitude) interaction strength for both 5% and 10% substituted samplee (Fig

5.7b). Both Ni and Co substituted 1WMo0S2 interact repulsively with OH molecule and
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exhibit a positive adsorption energy (Figiréb), 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

I n this study we have demoMaSt TheHERd t he
activity of the doped materiali® alkaline conditions show superior catalytic activity
relative to the undoped metallic Mo he 10% Ni doped XMoS: and forl0% Co doped
1T-Mo$: electrocatalysts exhibit overpotentials-&#15 and-165 mV, respectively, @ 10
mA/cn? for the HER under &hline conditions. These overpotential values are some of the
lowest reported HER overpotentials for a Mdfased catalyst under alkaline conditions.
We al so showed that the addi tMoS2stallitesitdi or |
catalyticactv t y during repeated catal yMoROFTcycl es
calculations show that substitutionf N i or mS; ioaally distoitsTtlge lattice
structure near t he -likepaytypetwhichistoeerin gnergyitharg t h e
the 1T phase. Binding free energy obtained from the DFT calculations on the doped
structures suggests that iighanced catalytic activity to be a consequence of the lowering
of the binding stres@®)h aofd the pdoda)med ol r
rel ati ve t-MoSt Im@easpdustakility Lndér electrolytic conditions can be
attributed to théower 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 MoS

attrective catalysts for alkaline HER.
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CHAPTER 6

ENHANCED ELECTROCATALYTIC CO , REDUCTION ON 2D-Mo2C AND
TisC>, MXENES

(Note: Content of this Chapter is adaptednfra manuscript ready fosubmission ,
Nuwan H. AttanayakeHuta R. BanjadeAkila C. ThenuwaraBabak Anasori, Yury
Gogotsi, Qimin Yan, and Daniel R. StrongiThe density functional theory (DFT)
calculations presented in this chapteemn executed byHuta R. Banjadeunder the

supervision of Dr. Qimin Yan
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6.1Introduction

The three previous chapters 3, 4 and 5 were devoted tntlerstanding of the
hydrogen evolution reaction (HER) on 2D transition metal dichalcogenide 2jMAS
importantas they are in the context of a sustainable future is the carbon dioxide reduction
reaction (CORR). In this chapter the work on GRR on 2D MXenes surfaces are
presented. This part is integrated in this thesis work to also show the importance of 2D
materals towards various electrochemical processé&be development of the
electrochemical C@reduction reaction (C£RR) would help to create aoded carbon
cycle around the burning of fossil fuels and potentially mitigate environmental problems
resulting fom the release of CQo the atmosphere? The utility of an efficient CERR
would not only include the suppressiof greenhouse gas emission, but it wiaxktend to
the generation of industrially valuable chemicals that are now obtained through the
petroleum industry:* Devdopment of earth abundant and relatively inexpensive catalysts
that efficiently drive the electrochemical eRR to produce fuels and commodity

chemicals still remains a challenge.

With regard to electrochemical GRR, even the simplest products, carbon

monoxide (Eq 1) and formate involves a/2BEl" reduction process:
CO2+2H"+2e- CO+ HO (6.1)

COis a value added chemical as it can be converted to higher hydrocarbons by the reaction
with Hz via FischefTropsch chemistry® Hence, CO is considered one of the most
important C@QRR products. @er the past few decades the electrochemicalREOto

convert CQto 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. Pesus metals, such as silver and gold, have lskewn to be able to
electrochemically reduce GQo CO at relatively low overpotential values with high
faradaic efficiencies. These metals, however, are not earth abundant and would be

expensive if used @ commercial scale®

To reduce the need for precious mdtated catalysts for the GRR, there has
been a significant research effort in developing catalysts comprised of earth abundant
elements. Much of #hresearch has beércused on metals and oxide derived metals as
the catalytic materiat %13 With regard tanetal catafsts, prior studies have reported high
faradaic efficiencies and selectivity towards the reduction of2 G® CO on
electrodeposited Bi metal with acetonitrile (MeCN) and ionic liquid (IL) as the
electrolyte!*° In general, the production of G@duction products is suppressed in the
agueous environment due to the high reactivity of many catalysts for the hydrogen
evolution reaction (HER): ¥4 To circumvent this particular reaction, ILs have been
successfully employed to suppress the HER on many electrociesystems in the
CO:RR 1519 Fewer studies have been focused onmatallic systems®22One example
in this category is a study of the small band gap semiconddciss, where molybdenum
edge terminations ske@d high current densisetowards the reduction of G@b CO at
low over potentials! MoS; is a weltknown HER catalyst in aqueous system&:2’ and
to suppress HER, the authors used an IL asl¢iotrelyte as well as cocatalystThis non
metallic system recorded a lower overpotential for theRFOthan the precious metals,
silver and gold. Although a lower onset for the BB was recaled the activity of the

metal dichalcogenide did not show an appreciable faradaic efficiency f(FBhe
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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 méetieat can efficiently
electrochemically reduce GQat lower overpotentials and high FE. A fundantal
understanding of the reaction pathways and their energetics can play a pivotal role in the

discovery of materials towards this venture.

Theoretical stdies have shed light on the mechanistic detail of theRE®252°
and have suggested that the binding free energy of the CO adsorbed intermediate during
the CORR can be related to the particular catalystsudfexe abi | i ty to from
reduced carbon product. In particuleatalytic 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 assoeahivith catalytic materials that can reduce
the CO intermediate to pdacts such as formaldehyde or methanol. In all cases, it is usually
accepted that the first electron transfer step in theRB3s to form CQ (i.e., the energy

intensive stepj?

In the current study we investigate the ability of &dx and TsC2Tx (MXenes),
comprised of earth abundant elements, to catalyze the electrochemifiR CO®IXenes
are a class of 2D materials comprised of transition metal carbides, nitrides, and
carbonitrides derived ternary carbides and nitrides, mostly MAX pRa&e¥he name
MAX is derived from the composition of t
transition st-@gqt @umemat al AADCc@anafN aénatesi num ¢
carbon and/or nitrogen. MXenes have the general formulaMTx (n=1-3) where &
represents the surface functional groups, magi¥, i F, and =0® 336 To form the

MXene, the A group element is selectively etched from the MAX phase wittilyno
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fluoride-containing acidic solutions, such as hydrofluodigHF), or a mixture of lithium
fluoride (LiF) and hydrochloric acid (HCI). The resulting layered MXenes have been
investigated for use in supercapacitor and battery applications and etamtly in
electrochemical water splitting, water purificatiolopocatalysis, transparent conductive
electrodes and sensors, among othe?$3* 3’ To the best of our knowledge this class of
material has not been experimentally studied as potential catalytic materials forRie.CO

A recent density functional theory (DFT) computational study, however, hgestad that

M3C2 MXenes are promising materials for the 8R28

We show in this contribution that both BMoTIx and TsC2Tx can indeed catalyze
the electrochemical CGBR in acetonitrile using 1-ethyl3-methylimidazoium
tetrafluoroborate (EMIMBE) as the IL electrolyte. In each case the primary product is CO
with the M@CTx and TsC2Tx materials exhibiting faradaic efficiencies for CO formation
of 90 and 60%, respectively. The faradaic effickeassociated with M&Tx is close to
that associated with the precious metal silver. DFT calculations are also presented that
model the CEGRR on the two MXenes and add insight into the microscopic properties of
the surface that facilitate the GRR. In paticular, the calculatios suggest that oxygen
vacancies on oxygen terminated MXene are important active sites for tRiRQD these

layered metal carbide surfaces.

6.2 Experimental Section
Materials and Methods

All chemicals were analytical grade or technical grade and werkassreceived froithe
supplier (Fischer, Alfa Aesar and Sigma Aldrich) without further purificatlesthyl-3-

methylimidazolium tetrafluoroborate ([EMIM]BlFwas purchased from Alfa Aesatigh
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purity Carbon dioxide, ultrhigh purity helium and ultraigh purity Argon were
purchased from Air Gas Company. Tetraethylammonium perchlorate (TEAP)
electrochemical grade (>99.0%), acetronitrile (ACN) HPLC grade (99.9%), silver nitrate
(AgNOs3) were purchased from Fischer scientific. Silver nano powder (<100®8r&%)

were purchased from Sigma Aldrich.

Synthesis of TiC.. Synthesis of the FAIC2 MAX phase and its BC. MXene have
been described previouslyTo synthesize EC, MXene power, one gram of
TisAlIC2 powder was slowly added into a solution composed of 1 g lithium fluoride
(LiF, Alfa Aesar, 98+ %) in 20 ml 9 M hydrochloriciddHCI, Fisher, technical
grade, 3838%). This addition was followed by stirring at 35 °C for 24 h. Tdeia
suspension was washed with 100 ml of deionized (DI) water and centrifuged until a
pH?2 6 was reached and a stable dark green supernatanCoefvEs collected after

30 min centrifugation at 3500 rpm. The resultingCkisupernatant solution was
filtered using a vacuwassisted filtration through a polypropylene filter (3501
Coated PP, Celgard LLC, Charlotte, NC), followed by drying at room textyser

under vacuum.

Synthesis 0ofM0o2C. M0o2G&C synthesis was described previousigdthe powder was
alsosieved to achieve particle size of < 37 pho. synthesize Mo2C powdep-(Mo02C),

two grams of MeGaC powder was added o0Vv58% agqéeou mi n
hydrofluoric acid (HF; Fisher Scientific) solution and held for 7 days at 55°C while stirring

with a magnetic Teflon coated bar, rotating at ~ 200 ¥fime mixture vaswashed 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»% and finally the supernatant was decamsted
the sediment was kepSince it was shown previously that there is some-atohed
Mo2GaC even after 7 days of etchiAgxtrasteps were taken to achieve a pure®Tx
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 Celgardctilect p-Mo2C with no noretched MaGaC. We
usel thep-Mo2CTx to makeexfoliated &-Mo2C), which were delaminated viatercalation
with organic moleculetetrabutylammonium hydroxide (TBAOH; basic in natues

described previousl.

To preparedelaminated MgCTx (d-Mo2C), 2 g of MeGa&C powder was added to
a mixture of 20 mL of 9 M hydrochloric acid (HCI; Fisher Scientific) and 4 g of lithium
fluoride (LiF; AlfaAes ar ) over & 2 min and held for
Teflon coated be? The mixture was washednsilar to the HFetched 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. &ltoncentration of the resultingMio2CTx colloidal solution

was & 1L mg mL

Electrochemical Characterization Electrochemistry was performed using a CHI660E
potentiostat/galvanostat. Cyclic and linear sweep voltammetry expgsmeere
performed using atandard threelectrode 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 bptsomior 1

hour. 10 uL ofthe 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 AgN@D.1 M TEAP, CHCN) and conveed to the
SCE referencecsle using the &e = Eagiag+ + 0.430 V> The reference electrode was
calibrated against Fc/Fcin acetonitrile (Figure SI7). Cyclic and linear sweep
voltammograms were recorded at 10 mV/s with iR drop compensation. The gldssy ca
electrode was polished with a slurry of GM&cron alumina powder ideionized (DI)
water. Residual alumina was rinsed from the GCE surfaceDivater,and the electrode
was then sonicated Dl water for 15 minutes followed by acetone for a farthO min.
Cyclic voltamety and Linear Sweepoltammety (LSV) curves were obtained in GO
saturated acetonitrile/EMIMBHACNY/IL) media. Prior to obtaining C\br LSV curves
the electrolyte was vigorously bubbled withgh purity CO2 gas for 30 min. All
electrochemical experiments were carried out in adampartment cell separated by a
cation exchange nafion membrane. 10 mL of the electrolyte was filledhiatoathode
compartment and 6 mL onto the anode compartment. The solui®cantinuous stirred
with a stir bar magnet at a speed 200 rpm. The headspace of the cell was purgeghwith
purity COz gas prior to any electrochemical measurements to enslaekebof CQabove
the electrolyte. At the end of chronoamperometric mesmsents the headspace was

analyzed by GC.

Product analysis 500 uL of the headspa&dter electrolysisvas injected into the GC
(Hewlett Packard series ii 58p8quippedvith aShinCarbon ST Packed ColuniRestek)
and athermal conductivitydetector(TCD). For analysis of CQultra-high purity helium
(purchased from Air gasyjas used as the carrier gas and faruHira-high purity Ar

(purchased from Air gaserved as the carriergd@he GC was calibrated for the CO and
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H2 gases by injectim specific volumes of the gases into the electrochemical cell with the
electrolyte saturated with C@as. The system was then allowed to equilibrate for 1hr.
Thereafter, 500 uL of the headspacaswnjected into the Gasing a gas tight syringe
equipped wh a sample lock. The oven was run at isothermal conditions (temperature 40
9C) for 6 min followed by a temperature ramp to #30wvhich was then held at 160 for

14 min. A clear peak correspding to CO appears at 4.54 min angatl0.80 min with He
carier gas while Happeared 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 ofthe dead volume of the cathode compartment under similaitiomsd

to the calibration. The FE was calculated using equétibnTheelectrolyte was analyzed

by 'H-NMR with dimethylsulfoxidg DMSO) as an internal standard.

FE %= amount of product/amouwitcharge passed*100

00 —oapnTm (6.2)
Where a is the stoichiometric amount of the specific product from the reductionpinCO
the number of moles of product, F faradaic constant (9648®IC) and Q is the total

charge passeduring electrolysis

Computational Details. Firstprinciples calculations were performed using density
functional theory (DFT) and the projector augmented wave (PAW) method as implemented
in theVienna ab Initio Simulation Package (VASPithin the framework of generalized
gradient approximation, the PerdeBurke Ernzerhof (PBE) exchange correlation
functional were used to treat the electron exchange correlation energy. A 4x1
centered kpoint mesh and a plane wave basis séh &n energy cubff of 500 eV is
applied for the calculations. To minimize the effect of adsorbagsorbate interaction,
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all of the surface absorption calculations were performed on a 3x3x1 supercells. A vacuum
distance of 2¥ was imposed to avoid ¢hinterlayer interactiongtomic structures were

relaxed until the final force exerted on each atom was less than 02ed/the change

in total energy between the two steps was less thareW0 Adsorption energies were
computed afads = Eadsorbater surfacel Eadsorbatel Eslab, WhereEadsorbate + surfagdEadsorbate and
Esurfaceare the total energies of the adsorbed system, the gas phase species, and the surface,
respectively. To take into account the strongsib@ Coulomb interactions of theclalized

d electrons in BCz2 and MeC, we include the additional Hubbalike parameters by using

the DFT+U method® with a U value of 3 eV applied on both surfadéigure D7 shows

the free aergy diagrams for the electrochemical reduction of 0@O using the DFT+U

method. Walid not observe any significant difference in the trend for the electrochemical
reduction of CQ to CO and the main conclusion obtained from the standard DFT

calculatbns holds true.
6.3 Results and Discussion
6.3.1Material characterization

The MaC and T$C2 MXene samples used in this study were produced from their
respective ternary carbide precursors using the proper preparation methods. In particular,
2D layeredMo2C samples were obtained by i) etching the Ga layers MoaGaC in a
solution containing LiF/HCI to form a colloidal suspension of delaminatesC\ieferred
to asd-Mo2C), ii) etching the Ga layer of the associated MAX phase with HF with
subsequentrgling to produce MgC powder (referred to gsMo2C), and ii) exfoliating p-

Mo2C with tertrabutyl ammonium hydroxide (TBAOH) to form few layer Mo (referred
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to ase-Mo2C). Note thatd-Mo2C ande-Mo2C have a fewayer morphology, albeit the
route to prodce that morphology is different. 302 used in the study was obtained by
exfoliating the corresponding sAIC2 MAX phase with LiF/HCI to form a delaminated
TisCz. Details of the etching of the MAX phase, exfoliation techniques and synthetic

procedures fothe different MXene samples are inobatlin theexperimentainformation.

We direct the reader to the following literature for a complete characterization of

the sampled! 2> 22 Scanning electron microscopy (SEM) images of different®land

TisCz samples used in this study are showmppendix Figure D1. Thesamples 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 negativacgudhargé’ 3>4°

The SEM micrographs associated wihMo2C and e-Mo2C both show a layered
morphology. In catrast to these morphologigg-Mo2C shows little evidence of
delamination (i.e., few layer particles), but instead shows a layering consistent with a bulk
stacking of sheets.ifrally, the SEM micrograph associated lwiisCz exhibits evidence

for a layeredstructure 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 withiay photoelectron spectroscopy (XPS).
Apperdix, FigureD2a and Figur®2b exhibit the Mo 3d and Ti 2p regionsdbiMo2C and
TisCz, respectively. The Mo 3a peak at 229.0 eV is associated with the-®ldond in
the MaC MXene2? Other contributions tthe Mo 2p region include those associated with

Mo-O (231.4 eV) and Md- (233.0 eV) bondtg. 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
TisCz (Appendix,FigureD2b) exhbits features that we associate withCTiTi-O, and T+
F bonding. In general, surfaceriinations of the MXenes with O/OH and F that we

observe on MgC and TiCz is consistent with prior XPS studies of MXerés? 36 3340
6.3.2 Electrochemicalesults

Expeiments were conducted to determine the electroactivity of the MXenes for the
CO:RR using a standarddéectrode cell setup, as descdhgr details in thexperimental
section In brief, the electrodes were prepared by drop casting 10 pL of a 2 mg/mL MXene
solution on to a glassy carbon electrode with a surface area of 9.Pron to deposition
the glassy carbon electrodes were polished Widgmicronalumina powder. Due to the
charged nature of the MXene sheets no binders were necessary to hoKkeitne fivim on

the working electrode for the electrochemical experiméyiss, due to the high electrical
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Figure 6.1 a) Polarization plots of M@ comparing the influence of the delaminati
technique towards the GRR. b) Comparison of thpolarization plots of MgC in MeCN/IL

saturated with C&and N 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 MXeoated electrodes are

presented in theection 6.1

Figure la exhibitpolarization plots obtained by linear sweagtammetry(LSV)
for the three different M€ samples in C&saturated acetonitrile (MeCN) containing the
IL [EMIM]BF 4. Figure 6.1b includes polarization curves for a clean glassy carbon
electrode in the CPsaurated MeCN/IL solution and data foFMo2C in a CQ-free
(nitrogensparged) MeCN/IL environment. The contdeMo2C coated electrode in a GO
free MeCN/IL solution does show an ongetential for current flow at abouR.1 V.
Analysis of the reaction vesl headspace shows hydrogen product in thisagoeous
reaction environment (segppendix FigureD3). While the MeCN was dried before use,
the presence of some residual water (pesteso 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 thed-Mo2C andp-Mo2C both exhibit a lower onset potential 85 and2.0 V vs
SCE, respectively) anddher cathodic current with increasing potential comparedt to
Mo2C (-2.2 V onset) in the C&free environment. We therefore attribute the lower onset
potential and higherathodic currents to C/RR chemistry. Support for this contention
comes from an angdis of the reaction cell headspace, which shows primarily CO product
(SeeAppendix Figure D2). In contrast, inspection of the polarization dataeddo2C
shows an onsetopential that is actually similar to tlleMo2C CO-free circumstance~(-
2.2 V vsSCE). The cathodic current associated veiko2-C, however, is significantly
higher thare-Mo2C in the absence of G@br any given potential above the onset potential.
We dtribute this increased cathodic current to theRR), consistent with the produati

of CO as evidenced by an analysis of the reaction headspadsaalix FigureD4).
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Our results indicate th&Mo2C has the highest onset potential amongthinee
types of MaC (Figure6.1a). This can be due to the smaller flake sizes-bfo2C
compared tad-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 lithigontaining salts (e.g., LiF%:2¢3°|t has
been show that MXene basal planes are catalytically actiuenlike TMDs where only
edges are activé€.*! Smaller flake size leads to more eddleat are not active in the
process. Anotér possible reason for the relatively high onset potentiaiM62C is the
deactivation of potentially active catalytic sites by adsorbed organic surfactant (TBAOH)
that is used in the exfoliation procesgptoduce the few layer materi&l?® #2 The lower
onset potential and increased cathodic current atengotential ford-Mo2C relative to
p-MozC is likely due to increased active surface of the delamirdgtdd.C material ¢

Due to the high catalytic activity dfMo2C we used this sample for further analysis.
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Figure 6.2 Polaization plot of the MeC, TisC2 MXenes and Ag nanoparticles in &

saturated MeCN/IL electrolyte.

Figure6.2 allows a comparison of the polarization curveddvo2C to the TiCz
MXene and nanalimensioned silver. While th&#Mo2C electrocatalyst exbits an onset
as low ag 1.85 V vs SCE (~100 mV overpotential), the onset for th€2IMXene occurs
at a higher potential 6R.2 V vs SCE. Based on this comparisondido:C is a letter
CO:RR electrocatalyst than thesTe MXene. The electrocatalytigctivity 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 partecle electrode exhibits an
onset ~1.8 V (vs SCE) for the CARR, similar to hat of the eartfabundant elements MO
MXene. Furthermore, the similarity of the Tafel slope values forQvand Ag Appendix
FigureD5) suggest that the mechanism for tleeochemical reduction of G5 similar

on both surfaces.
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Chronoamperometrimeasurements (constant voltage) fordtMo-C, Ti-Cs, and
silver were carried out in a taoompartment cell to determine the stability of the
electrocatalysts and their faradaic efficiency for CO production. The anode and the cathode
compartments wereeparated 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 informatiofj. GC analysis of the headspace gas showed that carbon
monoxide was the only gaseous product formed from th&R@@nd small quantities of
H2. Analysis of the headspace during the electrochemistry e€NfoMeCN/IL without

COz present sbws no CO productuling out the possibility of CO resulting from the
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Figure 6.3 a) Chronoamperometric curves fal-Mo2C MXene and b) FE vs overpotential

plots ford-Mo2C, TisC2z MXenes and Ag nano particles (A¢).

decomposition of the MeCN/IL or ME@. An analysis of the electrolyte with IMMR
after the CORR for the C@Qd-Mo2C system showed no evidence for solution phase

reaction products or demposition of thevieCN/IL (Appendix FigureD7).
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The stability of the MeC electrocatalyst for CSRR was investigated by
determining the cathodic current as a function of potential (voltages 12sed;-2.14,-
2.24,-2.34,-2.44 and2.54 V vs SCE) fp0.5 hours. Thetability of thed-Mo2C MXene
catalyst was excellent for at least 30 min at the cathode potentials befn@and-2.3 V
based on the constant cathodic current in this range of voltages (6i8ayeA decrease
in the current density was observed over 80 min experimenbf 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®Mo02C and T3C> MXenes, and Ag
nanoparticles for CO production duritite CORR as a functin of cathodic voltage. Up
until a cathodic voltage 0f2.24 V d-Mo2C exhibits a FE of ~90% for CO production,
similar to the Ag nanoparticle catalyst. At higher overpotentials the FE associatel with
Mo2C drops (~80% at 600 mV an®@% at 750 mV overpotdial) while the Ag catalyst
efficiency remains at 90%. The decrease in faradaic efficiency for CO production is
mirrored by a corresponding increase ipirbduct evolution at these higher overpotentials
(Figure 6.3b). The overpoterdl for initial CO prodiction during C@RR for TsC2 was
~650 mV, significantly higher than the 200 mV overpotential that resulted in CO
production on MeC. The activity of the BCz for CO production is maintained at the
potentials studied for times appobéng 0.5 h Appendix FigureD6). Prior research has
shown that in an acidic aqueous solution HER occurs with a lower overpotentiab@n Mo
than on TiC2.2¢ 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
CO:RR1IL1EE 43 Experiments thatave investigated the electrocatalytic activity ofzMo

onTisCzin CO; saturated aqueous IL results in onlypfloduction (SeédppendixFigure
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D9) (i.e., the C@RR is not viable in the aqueous environment). These results taken
togetter also suggest that the active sites on the MXenes that catalyze the reafuC@n

to CO are likely the same sites that drive the HER under aqueous conditions.

Mo 3d and Ti 2p XPSHigure 6.4c and d) for thel-Mo2C and T3Cz samples,
respectively, before and after the £XR suggest that there is a change toeleenental
composition of the working surfaces during electrochemistry. In particular, both post
electrochemistry analysis @-Mo2C and T#C2 show a reduction in features that are
assigned to M@ bonding (at 234.9 and 232.0 eV) andd’bonding (465 and59 eV),

respectively. We infer from the XPS that there is a reduction of surface oxygen terminating

a
C Mo, d Tiy, ——Ti before echem
Mo before echem —Ti after echem
— Mo after echem
3 ] £l
o &
2 2
£ ] 8
£] E
T T M v T T T T T T T T T
245 240 235 230 225 220 470 468 466 464 462 460 458 456 454 452 450

Binding energy (eV) Binding energy (eV)
Figure6.4 a, b) MaC before and aftggerforming chronoamperometric measments
respectively. ¢, d) are XPS spectra of the Mo 3d region and Ti 2p region before ar

chronoamperometric measurements.



the Ma@C and T$C2 MXenesheet structure at the reducing potentials used for thRRO
SEM analysis, for at least tlteM02C electrocatalyst, (Figuré4a andb) suggests that
there are probably no gross morphological changes that occur during electrochemistry

(although this ivased on esitu measurement).
6.3.3DFT results

Density functional theory (DFT) based computations were carried out in order to
shed ight on the mechanism for the @R on MeC and T3C2. We investigated the
energetics of elementary reaction stepstfr CORR on model pristine and oxygen
terminated MXene surfaces. For rmminated pristine M« and T3C: surfaces that
were not oxyge terminated (i.e., the bare model surfaces), binding energy calculations
show that C@ CO and other reaction interniatks such aSCOOH have very strong
binding (i.e. chemisorptiori¥: %4 The reaction free energy diagram for the electrochemical
reduction of CQ on these bare surfaces is presented as FiDat (Appendix D.
Inspection of the free energy diagram suggests that there is abiogerg of the CQ
reduction intermdiates, CO and COOH, on the bare surfaces e€:Tand McC.
Therefore, it is not expected that a significant amount of CO gas can be generated from the
bare surfaces of 3€2 and MeC. Our XPS measurements, however, suggest that the
MXene surfaces used our study are oxygen terminated consistent with previous studies
of Mo2C that suggest that such a termination stabilizes the bare stirffaaghermore, it
is predicted that the oxygen functionalized X2as more stable than those terminated by
other functional group&.A similar conclusion has been arrived at for oxygenated surfaces
of TizC2.22 Our results indicate that the perfecté@minated surface does not capture CO

and CQ (seeAppendix Figure D11), which indicates too weak binding for tl;
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reduction reaction. Thus, we looked at other plausible sites for th®R©On these

MXenes.
(c)1.07
] 0.83eV
———
0487 fosrev i~ 072ev
] T 0.62eV
0.6 /i ——
< 1 Y o030ev,”
= 0.4- (] N/
2, 7 !
£ ] /1
> 0.2 i I %4 G0 =""C0;
o i I *CO, + H* + e-= *COOH
g 0.05eV; ! 1: *COOH + H* + e = *CO + H,0
—————— ! IV: *CO =*+CO
W 0.0 {——— e o
i AN ,-" — Mo,C
0.2 . 0236V -y

II I v

Figure 6.5 (a) CO absorbed at the oxygen vacancy on@®4¢) COOH absorbed a
the oxygen vacancy on MO (redoxygen atomsyrown-carbon atoms, whitbydrogen
and purple molybdenum atoms). The distances between molecules and surfac
noted in the plots (in Angstron(kt) The free energy diagram for €@duction reaction

at the oxygen vacancy onsCe (in black) and MeC (in red) calculated using the PB

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
electrotvemical reduction of C&Oto CO. Such sites are plausible reaction sites for the
CO:RR, since they can be generated during the exfoliation of MXenes from their bulk
phases and under electrochemical reduction conditfofsirthermore,XPS results
presented in this study show a reduction of surface oxygen @@ kiud T$C: after the

CO:RR, consistent with the presence of oxygen vacancies under reaction conditions

143



Figure 5 exhibits various relaxed structural egufations used to modt#ie MaC surface

with a VO and adsorbates ¢@nd CO adsorbed at the vacancy site. Our study indicates
that CQ reduction can be realized by a standard tstep process which includes the
activation of CQ to form *COOH (COOH atiched to the surface)rtugh the first
electron/proton transfer and the dissociation of COOH to *CO (CO attached to the surface)
and HO as products resulting from the second transfer. The final step is accompanied by
the detachment of CO from the surfatbe computed free erggrdiagram for oxygenated

TizC2 and MaC surfaces with a VO are shown in Figure 5¢c2€%hibits weak binding at

the VO on oxygenated 32, while it is physically absorbed at the VO on oxygenated
Mo2C. The activation ofCO; to “COOH in the firsthydrogenation step demands a free
energy input of 1.04 and 0.78 eV for the case aCZand MaeC, respectively. The
calculated free energy diagram suggests that, in the second protonation process, the
"COOH intermediate absorbed on bothfaces will sporaneously dissociate and form

H20 and *CO. During the electrochemical reduction of2@®OCO, the rate limiting step

is the first electron/proton transfer step, i.e., the activation oft€@rm *COOH. The

rate limiting step demands 0.28/ less free engy input for MeC than in TiCo.
Therefore, we conclude that MD is a more promising catalyst that requires a lower
overpotential for the electrochemical reduction of.@CO, which agrees well with our

experimental observation.
6.4 Conclusions

In this study we report for the first time the use ofZ@nd TiC2 MXenes as earth
abundant materials for the electrochemical conversion eft€@O. DFT computations

indicate that the enhanced activity of Morelative to TiCzis due to thdowering of the
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energy barrier for the first protonation step ofZ&@d the spontaneous dissociation of the
absorbed COOH species on the MO surface. We believe that the presence of VOs on
the surfaces of these materials play a crucial role in thdysiastas activesites. Good
stability and commendable activity based on a comparison to silver catalyst make these

materials potentially attractive alternatives for precious metal catalysts for gRRCO
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CHAPTER 7
BRIEF SUMMARY AND RESEARCH IMPACT

Research detailed in this thesis integrates experimental observations wittf-state
the-art theoretical calculations to shed light on the molecular iegetdients that underlie
the eletrocatalysis of water splitting on 2D layered Ma®hd the CGRR on 2D layered
Mo and Ti carbides. With regard to the MaBvestigations research showed how 1) the
chemical modification of the interlayer region with meations, 2) the engineering okth
material to expose more edge sites, and 3) the substitution of 3d transition metals into the
basal plane of the materials could be used tore@hthe electrocatalytic activity of the
metal dichalcogenide. Chapter 3 meted research to show how thecélenic properties
of the MoS 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 mpact on the reaction kinetics the HER, the experimental results
showed instead that the alkali metal cation,Nead biggest effect on the microscopic
properties leading to a better HER catalyst. This observation was supported by DFT
calculations whex it was shown that Nantercalat o n | eq8eing dosestdd, which
is a necessary but not sufficient parameter in HER catalysis. The broad impact of this study
is that the electronic properties of the M@8n beuned througimetal cation intercalain
to lead to a more active catat 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 actiystd#tét is

also mentioned that this study also suggests the use of these intercalated structures in
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supercapacitor research as these Musictures provide a lge surface area to store ions

while providing metallic like conductivity®

Chapter 4 investigated the possibility of developing a synthetic protocol for the
development of MoSthat preferenally exposed edgsites andvas therefore aate for
the HER. Prior studies that attempted to accomplish this goal grew vertically aligned MoS
on conducive substrate’d that included graphene, graphene oxides and functionalized
graphene materiakt® Research presented in this thesis usef:Tk as a conductive
suprt primarily to take the advantage of the metallic like conductivity and the large
surface area of the 2D layered MXene materiadCTiis known to have a higher
conductivity than moggraphene materials. A microwave assisted heated method was used
to syrthesize the Mo5 The rapid heating following the irradiation of microwaves proved
to be a useful technique to nucleate eBeds which then grew into larger sheets at
isothermal condions and with a large number of exposed edges. A control over thgydens
of the exposed edges were obtained by the judicious choice of temperature (200, 220, 240
and 26(PC). The optimum coverage without the formation of isolated aggregates of pure
MoS; were obtained at 24€. The HER activity of these materials directyrelated with
the density of exposed edges. Compared to the unsupporteg dviatBesized under
similar reaction conditions these vertically aligned IetBuctures showed lower alge
transfer resistance and a higher carrier density emphasizing the angsorof 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 MaSor high alkalire HER activity. It is felt that this particular

research may have a highdw scientific impact. Over the last decade of M@Search,

149



there have been no reports of doping the 2D sheets of metallic WithS3d transition
metals. To accomplish the dopinf the sheets for the first time, a recent method outlined
by Chen Fp. ard coworker$? to synthesize metallic MeSvas used. This miedd involved

the conversion of orthorhombic phase Mo@ith an octahedral @ydination into the
octahedrally coordinated metallic MoS he MoQ structure was preopedindividually

with Ni and Co. The asynthesized doped MaQvas converted to the metallMoS.
Alkaline HER was evaluated on these materials and the overpoteqigied to generate
H> with a current density of 10 mA/éwith 10% Ni doped and 10% Co doped-MbS,

was -145 mV and-160 mV vs RHE respectively. These doped samples exhibited a
reduction of ~100 mV with respect to the undoped metallic MDET studiegpredicted
that the addition of the dopants in the metallic MstBicture enhanced the HER in alkaline
media by improving the water dissociation step associated with the Volmpekisteeover,

& @ was also lowered on the doped surface. Mb&t was doped with either Ni or Co was

also found to have a much higteatalyticlifetime than undoped MaS

Chapter 6 investigated the electrocatalytic reduction of@Qwo MXenes, BC2
and MaC. These 2D materials are a novel class of materials that were not steftissl
for electrocatalytic Ce@RR. Acetonitrile was chosen as the solvent witletlyl-2-
methylimmidazolium tetrafluoro borate (EMIM BJFas the electigte to minimize the
competing HER under the potentials employed for theRFO CO was observed as the
only CQRR product with a Faradaic efficiency that was close to unity on th€ MiXene
at an overpotential of ~200 mV. 302 showed a larger onset ovetpntial and a lower
Faraday efficiency than the MG MXene. DFT calculations showed that the difference in

the reactivity was primarily due to the better kinetics observed on th€ MXene in the
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intermediate step where the CO is producethfthe adsorbd CHO. Moreover, DFT
calculations predicted that the most probable sites for th B @vere the oxygen vacancy

sites on these MXenes.

Mol ybdenum sul yde i s an exceptional H
nanostructured to expose a high density ofvacsites.In this thesis work two activity
metricswere focused onmprovingtotal electrode activitpy increasing the edge sites of
the 2HMo0S: and intrinsic active site activityy doping and intercalating the metallic phase
of MoS. Though not explor in this thesis workgomparisos of the overall activity for
severalotherc | asses of mol ybdenum sul edwS, cat aly
amor phous mol ybd¥®famd smdlyaeculyarmsmol ybdenum
have been studied extensively elsewH&fAll theseinvestigations were carried out with
the intention oBpproacing the neatideal HER activity of PtThe engineering challenges
to employ MoS as a photo/electrocatalyst in agbbelectrochemical cell (PEC) has to be
evaluated and addressed. Though low overpotentials have been realized witthédeS
exists a lot of room for improvement in the area of hydrogen turnovers on a catalyfic site.

One probable path that can be employed toward that end is the growth of metallic MoS
with the exposure of an optimum nber of sheets on a conductive suppehich has not

been achieved so far. Thus, progressive approaches in the development of the PEC
technologies cahelp enableenergy production, storage and use the energy harnessed by
intermittent renewable energy resces such as solar and wind. Lovagrthe 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 hydrem production via the HER.
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In thecontext of the CERR there are many issues that need to be addressed before
they can be used in PEC technologies. The limited success in thiRG@n be traced to
the limitations set by the scaling relations that exéttvieen the energies of the differen
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 realiaatof three dimensional catalytibaactive sites
that can stabilize different intermediates efficiently. In this context, MXenes have a great
potential in the CERR chemistry. Their metallic like conductivity, ultrathin nature and
tunability of the compsition and the interlayers makdsein attractive 2D materials for
electrochemical systems. Though not explored in this thesis there is a need for a screening
of available MXenes for the CBR, DFT calculations can be used as an effective
screening tool tadentify active MXene compositiorier selective CERR. 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

selectivty issues related to the GRR.
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APPENDIX A

SUPPLEMENTAL FIGURES FOR CHAPTER 3

e —
: oo
u L
b
—k 1 &
) » | O
(>
00 XX
O
d
o
Q Q
L*]

Figure Al: This figure depicts different configurations used for the B&[Eulations.

Fig 1. (a) is the top view supercell version of the original 2x2 supercell used for the
pristine 1FMoS2 surface. Fig. (b) shows the adsorbed hydrogen atom on top of an S
atom of the basal plane. Distance between theafoms is 1.362 A. Figc) 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 tivo5i)
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Figure A2: XRD specta of bulk MoS2 (black), 1IM0oS2 (orange) halost longrange

order in the lattice and showing (001) reflection due to water bilayer between the ¢
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Figure A3: Selected Area Electrdbiffraction (SAED) patterns of 1-MoSz (top) and
Na/1T-MoS: (bottom), m indicates the main lattice spots and s itedhe super lattic
spots.
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Figure A4: X-ray Photoelectron Spectra @bp) 3d region of Mo in 2HMo0S,, (bottom)

S 2p region of 2HMo0%; fitted for 3d2 and 3d/2 for Mo and 2p2 and 22 for S.
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Figure A5: X-ray Photoelectron Spectra of (top) 3d region of Mo inM3S,, (bottom) S2p

region of 1FTMo$; fitted for 2H and 1T components.
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Figure A6: a) XPS spectra of Mo 3d region of-Mo0S; and intercalated samples, b) Ni
2p region fit shows that the Niiis the 2+ state and c) @p regon shows that the Co is

also in the 2+ state.
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Electron Image 1

Electron Image 1
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Elccln) Image 1

1

Figure A7: a),c), e) and g) SEM images of Na/MoS,, Ni/1T-MoS,, Co/1T-MoS; and

Ca/lT-MoS: respectively andb), d), f) andh) their atomic percentages obtained from

EDAX.
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Figure A8: TEM images of a) 1'M0Sz, b) Na intercalated ¥MoS; and ¢) Co intercalated
1T-MoSz, d) Ni intercalated 1°MoS; and e) Ca intercalated AMoS.. These images

shows that the sheet like morphology remains intact with intercalation.
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Figure A9: SEM image®f a) 1T-MoS,, b) Na/1FMoS,, ¢) Ni/1T-MoS; and d)Ca/lT

MoS: respectively.
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Figure A10: a) STEM image of Co/:-MoS, b), c) and d) EDS mapping of cobalt,
molybdenum and S respectively. The EDS map shows an even distribution of Co on the

1T-MoS: sheets
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Figure A11: Tafel plots for all the intercalated ANT0S, samples and 20% & electro@s.
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Figure A12: Impedance measurement at 200 mV overpotential within the frequ

range 0.1 Hz to fHz
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Figure A13: Cyclic voltamograms of 1XMoS; and the intercalated samples at different
scan rates in 100 mV to 200 mV regioesn vs R

scan rate for ECSA arCa calculationplots are extrapolated from these plots.
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Figure A14: Chronopotentiometric measurenéor 24 hr with a current density of

mA/cn?.
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Figure A15: Raman spectrum of Na/dWoS2 before and &dr 24 hr of the stability

test. The 1T phase and the superlattice structure is still retained.
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Table Al: Zeta potentials of the intercalated samples measured in pH 7.0 PBS buffer

solution

Sample Zeta potential (mV)
1T-MoS; -42.316.5
Na/1T-MoS; -29.8+2.3
Ca/lT-MoS; -31.9+4.9
Co/1T-MoS; -31.5+2.5
Ni/1T-MoS; -32.2£4.7
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Figure A16: Density of States (DOS) plots fbT-MoS; and intercalated XMoS,. The

comesponding cations intercalated are listed on the plots. Co and Ni contribt

electrons at the fermi level (at 0OeV) whereas for Ca and Na the sp electron dei

delocalized.
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Figure A172 Var i atasa funcioh of tpsEntercalated cation. All the samy
show lower binding free energies than pristineMd@Sz. The low free energies close

zero suggest that they are superior HER catalysts
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APPENDIX B

SUPPLEMENTAL FIGURES FOR CHAPTER 4

Figure B1: Contrast profiles obtained fmo Imagej varying the threshold of the SE

images. These images were used to obtain the edge density given in tandES1
MoS:UTisCz at growth temperatures of A) 200, B) 220, C) 240 and D)°260n the
calculation of vertically aligned edges, the drean flower like morphologies (marke:

by the white line) have been subtracted from image D.
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