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Abstract
Tijin Thomas, August 2022

Universidad Auténoma de Nuevo Ledn,

Facultad de Ciencias Quimicas.

Title of the thesis: INVESTIGATION ON THE APPLICATION OF MOLYBDENUM-
BASED ONE DIMENSIONAL AND TWO-DIMENSIONAL NANOSTRUCTURES IN
GAS-SENSING AND HYDROGEN EVOLUTION REACTIONS

Number of Pages: 155
The thesis submitted in partial fulfillment of the requirements for the DEGREE OF
DOCTOR OF PHILOSOPHY IN SCIENCE with orientation in sustainable processes.

Area of study: Sustainable Processes

Purpose and method of the study: One of the primary goals of the researchers is to develop
sustainable and clean energy to replace traditional fossil fuels, as environmental difficulties
are becoming more prevalent owing to the release of hazardous gases from the burning of such
fuels. Proper monitoring of the emission of those gases is also critical for which gas sensors
with higher sensing response, long term stability, fast response, and recovery times are needed.
Hydrogen is considered as the fuel for the near future as a replacement for non-renewable
fossil fuels and the cleanest way of its production is by the means of
electrocatalytic/photocatalytic water splitting. Molybdenum based one dimensional and two-
dimensional nanostructured materials have been proven for their applications in gas sensing
as the sensing element and in the clean production of hydrogen by the means of
electrochemical water splitting as the catalyst, but the research is still inadequate for meeting
the real application. In this work, we attempt the synthesis, characterization, and applications
of one-dimensional molybdenum trioxide, two-dimensional molybdenum carbide MXenes,
and their composites for their applications in gas sensing and electrochemical hydrogen
evolution reaction for a real device with less environmental impact.

Contributions and Conclusions: In this study, we carried out the gas sensing and hydrogen
evolution application of molybdenum-based 1D and 2D nanostructures with the help of a
systematic study of the synthesis and characterization strategies involved. To detect the
presence of ammonia gas, gas sensors were produced in this work using vacuum thermal
evaporation of a-MoQO3 nanorods on glass substrates, followed by an annealing technique in
ambient air. The gas sensing assessment of the produced sensors demonstrated that the
specimen annealed at 400 °C had exceptional sensitivity towards ammonia gas at room

temperature (28 °C). In the process of the testing, it was determined that the sensors remained
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responding to ammonia levels as low as 1ppm, highly repeatable, and remarkably stable after
one year of working, with just a 1% decline in the sensing response. Additionally, a porous
silicon/molybdenum trioxide hybrid structure, that was produced via simple thermal
evaporation of the MoOs; over an electrochemically produced silicon substrate, proved
effective in sensing CO» gas at a low concentration level (50 ppm) and working temperature
(150 °C). We compared the effect of the substrate in the sensing performance, and it was found
that at 250 °C, the sensor fabricated on porous silicon demonstrated approximately fourfold
the sensitivity (15 % at 150 ppm) of the sensor fabricated on crystalline silicon (3.9 % at 200
°C and 150 ppm) and a much faster response time (8s at 100 ppm). Meanwhile, Mo,CTx
MXene was prepared from Mo-In-C non-MAX phase using a solid-state process followed by
UV aided phosphoric acid etch and ultrasonic exfoliation for the first time. We developed
Mo,CTx MXene sensors that were supported on a different substrate (glass, crystalline, and
porous silicon) and used them to detect CO; at room temperature. The gas sensing experiments
were carried out at temperatures ranging from 30 to 250 °C and CO; concentrations ranging
from 50 to 150 ppm. When compared to crystalline silicon sensors, sensors built of porous
silicon and glass demonstrate superior room temperature sensing response as well as rapid
reaction and recovery time of 30 and 45 s, respectively, when operated at 30 °C and 50 ppm
of CO,, which are the fastest recorded values at ambient temperature to the date. Finally,
electrochemical hydrogen evolution reaction (HER) application of the produced Mo,CTx
MXenes as working electrodes was carried out and the MXene synthesized from the non-MAX
phase at 850 °C exhibited the lowest overpotential, with a value of -138 mV at 10 mA/cm?

current density and a Tafel slope of 41 mV/dec.

Signature of the Advisor:

DR. SANAL KOZHIPARAMBIL CHANDRAN



Resumen
Tijin Thomas, Agosto 2022

Universidad Auténoma de Nuevo Ledn,

Facultad de Ciencias Quimicas.

Titulo de la tesis: INVESTIGATION ON THE APPLICATION OF MOLYBDENUM-
BASED ONE DIMENSIONAL AND TWO-DIMENSIONAL NANOSTRUCTURES IN
GAS-SENSING AND HYDROGEN EVOLUTION REACTIONS

Numero de paginas: 155
La tesis presentada en cumplimiento parcial de los requisitos para el GRADO DE

DOCTORADO EN CIENCIAS con orientacion en procesos sustentables.

Area de estudio: Procesos Sustentables

Propoésito y método del estudio: Uno de los objetivos principales de los investigadores es
desarrollar energia sostenible y limpia para reemplazar los combustibles fosiles tradicionales,
ya que las dificultades ambientales son cada vez més frecuentes debido a la liberacidn de gases
peligrosos de la quema de dichos combustibles. El monitoreo adecuado de la emisién de esos
gases también es critico para lo cual se necesitan sensores de gas con mayor respuesta de
deteccion, estabilidad a largo plazo, respuesta rdpida y tiempos de recuperacién. El hidrégeno
se considera como el combustible para el futuro cercano como un reemplazo de los
combustibles fésiles no renovables y la forma mds limpia de su produccién es mediante la
divisién electrocatalitica / foto catalitica del agua. Los materiales nanoestructurados
unidimensionales y bidimensionales basados en molibdeno han sido probados por sus
aplicaciones en la deteccion de gases como elemento de deteccion y en la produccién limpia
de hidrégeno por medio de la divisién electroquimica del agua como catalizador, pero la
investigacién sigue siendo inadecuada para cumplir con la aplicacién real. En este trabajo,
intentamos la sintesis, caracterizacion y aplicaciones de trioxido de molibdeno
unidimensional, carburo de molibdeno bidimensional MXenes, y sus compuestos para sus
aplicaciones en la deteccion de gases y la reaccién de evolucién electroquimica del hidrogeno
para un dispositivo real con menor impacto ambiental.

Contribuciones y conclusiones: En este estudio, llevamos a cabo la aplicacion de deteccién
de gases y evolucion de hidrégeno de nanoestructuras 1D y 2D basadas en molibdeno con la
ayuda de un estudio sistemaético de las estrategias de sintesis y caracterizacién involucradas.
Para detectar la presencia de gas amoniaco, se produjeron sensores de gas en este trabajo
utilizando la evaporacion térmica al vacio de nano varillas a-MoOs sobre sustratos de vidrio,

seguida de una técnica de recocido en aire ambiente. La evaluacién de deteccién de gas de los
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sensores producidos demostré que la muestra recocida a 400 °C tenia una sensibilidad
excepcional hacia el gas amoniaco a temperatura ambiente (28 °C). En el proceso de la prueba,
se determiné que los sensores seguian respondiendo a niveles de amoniaco tan bajos como
1ppm, altamente repetibles y notablemente estables después de un afio de trabajo, con solo una
disminucién del 1% en la respuesta de deteccion. Ademads, una estructura hibrida porosa de
silicio / triéxido de molibdeno, que se produjo a través de la evaporacion térmica simple del
MoOs; sobre un sustrato de silicio producido electroquimicamente, demostré ser efectiva para
detectar gas CO; a un bajo nivel de concentracién (50 ppm) y temperatura de trabajo (150 °C).
Comparamos el efecto del sustrato en el rendimiento de deteccidn, y se encontrd que a 250 °C,
el sensor fabricado en silicio poroso demostrd aproximadamente cuatro veces la sensibilidad
(15 % a 150 ppm) del sensor fabricado en silicio cristalino (3,9 % a 200 °C y 150 ppm) y un
tiempo de respuesta mucho mds rapido (8s a 100 ppm). Mientras tanto, Mo,CTx MXene se
preparé a partir de la fase Mo-In-C no MAX utilizando un proceso de estado s6lido seguido
de grabado de dcido fosférico asistido por UV y exfoliacién ultrasénica por primera vez.
Desarrollamos sensores Mo ,CTx MXene que se apoyaban en un sustrato diferente (vidrio,
silicio cristalino y poroso) y los utilizamos para detectar CO, a temperatura ambiente. Los
experimentos de deteccion de gases se llevaron a cabo a temperaturas que oscilaron entre 30
y 250 °C y concentraciones de CO 2 que oscilaron entre 50 y 150 ppm. En comparacién con
los sensores de silicio cristalino, los sensores construidos con silicio poroso y vidrio
demuestran una respuesta de deteccion de temperatura ambiente superior, asi como un tiempo
de reaccién y recuperacion rapido de 30 y 45 s, respectivamente, cuando se operan a 30 ° C'y
50 ppm de CO», que son los valores registrados mas rapidos a temperatura ambiente hasta la
fecha. Finalmente, se llevé a cabo la aplicacién de la reaccién electroquimica de evolucion del
hidrégeno (HER) de los Mo,CTx MXenes producidos como electrodos de trabajo y el MXene
sintetizado a partir de la fase no MAX a 850 °C exhibié el sobrepotencial mas bajo, con un

valor de -138 mV a 10 mA / cm?densidad de corriente y una pendiente de Tafel de 41 mV/dec.

W,

T

Firma del Asesor:

DR. SANAL KOZHIPARAMBIL CHANDRAN



TABLE OF CONTENTS

DEDICATION ....oiiiiieeeteeee ettt ettt ettt st 4
ACKNOWLEDGMENTS ...ttt st e 5
RESUMEN ... e 6
ABSTRACT ...ttt ettt ettt e sb e st e st ebe e e 8
TABLE OF CONTENTS ...ttt 10
LIST OF TABLES ...ttt 14
LIST OF FIGURES ...ttt e 15
1. INTRODUCTION ...ttt ettt ettt ettt et et s saeeeas 20
1.1 Introduction to NanOMALETIAl .........ccovueiiiiiiiiiiiiiieeeeeete e 20

1.1.1 One dimensional nano materials ........cc..cceceeveerieenieenieennennnen. 21

1.1.2 Ultra-thin two dimensional nanomaterials...........ccccoeeeeeveinnnnen. 22

1.2 Synthesis of nanoOmMaterials............coecuveeriiiieriiiieriiieeniie et 22

1.3 Transition metal OXIdeS ........cccuvvrieeiieiieiiiiiiiie e e 24

1.4 One dimensional orthorhobic molybdenum trioxide (a-MoOQO3) .............. 26

LS MEXEIIES vttt ettt e e e e e ettt r e e e e e e e e arraraaeaaaeeeas 27

1.6 MO2CTx MXENE ...ttt 29

1.7 GAS SENSOTS ...envieniiiiiieeiieeit ettt ettt ettt et st sbe e e 30

1.8 Hydrogen Evolution reaction ............coceeeveevieenieniiieniieeieenee e 33

1.9 ANEECEACNLS . ..eeiiieeiiieeeite ettt ettt ettt e e earee e 33

1.9.1 a-MoO3 nanorods for gas sensing application ..........ccc.cceeeennee.. 33

1.9.2 Mo>CTx MXene for electrochemical hydrogen evolution

reaction (HER) and gas sensing applications ............cccceevveenveenenne. 38
1.9.2.1 M02CTx for gas sensing application..........ccccceeceercveennenne 38
1.9.2.2 M02CTx for HER application..........ccccceeveeecvienieniieennens 40

10



2. SCIENTIFIC OUTCOME .......oiiiiiiiiiieeteeeeie ettt 42

3. HYPOTHESIS ..ot 42
4. GENERAL OBJECTIVE......ccciiitiiiiiniinteeteteeesese ettt 42
5. SPECIFIC OBJECTIVE ..ottt 42
6. EXPERIMENTAL TECHNIQUES AND THEORETICAL ASPECTS............... 43
6.1 Synthesis of 1D a-MoOs3 nanorods and 2D Mo,CTx MXene .................. 43

6.1.1 Hydrothermal method for the synthesis of nanostructures ....... 43

6.1.2 Hydrothermal synthesis of a-MoQO3 nanorods ..............ccc.ec...... 44

6.1.3 Vacuum thermal evaporation technique for the synthesis of 1D
NANOSITUCTUTES ...c.vviuvieiiieiieiieieete sttt ettt st et ae s sbe e sanens 45

6.1.4 Deposition of aligned a-MoO3 nanorods on various substrates
using vacuum thermal evaporation .........c.cceeeveeeriieeniieeenieenneeennne. 46

6.1.5 Solid-state reaction method for the synthesis of MAX phase... 47

6.1.6 Synthesi of Mo-In-C non-MAX phaseand Mo,CTx MXene..... 48
6.2 Characterization of 1D a-MoO3 nanorods and 2D Mo.CTx MXene........ 49
6.2.1 X-ray diffraction used to characterize the structure.................. 49
6.2.2 Vibrational study using Raman Spectroscopy .........ccccceeuveneeee. 52

6.2.3 Field emission Scanning microscopy and Transmission electron
microscopy for morphology analysiS........ccccceeevveeriieeniieeniiieenieenns 54

1. Field emission scanning electron microscope (FESEM) .. 54
i1. Transmission electron MiCroSCOPY ........ccceeveeruveeveenevennnee. 54

6.2.4 Elemental characterization using X-ray Photoelectron
SPectroSCOPY (XPS) .eveeeiiiieiiieeieeeeiee ettt 56

6.2.5 Compositional characterization using Energy-dispersive X-ray
SpectroSCOPY (EDS) ..eviiiiiiiiieieeeeeeee e 58

6.2.6 Electrochemical characterization of 2D Mo>CTx MXene using
Linear Sweep Voltammetry and electrochemical impedance

SPECITOSCOPY «evvvveeeenirreeeeruiiteeeesiieeeesantteeesssrreesssseeeessnnsseeessnssseessnnseees 59

1. Electrochemical Cell.......ummoiiiiiiiiiiieeeeeeeeeeeeeeeeee e, 61



ii. Linear sweep voltammetry (LSV) ..o 62
iii. Electrochemical impedeance spectroscopy (EIS).............. 63

6.2.7 Gas sensing characterization of the 1D a-MoQO3 nanorods and

2D MO2CTx MXENE ..ottt 65

7. ONE-DIMENSIONAL ORTHORHOMBIC MOLYBDENUM TRIOXIDE
NANORODS: SYNTHESIS AND GAS SENSING APPLICATIONS.................... 68
7.1 INErOAUCTION ..ttt st e 68
7.2 Ammonia sensing using a-MoOs3 nanorods on a glass substrate ............. 69
7.2.1 Materials and methods ..........ccceevieriiiniiniiinicncccceeeceen 69
7.2.2 Results and diSCUSSIONS......ccccueeeriiiiriieiniieenieeeie e 71

7.3 COz gas sensing using porous silicon/molybdenum trioxide nanohybrid

1S 1 1) - 82
7.3.1 Materials and methods ..........ccceevieriiiniiiiienicnicccceeeceen 82

7.3.2 Result and diSCUSSIONS ....cccueeeeriieieriiieiiieieiieeeieee st 84

7.3.3 Sensing MEChanISIM......c.ceeviiriiiiiiiiieieciee e 90

7.4 SUMIMATY ..coovviiiiiiieieeeeeeere e 93

8. Mo2CTx MXENE SYNTHESIZED FROM Mo-In-C NON-MAX PHASE FOR
GAS SENSING AND HYDROGEN EVOLUTION REACTION APPLICATION 95

8.1 INtrodUCtION ....ccouviiiiiiiiiiieeiieeee et 95
8.2 Materials and methods ...........ccooceeiiiiiiiiiiniiiiieeee, 96
8.2.1 MXene SYNthesiS .....cccveeruiieriiieeniieeniieeeiee et 96
8.2.2 Gas sensor fabriCation ..........c..cceceerieerienieenienieeieeeeseeeeen 97

8.2.3 Preparation of electrocatalyst (working electrode) for
electrochemical hydrogen evVolutio .........coceeveeeiiienicnieenicceenieeee, 98

8.3 Result and diSCUSSIONS ..ovvvvermeeeeeeeeeiieeieeeeeeeeereeeieeeenes 99

8.3.1 Crystal Structure and Surface Morphology of Mo-In-C non-
MAX phase and Mo2CTx MXene ........ccccceveeriienieniienieneeneceneee 99

8.3.2 Mo2CTx MXene for carbon dioxide gas sensing .................... 103

12



8.3.3 Mo2CTx MXene for electrochemical hydrogen evolution

reaction apPliCALION .......cccueiiuiiiiiiiieiieee e 116

8.4 SUMMATY ..ovviiiiiiiiiiieece e 118

0. CONCLUSION ..ottt ettt sttt 120
REFERENCE .......cciiiiiiiiiiiieceesteeese ettt 123

13



LIST OF TABLES

Table 7.1 Ammonia gas sensors: a review of the literature ..............ccccceeveenee. 78
Table 7.2 A literature review on CO2 gas SENSOTS......ccueevverrerierueeieneenieeiennens 91
Table 8.1 Comparison of CO; sensing performance with similar materials.... 114

14



Figure 1.1 :

Figure 1.2 :

Figure 1.3 :

Figure 1.4 :
Figure 6.1 :
Figure 6.2 :

Figure 6.3 :

Figure 6.4 :

Figure 6.5 :

Figure 6.6 :

Figure 6.7 :

Figure 6.8 :

Figure 6.9 :

Figure 6.10

Figure 6.11

Figure 6.12
Figure 6.13

Figure 6.14

LIST OF FIGURES

Schematic representation of zero, one- and two-dimensional
NANOMALETIALS ... s 21

Various approaches to synthesis of 1D nanostructures ..............ccceuueene. 23

Schematic representation of orthorhombic molybdenum trioxide
OCEANEAIA ...oovviiiiiiiiiiiicc e 26

Schematic representation of synthesis of MXene form MAX phase. .... 27
Schematic representation of parr bomb for hydrothermal synthesis. ..... 43
Steps involved in a hydrothermal method of synthesis.. .........ccccccc...... 44

The hydrothermal production of MoO3 nanorods is depicted in this
schematic dia@ram.........ccueeviieeriieeriie ettt e 45

Schematic representation of vacuum thermal evaporation chamber . .... 46

Vacuum thermal evaporation unit used for the deposition of the
NANOTOMS. . oottt st 47

Schematic representation of the deposition of MoO3 nanorods on the
SUDSTIALE. . weoueiieiiiieiiiee ettt ettt e et e st e e eeaeee 47

Schematic representation of the Mo>CTx MXene from Mo-In-C non-
MAX PRASE . .ottt et s 49

Schematic representation of X-ray diffraction equipment . ................... 50

Schematic representation of (a)Raman spectroscopy instrument and (b)
the Raman 1nes. ..ot 52

: Schematic representation of the basic principles of electron microscopic

TMAZINE. ¢ttt ettt ettt sre et e sen e saeesabeesaeesaneenseesanees 53
: Schematic representation of (a) FESEM and (b) TEM instrumentation.

............................................................................................................ 54
: Schematic representation of XPS instrumentation. ...........c.cccceeeeuneenee. 58

: Schematic representation of a three-electrode electrochemical cell..... 61

: Example of Linear sweep voltammogram...........cccccceeevuveeriueeenveeennneen. 63



Figure 6.15 : Equivalent circuit used in EIS. ... 64

Figure 6.16 : Schematic representation of gas sensing set up used for measuring
AMNIMONIA ZAS...eeeuvreeeireeriteeriteestteesteeesteeesiteeessreesssaeessaeessaeesnseesnnnes 66

Figure 6.17 : Schematic representation of gas sensing set up used for CO; sensing. 66

Figure 7.1 : (a) XRD plot of hydrothermally synthesized MoO3 nanorods powder
varying synthesis temperature from 160 °C to 200 °C and (b) a-MoO3
nanorods on glass substrate followed by thermally annealing at 100 °C
t0 400 °C pOSt-dEPOSILION. ...eeueieiieeiiieiieeieenite ettt 71

Figure 7.2 : SEM images of the Hydrothermally synthesized MoO3 nanorods
powders by varying the synthesis temperature from 160 °C to 200 °C.
............................................................................................................ 72

Figure 7.3 : SEM images of annealed samples at (a) 300, (b) 350 and (c) 400 °C.
FESEM images of (c) as-synthesized film, annealed films at (d) 350
and (e) 400 °C. HRTEM images (g-h) and SAED pattern of the
annealed film at 400 ©.........cooooiiiiiiee e 73

Figure 7.4 : Raman spectrum of the MoO3 nano rod powder synthesized for
different temperatures from 160 to 200 °C. .......ccceviiieriiieniieenieenns 74

Figure 7.5 : Raman spectrum of S350 and S400..........ccooviiiniiiniiiiniiinieeneeeee, 74

Figure 7.6 : XPS spectra of molybdenum (Mo 3d) and oxygen (1s) from S350 (a and
b) and S400 (c and d) films at high resolution. .........c.cccecuvevvveennnnn. 76

Figure 7.7 : S350 (a) and S400 (b) selectivity investigations for several target gases are
depicted schematically. The dynamic response curve of the S350 (c) and
S400 (d) sensors at ambient temperature with increasing ammonia gas
concentration. The x-axes in diagrams (c) and (d) represent the uninterrupted
time frame used to introduce various quantities of ammonia gas into the
SETISOTS. 1enuveeuureerrteerteeessteesreeesabteeeubeeesabeeebteeebteeeabaeeeaneeesaneeesaneeennie 77

Figure 7.8 : Studies of the S400 sensor's dynamic sensitivity at reduced ammonia gas
CONCENITALIONS. ..vvvieeesiirieeeeiireeeeeietreeeesssreeeeessseeesasssseeeessssseeesssssseasannns 78

Figure 7.9 : Repeatability and stability studies of (a and c¢) S350 and (b and d) S400
sensors at 100 ppm of ammonia concentration done at room
EEMPETATUTE. ..c..evieeiiiiiiiiee ettt e 80

Figure 7.10 : Sensor T350 (a and c¢) and T400 (b and d) response and recovery times

determined at room temperature by altering ammonia gas
CONCENITALION. ..uvvieeeeiiiieeeeiireeeeeierreeeestreeeeessaeeeeesssseeeessnsseeesssssseasannns 80

16



Figure 7.11

Figure 7.12 :

Figure 7.13

Figure 7.14

Figure 7.15 :

Figure 7.16

Figure 7.17

Figure 7.18

Figure 7.19 :

Figure 7.20 :

Figure 8.1 :

Figure 8.2 :

Figure 8.3 :

Figure 8.4 :

Figure 8.5 :

: Sensing response of the S350 and S400 sensors as the function of NH3
CONCENTIALION. ..veeevrreriieertreesireeenteeenteeessreeessseeessseessseeesssseesseessseeenns 78

Schematic diagram of the sensing mechanism of a-MoO3 nanorods for
AMIMONIA ZAS..cuvteueeetieriteeitteeiteerteesieeebeesateebeesabeebeessbeebeesaaeabeesaaeens 82

: The fabrication of a pSi/MoOj3 sensor is illustrated schematically.. .... 83
: XRD analysis of the pSi/M0O3 SENSOT. ......cccoeerueeniiniienienieenieeieee 84

FESEM images of the pSi/MoO3 hybrid structure with different
magnifications (a and b) and cross-section images (c). HRTEM

pictures of MoOs films (d and e) with nanorod shape and obtained
SAED pattern (£).. oooeeeeieinieiiieeeeeee e 85

: (a) Mo 3d, (b) O 1s, and (c) Si 2p: XPS core-level spectra of pSi/MoOs.
............................................................................................................ 86

: Dynamic response: c-Si/MoOs sensor working at (a) 100 °C, (b) 150
°C, and (c). pSi/MoOs sensor at (d) 150 °C, (e) 200 °C, and (f) 250
s e e et e e —— e e e e e ——e e e e aaeeeeeanraeeeaaaaaaaaas 87

: pSi/MoOs sensor repeatability tests at 150 °C, 200 °C, and 250 °C for
three distinct target gas concentrations of 50 ppm, 100 ppm, and 150
1070) 11 SO PRSP U PP RRPPRRRPP 88

Sensor response (%S) variations with CO> concentration for (a) c-
Si/Mo0O3 and (b) pSi/MOO3 SENSOTS. ..ccvvrreirieeriieeeiieeeireeeireeevee e 89

(a) The calculation of response time and recovery time is represented
schematically in this diagram. Response and recovery times of a
pSi/MoOs3 sensor as a function of CO> concentration for working
temperatures (b) 150 °C, (c) 200 °C, and (d) 250 °C.......ccceeveeeuuenn.e. 90

The preparation of 2D Mo>C MXene out of Mo-In-C non-MAX phase is
illustrated in this diagram..........ccccceeeieiiiniiiniinieeeeeen 97

Pictorial representation of the production of Mo>CTx MXene and the
fabrication of the SEeNSOr. .........cccooviiviiiiiniiiiiicce 98

Schematic representation of the electrode preparation for the hydrogen
EVOIULION. ...ttiieiiiieeeeeiiee ettt e e e e e e e stae e e e etreeeeesnaaeeeennssaeeeannns 98

Structural characterization using XRD of different Mo-In-C non-MAX
phases synthesized by varying reaction temperatures from 850 to 1100

°C and corresponding Mo2CTx MXenes. . ......ccoceeveenieniieenieeneene. 100

FESEM images of (a-b) MX850, (c-d) MX1000 and (e-f) MX1100
1Y DG 1 1= TR PR PPPRUPRRPPRRR 101

17



Figure 8.6 : TEM images of (a)Mo-In-C and (b) M02CTx, respectively. ................ 101
Figure 8.7 : EDX spectra of Mo-In-C (M1100) and Mo>CTx (MX1100)............... 102

Figure 8.8 : XPS survey spectrum of the as-synthesized Mo-In-C non-MAX phase (at
1100°C) and Mo>CTx MXene (a) and high-resolution spectrum of the
Mo 3d, Cls, and Ols of the M02CTx MXENE. w.uvueeeeeeeeeieieeeeaeeeeaan, 103

Figure 8.9 : FESEM images of the porous silicon substrate (a and b), pSi/M02CTx
sensor surface (c and d) cross-section images of the sensor (e and f),
and high-resolution images of the layered Mo.CTx Mxenes. EDS
mapping images of the Mo2CTx on pSi (i-1). c..ooovvvviiiiiiiiiininnnn. 104

Figure 8.10 : Working temperature v/s percentage sensitivity for glass/Mo2CTx (a),
cSi/Mo2CTy (b) and pSi/Mo2CTx (c) sensors for different CO>
CONCENTIALIONS. .euuvieeiiieeitieeriteeeiitee ettt e etteeebteeebteesabaeesabeeesareeesaneens 105

Figure 8.11 : The variation in the sensing response with 30% (a) and 66% (b) of
humidity for the pSi/M02CTx SENSOT........cccueereiriiiniieeiieieeieeeeee 106

Figure 8.12 : Dynamic response studies of pSi/Mo>CTx sensor at 66% humidity for
different working temperatures (60, 100, 150, 200, and 250 °C) and
CO» (50, 100, and 150 ppm) concentrations.. ..........cceeerveeerveeennnennn 107

Figure 8.13 : Response and recovery times for the Si02/Mo02CTx, ¢Si/Mo02CTx, and
pSi/Mo,CTx sensors at different working temperatures and CO»
CONCENLIALIONS. +euutieeiiieeiiieeritee et e e et e esiteeebteeetteesabaeesabeeesareeenareeas 108

Figure 8.14 : Response and recovery times calculated for pSi/Mo2CTx sensors at 66%
humidity for different working temperatures (60, 100, 150, 200, and
250 °C) and CO (50, 100, and 150 ppm) concentrations................ 109

Figure 8.15 : The low-temperature dynamic response studies of the fabricated
pSi//Mo2CTyx sensors for different working temperatures (30,60, and
100) and different CO> concentrations (50, 100, and 150 ppm). ..... 110

Figure 8.16 : The high-temperature dynamic response studies of the fabricated
pS1//M02CTx sensors for different working temperatures (150, 200,
and 250 °C) and different CO; concentrations (50, 100, and 150 ppm).
.......................................................................................................... 111

Figure 8.17 : Low-temperature dynamic response studies of glass/Mo2CTx sensor for
different working temperatures (30, 60, and 100 °C) and CO: (50,
100, and 150 ppm) CONCENLIALION. ......ccveeererieeiieeieeiee e 111

Figure 8.18 : High-temperature dynamic response studies of glass/Mo2CTx sensor for

different working temperatures (150, 200, and 250 °C) and CO (50,
100, and 150 ppm) CONCENLIAtIONS. .....eeereveeerirreeireeeireeeireeeieeennneans 112

18



Figure 8.19

Figure 8.20

Figure 8.21 :

Figure 8.22 :

Figure 8.23

: Dynamic response studies of ¢Si/Mo2CTx sensor for different working

temperatures (60, 100, 150, 200, and 250 °C) and CO (50, 100, and
150 ppm) CONCENLTALIONS. ..ccuvvieruiieeriiieeriieenieeenieeeeieeesreeesreeenaree s 113

: Stability curve for the fabricated pSi//Mo,CTx sensors working at 60 °C

and 150 ppm of COz gas for 65 days. .....cccccoceevieniiiniiniicnieeeene 114

Schematic representation of the sensing mechanism at dry and wet
[o70) 116 1110 ) SRS 116

Polarization curve (a) of the fabricated Mo.CTx MXene synthesized
from Mo-In-C non-MAX phase at different temperatures from 850 to
1100 °C along with the bare nickel foam and (b) corresponding Tafel
SLOPES. ettt e e e e 117

: Electrochemical impedance spectroscopy spectra of the fabricated

MXene electrode measured in the frequency range 0.1 to 100 kHz and
the equivalent circuit is indexed in the inset which resembles a
simplified Randles Cell..........coouiiiiiiiiniiiiiieeieeceeecee e 118

19



1. INTRODUCTION

This chapter is intended to provide a brief overview of the research investigation history and
properties of one and two-dimensional transition metal oxide, and MXenes particularly
focused on orthorhombic MoOs;, and Mo.CTx. The structure, morphology, electrical
properties, and their applications in various fields especially gas sensing, and electrochemical
hydrogen evolution are discussed in chronological order reviewing the previous works of

literature.

1.1 Introduction to nanomaterials.

Nanotechnology is concerned with the study of nanoscale structures or tiny
materials. Nanoparticles are particles that range in size from one to one hundred nanometers
and are composed of metals, carbon, metal oxides, or organic matter [1]. Nanostructured
materials are characterized by their adaptability, functionality, and self-assembly[2]. The
physical, chemical, and biological properties of nanoparticles are distinct from those of their
bulk counterpart. This is due to increased surface area per volume, increased chemical
reactivity or stability, increased mechanical strength, etc [3]. Also, when a material's size is
reduced to a scale, which is in the order of the radius of exciton, i.e., to a few nanometers,
quantum confinement takes place, and the exciton properties are modified [4]. Quantum
confinement refers to the confinement of space associated with electron—hole pairs (excitons)
in one or many dimensions within one material, and also refers to the discrete nature of
electronic energy levels. Whenever the dimension of the potential reaches near to the de
Broglie wavelength of electrons, such types of effects occur, resulting in shifts or discrete
levels of energy. As a result, nanocrystals are sometimes referred to as "quantum dots" (QDs)
because of the phenomenon known as quantum confinement. Aspects of nanomaterial
characteristics such as electrical, optical, and mechanical behavior are all affected by the
quantum dot effect, as well as their interactions with one another. Nanomaterials have higher
electron energies than bulk materials, which is the reason behind their distinct properties.
Confined electrons have a higher energy than electrons in bulk materials, and this is dependent
on the size of the QD. When the dimensionality of semiconductor nanomaterials is reduced
from 2D to 1D or from 1D to OD, they exhibit a variety of fascinating characteristics. Possibly,
the quantum confinement effect takes place when nanomaterials are made smaller to size less
than 10-100 nm or even smaller. Size confinement is caused by the set of discrete electron
energy levels [5,6].

Nanomaterials are categorized into zero-dimensional (0D), one-dimensional (1D),

two-dimensional (2D), as well as three-dimensional (3D) based on their dimensions (Fig:1.1)
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[7]. Zero-dimensional nanomaterials (OD) have all their outer dimensions at the nano size,
which is between 1 and 100 nm. A quantum dot is a 10 nm-sized semiconductor nanocrystal
(OD) that acts as a potential well and is used in electronic devices to entrap charge carriers [8].
One-dimensional (1D) nanostructures have two outer dimensions at the nanometer length
scale, and the third one usually at the microscale. Nanofibers, nanowires, nanotubes, and
nanorods are examples of these materials [9]. The atoms in nanotubes are arranged in
pentagons, hexagons, and heptagons in a unique cylindrical crystalline shape. Whereas the
length-to-width ratio of nanowires is one of the highest among 1D nanomaterials, >1000. With
an aspect ratio of between 3 and 20 [10], nanorods fall somewhere in between 0D and 1D
nanomaterials. Thin films, nanoplates, and nanocoating are examples of 2D nanomaterials,
which only have one outer dimension at the nanoscale. Coatings on ceramic or metal substrates
that are only a few atomic layers thick are referred to as thin films [11]. There are no external
dimensions to 3D nanomaterials, which have nanoscale features on the inside. Nanostructured
materials and nanocomposites belong to this category. Nanocomposites are multiphase
crystalline solids in which at least one phase has an external dimension in the nanoscale.
Nanofillers diffused in a bulk structure are commonly referred to as nanocomposite. It is

possible to choose between 0D, 1D, and 2D nanofillers for these applications (Fig 1.1) [12].

o

Zero dimensional One dimensional Two dimensional
(0D) (1D) (2D)

Figure 1.1 Schematic representation of zero, one- and two-dimensional nanomaterials.

1.1.1 One dimensional nanomaterial

. A variety of terms have been used to refer to one-dimensional nanostructures,
including whiskers, fibrils, or fibers nanowires, and nanorods. The definition of
whiskers and nanorods is somewhat arbitrary, although they are generally considered
shorter than nanowires and fibers. Whiskers and fibers were used to describe 1D
structures of diameters ranging from a few hundred nanometers up to several hundred
microns. However, in the recent literature the term "nanowire" or "nanorod" is used
more frequently. One-dimensional nanostructured materials can be synthesized and
formed using a variety of techniques, some of which have been extensively studied
while others have received little attention. These approaches fall into four categories

(Figure: 1.2):
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1.1.2 Ultra-thin two-dimensional nanomaterials
Two-dimensional (2D) ultrathin nanomaterials have sheet-like structures with lateral sizes

greater than 100 nm or going all the way to some micrometers in diameter and even larger, but
their thickness is only one or a few atoms thick (usually <5 nm) [13]. The distinctive properties
of ultrathin 2D nanomaterials, as compared to their equivalents of other dimensions, are
numerous. One advantage 2D nanomaterials is that they exhibit significantly superior
electrical characteristics when compared to other types of nanomaterials. This makes them
attractive choices for basic condensed matter research as well as electronic device applications.
Another advantage is the remarkable mechanical and optical transparency provided by their
atomic thickness, which bodes well for the development of new electrical and optoelectronic
devices that are both flexible and transparent in nature. As a final benefit, their vast lateral
surface area and ultra-thin thickness make them ideal for surface-active applications. The
family of ultra-thin 2D nano materials includes graphene, phosphorene, transition metal
dichalcogenides like MoS>, MXene, etc. Ultra-thin 2D nanostructures have become an
important nanomaterial in, materials science, condensed matter physics and chemistry due to
their distinctive structural characteristics and outstanding properties. Due to their exceptional
properties, a wide range of synthesis techniques, such as liquid exfoliation, mechanical
cleavage, ion intercalation, anion exfoliation and exchange , chemical vapor deposition, wet-
chemical synthesis, solid-state reaction, etc., have now been designed for the preparation of

ultrathin 2D nanomaterials [14].

1.2 Synthesis of nanomaterials
Nanomaterials and nanostructures can be synthesized using either the top-down or

bottom-up approaches. A common top-down method for producing nanoparticles is attrition
or milling. With a top-down approach, the major issue is that the surface structure is not
perfectly smooth and uniform. Whereas the term "bottom-up" refers to constructing a material
atom by atom, molecule by molecule, or cluster by cluster. The bottom-up approach, on the
other hand, guarantees a better chance of producing nanostructures with fewer defects, a rather
more uniform chemical makeup, and improved short and long-range ordering. To put it
another way, the bottom-up approach is primarily driven by the lowering of Gibbs free energy,
resulting in the formation of more stable nanostructures and nanomaterials. To create
nanoparticles using the bottom-up approach, either homogeneous nucleation from a liquid or
vapor, or heterogeneous nucleation on a substrate, are used. Nucleation and growth can be
used to produce nanofibers and other 1D nanomaterials [15]. Various approaches to synthesis
of 1D and 2D nanomaterials include hydrothermal method, chemical vapor deposition, sol-gel

method, physical vapor deposition, solid-state reaction techniques etc. were used [12].
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Synthesis of 1D
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1. Spontaneous growth 2. Template-based synthesis 3.El innil 4. Lithography
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l— Stress-induced recrystallization || Colloid dlsper;lqn, meltlogsollition
illing (c)
Electroplating and electrophoretic

deposition

Figure 1.2 Various approaches to synthesis of 1D nanostructures.

Bottom-up approaches, such as spontaneous growth, template-based synthesis, and
electrospinning, are preferred over top-down approaches, such as lithography (Fig 1.2).
Depending on the crystal structures and surface qualities of the nanowire materials,
spontaneous growth frequently leads in the creation of single - crystalline nanowires or
nanorods along a preferred crystal growth direction. This method creates polycrystalline or
amorphous materials.

The decrease in Gibbs free energy, or chemical potential, is the driving force behind
spontaneous growth. It is usually achieved by phase transformation, chemical reaction, or
stress release. Because nanowires and nanorods require anisotropic growth, the crystal must
grow more rapidly in one direction than in the others. It is possible to obtain nanowires with a
uniform diameter along their longitudinal axis if crystal growth proceeds in one direction,
while no growth occurs in other directions. Even for given materials and growing conditions,
the growth surfaces' defects and impurities can influence the final product's morphology in
spontaneous growth. Hydrothermal method is one example of dissolution-condensation
method which comes under the spontaneous growth.

Among these, hydrothermal synthesis is a popular method for the synthesis of nano
materials. Solution-reaction-based methodology underpins this strategy. The synthesis of

nanomaterials by hydrothermal means can take place at temperatures ranging from ambient to
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extremely high[16]. In addition that vacuum thermal evaporation is also a proven technique to
deposit 1D and 2D nanomaterials on suitable substrate materials for various applications such
as gas sensing, field effect transistors (FET) etc. [17-19]. Solid state reaction method is
employed during the synthesis of MAX phase for 2D MXene synthesis because of the
advantages like reduced cost, less pollution and high yield [20].

1.3 Transition metal oxides.
As a broad term, transition metal oxides refer to any substance in which oxygen

atoms are bonded to a transition metal. A variety of transition metal oxides, including those
with the general formulas, MO, M>03;, MO;, M20s, MO3, MnO2,.1, and MOan41 is known to
exist. Bonding in these oxides ranges from fully ionic (NiO, CoO) to entirely covalent
(0Os04,Ru04) whereas metallic bonding is observed in oxides such as TiO», NbO, and ReOs.
Transition metal oxide crystal structures range from cubic to triclinic. Rock-salt structures are
seen in simple binary oxides of MO composition, whereas the MO and M»0s have fluorite,
rutile, distorted rutile, or more complicated structures. Also, many sesquioxides have the
corundum structure. Transition metals contribute significantly to the formation of ternary
oxides such as perovskites, spinels, bronzes, and garnets. The physical properties such
as magnetic, electrical, and other characteristics of many of these oxides vary substantially

when they shift from one crystalline phase to another [21,22].

1.4 One dimensional orthorhombic molybdenum trioxide (o-
MoQO3)

Among transition metal oxides, molybdenum oxides are highly customizable oxide
compounds with well-established device applications, catalysis, sensors, energy-storage
systems, field emission instruments, lubricants, superconductivity, thermoelectric materials,
biosystems, chromogenics, and electrochromic systems, among other fields of science.
Because of their unique properties, molybdenum oxides are among the most economical and
reliable optical and electronic oxides. Different stoichiometries exist, ranging from fully
stoichiometric MoQOs, which has a large bandgap (>2.77 eV), to highly conducting reduced
oxides, such as MoOs.x (2 < x < 3), and finally semi-metallic MoO, with a substantially smaller
bandgap. Because of the peculiar chemistry caused by the varied valence states, molybdenum
oxides are attracting attention among transition-metal oxides. It is possible to decrease Mo®*
ions to Mo®* ions, then to Mo** ions by introducing oxygen defects (MoO,) [23]. In reality,
the oxygen defects in the MoOx crystal cause a fluctuation in electrical properties as well as a
tuneable bandgap in the 2.8-3.6 eV range [24]. Additionally, due to the existence of multiple
structural variations for the MoOx, it can be used in a variety of energy converting and storage

applications, such as lithium-ion batteries and catalysts for the hydrogen evolution

24



reaction (HER)[25-27]. Likewise, surface reactions caused by the localized resonance of
plasmons of MoOx make it suitable for application in gas sensing and photodevices[28-30].

MoO:s is a transition metal oxide with exceptional stability when compared to other oxide
compounds. There are three polymorphous phases for a crystalline MoOs: a
thermodynamically stable orthorhombic (a-MoQ3) phase and a meta-stable phase, monoclinic
(B-MoOs3) and a hexagonal (h-MoQOs3). The location of MoQOs octahedra, known as the
fundamental building block of MoQs3, in which molybdenum atoms pair with six oxygen atoms
to produce MoOs octahedra, has been used to determine the phase stability and crystal structure
of MoQOs. As stated earlier, the orthorhombic (0-MoOs) phase is the one that is
thermodynamically stable compared to the other two polymorphs. With its layered
crystallographic structure, 0-MoOs has particularly attracted the interest of researchers since
its layers exist aligned to the (010) lattice planes [31,32]. a-MoQ3is made up of corner-sharing
chains of zig-zag MoOs octahedra linked together via covalent forces on the a-(1 0 0) and c-
(00 1) axes (00 1) and weak van der Waals forces on the b-axis (0 1 0) (Fig:1.3) [33-35]. The
pentavalent Mo’* ions, which have a strong affinity for oxygen, are more abundant in 0-MoQOs
because of their distinctive layered structure [36,37]. As a result, significant efforts have been
undertaken to develop a-MoQOs materials with attractive features for use in gas sensors, fuel
cells, electrocatalysts, and optoelectronic devices by tailoring their dimensions,
microstructures, morphologies, and even the components [38]. a-MoQOs-based gas sensors
have recently been extensively researched for measuring the trace concentrations of harmful
gases such as nitrogen dioxide, hydrogen, ethanol, carbon monoxide, ammonia, triethylamine,
etc.[19,39-42]. Consequently, significant efforts are being made to enhance a-MoOs's gas-
sensing capability by integrating engineered nanostructures with tunable shapes, dimensions,
and morphological characteristics. This has resulted in the development of nanostructured o-
MoOQO; with zero-dimensional (0-D), one-dimensional (1-D), two-dimensional (2-D), and three-
dimensional (3-D) morphologies, which have been synthesized using a variety of synthesis
techniques such as thermal evaporation, hydrothermal, RF sputtering, sol-gel, Chemical vapor
deposition, etc. [43—49]. Furthermore, due to its inherent structural anisotropy, a-MoOs has
displayed numerous nanostructured morphologies; hence, in recent years, attempts have been
made to improve the sensing responses and enable the sensor to work at low concentration by
creating nanostructures that not only contain a high crystallinity along with high surface to
volumes (S/V) ratio, such as nanobelts, nanorods, nanowires, nanoplates, nanosheets,
nanotubes, and nanoflowers[50-52]. High S/V ratios allow analyte gas molecules to easily
navigate into the sensor's surface, leading to faster response, improved detection limits, better
sensitivity, and reduced power consumption. However, selectivity and operating temperature

are still major issues for MoOs-based sensing applications [53].
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Figure 1.3 Schematic representation of orthorhombic molybdenum trioxide octahedra

The high S/V ratio of 1-D MoOs3 nanostructures has attracted considerable interest because of
their rapid charge transfer along a single spatial dimension which ranges between1—100 nm
[54-57]. The networked topology of 1-D nanostructure materials decreases agglomeration
while allowing the passage of target gas molecules to the surface of the material [58]. The
ability of ultralong 1-D structures to provide a straight transport channel for electrons
propagating down the axis is well recognized, and this considerably improves gas sensing
capability. Gas sensors developed from these 1-D nanostructures, on the other hand, have
excellent sensitivity and rapid response times, as well as higher stability, lower operating
temperatures, and lower power consumption [59,60]. Numerous one-dimensional
nanostructures of MoQOs have been used in gas sensors, including nanobelts, nanoribbons,
nanorods, nanofibers, nanowires, and micro rods [29-31,42,48,53,59—62]. So, in this study we
are studying the gas sensing characteristics of a-MoO; nanorods/composites towards various
gases synthesized by physical vacuum thermal evaporation techniques and thereby fabricating

highly efficient gas sensors with fast response/recovery along with low detections limits.
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1.5 MXenes

Two-dimensional (2D) nanomaterials have become a hot topic ever since graphene
was discovered in 2004 [63,64]. The reduction in dimension and size has resulted in many
intriguing properties in 2D materials, which were not observed in their bulk counterparts. As
a result, 2D materials hold tremendous hope for a wide range of applications from
electronic/optoelectronic devices to electrochemical catalysis[65]. In the last few years, with
great progress in models and simulations, more and more two-dimensional materials similar
to graphene have been made[66]. Recently, a novel and a possibly substantial group of early
transition metal carbides and/or carbonitrides called MXenes have been added to the universe
of 2D materials [67,68]. Most MXenes are synthesized by etching the A layers out from MAX
phases, which are ternary carbides or nitrides with the chemical formula M.1AX,, where M
is an early transition metal, A is a group IIIA or IVA element, X is C or N, and n= 1, 2, and
3. My X layers are piled on top of each other to form hexagonal structures in MAX phases
[69]. MAX phases have multilayer hexagonal structures with alternate M, X, and A layers
[70]. Since the M—X bonds are significantly more robust than the M—A bonds, the A layers
may be chemically etched selectively without damaging the M—X bonds, leading to weakly
bound M1 X, layers that are easily separated using sonication (Fig 1.4) [67]. MXene is the
name given to the generated 2D materials to emphasize the absence of A layers from its
parent MAX phase and its 2D character analogous with that of graphene. It should be noted
that the surface of the M,.1 X, is always functionalized with chemical groups which include
oxygen (-O), hydroxyl (—OH), or/and fluorine (—F) during the etching process[71]. As a result,
the chemical formula for MXenes is M1 X Tx, where Tx denotes the functional groups on the
surface [72]. On MXene surfaces, the proportions of various functional groups are

unpredictable and vary depending on the etching method used.
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Figure 1.4 Schematic representation of synthesis of MXene form MAX phase.

MXenes have a wide range of interesting mechanical, electrical, magnetic, and
electrochemical characteristics due to their tunable chemical properties. With their two-
dimensional morphologies and layered structures, MXenes may easily form nanocomposite

with other materials, allowing for the integration of the exceptional features of multiple
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materials in a complementary approach. Since MXenes and composites based on them have
gained substantial research attention, they hold tremendous potential for a wide range of
applications. MXenes and MXene-based composites are primarily used in energy storage as
high-efficiency electrodes for lithium—sulfur batteries, sodium—ion batteries, and
supercapacitors, owing to their high conductivity and outstanding electrochemical activity[73—
77]. Recently, they have risen to even greater prominence in disciplines that are connected to
the environment, which is noteworthy. Particularly speaking, they have been utilized as
effective catalysts or co-catalysts in electrocatalytic or photocatalytic water splitting and
as photocatalyst in reduction of carbon dioxide (CO,) [78—80]. Along with that , they have
been used to remove pollutants from water, such as heavy metals, toxic organic dyes,
eutrophic chemicals, and nuclear waste [81,82]. Furthermore, they have been employed in
biosensors and gas sensors, where they have demonstrated outstanding performance[83—-85].

Currently, worldwide emphasis is focused on energy and environmental challenges, which are
both interdependent. Green, renewable energy sources, like the solar and wind, are
increasingly being investigated in light of growing concerns about energy use and the
environment [86,87]. The outputs of such renewable energy, on the other hand, are highly
dependent on weather and climate conditions [88,89]. To ensure an effective supply of
electricity, efficient and cheap energy conversion and storage systems like the water splitting
as well as powerful light-weight batteries like metal-air batteries are required. With its
higher energy density, easy manufacturing, and little environmental impact, hydrogen can be
seen as a suitable replacement to limited fossil fuels. The electrocatalytic hydrogen evolution
process (HER) from water splitting is among the most effective ways to generate hydrogen
[90-93]. Hence utilization of efficient electrocatalysts is vital to the development of these
technologies [94,95]. In general, noble metals with high catalytic activity, example platinum
and ruthenium, are used in catalysis. However, due to a lack of reserves and high costs, the
application on a broad scale has been severely constrained. As a result, the creation of highly
efficient non-noble metal catalysts is critical for electrocatalysis applications [96,97]. The
unique features of two-dimensional MXenes and MXene-based nanomaterials have recently
caught the attention of researchers, who have begun to investigate these materials[92,93,98].
During electronic structure modification, the versatile chemical properties of MXenes is
advantageous, and the distinct 2D layered structure gives a higher surface area thereby
exposing the active sites to the greatest degree [99,100]. Furthermore, the high resistance to
corrosion and hydrophilicity broaden the spectrum of applications as compared to carbon-
based electrodes [101,102]. Because of their strong interactions with other materials and their
ability to prevent nanomaterial aggregation, the functional groups in MXene nanosheets make

it easier to assemble the hybrids and so improve their electronic properties [103—105]. In a
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nutshell, MXenes have considerable potential as electrocatalysts and active materials in energy
conversion processes.
1.6 M02CTx MXene

Since the electrochemical hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) activities of M02CTx and Ti3C,Tx were first reported in 2016, the number of
reports of MXene-related water splitting and metal-air batteries has been increasing
rapidly[106,107]. Among all MXenes, Mo, +1CiTx, with n = 1,2 and 3, have received
considerable attention as prospective HER electrocatalytic materials as they are stable in both
acidic and alkaline electrolytes, an electronic structure similar to Pt, and excellent hydrogen
adsorption capacity[108—111]. In general, electrochemical stability and hydrogen Gibbs free
energy (AGu+) are two important criteria for the HER performance of the various catalysts,
and the ideal value of AGyu- is zero, which is directly connected to the complexities on the
surface and strain from the outside [112]. M0,CO, has a better AGyu= (-0.69 eV), resulting in
good HER activity for an O-terminated MXene [113]. With the help of the theoretical and
practical results of several metal elements, it was confirmed that Mo,CTy is one of the best
HER catalysts [107]. When it comes to the synthesis of MXenes, HF etching is perhaps the
most common way to do it. For this reason, it is essential to find eco-friendly and less harmful
alternatives. Even though various groups reported proposed several alternatives like
hydrothermal method, alkali treatment, and electrochemical methods[114—116] for an HF-free
MXene synthesis, the research is still not adequate to address the problem. Furthermore,
according to first-principles calculations, MoxInC is most likely to exfoliate into 2D Mo,CTx
MXenes, which are not unexplored yet [117]. So, we propose an HF-free UV-assisted
phosphoric acid etching for the synthesis of Mo.CTx MXene from Mo-In-C MAX phase.
MXene is viewed as a potential sensing element with a large number of active sites of gas
adsorption due to its many functional groups on the surface, relatively high surface area, high
porosity, and high conductivity [118]. Hydrophilicity at the surface of MXenes also beneficial
for the sensing, which is caused by terminal groups like hydroxyl (-OH) ions, oxygen (-O)
ions, fluorine (-F) ions, and chlorine (-Cl) ions that are present on their surfaces (referred to as
“T”) [119]. Because of its superior metallic conductivity as well as carrier mobility, MXene
can achieve quick charge transport under low temperature circumstances, resulting in an
improved gas response at room temperature [120]. The most interesting thing about the
investigated MXenes as well as respective nanocomposite sensors is that they exhibited the
greatest performance towards during the detection of various gases/volatile organic
compounds/humidity at room temperature, which makes them ideal for real-time sensing
[118]. Among the MXenes, TizC,Tx is perhaps the most studied for various applications such

as gas detection [121]. However, only a few research have been done on other MXenes like
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V4C3Ty, M0oCTy, M02C, VoCTy, TioCTy, and ScoCO, for the detection of various gases, VOC's
or humidity [122-126].

Detecting carbon dioxide (CO,) is essential in a multitude of sectors, including renewable
energy, agriculture, food, health care, and the chemical sector. Carbon dioxide (CO») makes
up most the world's greenhouse gas emissions. The greenhouse gases in the atmosphere have
impacted negatively on the ecosphere because of the massive amount of CO; emissions. A
variety of CO; sensors with diverse structural configurations have been employed for this
purpose [127-130]. Due to several constraints such as higher operating temperatures,
inadequate detection limits, and longer response and recovery times, the present CO, sensors
cannot achieve the desired performance for practical applications [131-134]. So, in this study
we are investigating the gas sensing properties of Mo,CTx MXene for the fabrication of
improved CO> sensors for the real-life applications as well.

1.7 Gas sensors

Sensor is an electronic device that turn physical quantities into signals that may be
analyzed in response to specified measurements. These include gas sensors, which
detect gases in a specific region and are frequently employed as part of safety systems to detect
signals from physical conditions and chemical substances. Air around us contains a variety of
gases that could be harmful to human health, pollute the air or be important to or medical
process or industry. As a result, the ability to detect these gases is critical. A gas sensor has
two parts: a transducer as well as an active layer that converts data into another electronic
signal, such as frequency change, current change, or voltage change, so that the sensor can
show something is happening. Many types of gas sensors, such as semiconducting,
electrochemical, optical, catalytic, and acoustic gas sensors, are being utilized to detect various
types of gases.

All sensors have a set of characteristics that determine how they perform, and these
include things like selectivity, sensitivity, limit of detection, response, and recovery
times. The small size, low power consumption, and wireless capabilities of the sensor also
prove to be very beneficial to users [135]. A resistive-type gas sensor's sensing elements are
often made of composite/hybrid materials grouped as base and catalyst, with each playing a
role in improving sensing performance. In most cases, the high surface area and conductivity
provided by base materials are what allow gas molecules to be adsorb and travel between
electrodes. Graphene reduced graphene oxide, graphene 3D as well as two-
dimensional transition metal dichalcogenides (TMDCs) are all in this category. On the other
hand, nanostructured metal/metal oxide catalysts (NSs) are employed to increase the rate of
the reaction on the sensor surface for the target gas. [136].

Because of the benefits such as ease of fabrication, low cost, high sensor response,

and fast response/recovery times, nanostructured metal oxide gas sensors have received a great
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deal of attention in recent decades. MOS chemical sensors have improved the commercial
viability of gas sensors for toxic gas detection and air quality management applications due to
their inherent and outstanding material features. A MOS sensor operates on the idea of
chemiresistance, which is the variation in electrical properties (conductivity or resistivity) of
nanostructures because of interaction with a target gas. In other words, when gas molecules
interact with metal oxides, they either function as donors or acceptors of electrons or holes
(Receptor function), and the resistance of the metal oxide changes because of the interaction
(Transduction function). The resistance change is mostly attributed to presence of oxygen ions
in the bulk or superficial area of the material.

MOs gas sensors detect oxidizing or reducing gases through the variation in
resistivity of the sensing material due to the interactions of electrons in the conduction band
with these targeted gas molecules. The metal oxide sensors’ resistance increases or decreases
depending on which majority carriers in the semiconducting layer and the type of gas
molecules (oxidizing or reducing) in the surrounding atmosphere. In the case of n-type
sensor materials, exposure to an oxidizing gas (acceptor) increases the resistance of sensor,
whilst a reducing gas (donor) decrease the resistance, and the opposite is happening for p-type
materials. The chemiresistive behavior of metal oxide gas sensors is described by the principle
of receptor function (REDOX), which is combined with the transduction performance of the

sensor [137].

The chemiresistance feature of metal oxides can be correlated to the width of the
space charge area generated on the crystallites as a result of the transfer of electrons during the
adsorption and desorption of gas molecules. It is the width of the space charge region that
functions as a potential barrier in the conduction process between the grains, causing variations
in the Fermi level. Because of the process of electron production and annihilation in the
conduction band, band bending is observed and thereby the modulations in the Fermi level.
During the interaction of an oxidizing gas with an n-type material, the band bends upward due
to the depletion of electrons, while the band bends downward due to the accumulation of
electrons occurs during the interaction of a reducing gas with an n-type material. The direct
relationship between space charge region and band bending may be deduced as follows: the
carrier concentrations in the grain, which in turn depend on the size and shape of the grain,
determine the band bending in the space charge area [137].

Oxygen ionic species that have been chemisorbed onto oxide materials are influenced greatly

by the operating temperature (T) as shown in the equations (1.1-1.4).

OZ(gas) « 02(ads) (1-1)
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Ozaas) €~ © 027 (444 (< 100 °C) (1.2)
02 (aasy T €~ © 207 (aas) (100 — 300 °C) (1.3)
07 (aas) + €~ © 0% (qa5) (> 300°C) (1.4)

Since the discovery of gas sensors using ZnO thin films by Seiyama et al. in1960s,
many metal oxides were effectively studied for the development of gas sensors. Metal oxide
sensors can be classified into two main categories based on their sensing behaviors: n-type and
p-type metal oxides gas sensors. The resistance of n-type metal oxides typically decreases in
the presence of reducing gases like H», H,S, CO, CH4, NH3s, as well as volatile organic
compounds (VOCs). And in case of oxidizing gases (such as O3, SO,, NO,, NO, etc.),
resistance decreases. P-type metal oxides, on the other hand, behave in the opposite
way[138,139]. WOs3, MoO3, SnO,, TiO,, Nb,Os, ZnO, and other n- and p-type metal oxides
have been extensively researched for potential gas sensing applications towards reducing as
well as oxidizing gases [140-144]. Nanomaterials have experienced a resurgence in recent
years, credit goes to the development of technology and methods. There were various
accomplishments in the preparation of nanostructured metal oxides, such as nanoparticles,
nanorods, nanosheets, nanowires, nanofibers, nanoflowers, and nanocages, through the
techniques such as hydrothermal method, thermal evaporation, sol-gel method, etc. The large
specific areas and higher active surface states of nanostructured metal oxides are said to stem
in potential gas sensing abilities. To be more specific, the crystalline ZnO nanowires
demonstrated a sensor response of 15 toward 0.5 ppm NO; at an operating temperature of 225
°C [145]. The sensors based on WOs3 nanoparticles, SnO, nanowires, TiO, nanotubes, and
In,0O3, have been discovered to react positively to nitrogen dioxide, formaldehyde, hydrogen
sulfide, and carbon monoxide [146-148].

Using a heterojunction created by combining a metal oxide with some other
(similar) metal oxide, it is possible to improve the gas detecting performance of the
sensors discussed above. The bridging between the major phase of one metal oxide and to the
second phase of some other semiconductor was described as
the heterojunction within that sensing material when this occurred [149]. The reports
demonstrate that the surface area of the hybrid nanostructure is greater, and the alteration of
potential barrier or accumulating layer in composite effectively improves gas sensing
performance. These high-performance metal oxide heterojunction sensors are becoming more
and more renowned among researchers [150-152]. It is easier for the gas molecules to get
through the activation barrier when heat or light is applied. This improves the sensor's ability
to detect gas. The requirement of a high operating temperature is the primary obstacle in the

development of MOs sensors [153—155].
1.8 Hydrogen evolution reaction
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For renewable energies to be more widely used in the energy market and in the
chemical industry, it is necessary to store electricity as chemical fuel. Hydrogen (H>), that is
essential for the manufacture of ammonia (NHs) by the Haber—Bosch process, the manufacture
of steel and aluminum, and for CO, conversion, appears to be the appropriate fuel and has
attracted a lot of attention in recent years. However, the reforming of fossil fuels, which
currently accounts for over 95% of current hydrogen generation, produces CO,. Water
electrolysis, a cleaner alternative to chloro-alkali process, now accounts for only 4% of total
H, generation, but this understanding is driving us to improve the production from the
electrolysis quickly. With the dropping cost of renewable energy (using wind turbines or
photovoltaics), water electrolysis could be used to produce economical and sustainable Ho.
One of the most significant obstacles to increasing the utilization of electrolysis of water in
the H» production percentage is the poor efficiency of this process, as well as the scarcity of
cheap and reliable catalysts for said hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER) [156]. Electrocatalysis has been dominated by the HER since its
invention in 1789, and its simplicity and lack of side reactions have made it the most studied
reaction. For a long time, researchers focused their efforts on figuring out how the physical
features of metallic surfaces affect HER dynamics from a material standpoint. This extensive
research has helped scientists better grasp the molecular composition of the catalyst surface
and their connection to HER activity. After discovering that a shift from acid to alkaline pH
substantially alters the kinetics of the HER, researchers have recently rekindled their interest
for studying the underlying mechanisms of HER activity in an effort to better understand how
its catalytic site interacts with the electrolyte. Recent studies have raised questions about the
role of dynamics and solvent structure and at the electrode—electrolyte interface, the
potential of reactants, and how spectator-additives are used in the HER kinetics. These
questions are at the rim of the research field [152,157-159].

Hydrogen evolution reaction (HER) is now the most extensively studied and
discussed cathodic reaction in terms of kinetics. Even if water electrolysis isn't the most cost-
effective technique of producing hydrogen, it yields hydrogen that is extremely pure and does

not pollute the environment. The reaction involved can be summarized as follows,

2H,00y = 2Hy(g) + Oy (1.5)
Which includes a cathodic hydrogen evolution,
2H,0 +2e~ = 20H™ + H, (Alkaline) (1.6)
or
H* +2e” = 2 H, (Acidic) (1.7)

along with an anodic oxygen evolution reaction,
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40H™ —4e” = 2H,0 + 0, (Alkaline) (1.8)

or

Hy0 — 2e™ =20, + 2H* (Acidic) (1.9)

For water electrolysis in acidic solution equilibrium potential can be represented as in the

equations 1.10 and 1.11:

E = Ef, + - In4t (10)
asz

Ea=E£,2+’;—Tln“% (11)
ay,

When tested in acidic solutions, the standard potentials for reactions (1.8) and (1.9) are

E 22 =—-0.828Vand E 002 = 0.401 V versus normal hydrogen electrode (NHE) at 25 °C. The
reversible voltage for equation (1.10) therefore becomes, E?,z = 1.229 V, at 25 °C which is
equal to the energy AG’ = -2F (—E?,Z) =237.2 kJmol' [91,160,161].

The most widely accepted pathway for hydrogen evolution involves the Volmer reaction, as

shown in Equation (1.12), accompanied by either the Heyrovsky or Tafel reactions, as shown

in Equations (13) and (14).

H* +e” + M S MH 4, (1.12)
MH s +HY*+e” SM+H, (1.13)
2MH 4, S 2M + H, (1.14)

Hydroxide ions (OH") and adsorbed hydrogen atoms (Hggs.) are formed when molecules of
water get reduced in alkaline environment.

H.q4s denotes the hydrogen atoms that have been adsorbed on the surface of the
electrode, H* denotes the hydrated proton, Hs is the hydrogen molecule, e denotes the electron
and M is the active sites in this equation. In the very first scenario, hydrogen atoms generated
from molecular hydrogen by the Tafel reaction get anodically oxidized by the Volmer
reaction. The Heyrovsky reaction is involved in the synthesis of Hug, in the Volmer—Heyrovsky
pathway, and H.g gets oxidized first by the Volmer and then by Heyrovsky reactions. The
anodic oxidation of molecular hydrogen will only be possible if the electrode that is being
stirred by molecular hydrogen has the same electrode/solution difference as the hydrogen
electrode in the very same electrolyte. In acid electrolytes, only a few ranges of electrode
materials, namely the platinum metals, gold, and their alloys, can meet this criterion of

performance. Electrocatalysts for low-temperature hydrogen/oxygen fuel cells can be made
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from them. For the cathodic evolution of H,, on the other hand, there is no such restriction. If
the potential difference between the electrodes is sufficiently negative compared to the
hydrogen electrode, the reaction will occur on either electrode. Because of this, more research
has been done on the kinetics of hydrogen evolution than on the kinetics of hydrogen
dissolution [161].

It is important to note that electrode material has a significant impact on HER
kinetics. For example, a mercury (Hg) electrode has relatively slow reaction rates, whereas a
HER on platinum is among the quickest electrocatalytic processes currently known. Notably,
the kinetics is subject to parameter variables such as the electrolyte's composition or the
crystallinity or orientations of the electrodes [156]. Conway and Tilak provided a model to
determine the surface coverage related with hydrogen underpotential deposition and defined
the variation in the Tafel slope associated with various mechanisms [162]. It should be noted
that the related model has been created under standard conditions, in which hydrogen
adsorption follows a straightforward isothermal behavior. However, in the complicated
circumstances of materials that are electroactive where there are some active sites which are
localized, and the mechanism of HER is not straightforward, such models perhaps cannot be
utilized in a direct way. It is also crucial to measure the turnover frequency (TOF) in order to
determine the electrocatalytic activity, however, it is difficult to obtain a reliable value for a
sophisticated system like the HER electrocatalysis[163].

The pseudocapacitive nature of the electrode materials (electrocatalyst) is a critical
feature of the HER activity since hydrogen should normally get adsorbed on to the
electrocatalytic surface well before HER. In a sense, nearly all viable HER electrocatalysts are
excellent pseudo capacitors in the region of hydrogen adsorption. An excellent pseudo
capacitor ought to have the highest possible efficiency, which means that all the
hydrogen adsorbed should be desorbed during the reverse scan. Hydrogen adsorbed should
then returned to the electrolyte in the energy storage unit of pseudo capacitors, but the
hydrogen evolution reaction (HER) is continuation of the irreversible reaction in which the
overaccumulation of adsorbed hydrogen leads in the hydrogen evolution [164].

Since the high price of noble metal electrode materials like Pt is the major barrier
to HER activity, the principal interest is on the prospect of discovering cheap electrocatalysts.
The inefficiency of the method (rather than the high cost) is the primary reason why just 4 %
of the H, generated by water electrolysis gets used. The electricity costs associated with an
industrial electrolysis of water are significantly higher than the costs associated with using
noble metal electrocatalysts [165]. The electrocatalyst morphology is important because HER
is entirely based on a continuum of surface processes. Even though Pt is a very well-defined
and simple electrocatalyst, surface morphology still plays a big role in how well HER works.

Along with the physical structure, the chemical structure is critical and as conventional method
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certain Pt atoms are replaced with the less expensive transition metal having similar chemical
properties, to minimize the cost.

The catalytic performance is governed by the free energy of H adsorption for HER,
as per the volcano plot. As a result, according to this theory, no pure metal (apart from a few
noble metals) can effectively electrocatalyst the HER. As a result, the only way to use
inexpensive metals in the HER electrocatalysis process is to alloy various metals to include
distinct metals having weak and strong hydrogen bonding. In this scenario, two kinds of metal
hydride bonds can develop, one strong to support H adsorption and one weak to support H»
formation. Most scientists believe that H adsorption begins on the metal that has formed an
intense M-H bond and that the H adsorbed can migrate through the metal's surface through
surface diffusion. The weak M-H connection can be disrupted, resulting in the creation of a
hydrogen molecule (H»), which escapes from the electrode surface and enters the surrounding
environment. Also accomplished through the application of noble metals, the addition of some
other metal with a different size modifies the lattice structure, which can result in the formation
of active sites for electrocatalysis when combined with noble metals. Although corrosion is
less probable in the HER potential zone when compared to anodic potentials, where metal
oxides assist in the electrolysis of metals, electrochemical instabilities can be a severe concern
for active electrocatalysts in the potential region of HER. Studies on active metal alloys for
HER are primarily concerned with increasing the active sites and improving the
electrochemical stability [165]. In addition, the investigation of metallic alloy electrocatalysts
may be of relevance in the creation of other forms of electrocatalysts focused on transition
metal complexes, which are now being investigated. Anions like P are now being included
into the composite structure as a result of the alloying techniques employed. Anion-containing
alloys and their equivalent transition metal compounds have several characteristics in common
[164]. Metal carbides are noteworthy because the carbon atoms occupy the interstitial lattice
positions of the metal matrix (transition metals of the groups IVB-VIB). Consequently, the
electronic properties of this family of materials renders them equivalent in electro-catalytic

activity of the platinum like noble metals [166].

1.9 Antecedents

1.9.1 a-MoQ;3 nanorods for gas sensing application

Chemical and physical techniques, as well as a combination of both, are used to
make MoOj3 nanorods. Chemical vapor deposition[167], hydrothermal technique[168], solgel
method [169], sputtering [9], electro deposition[170], and other methods were used in the bulk
synthesis. Most of the literature focuses on the hydrothermal synthesis of MoO3 nanorods
[171-173]. The magnetic characteristics of MoOs; nanorods generated by hydrothermal

technique employing molybdic acid were investigated by Zhakharova et al. [174]. In current
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electronics, however, a high degree of purity, homogeneity, and reproducibility of MoOs3 is
required for mass industrial production, which chemical processes such as hydrothermal
procedures cannot achieve. To solve this challenge, physical deposition techniques alone or a
mix of physical and chemical procedures can be used. J. Zhou et al. employed a vacuum
deposition approach to make MoOs nanorods on a silicon substrate, reporting the synthesis of
aligned rods on a MoO3 nanorods on silicon substrate by vacuum deposition by heating the
Mo boat itself [175] . Whereas Rahmani ef al. employed vacuum thermal evaporation to
deposit and describe the gas sensing characteristics of lamellar MoOjs films produced on quartz
substrates and evaluated the gas sensing properties substrate [176] . Navas et al. reported on
the synthesis of MoOs nanorods based on RF sputtering and investigated the fluctuation of
characteristics as a function of annealing temperature [9]. There were just a few studies on the
synthesis of aligned MoOs nanorods by physical thermal evaporation techniques for use in gas
sensing[177].

To sense gases, 1-D a-MoOs nanostructures have been used by many research
groups [178,179]. L. Chen et al. reported NO, sensor using a-MoQOs nanorods utilizing
ultrasonic synthesis, and studied the effect of chlorination on the response [180]. Yang et al.
used hydrothermal synthesis of a-MoOs nanoribbons at ambient temperature for hydrogen
detection at greater concentrations (1000 ppm) and the response time was 14 s [181]. When
Yang and his team used a hydrothermal method to make a-MoOs nanobelts, they could detect
Tri-methyl Amine (TMA) at a concentration of 1 ppm with a quick response time[182].
Research study by Wang et al. designed a MoO3 sensor with an amorphous-crystalline core at
operating at 180 °C was able to detect the presence of 500 ppm ethanol [183]. Nanobelts made
of a-MoOs3 have been synthesized and used in sensing by L. Cai et al. [184]. Rahmani et al.
investigated the gas detection properties of MoQOs3 at 250 °C towards the sensing of NO» and
H, [176]. Utilizing infrared irradiation method, nanorods made of molybdenum trioxide were
made by E. Comini et al. and studied the detection of ethanol and CO at 500 °C [39]. Kumar
et al. demonstrated that h-MoQs is capable of detecting ammonia at 200 ° C [185]. Ammonia
can be detected at room temperature with a range of materials, but they all had lower detection
responses. For example, binary nanocomposites of polyaniline/copper ferrite and graphene
nanoribbons (GNR) were used, as well as cellulose/TiO,/PANI
and cellulose/TiO2/PANI/SnTiO,@rGO/CNT [36-38]

The recent surge in CO, emissions has concerned the scientists due to the
environmental damage they are causing, such as global warming [190]. The largest CO,
emissions are caused by the combustion of fossil fuels in commercial vehicles and electric
motors [191]. CO; is detected using a range of sensors that incorporate catalytic,
electrochemical, infrared, and semiconductor materials [192—-195]. Nanostructured metal

oxide-based (MOS) sensors are widely known among these devices for their improved gas
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sensing behavior in terms of gas selectivity, as well as their improved detection abilities due
to their chemical sensitivity and thermal stability [7-9]. MOS work by sensing the resistance
change of an electric current or current when the target gas enters its surface[196]. Various
MOS, such as ZnO, LaFeOs3, CuO, FeYOs, NiCo0,04/r-GO, WO3/Sn0O;, , SnO,, CdO, La,0s3,
TiO,, BaZrOs, and others, were studied for CO, detection by various groups [8-27]. Because
of its huge bandgap (3.2 eV) and unusual electrical characteristics, nanocrystalline
molybdenum trioxide (MoQ3), an n-type MOS, possesses remarkable sensing capabilities in
this context [214]. For example, Yu et al. [215] investigated nanocomposite 0-MoQO3/ZnO
sensors operating at 270 ° C along with the monitoring of H>S gas for concentrations ranging
from 500 ppm to 100 ppm. Yang et al. [216] investigated the gas sensing effect of ethanol on
MoOs; nanobelts as well as the effects of Zn doping on the material. At a concentration of 1000
ppm of ethanol and a temperature of 240 °C, the best response, 326, was found. The
development of a trimethylamine gas sensor based on flower-like a-MoQj3 reported by Sui et
al. [217]. They tested sensitivities ranging between 5 ppm and 100 ppm at a temperature from
250 °C to 370 °C. The detection of CO, with a MoOzs-based gas sensor, on the other hand, has
received little attention. The construction of potentiometric CO, sensors with increased
operating temperatures (500 °C) and faster response/recovery times (16 s/22 s) using Li,CO3
and MoO;j electrodes were reported by Wang et al. [210]. According to the existing literature
[32], the use of porous silicon (pSi) in gas detection has enhanced gas sensor performance by
widening the operating range (concentration and working temperatures) and sensing response.
This improved performance is attributed to the increased surface area and high surface-to-
volume ratio caused by the porosity of the silicon [218,219]. Several studies on porous silicon-
based gas sensors for the detection of hydrogen, oxygen, water molecules, propanol, and so
on [220] have previously been reported, utilizing the above-mentioned properties of porous
silicon. However, in comparison to other gases, investigations on carbon dioxide sensing using
porous silicon-based sensors were sparse, and there were very few published studies on hybrid

porous-silicon/MoQOs (pSi/MoQ3) gas sensors, as per the literature review [211].

1.9.2 Mo0:CTx MXene for electrochemical hydrogen evolution
reaction (HER) and gas sensing applications.

1.9.2.1 Mo>CTx for HER application:
Molybdenum carbide exhibits catalytic activity like that of platinum. Li et al.

developed a Nitrogen and phosphorous co-doped carbon/RGO shell to be placed above a core
of Mo,C with such a fine architecture to protect the core from corrosion. The electrocatalyst

produced because of this research was able to give enhanced performance, which was nearly
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as good as that of the conventional Pt/C electrocatalyst. This synthesis technique is difficult to
scale up, even though the manufacturing procedure was straightforward (a HoPMo12O40-
polypyrrole/RGO nanocomposite was utilized, and both polymerization and reduction were
induced by the HiPMo01,040), and the results were promising. But that was one of the first
findings to demonstrate that the optimal HER electrocatalytic activity of Pt/C can be achieved
with affordable materials, which is a significant step forward [221,222].

MXenes are emerging as a promising substitute for other 2D materials in several
fields, including production of energy, energy storage, biomedical applications, and many
others [71,223]. 2D Mo,CTx is a member of the family of MXene, that is presently being
extensively researched due to its ability to be used in a wide range of applications, ranging
from fuel cells to biosensors[224,225]. MXenes are being synthesized using non-MAX parent
phases to use them in a variety of applications, including electrochemistry [226]. M0,CTx
MXenes are typically synthesized by etching the A layer of the parent MAX phase with highly
toxic hydrogen fluoride (HF) [227]. Mei et al. proposed an HF-free UV-assisted, less toxic
phosphoric acid etching of Mo,GaC for the development of 2D-Mo,C MXene for
electrochemical applications [228]. Even after modelling of Khazaei et al. [10]
predicting indium based MoxInC as the simplest MAX phase for the fabrication of
Mo,CTy, majority of results published were centered on Al, Ga, Sn or Si as the "A" layer, with
no publications on MAX phases with indium as the A layer.

The availability of a large number of active sites as a consequence of increased
surface area and ability to accelerate the charging kinetics due to high conductivity makes
MXenes appropriate for HER applications as an electrocatalyst [229]. Until now there are
more than 30 types of MXenes are synthesized experimentally and even more proposed
theoretically such as TisNsTx, LusCTy, VoCTy, TizCoTx, NbsCsTy, Zr3Ca, M02CTy, NbsCsTy,
Mo, TiC, Tk, Tio(CN)-Tx, etc.,[81,82,121,230-234]. Among these, molybdenum-based
MXenes are now getting rapid attention and extensively studied as an electrocatalyst for HER
applications because of their exhibition of long-term stability, electronic properties equivalent
to Pt electrode, and enhanced hydrogen absorption capability[235-238].

Various reports on the HER incorporating Mo>CTx MXene electrodes are coming
from around the globe with improved performance. For instance, Tan et al. reported the
fabrication of MoSe>-Mo,CTx composite electrode for the hydrogen evolution in acid 0.5M
H>SOy electrolyte with an overpotential of -108.3 mV at 10 mA.cm™ of current density [239].
While Wang et al. demonstrated the assembly of cobalt decorated Mo,C spheres for HER with
an overpotential of -139 mV at 10 mA.cm™ in the acidic 0.5 mol.L"! H,SOs electrolyte [240].
The study of hydrogen evolution, oxygen evolution, and overall water splitting was reported
by Liu et al. with an overpotential of -78 mV at 10 mA.cm™ for HER in basic 1M KOH
electrolyte using CoP/Mo.C electrode [241]. Tang et al. studied the HER performance of the
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phosphorous doped Mo>C MXene in both 0.5 M H>SO; acidic and 1M KOH basic electrolytes
with overpotentials 172 and 219 mV at 10 mA.cm? current density [242]. All these reports
were using Mo,C MXene prepared via conventional HF etched method, which is highly toxic
and causes a huge impact on the environment during the preparation. Therefore, we report the
fabrication of Mo>CTx MXene via simple HF free ultraviolet light assisted phosphoric acid
etching for HER application in the acidic electrolyte with lower overpotential and Tafel slopes.
Along with that, we studied the effect of synthesis temperature of the non-MAX phase in the

electrocatalytic performance of Mo.C MXene electrodes.

1.9.2.2 Mo>CTx for gas sensing application:
Existing CO, gas sensors mainly use infrared-based detection, comprised of

sophisticated electronics and detectors, which are bulky and high-power consuming, making
them unreliable in real life. In contrast, there are some reports on chemical resistive type
sensors, which work on the principle of measuring the change in resistance on the exposure of
target gas which is simple in design and consumes less power[243]. Generally, semiconducting
metal oxide such as ZnO, SnO,, MoOs, V20s, CdO, WO;s etc., and perovskite nanomaterials
are considered as potential gas sensing materials [11-18]. However, they possess some
disadvantages such as low-limit detection, high power consumption for high working
temperatures, etc., which limits their efficiency and reliability. Besides, 2D nanomaterials such
as graphene, transition metal dichalcogenides, phosphorene, black phosphorous, and MXenes
are considered for gas detection because of their large surface-to-volume ratio, the abundance
of reaction sites for gas adsorption, and exhibition of layer dependent electrical properties
[83,120,247-249]. Among these materials, MXenes are a new class of 2D materials that are
more suitable candidates for this application owing to their metallic electronic conductivity
and hydrophilic nature[250]. They have a general formula My, 1 X, Tx, where M can be any
early transition metal, X = carbon or nitrogen or the both, and Tx = -F, -O or -OH functional
group attached during the etching from a parent MAX phase, where A= group III or IV
elements[67,71]. The gas sensing properties of MXene are one of the least explored areas as
they are only in their emerging stages. Lee et al. reported the ammonia sensing using hybrid
fibres of Ti3C,Tx MXene/graphene with a response of 6.6% at a concentration of 50 ppm at
room temperature with the longer response and recovery times in the order of several minutes
[251]. Naqvi et al. reported the theoretical interpretation of the absorption mechanism of
MuNTx (M=Ti, V) MXenes for various air pollutant gases with the help of first-principle
calculations using DFT [125], whereas Yuvan et al. demonstrate the sensing of flexible sensors
using the 3D MXene framework for detecting volatile organic compounds at lower
concentrations[252]. The majority of the sensors were using titanium-based Ti;C.Tx MXenes

as the sensing materials[253—-256]. Additionally, various other MXenes such as Sc,CO» and
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V,CTx were also attempted for the gas sensing application of various VOCs and pollutant
gases[123,126]. Although Ti-based MXenes have been widely utilized, Mo-based Mo,CTx
MXenes exhibit superior conductivity along with higher chemical activity compared to Ti-
based MXenes, which can expediate gas adsorption and thereby improve the sensing
performance[83,107]. For instance, the selective detection of toluene from various volatile
organic compounds (VOCs) such as benzene, acetone, ethanol, etc., using Mo>CTx was
reported by Guo et al.[124]. Nevertheless, to the best of our knowledge, only one report was
there with CO, gas detection by Zhou et al. using a sophisticated nitrogen-doped TizC,Tx
MXene/polyethyleneimine composite with longer response and recovery (8.8-9 mins), which
may result inadequate for real-time monitoring [257]. For the commercial application, there is
a need for compact, low power consuming highly sensitive CO, gas sensors with fast response
recovery.

The gas sensing detection limit can be enhanced by the introduction of porous
silicon as substrates with high surface-to-volume ratios[258]. Several groups reported the
fabrication of porous silicon-based sensors for the detection of various organic solvents, Ha,
O, NH3, humidity, etc. [259,260]. Even though there exist a few reports on porous silicon-
based sensors for the detection of CO[211], no reports are there on porous silicon/MXene

sensors to the best of our knowledge.
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2. SCIENTIFIC OUTCOME

“Synthesis of 2D Mo0.CTx MXene from Mo-In-C non-MAX phase via HF free etching route
make it useful for its application in electrochemical hydrogen evolution and gas sensing. In
addition to this study, the fabrication of gas sensors using 1D molybdenum trioxide exhibit
better stability, repeatability, and sensitivity along with low limits of detection even at room

temperature for real-life applications.”

3. HYPOTHESIS

The deposition of one-dimensional nanostructures of Molybdenum trioxide by the means of
physical deposition techniques on suitable substrate material enhances gas sensing
mechanism. The intercalated two-dimensional Molybdenum based MXenes derived from
suitable MAX phases expedite the synthesis for their application in electrochemical hydrogen

evolution and gas sensing.

4. GENERAL OBJECTIVE

To synthesize one dimensional Molybdenum trioxides nanorods and two dimensional MXene
nanostructures via chemical as well as physical methods with less environmental impact for

their application in electrochemical hydrogen evolution and gas sensing.

5. SPECIFIC OBJECTIVE

e To prepare 1D Molybdenum oxide (MoQO3) using hydrothermal method.

e Todeposit as synthesized 1D and 2D nanostructures on various substrate materials via
thermal evaporation by varying different synthesis parameters like temperature of the
substrate, annealing temperature etc.

e To do structural, morphological, compositional, and electrochemical characterizations
using XRD, SEM/FESEM, TEM, Raman spectroscopy, EDX, LSV, and EIS.

e To prepare Mo2InC MAX phase through solid state reaction.

e To prepare the Mo,CTx MXene by exfoliating and etching the MAX (Mo.InC)
phases.

e To prepare electrodes to study hydrogen evolution using electrochemical workstation.

e To do gas sensing studies of synthesized 1D and 2D nano structures.
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6. EXPERIMENTAL TECHNIQUES AND THEORETICAL
ASPECTS.

This chapter explains the synthesis and characterization techniques used for the synthesis of
one-dimensional molybdenum ftrioxide nanorods (a-MoOs) and two-dimensional
molybdenum carbide (M0,CTx) MXene nanostructures. In the synthesis part, we explain the
basics of the techniques and conditions used for the preparation of the samples. Whereas the
characterization part discusses the theory behind each instrument and the parameters used for

obtaining the results.

6.1 Synthesis of 1D a-MoOs nanorods and 2D Mo>CTx MXene.

6.1.1 Hydrothermal method for the synthesis of nanostructures.
A hydrothermal method is a type of reaction that utilizes water as the primary

reaction medium in a special closed container (Parr bomb) to produce a high-pressure reaction
environment (Fig 6.1). Under these circumstances, a material that is normally insoluble or only

slightly soluble is dissolved and re-crystallized. Fig 6.2 depicts the basic hydrothermal method

preparation steps.

Screw Stem
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Figure 6.1 Schematic representation of parr bomb for hydrothermal synthesis

The following are the major stages in the growth of crystals in hydrothermal treatment: The
reactants are first dispersed in one hydrothermal medium and then pass the solution as ionic

species or molecular groups. Second, the difference in temperature between both the upper
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and lower parts of the kettle separate the ions or molecules. Then, ions/ molecular groups are
relocated to the region of low temperature, where the seed crystal grows to produce a
supersaturated solution. Besides that, at the growth interface, ionic entities/ molecular groups
are adsorbed, disintegrated, and desorbed. As a fourth step, the adsorbed material starts to
move at the interface between the two materials. Crystallization of the dissolved matter is the
final step. Crystal growth conditions have a significant impact on the morphology of

hydrothermal crystals [14].

Solution Preparation

Hydrothermal treatement
inside the Parr bomb

Centrifugation, washing
and filtering

Drying and collection of
the product

Figure 6.2 Steps involved in a hydrothermal method of synthesis.

6.1.2 Hydrothermal synthesis of a-MoQ3 nanorods.

For the synthesis of a-MoO; nanorods, we followed the hydrothermal route using sodium
molybdate (NaxMo004.2H,0; Sigma Aldrich, >99%), hydrochloric acid (HCl; Merk, 37 %),
and distilled water as the precursors. NaxMo00O4.2H,O and HCI were used in a 1:5 molar ratio
to synthesize MoOs. For that, 2.129 g of sodium molybdate was added to 40 ml of distilled
water and stirred using a magnetic stirrer for 40 minutes. The dropwise addition of 4 ml of
HCI to the solution was done during this period. A light bluish solution was obtained after 40
minutes of stirring. This solution was immediately transferred to a Teflon beaker and then to
a steel Parr Bomb reactor for the hydrothermal reaction inside a hot air oven. The reaction time
for the hydrothermal synthesis was varied from 160 to 200 °C for 2 hours. After the reaction
inside the hot air oven, the dark bluish solution was collected and washed several times in
ethanol and distilled water to remove the unreacted HCI via centrifugation at 4000 rpm for 15-

20 min. The thick slurry was collected after washing which was dried at 60 °C overnight to get
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the powdered MoOs. To improve the crystallinity and oxidation of the obtained MoO3 powder,
thermal annealing at 350 °C was performed. The schematic representation of the hydrothermal
synthesis of MoOj3 is as shown in Fig 6.3. After annealing light bluish powder was collected

and stored in a vacuum desiccator for further characterizations.
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Figure 6.3 The hydrothermal production of MoOs nanorods is depicted in this schematic
diagram.

6.1.3 Vacuum thermal evaporation technique for the synthesis of 1D

nanostructures
When it comes to depositing elemental films, nothing beats evaporation, which is one of the

simple and reliable deposition methods available today. System components include an
evaporation source that causes the precursor material to evaporate and a substrate that is placed
at a proper distance from the source used for the evaporation. Typically, the source as well as
substrate are both contained within a vacuum chamber. The substrate platform can be heated,
biased electrically, or rotated during deposition. To generate the preferred vapor pressure of
precursor, it is only necessary to heat it to high temperatures, and it is simple to control the
concentration of depositing material in the gaseous phase by varying both source temperature
and gas flux from the carrier gas source. Figure:6.4 depicts a schematic representation of a

typical evaporation system.
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Figure 6.4 Schematic representation of vacuum thermal evaporation chamber.

The evaporation of thin films is typically carried out at relatively low pressure (10
3 to 10" torr) so that atoms, as well as molecules in the gaseous form, do not collide with one
another before reaching the growing surface because the mean free path is indeed very long
relative to the distance between the source and the substrate. Since atoms or molecules can
easily move from the source to the substrate, the conformal coverage is weak and an even film
across a vast region is difficult to create. For this reason, some alternative arrangements were
developed, including (I) use of multiple point sources other than a single source, (II) putting
both sources and substrates on the surface of a sphere, (III) substrates under rotation, and (IV)

or a combination of all the above techniques.

6.1.4 Deposition of aligned a-MoQs3 nanorods on various substrates using

vacuum thermal evaporation.
For the deposition of the a-MoQO3; nanorods on various substrate materials, we

adopted a physical deposition route using thermal evaporation was used with a-MoQO3 nanorod
powder as the precursor. For that ~100 mg of a-MoQj3 nanorods in powder form obtained after
hydrothermal synthesis was evaporated from a molybdenum boat inside a box-type vacuum
chamber as shown in Figure 6.5 The distance between the source and the substrate was kept
at 17 cm inside the chamber. The pressure inside the chamber was kept at a base pressure of 1
x 107 Pa with help of turbomolecular pumps through at the deposition. The evaporation rate
was fixed at 10 kA/s during the deposition which was continuously monitored using a crystal
thickness monitor. The thickness of the obtained nanorod film deposited on the glass substrate
was measured in the range of 150-200 nm using the thickness monitor. The temperature of the
substrate was kept at a temperature of 250 °C using a substrate heater After deposition, the as-

deposited films were annealed in a muffle furnace for 1-hour varying temperatures from (100
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to 400 °C). The schematic representation of the deposition of the nanorods is as shown in figure

6.6.

Figure 6.5: Vacuum thermal evaporation unit used for the deposition of the nanorods.
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m . Vacuum thermal
evaporation
Figure 6.6 Schematic representation of the deposition of MoO; nanorods on the substrate.

6.1.5 Solid-state reaction method for the synthesis of MAX phase.

Solid-state synthesis, also known as the ceramic method, is a common technique for inducing

-M
‘ Thermal ‘ MaC
: nanorods on
Annealing

glass substrate

a chemical reaction in solid starting materials that results in the formation of a new solid with

a clearly defined structure. Finished products usually involve single crystals, polycrystalline
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materials, glasses, and thin-film materials, all of which are widely used in energy and
electronic applications, as well as other fields. It is necessary to combine fine-grain metal
compounds and pelletize them before heating them at controlled conditions of temperature for
a specific period. Several metal substances, including metal oxides or salts, involve extreme
conditions to activate reactions in a super-heated flux or quickly condensing vapor phase.
These conditions include high temperatures and pressures, among other things. This method
of chemistry is referred to as "shake and bake" or "heat and beat" chemistry in some circles.
In solid-state synthesis, it's crucial to know how fast the reaction is going. Solid-state reactions
should be carried out to completion due to the lack of effective methods for purifying the solids
that are formed. Reaction conditions affect how quickly the solid-state reaction happens. These
include things like how the reactants are made, how they move, and what kind of reaction
they're having. In the final materials, the chemical pathways and preparation techniques have

a significant impact on their chemical and physical properties.

6.1.6 Synthesis of Mo-In-C non-MAX phase and Mo,CT,. MXene

Mo,CTx was synthesized using Mo-In-C non-MAX phase synthesized via HF-free etching
method. Mo,C bulk powder (99.5 %; Sigma Aldrich) and indium powder (In, 99.9 %; Sigma
Aldrich) are blended in a mortar and pestle at a molecular weight ratio of 1:5 for 40 minutes
until a homogenous mixture is achieved for the preparation of Mo-In-C non-MAX phase. A
tube furnace with constant Argon flow was used to calcinate the combination, which was done
in an inert environment at different synthesis temperatures ranging from 850 to 1100 °C for a
total reaction time of 2 hours. To eliminate the unreacted In particles, the solid material was
submerged in concentrated hydrochloric acid (37%; Sigma Aldrich) for 24 hours. After
removing excess HCI and unreacted In from the obtained slurry by washing it several times in
distilled water, the obtained powder was etched under ultraviolet light in phosphoric acid for
24 hours to etch out the In from the Mo-In-C MAX phase. The solution was then washed
multiple times with distilled water until the pH reached 6 to eliminate the phosphoric acid from
it using centrifugation at 4000 rpm for 15 mins. Followed by the above process, the obtained
slurry was exfoliated using an ultrasonic bath for 6 hours to obtain layered Mo>CTx MXene
with -O terminated groups in deionized water which is as shown in the figure. The reaction
time was also varied to study the changes in the structure and morphology from 2 hours to 10
hours in steps of 2 hours. The schematic representation of the synthesis process is as shown in

Figure 6.7.
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Figure 6.7 Schematic representation of the Mo.CTx MXene from Mo-In-C non-MAX phase.

6.2 Characterization of 1D a-MoO;3 nanorods and 2D Mo>CT. MXene
6.2.1 X-ray diffraction used to characterize the structure.

For the study of crystalline structure and atomic spacing, X-ray diffraction has been
a widely used technique over the years. X-ray diffraction is a technique that relies on the
constructive interference of monochromatic X-rays with a crystalline material to produce a
pattern. To generate monochromatic radiation, cathode ray tubes are used, which must then be
paralleled to concentrate the radiation and point toward the sample. When the incident rays
interact with the specimen, constructive interference (as well as a ray of diffraction) is
produced, according to Bragg's law:

nA = 2dsinf (6.1)

where n is an integer, A is the wavelength of X-ray, d is the interplanar spacing that creates

the diffraction, and 0 is the diffraction angle.
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Figure 6.8 Schematic representation of X-ray diffraction equipment.

This law describes the relationship between electromagnetic wavelength and the
angle of diffraction as well as lattice spacing inside a crystalline sample. The detected,
processed, and counted X-rays are then used to determine the distance between the two points.
Due to the different orientations of the powdered material, all probable diffraction peaks
should be determined by scanning at different 26 angles (Figure 6.8). To identify the
compound, the diffraction peaks can be converted to d-spacings, wherein every compound has
its unique d-spaces. Most of the time, this is accomplished through the comparison of the d-
spacings with conventional reference patterns.

Experiments with X-ray diffractometers are conducted using three fundamental components:
an excitation tube, a sample holding device, as well as an X-ray detector (Connolly, 2007).
With the use of an X-ray tube, the electrons are produced by irradiating a heating element and
pushed towards the direction of target by providing a voltage, causing a bombardment with
electrons. As soon as electrons achieve enough energy to expel inner shell electrons within a
target material, intrinsic X-ray spectra are formed. These spectra are made up of many
components, with K, and Kg the most prominent ones. K, is formed by two components: Kq:
and Kq. Ko has a shorter wavelength and double the intensity of Ky, whereas K 4, has a
comparatively longer wavelength and half the intensity of K, The wavelengths are
characterized depending upon the target material (Cu, Fe, Mo, Cr). Diffraction demands
monochromatic X-rays, which can only be produced using filters such as foils or crystal

monochromators. Because K, and K, have sufficiently similar wavelengths, a
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calculated average of the two is employed instead of a single value. Cu- K, radiation D 1.5418
A is used commonly as the target material for single-crystal diffraction. A collimator directs
these X-rays to the sample. The intensity of reflected X-rays is measured as the specimen and
detector rotate. When the incident X-rays impinging on the sample satisfy Bragg's law,
constructive interference occurs, resulting in the appearance of a peak in intensity. In this case,
the X-ray signal is recorded and processed by a detector, which further converts the signals to
count rates, which is then transmitted to a device like a desktop computer. Two things make
an X-ray diffractometer work. The sample moves in the path of collimated X-ray beams at an
angle 0, and the detector moves on an axis to capture the diffracted X-rays. A goniometer is
an instrument that is used to manage the angle and spin the sample [261].

The use of X-ray diffraction to determine the average size of nano nanocrystals
within nano crystalline bulk counterparts is a simple method. Paul Scherrer [262] was the first
scientist to publish his findings in a publication in 1918 which became renowned as the
Scherrer formula. The average crystallite size, L, is calculated using the well-known Scherrer

formula:

KA
L= Bcos6O

(6.2)

where, A is the wavelength (nm) of the X-ray used, B is the full width at half maximum in
radians obtained from the XRD peaks (highest peak) and K is a constant which takes the values
0.9 normally is related to the shape of the crystallite. The limitation of Scherrer formula is that,
when the d value is small and 20 value is big, the crystallite size calculated are generally higher
than the actual value. This is because B cos 6 value cannot be fixed as a constant. To overcome
this, modified Scherrer formula is formulated by Monshi et al. [263], which is a logarithmic
approach of equation. 6.2 as shown in the Equation.6.4. When In B is plotted against In (1/cos
0), the intercept gives In K/A L, from which a specific value of L can be found using the least
squares approach.

Scherrer formula (Equation.6.2) can be written as,

KA _Ki_ 1

p= Lcosd L x cos@ (6.3)
Taking logarithm on both sides, Eqn. 2.3 becomes,
KA 1

Ing = lnT +In o (6.4)

The XRD characterization of the /D a-MoO3 nanorods was done using PANlytical
X'pert PRO High-resolution X-ray diffractometer equipped with Cu-Ka (A=1.584 nm). The
measurements were done by collecting the data for the 20 values between 10° to 90° at a scan
rate of 5°/minute. For the 2D Mo,CTx MXene, it was done between 5° to 100° at a scan rate of

5°/minute.
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6.2.2 Vibrational study using Raman Spectroscopy

Raman scattering is a type of spectroscopy that works well with infrared absorption
spectroscopy. The method involves flashing a monochromatic source of light (like a laser)
onto a specimen and detecting the light that is being scattered Figure:6.9a. Because of the
clear pattern of bands in a Raman spectrum, the technique can be used for a wide range of
analyses without requiring a comprehensive understanding of the effect. The pattern of bands,
for example, can be used to identify a specific molecule in situ, and it may even be feasible to
estimate the quantity of the component present. It is expected that most of the dispersed light
will go through the specimen without interfering with the sample. The detector will get the
energy that is of the frequency equal to the source. This is called elastic scattering or Rayleigh
scattering. A very small percentage of the scattered light (less than one in 107 of the total) has
its energy shifted away from the laser frequency. This is referred to as the Raman or Stokes
shift. It is common practice to disregard and filter out the weaker anti-Stokes-shifted Raman
energies because they are weaker at ambient temperature. This occurs because of interactions
between both the vibrational energy levels of the sample molecules and the incident
electromagnetic waves. Therefore, the molecule's electric field is perturbed because of the
interaction. When shown at the molecular level of energy (Figure 6.9b), the Rayleigh
scattering and the Stokes shift are depicted by arrows of varying lengths, indicating the

difference in energy between the incident as well as scattered photons [264,265].
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Figure 6.9 Schematic representation of (a)Raman spectroscopy instrument and (b) the
Raman lines.
Using a 780 nm laser excitation source mounted on a Thermo Scientific Raman Spectrometer,

we measured the vibrational characteristics of the fabricated 1D a-MoOj3 nanorod films.

6.2.3 Field emission Scanning microscopy and Transmission
electron microscopy for morphology analysis.

The scanning electron microscope (SEM) scans the surfaces of a sample with a

focused electron beam. Because the primary electrons, or the electrons in the beam, interact
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with the material, they generate many signals that can be utilized to create images of the
sample's topography and composition, which are then analyzed. When a primary electron
penetrates a material, it usually travels a predetermined distance before coming into touch with
a secondary electron. Upon colliding with this particle, the main electron takes on a different
route, which is referred to as scattering in physics terms. The penetration of the beam of an
electron into the specimen, as well as the subsequent scattering events, result in the creation
of a reaction vessel in the shape of a teardrop (Figure 6.10). Secondary electrons (SE) are being
produced whenever the primary electrons extract the specimen electrons from their bonds with
the specimen electrons. They can't escape from the reaction vessel because they have
insufficient energy. So, the Secondary electrons detected in SEM come entirely from the
surface or area near-surface of the material, and not from any other location. In the deeper
regions of the reaction vessel, the SE produced is absorbed by the samples. Because of the
minimal depth of origin of the observed SE, they are particularly well suited for delivering

high-resolution topographical data [266].
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Figure 6.10 Schematic representation of the basic principles of electron microscopic imaging.
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i Field emission scanning electron microscope (FESEM)

A field emission gun (FEG) is used in place of the more common tungsten hairpin or LaBg
filaments to accomplish high-resolution field emission scanning electron microscopy
(FESEM) (Figure:6.11a). Under ideal conditions, a resolution of 0.5 nm was already obtained,
and at 30 kV using conducting materials, a resolution of 5 nm is frequently achieved with
conducting materials. By applying a powerful electric field to single-crystalline tungsten with
a needle-shaped tip, a beam of electrons with an exceptionally high current density is
produced. Field emission guns are used to produce this electron beam. When compared to the
traditional thermal emission cannon, this one requires an extremely high vacuum (107'° Torr).
As a result of the extremely small size of the electron emission source and the large electron
density is obtained in comparison to the other types of electron guns. The FEG is popularly
known as the "high brightness gun." When combined with the significantly narrow range of
generated electron energies better than the thermal emission guns, high resolution at lower

kilovolts can be achieved without sacrificing performance [267].

(b)

Condenser
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Figure 6.11 Schematic representation of (a) FESEM and (b) TEM instrumentation.

ii. Transmission electron microscopy (TEM)

The transmission electron microscope (TEM) is considered as a tool, artifact, or instrument
designed specifically for the analysis and imaging of samples or samples given within the

dimensions provided from micro-size (I mm) and nano-size (1 nanometer). TEM consists
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of an electron source called a gun or electron cannon that usually has a V-shaped filament
made of tungsten or LaB6 (lanthanum hexaboride). An electric potential that is positive to the
anode is then applied to the filament (cathode), which heats up until an electron current with
a wavelength determined by the De Broglie equation (Equation 6.5) is generated

(Figure6.11b).

A= h (6.5)

e

2mgc?

where, h= Planck’s constant; mo = residual mass of the electron; e = electric charge; V =
potential difference and c= speed of light.

Coherence of light is improved by an aperture and the condenser lenses before it
reaches a sample, so the waves remain along the same path with a fixed phase difference.
Following that, the electron beam strikes the sample, causing several processes to occur, some
of which include dispersing the electrons that are affecting the sample to minimize energy loss
(elastic) and others in which electrons transfer a part of the energy to inner electrons of the
specimen (inelastic). The objective lens is next, and its job is to focus the beams scattered to
create the first image through a diffraction process carried out by the projection lens, which
extends the beam of electrons and reflects it on the phosphor display [268,269].

The approach for the preparation of self-supported samples begins with the
slenderization of the sample; for this process, sheets of 100 and 200 nm thickness are obtained,
and from these sheets, a disc of 3 mm in diameter is cut; this disc is polished using various
methods such as chemical, electrochemical, ion bombardment, or ultramicrotomy to achieve
a thickness in the range of a few microns. A copper grid is commonly used to hold the
supported samples. This procedure is carried out by fragmenting the sample in an agate mortar,
disintegrating it in a solvent such as ethanol solvent or acetone, depositing the solution on a
grid, allowing the solvent to evaporate, and then introducing the sample under a microscope
[270].

Selected Area Electron Diffraction (SAED) is a technique that can be used with
S/TEM to look at the electron diffraction pattern that the electron beam makes when it interacts
with the sample atoms. This pattern can reveal the crystallinity, crystal structure, lattice
parameters as well as orientation of the specimen. When the size and location of the selected
area aperture are chosen correctly, diffraction information from a certain area of the specimen
can be gathered. Each set of originally parallel beams intersects in the rear focus plane of the
microscope after being bent by the magnetic lens of the instrument, resulting in the diffraction
pattern. The transmitted beams come together exactly at the optical axis. The diffracted beams
interfere at a specific distance from the optical axis (equivalent to the interplanar spacing

between the planes diffracting the beam) and at a certain angle (in accordance with the crystal
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plane orientation diffracting the beams). This enables for the formation of bright spot patterns
that is characteristic of SAED[271].

The way the diffraction image looks varies depending on how the beam is diffracted
either by single crystal or by several different crystallites, like in a polycrystalline material.
The single-crystalline diffractogram shows a pattern of bright spots in a regular way. This
pattern is a two-dimensional representation of the reciprocal crystal lattice. If there are more
crystallites, the diffraction pattern looks like a mix of the diffraction patterns of each one.
Diffraction spots from all possible crystalline planes can be found in this superposition. A
diffraction patterns of concentric rings is what happens because of two things:

1. A beam that meets the diffraction criterion can only make diffraction spots at certain
distances from the beam that was sent through it.

2. Crystallographic planes can be in any orientation, so diffraction spots are constructed
around the beam as it moves through it.

High-resolution transmission electron microscopy (HRTEM) is a type of imaging
that can be done with specialized transmission electron microscopes. It lets you see the atomic
structure of samples right away. It is a very good way to look at the properties of materials at
the atomic level, like semiconductors, metals, nanoparticles, and sp2-bonded carbon, and how
they behave. In the HRTEM, image formation occurs in two steps. Electrons that are incoming
or incident interact with the specimen's atoms via both elastic as well as inelastic scattering
processes. The electron wavefunction exiting the specimen's surface is then passed through
the electron microscope's objective lens and successive magnifying lenses to generate the final
magnified image [272]. HRTEM imaging is like transmission electron microscopy (TEM)
imaging, with the exception that the magnifications utilized are high enough to easily observe

the lattice spacing of inorganic materials (usually on the order of several angstroms).

6.2.4 Elemental characterization using X-ray Photoelectron
Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analysis tool wherein
X-rays bombard on the surface of a sample and the kinetic energy of the electrons released is
recorded. The surface sensitivity of this approach, as well as its capacity to unveil information
about the chemical state from the elements present in the sample, are two of the most important
properties that distinguish it as an analytical tool. With the use of soft X-rays (with energies
lower than 6 keV), the sample surface is irradiated, and the corresponding kinetic energies of
the released electrons are measured. XPS is a technique for studying the structure of materials.
For the emitted photoelectron to be produced, the x-ray energy must be transferred completely
to a core level electron. This is theoretically stated in the equation (6.6):

hv = BE + KE + ¢pec. (6.6)
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where hv= energy of x-ray photon; h=Planck’s constant; v=frequency of photon; BE= binding
energy of the electron (a measure of how tightly it is bound to the atom.); KE= Kinetic energy
of the emitted electron; ¢y, = work function (energy needed to expel an electron from the
fermi level to the vacuum level.

XPS core electron loss causes a "hole" in its core. This excited ionization state will
relax because of the filling of the hole with the use of an electron from one valence orbital.
This process of relaxation releases energy in one of two possible mechanisms: X-ray
fluorescence or just the generation of an Auger electron. X-ray fluorescence is the more
energetic of the two processes [273].

The potential to determine atomic quantities without the need of standards is a
significant aspect of XPS technology. There are two types of approaches that are commonly
found when performing quantitative studies in analysis. Using synthetic samples with known
compositions that are sufficiently "near" to the sample to be dosed. The calibration curve
obtained with standards of known composition is used to determine the unknown composition
of the sample. X-ray fluorescence, atomic absorption, and elementary analysis are all examples
of techniques that apply this approach. The elemental composition of a sample at an element

A can be calculated using the formula,

_ Ua/Fa)
AT Sii/Fy) 6.7)

Ca = composition in atomic % of element A;

Ia = surface of the photo-peak associated with A;

Fa =response factor of the photoelectron associated with element A;
I = surface of the photo-peak associated with element i;

Fi =response factor of the photoelectron associated with element i.
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Figure 6.12: Schematic representation of XPS instrumentation.

Instrumentation for XPS analysis was the K-a Thermo Scientific X-ray
Photoelectron spectrometer [Illumination source Al Ka: 1486.68 eV]. An internal chamber
vacuum of 10 Pa was fixed during the XPS spectrum collection. The samples studied were
1x1 cm? in size and were maintained at ambient temperature (25 °C and 35% relative humidity)
within the desiccators for 25 days before being loaded into the spectrometer. The calibration
of the binding energy scale was carried out by measuring the standard Ag 3ds, core-level peak
location from standard Ag foils. The sample surface was etched using argon at a velocity of
1.19 nm/s and a depth of 5 nm utilizing an ion gun placed at a 30° angle. The charge reference
using adventitious carbon peak (C 1s) was not employed in the investigation. Peak fit analysis
was performed using the program Avantege. By analyzing XPS data from several materials,

the core level binding energy correction factor was estimated as £0.04 eV.

6.2.5 Compositional characterization using Energy-dispersive X-
ray Spectroscopy (EDS)

X-rays are extremely intense photons produced by transitions of electrons in the
atoms of the target solid when an accelerated electron beam impinges on them. Typically,
when an incident electron strikes at an atom of the specimen, it threw an electron out from the

K-shell (n 14 1 shell) of the material, leaving a vacancy or hole in the shell where the incident
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electron hit. X-rays are emitted when an electron from a different shell fills up the vacancy
(electron transitions). The transitions of the electrons to the K-shell (n=1) are referred to as
Kx-rays, transitions to the L-shell (n = 2) are referred to as Lx.rays, and transitions to the M-shell
(n=1 4 3) are referred to as Mx.rays. This type of transition is found in every chemical element,
which is why EDS detection systems for electron microscopy have been developed and are
now widely used in materials microstructural characterization. As we discussed earlier, the
size of the interaction area and the size of the area from which X-rays are emitted are important
factors in the accuracy of the EDS spectrum. X-ray energy and sample atomic weight both

play an important role in the amount of signal created [274].

6.2.6 Electrochemical characterization of 2D Mo0CTx MXene
using Linear Sweep Voltammetry and electrochemical

impedance spectroscopy.
An electrochemical system measures the total conversion rate of reactant

materials to products at the surface of an electrode by measuring the current (I) that flows
through the metal/solution interface. At the electrode surface the following reaction takes
place:

O+nXe =R (6.8)
To avoiding possible differences, depend upon the dimension of the interfaces, current is
commonly normalized by surface area of the electrode (A) and represented as current density

(). As aresult, response rate (v) can be written as follows:

v=—"t =1 (6.9)

n.F.A n.A

where n is the number of electrons transferred in an electrochemical process, and F
is the Faraday constant (96485 C mol ™). By rearranging eq. (6.9), the total current flowing
through an electrochemical system can be enhanced in one of two ways: either by enhancing
surface area or by speeding up the reaction rate.

In addition to those above, temperature, pressure, and reactant concentration all
influence the rate of electrochemical reaction. For the control of electrochemical reaction rate,
electrode potential (E) also serves as an additional variable parameter. Since its absolute value
cannot be determined through measurements, the minimum of the electrode potential scaling
is established by the introduction the hydrogen electrode potentials. When the electrode rests
at its equilibrium with no current flowing via the metal/solution interface, reversible potential
(Er) is defined by Nernst equation (Equation 6.10) which is as follow

o

— po 4 BTy %o
E,=E +nFlnaR

(6.10)

where E° is the oxidation/reduction couple's standard electrode potential. If current is flowing

via the electrode, the potential of the electrode will be different from E,, therefore we refer to
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it as being polarized. Assuming the electrode potential (E) is equal to the current density (j),
the term overvoltage or overpotential (1) can be defined as:

n=E—-E, (6.11)
The Tafel equation, which relates overvoltage and current density is

n=a+b.logj (6.12)

in which a and b are two constants. The parameter ‘a’ is the overpotential at unit current

density (1 m.A/cm?) with the value % log i, and parameter b is the Tafel slope with the value

—%, which is roughly 100 mV per decade of current density for most electrochemical

reactions, so increasing the overvoltage by 100 mV enhances the rate of redox process by an
order of magnitude. This is what distinguishes chemical systems from electrochemical
systems: by regulating the electrode potential (or overvoltage), the rate of the reaction can be
precisely controlled or enhanced dramatically, depending on the situation. Furthermore, using
Eq. (6.11), one could determine the electrocatalytic effect of a specific electrode reaction on
the ground of the influence of a and b on the type of the electrode material.

Although the Tafel equation is an empirical equation, the development of electrode kinetics
has allowed for a better comprehension of charge transfer mechanisms at electrified interfaces.
The following generic expression holds if the reaction (6.8) is a one-step n-electron charge

transfer:

.. [c F c (1-BFn)
i=Jo <£ exp (B:Tn) - C—gexp (— — U )> (6.13)

where C; and C;* signify the concentrations of electroactive species on the surface of the
electrode and in the volume of the electrolyte, respectively, denotes the symmetry factor
(rather than the transfer coefficient), and j, denotes the density of exchange current. Eq. (6.13)
is predicated on the assumption of anodic current is positive while cathodic current is negative.
The parameters 3 and jo are associated with charge transfer kinetics. In addition to electrode
kinetics, mass transfer rate is a factor that is related to the Ci/Ci* ratio. When the anodic
(positive) / cathodic (negative) overpotential is very high, Eq. (6.9) simplifies to the form of
the Tafel equation; however, extra attention must be made to compensate j the mass transfer
limits, so that only the charge transfer impact is taken into consideration (as mass transfer rate
is independent of the electrode material). Tafel parameter and is correlated to jo in this

situation, whereas Tafel slope b becomes:

b= 2';213;7 (Anodic polarization) (6.14)
bh=-— % (Cathodic polarization) (6.15)
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In the event of a sophisticated electrode reaction (e.g., electrocatalytic reactions),
the j—E relationship is not as straightforward, but the j—E or j-n curve contains all the
information about the electrode process. As a result, obtaining reliable data on the j—E
relationship is critical for the determination of electrocatalytic performance as well as the
assessment of the parameters related to the of an electrode reaction. To fully comprehend the
electrocatalytic process and also to develop novel electrocatalytic materials with improved

properties, it is required to collect and analyze fundamental data.

i.  Electrochemical cell
Electrochemical cells are the vessels used in voltammetry experiments which is as shown in

the Fig 6.13. It consists of a working electrode, counter electrode, reference electrode and an

electrolyte.

Platinum
Counter electrode
PE—
Glassy Carbon
Working electrode
Ag/AgCI
Reference electrodet™——

\/

0.5M H,SO, electrolyte«— .

Figure 6.13 Schematic representation of a three-electrode electrochemical cell.

Electrolyte:

Electrical neutrality is ensured during a voltammetry experiment by the movement of ions in
solution, which occurs as electron transfer takes place. In the process of transfer of electrons
from the electrodes to the analyte, flow of ions takes place through the solution to compensate
for the charge transfer and complete the electrical circuit, supporting electrolytes are salts that
are dispersed in water that used to help overcome the resistance of the solution. The term

"electrolyte solution" refers to the mixture of solvent and supporting electrolyte.

Working Electrode:

The working electrode is responsible for carrying out the electrochemical action. A
potentiostat is used to adjust the applied potential on the working electrode proportional to the
potential of the reference electrode. The working electrode is formed of redox-inert material
in the desired potential range. To provide alternative potential windows or to decrease or

enhance adsorption sites of the specimen of interest, the kind of working electrode could be
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changed for each experiment. Examples of working electrode: glassy carbon, nickel foam,

platinum etc.

Reference electrode
The equilibrium potential of a reference electrode is well-defined and steady. This

electrode is used as a reference point in an electrochemical cell, against which the potential of
all other electrodes can be measured. As a result, the applied potential is commonly expressed
as "versus" a specified reference. There are a few regularly utilized (and usually commercially
accessible) electrode systems, which have an electrode potential that is irrespective of the
electrolyte that is used in cell. These electrode assemblies are described in detail below. There
are several reference electrodes that are commonly used in aquatic media, including the
stabilized calomel electrode (SCE), standard hydrogen electrode (SHE), and Ag/AgCl
electrode, among others. A porous frit is used to keep the reference electrodes isolated from
the solution. It is preferable to keep junction potentials as low as possible by integrating the
solvent as well as electrolyte within reference segment to those in the experimental

compartment.

Counter electrode
If you apply enough voltage to the working electrode to allow for the reduction (oxidation) of

the analyte to take place, current will begin to flow through the circuit. With the counter
electrode, the electrical circuit is completed. As the electrons move between, WE and the CE,
current is measured as a result. The surface area of the counter electrode must be larger than
the surface area of a working electrode in order to guarantee that the dynamics of the reaction
that occurs at the counter electrode do not hinder the kinetics of the reaction happening at the
working electrode. As a counter electrode, a platinum wire or disk is commonly employed,

although carbon-based counter electrodes also are available on the market [275,276].

ii. Linear sweep voltammetry
In linear sweep voltammetry (LSV), the current flow through the working electrode

is measured while the voltage between both the working electrode as well as the reference
electrode is swept linearly over time, between two predefined values. Several factors influence
the properties of the linear sweep voltammogram, including electron transfer reaction (s) rate,
(i1) the chemical reactivity of the electroactive species, and (iii) the rate at which potential
sweeps are applied to the electrode.

Measurements of LSV use voltage instead of time to plot the current response. The
scan begins at the present potential E1, where only a small number of current flows (Fig 6.14).
When a voltage is swept a little further down to more reductive values, a current start flowing

and eventually reaches its maximum before dropping back down. Initially, as the voltage is
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swept from E1, the equilibrium at the surface starts changing, and the current begins to flow
as well. Due to decreased concentrations of reactants and increased concentrations of products
on the electrode surface, current increases as the potential are swept away from its initial value.
The occurrence of a peak arises happens at some point because the diffusion layer
gets expanded so significant above the electrode that the flow of reactant towards the electrode
is no longer fast enough to fulfil the Nernst equation. Thus the current starts to decrease at this

point [277].
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Figure 6.14 Example of Linear sweep voltammogram.

The electrochemical hydrogen evolution reaction was carried out using a three-electrode
electrochemical cell, with platinum as the counter electrode, Ag/AgCl as the reference
electrode, and prepared MXene deposited on nickel foam as the working electrode in 0.5 M
H,SOs electrolyte. Before the initialization of the experiments, cyclic voltammetry (CV) was
done for 20 cycles at a scan rate of 50 mV/s to stabilize the system. The linear sweep
voltammetry (LSV) measurements were obtained in the range 0 to -0.8 V with a scan rate of

5 mV/s.

iii. Electrochemical Impedance Spectroscopy
Electrochemical Impedance Spectroscopy (EIS) is a technique that uses

electrochemical reactions to measure the impedance of a system in terms of the frequency of
an alternating current. EIS is used to characterize transfer performances that is often employed
in the linear time invariant system analysis. The fundamental problem in measuring an
electrochemical system is that it must exist in a steady state during the data acquisition process.
EIS is a technique that utilizes a low amplitude periodic potential or disturbance in current
for exciting the electrochemical environment at various frequencies. The electrochemical

impedance of an electrochemical cell can be estimated by monitoring the sensitivity of the
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system (current or potential) to the perturbation. The impedance, denoted by the letter Z, can

be stated as:

v v . . ,
Z(w) = % = %l (cos d(w) +]sm¢(w)) =7, +jZ; (6.16)

where is the angular frequency, which is associated to the frequency of AC ( f;Hz) by the
relationship w= 2xf, is the phase angle between both the input and output signals, and j=-1 is
the imaginary number. Variables V and I are phasers, which are complex time-invariant
numbers explain the amplitude as well as phase of a sine wave. A frequency dependent
complex number with real and imaginary parts, Z; and Z;, defining the electrochemical
impedance according to Eq. (6.16). The real part, Z,, of the electrochemical impedance is a
resistance that is dependent on frequency of the signal, while the impendence’s imaginary part,
Z;, is a reactance that depends on the frequency. According to International Union of Pure and
Applied Chemistry (IUPAC) rules state that the real and imaginary parts of impedance should
be represented as Z' and Z", respectively.

Kramers—Kronig relations (Eq. 6.17 and 6.18) should be followed in the design of EIS
measurements, which are obtained on the considerations that the electrochemical environment
under examination is casual, linear, and stable in nature. Zj, can be computed from Z; using

the following formula:

Zj(w) =22 [ 70 0) g, (6.17)

0 X2 — (2
If the impedance's high-frequency limit is established (Z, (o0)), then Z; can be calculated from

the Z; as follows:

Zy () = 2, () + 2 [0 g (6.18)

0 x2—2

(

CFE,

-

Figure 6.15 Equivalent circuit used in EIS

An electrochemical system consisting of a working electrode (WE), a counter

electrode (CE), and a reference electrode (RE) is used for obtaining the data. It is necessary to
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apply the voltage E(t) in between the WE and RE, and the associated current is determined.
Impedance data are frequently presented as Nyquist (Z: v/s Z;) or Bode plots (f vs |Z] ), and
they're often portrayed with an equivalent circuit (Fig:6.15), in which a scientific explanation
of the studied electrochemical environment is utilized to deduce the value for the faradaic

impedance, Zr using the relation,

ZF

Zrotal(®) = Re + -0

(6.19)

where a is parameter linked with the constant-phase element (CPE), w is the angular
frequency, CPEq is the double-layer constant-phase element, Q is the factor related with the
CPE and R.is the ohmic resistance.
For the electrochemical impedance spectroscopy in the present study the experiments were

done in the 3-electrode electrochemical cell (Fig 6.14) in the frequency range 0.1 to 100 kHz.

6.2.7 Gas sensing characterization of the 1D a-MoO3 nanorods
and 2D Mo:CT. MXene

The gas sensing measurements were done using two different set up due to the limitations in
detection of different gases in a single set up. For measuring ammonia, we followed the
procedure as described below.

Figure 6.16 depicts a schematic representation of the gas detection and measuring
circuit for the purpose of illustration. The input voltage for the gas sensing test was setto 5 V,
and the working temperature used for the gas sensors can be adjusted by altering the heater
voltage (Vu) during the procedure of gas sensing verification. The test gas was generated by
evaporation of the liquid that has been injected onto the bottom surface of the gas chamber
(bottom includes heater plate) using a micro syringe. A virtual resistance, which changes in
response to the sensor resistance, has been used to measure the output voltage. The resistance
of the sensor is dependent on the test gas and its concentration [278]. The resistance is

calculated using the formula,

Vin

Ra0TRg = (7% = 1) X Ryprenar (6.20)

out
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Figure 6.16: Schematic representation of gas sensing set up used for measuring ammonia gas.

For the CO, gas sensing we used a slightly different set up, which is shown in the figure 6.17.
The gas sensing characterization setup consists of a portable glass test chamber. The electrical
measurements were carried out using a Keithley 2450 source measuring unit. The working
temperature of the fabricated sensors was controlled with a thermo-resistance attached to the

sensing setup and monitored with a commercial type-J thermocouple connected to a computer.

Sensing

Chamber

(Quartz) Suction pump
( \ i “H
[ ) :: 8
| /
\ P-Si Sensor
\

KEITHLEY 2450,

T e
I: mA
33

Source Measuring Unit

Figure 6.17 Schematic representation of gas sensing set up used for CO> sensing.

The sensor's sensitivity (S) is calculated as AR/(R, or R,), where AR represents the
change in resistance (R.-Rg or Rg-Ra) (Equations 6.21-6.22) with target gas concentration and
type (oxidizing or reducing) and R, and R, are the resistance measured in the presence and
absence of the gas respectively. As the name suggests, selectivity is the property of a sensor
that determines how well it responds to a certain class or kind of analyte. The lowest target
gas concentration which could be detected by a sensor under specific conditions is known as

detection limit (DL) or limit of detection (LOD) [279]. Responding time is defined as the time
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required for the sensors to react to a change in concentration. The recovery time is thus the

time required for the sensor to return to its pre-concentration value.

§="4R _RaRg (6.21)
Ry Rg
(Reducing gas for n-type/ Oxidizing gas on p-type MOS sensor)
or
s=4R_RsRa (6.22)
Ry Rg

(Oxidizing gas on n-type /Reducing gas on p-type MOS sensor)
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7. ONE-DIMENSIONAL ORTHORHOMBIC
MOLYBDENUM TRIOXIDE NANORODS: SYNTHESIS
AND GAS SENSING APPLICATIONS

7.1 Introduction

Compared to current gas sensors for the detection of various gases, one-dimensional
(1-D) transition metal oxide sensors are more stable, rapid responding, and recoverable. As
suitable candidates for the sensing application, MoOs [41], WO3 [280] , SnO; [281] , In,O3
[282], TiO, [283] , CuO [284] ], ZnO [285] , and ZnO-NiO [286] were studied. Molybdenum
trioxide (MoQ3) is one of the most studied transition metal oxides because of its large bandgap,
layered structure, and exhibition of multiple valence states.[287]. Various MoOs
morphologies, such as nanobelts [287], nanoflakes [288], films[186], and nanorods[172], are
being studied for applications such as energy storage devices, solar cells, memory devices, gas
sensors, light detectors, and so on [181,289-291]. Among them, one-dimensional nanorods
are being extensively researched for use as gas sensors due to the existence of multiple surface
atoms that are easily accessible because of their high ratio of surface to volume. When it comes
to Debye length, MoOs; has lateral dimensions that are comparable to each other, which is
crucial since charge separation happens at this length [9]. 1-D orthorhombic molybdenum
trioxide (a-MoQs) is renowned for its unique capacity to detect gases due of its outstanding
layered structure, the changeable valence state of molybdenum, and availability of adsorption
sites that may trap analytes during the gas sensing process [182]. The sensing performance can
be enhanced by making the composite with various morphologies or incorporation of
particular substrate materials as per the literature [292]. In this context we attempt the
incorporation of 1D MoQs3on various substrates such as porous silicon which may be beneficial
in the sensing performance since such hybrid structure already known for enhancement in the
gas sensing [258,260]. Porous silicon (porosified silicon) has gained attention among the
researchers because it possesses outstanding properties which are highly tunable. These
features, unlike solid silicon, have opened opportunities in many fields, starting with
electronics but now including microscopes, optoelectronics, optics, acoustics, energy
conversion, diagnostics, nutrition, medical and gas sensing applications [293].

In this work chapter, we discuss about synthesis, micro-structural along with
elemental characterization and gas sensing studies of 1D a-MoO3 nanorods. For that, vacuum
thermal deposition was used to deposit a specified orientation of a-MoQO3s nanorods onto a
glass slide/porous silicon substrate, followed by thermal annealing. In addition, we show the
detection and sensing approach for ammonia at ambient temperature and carbon dioxide at

different working temperatures, as well as the detailed analysis of the parameters that influence
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the performance of the built sensors. For the detection of carbon dioxide gas, we explore the
utilization of a porous silicon/MoO3 nanohybrid system. In the next part, we'll go into more

depth about how we detect ammonia and carbon dioxide.

7.2 Ammonia sensing using a-MoQs3 nanorods on a glass
substrate

7.2.1 Materials and Methods

a-MoOQOs3 nanorod powder was prepared using a hydrothermal procedure and then
utilized as a raw material for vacuum deposition of a-MoO3 nanorods over a glass substrate
using the physical thermal evaporation deposition under vacuum. By regularly stirring for 45
minutes, sodium molybdate-dehydrate (Sigma Aldrich, >99 %) and hydrochloric acid (37 %;
Merk) were dissolved in distilled water in a 1:5 molar ratio. It was then transferred to a Teflon-
lined Parr bomb reactor for 2 hours of thermal treatment in a hot air oven while the synthesis
temperature was varied (150 to 200 °C in steps of 10 °C). To eliminate unreacted HCI, the
obtained powder was filtered and washed several times in ethanol and distilled water until pH
7 was reached. The powder was then collected by centrifugation at 3500 rpm and overnight
drying in a hot air oven at 60°C. It was then annealed in a muffle furnace at 350°C for one
hour at a heating rate of 5°C/min to improve crystallinity. For thermal vacuum deposition, the
synthesized powder was utilized as a precursor (Fig 6.6). A vacuum chamber with a base
pressure of 1 x 10 Pa and 250°C temperature on the substrate was used for the deposition.
Throughout the experiment, the rate of evaporation was set at 10 kA/s and continually
monitored with the use of a crystal thickness monitor. The distance between the source and
the substrate, which was set at 17 cm, was also fixed. The thickness of the deposited films was
kept within a range of 150-200 nanometers. After 15 minutes of evaporation, the as-deposited
films were subjected to an oxygen plasma treatment. To increase crystallinity, as-deposited
films were annealed in a muffle furnace at varied temperatures (100°C to 400°C) at a

continuous rate of heating 5°C/min in ambient air.

PANIlytical X'pert PRO HRXRD was used to examine the crystalline structure of the
synthesized and heat-treated samples (Cu-Ka; A=1.584 nm). Grazing incidence diffraction at
an angle of 0.50° was used to study deposited and annealed film samples. Morphology of all
samples was investigated using Carl Zeiss and Hitachi SU-8020 Field-emission scanning
electron microscopes with operating voltages ranging from 1 to 5 kV. The vibrational

properties of the film samples were analyzed using a Raman spectrometer equipped with a
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laser source of wavelength 780 nm (Thermo Scientific). Transmission electron microscopy
(TEM, FEI Titan G2 80-300) was used to acquire TEM images and the corresponding selective
area diffraction patterns (SAED). The a-MoO3 nanorods were carefully removed off the glass
substrate using a blade and deposited on a copper mesh for TEM characterizations. For X-ray
photoelectron spectroscopy (XPS) characterization, a K-alpha Thermo Scientific X-ray
Photoelectron Spectrometer (Al Ka; 1486.68 eV) was employed. Throughout the XPS
spectrum acquisition, the chamber was kept at a pressure of 10~ Pa. Sensor samples were 1x1
cm? in size and stored at ambient atmosphere (25 °C and 35% RH) for 25 days before being
fed into the XPS machine. The binding energy scale was calibrated by determining the location
of the standard Ag 3ds» binding energy peak on standard Ag foils. The surfaces of the sensors
were etched at a rate of 1.19 nm/s using Argon plasma at a power of 2000 eV using a 30° angle
ion gun to a thickness of 5 nm. In this study, we didn't make use of the adventitious C 1s for
referencing. The core-level spectra of molybdenum 3d and oxygen 1s levels were recorded
over fifteen minutes and eighteen seconds. Analyses were carried out utilizing Avantege, a
computer application. The binding energy correction factor was calculated as 0.04 eV by
examining XPS data from many specimens. To conduct electrical characterization, the silver
electrodes patterns were painted on the a-MoO; films with a diameter of 1 x 10® m and a
spacing of 10 x 10~ m (Fig:2.17). The Keithley 2450 measuring unit was used for the electrical
characterization.

Gas sensing studies on the fabricated sensors were conducted utilizing a custom-
built gas sensing system, as detailed by Jayababu et al. [281,286], with a glass chamber with
a heater, thermocouple, and probes for measuring the temperature inside (Fig: 2.17).

Since the sensing material is an n-type semiconducting material, the sensing response

1s computed as in Equation (1)[8],

where the resistance to the air of the sensor is denoted by R., and the resistance

to the target analyte is represented by R.

To determine the voltage, drop across the virtual resistor caused by a change
in sensor resistance, a voltage meter was used. The schematic diagram depicts this
circuit as a test circuit (Fig. 6.17). This circuit is tested with a 5 V input voltage
provided to it, and the output voltage measured at the virtual resistor. The circuit
produced equation below was used to calculate the sensor's resistance fluctuation.

[285,294],
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V:
Ra or Rg = ( ln/Vout - 1) X Rvirtual ............... (32)

The sensors were examined at 28 °C with a steady humidity level of 35% RH to produce the
most accurate findings. The time required for sensors to achieve 90% of their maximum
observed sensitivity once the flow of gas was utilized to determine the response time. The time
it took for the sensitivity of the sensor to decline by 90% from its maximum value afterward
when the flow of gas was turned off was then calculated to find the recovery time. The
electrical resistance of the manufactured sensors in gas flow and air atmospheres was

measured using digitally operated Keithley 2100 SMU and Keithley J136 source meters.

7.2.2 Results and discussions

Hydrothermally synthesized samples were analyzed structurally using XRD to
determine the effect of the reaction temperature, which varied between 150°C to 200°C (Fig
7.1a). The samples were all orthorhombic in phase, as per the ICDD data sheet (File no: 00-
001-0706). It was discovered that increasing the synthesis temperature enhanced crystallinity,
with peak position in (0 2 0), (0 4 0), as well as (0 6 0) directions. This was confirmation of
the specific alignment of the crystal in the (0 k 0) direction because of temperature alteration

during the synthesis.
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Figure 7.1: (a) XRD plot of hydrothermally synthesized MoO3 nanorods powder varying
synthesis temperature from 160 °C to 200 °C and (b) 0-MoO; nanorods on glass substrate
followed by thermally annealing at 100 °C to 400 °C post-deposition.

The as deposited MoOs samples on the glass substrate were amorphous when they
were first deposited (Fig7.1b). This could be owing to the MoO; being deposited without any
alignment on the glass substrate, or to a lack of subsequent crystallization temperature. The

XRD experiments show that there is a temperature at which the crystallization of MoO3 begins.
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The crystallization threshold temperature for the current investigation was found as 300 °C.
Particles become crystalline orthorhombic a-MoOs on the glass substrate when the annealing
temperature was increased above the threshold temperature (ICDD card no. 00-005-0508),
having peaks along with directions (020), (040), and (060). It was clear that the annealing
temperature is critical for crystallization and precise alignment along the (0 k 0) plane on the
glass substrate. There was no evidence of mixed phases of MoOs in the films that were
deposited. By using Bragg's law, the average inter-planar separation for both samples were
determined as 6.91 A,

The SEM images of the hydrothermally synthesized nanorod powder at different synthesis
temperatures from 160 to 200 °C are presented in Figure:7.2. The best nanorod morphologies

which were uniform observed for the MoOs synthesized at 180 °C.

4 'y y Wk Vi

Figure 7.2 SEM images of the Hydrothermally synthesized MoO; nanorods powders by
varying the synthesis temperature from 160 °C to 200 °C.

SEM images of sensors annealed at 350 ° C(S350) and 400 ° C (S400) revealed the nanorod
structure (Fig:7.3 a-c). Sample S350 (Fig:7.3 e) had nanorods that were properly aligned on the
glass substrate, but not when the annealing temperature increased by 50 °C (S400) Fig:7.3 f.
SEM images of unannealed and annealed materials at temperatures less than 300 °C, on the
other hand, exhibited no visible nanorod structures. As a result, it was estimated that the
formation of nanorods commences at a temperature between 300 and 350 °C. There was no
evidence of nanorod shape in the as-synthesized samples, which were simply continuous films
(Fig:7.3d). The nanorod shape was visible in both the S350 and S400 (Fig:7.3 e and f) annealed
samples. In sample S350, nanorods were found nearly perpendicular to the substrate, but in
sample S400, they were found horizontally across the substrate. According to studies, when
annealing temperatures increase from 350 to 400 ° C, nanorods become elongated and thinner
[42,43]. S400 nanorods had an average length of roughly 3 microns, approximately five times

the S350 nanorods (600 nm). Nanorods have formed on the glass substrate surface because of
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annealing. [44,45]. When its annealing temperature is raised, the nanorods have a greater
chance of recrystallizing, which leads to an increase in the internal dimension of the nanorods.
The surface area to volume ratio of the S400 sample increases due to the increased linear
dimensions. The SAED pattern (Fig. 7.31) obtained from the TEM study of the S400 sample
was in good correlation with the associated XRD pattern, allowing us to get a deeper
understanding of the atomic structure of the a-MoOs nanorods. The presence of diffraction
spots corresponding to the planes of the molybdenum trioxide which were not observed in the
XRD may from the ultra-thin film below the nanorods acting as the base for the growth of 1D
structure. The concentric ring like pattern confirms the polycrystalline nature of the deposited

MOO3.

Figure 7.3 SEM images of annealed samples at (a) 300, (b) 350 and (c) 400 °C. FESEM images
of (c) as-synthesized film, annealed films at (d) 350 and (e) 400 °C. HRTEM images (g-h) and
SAED pattern of the annealed film at 400 °C.
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Figure 7.4 Raman spectrum of the MoOs; nano rod powder synthesized for different

temperatures from 160 to 200 °C.
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Figure 7.5: Raman spectroscopy of S350 and S400

To determine the structural changes that occur during annealing, Raman spectroscopy
was employed (Fig:7.4 and 7.5). In the case of all the powder samples the peaks were
at 667, 821, and 997 cm™! associated with the orthorhombic MoO3 phase (Fig. 7.4). In
the case of sample S350, the Raman peaks observed at 818 cm™, 916 cm™!, 950 cm™,
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as well as 993 cm” were all associated with the orthorhombic phase of the
molybdenum trioxide phase(a-MoOs3) (Fig: 7.5) [9]. It is made up of a series of M0oOe
corner-shared octahedrons, each containing one unshared oxygen ion, two shared
octahedrons, and three shared edges. Octahedral corner-sharing oxygen is responsible
for the Raman spectrum at 815 cm™!, which represents the oxygen stretching mode
(Mo02-0) (M0Og)[9]. In the S400 sample, the annealing crystallization and bond length
distortion induced this change in peak locations. The absence of 916 cm™ as well as
950 cm! peaks in S400, and the creation of the new spectrum at 938 cm™!, might both
be attributable to the ordered transition of the MoOg octahedrons inside the MoOs
lattice into one vibrational mode. It is also possible that the appearance of new
stretching vibrations at 836 cm™ is connected to a change in the atomic spacing

between Mo,-O bonds.

To get the high-resolution XPS spectra shown here, the sensor surface was etched with
argon.  High-resolution XPS spectra of the sensor's molybdenum (3d) state
(S350/S400) were identified at 232.7 eV/232.5 eV as well as 235.8 eV/235.6 eV,
which matched with the 3ds» and 3ds/2 levels were in line with earlier literature (Fig:
7.6 a and c¢) [288,295]. Additionally, two different oxygen peaks were identified in the
magnified spectra of O (1s) after the deconvolution for both the sensors S350 and S400
(Fig: 7.6b and d). The presence of such asymmetric peaks suggests that oxygen species
such as adsorbed ones inside lattice and associated with the -OH groups are existing
at the film surface.[42]. The peak around 530.6 eV /530.33 eV (S350/S400) was
revealed to correlate to O ions in the a-MoOj3 matrix, whereas the peak at 532.1/532.4
eV belonged to the oxygen-deficient area inside the a-MoOs; matrix.[296]. After the
subtraction of the Shirley background, the molybdenum and oxygen atomic

percentages calculated from the XPS readings were 10.8% and 89.1%, respectively.
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Figure 7.6 XPS spectra of molybdenum (Mo 3d) and oxygen (1s) from S350 (a and b) and
S400 (c and d) films at high resolution.

Gas selectivity investigations on the sensors S350 (Fig:7.7 a) and S400 (Fig:7.7 b) were carried
out at an ambient room temperature (28 °C) and relative humidity (35%, RH) for a range of
different species (ammonia, ethanol, methanol, n-butanol, 2-methoxy ethanol, isopropanol,
toluene, acetone, and xylene) at a fixed concentration of 200 ppm. Fabricated sensors S350
and S400 exhibited high sensitivity values 911 and 3139, respectively towards ammonia,
which were larger than the sensitivity towards other target gases. Additional gas sensing
investigations using ammonia as the target gas were conducted based on the findings for a full

evaluation of the sensors' ideal working parameters.
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Figure 7.7 S350 (a) and S400 (b) selectivity investigations for several target gases are
depicted schematically. The dynamic response curve of the S350 (c) and S400 (d) sensors at
ambient temperature with increasing ammonia gas concentration. The x-axes in diagrams (c)
and (d) represent the uninterrupted time frame used to introduce various quantities of ammonia
gas into the sensors.

To identify the optimal operating conditions and lowest detection limit, dynamic response tests
of sensors S350 (Fig:7.7¢) and S400 (Fig:7.7d) were conducted at room temperature (28 °C)
for varying concentrations of ammonia gas (1 ppm to 100 ppm). For 100 ppm of NHj3 at 28
°C, the S400 sensor showed the lower limit of detection (Fig. 7.8) and the highest sensitivity
response (S = 886). (Table 7.1). This might be due to an increase in the surface area caused by
thermal annealing during linear dimension expansion. The concentration ammonia under 5

ppm did not change the S350 sensor resistance (Fig:7.7c).
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Table 7.1: Ammonia gas sensors: a review of the literature

Material Operation S Ra R¢ Concentration Ref.
temp (°C)
MoOs3 RT 15 229 s 73 s 1 ppm Present
work
V20s RT 2.05 2s 9s 9 ppm [297]
Hz/ppm
SnO2@PANI RT 354 - - 100 ppm
(298]
Ta20s RT 74.4 495s >1.5hr 1000 ppm [299]
Zn0O RT 52% 49 s 59s 50 ppm [300]
Graphene RT 2.8% - - 10 ppm [301]
h-MoO3 200 36% 230s  267s S ppm [185]
FGO RT 12.2% 60 s 80 s 100 ppm [302]
Ag- TiO2 RT 25.1 150s  600s 80 ppm [303]
P/Ag@polyaniline RT 15 - - 100 ppm [304]
Sn—-Ti02@rGO/CNT RT 85% 99 s 66 s 250 ppm [305]
n-MoS:z/p- CuO RT 47% 17s 26s 100 ppm [306]
¢-TiO2/PANI RT 6.3 - - 250 ppm [307]
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Figure 7.8: Studies of the S400 sensor's dynamic sensitivity at reduced ammonia gas

concentrations
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The reproducibility of the built sensors was evaluated over several cycles at an
ammonia concentration of 100 ppm (Fig:7.9a-b). Even after several cycles of ammonia
exposure, neither sensor demonstrated any discernible change in sensing response,
indicating its suitability for commercial production sensors. One year following
fabrication, stability studies revealed that the sensors were exceptionally stable, with
sensitivity decreasing by about 1% following 30 days of continuous assessments

(Fig:7.9c-d).

The calculation of response and recovery times was done in the manner depicted in the
graph (Fig:7.10 a and b). The S350 sensor exhibited the quickest reaction time of 37 s
and the quickest recovery time of 17 s at an ammonia concentration of 5-ppm
(Fig:7.10c and d). The response and recovery times for the S400 sensor were
abnormally long, even though it had a faster sensing response than compared to the
S350 sensor (Fig:7.10 ¢ and d). This might be due to the S400 sensors having a lower
nanorod density than the sensor S350 (Fig:7.3). In all testing conditions, the response
time of both the sensors was delayed than recovery times. This was mostly owing to
the rapid removal of the target analyte from the chamber using the associated vacuum

pump during the experiment.

As ammonia gas concentration increases, the sensor's reaction changes. This is
seen in Figure 7.10. During the whole experiment, the sensor response increased as
ammonia concentration increased. The enhanced adsorption might be ascribed to the
greater number of gas molecules accessible. [180]. However, when comparing the
S400 sensor to the S350 sensor, the improvement in sensing response obtained for the
S400 sensor was substantially larger (Fig 7.10). A possible explanation for this is the
increase in effective surface area, which itself is accompanied by linear expansion, that
occurs during the annealing, as well as the development of deformities and re-
ordering in the crystalline that was seen during the Raman study of the material.
Increased availability of particle surface and adsorption sites within the lattice results
in increased sensing response because of a higher supply of atoms and active sites

within the lattice.
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Figure 7.9: Repeatability and stability studies of (a and ¢) S350 and (b and d) S400
sensors at 100 ppm of ammonia concentration done at room temperature.
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Figure 7.10 Sensor S350 (a and ¢) and S400 (b and d) response and recovery times determined

at room temperature by altering ammonia gas concentration

80



1000

4 ——S350
8004 —*—S400

600-

Ra/Rg

400+

200+

od = -

LJ ] LJ g L] = LJ -1 L]

0 20 40 60 80 100
NH, Concentration (ppm)
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For the sensing mechanism of a-MoO3s nanorods, the depletion layer
modulation model [308] can be employed to describe the sensing process. A structural
defect generated by Mo®" ions in the MoOs octahedron, which acts as a high-affinity
adsorbing site for gas molecules, is believed to be responsible for the sensing
behavior in the a-MoO3 nanorods, according to this model. When an oxygen ion is
withdrawn out of a MoOs octahedron, the oxygen acts as adsorbed oxygen in the
standard mechanism [42,309]. As a result of the adsorbed O2 molecules capturing free
electrons at the surface, a free charge carrier shortfall (electron depletion leading the
depletion region to enlarge) occurs, resulting in increased resistance. When NH3 gas
is supplied to the surface, it combines with the adsorbed oxygen to generate N> and
H>0, which allow electrons that had been trapped in the conduction band to be released
back into the conduction band[310-312]. During ammonia sensing, this results in a
shortening of the bandgap as well as an enhancement in conduction at the surface of
the a-MoO3 molecule (Fig. 7.12). The equations that govern the sensing process can

be expressed in the following manner:
2Mo03 + 2e~ - 2(MoO3)0~ ... (7.3)

2NH3(adsorbed) + 4'(M003)0_ - 4M003 + NZ + 6H20 + 39(_,:0 MOOg) ....... (74)
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Figure 7.12: Schematic diagram of the sensing mechanism of a-MoOs3 nanorods for
ammonia gas

The S400's enhanced sensing response is due to structural changes generated by the
arrangement of the MoOg octahedrons inside the MoOs lattice, as well as variations in atomic
spacing caused by annealing, as discovered by Raman analysis. These modifications may
result in the formation of more flaws in the lattice, increasing the number of adsorption sites

and so improving the sensing response to ammonia gas exposure.

7.3 CO: gas sensing using pSi/Mo0O3 nanohybrid sensors

7.3.1 Materials and methods

In accordance with previously published procedures, the pSi substrate was created by
electrochemical etching on a p-type c-Si substrate [211]. In summary, a (100) oriented p-type
silicon wafer ( 14-22 Q.cm) was immersed in a 1:1 (volume ratio) solution of 48 %
concentrated hydrofluoric acid (HF; Fermont) and 99% dimethylformamide (Fermont) for 10
minutes at a current of 6 mA cm.In order to build the sensors, a vacuum thermal evaporation
deposition technique was used to create an orthorhombic MoOs3 nanocrystalline layer on either
porous silicon (pSi) or crystalline silicon (c-Si) substrates (Fig. 7.13). Hydrothermally
synthesized MoO3 nanorods were employed as a precursor in depositing a 100 nm layer on
the substrates at a substrate temperature of 250 °C. At the end of the process, the hybrid

nanostructures were annealed thermally at 350 ° C in the involvement of ambient air.
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Figure 7.13 The fabrication of a pSi/MoQs sensor is illustrated schematically.

For the gas sensing measurements, silver dots were coated onto a-MoOs as probes
with a separation of below 1.5 mm using silver paint, which was applied with a brush. After
that, the samples were dried at 80 ° C for 2 hours to have the sensor. When measuring the
structural characteristics of the synthesized hybrid structures in the 26-range of 10 to 80
degrees, we used an X-ray diffraction (XRD) instrument, which was equipped with a Bruker
D2 Phaser diffractometer with Cu Ka as the radiation source and A= 1.54nm. In order to
evaluate the surface morphology of the sensors, a Hitachi SU-8020 microscope for field
emission scanning electron microscopy (FESEM) was used. High-resolution transmission
electron microscope (TEM) pictures as well as selected area diffraction patterns (SAED) of
the coatings were captured using a transmission electron microscope (TEM, FEI-Titan G2 80-
300). In this investigation, XPS measurements were utilized to identify the state of chemical
bonding and the elemental makeup of the samples. The measurements were carried out using
an X-ray photoelectron spectrometer from Thermo Scientific. An internal base pressure of 10
¥ m.bar (with X-ray turned on) was maintained within the chamber during the acquisition
using a combination of two turbomolecular pumps, one mechanical pump, and one sublimation
pump. The excitation source was Al Ka, which operated at a voltage of 1486.68 eV. With a
total acquisition period of 12 minutes and 17 seconds, the core levels spectra of Molybdenum
3d, oxygen ls, carbon 1s, and valence states were recorded. Sequential spectral acquisition
was used to obtain the data. The samples examined were 1x1 cm in size and were produced
using the thermal evaporation technique. They were then held for 15 days at room temperature
(25 °C) and 35% RH before being fed into the spectrometer. The core-level peak location of
Ag 3ds; from the manufacturer's sputter cleaned standardized Ag foils was used to calibrate
the binding energy level. The surfaces of the samples were etched with argon to a depth of 5
nm at a rate of 1.19 nm/s utilizing ion gun set at a 300-degree angle and a 2000-eV energy.

During the XPS examination, a flood gun system with a low-energy electron/argon ion micro-

83



focused beam is utilized to neutralize charge on the sample surface. The C 1s peak of the
adventitious carbon (Ad.C) layer is commonly used for charge referencing. When Garczynski
et al. questioned whether or not the binding energy of the Cls peak was constant for all
samples, conducting or non-conducting, they concluded that the Cls peak charge reference
was flawed.[313-315]. The peak location of C 1s in relation to Ad.C changes considerably
according to the substrate, ranging between 284.08 and 286.74 eV. Cls binding energy and
sample work function remain constant for conducting samples, showing that Ad.C layer
electronic levels are aligned to vacuum levels rather than Fermi levels [315]. It was decided
not to utilize the Ad.C layer's C 1s charge reference because of the uncertainty in assuming
the binding energy peak location and the practical challenges in getting the work function of
our samples. We computed the error in the core level binding energy location to be 0.04 eV
by analyzing XPS data from several materials. An SMU source meter (Keithley 2450 SMU,
Fig. 6.18) linked to a PC was used to record the resistance as a function of time during the

sensing measurements.

7.3.2 Results and discussions

Figure 7.14 illustrates the XRD pattern of the pSi/MoQOs3 sensor. The XRD peaks observed in
the pattern (at 20: 12.85°, 25.74°, and 39.05°) correspond to the standard ICDD data [00-001-
0706] for orthorhombic MoOs3 phases with orientation in the (0 k 0) plane, where k =2, 4, and
6, and the result is consistent with our previous observations [316,317]. The presence of the
XRD peaks in the prescribed direction identifies the existence of an orthorhombic MoO3
packed double layer crystal structure on the substrate. Later, it was noted that the structure of
the crystal is ideal for the physical adsorption, de-intercalation of molecules and ions between
its layers, which increases the likelihood of faster electron transit when gas is adsorbed into
the crystal. The Scherrer formula was used to compute the average crystallite size, which came
out to 69 nm. In the (400) plane, the steep peak at 69.32° indicates a silicon substrate direction

[318].

pSi /MoO,Sensor j
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| |
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Figure 7.14 XRD analysis of the pSi/MoO3 sensor
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The FESEM images acquired for the pSi/MoOs sensor at different magnification
are shown in Figure 7.15: a-c. MoOs3 nanorod thin films with a thickness of 100 nm were
deposited above the symmetrical pores of the pSi substrate with diameters ranging from 328
to 945nm. HRTEM was utilized to obtain more surface data at a higher resolution. MoO3 was
removed from the pSi substrate and put on the Cu grid for TEM analysis. It is clear from the
TEM images and SAED patterns (Fig. 7.15: d-f) that the formed MoOs film has a nanorod-
like shape and strong crystallinity. Linear dimensions ranged from 256 nm to 451 nm for
nanorods with 29-76 nm diameters (Fig.7.15: d-e). In addition, the SAED pattern (Fig.7.15f)
validates the unique orientation of the MoQOs planes seen during the XRD examination
(Fig.7.14).An appropriate nucleation site for the formation of nanosized MoOs rods that cover
the whole surface is provided by the pSi substrate's large interior surface area and roughness

[319].

MoO; nanorods

-

Figure 7.15 FESEM images of the pSi/MoQs3 hybrid structure with different magnifications
(a and b) and cross-section images (c). HRTEM pictures of MoOs films (d and e) with nanorod
shape and obtained SAED pattern (f).

Figure 7.16a depicts the XPS spectrum corresponding to the Mo 3d doublet of MoO3
nanorods placed on a pSi substrate. With a baseline adjustment using the Shirley background,
the peaks seen at 232.74 £0.04 eV and 235.9 £0.04 eV correspond to the molybdenum (Mo)
3ds;» and 3ds states, respectively [320]. The Mo® oxidation state of completely oxidized
MoO:s is responsible for the formation of these peaks [321]. There was a 3.2 eV difference in

the binding energy between the 3ds;, and 3ds. peaks, which confirmed the oxidation state of
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Mo®* [42]. Figure 7.16b shows the XPS spectra for oxygen's 1s energy state. The single strong
signal at 530.56 eV can be assigned to 1s oxidation state, which is induced by the presence of
an oxide layer on the surface of the sample [296]. A chemisorption process between the
disassociated hydrogen and the terminal oxygen results in the production of oxygen in the
surface hydroxyl group (OH") which causes the formation of this oxide layer [42]. The XPS
spectra revealed two characteristic peaks of the 2p states of silicon (Fig 7.16c) linked with the
Si0; signal, which were in good accord with the literature [322]. XPS report revealed that
molybdenum and oxygen atoms make up 21.2 % and 78.79 % of the atoms in molybdenum

and oxygen, respectively.
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Figure 7.16 (a) Mo 3d, (b) O 1s, and (c) Si 2p: XPS core-level spectra of pSi/MoOs.

To learn more about gas detecting properties, sensors were built on both pSi and c-Si
substrates. Three different working temperatures (150 °C, 200 °C, and 250 °C) and target gas
concentrations (50 ppm, 100 ppm, and 150 ppm) were used to test CO» sensing responses.
When oxidizing CO, gas was introduced, the sensors' resistance increased, which is expected
for an n-type semiconducting semiconductor (M003)[245,323-325]. Equation (7.5) was used

to obtain the percentage of sensing response (% S) [128]:

[Rg_Ra]

%S = L% 100 % (7.5)

a

where Ra denoted the resistance recorded during CO,-containing ambient air and Rg denoted
the resistance recorded in the presence of higher CO» gas concentrations. The sensor's response
time is defined as the time needed to reach 90% of its maximum resistance, whereas the
sensor's recovery time is described as the time needed to return 90% of the sensor's initial
resistance after achieving 90% of its maximum resistance.

As shown in Fig. 7.17, measurements of the dynamic response of the sensors c-
Si/MoOs and pSi/MoOs were taken when the working temperature was varied from 100°C to
250°C as well as the CO; concentrations varied from 50 ppm to 150 ppm while the relative
humidity was maintained at 38 %. We discovered that the sensing response for both the c-

Si/Mo0O3 and the pSi/MoOs sensors began to respond at a threshold temperature of 150 °C,
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beneath which the sensor response was insignificant. The sensing response of both sensors
rises proportionately to the increment in the working temperature and CO» concentration,
which is similar to previous findings in the literature [133,198,211,326]. The response of the
c-Si/MoOs sensor (Fig. 7.17(b)-(c)) was weak and noisy in comparison to the pSi/MoOs
sensors (Fig. 7.17(d)-(f)), owing to the lesser availability of active sites on the c-Si/MoQO3
sensor due to its flat smooth surface. Due to this, the c-Si/MoOs3 surface may not be capable
of adsorbing CO, molecules, resulting in lower sensing responses.When it comes to the
pSi/MoOQOs sensor, the sensing response increases with temperature and concentration because
of the large number of reaction sites available for adsorption. Although the pSi/MoQO3 sensor's
response at 250 °C was exceptional to that at lower working temperatures, it was found to be

less than satisfactory at temperatures higher than that.
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Figure 7.17 Dynamic response: C-Si/MoOs sensor working at (a) 100 °C, (b) 150 °C, and (c).
pSi/MoOs sensor at (d) 150 °C, (e) 200 °C, and (f) 250 °C.

When used in industrial settings, sensors' repeatability is crucial. Tests of
repeatability were carried out for various cycles varying temperature ranged from 150 to 250
°C and CO; gas levels (50 ppm to 150 ppm). The repeatability graphs for the pSi/MoOj3 sensor
are shown in Fig. 7.18. The sensors' responses were pretty constant over a number of cycles
for the three different temperatures and CO, concentrations. As with the dynamic response
tests, the pSi/MoOs3 sensor displayed an excellent performance at 250 °C for all three different
CO2 gas concentrations (50 , 100, and 150 ppm).
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Figure 7.18 pSi/MoOs sensor repeatability tests at 150 °C, 200 °C, and 250 °C for three distinct
target gas concentrations of 50 ppm, 100 ppm, and 150 ppm.

Figure 7.19 (a) and (b) show how CO, concentrations affect the c-Si/MoO; and pSi/MoOs
sensors' sensing response. When operating at 250 °C and 150 ppm CO, concentration, the
pSi/MoOs3 hybrid sensor showed a maximum sensing response (%S) of 15%. When the
working temperature rises, the sensing response increases as well. This is consistent with prior
observations [211]. It was noticed during the study that the response to concentration gradually
improved. As a result, resistance increases, and sensing response becomes stronger. The
gradual improvement in response with concentration was observed throughout the trial. The
¢-Si/MoQs sensor had sensing responses only at 150 and 200 °C, but they were significantly

lower than the pSi/MoQOs sensor's sensing responses at same temperatures (Fig.7.18). The lack
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of detection for the c-Si/MoOs sensors at 250 °C might be due to the CO» molecule's quick
adsorption and desorption on the sensor's surface, which results in no measurable changes in

the sensor's resistance.
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Figure 7.19 Sensor response (%S) variations with CO, concentration for (a) c-Si/MoO3 and
(b) pSi/MoOQs3 sensors.

The response and recovery times of the prepared sensor are calculated schematically in Fig.
7.20 (a). A systematic investigation was done to evaluate the sensors' ideal functioning
conditions using changes in target gas concentration as well as operating temperature. Figure
7.20 (b)-(d) shows the response and recovery times for the pSi/MoOs sensors at different
operating temperatures and CO, gas concentrations. We observed that the response and
recovery times for all three temperatures (150°C, 200°C, and 250°C), as well as CO» (50 ppm,
100 ppm, and 150 ppm) concentrations studied, were exceedingly fast. For the rise in
temperature (150 to 250 °C) and concentrations (50 to 150 ppm), the response time varied
between 14 and 15 seconds, and the recovery time varied between 15 and 20 seconds. The
response time and recovery time were between 14 and 18 seconds when the operating
temperature was elevated to 200 °C. With response and recovery periods of 8 and 15 seconds,
respectively, the pSi/MoOs sensor working at 250 °C for a CO; concentration of 100
ppm exhibited the quickest response and recovery times. For a 200 °C working temperature
and 150 ppm CO, concentration, the corresponding response and recovery times for the c-
Si/MoOs sensor were 10 s and 9 s, respectively. Aside from that, the delayed recovery time of
pSi/MoOs shown here relative to c-Si/MoOj3 might be due to the adsorbed target gas desorption
from the porous structure taking longer[211]. Our research is the first to describe a pSi/MoO3
nanohybrid-based CO, sensor with such a fast response and sensitivity, as shown in Table 7.2.
The rapid reaction and great sensitivity were due to the distributions of submicron and nano-
sized heterogeneous formations on the porous substrate. As a result, more CO, molecules can
reach the reaction site more quickly with the aid of these structures. Because of this, the

adsorption rate of gas is increased[211].
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Figure 7.20 (a) The calculation of response time and recovery time is represented
schematically in this diagram. Response and recovery times of a pSi/MoQj3 sensor as a function

of CO; concentration for working temperatures (b) 150 °C, (c) 200 °C, and (d) 250 °C.

7.3.3Sensing mechanism

The sensing process for oxidizing gases in MOS, such as ZnO or SnO», is based on
the variation in electrical resistance generated by the adsorption of the target gas on the surface
of the active region, which is a well-known phenomena.The presence of adsorbed oxygen
molecules is usually being associated with a change in resistance. The electrons originating
from oxygen vacancy (VO) sites accumulate on the MOS surface as a result of the increase in
operating temperature and combine with the adsorbed oxygen to create O* and/or O~ species
in a metastable temperature-dependent adsorption-desorption process (equations 7.6-7.9)

[327,328].
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Table 7.2: A literature review on CO; gas sensors.

Sensor Material Operating S Ra Re CO2 Reference
temp (°C) Conc.
pSi/MoO3 250 12.08% 8s 15s 100 Present work
ppm 2020
S-polyether ether RT 47.00% 4.17 min 27.02 5000 [329]
ketone min ppm
Ca-ZnO 350 55.00% 111s 128s 50 [213]
ppm
LizPO4 with MoO3- 500 1.6 16s 22s 300 [210]
doped Li2CO3 ppm
ZnO 350 64% 75s 108 s 400 [330]
ppm
La203 250 64% 80s 50s 400 [331]
ppm
CeO: 250 35% - - 800 [326]
ppm
Ybi1-xCaxFeOs 340 1.315 12s 7s 5000 [332]
(0=x<0.3) ppm
Cal/Al co-doped 300 1.6 30s 2 min 1% [212]
zinc oxide
SnO: 240 1.24 350 4 2000 [333]
ppm
LisTis012 500 1.95 5s 16s 100 [334]
ppm
CNx/pSi RT 1.90 232's 50s 8 [130]
mbar
CuO/CuFe204 250 1.28 55 mins 8 mins 5000 [133]
ppm
Fe-Hydroxyapatite 155 - 25s 20s 23000 [335]
(Fe-HAp) ppm
Lao.sSro.2FeOs 380 1.25 11 mins 5 mins 2000 [134]
ppm
LaFeOs3 300 2.19 4s 8s 2000 [208]
ppm
In2Tes RT 50% 15s - 1000 [336]
ppm
CoAl2O4 450 0.08 50s 45 s 100 [337]
ppm
Hydroxyapatite 165 31.1 20s 15s 1000 [338]
(HAp) ppm
02(gas) « 02(ads) (7-6)
Ozaasy + €~ © 027 (44 (< 100°C) (7.7)

91



02 (qasy + € © 207 (ags) (100 — 300 C) (7.8)

O (qas) t € © 0% (aas) (> 300°C) (7.9)

Then, those oxygen ionized species react with the target gas, resulting in a modification of the
electrical resistance of the MOS film. Typically, the electrical resistance of n-type
semiconductors decreases when exposed to a reducing gas environment such as CO [39] or H»
[181], but the electrical resistance rises when exposed to an oxidizing gas atmosphere such as
NO; [42] or CO» [245,323,324]. When CO; interacts with those oxygen species, electrons are
transferred to CO, molecules, resulting in metastable (CO3)* complexes on MOS's surface
[339-341]. The production of (COs)* complexes decreases the conductivity of the MOS layer
due to a drop in the free electron density [245,342] or causes a bandgap widening [340,341]
due to the formation of a Schottky potential barrier, i.e., a depletion layer on the MOS surface
[343,344], as seen for adsorbed CO, on other MOS. As a result, the drop in MOS conductivity
is proportional to the amount of CO; present in the environment. Finally, when the CO, source
is switched off, the (CO3)* complexes decompose into CO,, and the trapped electrons are

released into the MOS layer, decreasing the resistance of the MOS layer to its starting value.

Although it is similar to other MOS, the sensing process for MoOs is slightly different. For
example, as seen in Fig. 7.21(a), orthorhombic MoO3 has a double layer structure consisting
of connected MoQOg distorted octahedra that develop in a parallel fashion to the direction of
[010] growth [309]. With increasing temperature, one oxygen ion in these double layers is
removed to the surface, while a switch from corner-sharing to edge-sharing octahedron or face-
sharing octahedron rearrangement occurs (Fig. 7.21(b) and 7.21(c)). In the typical mechanism
[42,309], the removed oxygen takes on the role of the adsorbed oxygen. An increase in the
operating temperature causes oxygen to be released from the surface of the MoOj3 sensor. This
causes an increase in the electron density, which reduces the resistivity of the sensor material.
When exposed to electrophilic CO; gas, the free electrons from the -MoOs layer are trapped
as the target gas flows over the substrate. Fig. 7.21(d) shows how electrons are exchanged
from ionized oxygen species on the surface of a-MoOs to CO; adsorbed on the surface, which
become metastable (COs)*” complexes. This increases the resistance of the a-MoOs. As per
the equations (7.10) to (7.13) [42,340,341], the trapped electrons react with the CO; in the

following ways:

A
M0, 03, > M0y O3,y + Vi + €™ +=0, (7.10)

A
M0, 035y + Vg + €™ 450, > M0yO3,_y + Vi + 267 +2.0; (aas) (7.11)

(oxygen removal from MoOs crystal lattice)

92



M0, 0351 + Vi + 267 + 50, + COpgasy + 2™ & M0, 03,1 +5 03 + COz (qas)

(3.11)
(CO; adsorption)

e~ exchange

— 1 . —
M0x03x 1 + 02 + COZ(ads) | — M0x03x_1 + 502 + COZ (ads) (712)

e~ exchange

Mo0yO3y—1 + 5 02 +CO; (ads) < Mo0yO3x—1 + (603)(ads) (7.13)

Once the CO» flow is stopped, the CO2 molecules begin to be desorbed, reversing the
chemical reaction, and lowering the resistivity of MoOs.

Thermally generated electrons contribute significantly to the reduction in resistivity. The free
electron density in a-MoQOj3 grows as the working temperature rises, while the initial resistance
falls, resulting in a larger gap between R, and R, prior to the emergence of the target gas (CO»).
In this ways, it is possible to explain why the sensing response at 250 °C was so much stronger
than at 100 °C and 150 °C in the current investigation. Another factor in the lowering of
resistivity originates from electrons created by thermal processes. At high temperatures, the
free electron density in a-MoOs rises, resulting in a larger gap between Ra and Rg, before the
introduction of the target gas (CO,) [327].

An improvement in the surface area induced by the uniform distribution of the nanocrystalline
a-MoQs layer is responsible for this study's higher sensitivities and low detection limits. In
comparison to continuous thin-film sensors, the interactions of metal oxide MoOj; with CO at
the intersecting points on micro- and nanostructured surfaces might have a significant
influence on the sensor's resistance [328]. An increase in electrical resistance in nanostructured

MoO:s is a sign that it has a greater ability to interact with CO».

7.4 Summary

In this study, synthesis of orthorhombic MoOj3 nanorods were synthesized as powder
and thin film different substrate materials by the means of hydrothermal method and vacuum
thermal evaporation technique. The structural microstructural characterizations were carried
out using, XRD, Raman, FESEM, and TEM, which confirm the formation of orthorhombic
MOO; with nanorod morphology. The elemental characterization was carried out using XPS
from which the oxidation states for corresponding elements i.e., molybdenum and oxygen was
identified. Then ammonia gas sensors were constructed via vacuum thermal evaporation of a-
MoOs nanorods over glass substrates, followed by an annealing procedure in ambient air, to

detect the presence of ammonia gas. The gas sensing evaluation of the prepared sensors

93



revealed an outstanding sensitivity to ammonia gas at room temperature (28 °C) for the
specimen annealed at 400 °C (S400). During testing, it was discovered that the sensors were
responsive to ammonia concentrations as low as 1 ppm, reproducible, and exceptionally stable
after a year of operation, with just a 1 % drop in sensing response. The existence of additional
physisorption sites formed by thermal annealing, as indicated by FESEM and Raman
spectroscopic characterizations of the sensor (S400), may be responsible for the improved
sensing performance of the sensor (S400). The stable a-MoOs3 sensor reported in this study has
the smallest limit of detection and the largest sensing response, making it a promising
candidate for large-scale NH3 sensing in practical production.

In addition to that, porous silicon/molybdenum trioxide hybrid structure, which was
synthesized by simple physical vapor deposition of the MoOs over an electrochemically
generated silicon substrate, was successful in detecting CO, gas at a relatively low
concentration (50 ppm) and working temperature (150 °C). In agreement with the XRD results,
the high-resolution TEM and FESEM pictures demonstrate the development of the precisely
oriented MoOs crystallites on the substrate with nanorod shape. Additionally, the
compositional analysis performed using XPS confirms the homogeneous deposition of
orthorhombic MoOQs3 layer on the silicon substrate and confirms the formation of a hybrid
structure on the sensor surface. The effect of the pSi substrate, operating temperature, and
target gas concentration on sensor performance was investigated. The pSi/MoOs sensor
operating at 250 °C exhibited nearly four times the sensitivity (15% at 150 ppm) of the c-
Si/MoOs sensor (3.9% at 200 °C and 150 ppm) and a much quicker response time (8s at 100
ppm) than the latter (10 s at 200 °C and 150 ppm). The high sensitivity and low detection limit
of the pSi/MoQO3 sensor were deduced from the increase in specific surface area caused by the
uniform distribution of the MoO3 nanorods over the pSi substrate. As a result of the enhanced
interaction and the establishment of a new potential barrier, a favorable condition for CO,
detection is formed. The findings of this study suggest that it is possible to manufacture CO-
sensors on a wide scale utilizing a porous silicon/molybdenum trioxide hybrid structure at a
low cost and with improved efficiency; nevertheless, further research and optimization in the

field are necessary.
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8. M0o:CTx MXENE SYNTHESIZED FROM Mo-In-C NON-

MAX PHASE FOR GAS SENSING AND HYDROGEN
EVOLUTION REACTION APPLICATION

8.1 Introduction

MXenes are a new family of 2D materials with a wide range of uses, including
energy storage, biomedical applications, catalysis, gas sensing, and other fields [250]. They
have the generic formula M. 1 X, Tx, where M may be any early transition metal, X can be
carbon or nitrogen or both, and Tx can be any functional group added during the etching
process from a parent MAX phase, where A = group IIl or IV elements[67,71]. The gas sensing
capabilities of MXene are among the least researched aspects of the material since they are
still in their early phases of development. According to Lee et al., ammonia sensing utilizing
hybrid fibers of TizCoTx MXene/graphene with only a response of 6.6% at a concentration of
50 ppm at room temperature, with lengthier response and recovery time in the range of several
minutes, has been demonstrated at room temperature [251]. Naqvi et al. employ DFT first-
principle calculations to explain the adsorption capability of MoNT, (M=Ti, V) MXenes for a
variety of air pollutants.[125] In addition, Yuvan et al. demonstrated the detection of flexible
sensors employing the 3D MXene system for detecting volatile organic compounds at lower
concentrations [252]. As a sensing material, the great majority have utilized titanium-derived
TisC,Tx MXenes.[253-256]. There have also been attempts to use different MXenes in gas
sensing applications for other VOCs and pollution gases, including Sc,CO, and V,CTy
[123,126]. In spite of the fact that Ti-based MXenes have been extensively used, Mo-based
Mo,CTx Mo,CTx MXenes offer greater conductivity as well as stronger chemical activity as
relative to Ti-based MXenes, that could accelerate gas adsorption and, therefore, increase the
sensing performance of the material.[83,107]. For example, Guo et al. reported on the
selective sensing of toluene out of a variety of volatile organic compounds (VOCs) including
such benzene, acetone, ethanol, and others, utilizing Mo,CTx as a detection method [124]. In
spite of this, Zhou et al. used a complex nitrogen-doped TizC,Tx MXene/polyethyleneimine
combination with prolonged response and recovery (8.8-9 minutes), which may make it
insufficient for real-time monitoring [257]. There is a demand for small, low-power
consuming, ultrasensitive CO, gas detectors with quick response recovery for use in
commercial applications.

The release of increased amounts of carbon dioxide into the atmosphere is the
primary driver of global warming, which results in climate change and the occurrence of
related natural disasters [345]. The primary source of these emissions is the combustion of

fossil fuels, which is supplemented by industrial emissions.[129]. Detection and monitoring
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of low concentrations of CO, are critical in a wide range of sectors, including agriculture,
environmental monitoring, food processing, and biological applications[194,196,332,346].
One of the primary worries of the new world, as global corporations implement unique
techniques to bypass green standards, is the low concentration discharges of CO, from
industries, that should be regulated in real-time for a prolonged period of time [347]. In
addition, the use of CO, gas detection in current medical diagnostics is critical[348]. Another
requirement for large-scale agricultural production is that the greenhouse's CO, levels need
controlled and regulated to ensure photosynthesis [128]. There is a pressing demand for CO,
gas detectors with a good signal-to-noise ratio in all these applications.

On the other hand, Clean, sustainable, and carbon-free fuel is one of the main issues
facing science and technology in the 21st century. For its carbon-free, high-efficiency, and
environmentally friendly energy generation, hydrogen is seen as the fuel of the future [349].
When compared to other techniques of hydrogen fuel synthesis, such as coal gasification,
steam methane reforming, and so on, electrocatalytic hydrogen evolution by means of water
splitting is regarded to be the cleanest [350,351]. One main disadvantage of water splitting is
the poor efficiency with which it produces hydrogen (H»). To overcome this, scientists are in
a search of highly efficient and robust catalysts capable of lowering the overpotential close to
zero volts and thereby accelerating the cathodic hydrogen evolution reaction (HER)[352,353].
Noble metals such as platinum, rhodium, ruthenium, etc., or their composites are widely used
because of their ability to lower the overpotential near zero along with the outstanding
electrocatalytic HER efficiency[354]. Due to various limitations such as the high cost and
scarcity of noble metal catalysts together with the low efficiency from the alternate catalysts,
only 4% of H, is produced from water splitting [355,356] For the large-scale clean production
of H, more economically, non-noble metal catalysts with low cost, stability, and higher
efficiency are needed[91].

In this chapter we are going to discuss about the synthesis and characterization of Mo-In-C
non-MAX phase and Mo,CTx MXenes by varying the synthesis parameters and extending their

application for gas sensing and electrochemical hydrogen evolution reactions.

8.2 Materials and Methods

8.2.1 MXene Synthesis:
Mo,CTx was synthesized from Mo-In-C non-MAX phase synthesized via HF free etching

method reported elsewhere [357]. For the preparation of Mo-In-C non-MAX phase, Mo,C
bulk powder (99.5%; Sigma Aldrich) and indium powder (In, 99.9%; Sigma Aldrich) mixed
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in the molecular weight ratio of 1:5 using a mortar and pestle for 40 minutes until a uniform
mixture is obtained. The obtained mixture was immediately passed to a tubular furnace
equipped with constant Argon flow for the calcination in an inert atmosphere at different
synthesis temperatures from 850 (M850), 1000 (M1000) to 1100 °C (M1100) for a reaction
time of 2 hours. Then, obtained solid substance was immersed in concentrated hydrochloric
acid (37%; Sigma Aldrich) to remove the unreacted indium particles. After the removal of HCI
and unreacted In, the obtained powder was etched under ultraviolet light in phosphoric acid
for a time of 24 hours for etching out the In from the Mo-In-C MAX phase. Then the solution
was washed several times using distilled water until pH ~ 6 to remove the phosphoric acid.
After the above process, the obtained slurry was exfoliated using an ultrasonic bath for
obtaining layered Mo>CTx MXene with -O terminated groups. The obtained MXenes were
named as MX850, MX1000, and MX1100 respectively.

In + Mo,C

V4 o nl 7]
w— —
Solid State reaction Mo-In-C non-MAX

(Tubular Furnace) phase l

—— E==="1

Monolayer Mo,CT, Layered Mo,CT, ~

UV assisted Etching
(Mo-In-C in H;P0,)

Figure 8.1 The preparation of 2D Mo,C MXene out of Mo-In-C non-MAX phase is illustrated

in this diagram.

8.2.2 Gas sensor fabrication
As part of the sensor's construction, we mixed the Mo,CTx powder with drops of distilled

water to get the desired mud-like consistency and deposited it to either the porous or crystalline
silicon substrates (University wafer; 14-22 cm resistivity). A hot plate at 50 °C was used to
dry the substrates after deposition. The porous silicon substrate was made using a method
described by our group elsewhere [358]. Briefly, p-type silicon wafers were electrochemically
etched using concentrated hydrogen fluoride (48%; Fermont) over 10 minutes at a constant

current of 6 mAcm™'.
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Figure 8.2 Pictorial representation of the production of Mo,CTx MXene and the fabrication of

the sensor.

8.2.3 Preparation of electrocatalyst (working electrode) for electrochemical
hydrogen evolution:

Obtained 4 sets of samples were used for the fabrication of electrocatalyst electrodes on nickel
foam (Fig:8.3). For that, a slurry was prepared using Smg of Mo.CTx MXene powder in 25 pL
of Isopropyl alcohol (Sigma Aldrich;98%) and 25 pL of Nafion (Sigma Aldrich;1100W)
binder mixed by ultrasonication for 1 hour to get a thick uniform slurry. The obtained slurry
was uniformly deposited over 1x1 cm? nickel foam and dried in the hot air oven overnight at
60 °C used as the working electrode. For the cleaning of the nickel foam, 2M HCI followed by
distilled water and ethanol and dried in hot air oven at 60 °C over night before deposition of

the material.

UV assisted e
phosphoric acid MXene slurry painting
etching Lo .
Mo-In-C Mo,CT, Mo,CT, on Nickel foam

Non-MAX phase

Figure 8.3 Schematic representation of the electrode preparation for the hydrogen evolution,
In this study, the structure of Mo-In-C and Mo,CTx was determined by utilizing an
X-ray diffractometer (XRD) with a Co K, source (A = 1.78901 A) using a PANalytical

Empyrean X-ray diffractometer with a scan rate of 5 degrees per minute. Escalab 250Xi
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Thermo Scientific X-ray Photoelectron spectrophotometer (XPS) with Al K source (A =
1486.68 eV) was used to perform the elemental characterizations of the samples. Utilizing a
Hitachi SU-8020 field emission scanning microscope with an integrated elemental analyzer,
the morphology and EDS (energy dispersive x-ray spectroscopy) of the samples were
determined. High-resolution transmission electron microscopy (HRTEM) using FEI-Titan G2
80-300 HRTEM was used to determine the crystal structure and morphology of the samples
that were collected from the samples. A Keithley 2450 source measuring unit was used to
conduct the electrical measurements. A thermo-resistance attached to the sensing setup was
used to regulate the operating temperature of the produced sensors, and a conventional type-J
thermocouple attached to the computer was used to monitor it. Finally, the electrochemical
characterizations such as linear sweep voltammetry (LSV) and electrochemical impedance

spectroscopy (EIS) were carried out utilizing Biologic SP300 potentiostat.

8.3 Results and discussions

8.3.1 Crystal Structure and Surface Morphology of Mo-In-C non-MAX phase and
Mo;CTx MXene

The variation in the structure of the synthesized Mo-In-C non-MAX phases and corresponding
MXene samples was analyzed by studying the XRD plots corresponding to each as shown in
Figure 8.4. The XRD plot of the Mo-In-C non-MAX phase synthesized at different
temperature is as shown in the Figure 3a. The major peaks for all the three samples were
corresponding to indium (In) (ICDD:00-001-1042), Mo (00-001-1208) and orthorhombic
MoC (00-031-0871;a =4.72 A, b=6.00 A, ¢ = 5.19 A). It was observed that samples M850
and M1000 were mostly identical with all the peaks matching to each other with peak
corresponding to Mo,C at 46.38° from the plane (1 0 2). Whereas in the case of M1100 the
intensity of the peak at 38.65° from the plane (1 1 1) which corresponds to the In dominates.
This may be due to the involvement of the high temperature for the solid-state reaction causing
the improved infusing of indium to the stoichiometry of the Mo,C producing the non-MAX
phase.

MXene samples' peaks (Figure: 4) were all same with major peaks at 40.13, 44.27,
46.19, 61.26, and 72.94° which corresponds to the reflections from the crystal plane (0 0 2),
(101),(102),and (1 10) of the hexagonal Mo>C MXene (ICDD card no: 00-035-0787; a =
b=2.99 A, c=4.72 A). For the samples, MX850, MX 1000 and MX 1100 made from the Mo-
In-C non-MAX phases synthesized at 1000 and 1100 °C exhibited a peak at 47.34°
corresponding to cubic molybdenum (ICDD card no:00-042-1120), which may be because of
high temperature involved reaction causing the breakdown of Mo,C crystal. Interestingly, the

Mo peak was absent in the MX1000 even if synthesized at 1000 °C. This may be because of
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the recrystallization of Mo,C happening during this period or absence of the breakdown of the
Mo.C.

According to the results of the study, the structural alterations in Mo-In-C and Mo,CTy might
be attributed to the lattice rearrangement that happened during the synthesis of MXene by UV
aided phosphoric acid etching. The crystallite sizes of non-MAX Mo-In-C and Mo,CTx were
estimated using a modified Scherrer's formula, and they were found to be 49.12+1.3 nm and

38.27£0.39 nm, respectively, according to the results. [359]
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Figure 8.4 Structural characterization using XRD of different Mo-In-C non-MAX phases

synthesized by varying reaction temperatures from 850 to 1100 °C and corresponding Mo,CTy

MXenes.
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Figure 8.5 FESEM images of (a-b) MX850, (c-d) MX1000 and (e-f) MX1100 MXenes.

Morphology of the synthesized MXenes were analyzed using the FESEM
characterization, which is illustrated as shown in Figure 5. The layered morphology of the 2D
MXene was visible for the samples MX850 and MX1100 (Fig:8.5a-b, and 8.5 c-d). Whereas
in the case of M 1000 layers were not clearly visible from the FESEM images (Fig:5c-d). This
could be the result of the lack of exfoliation or proper reaction at this temperature causing
separation of the layers. The interplanar spacing of Mo,CTy (Fig:8.6b) increased little relative
to its precursor Mo-In-C non-MAX (Fig:8.6a) when analyzed using HRTEM images. As a
result of the phosphoric acid etching under UV light and ultrasonic exfoliation of the Mo,CTx
MXene, the interplanar spacing has increased, perhaps due to the intercalation of the functional
group (-0)[360]. This layered morphology increases the surface area which may enhance the

HER performance or gas sensing performance due to the availabilities of more active sites.

=

(L- 0.3931 nm

Figure 8.6 TEM images of (a)Mo-In-C and (b) Mo,CTj, respectively.
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Samples were put on an Al substrate to record the EDS spectra, and as a result, an
Al -K peak was identified in the EDS spectra (Fig:8.7). The empirical formula MosIn,C7 was
derived from the relevant EDS data and applied to the as-synthesized non-MAX phase, which
contained Mo, C, and In. A thorough examination on EDS spectrum of phosphoric acid etched
Mo,CTy samples verified that In had been eliminated from the stoichiometry of MogIn.C.
The presence of an oxygen signal in the EDS spectrum of Mo2CTy indicates that the
phosphoric acid etching process resulted in the intercalation of the -O functional group

[228].

AI'KG.I MO'La
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Figure 8.7 EDX spectra of Mo-In-C (M1100) and Mo,CTx (MX1100).

The XPS survey spectra show the elemental composition Mo-In-C non-MAX phase
and Mo,CTxMXene (Fig:8.8a). The core-level spectrum of Mo 3d related to Mo,CTxis shown
as (Fig:8.8b) with doublet peaks of Mo 3ds» and Mo 3ds, at 235.92 and 232.89 eV,
respectively. These peaks can be related to 3 main components with 235.92 and 235.68
corresponding to Mo®" (MoxOy), 232.89 eV agreeing with Mo*" (Mo-X) sub-stoichiometric
molybdenum carbide or molybdenum oxycarbide, and 231.65 eV equivalent to the Mo** (Mo-
C) oxidation states of molybdenum [361,362]. In the core level spectrum of the C 1s (Fig:8.8c),
the deconvolution resulted in 5 signals at 282.98, 283.78, 284.67, 285.57, and 286.67 eV,
which correspond to typical Mo,CTx bonding Mo-C, C-C, C=0, and C-OH,
respectively[228,363]. Whereas for the deconvoluted core level spectrum of O 1s (Fig:8.8d)
there were 3 signals at 530.67, 531.95, and 532.97 related to the Mo-O (molybdenum oxide),
C-OH, and M-OH, respectively[255]. Thus, the XPS characterization along with XRD results
confirm the formation of the Mo,CTx MXene from the Mo-In-C non-MAX phase by the
selective etching of In and the presence of -O in the stoichiometry by the means of UV-assisted

phosphoric acid etching and exfoliation.
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Figure 8.8 XPS survey spectrum of the as-synthesized Mo-In-C non-MAX phase (at 1100°C)
and Mo,CTx MXene (a) and high-resolution spectrum of the Mo 3d, Cls, and Ols of the
Mo.CTx MXene.

8.3.2 Mo>CTx MXene for carbon dioxide gas sensing
Following deposition of the Mo,CTx MXene layer on porous silicon substrate, the

morphology of pSi/Mo,CTx was studied by FESEM characterisation (Fig:8.9). Before the
deposition, the surface morphology of the porous silicon substrates was examined, and
FESEM npictures revealed homogeneous pores with a pore size range of 350-950 nm.
(Fig:8.9a-b). Surface and cross-section photos clearly show the homogeneous deposition of
multilayered Mo,CTx MXene on porous silicon(Fig: 8.9¢c-f). There was a continuous film of
Mo,CTx MXenes covering both the surface and the pores of the porous silicon substrates
(Fig:8.9c,d, and f). The cross-section images were used to estimate the thin film thickness
over the substrate and it is 1.096 +0.34 um on average. It was possible to see the Mo,CTy
MXene's layered shape in the high-resolution FESEM pictures (Fig:8g-h), and the EDS
elemental mappings confirmed the existence of Mo, C, and O in the atomic percentages of

51.57,26.44, and 21.97% (Fig:8i-1).
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Figure 8.9 FESEM images of the porous silicon substrate (a and b), pSi/M02CTx sensor
surface (c and d) cross-section images of the sensor (e and f), and high-resolution images of
the layered M0.CTx Mxenes. EDS mapping images of the Mo.CTx on pSi (i-1).

The effect of the substrate material on the sensing performance was investigated
systematically by comparing the sensitivity of the fabricated sensors on cSi, pSi, and glass by
varying concentrations of CO gas (50ppm, 100 ppm, and 150 ppm) and working temperature
from room temperature (30) to 250 °C. For the sensing measurements the percentage
sensitivity (%S) was calculated using the formula (Equation 8.1) [211,358]:

%S = S x 100 8.1),

a

where R, is the resistance in the ambient air and R, is the resistance in the presence of the CO»
gas. Sensing responses of the fabricated sensors are displayed in Fig:8.10. At room
temperature, the sensor fabricated on a glass substrate (Fig:8.10a) showed the highest
percentage response of 2.31% for 150 ppm of CO;, which is the highest among other fabricated
sensors of this study and the previous reports to the best of our knowledge (Table 8.1). In
addition to that detection of 50 ppm of CO; at 30 °C was achieved with a percentage sensitivity
of 1.14%, which is also the highest compared to the previous reports on MXene based CO»
sensors working at low temperatures (Table 8.1). A gradual increase in the sensing response
with the increase in the working temperature from 30 to 200 °C for pSi/M02CTx, ¢Si/M02CTy,
and glass/Mo,CTy sensors for all three concentrations (50, 100, and 150 ppm) of CO,. Similar
to our previous report [358], pSi/Mo.CT; sensors showed a higher sensing response compared
to cSi/Mo,CTx and glass/Mo,CTx sensors (Fig:8) at higher working temperatures (other than
room temperature) and all CO; concentrations. The highest percentage sensitivity of 25% was
detected for the pSi/Mo,CTy sensor working at 250 °C and 150 ppm of CO, gas (Fig:8c). In
the case of cSi/Mo,CTy it was only 13% at the same condition and 9.5% for glass/Mo,CTy at
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the same conditions(Fig:8a-b). Even though the sensitivity of cSi/Mo,CTx was almost half of
the pSi/M0,CTy, it was still higher than the cSi/MoOs3 sensor (S=8%) reported elsewhere by
our group[358]. Also, we observed that after 200 °C the sensitivity of the cSi/Mo,CTy sensor
was reaching saturation with no increase for all the 3 concentrations of CO, gas, unlike the
pSi/Mo2CTyx sensor. In the case of glass/M0.CTx it decreases from 15.4% at 200 °C to 9.5% at
250 °C for a CO; concentration of 150 ppm which also indicates the presence of a saturating
working temperature for the sensor. This indicates the porous nature of the substrate plays a
critical role in the sensing mechanism as explained further. It was also observed that the
resistance of the sensors kept increasing positively on the exposure of CO» gas in all cases

similar to the previous reports on MXene based sensors [124,251,347], which is explained

below in the mechanism part.
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Figure 8.10 Working temperature v/s percentage sensitivity for glass/MoCTx (a),
c¢S1/Mo2CTx (b) and pSi/Mo2CTx (c) sensors for different CO> concentrations.

After analyzing the pSi/Mo,C at different concentrations and temperatures, the
same device was further evaluated at dry (30%, RH) and wet conditions (66%, RH)(Fig:8.10
and 11) to study the effect of humidity. It was observed that there was an increase in the
sensitivity with the increase in the humidity (66%, RH) i.e., the percentage sensitivity at 250
°C and 150 ppm of CO; increased to 32% (Fig:8.11b) from 25%. Similar observations were
obtained during the experiments with other working temperatures and CO, gas concentrations

(Fig:8.11). Thus it was observed that humidity plays a vital role in the sensing performance of

the fabricated sensor which is explained in detail later.
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Figure 8.11 The variation in the sensing response with 30% (a) and 66% (b) of
humidity for the pSi/M02CTx sensor.
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Figure 8.12 Dynamic response studies of pSi/Mo>CTx sensor at 66% humidity for different
working temperatures (60, 100, 150, 200, and 250 °C) and CO, (50, 100, and 150 ppm)

concentrations.

All the three fabricated sensors glass/Mo>CTy, pSi/M02CTy and c¢Si/Mo>CT sensors
exhibited quick response and recovery times compared to other reported MXene based CO,
gas sensors (Table 8.1). Even at a low room temperature of 30 °C, the pSi/Mo>CTx sensor
showed a fast response and recovery times of 32 s and 45 s, respectively (Fig:8.13) for 50 ppm

of CO» gas. With the increase in working temperature, we observed a quicker response and
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recovery time for both sensors. In the higher humidity conditions (66%), the response and
recovery times were a little slower with values of 66.57 s and 113.43 s, respectively for a
pSi/Mo>CTx sensor working at 60 °C and 50 ppm of CO, (Fig:8.14). Among all the
observations we made, the fastest response and recovery times of 27 s and 32 s were observed
for the pSi/Mo.CTx sensor working at 250 °C and 150 ppm of CO;
(Fig:8.13i), which is the lowest reported value for an MXene based CO, gas sensor. For a
commercial application, low power consuming, highly sensitive sensors with fast response and
recovery times are essential. In addition to that, miniaturization of the sensor devices is also
desirable for low-cost production, where porous materials with higher surface areas can serve
the purpose. For that, our fabricated pSi/Mo,CTx sensor can work at room temperature (30 °C)
consuming low power with lower limits of detection (50 ppm) along with the fast response
and recovery times compared to existing CO; sensors working at low temperatures (Table 8.1).
Although there are reports on the room temperature CO; sensing based on the MXenes, the
response and recovery times were too long in the order of several minutes and sensing

responses were too low, which makes them difficult for real-time applications .
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Figure 8.13 Response and recovery times for the Si02/M0,CTy, ¢Si/Mo,CTy, and pSi/M0.CTx

sensors at different working temperatures and CO, concentrations.
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Figure 8.14 Response and recovery times calculated for pSi/Mo,CTy sensors at 66% humidity
for different working temperatures (60, 100, 150, 200, and 250 °C) and CO, (50, 100, and 150

ppm) concentrations.

The repeatability studies of the fabricated pSi/Mo.CTx, cSi/M0,CTyx, and glass/Mo,CTx
sensors were carried out by measuring the percentage sensitivity for repeated sensing cycles
by varying the working temperature and the CO, concentrations as shown in (Figures
8.12,8.15-8.18). All the three sensors were mostly stable for repeated cycles with the response
curves identical to each other for all the different variations in the concentrations and working
temperature. There was a gradual increase in the sensing response with the increase in the
working temperature as well as with the CO» concentrations. The percentage sensitivity was
almost constant for repeated experimental cycles even at lower working temperatures (30 °C)
and low CO, concentrations as low as 50 ppm (Fig:8.15a). This indicates that fabricated

sensors were highly repeatable over a range of temperature as well as concentrations.
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Figure 8.15 The low-temperature dynamic response studies of the fabricated pSi//Mo>CTx
sensors for different working temperatures (30,60, and 100) and different CO» concentrations
(50, 100, and 150 ppm)

The stability of the fabricated pSi/Mo,CTy sensor was studied by performing the sensing
characterization at 60 °C and 150 ppm of CO, gas for 65 days after fabrication and comparing
the percentage sensitivity (Fig:8.20). It was observed that the percentage sensitivity decreased
~2% after 65 days of stable operation which confirms the high stability of the fabricated
pSi/Mo,CTx sensor.

110



ARIR_ (%)

ARIR (%)

ARIR (%)

»

4 a4
150°C50ppm  (a) 150°C 100 ppm (D) 150 °C 150ppm (c)
34 T 3 % 3
2 £
o L]
24 X 2 X )
2 ©
<4 <
14 14 14
0 0 0 e . —. W
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
i Time (s) Time (s) Time (s)
200 °C 50ppm 200 °C 100ppm 200 °C 150ppm I
84 (d)| ~ 10 e)l _ (f)
2 10
6 ~ =
g g
44 4
< 4 < 51
24
0 g A et 0 R, | S n— 0
50 100 150 200 250 50 100 150 200 250 "0 50 100 150 200 250
w Time (s) . Time (s) . Time (s)
. 250 °C 50 ppm a0] 250°C 100 ppm (h) s0] 250°C 150 ppm (i)
s I 25 £ 25
~a 20 ~% 20.
154 14 14
E 15 g 15/
10 10 10
5 5] 5
50 100 150 200 250 300 50 100 150 200 250 50 100 150 200 250

Time (s)

Time (s)

Time (s)

Figure 8.16 The high-temperature dynamic response studies of the fabricated pSi//Mo.CTx
sensors for different working temperatures (150, 200, and 250 °C) and different CO>
concentrations (50, 100, and 150 ppm)
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Figure 8.17 Low-temperature dynamic response studies of glass/Mo,CTy sensor for different

working temperatures (30, 60, and 100 °C) and CO; (50, 100, and 150 ppm) concentrations.
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Figure 8.18 High-temperature dynamic response studies of glass/M0.CTx sensor for different

working temperatures (150, 200, and 250 °C) and CO; (50, 100, and 150 ppm) concentrations.
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Figure 8.19 Dynamic response studies of cSi/Mo.CTx sensor for different working

temperatures (60, 100, 150, 200, and 250 °C) and CO; (50, 100, and 150 ppm) concentrations.
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Figure 8.20 Stability curve for the fabricated pSi//Mo.CTx sensors working at 60 °C and 150

ppm of CO» gas for 65 days.

Table 8.2 Comparison of CO: sensing performance with similar materials

Sensing Sensing  The Response Working Reference
material response detection and temperature

(%) limit recovery (°C)

(ppm) time

pSi/Mo2CTx 1.14 50 30and 45 s 30
glass/Mo,CTx 2.3 150 28 and 40 s 30 This work
Si/SiO2/rGO/N-  ~1 8 8.8 and 9 mins 20 [257]
MXene/PEI

0.53 Not Not reported RT [256]
Si/SiO2/Ti3C2Tx Reported
SiO2/TizCaTx 0.1 10000 Not reported RT [255]
SiO2/Sulfonated 47 5000 4.17 and 27.02 RT [329]
polyether ether mins
ketone
PAA-amino - 1000 3.07 and 2.95 RT [364]
CNT mins
SnO2/rGO 0.07 5 - RT [365]
BaTiO3—CuO - 500 2 mins RT [366]
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TiO2—-PANI 53 1000 92 and 5.7 RT [367]
mins

Zn0O/CuO 9.7 1000 1-4 mins RT [368]

The sensing mechanism of the fabricated pSi/Mo2CTx, cSi/ M02CTyx, glass/MoCTx
sensors can be explained as the semiconducting behavior similar to the previous reports on
MXene based gas sensors towards oxidizing gases [252,369]. The semiconducting behavior
of the MoCTx MXene can be related to the presence of oxygen funtionalization on the surface
[370]. A positive change in the resistance was observed throughout the experiment on the
exposure of oxidizing electrophilic CO» gas on the sensor surface. This response is similar to
the previous reports on MXene sensors, which is caused by a decrease in the density of charge
carriers on the surface of the sensor when CO; gas molecules are adsorbed during exposure
[255]. This phenomenon can be explained briefly as the reaction of the -O species (which are
attached to the stoichiometric Mo,CTx MXene as a consequence of the UV-assisted
phosphoric acid etching), and CO, molecule producing a metastable (COs)* ion with the
expense of thermal energy (Equation 8.2), causing an electron scarcity on the surface of the
sensor during the exposure of the gas [358,369]. The proposed reactions are reversible once

the gas flow is turned off; i.e., we observed a decrease in resistance to their initial values.

AT

M0;CixO1_y + Vo, +2e7 + CO; S M0yCi_y 0y + (CO3)* 52

The increase in the sensing response with the temperature can also be related to the
semiconducting behavior of the fabricated sensor[127,333,346,369]. With the increase in the
temperature, the initial resistance values decreased considerably due to the thermally generated
electrons. This increment in electron density causes an increase in the relative difference
between R, and R,. Therefore, we observed an increased sensitivity at higher operating
temperatures compared to lower ones. On the other hand, a higher sensing response in the high
humid condition can be explained as the acceleration of the reaction rate due to the increased
water content trapped inside the hydrophilic layered Mo,CTx MXene (Figure 8.21) [371].
When a water molecule is attached to the hydrophilic surface of the pSi/cSi/M0,CTx sensor in
a high humid condition, it reacts with CO; thereby decreasing the initial resistance due to the
presence of additional hydroxyl groups, which serve as the electron donors[372]. The increase
in the sensing response of the sensor fabricated on the pSi substrate compared to the c¢Si and
glass was due to the increase in the surface to volume ratio and availability of more adsorption

sites due to the deposition of the layered Mo.CTx on the pores. However, some contradictory
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results were found at 30 °C. The highest room temperature sensitivity was found for the
glass/Mo,CTy sensor when compared to the other sensors. This peculiar sensing behavior can
be explained by the absence of charge carriers transferred from the surface of either cSi or pSi
substrates to the MXene layer at room temperature. In the case of glass, there are no charge
carriers on its surface at all the temperatures, which resulted in a lower sensing response
compared to pSi when the temperature is above 60 °C at high temperatures (above 60 °C),
which may contribute to the sensing response by reducing the electrical resistance of MXene
layer. Moreover, at room temperature in the case of porous silicon, other gases present in the
atmosphere can block the active sites inside its pores, which leads to a decrease in the sensing
response. But in the case of glass and cSi substrates, their surfaces are flat and there is less
chance of blocking by the ambient gases which results in a higher sensing response at room

temperature compared to pSi.
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Figure 8.21 Schematic representation of the sensing mechanism at dry and wet conditions.

8.3.3 Mo,CTx MXene for electrochemical hydrogen evolution reaction application

The HER performance of the fabricated Mo>CTj electrodes was carried out in 0.5
M H,SO; electrolyte. The influence of synthesis temperature of the non-MAX phase during
the M0,CTy on the HER performance was evaluated by performing LSV. The polarization
curve for the corresponding electrodes is represented as in Figure 22a. The LSV measurements
were performed at a scan rate of 5 mV/s in a stabilized system after running 20 cycles of CV.
The bare nickel foam showed an overpotential of -585 mV at 10 mA.cm™ which confirmed
the activity of the MXene material on it is solely responsible for the improved HER

performance. The lowest overpotential was observed for the sample MX850, with a value of -
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138 mV at a current density of 10 mA.cm™ which is the lowest reported for Mo,CTx MXene
to the best of our knowledge [239]. For other MXene samples, the overpotentials were -350,
and -240 mV for the samples MX 1000, and MX1100, respectively at a current density of 10
mA.cm™. With the increase in the synthesis temperature up to 1100 °C the overpotential was
observed increasing as shown in Fig: 8.22a. The lowest overpotential of MX850 may be due
to the flaky layered morphology causing higher surface area and due to the increased

conductivity.
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Figure 8.22 Polarization curve (a) of the fabricated Mo,CTx MXene synthesized from Mo-In-
C non-MAX phase at different temperatures from 850 to 1100 °C along with the bare nickel

foam and (b) corresponding Tafel slopes.

The kinetics of the HER was studied by analyzing the Tafel slopes (Fig:8.22a) drawn by fitting
the polarization curves using the Tafel equation 7 = b logj + a, where b is the Tafel slope
1 is the overpotential, j is the current density and a is the overpotential at unit current
density[373].By comparing the value of Tafel plots it’s very easy to understand about the
mechanism happening during the HER. Generally, HER may be happening through three steps
in both acidic and basic medium, which are the Volmer reaction (Equation 8.3), the Heyrovsky

reaction (Equation 8.4) followed by the Tafel reaction (Equation 8.5).

H"+e +M S MH,;, (118.4 mV.dec™ 1) (8.3)
MHg s + H" + e~ S M+ H, (39.4mV.dec™1) (8.4)
2MH 4 S 2M + H, (29.6 mV.dec™ 1) (8.5)

where M is the electrode surface.

When HER process is limited by the Volmer-Heyrovsky mechanism, the Tafel slopes are equal
to 39.4 and 118.3 mV.dec! [160]. The Tafel slope for the sample MX1000, MX1100 and
MX850 were 82, 56 and 41 mV.dec™!, respectively. This indicated that all the samples were
performing HER through the Volmer-Heyrovsky mechanism. The excellent HER kinetics and
improved conductivity of MX850 can be due consequence of the layered morphology and

increased conductivity.
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To understand the kinetics and surface interaction of the fabricated MXene electrodes,
electrochemical impedance spectroscopy was performed, and Nyquist plots we drawn as
shown in the Fig: 8.23. The charge transfer resistance (R.)) was calculate by fitting the curves
with corresponding equivalent circuits, which are matching with the modified Randles cell
(Fig:8.23 {inset}) for all the 4 electrode with semicircles in the Nyquist plots [374]. The
lowest Rt was observed for sample MX850 with 10.38 ohms and the highest for MX1000 with
12.54 ohms. These were the smallest reported values for Mo>CTx MXene to the best of our
knowledge. This can be correlated to the higher conductivity and improved chemical
properties of Mo,CTx which resulted in the enhanced electron kinetics in electrolyte which is
like what we observed in the polarization curve and the Tafel plot because of the increase in

the reaction temperature during the formation of Mo-In-C non-MAX phase.
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Figure 8.23 Nyquist plot of the fabricated MXene electrode measured in the frequency range

0.1 to 100 kHz and the equivalent circuit is indexed in the inset which resembles a simplified

Randles cell.

84 Summary

In summary, we synthesized we Mo,CTx MXenes from Mo-In-C non-MAX phase by the
means of solid-state reaction varying the synthesis temperature followed by UV assisted
phosphoric acid etching and exfoliation. The microstructural characterization using the XRD
and FESEM confirmed the formation of layered Mo.CTx MXene by etching out indium from

the parent non-MAX phase. The elemental characterization using XPS, and EDS along with
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the TEM also confirms the formation of the MXene. Then we fabricated Mo,CTx MXene
sensors supported on different substrates (glass, crystalline, or porous silicon) for the detection
of CO; at room temperature. The gas sensing studies were carried out by varying working
temperature from 30 to 250 °C and CO; concentrations from 50 to 150 ppm. Compared with
crystalline silicon sensors, sensors made on porous silicon and glass exhibit excellent room
temperature sensing response and fast response and recovery time under 50 ppm CO; gas. On
the other hand, the highest percentage sensitivity of 25% was exhibited by the sensor fabricated
on porous silicon working at 250 °C for 150 ppm of CO, gas compared to crystalline silicon
and glass substrate. In addition, the fabricated porous silicon/Mo>CTx sensor demonstrated fast
response and recovery times of 30 and 45 s respectively working at 30 °C and 50 ppm of CO»
which are the fastest reported values at room temperature. In addition to that, the percentage
sensitivity was found to increase with the humidity accompanied by a delayed response and
recovery. Dynamic response studies carried out for different working temperatures and CO-
concentrations along with the stability tests confirmed the repeatability and stability of the
fabricated sensor. This work is an attempt to fabricate a low cost highly stable, fast responding,
and recovering CO, gas sensors working at room temperature using Mo,CTx MXene for
commercial application.

In addition to that electrochemical hydrogen evolution reaction (HER) application
of the synthesized Mo,CTx MXenes as working electrodes were performed using a three-
electrode electrochemical cell with Ag/AgCl as the reference electrode and platinum as the
counter electrode in 0.5M H»SOs acidic electrolyte. The lowest overpotential was observed for
the MXene synthesized from non-MAX phase at 850 °C with a value of -138 mV at 10 mA/cm?
current density and the corresponding Tafel slope was 41 mV. The series resistance calculated
using the equivalent circuit (modified Randle’s) form the Nyquist plot was 10.38 ohms which
is the lowest in the case of Mo,CTx MXene.
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9. Conclusion

This thesis was an attempt to portray the gas sensing and hydrogen evolution
application of molybdenum based 1D and 2D nanostructures with the help of systematic study
of the synthesis and characterization strategies involved. The major conclusions obtained
during this study is depicted as follows.

To detect the presence of ammonia gas, gas sensors were produced in this work
using vacuum thermal evaporation of a-MoO; nanorods on glass substrates, followed by an
annealing technique in ambient air. The gas sensing assessment of the produced sensors
demonstrated that the specimen annealed at 400 ° C had exceptional sensitivity towards
ammonia gas at room temperature (28 °C). In the process of the testing, it was determined that
the sensors remained responding to ammonia levels as low as 1ppm, highly repeatable,
and remarkably stable after one year of working, with just a 1% decline in the sensing
response. According to the results of FESEM as well as Raman spectroscopic studies of the
sensors, the presence of extra physisorption sites produced by thermal annealing may be the
reason for the increased device properties of the sensor annealed at 400 °C. The stable a-MoO3
sensor disclosed in this work has the narrowest limit of detection and the highest sensing
response, making it a potential choice for big NH3 sensing in practical manufacturing.

Additionally, a porous silicon/molybdenum trioxide hybrid structure, that was
produced via simple thermal evaporation of the MoOs over an electrochemically produced
silicon substrate, proved effective in sensing CO, gas at a low concentration level (50 ppm)
and working temperature (150 °C). TEM and FESEM images with high resolution show the
formation of properly aligned MoOs crystallites on a nanorod-shaped substrate, which is
consistent with the XRD data. The compositional study done using XPS also verifies the
uniform deposition of orthorhombic MoOs layers on the porous silicon substrate as well as the
creation of a hybrid structure on the substrate surface, which is consistent with the previous
findings. The sensor performance was examined in relation to the pSi substrate, working
temperature, as well as target gas concentration. At 250 °C, the pSi/MoOs3 sensor demonstrated
approximately fourfold the sensitivity (15 % at 150 ppm) of the c-Si/MoOs sensor (3.9 % at
200 °C and 150 ppm) and a much faster response time (8s at 100 ppm) compared to the c-
Si sensor (10 s at 200 °C and 150 ppm). Due to the homogeneous distribution of MoOs3
nanorods on pSi substrate, the increased specific surface area of pSi/MoO; sensor was
observed, leading to a higher response and limit of detection for the sensor. A favorable
environment for CO, detection is created as a result of the increased interaction and the
formation of a new depletion layer. However, more research and improvement in the field are
required to confirm that it is viable to construct CO; sensors on a large scale using a porous

silicon/molybdenum trioxide hybrid system at a minimal cost and with better efficiency.
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After that for the first time, Mo,CTx MXene was prepared and characterized using

Mo-In-C non-MAX phase using a solid-state process followed by UV aided phosphoric acid
etch and ultrasonic exfoliation. When the samples were subjected to EDX and XPS
examination, it was found that In was then selectively etched out from Mo-In-C MAX
stoichiometry, resulting in the production of Mo>CTx MXene. The production of Mo-In-C as
well as Mo,CTx phases, and their related layered morphologies and crystallite sizes, were
shown by microstructural study utilizing XRD, FESEM, and TEM. With the change in the
period of exfoliation, 2D MXene morphologies such as multilayered or monolayered 2D
MXene were seen for the produced MXene. Mo,CTx is synthesized from non-MAX phases
using an ecofriendly process, which has the potential to be used in electrochemical and gas
sensing applications.
Then, we developed Mo,CTx MXene sensors that were supported on a variety of substrates
(glass, crystalline, and porous silicon) and used to detect CO, at room temperature. The gas
sensing experiments were carried out at temperatures ranging from 30 to 250 degrees Celsius
and CO; concentrations ranging from 50 to 150 parts per million (ppm). When compared to
crystalline silicon sensors, sensors built of porous silicon and glass demonstrate superior room
temperature sensing response as well as rapid reaction and recovery time when exposed to
CO; gas concentrations of 50 ppm. In contrast, the sensor manufactured on porous silicon and
operating at 250 degrees Celsius for 150 ppm of CO, gas had the maximum percentage
sensitivity of 25% when compared to the sensors fabricated on crystalline silicon and glass
substrate. Furthermore, the built porous silicon/Mo,CTy sensor displayed quick response and
recovery times of 30 and 45 s, respectively, when operated at 30 °C and 50 ppm of CO», which
are the fastest recorded values at ambient temperature to date. Aside from that, it was shown
that humidity causes the percentage sensitivity to rise, which is followed by a delay in reaction
and recovery time. The repeatability and stability of the constructed sensor were proven by
dynamic response experiments carried out at various operating temperatures and CO»
concentrations, as well as through stability testing. For commercial applications, this study is
an effort to build a low-cost, highly stable, rapid responsive, and recovering CO, gas sensor
based on Mo,CTx MXene that operates at room temperature.

Finally, electrochemical hydrogen evolution reaction (HER) application of the
produced Mo.CTx MXenes as working electrodes was carried out in a three-electrode
electrochemical cell with Ag/AgCl as the reference electrode and platinum as the counter
electrode in 0.5M H>SO; acidic electrolyte. The MXene synthesized from non-MAX phase at
850 °C exhibited the lowest overpotential, with a value of -138 mV at 10 mA/cm? current
density and a Tafel slope of -41 mV. With the equivalent circuit (modified Randle's) from the
Nyquist plot, we were able to compute the series resistance, which was 10.38 ohms, which

was the lowest value found in the case of Mo,CTx MXene. Further investigations are needed
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for the optimization of the HER performance and fabrication of real device gas sensors, which

opens a wide door towards the possibility of future work.
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