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Abstract

Hydrogen (H2) production through water splitting has limited commercial applications
due to the unfavorable kinetics of the reaction. Electrocatalysts with a robust structure,
high levels of catalytic activity, and a high degree of stability are in high demand but
challenging. A catalyst is generally needed for efficient electrocatalytic water-splitting.
Long-term stability and high catalytic activity are the main obstacles in developing a
catalyst for the hydrogen evolution reaction (HER). Water electrolysis is generally
known as a more sustainable and viable technique of Hz production than the stream
reforming reaction due to its advantages of using water as a reactant, the absence of
greenhouse gas emissions, and exceptional H> generation efficiency. Implementing low-
cost water-splitting devices and electrolyzers could result in marketable H> fuel. Recently,
Molybdenum Phosphide (MoP) has been found as a promising family of earth-abundant
electrocatalysts for the HER. It has a wide range of compositions and structures, favorable
electronic properties, and excellent electrical conductivity, resulting in low overpotentials
at operationally relevant current densities and stability in extremely acidic environments.
This study reports the synthesis of MoP/RGO-based hybrids electrocatalysts for HER.
The optimized MoP/RGO-based hybrid electrocatalyst exhibited an exceptional HER
electrocatalytic performance. An efficient MoP/RGO-based hybrid showed promising
results. It exhibited an exceptional HER electrocatalytic performance having an
overpotential of 96 mV, at a current density of 10 mA/cm?, in an alkaline solution with a
low Tafel slope of 64 mV/dec. The electrocatalyst also exhibited long-term stability with
a minor potential decrease over 24 h. RGO is a promising material with high strength
during the high-temperature phosphorization process preventing particle clumping and
making the catalyst more conductive, improving the HER performance and durability of
an electrocatalyst. Bifunctional MoP/RGO porous structure offered more electrolyte and
ions transport permeability. The synergistic effect of reduced graphene oxide (RGO)
doping with MoP improves electrocatalytic activity. A high electrocatalyst also exhibited
long-term stability with a minor potential decrease over 24 h.
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Chapter 1

Introduction

1.1 Background

Climate change and the increasing global energy crisis are two major challenges for an
advanced society. It is mandatory to develop viable clean energy carriers and energy
conversion technologies to reduce greenhouse gas emissions and fossil fuel dependence.
Hydrogen (H>), like green energy and carbon-free carrier, keeps a more energy capacity,
which is sponsored as an active nominee for the potential energy resources [1, 2]. Now,
huge Hz production mostly depends on the steam reforming reaction of fossil sources,
which provokes the carbon footstep and reduction of fossil fuels [3-5]. Water electrolysis
is generally known as a more sustainable and viable technique of Hz production than the
stream reforming reaction due to its advantages of using water as a reactant, the absence

of greenhouse gas emissions, and exceptional Hz generation efficiency [6-8].

Alternative electrocatalysts development has been necessary to lower manufacturing costs
and increase HER performance. Transition metal phosphides with unique characteristics
and a high earth abundance have received considerable attention in developing active
electrocatalysts for HER [9-11]. Researchers have shown a significant interest in highly-
active electrocatalysts containing common elements on the earth [12, 13]. It is critical to
developing efficient and cost-effective HER electrocatalysts. Alternative electrocatalysts
were required to reduce synthesis costs and improve HER performance. Because of their
distinctive properties and high earth abundance, much research has been conducted to
develop active HER electrocatalysts from Transition Metal Phosphide (TMPs). TMPs also
have low costs and high catalytic activity [10]. Molybdenum Phosphide (MoP) has been
identified as a strong candidate for HER catalysts. The transition metal MoP has realized
significant benefits due to its different compositions and topologies, as well as its good
electrical conductance and brilliant electronic properties [11]. On the other hand, the

synthesis temperature for MoP is frequently greater than 700°C, making it very easy to



sinter. As a result, obtaining well-crystallized nanostructured MoP remains challenging
[14].

The kinetic hindrance of rate determining pathway, affects the catalytic activity of a
catalyst in the HER. HER frequently involves multiple steps taking place on the electrode
surface [15, 16]. The single-component catalyst's catalytic efficiency is limited because it
cannot provide significant catalytic activity for all intermediate chemical reactions.
Bimetallic electrocatalysts normally outperform single-component catalysts due to
synergistic effects. An increase in active site composition and structural-dependent
properties leads to increased overpotential and current density characteristics during water
oxidation. Bimetallic cooperation and an open structure promote rapid electron mass flow
and transmission. It is possible because there are many easily accessible catalytic sites
[17]. Recently, several researchers demonstrated that the synergies of hybrid material
boundaries could accelerate the entire HER mechanism, such as the incorporation of WxC
into WS> [18], PtsNi to NiS [19], and NiS2 to MoS: [20]. Such findings indicate that the
rational design of hybrid catalysts is critical to improving the HER catalytic activity. In
addition, by preparing MoP-based hybrids, performance of MoP based catalysts can be
improved. MoP is efficient in the "H delivery" method because it achieves the lowest

binding to H at a given Hydrogen coverage, showing the excellent HER catalyst [21].

As a result, MoP performs well in this role, and there has been an increase in interest in
using it as an electrocatalyst for Hy evolution. Most published articles, in contrast,
emphasized the difficulty and significance of MoP preparation process. MoP had to be
synthesized using a dual-step sintering procedure at a higher temperature in an N2/H> or
Ar/Oz environment, resulting in a high cost and a complex operation [22, 23]. Enhancing
the HER activity of MoP-based electrocatalysts in alkaline conditions is extremely
difficult. RGO is an efficient support for fabricating effective hybrid electrocatalysts. The
atomically fine 2D nanoarchitecture and outstanding electrical conductance of
heterostructure facilitate both space-limited growth of well-scattered graphene and rapid
interfacial electron transport. It allows uniformly dispersed nano catalysts to grow in small
spaces [24, 25].



RGO has gained considerable interest as a favourable platform for enhanced
electrocatalysts in various electrochemical conversion of energy activities. Its flexible
service is mostly recognized for its unique chemical and physical properties, like excellent
electronic structure, high specific surface area, and functionalization and structural
modification [26, 27]. A simple hydrothermal technique produces N-doped molybdenum
oxide, which is then annealed in an N2 atmosphere and phosphorated to generate a sphere-
shaped N-doped oxygenated MoP. The newly found N-doped phosphide structure
improves HER catalytic performance by obtaining a low overpotential of about 87 mV at
a current density of 10 mA/cm?, which is better than the 138 mV overpotential of annealed
N-doped molybdenum oxide in alkaline medium. Because of its large open surface, broad
electrode/electrolyte interface, and reactant-specific binding energies, N-MoP is a
particularly potent electrocatalyst for HER catalysis [28].

1.2 Fundamentals of Water Splitting Process

Break down of water into H> and O2 has generated huge research attention as a viable
method of obtaining sustainable and renewable energy [29, 30]. In a normal device for
electrochemical water splitting, HER and OER are identical at cathode and anode,
respectively. Fig. 1 shows the basic components of an OWS system. Depending on the
electrolyte, which can be neutral (including seawater), alkaline or acidic, the OWS

reaction and two half-reactions can be stated as follows [31, 32].



Figure 1: The diagram of the overall water splitting processes [33].

In acidic media
OER (Oxidation, Anode): H20 + 2e~ — 0.502(1) + 2H"* E°anode=1.23V (1)
HER (Cathode, Reduction): 2H* + 2e~ — H2(1) E° cathode=0.00V (2)

In neutral or alkaline media
OER (Oxidation, Anode): 20H™ - 2~ — 0.502(1) +2H20  E°anode=1.23V  (3)

HER (Cathode, Reduction): 2H20 + 2e™ — H2(1) +20H~  E°cathode=0.00 V (4)

Overall reaction:
2H20 — O2(1) +2H2(1) (5)

The thermodynamics voltage value of electrocatalytic water splitting vs. RHE at latm
and 25°C is 1.23 V, according to Eqn. (1-4). The additional voltage must be delivered to

the cell in the study.
The overall cell voltage (Vo) can be stated as

Voc=1.23V+7a+|[ne||+iR (6)



Where nc and ma represent the cathodic and anodic overpotentials, and iR represents the
ohmic drop. Therefore, a major effort must be put together to design particularly active
catalysts that are cost-effective for the OER and HER in an electrolyze device to achieve
H2 economy by electrochemical water electrolysis [34].

1.3 Hydrogen Evolution Reaction

HER is a critical reaction for selecting electrochemical processes, which offers a vital link
between energy conversion applications and renewable energy resources, i.e., reversible
hydrogen fuel cells [35]. This HER needs high-performance electrocatalysts to speed up
the decomposition of H2O. A cathodic HER in aqueous acidic media takes place in the 2-
electron-reaction model by an electrochemical “desorption step” and a “discharge step”
[36]. The 1% step of the reaction is known as the VVolmer reaction. Intermediate state of the
H is produced by transferring an electron to one proton at the catalyst's surface. HER takes
place at the cathode [37, 38].

The typical mechanism for HER in acidic media

e+ H"+*%x— H* @)

( Electrochemical adsorption, Volmer reaction, overpotential <120 mV/dec)

Then, two possible ways for the HER will go behind. First is Heyrovsky’s reaction [39].

H*+ H"+e” — H2 (8)

(Heyrovsky reaction, electrochemical desorption, ~40 mV/dec)

The second is the Tafel recombination reaction [40].

H*+ H'— Ha + 2+ )

(Tafel reaction, ~30 mV/dec, chemical desorption)



In alkaline media

HoO + €™ +*— OH "+ H* (10)

(Volmer reaction, =120 mV/dec, electrochemical adsorption)

H20 + H* + &~ — Hz + OH" (11)

(Heyrovsky reaction, ~40 mV/dec, electrochemical desorption)

He+ H* — Ho + 2* (12)

(Tafel reaction, ~30 mV/dec, chemical desorption)

The * denotes the electrocatalyst's active site. Then adsorbed H atom on the surface of the
electrocatalyst in the first Volmer step, forming the adsorbed hydrogen intermediate H*.
Then, depending on the H atom’s adsorption energy on the electrocatalyst surface, H*
interacts with H* or H2O (the Heyrovsky reaction) or with another recently formed H*
(the Tafel reaction) in alkaline or acidic conditions to liberate one H> molecule [41]. In
HER, the Volmer reaction is the fast reaction, and the other two reactions are the rate-limiting
step. The Tafel slope determines a dominant mechanism. The critical parameter for the Tafel plot
is to gain a low Tafel slope at a significant current density value. Tafel slope tells the overpotential
of an electrochemical reaction. As much as lower the overpotential, there is an efficient HER
electrocatalyst [42, 43]. In an acidic solution, the VVolmer step relates to the electrochemical
reduction of a proton to an adsorbed H. It is determined not only by the adsorption energy
but also by the desorption of hydroxide ions (OH") and the dissociation of water in neutral
and alkaline solutions.

1.4 Oxygen Evolution Reaction

OER is also another half-reaction for the overall water splitting reaction. Following

reactions are involved in the OER mechanism in acidic media.

H20 + * - *OH + e™+ H* (13)

*OH — *O + g™ +H" (14)



O + H20 — *OOH + e~ + H* (15)

*OOH -> 02 +e "+ H" + % (16)

The typical mechanism in neutral or alkaline media is below.

* + OH™— *OH + e~ (17)
*OH + OH™ — *O + H2O + e~ (18)
*O + OH™— *OOH + e~ (19)

*OOH + OH™ — 02+ H20 + e+ (20)

The * are the active sites on the surface of an electrocatalyst. The combination of the two
newly formed intermediates, *O, to quick produce Oz gas is very difficult due to the large
thermodynamic barrier [44]. OER is more complex than HER due to two H>O molecules
and four-electron oxidation processes to produce one O, molecule. OER takes place at the
anode [45, 46]. OER needs the catalyst to be safe from the oxidation of Oz and in aqueous
media. Mostly transition metal nitrides are unstable throughout OER, especially in

aqueous media. For the OER process, voltage is required higher than 1.23 V [47, 48].
1.5 Factors Affecting the Electrochemical Water Splitting Process

This section introduces the basic requirements for electrocatalysts. These are the turnover
frequency (TOF), current density (j), Tafel slope, and overpotential (). TOF is employed
as performance indicators for electrocatalysts [49]. Both HER and OER half-reations, in
practice, require a different potential to lower the kinetic barriers, and this additional
potential is known as overpotential. At a given current density, overpotential deflects the

catalytic activity. Lower the overpotential, the greater the electrocatalytic performance of



a catalyst. Tafel slope, a critical characteristic obtained from LSV, depicts the rising
current rate as potential increases.
Another critical factor for determining the electrocatalytic activity of electrocatalysts is
exchange current density (jo), which is a crucial kinetic element in determining the reaction
rate at equilibrium in electrochemical study. It indicates the rate at which an
electrochemical reaction can take place when an electrocatalyst is used [50]. The Tafel
slope is a significant measure of HER effectiveness since it is considered an inherent
catalyst feature. By increasing voltage, a small Tafel slope suggests a faster rise in HER
rate. An active site's TOF may be defined as the number of required product molecules
with respect to time. The equation for TOF is [51],

TOF = j A/4nF (21)
Where A is the surface area of the active catalyst, n denotes the number of active sites,
and F denotes the Faraday constant. Obtaining the accurate value of the TOF is difficult
since it requires determining the correct number of active sites and ensuring that all
catalyst sites are catalytically active. As a result, the TOF is an insufficient criterion for
catalytic activity [52, 53].
OWS activity is influenced by the loading amount of catalyst, the geometric structure, the
intrinsic element characteristic, and the coordination environment. It is common
knowledge that each element possesses unique chemical characteristics. When the atomic
structures of a single metal atom vary, they can exhibit distinct properties [54, 55]. The
arrangement of active sites in an electrocatalyst is determined by its geometric structure.
A structure would be catalytically efficient if all active sites were visible and accessible
[56].. Selectivity is one of the most desirable factors of an electrocatalyst, together with
activity and stability, which make up the necessary trio of characteristics for an
electrocatalyst with selectivity [57]. Since selectivity is one of the most important
characteristics of an electrocatalyst, it is crucial to reveal the selectivity of catalysts
screened for OER and HER electrocatalysis by their FE in addition to the other activity
parameters previously mentioned [58]._In addition, one can add other activity parameters
beyond the discussed activity parameters if they are valid and acceptable. Any activity
parameter that will be proposed for an electrocatalyst must deal with any of the one or

8



more following necessary criteria: selectivity, activity, and stability [59]. As an emerging
catalytic material, MoP provides fresh insights into the mechanics of electrochemical

processes.

1.6 Problem Statement

The demand and use of energy are increasing day by day and the only source of energy in
the past was the natural resources i.e., oil and natural gas but with time these resources are
depleted so researchers find an alternative for it in the shape of hydrogen which is a clean
and pollution free source of energy. Hydrogen can be produced through many techniques
like catalytic water reforming from methane and water splitting technique. Water splitting
is used to produce H: in the presence of a catalyst. At first noble metal like Pt was used as
a catalyst for this purpose but as they are more expensive and going to be depleted
therefore there is a need to synthesize such catalyst which enhance the kinetics of the
reaction and is less costly. In this research MoP/RGO based hybrids will be used as a
catalyst to produce hydrogen gas. The method of electrochemical water splitting will be

used in this research which is the splitting of water through electrolysis

1.7 Research Objective

The research objective is as follow

e Synthesis and characterization of MoP/RGO hybrids
e Lowering the overpotential of prepared hybrids
e Application of hybrids for HER (hydrogen evolution reaction) to see catalytic

performance

1.8 Scope of Study
As Pakistan is a developing country and it has lack of many resources in form of energy
so hydrogen production will cover that deficiency of energy because we can use that

hydrogen as a fuel and in electricity and many more.

e One of the best advantages is that hydrogen produced in this process is renewable

and as water is used which is the most abundant in nature so there is no problem



of depletion of water. Moreover, the use of transition metals as a catalyst will
reduce the use of precious noble metal and prevent it from depletion.

e Hydrogen produced in the process of water splitting has many applications like it
can be used as a domestic fuel, it can be used in vehicles, it can also be used as a

raw material for many chemicals like ammonia etc.

1.9 Chapter Summary
This thesis consists of 5 chapters. The acquaintance of each chapter is given in the

following chapters.

e Chapter 1 delivers vision of the subject, background and contemporary problems
related to the work. It also clarifies the problem statement, research objectives and
scope of the planned study.

e Chapter 2 will sketch the literature review achieved to describe the previous work
done on the synthesis of MoP/RGO, previous method technique, water splitting
and its factors. It also includes review based to compare MoP/RGO based hybrids
with different hybrid electrocatalysts.

e Chapter 3 covers the methodology related to the synthesis of pure MoP, pure GO,
and hybrids.

e Chapter 4 elaborate the result and discussion. The analysis of XRD and SEM to
describe the phase of crystal structures and morphology of the synthesized
catalysts. The chapter also elaborate Electrochemical studies of the active catalysts
and its stability.

e Chapter 5 reviews all the findings and conclusions in the current study and

provides the future recommendation for the related work

10



Chapter 2

Literature Review

2.1 Literature Review

Using transition-metal-based materials as non-noble-metal HER electrocatalysts has been
widely investigated [60-63], including sulfides [64-67], carbides, nitrides [68-71], and
phosphides [72]. Among these catalysts, TMPs have got extensive interest due to their
high conductivity and inherent activity comparable to noble metals, which can be ascribed
to the electronegative phosphorus drawing electrons from metal ion desorption of
hydrogen. Across the latest years, TMPs have demonstrated improved HER performance,
with stability and high activity. MoP is a renowned HDS catalyst [73]. Since both HER
and HDS need a reversible combination of H and catalyst, MoP may exhibit superior
HER catalytic activity [22]. This article compared and investigated the characteristics of
Mo, MosP, and MoP catalysts. The results indicated that catalysts with a higher P content
in MoP exhibited greater catalytic activity than those with a lesser quantity of P or an
absence of P in MosP and Mo, respectively. Although MoP exhibited strong HER catalytic
activity in bulk, it may be enhanced further by showing more active sites via
nanostructures. Using (NH4)2HPO4 as the P source, Xing et al. effectively synthesized a
densely linked MoP nanoparticle network with several exposed active sites [74].

Notably, high activity and the unique network structure of MoP enable it to function very
well in acidic solutions, with low overpotentials of 200 and 125 mV at 100 and 10
mA/cm?, respectively [75]. MoP@PC had the strongest catalytic activity against HER in
acidic electrolytes compared to these composites and bulk MoP. Particularly, the same
morphologies of these composites revealed that MoP possessed the greatest intrinsic
catalytic activity, and MoP@PC outperformed the bulk, suggesting that it included more
exposed catalyst active sites. Apart from porous carbon formed from MOF, composites
based on carbon compounds may also increase their dispersion and performance.
Heterointerface engineering significantly influences managing the interfacial and surface
characteristics of a catalyst. However, regulating the quality and amount of

11



heterointerfaces at the 2D adjacent nanoscale remains a critical but demanding issue.
Transition-metal interstitial compounds (TMICs) are similar to Pt in their potential as
catalytic materials (Pt) [76, 77]. TMICs can activate and trap protons, making them active
against HER [78, 79]. Mo, a naturally occurring element, may react with P and nitrogen
(N) to generate Mo-based TMICs [10, 80, 81]. Structure engineering is critical for
constructing the active interface and increasing the number of active catalytic sites,
resulting in increased HER activity [82-86]. 2D materials are interesting catalysts in this
area due to good exposure to a more accessible surface and their distinctive structure [87-
91]. For instance, the 2D molybdenum nitrite strongly acts against HER with a 710=129
mV [92]. Additionally, creating pores can improve mass transfer, enhancing performance
enhancement [93-95]. An earlier study has shown that the small-sized MozN-Mo,C
heterojunction anchored on holey RGO has effective HER performance [96]. A densely
linked network of MoP particles (50 nm) proved efficient against HER (710=125 mV)
[74]. The particles constituting the sheet and the sheet itself are relatively large, limiting
its effectiveness against HER. As a result, developing 2D porous Mo-based TMIC
heterojunction nanosheets composed of tiny particles is critical for efficient catalysis [97].

Table 1: A summary of different catalysts in 1M KOH.

Catalyst Loading (ug/cm?) MNi=10mA/cm? Tafel slope
(mV/dec)

MoB [98] 2300 0.225 -

MoCx [68] 800 ~0.151 59

Ni-Mo alloy/Ti foil [99] 1000 0.08 -

Mo>C [100] 102 0.176 58

MoP [101] 100 0.19 -
MoP/RGO [102] 337 140 72
MoP-RGO [102] 420 0.15 66
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2.2 MoP and its Hybrids Synthesis Methods

Synthesis is critical in the creation of catalysts. To vary the reaction restrictions, the
catalysts' exact size and structural morphologies are varied [103-105]. Catalyst
manufacturing depends heavily on the synthesis process. Catalyst size and structural

morphologies can be modified by adjusting reaction restrictions [106].

2.2.1 MoP and its Heterostructure Synthesis Methods

Synthesis is critical in the creation of catalysts. To vary the reaction restrictions, the
catalysts' exact size and structural morphologies are varied [103-105]. Catalyst
manufacturing depends heavily on the synthesis process. Catalyst size and structural
morphologies can be modified by adjusting reaction restrictions [106]. Due to the
adjustable lattice plane and huge specific surface area, 2D layered nanomaterials with
larger lateral diameters showed a strong potential for attaining a high concentration of
visible, active sites [107-109]. But, the production of nano-electrocatalysts of MoP is
affected by the uneven distribution of the Mo-based nano-precursors and unavoidable
severe particle aggregation as a result of the reaction temperature (usually more than
600°C), which results in a scarcity of active electrochemical sites and poor electron
transfer, resulting in degraded HER performance [110, 111]. As a result, various strategies
are developed by researchers for suppressing MoP aggregation by the addition of new
components or their combination with supporting components. Fanhao Kong et al. formed
a novel catalyst constituted of an amorphous bimetallic nanoarray of nickel molybdenum
phosphate supported on NF by a combination of vapor-solid phosphating and
hydrothermal techniques. The NiMoO4 sample was placed in the furnace's center for
phosphating. 1 g NaH2PO2H>O powder was put upstream of the flowing N.. After
spontaneously cooling under the protection of N> flow to ambient temperature, the
phosphating sample NiMoPOx was collected. It shows improved HER and prolonged
OER activity in 1M KOH. Additionally, Ni(OH)2 and metallic Ni nanoparticles produced
in situ on the primary NiMoPOy surface via OER and HER behave as electrocatalysts,

significantly improving the performance of catalytic activity for OWS [112].
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Table 2: Summary of electrochemical parameters determined for Pure MoP and single doped
materials in 0.5M H.SO4 [113].

Catalyst | Tafel TOF jo (MA/cm?) | Cai (mF/cm?)3 N (MV)
slope (s71)?
(mV/dec)
MoP 87 0.12 0.51 53 115
Fe5-MoP | 70 0.24 0.53 55 89
MoPS-3 71 0.15 0.52 76 92
Mn5- 68 0.21 0.55 58 88
MoP
MoPS-1.5 | 70 0.18 0.55 65 89

2.2.2 MoP with RGO and CNT synthesis methods
Zexing Wu et al. proposed a technique for synthesizing MoP on graphene (MoP-RGO).

MoP supported on graphene (MoP-RGO) was manufactured using a simple solvothermal

method followed by phosphating at a high temperature. The material performs well in both

alkaline and acid media. RGO prevents the nanoparticles from aggregating and facilitating

electron transmission throughout the electrocatalytic process.
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Figure 2: Graphical abstract of MoP-RGO synthesis [114].

Using a modified Hummer's method, GO can be synthesized by chemically oxidizing
graphite. The synthesis of MoP-RGO is a two-step process. To begin, MoO,-RGO was
synthesized using the solvothermal technique. In ethylene glycol (EG), 120 mg of GO
dispersed using sonication of (NH4)sM07024.6H.0 was included to the mixture while
stirring. The mixture is heated at 200°C for 10 h to make the black products. The black
products were centrifuged, washed multiple times with water and ethanol, and freeze-
dried. Then, the mixture is annealed for 2h at various temperatures in an Ha/Ar
environment. Electrochemical measurements reveal that the nanocomposite of MoP-RGO
produced at 900°C has promising electrocatalytic activity for HER, at a j=10 mA/cm? with
overpotentials of 150 mV and 117 mV in alkaline and acid environments, respectively.

Table 3: Electrochemical parameters for MoP/RGO based electrocatalysts [114].

700°C 800°C 900°C 1000°C  MoP
Tafel slope (mV/dec) 150 70 62 76 82
jo (MA/cm?) 0.013 0.027 0.042 0.017 0.015
Charge transfer impedance (V)730 34.5 24 445 545
h (MV) j = 10 mA/cm? 400 200 117 231 260
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Figure 3: (a) Polarization curves obtained in 0.5M H2SO4 solution at a scan rate of 5 mV/s Tafel
slopes (b) and j, (c) of MoP-RGO (d) overpotentials and j, of MoP [114].

Additionally, the catalyst's instability in the basic media was examined systematically.
This study demonstrates an easy technique for simply producing a valuable carbon-
supported metal phosphide electrocatalyst for HER [114]. Due to the incomplete
production of MoP, the material displays the lowest electrocatalytic activity for the HER
following heat treatment at 700°C. The materials’ HER performance significantly
increased at 800°C, particularly at 900°C, at 20 mA/cm? (y720) with an overpotential of 142
and 117 mV at j= 10 mA/cm?. Tafel slope determines polarization curves to ascertain the
kinetics of HER (Fig. 3) [74, 115]. The NGR layers are responsible for the paper-like
morphology evident in the Scanning Electron Microscopy (SEM) images (scale bar = 2
m). They are invisible due to the tiny size of the MoP particles. Normally, graphene layers
are stacked on top of one another; however, in MoP/NCNTNGR, NCNTs are placed
between the NGR layers, alleviating excessive NGR layer stacking and NCNT bundling
[116].
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Figure 4: SEM micrographs of the MoP/NCNT-NGR sample indicate large-scale intercalation
of NCNTSs between NGR layers. The magnification was 25k [117].

Hui Xu et al. recently reported on successfully developing a modified form of hierarchical
catalysts constituted of defect-rich nanosheets of Nickel-MoP (NiMoP). For efficient
water splitting, nanosheets of NiMoP can be linked to the surface of CNTs. This study
reports the synthesis of hierarchical NiMoP NSs@MCNTs using hydrothermal process.
The findings were then analyzed by centrifuged and cleaned multiple times with acetone
and ethanol. NiP NPs@MCNTSs were synthesized using the same technique, except that
Na:Mo0042H,0 was omitted. The schematic picture depicts the CNTSs treated with 2-
methylimidazole's capacity to bind Ni%*, MoO.%, and H.PO? ions. After interacting with
urea, these anchoring cations self-assembled on the surface of CNTs into conventional
hierarchical nanosheets. Optimized NizMo:P NSs@MCNTSs require only 135 and 255 mV
overpotentials, respectively, at a current of 10 mA/cm? for the OER and HER.
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NSs@MCNTSs/NiitMo1P. NSsS@MCNTSs couple to perform efficient water electrocatalysis
at 10 mA/cm? and a relatively low overall potential of 1.601 V [118].

S
(388N oo
.'3‘/»/“:\%5 QQ 2-methylimidazole

Ni** MoO,* H,PO,
-

Hydrothermal process

s; @ \lu()_l‘
@® H,PO,

Figure 5: Preparation of NiMoP NSs@MCNTSs [118].

2.2.3 MoP/MOF synthesis methods

Under high temperature and pressure conditions, hydrothermal preparation develops
insoluble compounds from dissolved products in an aqueous solution. Hydrothermal
preparation of MoP and its hybrids has been a low-cost and environment-friendly
technology. While massive improvement has been made in electrochemistry, the search
for high-level-efficiency catalysts for the concept of O, and H2 by OWS remains a
formidable task. Lifeng Lin demonstrated one-step method for fabricating new
hierarchical MoP/NiFeP hollow spheres hybrid (MoP/NiFeP HSs) as bifunctional
electrocatalysts. By doing 30min stirring, 100 L of NH4sOH is then added to start
polymerization process, followed by dropwise applications of Ni.(NO3)2 solution (1 mg
Ni (NOz)2.6H20 in 2 mL water). After 2 h of stirring, hollow spheres of Mo-PDA/NiFe-
PBA-1 were collected centrifuged, washed with ethanol numerous times, and dried in an
oven at 40°C. At room temperature cooling, the resultant black powder was deposited in
the tube furnace with 1 g of NaH2PO-H>0 and annealed for 2 h at 300°C with a ramp of
2°C/min under Ar and then for 1 h at 800°C with a ramping rate of 5°C/min to form
MoP/NiFeP-1 HSs. The synthesis of MoP/NiFeP-2 HSs is like that of MoP/NiFeP-1 HSs,
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except that Ni (NO3)26H20 and Ks. Fe (CN)s (4mg) are added in different proportions
(4mg). Profiting from the highly interfacial coupling effects between NiFeP and MoP,
hierarchical hollow structure, and the highly conductive graphitic carbon support, optimal
MoP/NiFeP HSs exhibit effective catalytic performance in an alkaline electrolyte with
very low overpotentials of 256 and 73 mV to achieve 100 and 10 mA/cm? for HER [119].

%  MoP-based gel

Impregnating

Room temperature

MoP@C

SiO; removing

HF solution

3D porous MoP@C hybrid

Figure 6: The 3D porous MoP@C hybrid synthesized method is shown schematically [120].

2.3 MoP and its Hybrids’ Applications

Comparing HER and OER, OER during the OWS phase is rather sluggish kinetically and
needs a large potential. Additionally, OER is extremely pH-dependent, operating
differently in acidic and alkaline environments [1, 121]. In the primary medium, the
hydroxyl radical group is shifted into O2 and water at the expense of 1.230 V [122].

Linjie et al. synthesized nanohybrids of CQDs and MoP nanoparticles (CQDs/MoP) for
the first time. CQDs considerably decrease surface oxidation and agglomeration of MoP
nanoparticles to ensure that every MoP nanoparticle gets addressed electrically, enhancing
MoP's intrinsic catalytic activity significantly. Investigating highly efficient nonnoble

metal electrocatalysts for the HER in an alkaline environment is vital but still a substantial
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challenge [123]. Xia et al. developed a unique 3D porous MoP@C hybrid that was
employed for the 1% time only as an anode material for LIBs using a sol-gel process
following annealing treatment. Following cycling, the resulting 3D porous MoP@C
demonstrates long-term stability, better rate capability, and a high reversible capacity. The
carbon layer's synergetic effect and 3D porous structure result in superior lithium storage
capacity. By utilizing its structural and compositional advantages, the 3D porous MoP@C
hybrid demonstrates improved lithium storage performance of specific capacity, cycling
stability, and prolonged cycle life as an anode material for LIBs [120]. MoP was originally
investigated as a catalyst for partial methane oxidation (POM) and compared to dry
methane reforming (DRM). It was found that in POM and DRM processes, the dominant
active site was MoP and that activity decreased. The MoP catalyst's redox mechanism
proved critical for structural stability in methane reforming. The MoP catalyst has
improved catalytic stability in POM compared to DRM, perhaps because of increased H»
production in POM [124].

Table 4: Recent reported MoP/Hybrids-based electrocatalysts for overall electrocatalytic water

splitting using 1M KOH electrolyte.

Electrocatalyst Type of Current  Overpotential Tafel Stab Ref.

S reaction density (mV) slope(m ility(
(mA/cm?) V/dec) h)

Mo2C- OER 10 320 44.77 168  [125]

MoP/NPC

Mo2C- HER 10 120 50.31 168  [125]

MoP/NPC

MoP- HER 10 47 36.93 12 [126]

Ru2P/NPC

MoP- OER 10 260 70.89 12 [126]

Ruz2P/NPC

MoP-Co@N,P- HER 10 152 76.8 24 [127]

C

MoP-Co@N,P- OER 10 296 97 24 [127]

C
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Chapter 3

Materials and Methods

3.1 Chemicals and reagents

All the chemicals used to synthesize MoP hybrids with RGO were analytical grades. The
chemicals that were used for MoP and GO involved Sodium Molybdate Dihydrate
(Na2Mo004-2H20), Sodium Hypophosphite Monohydrate (NaH2PO.-H,0O), Deionized
water, Graphite powder, Sulfuric Acid (H2SO4), Sodium Nitrate (NaNOs), Potassium
Permanganate (KMnQOgs), and Hydrogen Peroxide (H202) were procured from Sigma
Aldrich.

3.2 Preparation of Pure Molybdenum Phosphide (MoP)

After mixing and grinding Na2Mo00O4.2H20 (300 mg) and NaH2PO2.H-0 (3 g) in a mortar
and pestle for 30 min, the uniformly grinded mixture was placed in a ceramic boat and
calcined for 2 h at 750°C (with a ramping rate of 10°C/min) under an Ar atmosphere.
Following the temperature drop, the obtained product was washed five times using
deionized water to remove residues, then centrifugation was used to collect the final
product, and dried overnight at 70°C to produce the final product, Molybdenum Phosphide
(MoP) [14].

3.3 Preparation of Pure Graphene Oxide (GO)

GO was synthesized using Hummers‘ method by graphite oxidation [140]. Graphite
powder (2 g) was mixed with 46 mL of H2SOs, and 1 g of NaNO3 was added while the
temperature of the mixture was kept near 0°C using an ice bath. After stirring 2 h, KMnOg4
(6 g) was gradually added to the reaction mixture keeping the temperature at 20°C. After
adding the KMnOa, remove the ice bath and keep the mixture at 35°C for 48 h. The mixture
became pasty as the reaction progressed, and the colour turned from black to brownish
grey. The heating was turned off, and deionized water (100 mL) was added dropwise to
the mixture, causing it to rise to 98°C rapidly. After 15 min of stirring, the mixture was

diluted with deionized water (200 mL). The colour was changed from brownish grey to
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brown. The mixture was reduced by adding 10 mL of H.O2, and the reaction ended,
resulting in a yellowish-brown colour. The mixture was left to settle overnight. The upper
layer of graphene oxide (GO) was decanted after it settled in the beaker. The obtained
product was centrifuged at 8000 rpm to remove the unreacted acid residues. Pure GO was

obtained from centrifuge tubes after reaching pH 7, vacuum oven-dried overnight at 50°C.

3.4 Preparation of Hybrids of MoP with RGO

GO was added to a mixture of Na2Mo00O4.2H,0 and NaH2PO2.H20, mixed and ground for
30 min in a mortar and pestle. The uniformly grinded mixture was placed in a ceramic
boat and calcined for 2 h at 750°C (with a ramping rate of 10°C/min) under an Ar
atmosphere. The GO in RGO decreased as heating increased. At high temperatures,
oxygen-containing groups on GO sheets quickly burn into gases such as CO, CO,, and
H20, resulting in a considerable increase in pressure between GO sheets. High pressure
overcomes van der Waals forces, causing the space between sheets to rise. Not only does
thermal reduction release oxygen-containing groups, but it also exfoliates GO sheets.
However, due to the high temperature or long annealing time, this process requires a lot
of energy. At high temperatures, GO is exceedingly unstable, but RGO is extremely
resilient. Following the temperature drop, the obtained product was washed five times
with deionized water to remove reactant residues, and then centrifugation was used to
collect the final product, dried at 70°C overnight, the product was MoP/RGO hybrid. A
constant amount of MoP was mixed with different amounts of GO to create unique product
compositions such as MoP/RGO (10 mg), MoP/RGO (15 mg), and MoP/RGO (20 mg).

3.5 Characterization and Electrochemical study

X-ray Diffraction (XRD) (STOE-SEIFERTX'PER PRO) was used to investigate the phase
detection of the synthesized materials. Cu-K radiation was used for compositional
analysis, and the angle 20 values ranged from 5° to 85°. The morphology and elemental
analysis of prepared catalysts were observed using Scanning Electron Microscopy (SEM)
(JEOL-JSM-6490A) connected with Energy Dispersive X-ray (EDX) analysis. The ink
was prepared of the produced catalysts to study the electrochemical properties of all

electrocatalysts. Polyvinylidene fluoride (PVDF) (2.5 mg) and N-methyl-2-pyrrolidone
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(NMP) (0.3-0.5 mL) were mixed and stirred for 1 h after adding an active catalyst (42 mg)
and carbon black (5 mg). After 4 h of sonication, the prepared ink was deposited on both
sides of nickel foam and dried overnight at 70°C. An electrochemical study was carried
out using a 3-electrode on Origalys Potentiostat (OGF05A). Pt wire and Ag/AgCl were
employed as counter and reference electrodes, respectively, and active catalyst was used
as the working electrode. The catalytic activity of three electrodes in 1 M KOH solution
was examined at various scan rates. Conventional reversible hydrogen electrode (RHE)
potential was determined to simplify the calculation using Eq. (1).

ErHE) = E(agiagen + (0.059*pH) + 0.1976 1)

Turnover frequency was calculated using Eqg. (2).
TOF equation is represented as,
TOF = (j*A)/(0* f*n) ?2)

j= Current density, A= An electrode's surface, f= Faraday constant, o= no of transported

electrons n= Moles of material coated on the electrode's surface.

Stability of the active catalyst was determined using chronopotentiometry studies.
Electrochemical Impedance Spectroscopy (EIS) was performed using an alternating
current and a voltage of 10 mV over a frequency range of 200 kHz to 100 mHz.

Electrochemical active surface area (Aecsa) can be calculated as,
Aecsa = Cp/Cs (3)
Where Cp = Electrochemical capacitance, Cs= Specific capacitance (40 pF/cm?).
Cp = AI(2*m*K) (V2-V1) 4)
Cp: Electrochemical capacitance (F/g)
A: Area under the curve of CV graph
m: Mass of catalyst loaded (g)

k: Scan rate (V/s)
(V2-V1): Potential Window (V)
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Chapter 4

Results and Discussion

4.1 Phase and structural analysis of MoP and its hybrids

The crystallinity of the prepared samples was analyzed using XRD in which all the
samples were highly crystalline (Fig. 7 (A)). The XRD spectra of pure MoP are shown in
Fig. 7 (A (a)). The XRD pattern shows that the synthesized MoP has hexagonal geometry
(JCPDS card No. 03-065-6487). The prominent peaks of hexagonal MoP can be seen at
angles 20 of 27.87°, 32.03°, 42.95°, and 57.11°, which correspond to crystal faces (001),
(100), (101), and (110), respectively. Pure MoP has a hexagonal structure like Pt-metal,
indicating its potential as a non-Pt catalyst in the catalytic activity. XRD pattern of pure
GO is shown in Fig. 7 (A (f)) and corresponds to the reported literature (JCPDS card No.
892482). The formation of GO was confirmed by a sharp diffraction peak with a d-spacing
0f 0.841 nm at angles 260 of 10.95°, corresponding to the lattice plane (001). The presence
of unexfoliated graphite results in a less intense peak at angle 26 of 43.6°, corresponding
to the plane (101) with a d-spacing of 0.212 nm. Due to the presence of oxygen
functionalities at the edges of graphene sheets, the interactions are overcome, resulting in
greater interlayer spacing in GO. Fig. 7 (A (e)) depicts the XRD pattern of RGO. The
broad diffraction peak at angle 26 of 24.5° with a plane (002) and d-spacing of 0.326 nm
is confirmed in the literature (JCPDS card No. 75-1621). The broadening of the peak
indicates the formation of a few layers of thick RGO sheets. Unexfoliated graphite causes
the diffraction peak (1 0 1) at a 20 0f 43.55° and 0.2 nm inter-layer spacing. XRD patterns
of hybrid MoP/RGO (10 mg), MoP/RGO (15 mg), and MoP/RGO (20 mg) are shown in
Fig. 7 (A (b), (c), and (d)). The planes (001), (100), (101), and (110) of MoP can be seen
clearly from the four peaks for all the MoP/RGO-based hybrids at 27.87°, 32.03°, 42.95°,
and 57.11°, respectively, showing that there was no alteration in the crystal structure after
the RGO was added to the MoP surface [141]. All characteristic planes of RGO exist as
sharp peaks in all three prepared hybrids. While doing enlarged analysis of XRD patterns
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for MoP and MoP/RGO based hybrids as shown in Fig. 7 (B), it can be seen that the

prominent peaks located at 43° gradually shift to reduced 20 angles by increasing contents

of GO particularly in MoP/RGO (20 mg) hybrid had higher contents of graphene

comparing other hybrids, which can be related to the lattice expansion and describes as

other reported of doped MoP [142]. Using Scherrer's equation, X-ray line enlargement

was studied to analyze the average crystallite sizes of structured materials [143].

L = (k. A)/(FWHM)(Cos0s)

L = Size of crystallite

k = 0.9 (Scherrer constant) = Shape factor

A = 0.15406 (nm) = X-ray wavelength

0 = Bragg angle

FWHM = Full width at half max.

Table 5: Crystallite sizes of different electrocatalysts.

Catalysts FWHM

MoP 0.182,0.255,0.328,0.182
GO 0.728,0.255
RGO 0.874,0.218

MoP/RGO | 0.328,0.291,0.291,0.255
(10 mg)
MoP/RGO @ 0.218,0.328,0.328,0.364
(15 mg)
MoP/RGO | 0.301,0.301,0.301,0.234
(20 mg)

Peak positions (20)

27.872,32.033,42.957,57.114

10.95,43.609

24.5,43.55

27.914,32.081,43.063,57.113

27.93,32.02,43.005,57.11

25.841,30.024,40.914,57.095

(4)

Crystallite sizes (nm)

47,33.5,26.7,52
11.1,34.6

9.4,40.7
25.6,29.2,30.2,36.6
39,25.8,26.7,25.4

27.9,28.2,29.1,40

Average
Crystallite
size (nm)
39.8

22.85
25.05

304

29.225

31.3
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The average crystallite size of MoP, GO, RGO, MoP/RGO (10 mg), MoP/RGO (15 mg),
MoP/RGO (20 mg) is 398A (39.8 nm), 228.5A (22.85 nm), 250.5A (25.05 nm), 304A
(30.4 nm), 292.25A (29.225 nm) and 313A (31.3 nm) respectively.
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The crystallinity of catalysts can be calculated using XRD data.

%Crystallinity = (Ac/Ac+Aa)*100

Q)

Aa: Amorphous peaks area, Ac: Crystalline peaks area

Table 6: Crystallinity of prepared catalysts using Origin.

Catalysts

Pure MoP

MoP/RGO (10 mg)

MoP/RGO (15 mg)

MoP/RGO (20 mg)

Ac

1931.4016

1311.4557

732.725

1402.6292

(Act+Aa)

2564

2406.758

1746.6291

2545.92

Crystallinity
75.33%

54.5%

63.42%

55.1%
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RGO 3353 4690.82 71.48%

GO 1798.93 4834.795 37.2%

4.2 Morphology and elemental analysis

The morphology of pure MoP and all hybrids was observed using SEM. As shown in Fig.
8 (a), there is agglomeration for MoP. It is shown that MoP is composed of small clusters
of nanoparticles. The SEM images also show that highly porous interconnected MoP
decorated on graphene oxide like sheet structure. The structural data of hybrids obtained
from SEM scans reveal various structures and sizes, as shown in Fig. 8 (b, c, d), which is
same as MoP/RGO reported. This porous nature increases the surface area and activity of
these catalysts. The variation in the hybrid structure during calcination caused by the
process causes a change in the quantity of GO. A rough surface was observed while
synthesizing these hybrids having porous structure with clusters of nanoparticles in
combination with GO. The presence of pores, which might be helpful in the spread of the
gaseous molecules and electrolyte. These findings are matching with previous studies on
the synthesis of MoP/RGO. According to the SEM images, the MoP/RGO has the same
structure as the RGO [141, 144].
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Figure 8: SEM image of (a) Low resolution Pure MoP (b) High resolution Pure MoP (c)
Low resolution MoP/RGO (10 mg) (d) High resolution MoP/RGO (10 mg) (e) MoP/RGO
(15 mg) (f) MoP/RGO (20 mg), EDS mapping of MoP/RGO (Mo: Molybdenum, P:
Phosphorus, O: Oxygen, C: Carbon) (g) Subsequent elemental analysis spectrum of
MoP/RGO (15 mg) hybrid (h) Raman spectrum of MoP/RGO (15 mg) and GO

EDX was used to ensure that the hybrid MoP/RGO (15 mg) contained all the necessary
constituents. It demonstrates that hybrids are composed of elements such as Na, Mo, P,
and C, with less oxygen presence from the partly oxidized MoP surface, as illustrated in
Fig. 8 (g). The atomic percentages of Mo and P components are shown in Fig. 8 (g). The
findings show that the hybrid's components are close together and evenly distributed.
Because of the materials' superior recombination capabilities, the hybrid will exhibit
superior charge separation and transfer capabilities, resulting in an even higher
electrocatalytic performance. The EDS spectrum of MoP/RGO (15 mg) demonstrates that
hybrids were successfully created. This spectrum shows the weight percentages of Mo, P,
0O, Na, and C. The GO and MoP/RGO (15 mg) Raman spectra were compared (Fig. 8 (h)).
Peaks at 1370 and 1594 cm™ for MoP/RGO (15 mg) correspond to the D and G carbon
bands, respectively [145]. Ip/lg ratio after MoP loading is caused by a solid interaction
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between RGO and MoP, which causes an increase in RGO disorder. The Raman spectrum
of GO is also shown in Fig. 8 (h). Raman spectra provide information about defects in
graphitic material structures. GO displays two distinct bands. One band at 1352 cm™ is
referred to as the ‘D band aroused’ because of the disorder in the C=C aromatic system
caused by oxygen functionalities and sp® hybridized carbon atoms. A second band at 1600
cm? is referred to as the Raman-allowed ‘G band aroused’ because of the C=C bond
stretching of all the sp? hybridized carbon atoms. The relative ratio of the intensities of the
D and G band (Ip/lg) indicates structural disorders and defects [146]. Io/lc ratio in the case

of GO is 0.92, confirming the oxidation of graphite.

4.3 Electrocatalytic Parameters

4.3.1 Hydrogen and Oxygen Evolution Reaction Kinetics

Electrochemical parameters of pure MoP and all three hybrids were measured in an
alkaline solution of concentration 1 M KOH using a 3-electrode setup. HER activity of all
electrocatalysts was measured using linear sweep voltammetry (LSV) curves, as shown in
Fig. 9 (a). Significant improvement was observed of HER activity for hybrids than pure
MoP. At current density (j)= 10 mA/cm?, overpotentials of all hybrids, MoP/RGO (10
mg), MoP/RGO (15 mg), and MoP/RGO (20 mg), are required 161, 96, and 109 mV,
respectively. The overpotentials of the standard Pt/C and Bare nickel foam are 75 and 295
mV, respectively, at j= 10 mA/cm?. Best MoP/RGO (15 mg) hybrid has the lowest value
compared to other hybrids, with an overpotential of 96 mV at j= 10 mA/cm?. Because its
electrical structure is like Pt-group metals, MoP is the most excellent TMP electrocatalyst
for HER. It is also a highly active and stable electrocatalyst over a wide pH range [147].
Improving the conductivity or charge transfer ability of MoP-based electrocatalysts can
be done by adding hybrid materials, such as RGO. The increased number of active sites
in the hybrids (MoP/RGOQO) and compact heterojunctions between MoP and RGO can be
attributed to the improved electrocatalytic H> molecule generation. The presence of more
active edge sites on the MoP and RGO agglomeration could explain this increase—these
sites slow charge carrier movement and recombination, resulting in improved

electrocatalytic overall H2 production.
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Figure 9: (a) LSV HER curves of Pure MoP, MoP/RGO (10mg, 15mg, 20mg), Pt/C, and Bare
nickel foam (b) Overpotential required for HER (c) Corresponding TAFEL plots of Pure MoP,
MoP/RGO (10mg, 15mg, 20mg) (d) LSV OER curves of Pure MoP, MoP/RGO (10mg, 15mg,
20mg), Pt/C, and Bare nickel foam (e) Overpotential required for OER (f) Corresponding TAFEL
plots of Pure MoP, MoP/RGO (10mg, 15mg, 20mg) (g), (h) TOF curves

Furthermore, the conduction band potential of MoP is like that of RGO, resulting in faster
electron mobility. The presence of more active edge sites promotes proton adsorption,
which results in the formation of Hz via reduction. Tafel values can be used to learn more

about HER kinetics and catalytic performance of electrocatalysts using the Tafel equation
[148].

n=blogj+a S)
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Here, 1, b, and a represent the overpotential, Tafel slope, and Tafel constant, respectively.
HER activities of the catalyst improve as the Tafel slope decrease. Tafel slope of
MoP/RGO (15 mg) is around 64 mV/dec, which is less to the other catalysts used in this
study, shown in Fig. 9 (c). Tafel slopes for pure MoP and MoP/RGO (10 mg and 20 mg)
were 101, 82, and 68 mV/dec, respectively. Furthermore, the Tafel slope of the improved
MoP hybrid is lower, indicating that MoP/RGO (15 mg) has different kinetics than the
other electrocatalysts. The discharge of H>O molecules in an alkaline solution on the
catalyst surface results in a hydrogen adsorption intermediate. Previous research has
shown that the increased surface area of MoP hybrids improves water dissociation, making
them beneficial for HER in alkaline medium. The outstanding performance of RGO
hybrids, such as MoP/RGO (15 mg), is due to a synergistic interaction between RGO and
MoP, and the conductive support provided by nickel foam. As a result, H> adsorption
increases, resulting in a more efficient electrocatalyst. By creating a limited route, nickel
foam provides mechanical stability and facilitates ion passage into active sites. The
excellent HER performance is due to the hexagonal structure of MoP based hybrids, which
increases exposure to active sites. Furthermore, graphene can alter the electronic structure
of Mo and P, resulting in improved HER performance. This Table 7 compares effective

electrocatalysts for HER as reported in the literature.

Table 7: Different electrocatalysts for HER in 1M KOH solution.

Sr. Catalysts Overpotentia Tafel Stability  Ref.
No. I (mV) (mA/cm?  slope (h)
) (mV/dec)
1 MoP/RGO (15 96 10 64 24 This
mg) work
2 Mo,C- 120 10 50.31 168 [125]
MoP/NPC
3 MoP/CNT 86 10 73 40 [129]
4 Ce-Co 188 10 72.2 12 [130]
(MoP)/MoP@C
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5 Ni-MoP@rGO 122 10 71.4 - [131]

To observe and analyze different catalytic Kinetics, 4-electron transfer reaction
mechanisms in alkaline media for OER was performed. OER activity of the produced
electrocatalysts in an alkaline solution was studied using LSV curves (Fig. 9 (d)). These
are evaluated using the anodic current densities, and overpotential of 1.6 V. MoP/RGO
(15 mg) had the lowest overpotential of 255 and 327 mV at j= 10 mA/cm? and at j= 20
mA/cm?, respectively. MoP/RGO (15 mg) required much less overpotential than pure
MoP, MoP/RGO (10 mg), and MoP/RGO (20 mg), which are 358, 335, and 321 mV,
respectively. Charge transfer is facilitated during electrochemical reactions due to the
conductivity of MoP and graphene. The overpotentials of the standard Pt/C and Bare
nickel foam are 464 and 218 mV, respectively, at j= 10 mA/cm?. On the other hand, Pt/C
has low OER activity due to the production of inactive surface oxide species [149].

The Tafel slopes for pure MoP and hybrids MoP/RGO (10 mg, 15 mg, and 20 mg) are
172, 151, 113, and 129 mV/dec, respectively, as shown in Fig. 9 (f). The Tafel value of
MoP/RGO (15 mg) was lower than that of pure MoP, MoP/RGO (10 mg), and MoP/RGO
(20 mg). MoP/RGO (15 mg) has better reaction kinetics and a faster oxygen evolution
charge transfer capacity for OER. According to the findings, combining MoP and RGO in
equal proportions is a more practical and effective strategy for improving catalytic
performance. The low rate of hydroxyl ion adsorption on their surfaces is revealed by the
pure MoP Tafel slope. When RGO is added, the OER Kkinetics are accelerated due to a
smaller Tafel slope value. The smaller Tafel value indicates that the OER activity is
acceptable to other commercial catalysts and thus significant. Low Tafel slope of
MoP/RGO (15 mg) suggests that it is a 4-electron mechanism. As the potential increases,
so does the rate of the catalyst, increasing electrocatalytic efficiency. The interaction of
absorbed O species with transition metal cation sites causes this remarkable occurrence.
The heterostructure and interface of Mo, P and graphene particles promote electron

transfer, resulting in superior electrochemical performance compared to individual Mo
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and P particles. As shown in Fig. 9 (g), the turnover frequency (TOF) was also calculated
to compare the intrinsic activities of produced catalysts. With increasing TOF values,
RGO doping clearly improves the intrinsic activity of MoP catalysts. It should be noted
that the MoP/RGO (15 mg) with the most possible RGO doping content had the highest
TOF value, which may be attributed to the electronic structure optimization. In Table 8,
different electrocatalysts for OER in 1M KOH solution are compared listed in the

literature.

Table 8: Different electrocatalysts for OER in 1M KOH solution.

Sr. Catalysts Overpotential j Tafel Stability Ref.
No. (mV) (mA/cm?)  slope (h)
(mV/dec)
1 MoP/RGO (15 255 10 113 24 This
mg) work
2 MoP-Ru,P/NPC 260 10 70.89 12 [126]
3 Co- 270 10 60.3 105.6 [132]
MoP@NCNNS-
600
4  Ce-Co 287 10 74.4 12 [130]
(MoP)/MoP@C
5 MoP nanoflakes 265 10 56.6 20 [138]
array

Cyclic voltammetry (CV) of MoP/RGO (15 mg) at different scan rates ranging from 5-
100 mV/s of the applied voltage is shown in Fig. 10 (a). A pair of distinct redox peaks
were detected in the potential range of 0-0.6 V. MoP/RGO (15 mg) layers transmit charge
across redox sites, while ion transport due to electrode pores keeps the structure neutral.
Basic process defines the reversibility of the adsorption of OH! at the electrode surface.
CV profile remains constant as the scan rate increases, confirming the high cyclic stability
of the catalyst, electrocatalytic efficiency and low resistance. Impedance of the absorber

layer is reduced as the scan rate rises, resulting in a high current density. The number of
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redox peaks gradually increases as the scan rate increases, showing that the redox activity
is confined to the active sites of MoP/RGO (15 mg) and demonstrating the stability of a
catalyst. Pure nickel foam does not provide within its potential range due to its low OER
activity. It only serves as a conductive assist material [150]. Due to porous structure, nickel
foam exhibits transmission channels and accelerates oxygen and hydrogen evolution. The
loading Mo atom in the graphene-doped matrix, which has hexagonal structure, is
responsible for the high electrocatalytic activity of MoP/RGO (15 mg). It prevents
nanoparticles aggregation during catalytic reactions. Including an appropriate amount of
Mo in the P matrix is also critical. Mo and P inclusion in the hexagonal structure of MoP
progress electron transport. RGO increases activity by facilitating electron transfers and

lowering charge transfer resistance.
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Figure 10: (a) Cyclic Voltammetry of MoP/RGO (15mg) at scan rates of 5-100 mV/s (b) Cyclic
Voltammetry curves for Pure MoP, and hybrids (c) Nyquist plot at frequency 200 kHz-0.1 Hz of
pure MoP, and MoP/RGO (10mg, 15mg, 20mg) (d) Fitting of the equivalent circuit from EIS-
Nyquist plot (e) Chronopotentiometry to check the Stability of MoP/RGO (15mg) for 24 h (f) LSV

HER curves before and after chronopotentiometry.

EIS was carried out to examine the performance of electrocatalysts at a frequency range
of 2x10° to 0.1 Hz as shown in Fig. 10 (c). R1 and Rz represent the ohmic and polarization
resistances of the electrolytes between the electrodes. The Warburg impedance at the
electrode-electrolyte contact is denoted by W, and the faradaic capacitance is denoted by
Ca. As shown in Fig. 10 (c), MoP/RGO (15 mg) express a trend closer to the imaginary
resistance on the y-axis, showing the electrocatalyst has a lower charge transport
resistance. Similarly, it demonstrates that as the voltage of MoP/RGO (15 mg) increases,
the charge transport resistance decreases significantly. In comparison, MoP/RGO (15 mg)
has the least charge transfer resistance at the catalyst-electrolyte interface. The low Rt of
MoP/RGO (15 mg) suggests fast kinetics, which is consistent with the LSV results and
values of TAFEL slopes. ECSA is a key measurement for analyzing the better
electrocatalytic activity in the system and conducting additional research into the kinetics

of the electrocatalysts. It is a critical approach for the electrochemical water-splitting
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process. This method is frequently used to calculate non-faradic current at CV scan rates
coupled to the Cai. This method calculates the Cqi, and then used to calculate the ECSA of
an electrocatalyst. However, because produced materials have sharp redox peaks,
calculating non-faradic current using CV is more complicated. As a result, using EIS to
calculate frequency-related impedance is an additional method for determining the Ca

value. Eq. (6) was used to calculate the Cql.

.. ((YoxR2)Va
Cal= —

(6)
ECSA = Cp/Cs (7)
Cp: Electrochemical capacitance, Cs: Specific capacitance

McCrory reported a value of Cs (40 uF/cm?) in an alkaline medium [151]. The constant
phase element (CPE) method was used to calculate the equation parameters. Y, is involved
with the size of ability, whereas o is a dimensionless fit parameter relating to the deviation
from the true capacitor. The MoP/RGO (15 mg) showed promising result when the value
of Cq was computed, which increased the electrolytic activity of the catalyst due to the
precise ratio of Mo and P, improving the catalyst activity. The ECSA value of 3365 cm?
for the MoP/RGO (15 mg) sample indicated a more significant number of active sites and
better electron transport (Eq. 7). The occurrence of RGO may provide high electrical
conductivity and improve ECSA of MoP. Cq is linear proportional to the effective active
sites of electrocatalysts, can be used to calculate the ECSA of the catalysts [152]. Also,
the formation of MoP/RGO enhances electron transport and lowers the barrier of charge

transfer, which increases catalytic activity.

Tabel 5: Comparative value of Rs, Ret and ECSA

Catalysts Rs (ohm) Rct (ohm) ECSA (cm?)
MoP 4.2 5.519 2104
MoP/RGO (10 mg) | 1.02 4.053 2853
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MoP/RGO (15 mg) | 0.01 0.04 3365

MoP/RGO (20 mg) | 0.08 1.453 3291

Stability is an important parameter for practical applications of electrocatalysts.
Chronopotentiometry at an accelerated scanning rate was used to investigate the stability of the
MoP/RGO in alkaline media. Furthermore, the durability of the catalyst is essential for the
increasing application of the concept of Hz production as a fuel. The stability (24 h) of
MoP/RGO (15 mg) is shown in Fig. 10 (e). According to the chronopotentiometry data,
the catalyst exhibited some unsteady behaviour, which may be attributed to its structural
features. Following an immediate response, the potential remained unsteady for the first 5
h. Furthermore, H> production process at the cathode led to an initial rapid rise in cell
potential. It is because the synthesized catalyst was activated during testing. The addition
of a graphene layer improved the stability, limiting corrosion during HER activity of an
electrocatalyst. The LSV curve changes slightly after 24 h of chronopotentiometry, indicating
good stability of MoP/RGO (15 mg) in the HER activity. The MoP/RGO stability is due to the
MoP particles being closely immobilized on the RGO support. It can be seen from comparing the
LSV before and after the stability test that the catalyst retains stability and activity after 24 h (Fig.
10 ).

4.4 Proposed Mechanism

The Volmer-Heyrovsky reaction mechanism is proposed based on the reaction conditions
and values of HER Tafel plots. It should be noted that in the VVolmer reaction, the first step
in alkaline pH involves proton abstraction from water. In the second step, hydrogen is
generated by electrochemical desorption of hydrogen (Heyrovsky step). The reaction

mechanism is shown in Eq. (9) and (10) (Fig. 11).
1. Volmer reaction:

H,O +e — H*+ OH" (9)

2. Heyrovsky reaction:
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HO+e + H* —» H2+ OH~ (10)

Step 1 ° a Step 2

Figure 11: Proposed Schematics for HER on MoP/RGO (15 mg).

Oxidation process is a 4-step mechanism including multiple intermediates in the basic

environment. The OER is represented in Eq. (11)- (14).

M+ OH- —> MOH +¢ (11)
MOH + OH- —» MO + H,0 + ¢ (12)
MO + OH- —» MOOH +¢" (13)
MOOH + OH- — M + Oz + H20 + & (14)

40



H20+ e

—\

0,+e +H,0

Figure 12: Proposed Schematics for OER on MoP/RGO (15 mg).
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Conclusions

This research details MoP-based electrocatalysts on RGO substrates for the HER in
alkaline medium. We are especially interested in improving electrochemical performance
and methods for increasing HER activity. The improved MoP/RGO electrocatalyst
exhibits excellent performance for HER in an alkaline solution, with an overpotential of
96 mV and a Tafel slope of 64 mV/dec at j=10 mA/cm?. By using rational RGO as support
for MoP-based electrocatalysts, it is possible to modify the properties of MoP-based HER
catalysts. Furthermore, this method applies to most known Mo-based electrocatalysts,
including MoxC, MoSx, MoSex, and other MoP-containing electrocatalysts. The
exceptional performance is attributed to the addition of RGO in MoP-based hybrids
resulting in (1) clumping pervention of pure MoP-based electrocatalysts; (2) increasing
electronic conductivity; (3) easing the diffusion of the electrolyte and the gas produced,
and (4) improving the catalysts' long-term durability. Such findings offer a new avenue
for the rational design of RGO substrate hybrid catalysts for improved water-splitting
applications. Due to its greater HER catalytic activity and stability across a wide pH range,
MoP-based materials are the most desirable candidates for replacing the costly but
common Pt-based catalysts. Due to its low overpotential, porosity, stability, inexpensive
and abundant nature, compatibility, and permeability, MoP is exceptional and ideal for
electrocatalytic applications and processes.. Presently, considerable research efforts have
enabled all Mo-based electrocatalysts to exhibit good HER performance in acidic
electrolytes. An ideal catalyst should possess sufficient hydrogen adsorption energy,

enough active sites, and suitable electrical conductivity.
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Recommendation

Despite rapid advancements in using MoP-based materials as HER catalysts, few crucial
and problematic challenges remain. MoP's electrical conductivity through electrochemical
H> production is a critical factor to consider. Because P atoms have high electronegativity,
they significantly inhibit the delocalization of electrons of metal atoms, resulting in
decreased conductivity. As the P concentration rises, the TMPs’ conductivity steadily
declines, resulting in a semi-conductive or insulating property. Thus, the P content of MoP
must be carefully studied and adjusted to improve HER activity and conductivity.
Thorough knowledge of the catalytic activity of TMPs-based catalysts throughout the
HER process is critical for developing improved electrocatalysts. It is critical to examine
how catalysts evolve structurally and how reactants, intermediates, and products are
converted. Ex-situ approaches could fail to examine the rebuilt surface and offer actual
evidence about the intermediate's development due to the fleeting states and unavoidable
air oxidation of catalysts and unstable intermediate species. As a result, in-situ
characterization methods such as in-situ X-ray absorption spectroscopy and in-situ Raman
are commonly employed while operating a basic system of electrochemical processes.
Such in situ research explains active natural centers and reaction mechanisms and helps
to develop improved electrocatalysts. DFT theoretical simulations have become a
progressively viable method for predicting performance and designing catalysts. In the
case of TMP-based catalysts as HER-active, DFT simulations can reveal the modified
interaction and electronic structure of reactive species with the structure surface and the

development of intermediates.

Additionally, theoretical computations may forecast the best crystal shapes and chemical
constitutions. However, numerous unanswered questions remain. For example, realistic
models which closely resemble real-world reaction systems are critical for DFT theoretical
computations. It is critical to comprehend the MoP-driven HER process to simulate
electrocatalysts and reaction routes accurately. When considering large-scale applications
of MoP-based HER electrocatalysts, three major factors must be considered: catalytic

activity, durability, and commercial availability. While MoP-based materials have been
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described as potential electrocatalysts for HER, their activity must be increased further
compared to the Pt/C state-of-the-art catalyst. Durability is also a critical yet difficult
problem for electrocatalysts based on MoP. Hydrogen adsorption energy, conductivity,
nanostructure, and super oleophobic surface must be developed logically and regulated
precisely. These key features interact with one another and independently fulfill distinct
tasks, optimizing the performance of MoP-based catalysts. Additionally, Fe and Ni-based
phosphides are regarded as potential long-term HER electrocatalysts due to their
abundance on Earth. Apart from the availability of materials, practical applications require

cost-effective and energy-efficient synthesiz techniques.
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