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Abstract

The rapid growth in population and advancement in heavy industry, has badly influenced world
economy due to sharp rise in cost of oil prices. Currently, about 80% of energy is produced from fossil
fuels, which adds greenhouse gases (CO,, SOx & NOy) to the environment by increasing global
temperature and environmental pollution. Therefore, development of sustainable, environmentally
friendly and alternatives energy sources to fossil fuels attracts much attentions in recent decades.
Among the various alternative advanced clean energy technologies, the fuel cells, CO and CO; to liquid
fuel conversions, water electrolysis, solar, wind, marine energy, electrochemical energy storage (EES)
devices including various types of batteries and supercapacitors (SCs) have been attracted much
attention in recent years. Although, many efforts have been exercised to improve these technologies but
they are still facing many challenges like high cost, durability, reliability, efficiency and maintenance
to commercialize at public sectors. The hydrogen (H.) is the only alternative clean fuel which can
mitigate energy and environmental related issues. Among the various alternative energy technologies,
for example fuel cells, CO, conversions and water electrolysis uses hydrogen as the primary energy
carrier. Currently, about 95% of total hydrogen is produced by using conventional technologies like
steam methane reforming (SMR) and coal gasification (CG). Evidently, these methods are adding more
greenhouse gases to the environment and the quality of hydrogen is also poor. The pure hydrogen is
generated by water electrolysis which is usually conducted either photochemically and
photoelectrochemically or electrochemically. Amongst all water electrolysis processes, the
electrochemical water splitting is the only available greener, sustainable and rapid route of generating

highly pure H, at commercial scale.

Transition metal compounds (TMCs) such as phosphides, carbides and chalcogenides have attracted
massive attention as alternatives of noble metals (Pt, Ru or Ir) since last few years due to their superior
electrical conductivity, mechanical strength, and chemical stability. In spite of the success, there are
still many challenges like poor performance, stability in wide pH range, expensive and poisonous
starting precursors, environmentally unsafe synthetic procedures, lack of in-depth mechanistic
knowledge and so on which are creating hurdles for sustainable hydrogen production with both
economic and environmental advantage. Here, simple, economical, ecofriendly and commercially
adoptable synthesis procedures are developed to increase the number of active sites and intrinsic
catalytic activity of transition metals carbides, phosphides and sulfides through heteroatom doping.
Moreover, these nanostructures are grafted on conductive substrates (like doped-graphene, carbon cloth,

nickel foam etc.) for electrochemical water splitting applications.



The electrochemical properties of molybdenum carbides are tuned either by encapsulating or imbedding
them in boron (B) and nitrogen (N) co-doped carbon network (BCN) via a unique organometallic
complex-assisted approach. Due to the synergic effect of BCN network, the molybdenum carbides show
a remarkable electrocatalytic hydrogen evolution (HER), oxygen evolution (OER) and oxygen
reduction (ORR) performances and excellent durability in both acidic and basic aqueous defeating the
most of earlier reported molybdenum carbides based electrocatalyst in the literature. The mechanistic
study for water electrolysis and the synergic effect BCN network at electrochemical performance of

molybdenum carbides is also discussed in detail.

The intrinsic catalytic activity stability of molybdenum phosphides nanocrystallite (MoP) are
modulated by dual-doping of S and N into its structure via a unique, inexpensive and environmental-
friendly thiourea-phosphate-assisted rout. The number of active sites are also increased by controlling
the shape of nanoparticles and loading them on S, N self-doped graphene. The obtained MoP/SNG
catalysts displays extraordinary hydrogen evolution (HER) performance in both acidic and alkaline
media. Similarly, the sulfur-doped CoP (S:CoP) and Co.P (S:Co.P) nanoparticles are also synthesized
as a noble metal-free electrocatalyst via above indigenously developed thiourea-phosphate-assisted
route. The S-doped Co-phosphide based electrode exhibits excellent activity and stability for overall
water splitting defeating noble mental-based Pt/C, IrO,, and reported non-noble metal-based
electrocatalysts. Density functional theory calculations reveal that the excellent activity is attributable
to the modified electronic structures of Co-phosphides which favor the overall water splitting at both
S:CoP and S:Co.P electrodes. The S-doping also increases the number of exposed active sites especially
on the conductive substrates which works as the excellent alkaline electrolyzers for overall water

splitting.

The electroctalytic hydrogen evolution reaction (HER) activity of MoS, increases when it
possesses multifunctional active sites including strucural defects, Mo-exposed edges, S-
vacancies, 1T-phase and expanded interlayer distances. Previous reports on MoS»-based
catalysts targeted only a single or few of these active sites, the all-in-one MoS; electrocatalyst
synthesized herein contains all of the above chararcteristics by using a supramolecular structure
of melamine-phosphomolybdate (MA-PMoi2) and a weakly reducing thiourea. During
preparation, the in-situ produced NHs gas acts as interculants between MoS; sheets and makes
expanded interlayers spacing ammoniated 1-T MoS; (A-MoS,). After reduction of guest NH3
into interlayer-expanded MoS: in hydrogen leads to form an MoS> with multiple active sites
described above (R-MoS>) which exhibits surprisingly high hydrogen evolution reaction (HER)
activity in alkaline media outperforms to all earlier reported MoS;-based electrocatalysts.
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1. Introduction

The fast depletion of fossil fuels and increasing demand with rapid growth in population, heavy industry
and defense technology, has influenced world economy badly due to sharp rise in cost of oil prices.
According to the International Energy Agency (IEA), the world energy demand approached 18 TW in
2013 and it is projected to further enhance from 18 (2013) to 24-26 TW in 2040. About 80% of this
energy is produced from fossil (coal, oil and gas) fuels, which will further increase the carbon dioxide
(CO») emissions from 32 Gt/year in 2013 to 37-44 Gt/year in 2040. Due to the drastic rise in global
temperature and environmental pollution by emission of exhaust gases (CO2, SOx & NOy) form overuse
of fossil fuels (e.g. coal, petroleum products, natural gas) has enforced the researcher and scientists to
develop other alternatives to fossil fuels, sustainable and environmentally friendly sources of energy in
recent decades.?®> Among the various alternative advanced clean energy technologies, the fuel cells, CO
and CO- to liquid fuel conversions, water electrolysis, solar, wind, marine energy, electrochemical
energy storage (EES) devices including various types of batteries and supercapacitors (SCs) have been
attracted much attention in recent past years.>” Although, a lot of efforts have been made to improve
these technologies but they are still facing many challenges like high cost, durability, reliability,
efficiency and maintenance to commercialize at public sectors.> @ However, the adoption and
commercialization of these clean energy technologies has to be accelerated to eliminate the climate
risks and maintain the economic growth in a timely manner. Although these innovative technologies
will face many political and financial challenges relative to established technologies, but governments
should make policies to enhance the use of economically viable environmental-friendly energy

solutions.®

Now the world has realized that the hydrogen (H.) is the only alternative clean fuel which can mitigate
all of above energy and environmental related problems.®® Among the various alternative energy
technologies, for example fuel cells, CO. conversions and water electrolysis uses hydrogen as the
primary energy carrier. The hydrogen is also being used in many industrial applications like oil
reforming, hydrogenation of oils to fats (margarine), treating metals, processing foods, producing NHs
for fertilizer and rocket fuel.1*12 Therefore, an effective storage and production of cheaper hydrogen
gas is a critical challenge to ensure a secure and clean energy future.!? So for many kinds of materials
including metal hydrides,*** high surface area porous carbon materials,*>® metal organic frameworks
(MOFs),!"18 and covalent organic frameworks (COFs)*® have been developed to store hydrogen as a

compressed gas or as a cryogenic liquid.t?

Currently, around 500 billion cubic meters per year (=44.5 million tons) of hydrogen gas is produced
by several pathways including steam methane reforming (SMR),2>?* water electrolysis (WE),!12 22
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photochemical or photoelectrochemical (PEC) water splitting,? coal gasification (CG)> %
decomposition of hydrazine and formic acid.> % Now a days, more than 95% of total hydrogen is being
generated by using already established technologies like steam methane reforming (SMR) and coal
gasification (CG), while only 4% of the hydrogen is generated by water electrolysis.? Evidently,
conventional hydrogen production (SMR & CG) methods are strongly reliant on the burning of fossil
fuels (methane gas and coal) at high temperature, which are adding more greenhouse gases to the
environment. Secondly, the hydrogen obtained from these methods contains CO. as an impurity, which
reduces the durability, efficiency and poisons the noble metals (Pt, Ru, Pd) based electrocatalysts used
in fuel cell technology. Therefore, we would not achieve our main objective “green energy and
environment” if remain dependent on present conventional hydrogen production technologies.
Hydrogen production by decomposition of alkali and alkaline reactive metal hydrides, borohydrides
(NaBH., LiBH4 etc.) or ammonia —boranes are other alternative rapid ways to generate H, in huge
guantity or instant demand, but the toxicity and cost of these materials are big issues. Especially metal’s
hydride/borohydride producing via fine chemical industries cause the environmental pollution,
therefore, these are not greener way to produce hydrogen gas at large scale.?® The limitations of each

H, production technology are summarized in Table 1.1.

Table 1.1. Main technologies for hydrogen production and their limitations

Steam methane reforming
(SMR)

Coal gasification

- .
1. CH, + 2H,0 (steam) > 4H, (g + €O (5) High temperature,

Impure Hz gas

. C + 2H,0 (steam) = 2Hy (g + €O (4) Greenhouse gases (CO2, NOx, SOx, other particulates
(CG) matters),

Environmental pollution &

-

Cost and depletion of natural sources
Metal (Alkali/Alkaline)
hydride/borohydride
(MH)

Low mass energy density,

-

A
- MH) + Hy0 - Hy () + M(OH)s)

Low quantity of H release (maximum 8%)

N

A
- MHj () + H,0 > Hy () + M(OHy) )

Very heavy and expensive

Storage tank is much larger than gasoline tank with

same amount of energy contents

Only pure hydrogen can be stored in the storage tank
Solar-hydrogen conversion
(SHC)

Other renewable energy

. Photo-chemically

System efficiency and durability
. Photo-electrochemical

Immature technology (still at conceptual stage)
. Biomass conversion

Limited photoactive materials

N PN

sources . Thermolysis (using solar heat)

Commercial viability due to low H, production
capacity

; Electricity
Electrochemical water 1. 2H,0 ——— 2H; (g) + 0 ()

Cost of electricity

splitting Expensive noble metals (Pt, Ru or Ir) based

(EC) electrocatalysts

Durability and system efficiency

Amongst above all hydrogen production processes, the water electrolysis is the best solution to
overcome pollution problems and only possible way to generate hydrogen in a sustainable way, because
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of abundancy of its feedstock “water”. But this method is still facing many challenges like high cost of
electricity and highly efficient noble metal-based (Pt, Ir or Ru) electrocatalysts. In fact, the electricity
issue could be resolved by producing it via cost effective solar-, wind- or other renewable technologies,
which are being popular in worldwide especially in Japan, Germany, District of Columbia, China,
Europe and the United States (US).2” Japan remained dominant in filing the cumulated energy related
patents in past, but since last decade the US and China have published roughly 60% of renewable energy
and 60% of all energy patents annually.?” China and Germany have set their targets to generate 15 and
35% electricity through renewables by 2020, respectively. The developed nations will require to meet
75-100% of their energy needs with renewable sources by 2050. The United States (US), 29 states and
the District of Columbia have already adopted these renewable energy portfolio standards which needs
for installation of renewable energy.?” This trend will be helpful in providing a strong foundation for
water electrolysis to sustained hydrogen production. During the low energy demand timing such as at
the night time or working hours, the energy produced by wind or solar could be stored in the form of

hydrogen or can directly be used to split water for hydrogen and oxygen.?

Water electrolysis reaction is usually conducted by three common methods i) photochemical, ii)
photoelectrochemical and electrochemical. Although, the hydrogen production by using direct solar
energy based on photo- or photo-electrochemical is the greenest and sustainable way for water
electrolysis. However, the quantity of hydrogen generated even after many days would still be much
less than 100 mL in volume.?®?° Secondly, the direct solar-to-hydrogen conversion is still at developing
stage and could be opted for large scale H, production in future as the rapid advancement in this
technology. Due to these limitations, currently, this approach also could not be adopted at commercial
scale for hydrogen production, despite it is being ecofriendly. Amongst all water electrolysis processes,
the electrochemical water splitting is the only available greener, sustainable and rapid route of
generating highly pure H, at commercial scale. Towards this end, the researchers and scientists have
already been explored the precious metal-free (Pt, Ir, Ru) hydrogen and oxygen evolution
electrocatalysts in the last decade.?® 2 Fortunately, a lot of earth abundant nanostructured
electrocatalysts including transition metal’s alloys, carbides, phosphides, chalcogenides (sulfides,
selenides, tellurides), borides, nitrides, oxides and hydroxides have been developed especially with the
help of advanced nanoscience and nanotechnology and most of them displayed noble metal like

performances and stability in both acidic and basic electrolytes.t? 30-34

1.1  Electrochemistry of water electrolysis

As displayed in Figure 1.1a, the electrolyzer cell comprises on four parts, anode, cathode, electrolyte
(H20) and gas separating membrane (diaphragm). The anode and cathode is coated with oxygen and

hydrogen evolving electrocatalysts, respectively. When both electrodes are connected with external
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voltage source (e.g. battery), the water electrolysis started without any delay by generating hydrogen
bubbles at cathode and oxygen at anode. The ions conductive membrane prevents the mixing of both
gases and allows the ions for continuous electrolysis. Both pure gases are collected and stored for further
applications. The overall water splitting is divided into two half-cell reactions: the hydrogen evolution
reaction (or water reduction reaction) and oxygen evolution reaction (water oxidation reaction) as
shown in Figure 1.1. As water has poor proton conductivity, therefore, the water electrolysis is usually
being conducted in aqueous acidic, alkaline or phosphate buffer solutions. According to electrolyte,
the water electrolysis follow different mechanisms as explained in two half-cell reactions in Figure
1.1b. Whatever the electrolyte, the water splitting requires thermodynamic voltage of 1.23 V at 25 °C
and 1 atm. However, practically more overvoltage is needed than theoretical value (1.23 V at STP) to
start water electrolysis because of intrinsic activation barriers, solution and contact resistances offers to
HER and OER. Potential requires more than 1.23 V is termed as overpotentials and denoted as eta ().
The hydrogen and oxygen evolution reaction thermodynamically requires 0.0 and 1.23 V in overall
water splitting. The overpotential more than these values are calculated by subtracting 0.0V for HER
(mHer = E-0) and 1.23 V for OER (noer = E-1.23). Therefore, the practical operational voltage (Eop) for

water electrolysis could be calculated as in Eq. 1.1:1

Eop = 1.23V 4+ nygr + Noer + Nothers (1.1)
a b HER Reaction & OER Reaction
= ,
— s 123V /
Inaq.H,50, 3 E (H,0/0,) I
8 AH" +4e” »2H, = | |
:1]10210 mA cm3 :
In aq. KOH and neutral  §--—---- Hiniuiiniuiaiatal dub ]
AH,0 + 4e~ — 40H™ + 2H, : I
]
S i :
— ! Naer=E-0.0 ! |+
] [} 1
= : =) momeE123
g i > = .
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—E ] =S
& S Y AS— =
= ' " B In aq. HZSO4_
— : lﬂilumAcm 2H20_)4H++4e +02
]
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H,0 © 40H™ > 2H,0 + 4e™ + 20,

Figure 1.1. Schematic diagram of (a) a typical electrolyzer cell and (b) reaction mechanisms for two
half-cell reactions: HER (left) and OER (right) in acidic, aqueous and neutral media.

From the Eq. 1.1 it is clear that the operational voltage could be reduced by minimizing the internal
cathodic (nuer), anodic (noer) and other (noters) energy barriers. The noters caN be reduced by optimizing
the design of electrolyzer like reducing the distance between anode and cathode, by increasing the

conductivity of electrolyte or increasing solution temperatures. However, the nwer and noer could only
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be minimized by developing efficient electrocatalysts for both hydrogen and oxygen evolution reactions.
So for Pt and Ir/Ru based electrocatalysts are used as standards for HER and OER respectively.
Therefore, developing other transition metal based electrocatalysts are necessary for economical water

splitting for sustainable hydrogen energy.

1.1.1 Reaction mechanisms for hydrogen (HER) and oxygen evolution reaction (OER)

As discussed earlier, both HER and OER follow different paths in acidic and alkaline media. Generally,
HER is a typical two electron transfer reaction which usually follow three common reaction steps in
both electrolytes named as: i) Volmer (VS), ii) Heyrovsky (HS) and iii) Tafel (TS). The scientists are
agreed on reaction mechanism in acid but there is still ambiguity on HER mechanism in alkaline
media.? As displayed in Figure 1.2, the Volmer (VS) and Heyrovsky reaction steps (HS) differ in both
media while the recombination of two adsorbed protons (H*) to form molecular hydrogen i.e. Tafel
reaction is same. Proton (H+) first discharge at the catalyst surface by taking electron from it to become
adsorbed proton (H*) as shown in Figure 1.2a. In second step it either react with aqueous proton
through HS or combine with other adjacent H* via TS to form dihydrogen molecule. In alkaline, firstly
water dissociate into aqueous hydroxyl anion (OH) and adsorbed proton (H*) in VVolmer step, then it

either take proton from water (HS) or follow the same Tafel step as in acid as displayed in Figure 1.2b.

Acid Ot Alkaline
Volmer step: H* + e~ + x ——H" Volmer step: H,0 + e~ +* ——H*+ OH™
Heyrovsky step: H* + H* + e"————H, += | Heyrovsky step: H* + H,0 + e ———H, + OH™ +*
Tafel step: 2H*——H, + 2 * Tafel step: 2H*———H, + 2 *

Figure 1.2. HER mechanism in (a) acidic and (b) alkaline or neutral media

From the above discussion, it is revealed that the rate of the overall reaction is greatly dependent on
first hydrogen adsorption (Volmer) step. The free energy of hydrogen adsorption (AGH) is the best
descriptor of this VVolmer step and is calculated by density functional theory (DFT). If AGy is more
positive, the hydrogen strongly adsorbed at the surface making the HS/TS difficult. Conversely, if it is
more negative then hydrogen bounds to the surface too weakly and it will slow down the VVolmer step

that will limit the overall reaction rate (TOF). Therefore, the value of AGn should be equal or near to
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zero just like in Pt for any best performing non-Pt electrocatalysts, it should bound reaction

intermediates neither too strongly nor too weakly.1? 3

There are many mechanisms for OER like John Harrison’s oxide/electrochemical oxide,*
Krasil’shchkov,® Wade and Hackerman’s path,® Yeager,?® 3" Bockris’s path® in both acidic and
alkaline solutions and still it is widely discussed in scientific community during last few decades.
Among all of them, the oxide path and electrochemical oxide path proposed by John Harrison are the
widely used in the electrochemical water splitting. The possible reaction mechanism of OER in both

electrolytes are described in Table 1.2.

Table 1.2. Possible reaction mechanisms of the oxygen evolution reaction on metal oxides/hydroxides
as reported in literature.? 3

Acidic solutions Alkaline solutions
1. S+H,0->H'(aq.)+e +S—O0H 1. S+0H (aq.) > e +S—O0H
2. 2—-0H->S-0+S+H,0 2. 25-0H->S—-0+S+H,0
3. 25-0-25+0, (9 3. 25-0-25+40,(9)

Electrochemical oxide path
1. S+H,0->H'(aq.)+e +S—OH 1. S+0H (aq.) > e +S—OH
2. S—OH->S—-0+H*(aq.)+e” 2. S—OH+O0H (aq.) »S—0+H,0+e"
3. 25-0-25+0,(9) 3. 25—0-25+0,(9)
Krasil’shchkov path

1. S+H,0->H'(aq.)+e +S—O0H 1. S+0H (aq.) > e +S—O0H
2. S—OH->S—-0 +H*(aq.) 2. S—0"->S5S—-0+e”
3. S—0">S5-0+e" 3. 25-0-25+40,(9)
4. 25—-0-25+0,(9)

Wade and Hackerman’s path (Acid only)

25+ H,0 > H*(aq.)+2e”+S—-0+S—-H,0
2. S—0+25—0H —-25S+S—H,0+0,(g)

Yeager’s path (alkaline) Bockris path
S+0H (aq.) e~ +S—0H
S—OH+0H (aq.) » S —H,0, + e~
S—H,0,+0H (aq.) > S—0,H + H,0
S—H,0,+S—0,H - 25+ 20H (aq.) + 0, (g9)

=

1. S+OH (aq)-e +S—OH
2. SZ_0OH->S**1_QOH+S+e
3. $*"'—0H+20H (aq.) > 2S5+ H,0 + 0, (g)

> wn e

1.2  Electrochemical characterization parameters for HER and OER

The catalytic HER/OER performances for a specific electrocatalyst are usually determined by some
important and critical parameters those mainly include total electrode (anode/cathode) activity, Tafel
analysis, a long-term durability, Faradic efficiency, electrochemical surface areas (ECSA), impedance

analysis, the number of active sites as well as turnover frequency (TOF).



1.2.1 Electrode activity

The total electrode activity for both HER and OER is measured either by cyclic voltammetry (CV) or
linear scan voltammetry (LSV). To avoid the addition large capacitive currents to a specific reaction,
all measurements (CV/LSV) are generally conducted at low sweeping rates (usually 5 mVs?). The
obtained currents then normalized either to geometric surface area or mass of the active material loaded
on the electrode for a specific reaction. Generally, two potentials are considered, one at which
HER/OER reaction starts and other where the cathodic/anodic currents are high enough to see the gas
bubbles. The former is called “onset potential” and generally defined at current densities between 0.5-
2 mA cm? The second is “overpotential (n)” the extra/additional potential required to drive a
HER/OER reaction in sustainable way than its reversible potential. The overpotential more than these
values are calculated by subtracting 0.0V for HER (nner = E-0) and 1.23 V for OER (noer = E-1.23) as
already described in Figure 1.1b. The overpotential (ni0 & m100) at current densities of 10 and 100 mA
cm2 is generally compared to specify the HER/OER activity for a given electrocatalysts.!? 2 Mostly,
these overpotentials are reported after iRs compensation as in EQ. 1.2 & 1.3, here Rs is the series/solution

resistance and generally determined by electrochemical impedance spectroscopy (EIS) analysis.
Nuer (IRg compensated) = Eyggr — 0.0 V — iRy (1.2)
Noer (iRs compensated) = Egpgr — 1.23V — iRy (1.3)

1.2.2 Tafel analysis

Tafel analysis is generally used to predict mechanism and Kinetics of electrocatalytic reaction at the
electrode-electrolytes interface. The two critical parameters i.e. Tafel slopes and exchange current
densities (Jo) at zero overpotential are derived from the Tafel plot. The Tafel slope reveals the reaction
path way while Jo tells how the reaction kinetic is fast. The Tafel plot actually is a relationship between
overpotential (n) and logarithmic values of the current density (J) and can be determined by famous
Butler—Volmer equations for HER (Eg. 1.4) and OER (1.5) as follows.2% 3

Injc=Jo+ (_aCnRF/RT)TI (1.4)

Inj, = Jo+ ("R /oy (1.5)

Generally, it is denoted with linear equation (y = b + mx), here “m” is Tafel slope and b is exchange
currents can be calculated from y-intercept linear line between n and log (J). The Tafel slopes can also
be determined by linear relationship between iRs-corrected overpotential and of log (1/Rct) determined

are various overpotentials by EIS.?% 3 [f the Tafel slope is in between 30 to 40 mV dec?, the HER



reaction follow the Volmer-Tafel path if more than 40 then VVolmer-Heyrovsky is the preferred

mechanism.

1.2.3 Electrocatalyst stability

The durability of any catalysts for any electrochemical reaction is and critical parameters for
commercialization of water electrolysis system. The stability for HER/OER is usually determined by
accelerated voltammetry cycles (more than 5000 cycles) or constant voltage (chronoamperometry, CA)
or constant current (chronopotentiometry, CP) at least for 10 hours. Generally, I/E vs t measurements
are conducted at higher current densities. A current density of 10 mA cm? is frequently selected in
such electrolysis, because this value is considered as standard in both HER, OER and solar fuel

synthesis.®

1.2.4 Hydrogen bonding energy

The standard Gibbs free energy of hydrogen bonding (AGh) is always calculated through density
functional theory (DFT) and it should be close to zero for any best HER electrocatalyst. Sabatier
Volcano plot of exchange current density vs. AG is generally used to determine the HER/OER activity
of a catalysts. Any electrocatalyst having the value closer to plateau of Sabatier VVolcano plot displays

better performances for HER, OER or other electrochemical reactions.3% 33 3

1.2.5 Faradic efficiency

It describes the efficiency with how many of the provided electrons by external circuits are driving
desired HER/OER reaction in an electrochemical water splitting. The Faradic efficiency of any desired
reaction is the ratio between the experimentally generated H,/O, amount to the theoretical determined
H»/O, amount. The theoretical produced H. value can be estimated by integration of galvanostatic or
potentiostatic electrolysis while the practical hydrogen generated can be determined by gas

chromatography (GC) or a water—gas displacing method.*2 %

1.2.6  Number of active sites and turnover frequency (TOF)

TOF of an electrocatalyst for any electrochemical process is another critical and kinetic parameter
which reveal that how many number of active sites of a catalysts are taking part in catalyzing the desired
electrochemical reaction per unit time. However, in heterogeneous catalysis, it is hard to find the actual
number of active sites and TOF. The Eq. 1.6 is generally used to determine the turnover frequency for
both HER and OER.?®

TOF = J x M/ x Fx T (L6)



Here, J is cathodic/anodic current density (A cm), Na is the Avogadro number, the factor 1/n is the
number of electrons consumed to produce a molecule of gas (in case of H,: 1/2 and for O, it is 1/4),
F is the Faraday constant (96,485 C) and T stands for number active sites or participating atoms in
electrolysis. In case of HER, some researchers used all atoms of the material as active sites which is
totally inaccurate approach because all atoms are not accessible to drive the HER reaction.*> 26 However,
some people find the active sites by CO-stripping, hydrogen under potential deposition (H-UPD),
metals-UPD (e.g. Ag, Cu) or peroxide oxidation, etc. Unfortunately, all these methods have their own
limitations or applicable to noble metal (Pt, Ru, Ir etc.) based electrocatalysts only. In case of OER, the
redox features of transition metals (Co, Ni etc.) could be useful to determine surface concentrations of

atoms which are driving the OER reaction.?

1.2.7 Electrochemical active surface area (ECSA)

It is actually exposed area of an electrocatalytic material at the electrode-electrolyte interface and
generally determined from the double layer capacitance (Cq) of the electrocatalysts. The Cq is measured
by performing the CV cycles at various scan rates in the non-Faradaic region. The difference of both
anodic and cathodic currents (AJ = J.-Jc) is plotted verses scan rates, the slope of this line gives the
double layer capacitance. The specific capacitance for a flat surface is generally found to be in the range
of 20-60 UF cm2. The Eq. 1.7 is being used for ECSA by generally assuming 40 uF cm. Specific

capacitance for a flat electrode.

Catalysts
ACatalyst _ Cq Y

ECSA " 40puF.cm™2 per cmicg,

(mF.cm™2)

= Value®®ayst cmz ., (1.7)

1.2.8 Electrochemical impedance spectroscopy (EIS) analysis

Electrochemical Impedance Spectroscopy (EIS) is useful tool to determine charge transfer and transport
processes occurring at electrocatalysts-electrolyte interface or inside the material. As displayed in
Figure 1.3, the EIS Nyquist plots used to determine series resistance for iRs compensation, the diffusion
or Warburg resistance (Rq) offered to ions and finally charge transfer resistance (R«) at the interface.
The first time constant at high frequency is related to the surface porosity (Rq) of the materials and

second one at low frequency corresponds to the charge transfer process (Rc) at electrode.



Figure 1.3. EIS Nyquist plot to determine the series (Rs), diffusion (Rq) and charge transfer (Rcr)
resistances and their equivalent circuit model.

1.3  Electrocatalysts development strategies

The electrolysis of water to generate hydrogen and oxygen in a sustainable way is one of the “holy
desire” but remains deceptive target in electrocatalysis and renewable energy technology.? > #° This
elusive goal has been unachieved so for mainly because of unavailability of more efficient non-precious
metals to replace the most common incumbent noble-metal-based materials (Pt and Ir/Ru) for the
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) in electrochemical water
slitting.1? 34354 The field of electrocatalysis has observed much advancements since last few decades,
as affirmed by rapidly increase in number of research articles on this topic. To improve the water slitting
efficiency by reducing the overpotentials of two half-reactions, a lot of cheaper earth-abundant materials
have been explored for HER? 11230 and OER.2 31-32 42 The transition metals including Mo, W, Ti, Co,
Ni, Fe, Cu and their compounds with nonmetals e.g. C, N, B, O, P, S, Se and Te have been extensively
investigated to replace noble metal based (Pt, Pd, Ir, Ru) electrocatalysts for both HER and OER.
Among them Mo, Co, Ni and Fe compounds like phosphides, carbides, sulfides and oxides got much

attraction in field of water electrolysis due to their noble metal like electrochemical properties.3 12 31-32

It is very important to consider the abundance and cost factor while designing or developing a non-

noble metal HER/OER electrocatalyst for a sustainable and economically viable water electrolysis.
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methods of preparation. Additionally, the selected material and its synthesis method should be low-cost,
environmentally friendly and based on highly scalable procedures. Furthermore, one could avoid the
additional recycling process for the economically and ecofriendly electrocatalysts at the end of their
lifetime, as is commonly required for precious noble metals containing electrocatalysts. Similarly, the
selection of electrocatalyst supports is also very important, it must be cheapest and able to enhance the
electrochemical performances through maximizing the conductivity, electrochemical surface area
(ECSA) and effective mass/charge transport during electrolysis. Uniform grafting of nanomaterials onto
highly conductive and cheaper substrates like graphite (graphene, CNTSs), carbon (porous carbon,
carbon paper or carbon cloth) or metallic foams (such as Ni, Co or Cu foam) would be better choice to

reduce large overpotentials and enhance stabilities of the electrocatalysts.*

By increasing the number of active sites of a desired electrocatalyst is also another effective strategy to
enhance overall water splitting system efficiency and to control the cost. This could be achieved by
coupling of active material with conductive supports (GO, CNTs etc.), making the 0D,1D, 2-D or 3D
nanostructures (like, quantum dots, nanowires, nanosheets, nanoparticles, or mesoporous structure),
controlling shape (cubic, octahedral, trigonal etc.) of the nanoparticles or high-loading of the catalyst
amount to expose the more surface active sites per unit mass or area.®® The other possible way is to
increase the intrinsic catalytic activity of the material through making nano-alloys, core-shell structures,
structural defects, polymorph, heteroatom doping or intercalations. By maximizing intrinsic activity,
we can decrease the loading of the catalysts which also mitigate the mass transport problems coming
from high mass loadings which also leads to direct decrease in cost and enhance the electrode activity
more than 10 times of magnitude. However, high-loading of catalyst could only give 1 to 3 times higher

performances as compared to low mass loading.®

1.4  Objectives and motivations

The challenge in electrochemical water splitting is to replace the noble metals (Pt, Ru or Ir) with
inexpensive non-precious metal electrocatalysts. Transition metal compounds (TMCs) such as
phosphides, carbides and chalcogenides have attracted massive attention since last few years due to
their superior electrical conductivity, mechanical strength, and chemical stability. They have been
proven to be high performance electrocatalysts with good activity, high stability, and nearly ~100%
Faradic efficiency in acidic, alkaline and neutral media for HER and OER. In spite of the success of
TMCs as good electrocatalysts for water slitting, there are still many challenges like poor performance,
stability in wide pH range, expensive and poisonous starting precursors, environmentally unsafe
synthetic procedures, lack of in-depth mechanistic knowledge and so on which are creating hurdles for

sustainable hydrogen production with both economic and environmental advantage.
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The main objective of this work is to increase the number of active sites and intrinsic activity of
transition metals carbides, phosphides and sulfides through the knowledge of material chemistry,
nanoscience and nanotechnology. Moreover, development and designing of simple, economical,
ecofriendly and commercially viable synthesis procedures for preparation of transition metal
phosphides, carbides, sulfides and their grafting on conductive substrates (like doped-graphene, carbon

cloth, nickel foam etc.) for electrochemical water splitting.

1.5 Research theme and achievements

The second chapter is focused on the tuning of electrochemical properties of five different phases of
molybdenum carbides by encapsulating carbides NPs with boron (B) and nitrogen (N) co-doped carbon
shell (BCN) via a unique organometallic complex-assisted approach. The BCN network protected
multiple phases of mesoporous molybdenum carbide displayed high electrochemical active surface area,
reduced charge transfer resistances and improved wetting properties. Due to the synergic effect of BCN
shell, all phases of molybdenum carbides showed a remarkable electrocatalytic HER performance and
durability in both acidic and basic aqueous defeating the most of earlier reported molybdenum carbides
based electrocatalyst in the literature. The mechanistic study for HER over BCN encapsulated
molybdenum carbides is also being discussed in detail.

In third Chapter, the electronic structure of most stable and active B-Mo,C was modulated by boron
and nitrogen co-doping. The dramatic increment in the HER, OER and ORR performances were
observed especially in alkaline media. The B and nitrogen co-doped B-MoC also displayed exceptional
stability for HER and OER in aqueous 1.0M KOH. The mechanism of overall water splitting at B, N:
Mo,C@BCN is also described in alkaline media.

The novel and ecofriendly general synthesis procedure for transition metal phosphides is first time
presented in Chapter 4. The intrinsic catalytic activity stability of molybdenum phosphides
nanocrystallite (MoP) are tuned by dual-doping of S and N into its structure via a unique, inexpensive
and environmental-friendly (thio)urea-phosphate-assisted rout. The number of active sites are also
increased by controlling the shape of nanoparticles and loading them on S, N self-doped graphene. The
obtained MoP/SNG catalysts displayed extraordinary hydrogen evolution performance in both acidic

and alkaline media.

Mono cobalt phosphide (CoP) and di-cobalt phosphide nanoparticles are also prepared by adopting the
above eco-friendly synthetic approach. The intrinsic electrocatalytic HER and OER performance of
CoP is enhanced by doping of sulfur (S) into its structure and is being discussed in Chapter 5. Similarly,
the electrochemical properties of metallic cobalt phosphides (Co.P) are also modulated by same

approach as in CoP. The mechanism of overall water spitting at S-doped Co,P and change in its
12



electronic structure after S-doping is also investigated by experimental and theoretical methods in
Chapter 6.

Theoretical and experimental studies reveal that the Mo (1010) edge of molybdenum sulfide (MoS,) is
most active site with about 50% hydrogen coverage and low hydrogen binding energy (AGw~ 0.08 eV)
closer to ideal value of 0 eV for HER. But its basal plane shows poor performance due to possessing
high hydrogen binding energy i.e. 1.92 eV.* To this end, ample efforts have been devoted to improve
the catalytic activity of MoS, by converting 2H to 1T phase through chemical exfoliation,* increasing
the number of active sites through engineering its nanostructure such as vertically aligned nanofilms**
and double-gyroid mesoporous films®, creating sulfur vacancies and defects through thermal
treatment,**® introducing various chemical compositions such as amorphous MoSx films,**-5! dimeric
[Mo3S13]* clusters,® and metal-doped MoSs,> compounding with conductive substrates (e.g. carbon
nanotubes, Au, graphene, etc.)***" and expanding the interlayer spacing through microwave-assisted
solvothermal reduction of (NH4).M0S;>%° or trapping of foreign species into the MoS, sheets.®%-5!
However, all these efforts are exercised either by using expensive, corrosive and dangerous chemicals
or following the environmentally unsafe synthetic procedures. Due to low output of active sites in MoS;

and environmental concerns, the above method could not be opted for large scale applications.

A simple strategy is presented in Chapter 7 to synthesize MoS, with multiple active sites such as
defects, S-deficiency, Mo-exposed edge, and expanded interlayer spacing by hydrothermal reaction
using supramolecular melamine-phosphomolybdate (MA-PMo1,) and thiourea as precursors. During
the hydrothermal reaction, in-situ generated NHz molecules were intercalated into MoS; sheets with an
interlayer spacing of 8.4 A, and 1T phase MoS; (71%) was dominantly observed (A-MoS,). The further
defects and S-vacancies in A-MoS; (R-MoS;) were generated by removing intercalated NH3z and H,S
through thermal annealing in hydrogen gas at 500 °C. Edge-terminated and interlayer-expanded MoS;
structures in R-MoS; after the thermal reduction remained, and the fraction of 1T phase was still
considerable (33.7%). The hybrids of R-MoS; with reduced graphene oxide and nickel foam (R-
MoS2/NG and R-MoS,/NF) displayed remarkable hydrogen evolution reaction (HER) in alkaline media.
Being environmentally safe and cheaper precursors used in this approach, could be opted for

commercial production of metallic (1T) or defective MoS; for electrochemical applications.
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2. BCN-shell Encaged Multiple Phases of Molybdenum Carbide for

Effective Hydrogen Evolution Reaction

2.1 Abstract

Various phases of molybdenum carbide protected by boron-carbon-nitrogen (BCN) shell are prepared
by thermal decomposition of Mo-imidazole-borate organometallic complex with appropriate alteration
in imidazole-borate ligand structure. All phases of molybdenum carbide are conformally protected by
BCN network and effectively catalyze the hydrogen evolution reaction (HER) with enhanced stability
in both acidic and basic media outperforming most of molybdenum carbides based electrocatalysts
reported in the literature. Hexagonal B-Mo,C@BCN gives consistently most stable performance in all
conditions. The less active cubic a and hexagonal n phases also exhibit improved HER performance
and stability due to the synergistic effect of BCN encapsulation. The dual electrophilic and nucleophilic
nature of BCN shells provide protection to molybdenum carbides nanoparticles from chemical
corrosion and aggregation, and enhance their catalytic HER activity by acting as an electron/proton

transfer medium because of increased wetting properties.

2.2  Introduction

Due to noble metal-like characteristics, transition metal carbides (TMCs) have drawn great attention as
active catalytic materials in the field of catalysis and electrocatalysis.}? Especially their good thermal,
mechanical and chemical stabilities in dilute aqueous acidic as well as alkaline media,** makes them
emerging material as efficient catalysts for hydrogen evolution,>® oxygen reduction/evolution,%-
water gas shift reactions,*? lithium** or sodium ion batteries,'® and supercapacitors.'® The insertion of
carbon atom into the lattice of transition metals (e.g. Mo, W) causes in the expansion of lattice
parameters. In the result of hybridization between metal d-orbitals and s-/p-orbitals of carbon atoms,
metal d-band width contracts and degree of electron filling increases,'? *"-1° which provides more noble

metal-like characteristics to TMCs compared to parent transition metals.

Alternatives of most active and expansive Pt based hydrogen evolution reaction (HER) catalysts such
as non-precious transition metals or their carbides, sulfides, borides, nitrides, and phosphides have been
extensively explored.?-22 But the catalytic activity and stability of these electrocatalysts are still very
low, in this regard, many attempts have been exercised to increase the catalytic performance by making
porous structure,® nanowires® or doping with heteroatoms.?* The heteroatom doping into the structure
of these materials plays a critical role in tuning electrochemical properties and by providing synergistic

coupling effect.22¢ Molybdenum carbides also have been considered as efficient material for catalyzing
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HER in both aqueous acidic and basic electrolytes,® ° 2122 and similar alteration in their structure have
already been exercised to improve their catalytic behavior by doping with heteroatoms such as N,* 2’
S%[17] or N, S dual doping.?* Another common effective approach is to make their hybrid composite
with single or more elements doped carbon network, which can improve electron/mass transfer

characteristics.

Herein, multiple phases of molybdenum carbides wrapped by a few layers of B and N co-doped carbon
(BCN) nanostructure are prepared successfully, by carburizing Mo-imidazole-borate organometallic
complex in inert atmosphere. The multiple phases such as hexagonal (B, 1), orthorhombic (a, ) and
cubic (o) molybdenum carbides are synthesized by simply altering the imidazole-borate ligand structure
by taking advantage of this unique. These hybrid composites offer reduced charge transfer resistances
and enhanced water adsorption properties due to the presence of boron and nitrogen species in carbon
network. All phases of molybdenum carbide display an improved catalytic performance and stability in

all values of pH defeating most of molybdenum carbides reported in the literature.

2.3 Experimental section

2.3.1 Synthesis of Mo-imidazole-borate organometallic complex

All chemicals were used as purchased without further purification. Imidazole-borate was synthesized
by following the previously reported method with slight modification.?-° Typically, boric acid (1mmol,
61.83 mg, Sigma-Aldrich) was dissolved in glycerol (10 mL, Junsei) in 3-necked, round-bottom flask
(250 mL) equipped with a reflux condenser, a magnetic stir bar, and a thermocouple. The reaction
mixture was heated to a temperature of 100 °C until the clear solution was obtained and was maintained
at this temperature for 2 h. After cooling down to 50 °C, a solution of imidazole (5 mmol, 340.4 mg) in
ethanol (Sigma-Aldrich) was poured gradually. The reaction mixture was again heated slowly to remove
excess water and ethanol, and then allowed to cool after the light yellow color appeared. For the
synthesis of Mo based organometallic complex, the Mo(V) chloride (1 mmol, 273.2 mg, Sigma-Aldrich)
was dissolved in equal volume (20 mL) of 3 % aqueous acetic acid and ethanol under continuous stirring
for 1 h. Then, this freshly prepared solution was poured gradually into the above imidazole-borate
monomeric solution by adjusting pH<4 with the 3 % acetic acid and heated slowly to 90 °C then 130
OC. After complete removal of water, the dark brown precipitates were collected by centrifugation and
washed with ethanol until neutral pH. The obtained product Mo-Imidazole-borate complex was dried

at 60 °C for one day before further experiments.

20



2.3.2 Preparation of BCN encaged different phases of molybdenum carbides

Different phases of molybdenum carbides were prepared by just modifying the imidazole-borate ligand
structure. Detailed compositions can be found in Table 1. The as-prepared Mo-Imidazole-borate
complex was calcined in a tube furnace under N, gas with a ramping rate of 5 °C min-1, kept at 900 °C
for 5 h and then cooled down naturally. The resulting dark grey powders, denoted as Mo,C@BCN
(around 40 wt. % of initial precursors) was collected and sealed in a vial before further analysis and
characterizations. For comparison, Mo,C nanoparticles are also prepared without developing BCN

network.

Table 2.1. Composition of starting materials for preparation of multiple phase of molybdenum carbides

0-B-Mo,C 5 mmol NIL 1 mmol
0-0-Mo,C@BCN 5 mmol 1 mmol 1 mmol
h-n-MoC@BCN 5 mmol 2 mmol 1 mmol
h-B-Mo.C@BCN 5 mmol 3 mmol 1 mmol
c-a-Mo,C@BCN 5 mmol 4 mmol 1 mmol
0-f-Mo,C@BCN 5 mmol 5 mmol 1 mmol

2.3.3 Characterizations

Crystallographic information of all powder samples were determined by powder X-ray diffraction
(XRD, PANalytical pw 3040/60 X’pert) with Cu Ka radiations. The surface morphologies and
structural information were examined with field-emission scanning electron microscope (FE-SEM,
Hitachi, S-4800, 15 kV) and normal transmission electron microscope (TEM, JEOL, JEM-2100). The
chemical compositions, elemental mapping and in-depth crystal information of samples were collected
by high resolution transmission electron microscope (HRTEM, JEOL, JEM-2100F). X-ray
photoelectron spectroscopy (XPS, ThermoFisher, K-alpha) was used to obtain the surface atomic
composition and chemical states. Surface areas and pore size distribution of the catalysts were
characterized by N2 adsorption-desorption isotherms by using Mirae Scientific Instruments,

Nanoporosity-XQ at liquid-nitrogen temperature.

2.3.4 Electrochemical measurements

The catalyst ink was prepared by dispersing 10 mg of a catalyst in 1.0 mL mixture of deionized water
and 2-propanol (7:3) and 20 uL of 5% Nafion solution. The mixture was sonicated for 1 h in a water
bath. The working electrode was prepared by drop casting of 15 uL ink onto a glassy carbon electrode
(0.7-0.8 mg cm loading) followed by dropping 5 pL Nafion solution in order to fix the catalyst. The

electrode was dried at room temperature for 1 h before electrochemical measurements. Electrochemical
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HER activity and stability tests were carried out in a three electrode cell configuration using a rotating
disc electrode (RDE, PAR Model 636 RDE) attached with a potentiostat (Ivium technologies). An
Ag/AgCl (3.0M NacCl) electrode and a Pt wire were used as reference and counter electrodes,
respectively. All potentials were referenced to the reversible hydrogen electrode (RHE) by converting
with the equation Erpe=Eagagciy + 0.059pH + 0.209.

Linear sweep voltammogram was measured in aqueous 0.5 M H>SO4 (pH 0.3) and 1.0 M KOH and
NaOH (pH 14) at a scan rate of 5 mV s-1 with 1600 rpm after 20 cyclic voltammetry (CV) cycles in the
range of 0.2 to -0.5 and -0.8 to -1.3 V vs. Ag/AgCI reference electrode for acid and basic solutions,
respectively. The electrochemical stability tests were conducted by performing up to 3000 CV cycles
in the above potential ranges. Electrochemical impedance spectroscopy (EIS) was conducted in the
same setup in the frequency range of 100 kHz to 1 MHz with a modulation amplitude of 10 mV. The
EIS spectra were fitted by the Z-view software. To evaluate the electrochemical active surface area
(ECSA), CV was conducted from 0.0 to 0.3 V (in 0.5 M H;S04) and -0.8 to -0.5 V (in 1.0 M KOH or
NaOH) vs. Ag/AgCl with different sweep rates between 10 to 100 mV s™.

2.4 Results and Discussion

2.4.1 Organometallic complex-assisted synthesis and characterization of Mo-carbides

The generalized preparation procedure for B- and N-doped carbon (BCN) shell protected molybdenum
carbides (named as Mo,C@BCN) is described in Figure 2.1a, and discussed in detail under
Experimental Section. Firstly, as-prepared different imidazole (Im)-borate (Egn. 2.1) monomers (Table
1.1) were used as an organic linker to make an organometallic complex of Mo cation at 130 °C under
nitrogen in glycerol and dilute aqueous acetic acid solution (Eqn. 2.2). The color change with synthesis

time is also monitored as in Figure 2.1b.

A
n(Im) + H;B0, - (Im),B(OH)3_,, + nH,0 (Eq.2.1)

aq.CH3COOH,Gly
(Im),B(OH)3_p, + MoCls ———— > MIB — complex + HCl (Eq.2.2)

The dark brown precipitate of Mo-Im-Borate complex (MIB) are collected which possess zeolitic-
imidazolate framework-like (ZIF) topologies because of imidazole linkers can make Mo-Im-Mo bridge
just like Si-O-Si in zeolite framworks.®! The Powder X-ray diffraction (XRD) pattern of MIB complex
did not show any significant peak due to its amorphous nature as shown in Figure 2.2a. Then, the as-
obtained MIB complex was calcined at 900 °C in N, atmosphere to synthesize BCN network
encapsulated dark grey Mo,C nanoparticles (NPs). During the thermal decomposition at higher

temperature, Mo reacts with the imidazole-borate linkers and converted to molybdenum carbides NPs
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covered by the few layers of BCN. Five different phases (hexagonal B, 1, orthorhombic a,  and cubic
a) are successfully formed by just manipulating imidazole-borate ligand structures by varying the
imidazole-to-boric acid ratio by keeping the all other conditions same (Table 2.1). Due to the different
structure, the imidazole-borate ligands may have tendency to coordinate with Mo atoms making

different spatial atomic arrangements in MIB to yield distinct phases of molybdenum carbide.

Acetic Acid
+
Glycerol

Precipitate collection
with ethanol, and
drying at 60 °C

Figure 2.1. (a) Schematic illustration for preparation of BCN-encaged diffrent phases of molybdenum
carbide and evolution of color during the synthesis of Mo-Im-Borate complex.

The formation of highly crystalline different phases like orthorhombic (a-Mo.C, f-MoC), hexagonal
(B- M02C, n-MoC) and cubic (a-MoCi.x) molybdenum carbides are confirmed by XRD (Figure 2.2b)
along with simulated XRD patterns of all phases. Surprising, the multiple phases are easily synthesized
by just slight tuning imidazole-borate ligand structure at the same annealing temperature of 900°C for
5 h in N2. Additionally, the cubic a-MoCiand hexagonal n-MoC phase could also be synthesized at
750 °C (Figure 2.2¢) and 800 °C (Figure 2.2d), respectively, which are much lower temperature as for
a-MoC1.« (800 °C) and hexagonal n-MoC (1050 °C) by annealing a mixture of Mo salts and organic
compounds®2. Additional, for the preparation of n-MoC the other metallic impurities like Nil, and Cu
was also required as guest atoms to make metal organic framework, the removal of such impurities is
difficult to get the pure product.®>® The particle size calculated by applying Scherrer formula (Figure
2.2e), the average crystallite sizes of 0-a-Mo02C (14 nm), n-MoC (6.3 nm), h--Mo.C (11.6 nm), a-
MoCi.x (4.2 nm) and 0-B-Mo.C (8.9 nm), which are smaller or comparable with previously reported in

literature.5 2 2 Mo-complex structure effectively prevent from agglomeration of NPs during the
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confined carburization reaction. The irregular spherical particles of grain size 30-200 nm were observed

by Field emission scanning electron microscopy (FESEM) as shown in Figure 2.2f.
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Figure 2.2. XRD pattern of (a) Mo-Im-borate complex, (b) as-synthesized multiple phase of
molybdenum carbide at 900 °C, (c) cubic a-MoC1.x at 750 to 900 °C, (d) hexagonal n-MoC at 800-900

°C, (e) particle size distribution obtained from XRD pattern in (b) by Scherrer equation and (f) SEM
image sample annealed at 900 °C.

The transmission electron microscopy (TEM) image at low magnification (Figure 2.3a) display
irregular shaped porous morphology as in SEM images. The small nanoparticles (5-14 nm) of
molybdenum carbide are caged in BCN network as encircled by dots in good agreement with XRD.
High resolution TEM images in Figure 2.3b-d confirm that molybdenum carbide NPs are well
protected in uniform BCN shells of 3.0£0.5 nm thick having interplanar distances of 0.377 and 0.345
nm of (012) planes of boron carbide (JCPDS 01-086-1120) and (002) planes of graphitic carbon,
respectively.®® The lattice fringes Figure 2.3b-f of hexagonal n-MoC (0.243), hexagonal B-Mo.C
(0.229), orthogonal B-Mo2C (0.28), orthogonal a-Mo2C (0.246) and cubic a-MoCi.x (0.24) nm are
belonging to the (006), (101), (211), (002) and (111) crystal planes of each phase, respectively. EDX
elemental maps (Figure 2.3g-1) confirms the uniform distribution of Mo, B, N and C atoms throughout

the particle which is another evidence of successful encapsulation of molybdenum carbides NPs by
BCN.
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d:0.229 nm
aon 5

Figure 2.3. TEM image (a) at low magnification; scale bar: 100 nm, HR-TEM image of (b) hexagonal
n-MoC, (¢) hexagonal p-Mo,C, (d) orthogonal p-Mo,C, (€) orthogonal a-Mo,C, (f) cubic a-MoCi.x and
corresponding fast Fourier transform (FFT) pattern (inset); scale bar: 5nm. (g-1) EDS-STEM elemental
maps for Mo (red), C (green), N (purple) and B (light blue).

Three oxidation states for molybdenum Mo*? (Mo-carbide), Mo* (MoO) and Mo*® (MoQs) are
identified by X-ray photoelectron spectroscopy (XPS) of Mo 3d spectra as displayed in Figure 2.4a.
The minor surface oxides are observed in XPS because of exposure of NPs in air,?> 3 as confirmed by
guantitative analysis of XPS in Table 2.2. Five peaks of B-C, B-N, B, B-O (B.Os) and MoB are
identified in B1ls spectra (Figure 2.4b). The signals at 398.2, 399 and 401 eV in N1s XPS (Figure
2.4c)can be assigned to pyridinic/B-N, pyrrolic and graphitic (N-Cs) nitrogen,®*-34 along with Mo-N and
Mo-Mo peaks at 394.2 eV and 395.5 respectively.®> % The C1s (Figure 2.4d) spectra display a Mo-C
peak at 283 eV,* and near 284.5, 285.2 and 288 eV corresponds to C bonding with N, O, and B,
accordingly.®® The pore size in the range of 3-10 nm and BET surface areas 87.1 and 48.36 m?g are
found to be for h-B-Mo.C@BCN and c-a-MoC1x@BCN by N adsorption—desorption isotherms as

shown in Figure 1.4e-f.
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Figure 2.4. XPS spectra of (a) Mo 3d, (b) B 1s, (c) N 1s) and (d) C 1s. BET isotherms for (e) h-p-
Mo,C@BCN, (f) c-a-MoC1«@BCN and pore size distributions (inset).

Table 2.2. Surface composition of each phase of molybdenum carbides determined by XPS

0-0-Mo2C@BCN  10.44 60.81 17.37 1.04 10.34
h-n-MoC@BCN  10.39 55.93 24.27 1.23 8.18
h-B-Mo.C@BCN  11.03 59.09 21.17 1.60 7.11
c-a-M0o2C@BCN | 11.3 60.02 18.7 3.15 6.83
0-B-Mo2C@BCN  13.50 60.49 12.84 4.05 9.12

2.4.2 Hydrogen evolution reaction performances of BCN-protected molybdenum carbides

The electrocatalytic HER activity of all phased are examined by using three electrode system in both
acidic and alkaline aqueous electrolytes as shown in Figure 2.5. Surprisingly, the ¢c-a-MoC1x@BCN
displays best performance from the other molybdenum carbides especially in the small current density
in 0.5M H>SO;, (Figure 1.5a). It requires small onset potential of ~ 20 mV and overpotential 133 mV
for a current density of 10 mA cm? The Hexagonal B-Mo,C phase also needs much lower onset and
overpotential of ~18 and 147 mV as compared to orthorhombic o and  phases of Mo,C composites.
The hexagonal n-MoC@BCN also needs slightly higher overpotentials to achieve the same current
densities. Overall, the best performance was observed by h-p-Mo,C@BCN especially at higher currents
in acidic medium, which is higher than earlier reported molybdenum carbide-based catalysts in

literature (Table 2.3). The higher HER activity of f-Mo.C could be due to a slightly higher density of
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states (DoS) around Fermi level than other Mo-carbide phases.®* 3" The HER performance was also
determined in 1.0M KOH (Figure 2.5b) and 1.0M NaOH (Figure 2.5c) aqueous solutions. The h-f3-
Mo.C@BCN displays the current density of 1 and 10 mA c¢cm at the smallest overpotentials in 1.0M
NaOH (45 and 92 mV) and 1.0M KOH (46 and 98 mV) aqueous solutions. The less active Cubic a-
MoC..« also displayed better performance than previously reported one due to the BCN promotional
effect.3? Similarly, h-n-MoC@BCN composite also exhibits exceptional activity as compared to
previous reports on n-MoCx nano-octahedrons and n-MoC.5 *? It requires the low onset potential (~30
mV) and overpotentials (106 mV) to generate current of 10 mA cm. Surprisingly, the all BCN
encapsulated Mo-carbides catalysts show higher performance than Pt/C especially at higher current
densities. The electrochemical properties in both acidic and alkaline media for all hybrid catalysts are

summarized in Table 2.3 and 2.4.

The Tafel slopes and exchange current densities at zero overpotential (Jo) are calculated by using the
Tafel equation = a + b log (j) in all electrolytes (Figure 2.5d-f). The c-a-MoC1x@BCN displays the
lowest Tafel slope (~47 mV dec?) and higher exchange currents (0.124 mA c¢cm2) which confirm its
exceptional HER performance in 0.5M H,SO.. Hexagonal B-Mo.C@BCN and orthogonal pB-
Mo.C@BCN show the similar Tafel slopes, but higher Jo (0.392 mA cm?) of former than later (0.109
mA cm?) indicate of higher HER kinetic for h-B-Mo.C@BCN. The low comparable Jo values and Tafel
slopes of both h-n-MoC and o0-a-Mo.C also indicate that they following same reaction route in acidic
media. In alkaline media, all hybrid catalysts show the Tafel slope in the range of 52-60 mv dec™ and
relatively higher Jo values. The cubic a-MoCi.x also displays comparable or smaller Tafel slopes than
other reported catalysts as enlisted in Table 2.3 & 2.4. Another important factor i.e. electrochemical
active surface areas (ECSA) were also calculated by determining the specific double layer capacitance
(Car) from linear slopes of the plots (Figure 2.5g-h) between (AJ= Js-Jc)/2 and scan rates (10-100 mV
s1).28 38 Interestedly, 0-a-Mo,C display the better specific capacitance and ECSA than other phase, but
a little less HER activity in all electrolytes. Although c-a-MoC1x@BCN displays almost same ECSA
in all conditions but it has better activity in 0.5M H,SO, than other alkaline. This behavior indicates

that ECSAs are not the crucial parameter in determining HER activity as reported previosly.®
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Figure 2.5. HER performance curves (a-c) of all hybrid catalysts at a scan rate of 5 mVs? and (d-f)
corresponding Tafel plots in all electrolytes. Half of (Aj= J.-Jc) plotted against scan rates in (g) 0.5M
H2SO4, (h) 1.0M NaOH and (i) for orthorhombic a-Mo.C@BCN (black), hexagonal n-MoC@BCN
(red), hexagonal B-M0.C@BCN (blue), cubic a-MoCix@BCN (pink) and orthorhombic f-
Mo,C@BCN (green).

Thus electrochemical impedance spectroscopy (EIS) analysis was also performed and compared in all
electrolyte constant overpotentials 148 mVgye in 0.5M H2SO4 and at 90 mVgye in alkaline conditions
(Figure 2.6a-c). The h-B-Mo,C@BCN has relatively small charge transfer resistances (Rc) than other
composites in both acidic and basic solutions. The c-a-MoCi.x hybrid displays a higher R in alkaline
solutions as compared to acidic electrolyte, which is in accordance it performance behavior in both
electrolytes. The EIS results have consistency with the HER activities of all electrocatalysts, revealing
that charge transfer is the most important factor effecting the HER performance. Electrochemical
durability was also determined by performing the accelerated cyclic voltammetry (CV) continuously
for 3000 cycles at a scan rate of 100 mVs™ in both acidic as well as alkaline media as shown in Figure
2.6d-e. The h-p-Mo,C and 0-B-Mo,C composites show the remarkable stable performance for HER
without any significant increment in overpotential up to 3000 CV cycles. While c-a-MoCi.x @BCN

exhibits a minor but continuous loss of current density in both electrolyte, revealing a small corrosion
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and instability of this phase than others.3? The stability of h-n-MoC@BCN and 0-a-Mo,C@BCN were

also improved after encapsulation of BCN network.

Table 2.3. Comparison of HER activity in acidic media with other reported electrocatalysts

c-a-MoC1@BCN 41 133 47 0.124 This Work

167 1.505
h-B-Mo,C@BCN 52 147 105 0.392
0-p-Mo,C@BCN 87 177 104 0.109
h-n-Mo,C@BCN 125 182 56.6 0.006
0-a-Mo,C@BCN 131 200 67.6 0.011
Mo,C-carbon 160 260 110 J. Mater. Chem. A 2014, 2 (27), 10548-10556.
nanocomposites
Moy 06W1.0:C/CB 150 220 Angew. Chem. Int. Edit. 2014, 53 (20), 5131-5136.
Mo,C/Graphitic 160 210 62.6 0.0125 ACS Catal. 2014, 4 (8), 2658-2661.
Carbon Sheets
Mo,C 155 210 56 0.0013 Angew. Chem. 2012, 124 (51), 12875-12878.
Mo,C NWs 115 200 55.8 Electrochim. Acta 2014, 134, 182-186.
Mo,C nanoparticles 150 198 56 J. Mater. Chem. A 2015, 3 (16), 8361-8368.
MoS,/Mo,C embedded 190 69 J. Mater. Chem. A 2014, 2 (44), 18715-18719.
N-CNT
Mol Soy($-Mo,C and 120 177 66.4 0.037 Energy Environ. Sci. 2013, 6 (6), 1818-1826.
’Y-MOzN)
MoS,@Mo,C 130 170 52 0.131 ACS Catal. 2015, 5 (11), 6956-6963.
Mo,C on CNT 63 152 55.2 0.014 Energy Environ. Sci. 2013, 6 (3), 943-951.
Ni-Mo,C nano-rod 100 150 58 0.033 Appl. Catal. B 2014, 154, 232-237.
3D Mo,C/Ni network 44 150 49 ChemCatChem 2014, 6 (7), 2059-2064.
Mo,C-NCNT 72 147 71 0.114 J. Mater. Chem. A 2015, 3 (11), 5783-5788.
MoCN 55 145 46 J. Am. Chem. Soc. 2014, 137 (1), 110-113.
Mesoporous n-MoCy 87 142 53 Nat. Commun. 2015, 6, 6512-6520.
nano-octahedrons
Mo,C, CNT-Graphene = 90 130 58 0.062 ACS Nano 2014, 8 (5), 5164-5173.
composite
Mo,C on RGO 91 130 57.3 Chem. Commun. 2014, 50 (86), 13135-13137.
Nanoporous Mo,C 70 130 53 Energy Environ. Sci. 2014, 7 (1), 387-392.
nanowires
Mo,C@NC 60 124 60 0.096 Angew. Chem. Int. Edit. 2015, 54 (37), 10752-10757.
NS-doped Mo,C 56 86 47 0.038 Small 2015, 11 (47), 6278-6284.
Mo,C-Ni@NCV 22 75 45 J. Am. Chem. Soc. 2015, 137 (50), 15753-15759.
- Mo,C 205 120 0.01729 Angew. Chem. 2014, 126 (25), 6525-6528.
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Figure 2.6. Comparison of EIS Nyquist plots at overpotentials of 148 mV in (a) 0.5M H,SO.; and at
90 mV in (b) 1.0M KOH and c¢) 1.0M NaOH. Polarization curves before and after continuous CV cycles
at scan rate of 100 mVs* for (d) h-B-Mo.C@BCN; (e) c-0-MoC1.x@BCN and () 0-3-Mo.C@BCN in
acidic and alkaline media.

Table 2.4. Comparison of HER activity of as-synthesized molybdenum carbides other Mo,C-based
electrocatalysts in alkaline media

h-B-Mo,C@BCN
h-n-Mo,C@BCN
0-0-M0o,C@BCN
0-p-Mo,C@BCN
c-a-MoC,,@BCN
h-B-Mo,C@BCN
h-n-Mo,C@BCN
0-0-M0,C@BCN
0-p-Mo,C@BCN
c-a-MoC,,@BCN
Dual-doped Co@BCN
Mo,C-NCNT
Mo.C

Mo,C nanoparticles

Mesoporous n-MoCy
nano-octahedrons

Mo,C nano-rod Ni
impregnated Mo,C nano-
rod

Mo,C@NC

45
65
63
69
73
46
52
49
56
62
70
195
130
110
92

48

10

92

116
119
126
141
98

106
111
110
154
183
257
190
176
151

130

60

52.8
53.4
58.5
60
73
55
55.4
68
59
98

73.2

54
58
59

49

0.162
0.063
0.0861
0.075
0.113

0.162
0.120
0.218
0.127

0.225

0.0038

0.27
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1.0M NaOH
This work

1.0M KOH
This work
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2.4.3 The synergistic roles of BCN network to enhance HER activity

The N-doped molybdenum carbides NPs are also prepared by using Mo-imidazole complex as a
precursor at the similar conditions. The XRD pattern of N-doped Mo,C (without BCN) catalyst in
Figure 2.7a clearly confirms the formation of -Mo.C with large crystal size (15-30 nm) and displays
poor HER activity than BCN encapsulated molybdenum carbides and requires n110 values 355 and 256
mV in 0.5M H>SO; and 1.0M KOH, respectively (Figure 2.7b-c). Thus it is another evidence of
advantage of BCN-encapsulation to improve the HER activity. Firstly, it controls the agglomeration of
molybdenum carbide NPs, secondly, it reduced the charge transfer resistance due to its excellent
conductivity as confirmed by the EIS analysis and thirdly, it can provide protection to the carbide

particle from chemical corrosion and increase the stability.

a b,
d=21nm @ 39.42 d
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Figure 2.7. (a)XRD pattern, HER performance curves in (b) 0.5M H,SO, and (¢) 1.0M KOH aqueous
solutions of N-doped Mo,C. (d) The electrophilic and nucleophilic role of BCN layer to increase the

HER activity.
Here let us discuss another unique electrophilic as well as nucleophilic characteristics of BCN shell

differentiated it from other carbonaceous layers as shown in Figure 2.7d. Boron attached to C can act
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electrophile (electron loving) and at other end N play a role of nucleophile (proton loving). Thus, B and
N co-doped carbon could make sp3-C Stone-Wales defects in the carbon structure, which can also
activate neighbor carbon atoms by increasing electron density which also act as nucleophile. Thus B
and N co-doping in carbon could increase the proton (H*) adsorption sites, enhances wetting property
and thereby maximize the electrochemical active surface area (ECSA).>334 3 As the C atom in BCN
with an electronegativity (y) of 2.55 is residing in between N (¥=3.04) and B (¥y=2.04) atoms, being
more electronegative, the N may withdraw electron density from adjacent C via 2p orbital which the
again reduces the electron density at B, resulting more proton adsorption sites at N/C and water
adsorption sites at B.3 An electron deficient B atom is surrounded by only six valence electrons, and
thus, it can coordinates with lone pairs of oxygen atom in water in order to complete a stable octet,
hence enhances the wetting properties by weakening —O-H bond of water molecule (Figure 1.7d, left).
From the above discussion, it can be concluded that BCN encapsulation of molybdenum carbides NPs
may be responsible for enhancing the HER performance and stability by promoting electron/proton

transfer in the molybdenum carbides-based catalysts.

2.5 Conclusion

The electrocatalytic HER performance of five different phases of molybdenum carbides are tuned by
synthesizing BCN encapsulated carbides NPs via a unique organometallic complex-assisted approach.
The multiple phases of molybdenum carbides are prepared by slight modification in the imidazole-
borate ligands keeping the other conditions constant. This method prevents the carbide NPs from
agglomeration during a confined in-situ carburization reaction between Mo atom and imidazole-borate
monomer of MIB-complex structure. The BCN network protected multiple phases of mesoporous
molybdenum carbide display high electrochemical active surface area, reduced charge transfer
resistances and improved wetting properties. All phases of molybdenum carbides show a remarkable
electrocatalytic HER performance and durability in both acidic and basic aqueous defeating the most
of earlier reported molybdenum carbides based electrocatalyst in the literature. Especially, the
hexagonal B-Mo,C outstandingly performs well than other phases in all electrolytes. The improved HER

performance of all phases is mainly due to synergistic role of the BCN network.
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3. Boron and Nitrogen Dual-Doped Molybdenum Carbide Nanoparticles as
Hydrogen Evolution, Oxygen Evolution and Reduction Reactions

catalysts

3.1 Abstract

Boron and nitrogen co-doped molybdenum carbides (B, N: Mo,C@BCN) nanoparticles are
synthesized as a noble metal-free hybrid electrocatalyst via a unique and eco-friendly organometallic
complex of Mo-imidazole and boric acid. When used as a trifunctional electrocatalyst for the hydrogen
(HER), oxygen evolution (OER) and oxygen reduction (ORR) reactions in an aqueous alkaline solution,
the hybrid (B, N: Mo,C@BCN) catalyst displays excellent activity and stability in basic electrolytes,
outperforming the reported transition metal carbides-based electrocatalysts. The mechanistic study
reveal that the excellent performance of the hybrid material is attributable to the improved charge and
mass transfer characteristics of the Mo,CBN nanoparticles owing to their modified electronic structure
with B and N species. A B, N: Mo,C@BCN cathode exhibits a stable HER performance in 1.0M
aqueous solution without any current density loss per hour at approximately -0.16 V during long-term
operation as compared to Pt/C cathode (1.5 mA.cm?h?). This hybrid structure performance also
displays superior stability and activity towards OER as compared to an IrO.and N: Mo,C@NC anode.
The synthesis approach employed in this study could also be suitable for tuning properties of other

transition metal carbides for use as electrocatalysts.

3.2 Introduction

The water electrolysis has attracted a great attention recently as a key technology for sustainable
hydrogen and oxygen production.’® The great challenge in practical water electrolysis is to replace the
precious Pt based catalysts for hydrogen evolution reaction (HER), oxygen reduction reaction (ORR)
and Ir/Ru-based catalysts for oxygen evolution reaction (OER) with non-precious metals having similar
performance and stablity.* To achieve this target, much effort has been exercised to minimize
overpotentials of HER kinetics using cheaper earth-abundant materials such as carbides, sulfides,
borides, nitrides, and phosphides,*” and for OER with phosphates, perovskites, chalcogenides,
oxides/hydroxides and phosphides. 81° Although commercially available alkaline electrolyzers offer
higher system efficiency than acidic proton exchange membrane ones, the HER rate in alkaline
solutions is 2-3 orders of magnitude lower than that in acidic solutions.**'? The development of efficient

and durable non-precious metal HER and OER catalysts for alkaline electrolyzer has great significance.
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Transition metal carbides have received a great research interest as active materials for electrochemical
applications (e.g. HER,**¥> OER!® & ORR?’) owning to their noble metal-like properties,’® excellent
electrical and thermal conductivities, better mechanical strength and hardness, and also their chemical
stabilities in corrosive environment.® Among the transition metal carbides, the molybdenum carbides
are extensively investigated especially for hydrogen evolution reaction in both acidic and basic
solutions.’®% Many attempts have been exercised to tune the electrochemical properties for improved
HER performance by i) making nanoporous structure,** 222 ji) doping with heteroatoms such as N,
S, P2 or dual doping,® 28 iii) MoS2/Mo,C heterostructures?’?8 and iv) decorating with transition metals
(Ni, Co, W or Pt).2%% All these efforts were made to enhance HER performance, unfortunately,
molybdenum carbides did not receive much attention as oxygen evolution/reduction or bifunctional
water splitting catalysts. Recently a few reports have demonstrated the possibility of Mo.C as a potential
bifunctional (HER/OER) electrocatalysts.'® 2 Still, there is a big room to improve their OER activity
by decreasing the overpotential required to generate benchmark current of 10 mA cm™ as at Ru/Ir oxide
surfaces. In the recent times, some reports have shown that coupling Mo,C with other transition metals
(Co or Ni)**-% or making bimetallic (Co, Mo) carbides-based nanocomposite,* significantly improves
the OER performance. Infect, Mo.C based catalysts convert to actual OER active Mo-oxides by in-situ
electro-oxidation during OER,3* which already have been demonstrated as a good OER catalyst.3” The
presence of heteroatoms (e.g. B and N) in Mo-oxides structure could increase its OER activity and
stability after in-situ oxidation heteroatom-doped Mo,C. The similar modification strategies could be
applied to enhance the OER/ORR and HER performance by doping the molybdenum carbide
nanostructure with heteroatoms such B and N, which can improve electron/mass transfer and wetting

properties.

Herein, we report a simple strategy to synthesize B and N co-doped molybdenum carbide, which display
excellent electrocatalytic HER and OER performances in alkaline media. These hybrids are prepared
by annealing the mixture of Mo-imidazole complex with optimized amount of boric acid (HsBOa),
which relies on the restrained in-situ carburization between Mo-imidazole complex and H3BO, thus
forming molybdenum carbides nanoparticles imbedded in a BCN network. A unique advantage of this
hybrid structure shows excellent HER and especially OER activity at post in-situ oxidized B and N dual
doped Mo-oxide in 1.0M KOH and good ORR performance in 0.1M KOH better than most of
molybdenum carbides reported in the literature. These exceptional performances are related to tiny
nanoparticles, less charge transfer resistances and enhanced wetting properties due to the presence of

boron and nitrogen species in carbide’s network.
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3.3 Methods

3.3.1 Synthesis of B and N co-doped Mo,C nanoparticles

All chemicals were used as purchased without further purification. Mo-imidazole complex was
synthesized by slightly modifying of previously reported methods aspects.® *® Typically, 15 ml aqueous
solution molybdenum chloride (MoCls) (3.0 mmol, Sigma-Aldrich) was gradually poured in ethanoic
solution (35 mL) of imidazole (10.0 mmol, Sigma-Aldrich) to form brownish Mo-imidazole complex
precipitates in a three neck round bottom flask (250 mL) equipped with magnetic stirrer and nitrogen
purging line. To control the grain size and reaction kinetics, 20 mL of glycerol (Sigma) was added to
the above solution. The reaction mixture was heated to 80-90 °C until the removal of whole water and
ethanol. After cooling the reactor, the brownish precipitates of Mo(ImH)1.xClx were collected and
washed with plenty of ethanol to remove glycerol and unreacted species. Then, this freshly prepared
suspension of Mo(ImH):<Clx was dried at 60 °C to obtain the precursor powder for molybdenum
carbide NPs.

The precursor Mo(ImH)1.<Clx powder was annealed under Ar gas with ramping temperatures (5 °C/min)
to a pre-optimized temperature (900 °C), kept there for 4 h and then cooled down naturally to get N-
doped Mo,C NPs. For B and N co-doped molybdenum carbides (B, N: Mo, C@BCN -X) NPs, the
different molar ratio of boric acid (X= 1:4, 2:4, 3:4 and 4:4) to Mo(ImH).14Clx precursor was grinded
and annealed at above conditions. For comparison, undoped Mo,C NPs were also prepared by simply

annealing in H, atmosphere.

3.3.2 Physical characterization.

Crystallographic structure of the electrocatalysts was investigated by powder X-ray diffraction (XRD,
PANalytical pw 3040/60 X'pert) with Cu Ka radiation. The morphologies were probed with field-
emission scanning electron microscope (FE-SEM, Hitachi, S-4800, 15 kV) and transmission electron
microscope (TEM, JEOL, JEM-2100). The chemical compositions, elemental mapping and in-depth
crystal information of samples were collected by high resolution transmission electron microscope (HR-
TEM, JEOL, JEM-2100F). X-ray photoelectron spectroscopy (XPS, ThermoFisher, K-alpha) was used

to identify the chemical states of the surface atoms.

3.3.3 Electrochemical characterization

The catalyst ink was prepared by dispersing electrocatalysts (5.0 mg/mL) in an equal volume mixture
of deionized water and ethanol, and 10 uL of 5% Nafion solution. The working electrode for HER and
ORR was prepared by drop casting of 10 uL sonicated ink onto a glassy carbon electrode (0.4-0.5
mg/cm? loading) and drying at room temperature. The as-prepared ink of nanoparticles was loaded on

nickel foam (NF) to make the electrodes for oxygen evolution reaction (OER). Electrochemical HER,
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OER/ORR activity and stability tests were carried out in a three electrode cell configuration using a
rotating disc electrode (RDE, PAR Model 636 RDE) attached with a potentiostat (Ivium technologies).
An Ag/AgCl (3.0M NaCl) electrode and a graphite rod were used as reference and counter electrodes,
respectively. All potentials were iR corrected and referenced to the reversible hydrogen electrode (RHE)

by the equation Erne=E(agiagcry + 0.059pH + 0.20.

The HER performance was measured in aqueous 1.0 M KOH (pH 13.7) at a scan rate of 2 mV/ s after
20 cyclic voltammetry (CV) cycles in the range of 0.4 to -0.3 Vrue. The electrochemical stability tests
were conducted by performing chronoamperometry (CA) for 20 h. Electrochemical impedance
spectroscopy (EIS) was conducted in the same setup in the frequency range of 100 kHz to 1 mHz with
a modulation amplitude of 10 mV. To evaluate the electrochemical active surface area (ECSA), CV
was conducted from -0.8 to -0.6 V in 1.0 M KOH vs. Ag/AgClI with different sweep rates between 20
to 100 mV s,

3.4 Results and discussion

The molybdenum complexes with imidazole (ImH) and its substituted derivatives [MoLsXs, L:
imidazole and X: CI-, Br, NCS'], have been widely studied due to their several biologically important
aspects.® It is proposed that the tertiary (-N=C-) nitrogen of imidazole binds metal (Mo, Co) ions rather
than the secondary (-N-H) nitrogen.®3 These Mo-complexes could be used as precursors for
molybdenum carbides. Therefore, a yellow colored molybdenum-imidazole complex [Mo(ImH)1xCl,]
was synthesized by aging the imidazole monomer with molybdenum chloride (MoCls) at 80 °C for 24
hours as described in (Egn. 3.1). Then the as-prepared complex was used as a precursor along with
boric acid (H3BO4) to synthesize B and N co-doped Mo,C NPs (denoted as B, N: Mo,C@BCN). For
fair comparison, nitrogen doped (N: Mo.C@NC) and without doping Mo,C NPs were also synthesized
by just annealing Mo-Imidazole complex in the presence of argon and hydrogen environment,
respectively. The overall synthesis process is presented in Figure 3.1, and the experimental detail is
described in Experimental Section.

80°C

PH~% an
MoCls + x(C3H4N,) ————

Mo(ImH),_,CL, + xHCl  (3.1)
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Figure 3.1. Schematic illustration of Mo—Imidazole complex assisted synthesis of B and N co-doped
Mo.C NPs (B,N:Mo.C@BCN).

To identify chemical bonding between imidazole and molybdenum, the Fourier transform infrared
(FTIR) spectra of Mo(ImH)1.xCly is recorded in Figure 3.2a. The characteristic bands at 742, 968 and
1068 cm are assigned to single and doubly bonded Mo with O and the signals at 1631 (-C=C), 3143
(-C—-H) and 3415 (—N—H) are related to the imidazole functional groups. After the formation of Mo-
Imidazole complex, the signal of C—N bond 1056 cm™ is disappeared, indicating that the imidazole is
bonded successfully to Mo atom through this tertiary nitrogen as reported in literature.®®-3 The nature
of chemical bonding in Mo(ImH)1xClx is further studied by X-ray photoelectron spectroscopy (XPS).
The XPS survey spectra (Figure 3.2b) confirms the presence of Mo, N, C and Cl species. A doublet at
231.4 & 234.6 eV in high resolution scan of Mo 3d and two peaks at 198.1 & 199.7 in chlorine 2p
spectra indicate bonding between Mo-Cl as shown in Figure 3.2c-d. The other doublet at 232.5 & 235.5
eV in Mo 3d are assigned to MoOs. The signals at 284.7, 285.8 and 287.9 eV in C 1s (Figure 3.2¢) are
related to —C=C, —C=N and (-C-N-X) of imidazole. Similarly, in Figure 3.2f, the peaks at 395.9, 397.9,
400.3 and 402 eV are corresponded to Mo-N, pyridinic, pyrrolic and graphitic N. Thermogravimetric
analysis (TGA) is conducted in air and N> to determine quantity of Mo and the carbonization
temperature of Mo(ImH)1xClx. As shown in Figure 3.2f, the whole quantity of imidazole is
decomposed at ~200 °C while the two decomposition steps are observed in Mo(ImH)1.«Clx. The first
degradation ranged from 250 to =700 °C, indicating the thermal decomposition of imidazole ligand to
the carbon nitride matrix along with removal of H,O and CO,. The second-stage from 800 to 1000 °C
can be attributed to the formation of nitrogen doped Mo-carbides through reaction between Mo species

with the carbon nitride matrix and the graphitization of remaining carbon materials. Therefore, the
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900 °C temperature is chosen to synthesize all catalysts in this study. The 4.1 wt. % of Mo element is
confirmed by TGA in air.
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Figure 3.2. Fourier transform infrared (FTIR) spectra (a) X-ray photoelectron spectroscopy (XPS)
survey (b) Mo 3d (c), Cl 2p (d), C 1s (e), N 1s (f) and Thermogravimetric (TGA) analysis (g) in N, and
air of Mo(ImH)1xClx. (h) X-ray diffraction (XRD) of Mo-imidazole complex (red), N-doped Mo,C
(blue) and B & N co-doped Mo,C NPs (pink).

The crystal structure of Mo(ImH)1.xClx was also determined by powder X-ray diffraction (XRD) in
Figure 3.2h. The complex displays amorphous like structure with wide peaks at low angles 7.7, 9 and
23.5 indicated the organic-inorganic hybrids between imidazole and Mo. The orthorhombic p-phase of
Mo>C NPs (space group: Pbcn, ICDD No. 01-071-0242) in both N: Mo.C@NC and B, N: Mo.C@BCN
catalysts, is confirmed by XRD patterns after thermal decomposition of Mo(ImH):Cly at a pre-
determined temperature of 900 °C by TGA as shown in Figure 3.2g. The B and N-doping does not
significantly alter the bulk crystal structure of Mo,C. Convincingly, B and N-doping was decreased the
crystal size of Mo,C NPs from 29.1 (pure Mo,C@C) to 17.6 (N: Mo,C@NC) and 8.6 nm for B, N:
Mo,C@BCN, was calculated by applying the Scherrer equation to X-ray line broadening. Conversely,
the hydrogen treatment sintered the Mo,C to bulk material by removal of nitrogen species as displayed
in Figure 3.3a. Scanning electron microscopy (SEM) image of the as-synthesized B, N: Mo,C@BCN
catalyst (Figure 3.3b) display that particles with a grain size of ~50 nm form a closely interconnected
porous B and N doped carbon network. Interestingly, the grain size increases without doping of B for
N: Mo,C@NC (70 nm) and pure Mo.C@C (100 nm) as displayed in Figure 3.3c.

3.4.1 Structural evaluation of catalysts before and post HER/OER
The nature of chemical bonding and oxidation states of Mo,CBN NPs were investigated after 20 h of

HER or OER stability tests by XPS in Figure 3.3d-f. Two prominent Mo 3d peaks at ~228.2 and 232.4
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eV (Figure 3.3d, bottom) can be assigned to ~64 % of surface Mo.C species along with 21 % MoO;
(229.6, 233.6 eV) and 15% Mo0Os (232.7, 235.1 eV) due to surface oxidation.* The shift of Mo,C 3ds.
and 3ds, peaks towards lower binding energy near to elemental Mo (228 eV)* and less than pure B-
Mo.C (229.54; 232.59)* confirms the more electronic clouds around Mo atom because of the N and B
doping into the structure, which can readily weaken the H-O-H bond of water by splitting it into
adsorbed proton (Hag) and hydroxyl ion (OH"). The companionable role of B and N in Mo,C structure
to dissociate the water will be discussed later. The post HER Mo3d high scan spectra (Figure 3.3d,
middle) confirms that there is no significant alteration at the surface of the catalyst during HER. The
post-OER analysis of B, N: Mo,C@BCN catalyst in Figure 3.3 (top) suggest around 64% of Mo species
are converted to Mo-oxides after the in-situ electro-oxidation of Mo,C during OER which are actually
responsible for OER as in a good agreement with the previous reports of MoO,.3* 3" The peak positions
and catalyst composition calculated by integrating the area under the curves of XPS signals are

summarized in Table 3.1.

Table 3.1. Chemical compositions of catalysts before and after HER/OER calculated Mo 3d XPS
spectra

3ds/2+3dar2 3ds/2+3dar2 3ds/2+3d3r2
Fresh B,N:Mo2C@BCN  Peak position = 228.2,231.4 229.6, 233.6 232.7, 235
Species %age 34.6+29.4=64.0 17.3+3.7=21.0 7.9+7.1=15.0
After HER Peak position = 228.5, 231.6 229.5,233.9 232.6, 235.8
Species %age  31.2+26.8=58.0 13.9+7.1=21.0 13.6+7.4=210
After OER Peak position = 228.2, 231.5 229.5,234.5 232.9, 236.4

Species %age 25.8+8.2=34.0  16.6+9.4=26.0 31.3+8.7=40.0
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Figure 3.3. XRD pattern (a) of pure Mo.C@C, SEM images of (b) B,N:Mo,C@BCN, (c) N:Mo.C@NC
and (inset) pure Mo,C@C. High-resolution XPS (d) Mo 3d, () N 1s and (f) B 1s spectra of as-
synthesized B,N:Mo,C@BCN (bottom), post-HER (middle) and post-OER (top).

The elemental composition derived from XPS in Table 3.2 shows an atomic ratio of N/B close to 1.6
for as-synthesized post-OER catalysts. However, post-OER catalyst displays a pronounced increment
in O/Mo ratio from 1.7 (fresh) to 6.3 (after OER) due to dissociation of Mo-C bond and formation of
OER active MoOy species. The N1s XPS spectra (Figure 3.3e) give four peaks of Mo-N (396 eV),
pyridinic N (398.2 eV), pyrrolic N (400 eV), graphitic N (402 eV) and one extra peak of N-O (404.2
eV) of post-OER catalyst. B1s spectra (Figure 3.3f) of the Mo,CBN before (bottom), after HER (middle)
and OER (top) confirms that these species are remained inside of the catalyst and strongly bonded to C,

Mo, O and N playing active role in overall water splitting.

Table 3.2. Elemental compositions of catalysts before and after HER/OER test derived from XPS
analysis

(At. %)
Mo C B N N:B O 0O:Mo
Fresh B.N:M0o.C@BCN 108 589 47 7.6 162 180 1.7
After HER 72 633 41 42 102 212 29
After OER 45 583 34 56 165 282 6.3

Catalyst Elements derived from XPS data
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Figure 3.4. TEM image of (a) Mo,C NPs imbedded in BCN network; average size of NPs is 5 nm, (b) HR-TEM
image of B,N:Mo.C@BCN NPs, (c) magnified HR-TEM images showing (102) and (002) planes and (d)
corresponding FFT patterns . (€) TEM image, (f) HR-TEM image in-situ oxidized B,N:Mo,C@BCN sample
after 20-h OER durability test. Magnified HR-TEM images of (g) MoO; and (h) MoOj3 showing (011) and (002)
planes and corresponding FFT patterns (inset). (i-m) EDS-STEM elemental maps for Mo (red), C (light green), N
(purple) and B (dark green)

The Mo.C NPs imbedded in B and N-doped carbon, are further characterized by high resolution
transmission electron microscopy (HR-TEM) before and after OER long term stability test for 20 h.
The Mo,C NPs with an average size of ~5 nm (range: 3-10 nm) are embedded in B and N-doped carbon
network as displayed in Figure 3.4a. The lattice fringes of 0.228 and 0.226 nm are assigned to the (102)
and (002) facets of Mo>C in HR-TEM image (Figure 3.4b-c) the corresponding fast Fourier transform
(FFT) of orthorhombic B-phase of MoC is also shown in Figure 3.4d. The electro-oxidation of B, N:
Mo.C@BCN NPs during OER is also observed by HR-TEM images in Figure 3.4e-h. The clear lattice
fringes are observed with an interplaner distance from 0.34 nm for (011) plane of MoO, (PDF#: 01-
086-0135, space group: P21/c) and 0.27 nm for (002) facet of MoOs (PDF#: 00-047-1081, space group:
P21/c). Elemental mapping by energy-dispersive X-ray spectroscopy (EDS)-STEM of as-prepared B,
N: Mo.C@BCN NPs (Figure 3.4i-n) clearly display uniform distribution of Mo, C, B and N throughout

the nanoparticles.
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3.4.2 Mechanism of hydrogen and oxygen evolution reactions over Mo,CBN NPs.

Before discussing the electrochemical HER/OER performance, it is desirable to see the synergistic
effect of B and N doped carbon network. As it is already confirmed by XPS, the B and N elements
directly/indirectly attached to the C atom which is then bonded to Mo atoms for B, N: Mo.C@BCN
catalyst. The nitrogen is more electronegative than C and B, therefore, it withdraws electron density
from C-B bond through C-N bond and then donate its loan pair of electrons through sp? hybrid orbital
to vacant 3d orbital of Mo atom attached to adjacent C and hence causes in reducing the Mo oxidation
state. As shown in Figure 3.5 (HER upper part), the electron deficient B adsorbs water by coordinating
with loan pair of electrons which then weakens O-H bond (Eq.3.2). The aqueous (H,,) and adsorbed
proton (Hag) at MoCN site then combine to form hydrogen molecule (Eqg. 3.3). The hydroxyl anion at
B (OH ) react with the nearby hydroxyl group (OH"wmo) of adsorb water molecule at adjacent Mo atom
to form oxygen and hydrogen molecules as described in Eq. 3.4 and in green square brackets of Figure
3.5 (OER part).

H,0 + M0,CBN ——> H,y — MoCN + OHz — BCMo (Eq. 3.2)
Hyq — MoCN +Hg, + e~ ——— MoCN + H, (Eq. 3.3)
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Figure 3.5. Mechanism of overall water splitting at B,N:Mo,C@BCN nanoparticle showing the
synergestics effect of B and N attached to C atom of Mo,C for hydrogen evolution reaction in blue and
oxygen evolution reaction in green square brackets.
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3.4.3 Electrochemical HER and OER over Mo,CBN catalysts

The HER performances of as-prepared Mo,C-based electrocatalysts are measured in 1.0M KOH
aqueous solution using a three-electrode electrochemical cell the iR-corrected polarization curves are
displayed in Figure 3.6a. Undoped Mo.C NPs give cathodic currents densities of 1 and 10 mA/cm? at
overpotentials of 11~115 mV and n10~270 mV, respectively, similar to Mo,C based catalysts reported
in the literature.? * However, doping with nitrogen (N: Mo.C@NC NPs) improves HER performance
to n1~35 mV and n10~150 mV which is superior than most of the catalysts as shown in Table 3.2.
Therefore, doping of a trace of N species into the structure of Mo.C simply exerts a promotional effect
on its HER performance in alkaline media. The HER activity of the Mo,C NPs electrocatalyst is further
increased when boron (B) species are introduced into the carbon network along with nitrogen. The
polarization curve of B, N: Mo,C@BCN in Figure 3.6a clearly display remarkable enhanced HER
activity by lowering nio value from 270 mV (Mo2C NPs) to 94 mV. The inferior performance of B and
N doped carbon (BCN) than Mo,C NPs imbedded in it clear indication of Mo atoms are active sites.
Surprisingly, the promotional effect remains effective when the N/B ratio is in between 1.5 to 1.8 as
depicted in performance curves of different B, N: Mo,C@BCN -X (X: 1 to 4) electrocatalysts of Figure
3.6b. The reduction in current density with increasing of B contents is due to the formation of boride
species at high annealing temperature, which are considered as less active and not stable in alkaline
media than Mo.C as reported in literature.?° As shown in Figure 3.6¢c, the B, N: Mo.C@BCN-based
catalysts needed much lower overpotentials (n10) to generate current density of 10 mA cm=2in 1.0M

KOH as compared to other reported Mo,C-based electrocatalysts in Table 3.3.

The Tafel analysis are conducted in Figure 3.6d-e gives the Tafel slopes; Mo,C@C (144 mV/dec), N:
Mo,C@NC (97 mV/dec), B, N: Mo,C@BCN-1 (119 mV/dec), B, N: Mo,C@BCN-2 (91 mV/dec), B,
N: Mo,C@BCN-3 (62 mV/dec), B, N: Mo.C@BCN-4 (111 mV/dec) and Pt/C (40 mV/dec). The results
suggest that HER on these catalysts follows the Volmer—Heyrovsky mechanism on B, N: Mo.C@BCN
in alkaline media as described in Figure 3.5 (HER part). The exchange current densities (Jo) at zero
overpotential (Figure 3.6f, right) and overpotential for 100 mA cm (Figure 3.6f, left) on different B,
N: Mo,C@BCN-X (X:1-4) are also compared with Pt/C, pure Mo.C@C and N: Mo,C@NC NPs. The
comparable Jo values of B, N: Mo,C@BCN samples to the Pt/C confirm that the HER kinetics become

faster due to electronic and chemical promotional effects of B and N-doping in carbide network.
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Figure 3.6. iR-corrected polarization curves during HER for (a) undoped Mo.C@C NPs, N:Mo.C@NC
NPs, and B,N:Mo,C@BCN NPs and (b) effect of B contents one HER performance curves. Comparison
of overpotential at 10 mA cm-2 with other Mo,C based electrocatalysts (c) and Tafel slopes in 1.0 M
KOH (d-e). Comparison of exchange current densities (right) and nioo values (left) of all as-prepared
catalysts (f), double layer capacitance (g) and EIS analysis (h). The polarization curves before and after
20h long chronoamperometry (CA) tests (inset) of Pt/C, N:Mo.C@NC and B,N:Mo.C@BCN (f).

In order to determine the promotional effect of B and N-doping on HER performance, the
electrochemical surface area calculated from double layer capacitances (Cq) and are measured at the
electrolyte-electrode interface with cyclic voltammetry (CV) at different scan rates (20 to 100 mV s).
As shown in Figure 3.6g, Cq and ECSA value of B, N: Mo,C@BCN-2 (20.51 mF/cm?, 512.8 cm?) is
higher than B, N: Mo,C@BCN-3 (16.69 mF/cm?, 427.3 cm?), B, N: Mo.C@BCN-4 (10.08 mF/cm?,
252 cm?), B, N: Mo,C@BCN-1 (7.76 mF/cm?, 194 cm?) and N: M0o,C@NC NPs (5.08 mF/cm?, 127
cm?). The higher Cq, and electrochemical surface area (ECSA) are directly related to B and N co-doping
in ultra-small carbide NPs as shown in HR-TEM images (Figure 3.4a). In order to find solution
resistance (Rs) for iR correction and charge transfer resistance (R.t), the electrochemical impedance
spectroscopy (EIS) analysis was conducted for all electrocatalysts in 1.0M KOH at an overpotentials of

160 mV (Figure 3.6h). The relatively smaller R values of B, N: Mo.C@BCN-based catalysts than N-
48



doped Mo,C NPs indicate improved charge transfer process at electrode-electrolyte interface due to
duel B & N-doping.

Table 3.3. Comparison of HER performance of B and N co-doped molybdenum carbide
(B,N:Mo,C@BCN) catalysts with other Mo.C-based electrocatalysts in alkaline media

B,N:Mo2C@BCN NPs 94 62 This work

N:Mo,C@NC NPs 150 97

Pt/C 41 40

Mo2C-NCNT 257 - J. Mater. Chem. A 2015, 3 (11), 5783-5788.
Mo:C/CS 320 | 82 ChemSusChem 2017, 10, 3540 —3546
Ni/Mo2C-PC 179 101 Chem. Sci. 2017, 8 (2), 968-973.
Mo2C@NC@MoSx 249 -- Carbon 2017, 124, 555-564.

CoxMoy,@NC 218 315 J. Mater. Chem. A 2017, 5 (32), 16929-16935.
2D porous Mo:C 92 4 Adv. Funct. Mater. 2017, 27 (45), 1703933
Co-Mo:C nanowires 118 | 44 Adv. Funct. Mater. 2016, 26 (31), 5590-5598.
MoC-Mo2C NWs 120 42 Chem. Sci. 2016, 7 (5), 3399-3405.
(M0zC)oss-(WChoz/NG 93 53 J. Mater. Chem. A 2017, 5 (35), 18494-18501.
mp Mo:C/G 128 56 ACS Appl. Mater. Inter. 2016, 8 (28), 18107-18118.
Ni-Mo2C NRs 130 -- Appl. Catal. B: Environ. 2014, 154, 232-237.
n-MoC nano-octahedrons = 151 59 Nat. Commun. 2015, 6, 6512.

a-Mo2C NPs 176 58 J. Mater. Chem. A 2015, 3 (16), 8361-8368.
Fe-NisC-2%@NCS 178 365 Angew. Chem. 2017, 129 (41), 12740-12744.

The another important factor, electrochemical stability was determined by the chronoamperometry (CA)
test for up to 20 h at a static overpotential of 160 for B, N: Mo.C@BCN, N: Mo,C@NC NPs and Pt/C,
respectively. As displayed in Figure 3.6i (inset), the B, N: M0o,C@BCN electrode exhibits excellent
stability without any current loss and negligible decrease in current densities per hour (AJ/At) of 0.15
mA.cm2h as compared to Pt/C (1.5 mA.cmht). The linear sweep voltammetry curves in Figure 3.6i
show excellent stability for HER of B, N: Mo,C@BCN catalyst even after a long period of 20 h

operation than commercial Pt/C.

Now, the electrocatalytic OER performance of B, N: Mo,C@BCN catalysts are compared in 1.0M KOH
with pure Mo,C@C, N: Mo.C@NC NPs and a commercial IrO; electrode for the same mass loadings
(~1.0 mg/cm?) on 3D nickel foam (NF) substrate. As in Figure 3.7a, B, N: Mo,C@BCN NPs electrode
requires a lower overpotential (n10~290 mV) to reach 10 mA/cm? as compared to N: M0o.C@NC NPs
(303 mV), Mo.C@C NPs (366 mV) and commercial IrO, (337 mV). The OER performance is further
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compared with different level of B and N-doping as shown in Figure 3.7b. The overpotential (1)
values are also compared with other recently reported Mo.C and Mo-based electrocatalysts as displayed
in Figure 3.7c. The B and N doping in carbide skeleton significantly lowered the n10 values than other
state of art Mo-based catalysts in 1.0M KOH as also enlisted in Table 3.4. As discussed before in
Figure 3.5, the higher OER activity is attributed to the promotional effects of B and N species those

remain inside of the catalyst (confirmed by XPS) even after in-situ oxidation of Mo during OER.

Table 3.4. Comparison of OER performance of B and N co-doped molybdenum carbide
(B,N:Mo,C@BCN) catalysts with other electrocatalysts in alkaline media.

B,N:Mo2C@BCN NPs 290 61 This work

N:Mo.C@NC NPs 303 66

IrO2 NPs 337 82

Mo2C/CS 380 98 J. Mater. Chem. A 2015, 3 (11), 5783-5788.
CoxMoy@NC 330 461 J. Mater. Chem. A 2017, 5 (32), 16929-16935.
NisC/C 330 46 Adv. Mater. 2016, 28 (17), 3326-3332.
CosM0sC2/NCRGO 260 50 ACS Appl. Mater. Inter. 2017, 9 (20), 16977-16985
Ni/Mo2C-PC 386 - Chem. Sci. 2017, 8 (2), 968-973.

Mo-N/C@MoS:2 390 65 Adv. Funct. Mater. 2017, 27 (44).

MoS:@CoF 297 47 Nanoscale 2017, 9 (8), 2711-2717.
a-MoSx/Co(OH)2 NSs 350 65.4 J. Mater. Chem. A 2017, 5 (44), 23103-23114.
MoS2-NizS2 HNRs/NF 249 57 ACS Catal. 2017, 7 (4), 2357-2366.
Mo@-»WxS2@NisS2 heterostructure =~ 285 90 ACS Appl. Mater. Inter. 2017, 9 (31), 26066-26076.
MOoP/Ni2P/NF =300 77.6 J. Mater. Chem. A 2017, 5 (30), 15940-15949.
v-MoC/Ni@NC 310 62.7 Nanoscale 2017, 9 (17), 5583-5588.

Fe/Co-N-C 380 61 Adv. Funct. Mater. 2017, 27 (17), 1606497
Fe-Ni3C-2%@NCS 275 62 Angew. Chem. 2017, 129 (41), 12740-12744.
TisC2@9-CsN4 420 74.6 Angew. Chem. Int. Ed. 2016, 55 (3), 1138-1142.
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Figure 3.7. iR-corrected polarization curves of OER for (a, b) all catalysts loaded on NF electrode, (c)
comparison of nio value with other Mo-based electrocatalysts and corresponding (d, e) Tafel slopes in
1.0 M KOH. (f) Comparison of exchange current densities (right) and nioo values (left) of all as-prepared
catalysts, (g) EIS analysis at overpotential of 350 mV, (h) OER durability as determined by CA, (i) LSV
curves and comparison of overpotentials (inset) required for 100 mA c¢cm? before and after 20-h CA
durability test for 1IrO2, N:Mo,C@NC and B,N:Mo,C@BCN in 1.0 M KOH.

The Tafel slopes of different Mo.CBN based electrocatalysts (Figure 3.7d-e) lie in the range of 61-78
mV/dec. The Tafel slope of B, N: Mo.C@BCN (61 mV/dec) is much lower than those Tafel slopes for
IrO; electrode (82 mV/dec), pure Mo.C@C (84 mV/dec) and N: Mo.C@NC NPs (64 mV/dec). The
exchange currents (Jo) and the overpotential required to generate current density of 50 mA cm? are also
compared in Figure 3.7f. Interestingly, the Jo values for B, N: Mo,C@BCN catalysts is almost same or
more than 1IrO2, Mo,C@C and N: Mo,C@NC NPs, indicating a more rapid OER Kinetics especially on
B, N: Mo,C@BCN electrode. The B, N: Mo,C@BCN-2 requires (Figure 3.7f, left) the lowest
overpotential (n50~336 mV) to produce current of 100 mA/cm? relative to B, N: Mo.C@BCN-1 (350
mV), N: Mo,C@NC (351 mV), B, N: Mo.C@BCN-3 NPs (353 mV), B, N: Mo,C@BCN-4 (358 mV)
and commercial IrO.@NF (397 mV). The EIS measurements are also conducted for B, N: Mo.C@BCN

catalysts at constant overpotential of 350 mV in Figure 1.7g. The low charge-transfer resistance R of
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B, N: Mo,C@BCN-2 (~1.5 ohm) than those of N: Mo,C@NC (1.9 ohm), B, N: Mo,C@BCN-1 (1.81
ohm), B, N: Mo,C@BCN-3 (3.7 ohm) and B, N: Mo,C@BCN-4 CoP NPs (3.9 ohm) is related to the
rapid faster ions/electrons transfer on the Mo,CBN-2 electrode for water oxidation, confirming the
promotional effect of dual B and N-doping for improved OER performance. Interestingly, either
increasing the B contents or without B as in N: Mo,C@NC increased the charge transfer resistance by

lowering the HER/OER performance.

The current-time (i-V) test for 20 h long OER was also performed at a constant overpotential of ~350
mV to evaluate the stability of IrO,, N: Mo,C@NC and B, N: Mo,C@BCN electrodes in Figure 3.7h.
The initial decrease in current density in all CA curves of Mo.C based catalyst is related to in-situ
formation of Mo-oxides by dissolution of surface Mo-C species, after 30 minutes the B, N:
Mo.C@BCN gets the equilibrium state in contrast of IrO; electrode, i.e. continuous reduction in current.
The overall rate of current loss of IrO; electrode (0.585 mA. cm2h) is much higher than of Mo,CBN
B, N: Mo, C@BCN. The degradation of N: Mo,C@NC electrode also faster than B, N: Mo.C@BCN)
clearly indicate the significance of B and N co-doping. The polarization curves were also compared
(Figure 3.7i) before and after chronoamperometry (CA) test for 20 h. The negligible reduction in
overpotentials required at 100 mA.cm? for Mo.CBN catalyst (Figure 3.7i, inset) displays excellent
stability and higher conductivity for OER even after 20 h of OER operation due to presence of trace B
and N elements. All above results have demonstrated that the B and N dual-doping has significantly

improved HER and OER activities along with exceptional stability.

After usefully electrochemical water splitting over B, N: Mo.C@BCN NPs, we tested them for oxygen
reduction reactions (ORR). Linear sweep voltammetry (LSV) polarization curves were first performed
for the B, N: Mo,C@BCN catalyst in an O2/N.-saturated 0.1 M aqueous KOH solution. As displayed
in Figure 3.8, the B, N: Mo,C@BCN catalysts have more positive onset and half-wave potentials than
of pure Mo,C and N: Mo,C@NC NPs. The onset and overpotential required to produce current density
of 1 mA cm? of all B, N: Mo,C@BCN catalysts lie in the range of 0.86-0.88 V and 0.78-0.79 V,
respectively, which are much higher than of pure Mo,C (0.78 & 0.66 V) and N: Mo,C@NC NPs (0.83
& 0.73 V). Although, the ORR performance are not up to the mark as the state of art Pt/C catalyst, but
more than other recently reported Mo,C based electrocatalysts.*?*> This basic study provides the
opportunity to tune the electronic properties of other transition metal carbides/nitrides materials.

Secondly, these NPs can be used as co-catalysts with other highly active ORR catalysts.
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Figure 3.8. Polarization curves (without iR correction) of as-synthesized different Mo,C based catalysts
for ORR in Oz-saturated 0.1M KOH aqueous solution.

3.5 Conclusions

In summary, the electronic/chemical properties of Mo,C were regulated by doping N and B into its
structure through a novel Mo-imidazole complex route, in which a monomer, namely, imidazole, works
as a source of graphitic C & N and controls the particle size of Mo,C, while H3BOj is the source of B.
The as-synthesized trifunctional HER, OER and ORR B, N: Mo,C@BCN NPs, display excellent
electrocatalytic performance and remarkable stability especially during both the HER and the OER.
Further, their performances exceed those of the other reported Mo,C based electrocatalysts in the
literature. The mechanistic study and role of B and N species as co-catalyst in Mo,C structure for water
electrolysis to generate hydrogen and oxygen is also conducted, which indicate that the excellent
performance of MoC is related to the improved charge/mass-transfer and wetting properties due to the
modifications induced in their electronic structure with B and N co-doping. The present, unique and
eco-friendly synthesis method could also become a general approach to tune the electrochemical
characteristics of other transition metal carbides for use as water-splitting bifunctional or oxygen

reduction catalysts.
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4. Sulfur and Nitrogen Dual-Doped Molybdenum Phosphide Nanoparticles
for Catalyzing Hydrogen Evolution Reaction Efficiently

41 Abstract

The electrochemical properties of molybdenum phosphides nanocrystallite (MoP) are tuned by dual-
doping of S and N via a unique and ecofriendly (thio)urea-phosphate-assisted rout. The S and N co-
doped MoP/SN nanoparticles are synthesized by in-situ reductive phosphidation of locally generated
hybrid composite of ammonium phosphate and P-doped MoS; in the presence of hydrogen gas. The
MoP nanoparticles are grown on self S and N-doped graphene to synthesize a hybrid catalyst
(MoP/SNG). These hybrid electrocatalyst display remarkable and stable performance for
electrochemical hydrogen evolution reaction in both 0.5M H,SO, and 1.0M KOH aqueous solutions
surpassing the most of MoP-based HER catalysts reported in the literature so far. The dual S and N
doping in to the structure of MoP and graphene maximize electronic/protonic conductivity, help to
stabilize ultrasmall MoP nanoparticles and causing to improve catalytic activity in both acidic and

alkaline aqueous media.
4.2  Introduction

The electrochemical water splitting has captivated a massive attention recently to generate sustainable
pure hydrogen gas with electricity produced from renewable energy-producing stations. A great
challenge in electrochemical hydrogen evolution reaction (HER) from water is to replace expensive
platinum with inexpensive non-precious metal.* The extensive efforts have be made in this direction by
developing other transition metals alloys or their compounds like carbides, sulfides, borides, nitrides,
and phosphides.}® Because of the high conductivity, mechanical and chemical stability, the transition
metal phosphides (TMPs) have extensively explored since last few years as an alternative of Pt.*® They
have been shown high HER activity, good stability, and almost ~100% Faradic efficiency in all pH
values.5t According to previous findings the inserting P atoms into the lattice of transition metals (Fe,
Co, Ni, Cu, Mo and W) plays an important role by acting as basic trap for protons (H*) due to more
electronegativity than other transition metals.® >** The proper atomic ratio of TMs and P, commonly
in metal-rich phosphides, provides superb electron/proton conductivity and behaves more noble metal-
like comparative to individual transition metals.'®> However, there are still many challenges to enhance
their catalytic properties and stability in alkaline and acidic solution. This could be achieved by
modifying their electronic properties via doping with other heteroatoms and stabilizing P in TMPs

(less stable oxidation state of P) from dissolution in acidic and basic pH.
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The more electronegative P atoms in TMPs withdraw electron density form the parent transition metals,
causing in reduction of conductivity.*® However, with an appropriate doping of other heteroatoms like
S or N, the metal-rich phosphide can display more metallic properties or even superconductivity.!’ In
recent years, similar approached have been adopted to improve the HER performance of MoP; i) making
molybdenum phosphosulfide (MoP|S) structure by a post-sulfidation of MoP,2 or post-phosphidation of
MoS,,!8 ii) growing nanoparticles on carbon materials like graphene,* or porous carbons,? and iii)
doping other TMs (Co, Fe or W).2%-%* The TMPs are generally prepared via three common procedures:
i) Solution-phase phosphidation of TMs by organic phosphine (e.g. tri-n-octylphosphine (TOP), tri-
phenylphosphine (TPP) or tri-n-octylphosphine oxide (TOPO)) usually in high boiling point solvents
like oleylamine,'” 2 ii) reduction with highly dangerous and lethal PH; gas,? and iii) reduction of metal

phosphates at high temperature to get the bulk TMPs.Y

Herein, S and N co-doped MoP (MoP/SN) nanoparticles are synthesized by developing a unique,
inexpensive and environmental-friendly (thio)urea-phosphate-assisted approach. The hybrid
composites of MoP NPs with S and N doul-doped graphene (MoP/SNG) display excellent
electrocatalytic activity and stability for HER compared to other non-noble metal electrocatalysts in
both 0.5M H,SO4 and 1.0M KOH aqueous solutions. The present study relies on sulfidation of
phosphomolybdic acid (PMo12) by in-situ generated H,S gas from thiourea in the presence phosphoric
acid to generate a mixture of ammonium phosphate and P-doped MoSy. Upon reduction of this hybrid
in Hz gas the MoP/SN NPs are formed. The doping level, phase and size of nanoparticles are controlled
by manipulating the HsPO4 to thiourea in urea-phosphate system. Additionally, the carbon supports like
graphene is also self-doped with N and S atoms by in-situ generated NHs; and H,S gas. These
heteroatoms stabilize the P? state by making Mo/P-N and Mo/P-S bonds, enhances the
electrical/protonic conductivity and increase proton adsorption sites via S and N. Because of simplicity,
inexpensive and ecofriendly precursors, the other transition metal phosphides could be prepared by
replacing or avoiding the use of costly, lethal and corrosive chemicals like PHs, hypophosphite, organic

phosphine and high boiling organic solvents.

4.3  Experimental section

4.3.1 Synthesis of S and N co-doped MoP NPs and their graphene composite

All chemicals were utilized as purchased without further purification. Thiourea-phosphate was
synthesized by mixing thiourea with phosphoric acid. Typically, 85% phosphoric acid (5.5 mmol,
634.12 mg, Sigma-Aldrich) was dissolved in triply distilled water (20 mL) in a glass beaker (250 mL)
equipped with a magnetic stirring bar and an aqueous solution thiourea (5.0 mmol, 380.60 mg, Sigma)

was then added. The reaction mixture was heated to 60 °C until the clear solution was obtained and was

59



maintained at this temperature for 1 h. A transparent yellow solution of phosphomolybdic acid (PMo12,
0.5 mmol, 913 mg, Sigma-Aldrich) in water was poured slowly. The reaction mixture became bluish
green at once, an indication of reduction of PMo1, from [PM012040]* to [PM012040]®. For the synthesis
of ammonium phosphate coated P-doped MoSx NPs, the as-prepared solution was hydrothermally
treated at 180°C for 15 h. The reduced PMo;2 is converted to P-doped MoSx (see XRD in Figure S1a)
by internally produced H,S gas, and the remaining phosphoric acid reacts with indigenously generated
ammonia (NHs) gas to form ammonium phosphate. Then, this freshly prepared suspension of pH 7 was
dried at 60 °C to be used for MoP synthesis.

The as-prepared ammonium phosphate coated P-doped MoSx was reduced in a tube furnace under H»
gas with a ramping rate of 5 °C/min, kept at a required temperature (550-700 °C) for 3 h and then cooled
down naturally to obtain diamond blackish powders, denoted as MoP/SN-X (X denotes reduction
temperature). For comparison, N-doped MoP nanoparticles are also prepared by using urea instead of

thiourea following the same procedure.

MoP NPs were grown on S and N co-doped graphene (MoP/SNG) by adding the required amount of
exfoliated graphene oxide (GO) suspension directly into the hydrothermal step, and then reduced
following the same conditions. For MoP-SN/G, the ammonium-phosphate coated P-MoSx powder
physically mixed with exfoliated GO suspension (20 wt.% G of MoP/SN-650), then dried at 60 °C

before reduction in H, atmosphere.

4.3.2 Characterization

Crystallographic information of the as-synthesized electrocatalysts were investigated by powder X-ray
diffraction (XRD, PANalytical pw 3040/60 X'pert ) with Cu Ka radiations. The surface morphologies
and structural information were recorded with field-emission scanning electron microscope (FE-SEM,
Hitachi, S-4800, 15 kV) and transmission electron microscope (TEM, JEOL, JEM-2100). The chemical
compositions, elemental mapping and in-depth crystal information of samples were collected by high
resolution transmission electron microscope (HRTEM, JEOL, JEM-2100F). X-ray photoelectron
spectroscopy (XPS, ThermoFisher, K-alpha) was used to identify the surface atomic composition and

chemical states.

4.3.3 Electrochemical characterization

The catalyst ink was prepared by dispersing electrocatalysts (1.0 mg/mL) in a mixture of deionized

water and 2-propanol (7:3) and 10 uL of 5% Nafion solution. The mixture was sonicated for 1 hin a

water bath. The working electrode was prepared by drop casting of 10 uL ink onto a glassy carbon

electrode (0.4-0.5 mg cm? loading) followed by dropping 5 pL Nafion solution in order to fix the
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electrocatalyst. The electrode was dried at room temperature before electrochemical measurements.
Electrochemical HER activity and stability tests were carried out in a three electrode cell configuration
using a rotating disc electrode (RDE, PAR Model 636 RDE) attached with a potentiostat (Ivium
technologies). An Ag/AgCI (3.0M NaCl) electrode and a Pt wire were used as reference and counter
electrodes, respectively. All potentials were referenced to the reversible hydrogen electrode (RHE) by

converting with the equation Erpe=Eagagc)y + 0.059pH + 0.209.

The HER performance was measured in aqueous 0.5 M H,SO4 (pH 0.3) and 1.0 M KOH (pH 14) at a
scan rate of 5 mV s with 1600 rpm after 20 cyclic voltammetry (CV) cycles in the range of 0.4 to -0.3
Vrue. The electrochemical stability tests were conducted by performing up to 2000 CV cycles in the
above potential ranges. Electrochemical impedance spectroscopy (EIS) was conducted in the same
setup in the frequency range of 100 kHz to 1 mHz with a modulation amplitude of 10 mV. The EIS
spectra were fitted by the Z-view software. To evaluate the electrochemical active surface area (ECSA),
CV was conducted from 0.0 t0 0.2 V (in 0.5 M H,SO,) and -0.8 to -0.6 V (in 1.0 M KOH or NaOH) vs.
Ag/AgCl with different sweep rates between 10 to 100 mV s,

4.4 Results and discussion

4.4.1 Urea-phosphate-assisted approach for preparation molybdenum phosphide

nanoparticles

Phosphomolybdic acid (PMox1.) is polyatomic anionic cluster composed of twelve unit of molybdenum
oxide (MoOs) and a main group oxyanion (phosphate), and is an excellent oxidizing agent and versatile
inorganic building blocks for the preparation of nanomaterials.?’? A weak reducing agent thiourea
effectively reduces it to P-doped MoSy by in-situ produced H>S gas and ammonia-phosphate especially
in the acidic solution (HsPO4 and PMo12)? via hydrothermal reduction as described in Eq. 4.1-4.3.%°
Then, a mixture of ammonium-phosphate and P-doped MoSy is recovered after drying the above product
and is used as a precursor to synthesize S and N co-doped MoP nanoparticles (MoP/SN) after thermal
decomposition in hydrogen gas as illustrated in Figure 4.1, and discussed under Experimental Section.
To grow the MoP NPs on S and N co-doped reduced graphene (MoP/SNG), the aqueous suspension of
exfoliated graphene oxide (GO) is added directly into the hydrothermal reactor along with starting
precursors and followed the same reductive decomposition as for MoP/SN NPs. The nitrogen doped

MoP NPs (MoP/N) are also prepared by just replacing the thiourea with simple urea.
H+
[PM01504013” + (NH3),CS —— [PMo01,041°” + H,S + (NH,),CO  (4.1)
A
[PM015,040] + xH,S — P — MoS, + yH,0  (4.2)
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A
(NH,),CO + H3P0O,—— (NH;),.HPO, (Amm.phosphate) + gases (4.3)

H;3;PMo,,04,

H,PO,

: "',
e
e
v

(Thio) Urea

Amm-POQO, coated
reduced P-MoS,/SNG

Figure 4.1. Schematic synthesis of MoP/SNG electrocatalysts via thiourea-phosphate route

The X-ray diffraction (XRD) pattern of P-doped MoSy displays P-Mo3S4 as the main phase (Figure
S4.2a) synthesize during the hydrothermal conditions (Eq., 1 to2) The phase identification during the

reduction of precursors are confirmed by XRD of obtained MoP/SN powder at various annealing

temperatures in H, gas as displayed in Figure 4.2b. A pure hexagonal phase of MoP (space group P6m2)
is formed above the reduction temperature 600 °C and minor fractions of molybdenum phosphate are
still present in the samples annealed below this temperature. Interestingly, there is no change in bulk
crystals of MoP even after doping of N and S as confirmed by XRD of sample above 600 °C. The
average crystallite size of 12-14 nm was calculated by applying the Scherrer equation to X-ray line
broadening, which increases with the annealing temperature (Figure 4.2c). The nitrogen doped MoP/N-
650 NPs and hybrid catalysts with graphene (MoP/SNG) also display the alike XRD pattern MoP/SN
catalysts (Figure 4.2d-e). Scanning electron microscopy (SEM) images of the as-prepared MoP/SN and
MoP/SNG-20 (with 20 wt.% graphene) materials reveal that nanoparticles are closely interconnected
with nonporous structure (Figure 4.2f-g). EDX-SEM spectrum (Figure 4.2h) and elemental mapping
for MoP/SNG-20 (Figure 4.2i) clearly display the uniformly distribution of elements.
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Figure 4.2. XRD pattern of (a) P-Mo0sS4, (b) MoP/SN synthesized at different temperature and (c)
corresponding particle size calculation against each XRD pattern. XRD of MoP/N-650 and MoP/SNG
composites. SEM image of (a) MoP/SN-650, (g) MoP/SNG-20 and (h, i) EDS-SEM spectrum and
elemental mapping for MoP/SNG-20.

The X-ray photoelectron spectroscopy (XPS) was also conducted to determine nature of chemical
bonding and composition of in as-synthesized MoP/SN and MoP/SNG-20 electrocatalysts. A doublet
at=228.2 eV and =231.3 eV of Mo®" (0<8<4) in high resolution XPS spectra of Mo3d (Figure 4.3a) for
both MoP/SN and MoP/SNG catalysts can be ascribed to Mo in MoP.% 818 Another doublet at =229.2
and = 232.4 eV in Mo 3d confirms the successful doping of S atom into the structure of MoP*® and
maximum molybdenum sulfides are converted to S and N co-doped MoP NPS during reductive
phosphidation in hydrogen. A poor signal at ~235.8 €V/232.5¢V® can also be seen due to surface
oxidation of Mo to MoOs. These surface oxides can easily be removed by chemical or electrochemical
treatment during HER testing.®-32 A XPS depth profiling (Figure 4.1b) further confirmed that the high
concentration of oxygen is present only at the surface of the material and is significantly decreased with
the etching level. Similarly, the signals at ~129.4 eV and ~130.2 eV in the P 2p (Figure 4.3c) and a
doublet (*161.8 eV, =163.0 eV) in S 2p (Figure 4.3e-f) spectra reveal the successful bonding between
P, S and Mo atoms to form S-Mo-P type strucure.® 1® Four additional signals at ~131.30, 132.8, 133.8
and 134.6 eV in P 2p are belongs to P-S, P-C, P-O and P-N/PON, respectively, confirming that a least
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stable P* species in MoP are stabilized by sharing electron density with S, C, O and N atoms present in
the material.® 2 3335 Similarly, a combined signal of -C-S/-C-SO at =164 ¢V and -C-SO; at ~168.6 in
in S 2p spectrum of MoP/SNG-20 (Figure 4.3g-h) further confirms the self-doping of S-species into
the carbon structure,®-" which are directly provides the synergistic effect in promoting the electrode
redox reactions.®” A peak at 284.6 is belongs to sp? carbon while at 285.6 eV is designated to C-N and/or
C=N in C1s spectra (Figure 2.1f). The XPS N 1s spectrum (Figure 4.3i) could be deconvoluted to Mo-
N (=394.0), MoS; (=395.3), pyridinic (=398.3 eV), pyrrolic (=399.5 eV), graphitic (=<401.2 eV), and a
broad peak of -SCN (=397.8 eV).%3*° From the above XPS analysis is justified the hypothesis that more
electronegative atoms (S, N and C) withdraw electron density from the P* through P-S, P-N/PON and
P-C bonds and back donated to empty d-orbitals of Mo, which stabilized the phosphide structure and
maximized HER performance as discussed in electrochemical section.
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Figure 4.3. XPS spectra of (a) Mo 3d, (b) depth profiling analysis, (c) P 2p, (d) elemental survey, (e, f)
S 2p, (g, h) Cls and (i) N1s for MoP/SN-650 and MoP/SNG-20.
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The transmission electron microscopy (TEM) clearly display rod-shaped nanocrystallite in MoP/SN-
650 catalyst (Figure 4.4a). These nanorods are changed to nanoparticles (3-7 nm) when sufficient
amount (20%) of GO was added during hydrothermal reaction as shown in Figure 4.4b. The crystal
(100) and (101) plane with lattice spacings of 0.27 and 0.21 nm are ascribed for hexagonal MoP in
Figure 4.4c-d. Elemental spectrum and maps by energy-dispersive-X-ray-spectroscopy (EDS)-STEM
of MoP/SNG-20 (Figure 4.4e-I) clearly confirm uniform distribution over graphene support.

Figure 4.4. TEM image of (a) MoP/SN-650, (b) MoP/SNG-20 and particle size distribution (inset).
HR-TEM images of MoP(a) (100) and (b) (101) planes and corresponding fast Fourier transformation
(FFT) patterns (inset), () EDS-STEM spectrum and (f-I) elemental maps of MoP/SNG-20

4.4.2 Electrochemical hydrogen evolution reaction in acidic and alkaline solutions

The iR-corrected HER performance curves of MoP/SN catalysts synthesized at different reduction
temperatures were compared in 0.5M H,SO. and 1.0M KOH aqueous electrolyte (Figure 4.5a, left).
Expectedly, the MoP/SN-650 catalyst displayed best performance due to the complete reduction of
phosphates, whereas other catalysts give poor performance due to incomplete reduction at low
temperature or more sintering along with removal of more S and N atoms into exhaust gases,*’ relatively
at higher temperatures reduction. The MoP/SN-650 requires lowest onset potential (1) of *44 mV and

overpotentials (n10) of 57 and 104 mV to generate current densities of 1 and 10 mA/cm? in 0.5M H,SO.,
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respectively. Surprisingly, the catalysts prepared at the reduction temperatures of 575-650 °C display
almost similar HER activity in 1.0M KOH aqueous solution (Figure 4.5a, right). The 650 °C is found
to be optimum reduction temperature to form phosphate and oxide free small MoP NPs.332 The
catalysts MoP/SN-575 to MoP/SN-650 demand overpotentials of 11=17-20 and 116~90-94 mV to
generate current densities of 1 and 10 mA/cm? in alkaline solution. The MoP/SN-650 catalysts contains
~7.9 wt.% N and ~8.5 wt.% S atoms at the surface as determined by XPS in Figure 4.3b. These N and
S species into the skeleton of phosphide stabilize least stable P> in MoP through coordinating bond with
both P and Mo, which also results in higher HER activity through maximizing electrical conductivity
and proton adsorption sites. The N-doped MoP (MoP/N-650) nanoparticles require more overpotentials
(M10=164 & 1M20=164 mV) in 0.5M H.SO4 and (n10=154 and m2=182) in alkaline media than S, N co-
doped MoP (Figure 4.5b). Similarly, the better HER activity of MoP/SN NPs in acidic solution than
those of single N-doped and MoS;(1-x) Px (10 mA. cm? @ 150 mV) solid solution,*® clearly signify the
importance co-doping.

Table 4.1. Comparison of HER performance in acidic (0.5M H,SO4) media with other molybdenum
phosphides-based electrocatalysts reported in literature.

MoP/SN 104 45.49 HsPO4, 650 °C This work

MoP/SNG-20 99 54.41 H3POs, 650 °C This work

MoP 117 50 (NH4)2HPO4, 650 °C Angew. Chem. Int. Ed. 2014, 53, 14433-
14437.

MoP & NizP 246 60 (NH4)2HPO4, (500-700 °C) Chem. Commun. 2014, 50, 11683-11685.

MoP, Mo, MosP 140 54 (NH4)2HPO4, 650-800 °C Energy Environ. Sci. 2014, 7, 2624-2629.

Am. MoP NPs 90 45 Trioctylphosphine (320 °C) Chem.Mater. 2014, 26, 4826-4831.

MoP NPs 125 54 (NHa4)2HPO4, (650 °C) Adv. Mater. 2014, 26, 5702-5707.

MoP flakes 141 718 NH4H2PO4, 800 °C Am.J. Anal. Chem. 2014, 5, 1200.

MoP-G 234 63 MoP Appl.Catal. A 2015, 490, 101-107.

MoP 150 50 J. Mater. Chem. A 2015, 3, 4368-4373.

MoP/CF 199 56.4 NaH2P0O4-2H20, 900 °C Appl. Catal. B 2015, 164, 144-150.

MoS2a-x)Px/CB 120 red phosphorus, 750 °C Adv. Mater. 2015, 28, 1427-1432.

Mo-W-P/CC 90 52 NaH2PO2, 700 °C Energy Environ. Sci. 2016, 9, 1468-1475.

MoP/CC 148 55 NaH2PO2 700 °C Energy Environ. Sci. 2016, 9, 1468-1475.

3D-MoP 105 126 (NHa4)2HPO4, (500-700 °C) J. Mater. Chem. A 2016, 4, 59-66.

Co-MoP NPs 210 50 (NH4)2HPO4, 650 °C Catal. Sci. Technol. 2016, 6, 1952-1956.

CoMoP 215 50 (NH4)2HPO4, 650 °C Appl. Catal. A 2016, 511, 11-15.

The HER performance of MoP/SNG electrocatalysts is further improved by growing MoP NPs on self-
doped graphene substrate. The performance curve of MoP/SNG-20 (20% graphene) in Figure 4.5¢
66



clearly displays the remarkable reduction in overpotentials and require 1o value of 99 and 52 mV in
0.5M H,S0. and 1.0M KOH aqueous solution, respectively, which is significantly better than those of
previously reported MoP-based catalysts as enlisted in Table 4.1 and 4.2. Comparison of 110, 150 and
N0 Was also made in Figure 4.5d-e in both media. The above results reveal that the direct growth of
MoP NPs on S and N co-doped graphene displays higher HER performance.

Table 4.2. Comparison of HER performance of S and N co-doped MoP with other MoP-based
electrocatalysts in alkaline media.

MoP/SN 94 59.7 H3POs, 650 °C This work

MOoP/SNG-20 49 31.4 H3POs, 650 °C This work

MoP, Mo, MosP 135 48 (NHs)2HPO4,  (650-800 Energy Environ. Sci. 2014, 7, 2624-2629.
OC)

MoP flakes 170 71.8 NH4H2PO4, 800 °C Am.J. Anal. Chem. 2014, 5, 1200.

MoP 190 MoP J. Mater. Chem. A 2015, 3, 4368-4373.

The Tafel slopes of MoP/SN-650 and MoP/SNG (5 to 30) are 45, 51, 58, 54 and 54 mV/dec which
suggest the Volmer—Heyrovsky mechanism in acidic media (Figure 4.5f, left). In 1.0M KOH, all
samples display Tafel slopes in the range of 31-59 mV/dec (Figure 4.5f, right), suggesting similar
mechanism as at Pt/C (31 mV/dec). The relatively lower activity and higher Tafel slopes of bare
MoP/SN-650 NPs indicate that the hybrid MoP/SNG structure required less energy to activate HER
reaction due to improved electron/proton conductivity by S, N-doping, strong bonding of MoP NPs
through Mo-P-X-Mo (X = S, N and C). The higher exchange current densities (Jo) of all catalysts,
indicate the fast kinetics and charge transfer at electrode-electrolyte interface. The MoP/SNG-20
catalysts more Jo value (0.15 and 0.46 mA/cm?) than pristine MoP/SN-650 (0.056 and 0.48 mA/cm?) in

acid and base, respectively.

Electrochemically active surface areas (ECSA) is calculated by measuring the double layer capacitance
(Car) with cyclic voltammetry (CV) at various scan rates as shown in Figure 4.5g, the Cq and ECSA
values increase with loading of graphene. The MoP/SNG-20 (20.5 mF/cm?, 512.5 cm?) displayed more
Ca and ECSA values than bare MoP/SN NPs (3.96 mF/cm?, 99 cm?). The electrochemical impedance
spectroscopy (EIS) was also compared at a same overpotential (1) of 120 mVgne in 0.5M H.SO,4 and at
125 mVrue in 1.0M KOH electrolytes (Figure 4.5h-i). The Nyquist plot reveal that there are two time
constants, one at high frequencies corresponds diffusion resistance (Rq) and second at low frequencies

determines the charge transfer resistance (R offered at cathode. The MoP/SNG-X composites offer
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small Rt and Rq values of than bare MoP/SN-650 in all electrolytes because of improved electrical
conductivity by S, N co-doping into the carbon skeleton. The EIS results are in accordance with the

performances data, confirming that charge transfer resistance is the important factor in the HER.
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Figure 4.5. iR-corrected polarization curves of (a) MoP/SN synthesized at different reduction
temperatures (i.e. 550-700 °C), (b) N-doped MoP NPs, and (¢) MoP/SNG-X (X: 5,10, 20 and 30) hybrid
catalysts in acidic and alkaline media. Comparison of 11, nso and nioo Values in (d) 0.5M H,SO4 and (e)
1.0M KOH. () Tafel slopes in acid (left) and 1.0M KOH (right), (g) the plot between capacitive currents
(AJ/2) and scan rates, EIS analysis in (h) acid and (i) alkaline agqueous solution.

The prime factor for commercial application i.e. electrochemical durability of electrocatalysts,
determined by performing the accelerated cyclic voltammetry (CV) continuously for 2000 scans at a
speed of 0.1 V/s in both 0.5M H>SO4 and 1.0M KOH solution as shown in Figure 4.6a. The MoP/SN
nanoparticles display better stability in acidic electrolyte than in alkaline media. A continuous corrosion
of the material in basic electrolyte, results in loss of HER performance. The activity and stability of the
catalysts considerably improved in both electrolytes when the MoP NPs are grown on S and N co-doped
graphene (MoP/SNG) as displayed in Figure 4.6b-c. Similarly, trend also observed in the 20 h long
chronoamperometry (CA) durability test for MoP/SNG-20 at a constant overpotential in both aqueous
solutions (Figure 4.6¢, inset). The cyclic voltammograms (Figure 4.6d-f) are compared with Pt/C in

the potential window —0.15 and 0.15 V represents similar behavior as of Pt/C. Since, most of transition
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metals based electrocatalysts are unstable in acids, the present MoP/SNG could be a promising

candidate for HER in acidic electrolyzers.
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Figure 4.6. HER performance curves of MoP/SN-650 (a) and MoP/SNG-20 (b) after 2000 CV cycles
in 0.5M H,SO4 and 1.0M KOH solutions. (¢c) LSV comparison after 20 h long chronoamperometry (CA)
as inset for MoP/SNG-20 in acidic and alkaline aqueous solutions.
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45 Conclusions

S and N co-doped MoP nanoparticles are prepared by developing a unique and ecofriendly (thio)urea-
phosphate-assisted strategy, in which thiourea reduces the phosphomolybdic acid to P-doped MoSx and
provides the S and N elements and phosphoric acid (HsPQO,) acts as a P source. The S and N co-doped
MoP NPs are produced upon reduction of in-situ generated a mixture of ammonium phosphate and P-
doped MoSx in the hydrogen gas. The detailed spectroscopic investigations confirm that least stable P*
state in MoP are stabilized by sharing its extra electron density with more electronegative dopants (S,
N and C) through P-S, P-N/PON and P-C and increasing the electron density at Mo center by back
donating to its empty d-orbitals. The high performance of MoP/SNG composites than bare nanoparticles
in both acidic and basic aqueous solution is due to reduced particle size, higher electrochemical active
surface area (ECSA) and enhanced conductivity. In precise, MoP NPs directly anchored on doped
graphene (MoP/SNG) displays remarkable HER activity and durability, defeating the most of MoP-

based electrocatalysts reported in the literature so far.
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5. Sulfur-Doped Cobalt Phosphide Nanoparticles as a Highly Efficient
Bifunctional Water Splitting Electrocatalyst

5.1 Abstract

Sulfur doping into cobalt phosphide lattice enhances greatly its electrocatalytic activity for the
bifunctional water splitting of both hydrogen and oxygen evolution reactions through tuning its
electronic structure. Thus sulfur doped-CoP (S: CoP) nanoparticles are directly grown on a highly
porous and conductive nickel foam (S: CoP@NF) via unique and eco-friendly thiourea-phosphate-
assisted solvothermal route to obtain a hybrid electrode. As a bifunctional electrocatalyst for water
splitting, the electrode exhibits superb activity and stability in basic electrolytes outperforming
commercial Pt/C and RuO2, and other non-noble metal-based electrocatalysts reported so far in practical
high current region. This excellent performance is related to the improved charge transfer characteristics
of S:CoP nanoparticles due to the modified electronic structure, together with high electrochemical
active surface area and the conductive NF supports of three-dimensionally interconnected structure. A
S:CoP catalyst-based alkaline electrolyzer produces a stable current density of 100 mA/cm? at an
overvoltage around 0.55 V in a long-term operation, better than the combination of Pt/C cathode and
RuO; anode. The ingenious synthetic approach employed here could be readily extended to produce

other transition metal phosphides electrocatalysts.

5.2 Introduction

The electrochemical hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) from
water splitting has attracted a great attention recently as a key technology for sustainable hydrogen
production.’® The most important challenge in practical water electrolysis is to replace the incumbent
Pt for HER and Ir/Ru-based catalysts for OER with inexpensive, yet still efficient non-precious metals.*
In particular, a great deal of efforts have been devoted over the last decade to replace the expensive
noble metal-based electrocatalysts for HER with cheaper earth-abundant materials such as transition
metal carbides, sulfides, borides, nitrides, selenides and phosphides® 4® and for OER with phosphates,
perovskites, chalcogenides, oxides/hydroxides and phosphides.t: ° However, pairing HER and OER
electrocatalysts in a practical electrolyzer is another challenge because of their mismatched stability and
activity in widely different pH ranges. Therefore, developing a highly active and stable bifunctional

electrocatalyst for both HER and OER in the same pH electrolyte is highly desirable.

Recently, nanostructured cobalt phosphides (CoP) have been extensively studied owing to their
excellent bifunctional water splitting activity for both HER and OER in a wide pH range.l>!! Yet,

further improvement in activity and stability is needed to obtain performance comparable to that of the
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noble metals. Experimental and theoretical investigations have revealed that introduction of more
electronegative P atoms into transition metals may greatly restrict the electron delocalization in metal
resulting in lower conductivity.> 2 However, doping of other heteroatoms or alloying with different
metal atoms in the phosphides is known to enhance the metallic character to improve their intrinsic
activity, especially for the metal-rich phosphides.® Similar approaches have been exercised to improve
the HER/OER activity of CoP; i) making pyrite-type cobalt phosphosulfide (CoS|P) nanostructures on
CNT/carbon fiber paper,****ii) hybridizing with highly conductive supports like graphene, carbon cloth
(CC) and metallic Ni/Co foam,***° and iii) promotion with a transition metal like Ni, Fe, Mn, Zn or
Cu.?%2* The metal phosphides nanostructures are commonly synthesized via three ways: i) Solution-
phase synthesis by using tri-n-octylphosphine (TOP), tri-phenylphosphine (TPP) or tri-n-
octylphosphine oxide (TOPO) as a P source in a high boiling solvent (e.g. oleylamine) in inert
atmosphere.> % ii) Gas-solid reaction, in which hypophosphite or red phosphorus are used to produce
extremely toxic and lethal PH3 gas, and thus, post-treatment is mandatory with inert gas to remove the

residual PH3.% iii) ) High temperature reduction of metal phosphates to form bulk phosphides.>

Here, we adopt a novel, inexpensive and eco-friendly thiourea-phosphate-assisted route to synthesize a
highly active and stable bifunctional water splitting S-doped CoP electrocatalyst directly grown on a
highly porous and conductive nickel foam (S:CoP@NF), which generates a current density of 100
mA/cm? at a low overpotential of ~0.55 V in an alkaline electrolyzer outperforming a commercial Pt/C
- RuO, electrolyzer as well as CoP-based bifunctional electrocatalysts reported so far. This high
performance originates from the improved charge transfer characteristics of S:CoP nanoparticles due to
the modified electronic structure by S-doping, together with high electrochemical active surface area
and the conductive NF supports of three-dimensionally interconnected structure. Refraining from the
use of costly, poisonous and corrosive P-sources like PHs, hypophosphite, organic phosphine and high
boiling organic solvents is another advantage of this synthetic method, which could be applied to other

transition metal phosphides.
5.3 Experimental section

5.3.1 Synthesis of S-doped CoP nanoparticles and their composites with substrates

All chemicals were used as purchased without further purification. Thiourea-phosphate complex was
synthesized by mixing thiourea with phosphoric acid.® Typically, 85 % phosphoric acid (8.0 mmol,
Sigma-Aldrich) and thiourea (8.0 mmol, Sigma) were mixed in triply distilled water (20 mL) to form
an aqueous urea-phosphate solution in a stirred glass beaker (250 mL). The reaction mixture was heated
to 60 °C until the transparent solution was obtained. A freshly prepared transparent agueous solution

(20 ml) of cobalt nitrate hexahydrate (Co(NOz)2-6H.0, 8.0 mmol, Sigma-Aldrich) was poured slowly.
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The reaction mixture was hydrothermally treated at 160 °C for 24 h to convert the reactants to a S-
doped Co-urea-phosphate complex by H.S gas generated from internal decomposition of thiourea, and
the remaining phosphoric acid reacts with indigenously generated urea/ammonia (NHs) gas to form
urea/ammonium phosphate. Then, this freshly prepared suspension of pH 7 was dried at 60 °C to obtain

the precursor powder.

The precursor S-doped Co-urea-phosphate powder was reduced under H; gas with ramping
temperatures (5 °C/min) to a pre-optimized temperature (600 °C), kept there for 3 h and then cooled
down naturally to get S:CoP NPs. For comparison, undoped CoP NPs were also prepared by using
simple urea following otherwise the same procedure. The S:CoP nanoparticles were also grown on N-
doped graphene (S:CoP@NG), carbon cloth (S:CoP@CC) and nickel foam (S:CoP@NF) by loading
the required amount of S-doped Co-urea-phosphate precursor onto the substrates, drying at 60 °C, and

reduction in H, atmosphere.

5.3.2 Physical characterization.

Crystallographic structure of the electrocatalysts was investigated by powder X-ray diffraction (XRD,
PANalytical pw 3040/60 X'pert) with Cu Ka radiation. The morphologies were probed with field-
emission scanning electron microscope (FE-SEM, Hitachi, S-4800, 15 kV) and transmission electron
microscope (TEM, JEOL, JEM-2100). The chemical compositions, elemental mapping and in-depth
crystal information of samples were collected by high resolution transmission electron microscope
(HRTEM, JEOL, JEM-2100F). X-ray photoelectron spectroscopy (XPS, ThermoFisher, K-alpha) was

used to identify the chemical states of the surface atoms.

5.3.3 Electrochemical measurements.

The catalyst ink was prepared by dispersing S:CoP, S:CoP@NG and undoped CoP electrocatalysts (5.0
mg/mL) in an equal volume mixture of deionized water and ethanol, and 10 pL of 5% Nafion solution.
The working electrode was prepared by drop casting of 10 uL sonicated ink onto a glassy carbon
electrode (0.4-0.5 mg/cm? loading) and drying at room temperature. The S:CoP@CC and S:CoP@NF
electrodes were used as-synthesized without adding any binder. Electrochemical HER/OER activity
and stability tests were carried out in a three electrode cell configuration using a rotating disc electrode
(RDE, PAR Model 636 RDE) attached with a potentiostat (Ivium technologies). An Ag/AgCl (3.0M
NaCl) electrode and a Pt foil were used as reference and counter electrodes, respectively. In two
electrode configuration, the cathode (HER electrode) is used a counter and reference electrode with
anode (OER electrode) as working electrode. All potentials were iR corrected and referenced to the

reversible hydrogen electrode (RHE) by the equation Erne=Eagiagey + 0.059pH + 0.20.
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The HER performance was measured in agueous 1.0 M KOH (pH 13.7) at a scan rate of 2 mV/ s after
20 cyclic voltammetry (CV) cycles in the range of 0.4 to -0.3 Vrue. The electrochemical stability tests
were conducted by performing chronoamperometry (CA) for 20 h. Electrochemical impedance
spectroscopy (EIS) was conducted in the same setup in the frequency range of 100 kHz to 1 mHz with
a modulation amplitude of 10 mV. To evaluate the electrochemical active surface area (ECSA), CV
was conducted from -0.8 to -0.6 V in 1.0 M KOH vs. Ag/AgCl with different sweep rates between 20
to 100 mV s,

5.4 Results and discussion

5.4.1 Urea-phosphate-assisted synthesis of cobalt phosphide nanoparticles

Thiourea [(NH).CS] is a weak reducing agent that forms H,S gas and urea-phosphate in the presence
of HsPO4 (Eg. 5.1).° The property led us to design a novel procedure to produce S-doped CoP
nanoparticles (S:CoP NPs) illustrated in Figure 5.1a and described in Experimental Section; addition
of Co(NO:s).-6H-0 to the urea-phosphate solution to form a S-doped Co-urea-phosphate precursor via
a solvothermal reaction (Eq. 5.2), followed by H, reduction of the precursor. The precursor is also
directly grown on exfoliated N-doped graphene (NG), oxidized carbon cloth (CC) or nickel foam (NF)
to obtain S:CoP@NG, S:CoP@CC and S:CoP@NF electrocatalysts, respectively. For comparison,
undoped CoP NPs were also prepared by using urea (NH2).CO instead of thiourea according to

otherwise the same method.
H+
H;PO, + (NH,),CS —— H,S + (NH,)CO(NH;).H;PO, (5.1)

A
(NH,)CO(NH,).H3P0, + xH,S + Co** — S — doped Co. urea.phosphate  (5.2)
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Figure 5.1. (a) Schematic illustration of thiourea-phosphate-assisted synthesis of S-doped CoP
nanoparticles, (b) XRD patterns of S:CoP NPs and S:CoP@CC, (c) XRD of CoP NPs and S:CoP@NG
synthesized at a reduction temperature of 600 °C. SEM image of (d) S:CoP NPs and (inset) CoP
nanorods.

The pure crystal phase of orthorhombic CoP nanostructure (space group Pnma, ICDD No. 01-089-2747)
is confirmed in S:CoP and CoP NPs by powder X-ray diffraction (XRD) patterns after H, reduction at
a pre-optimized temperature of 600 °C as shown in Figure 5.1b and 5.1c. The S-doping does not
significantly alter the bulk crystal structure of CoP, or form any side product like sulfide either.
Additionally, S-doping decrease the crystalline size of CoP from 32 to 20nm as calculated by applying
the Scherrer equation to X-ray line broadening. The XRD pattern of S:CoP/CC and S:CoP/NG show
that the phase behavior is the same for both unsupported and supported materials as shown in Figure
5.1b and 5.1c. Scanning electron microscopy (SEM) image of the as-synthesized CoP (Figure 5.1d,
inset) display nanorods and S:CoP spherical particles with a grain size of ~50 nm to form a closely
interconnected porous network (Figure 5.1d). These nanoparticles are successfully grown on porous
substrates of highly exfoliated N-doped graphene (NG), carbon cloth (CC) and nickel foam (NF) as

shown in SEM images of Figure 4.2a-c.

5.4.2 Phase behavior of S:CoP during hydrogen and oxygen evolution reaction

The chemical states of S:CoP NPs after 20 h of HER or OER stability tests were investigated by X-ray
photoelectron spectroscopy (XPS) in Figure 5.2d-f. The fresh and post-HER S:CoP catalysts exhibit
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two prominent Co2p peaks at 778.7 eV and 793.2 eV (Figure 5.2d) and a doublet P2p peaks at 129.5
and 130.4 eV (Figure 5.2e), which can be assigned to Co*" and P* in CoP.!2® The undoped CoP NPs
show the Co2p peak at 779.1 eV 28 indicating that S-doping reduces the oxidation state of Co. The
positive shift in binding energy (BE) from metallic Co2p (~778.1 eV) and negative shift in P2p from
elemental P (~130.2 eV) are consistent with Co®*" and P*, and therefore, Co** can work as a hydride

acceptor (Co®-H?) and P* as a proton acceptor (P-H®"), which would facilitate HER.%
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Figure 5.2. SEM images of S:CoP nanoparticles grown on substrates (a) NG, (b) carbon cloth and (c)
nickel foam. High resolution XPS of S:CoP@CC; as-synthesized (black), after HER (red), and OER
(blue): (d) Co2p, (e) P2p and (f) O1s.

An interesting observation was made in XPS of post-OER S:CoP NPs catalyst in Figure 5.2d. The two
Co2p peaks at 780.2 and 795.8 eV along with satellites at 786.1 and 802.7 eV indicate the in-situ
oxidation of CoP to a cobalt oxide (CoO).!! 2" The satellite peaks can be assigned to reduction of the
Co** ions of CoP to Co?" and formation of oxygen vacancies in a good agreement with the previous
reports of reducing CosO4 to Co0.2-28 This in-situ oxidation of CoP under OER conditions is further
confirmed by the presence of an oxide peak 529.8 eV along with P-O at 531.4 eV in the O1s spectra
(Figure 5.2f).1 2 The elemental composition derived from elemental analysis (EA) in Table 5.1 shows
an atomic ratio of P/Co close to 1 for as-synthesized and post-HER catalysts. However, post-OER
catalyst shows a greatly reduced P/Co ratio due to dissolution of P-species into electrolyte. The
increased oxygen content from 10.45 at% to 53.56 at% confirms that the most of the surface Co®" ions
derived from CoP are converted to a Co-oxide, while remaining 4.83 at% of P atoms indicate the
presence CoP as a core in accordance with XPS data. As discussed later, the CoP core and CoOx shell

type structure provides the enhanced OER activity in alkaline media.!* Interestingly, there is no
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significant change in the content of S atoms even after HER and OER stability tests, which indicates

that the promotional effect of sulfur remains effective throughout HER and OER.

Table 5.1. Elemental compositions of catalysts before and after HER/OER test derived from EA and
ICP-OES.

Atomic %
As-synthesized S:CoP  43.10 42.69 3.75 10.45
After HER 42.63 41.81 511 10.45
After OER 39.50 4.83 2.03 53.65

The S:CoP NPs were further characterized using high-resolution transmission electron microscopy
(HR-TEM), which was conducted both before and after the 20-h HER/OER tests. The S:CoP NPs have
an average size of ~5 nm (range of 3—15 nm) when grown directly on the NG or CC substrates, as shown
in Figure 5.3a. In the HR-TEM images of S:CoP@CC (Figure 5.3b-d), the lattice fringes with spacings
of 0.205 and 0.248 nm are assigned to the (112) and (111) facets, respectively, of orthorhombic CoP.
The interplaner distances are larger because of S-doping. The (112), (211), and (103) crystallographic
surfaces of CoP, which have interplaner distances of 0.203, 0.20, and 0.18 nm, respectively (Figure
5.3e-h) are well preserved even after the 20-h HER stability test. The elemental mapping of the as-
prepared S:CoP NPs (Figure 5.3i-m), conducted using energy-dispersive X-ray spectroscopy (EDS)-
scanning TEM, show clearly that Co, P, and S are distributed uniformly throughout the NPs.

The oxidation of S:CoP NPs during OER is also observed by HR-TEM images in Figure 5.4a-d. The
clear lattice fringes are observed with an increased interplaner distance from 0.214 to 0.218 nm for (200)
plane of CoO (PDF#: 01-078-0431, space group: Fm-3m) and from 0.243 to 0.257 nm for (311) facet
of Cos04 (PDF#: 01-074-1657, space group: Fd-3m).*° This interplaner expansion is due to the presence
S and P species even after OER stability test as shown in Table 5.1. The presence of a large amount of
oxygen after OER in Figure 5.4h and Table 5.1 is another evidence for the conversion of CoP to CoOx
during the reaction in agreement with the previous reports.t 228 However, as displayed in EDS-STEM
mapping (Figure 5.4e-j), the remaining small quantities of homogeneously distributed P and S are

enough to exert their promotional effects on its OER performance as discussed below.
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Figure 5.3. (@) TEM images of (a) S:CoP NPs grown on carbon cloth (CC) displaying NPs of 3-15 nm
(scale bar: 100 nm). (b) HR-TEM image of S:CoP NPs/CC (scale bar: 5 nm). (c-d) Magnified HR-TEM
images showing (112) and (111) planes and corresponding FFT patterns (inset). HR-TEM image (e)
and magnified (112), (211) and (103) planes (f-h) and corresponding FFT (inset) after 20 h of HER
stability test in 1.0M KOH. The EDS-STEM elemental maps of (i-m) as-synthesized S:CoP NPs.

¥
T ST

Figure 5.4. TEM images (a) and HR-TEM image (b) of oxidized S:CoP sample after a 20 h of OER
durability test; scale bar 100 nm. Magnified HR-TEM image of CoO (c), Co304 (d) showing (200) and
(311) planes and corresponding FFT patterns. EDS-STEM elemental mapping of (e-j) oxidized S-CoP.
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5.4.3 Electrochemical HER performance

The HER activities of as-synthesized S:CoP-based electrocatalysts in 1.0M KOH agueous solution
using a three-electrode electrochemical cell are displayed with iR-corrected polarization curves in
Figure 5.5a. Undoped CoP NPs produce cathodic currents densities of 1 and 10 mA/cm? at
overpotentials of 11~116 mV and n10~216 mV, respectively. This HER performance is similar to those
of rather active CoP catalysts reported in the literature.?® 3! However, doping with sulfur (S:CoP NPs)
improves HER performance to 1:~96 mV and n10~175mV. Therefore, doping of a trace of S species
into the structure of CoP exerts a profound promotional effect on its HER performance in alkaline media.
The performance of the S:CoP electrocatalyst is further enhanced by directly growing S:CoP
nanoparticles on a conductive substrate like NG, CC, and NF by controlled loading of the S-doped Co-
urea-phosphate precursor on a pretreated substrate and subsequent H, reduction. The performance
curves in Figure 5.5a clearly show markedly improved HER activity by lowering n1o value from 175
mV (S:CoP NPs) to 146 mV (S:CoP@NG), 121 mV (S:CoP@CC), and 109 mV (S:CoP@NF) with a
mass loading of ~1.2 mg/cm?. Surprisingly, the hybrid electrocatalysts exhibit superior HER
performances relative to commercial Pt/C catalyst especially in practically important high current
region with 1o Values; 233 mV (Pt/C) > 228 mV (S:CoP/NG) > 200 mV (S:CoP@CC) > 185 mV
(S:CoP@NF) (Table 5.2). In particular, the outstanding performance of S:CoP@NF is impressive.

The Tafel analysis was conducted in Figure 5.5b that gives the Tafel slopes and exchange current
densities (Jo) at zero overpotential; COP@NF (90 mV/dec, 0.04 mA/cm?), S:CoP NPs (71 mV/dec,
0.052 mA/cm?), S:CoP@NG (60 mV/dec, 0.04 mA/cm?), S:CoP@CC (57 mV/dec, 0.074 mA/cm?) and
S:CoP@NF (54 mV/dec, 0.41 mA/cm?). The results suggest that HER on these catalysts follows the
Volmer—Heyrovsky mechanism in alkaline media. The higher Jo values of S:CoP samples (0.05 - 0.41
mA/cm?) than undoped CoP@NF (0.04 mA/cm?) confirm that the HER kinetics become faster due to
electronic and chemical promotional effects of S-doping. As shown in Figure 5.5¢, double layer
capacitance (Cay) and electrochemically active surface areas (ECSA) of COP@NF (2.78 mF/cm?, 69.5
cm?), S:CoP NPs (14.59 mF/cm?, 364.75 cm?), S:CoP@NG (43.09 mF/cm?, 1077.25 cm?), S:CoP@CC
(186.27 mF/cm?, 4656.75 cm?) and S:CoP@NF (218.02 mF/cm?, 5450.5 cm?) also confirm that the
HER activity of the electrocatalysts are directly related to their ECSA. The high ECSA of S:CoP NPs
may be attributed to reduced grain sized interconnected 3-D porous network as compared to undoped
bulk CoP NRs.
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Figure 5.5. The iR-corrected LSV curves of HER for (a) undoped CoP NPs, S:CoP NPs and S:CoP
grown on NG, CC and NF and corresponding (b) Tafel slopes. The measured double layer capacitance
(Cai) by plotting capacitive currents (AJ=I¢-1,) as a function of scan rate (c). EIS comparison of (d) all
catalysts at overpotential of 140 mV and (e) S:CoP@NF at various overpotentials. Stability comparison
for HER (f) after 20 h durability test (by chronoamperometry as inset) for S:CoP@CC, S:CoP@NF and

CoP@NF in 1.0M KOH.

Electrochemical impedance spectroscopy (EIS) was compared for all electrocatalysts in 1.0M KOH at
an overpotentials of 140 mV (Figure 5.5d). The EIS Nyquist plots of S:CoP@NF (Figure 5.5¢) at
different overpotentials show that there are two time constants, one at high and second at low
frequencies are corresponds to the diffusion (Rq4) and charge transfer (Rc) resistances at interface.* The
relatively smaller R¢: and Ry values of S:CoP-based catalysts than those of undoped CoP indicate
improved charge transfer characteristics by S-doping. The electrochemical stability is another important
requirement for practical electrocatalysts. The chronoamperometry (CA) test was also performed for up
to 20 h at a static overpotential of 130 for S:CoP@CC, S:CoP@NF and CoP@NF, respectively. As
shown in Figure 5.6f (inset), the electrode exhibits excellent stability with negligible decrease in current
densities per hour (AJ/At) of 0.012 and 0.079 mA.cm2h* for S:CoP@CC and S:CoP@NF, respectively,
as compared to undoped CoP@NF (0.273 mA.cmh't). The linear sweep voltammetry curves in Figure

5.6f show excellent stability for HER of both electrodes even after a long period of 20 h operation.
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Table 5.2. Comparison of HER performance of S-doped CoP with other CoP-based electrocatalysts in
1.0M KOH.

S:CoP@NF 109 185 79 1.0M KOH  This work

S:CoP@CC 121 200 57 1.0M KOH  This work

S:CoP@NG 146 228 60 1.0M KOH  This work

S:CoP NPs 175 301 71 1.0M KOH | This work

CoP NPs 216 323 90 1.0M KOH  This work

Pt/C 49 233 45 1.0M KOH  This work

CoP/CC 209 129 1.0M KOH J. Am. Chem. Soc. 2014, 136 (21), 7587-7590.
CoP-MNAJ/Ni Foam 150 51 1.0M KOH  Adv. Funct. Mater. 2015, 25 (47), 7337-7347.
Co-P/  N-doped carbon 154 51 1.0M KOH  Chem. Mater. 2015, 27 (22), 7636-7642.
matrices

Co-P Films/Cu Foil 94 42 1.0M KOH = Angew. Chem. 2015, 127 (21), 6349-6352.
Co-phosphide/phosphate 375 1.0M KOH  Adv. Mater. 2015, 27 (20), 3175-3180.

thin film

CoP/RGO 150 38 1.0M KOH  Chem. Sci. 2016, 7 (3), 1690-1695.

CoP NPs 170 1.0M KOH  Nano Energy 2016, 29, 37-45.

(CoxNil-x)2P 180 63 1.0M KOH  J. Mater. Chem. A 2016, 4 (20), 7549-7554.
CoP@BCN 215 52 1.0M KOH  Adv. Energy Mater. 2017, 7 (9), 1601671.
h-CoP/NG 130 - 1.0M KOH Nanoscale 2016, 8(21),10902-10907.
f-CoP/CoP2/Al203 138 -- 1.0M KOH Nanoscale, 2017, 9, 5677

CoP@NPMG 151 -- 1.0M KOH Nanoscale, 2018, 10, 2603-2612

5.4.4 Effect S-doping band structure of CoP: A theoretical (DFT) study

Doping heteroatoms e.g. N, S or O into the structure of phosphides is known to play a crucial role for
high HER and OER activities and.> 11131432 The total density of states (TDOS) of bulk, and low miller
index stable (011) and (111) planes were calculated by using density functional theory (DFT) in order
to see the effect of S-doping on electronic properties of CoP for the structures shown in Figure 5.6a-b.
As displayed in Figure 5.6¢c-d, both CoP and S:CoP possesses non-zero DOS at Fermi level (Eo)
revealing metallic band formation by overlapping Co3d and P3p orbitals. However, sulfur 3p orbital
enhances its metallic property by increasing the states deep into valance band and to the conduction
band near Fermi level. In addition, S-doping makes the electron densities are more localized near Fermi
level in Co3d of S:CoP as compared to bare CoP, which is responsible for the reduced oxidation state
as indicated by Co XPS. This increased charge carrier density near Fermi level can facilitate the
electrocatalytic water splitting into H, and O,. The higher DOS of S:CoP at Fermi level (15.10 & 14.14)
and integrated DOS 0.5eV above Fermi level (7.78 & 6.93) for (011) and (111) planes than clean CoP
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confirms the increased number of electrons in conduction bands which are readily available for water

absorption.
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Figure 5.6. The optimized top and side view of (011) plane for (a) clean CoP and (b) S:CoP. Total
density of states (TDOS) and projected density of states (PDOS) for bulk (c, d), 011 surface (e, f) and
111 surface (g, h) of undoped CoP and S:CoP, respectively.

5.4.5 Electrochemical oxygen evolution reaction

Now, the electrocatalytic OER performance in 1.0M KOH of S:CoP catalysts are compared with those
of undoped CoP NPs and a commercial RuO; electrode for the same mass loadings (~1.2 mg/cm?). As
in Figure 5.7a, S:CoP NPs electrode requires a lower overpotential (n10~300 mV) to reach 10 mA/cm?
compared to CoP NPs (320 mV), and is comparable to commercial IrO; (337 mV). The overpotential is
further lowered when these nanoparticles are directly grown on conductive substrates as shown in
Figure 5.7a. Thus S:CoP@NF displays the lowest overpotential (n100~360 mV) to produce current of
100 mA/cm? relative to S:CoP@CC (384 mV), S:CoP@NG (382 mV), S:CoP NPs (417 mV), CoP@NF
(430 mV) and commercial IrO.@NF (435 mV). As discussed already, the observed OER activity is

attributed to an oxygen deficient surface cobalt oxide (CoO) species formed in situ during OER covering
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S:CoP core. Thus the promotional effect of S-doping works well for OER just like HER with the in-situ

modified active sites formed from S:CoP.

The Tafel slopes and current exchange densities of S:CoP electrodes in Figure 5.7b lie in the range of
82-108 mV/dec and 0.004-0.069 mA/cm?, respectively. The Tafel slope and exchange currents of
S:CoP@NF (82 mV/dec, 0.004 mA cm) is much smaller than the Tafel slope for IrO.@NF electrode
(104 mV/dec, 0.007 mA c¢cm™) indicating a more rapid OER reaction especially on the S:CoP@NF
electrode. The EIS Nyquist plots in Figure 5.7c compare the electrode Kkinetics of all catalysts at an
overpotential of 330 mV under OER conditions. The low charge-transfer resistance R of S:CoP@NF
(~1.05 ohm) than those of S:CoP@CC (1.94 ohm), S:CoP@NG (1.91 ohm), S:CoP NPs (2.43 ohm)
and undoped CoP@NF (3.51 ohm) is related to the rapid electrocatalytic kinetics or faster reaction on
the electrode for water oxidation. A chronoamperometry (CA) for 20 h OER was conducted at a constant
overpotential of ~350 mV to evaluate the stability of IrO,@NF, COP@NF, S:CoP@CC and S:CoP@NF
electrodes in Figure 5.7d. The initial increase in current density in all CA curves of CoP based catalyst
may be due to in-situ formation of Co-oxides by dissolution of surface P species in contrast of IrO,@NF
electrode, i.e. continuous reduction in current. The LSV curves were also compared (Figure 5.7¢)
before and after chronoamperometry (CA) test for 20 h. The reduction in overpotentials required at 100
mA.cm2 for all CoP catalyst (Figure 5.7f) show excellent stability and higher conductivity for OER

even after 20 h of OER operation due to presence of trace P and S elements.

Another fundamental kinetic parameter “turnover frequency (TOF)” was calculated based on the
surface active Co?* sites determined from CV (Figure 5.79) as reported in literatue. * The backward
reduction peak was integrated to estimate the numbers of Co?* sites per cm™ for each catalyst, which
were compared with current densties at overpotential of 0.35 V in Figure 5.7h. The TOF values of
S:CoP NPs at 0.35 Vrue is 0.23 s2, which is quite larger than CoP NPs (0.19 O; s 1), S:CoP@NG(0.15
0;s1), S:CoP@CC(0.08 O,st), CoP@NF (0.085 O.s?) and S:CoP@NF (0.12 O,s). The
overpotential nio were further compared with other recently reported OER catalysts in Figure 5.7i,

which demonstrated superiority of our S:CoP-based catalysts that needed much lower overpotentials.
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Figure 5.7. iR-corrected LSV curves of OER for (a) undoped CoP NPs, S:CoP NPs, and S:CoP grown
on NG, CC, and NF substrates and corresponding (b) Tafel slopes. (c) EIS results for catalysts at
overpotential of 330 mV. (d) Electrode durability by CA and (e) LSV after CA. (f) Overpotentials Moo
before and after 20-h CA durability test. (g) CV of S:CoP NPs recorded at 100 mV s in 1 M KOH to
determine surface active Co?* species. (h) Number of active sites (left), current density at an
overpotential of 350 mV (right). (i) Comparison of 1o with other catalysts reported in literature.

5.4.6 Overall water splitting at S-doped CoP electrocatalyst

The superb HER and OER performances of S:CoP@NF electrode led us to design an alkaline
electrolyzer cell using S:CoP@NF as both anode and cathode was tested in 1.0 M KOH. For comparison,
cathode-anode combinations of CoP NPs - CoP@NF (no S-doping), S:CoP NPs - S:CoP@CC and
P/C@NF - IrO,@NF were also tested. As shown in Figure 5.8a, the S:CoP@NF electrolyzer displays
an outstanding performance for overall water splitting with cell voltages of 1.61 V (n10) and 1.78 V
(nw0o) to generate the current densities of 10 and 100 mA/cm?. The bifunctional S:CoP@CC-based
electrolyzer shows the similar performance of 1.63 V and 1.82 V, but other electrolyzers require
significantly higher potentials (110, N100); undoped CoP@NF (1.75 V and 1.97 V) and commercial Pt/C
- IrO.@NF (1.60 V and 1.82 V). The Tafel slope of S:CoP@NF electrolyzer is 162 mV/dec, which is
much less than commercial Pt/C - IrO,@NF (233 mV/dec) as in Figure 5.8b. The S:CoP@NF

electrolyzer also shows excellent stability without any significant current density loss in LSV measured
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after 20 h chronoamperometric stability test as shown in Figure 5.8c (inset). Interestingly, there is 9.1 %
gain in the current density for S:CoP@NF electrolyzer after 20 h continuous operation in contrast to the
Pt/C - RuO; electrolyzer (58.9 % loss) at cell voltage of 1.8V of the initial value as shown in Figure
5.8d. All the above results demonstrate that S-doped CoP electrodes exhibit excellent performance for
HER, OER and overall water splitting as well as better durability than all other reported CoP-based
electrocatalysts as summarized in Table 5.3. A representative photographs of the two-electrode
configuration using S:CoP@NF as both anode and cathode are shown in Figure 5.8e, f. The Figure

5.8f clearly displays the H> (right) and O (left) bubbles during overall water electrolysis.
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Figure 5.8. Polarization curves of a two-electrode electrolyzer (a) using CoP NPs- CoP@NF, S:CoP
NPs -S:CoP@NF, S:CoP NPs — S:CoP@CC and Pt/C - RuO.@NF at a sweeping rate of 2 mV/s and
(b) Tafel plots (c) LSV curves of S:CoP NPs - S:CoP@NF and Pt/C - RuO,@NF electrolyzer after a
CA (inset) durability (20 h) test. The current density at a cell voltage of 1.8V before and after CA (e, f)
and the representative photographs electrolyzer showing H; (right) and O (left) bubbles during overall
water electrolysis.
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Table 5.3. Comparison with various electrocatalysts for overall water splitting

S:CoP@NF
S:CoP@CC

S-CoP NPs

CoP NPs@NF

Pt/C - RuO2
CoP/TM

Co-P film
Amorphous CoSe film/Ti
CoP-MNA/Ni Foam
Niz2P nanoparticle
Hollow Co304 MTA

Ni2Ss/NF

NiCo2Ss NA/CC

Ni2.3%-CoS./CC

Co030s4 NCl/carbon fiber
paper
Co:tMniCH/NF

CoB@Co0O nanoarray/Ti

NiFe-OH-PO4/NF

(NixFe1-x)4Ps
NixFes-—x-O/NF

NiFeOF holey film

3D NiFeOx & NiFe-P/IF

NiCo2Ses
nanosheets

holey

387
400
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5.5 Conclusions

In summary, the electronic properties of CoP have been modulated by S-doping into its structure by
adopting a unique and environmental friendly thiourea-phosphate route, in which a reductant thiourea
controls the particle size of CoP and becomes a source of S, while HsPO, provides P. The as-synthesized
bifunctional water splitting S:CoP NPs, especially those grown directly on a conductive substrate like
nickel foam display excellent performance and remarkable stability for both HER and OER exceeding
commercial precious metal catalysts of Pt/C and RuO,, respectively. An overall water splitting
electrolyzer with S:CoP@NF as a bifunctional electrode generates current density of 10 and 100
mA/cm? at overpotentials of 0.387 and 0.55 V in 1.0 M KOH outperforming commercial Pt/C - IrO,
electrolyzer and all CoP-based electrocatalysts reported so far. The low-cost and eco-friendly synthetic
approach employed in this study could become a general synthetic method for other transition metal

phosphides as OER, HER and overall water splitting bifunctional catalysts.
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6. Promoting the Overall Water-Splitting Efficiency of Di-cobalt Phosphide

by Incorporating Sulfur

6.1 Abstract

The electronic properties of metallic di-cobalt phosphide (Co2P) are regulated by in cooperation of more
electronegative sulfur into its structure by simply using economical and eco-friendly thiourea-phosphate
assisted strategy. Density functional theory (DFT) in conjunction with XPS reveal that the S decreases
the electron density (TDOS) near the Fermi level minimizing the metallic nature of Co.P by inducing
more positive charge on metallic Co, creates equilibrium between hydride (Co*—H®) and proton (S/P*
—H%) acceptors just like in CoP, increases the number of Co?* active sites and turnover frequency (TOF).
The obtained both hybrid electrodes S:Co,P@NCC and S:Co,P@NF exhibit superb HER, OER and
bifunctional performance with =100 % efficiency in basic electrolytes defeating commercial Pt/C and
IrO; catalysts at high current regions and most of other state of the art bifunctional electrocatalysts
reported so far. The S:Co.P@NF alkaline electrolyzers produce a stable current density of 100 mA/cm?
at overvoltage 0.567 V better than the commercial 1rO,-Pt/C electrolyzer (0.593 V). The unique
synthetic approach employed here could be readily extended to produce and regulate the

electrochemical properties of other transition metal phosphides.

6.2 Introduction

The electrolysis of water to generate hydrogen and oxygen in a sustainable way is one of the “holy
desire” but remains deceptive target in electrocatalysis and renewable energy technology. This elusive
goal has been unachieved so for mainly because of unavailability of more efficient non-precious metals
to replace the most common incumbent noble-metal-based materials (Pt and Ir/Ru) for the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) in electrochemical water slitting.*® To
improve the water slitting efficiency by reducing the overpotentials of two half-reactions, a lot of
cheaper earth-abundant materials have been explored for HER® 8 and OER.*!! However, designing a
practical electrolyzer by pairing HER and OER active catalysts, has been remained a big challenge
because of their mismatched stability and activity in widely different pH ranges. Therefore, it is a dire
need to develop a highly active, stable and inexpensive bifunctional electrocatalyst for both HER and
OER in the same pH electrolyte. Currently, cobalt-based heterogeneous catalysts like phosphates,
chalcogenides, oxides/hydroxides and phosphides have extensively explored due to their exceptional
bifunctional water splitting capability and electrochemical stability in acidic and alkaline electrolytes.”

Uniform grafting of Co-based nanomaterials onto stable electrode materials such as nickel foam (NF)
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or carbon cloth (CC) to reduce large overpotentials and enhance stability is a laborious job in practical

application.®

Nanostructured mono cobalt phosphides (CoP) have been prepared using various methods and
extensively studied in last decade due to its high performance for both HER and OER in a wide pH
range.'>* However, metallic di-cobalt phosphide (Co.P) has not been explored for overall water slitting
as extensively as CoP, because many of current methods suffer from generation of competing phase
control between CoP and Co,P.* Although, a few successful examples are reported over metallic cobalt
phosphide (Co.P) as HER and OER catalysts, but they are synthesized via solution-phase strategy by
using highly toxic organic phosphines i.e. tri-phenylphosphine (TPP), tri-n-octylphosphine (TOP) or
tri-n-octylphosphine oxide (TOPQ) as a P source in a high boiling solvent (e.g. oleylamine) in inert
atmosphere!®® or direct Ph; gas.?>? In often cases, a mixture of a few stoichiometries are formed with
a major product and a few other byproducts.’> 22 According to previous experimental and theoretical
studies, the metal to P ratio in transition metal phosphides play a significant role in water splitting as P
act as proton acceptor and metal act as hydride acceptor.22° Increasing the P contents or metal-
phosphorus bonds at the surface results in improving the HER activity.!” Therefore, due to low Co-P or
more metal (Co) densities at the surface, Co.P requires more overpotential as compared to CoP to
generate same current density.}” However, doping of more electronegative heteroatoms (N, S or O)
especially in the metal-rich phosphides can improve intrinsic HER/OER activity.” 2° Recently, similar
approaches have been exercised to regulate the HER/OER kinetic of CoP by incorporation of oxygen
or surface oxidation of metallic cobalt phosphide.?-?! Due to lack of phase-control ability, high toxicity
and expensive precursors of current methods for phosphides it is highly desirable to develop ecofriendly,
economical phase/shape flexible strategy to grow and regulate the electronic properties of Co,P

nanocrystals for stable HER/OER electrodes.

Here, we report for the first time a unique, economic and environmentally friendly urea-phosphate-
assisted strategy to synthesize a phase-pure metallic cobalt phosphide. The electronic properties of Co,P
are regulated by in cooperation of more electronegative sulfur into its structure by simply replacing urea
with thiourea. The dopant S induces more positive charge on metallic cobalt by creating equilibrium
between hydride (Co®—H%) and proton (S/P™—H?®") acceptors at surface and weakening the O-H bond
of water through more positively charged Co®" at surface of S-doped Co.P by facilitating release of
proton to P/S. It also increases the electrochemical surface area (ECSA), number of active sites ant
intrinsic activity. Theoretically study (DFT) in conjunction with XPS further confirms the decrease in
density of states near Fermi level due to sulfur incorporation which regulates its electronic/protonic
properties by minimizing metallic character of CoP. The S-incorporated metallic phosphide (S:CozP)
NPs grafted on carbon cloth (CC) and nickel foam (NF) provides a current density of 100 mA/cm? at

low overpotential of ~0.567 V, in an alkaline electrolyzer better than commercial IrO,-Pt/C electrolyzer
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and most of state of art bifunctional electrocatalysts reported so far. The 3-D supports (CC and NF) also
improve the mass transport property as well as provide high electrochemical active surface area (ECSA)
towards this ultrastable electrocatalytic HER and OER activity toward. Avoiding from the use of
expensive and toxic organic phosphine in high boiling organic solvents or PHs; and controlling the

phase/shape of transition metal phosphides is another beauty of this systematic economical approach.

6.3 Experimental section

6.3.1 Synthesis of S-doped Co,P nanoparticles and its composites

All chemicals were utilized as purchased without further purification. Thiourea-phosphate complex was
synthesized by following our previous procedure with slight modification.” Typically, 4.0 mmol 85 %
phosphoric acid (Sigma-Aldrich) and 8 mmol thiourea (Sigma-Aldrich) were dissolved in a mixture of
melamine (0.5 mmol) and triply distilled water (30 mL) with 1:3 in a stirred glass beaker. Then 20 ml
transparent aqueous solution of cobalt nitrate hexahydrate (Co(NOs),-6H,0, 8.0 mmol, Sigma-Aldrich)
was gradually poured into above thiourea phosphate complex solution while keep stirring at 60°C. Then
the reaction mixture was hydrothermally heated at 160 °C for 24 h to get S-incorporated Co-urea-
phosphate complex by thermal decomposition of thiourea to H,S gas and urea/ammonia-phosphate in
the presence of Co?* ions and phosphoric acid. Then, this suspension was dried at 60 °C to obtain the

precursor powder for S:Co,P NPs.

The S:Co2P NPs were synthesized by thermal reduction of above precursor powder under H, gas with
ramping temperatures (5 °C/min) to a pre-optimized temperature (600 °C), kept there for 3 h and then
cooled down naturally. The undoped Co,P NPs were also formed by using simple urea-phosphate and
following otherwise the same procedure. To get grow the nanoparticles (NPs) on N-doped carbon clothe
(S:CoP@NCC) or N-doped graphene (S:Co.P@NG), the pre-oxidized carbon cloth (Oxi-CC) or
graphene oxide (GO) was directly added to hydrothermal reactor and after followed the above procedure.
The S:Co2P NPs were also grown on nickel foam (S:Co.,P@NF) by loading the required amount of S-

doped Co-urea-phosphate precursor onto the NF and annealed in H; at pre-optimized conditions.

6.3.2 Physical characterization.

Crystallographic structure of the electrocatalysts were determined by powder X-ray diffraction (XRD,
PANalytical pw 3040/60 X'pert) with Cu Ka radiation. The morphologies were seen with field-emission
scanning electron microscope (FE-SEM, Hitachi, S-4800, 15 kV) and transmission electron microscope
(TEM, JEOL, JEM-2100). The chemical compositions, elemental mapping and in-depth crystal
information of samples were collected by high resolution transmission electron microscope (HRTEM,
JEOL, JEM-2100F). X-ray photoelectron spectroscopy (XPS, ThermoFisher, K-alpha) was used to

identify the chemical states of the surface atoms.
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6.3.3  Electrochemical measurements.

The catalyst ink was made by dispersing the unsupported electrocatalysts (5.0 mg/mL) in an equal
volume mixture of deionized water and ethanol, and 10 pL of 5% Nafion solution. The working
electrode was prepared by drop casting of 10 pL sonicated ink onto a glassy carbon electrode (0.4-0.5
mg/cm? loading) and drying at room temperature. The S:Co.P@NCC and S:Co.P@NF electrodes were
used as-synthesized without adding any binder. Electrochemical HER/OER activity and stability tests
were performed in a three electrode cell configuration using a rotating disc electrode (RDE, PAR Model
636 RDE) attached with a potentiostat (Ivium technologies). An Ag/AgCl (3.0M NaCl) electrode and a
Pt foil were used as reference and counter electrodes, respectively. In two electrode configuration, the
cathode (HER electrode) is used a counter and reference electrode with anode (OER electrode) as
working electrode. All potentials were iR corrected and referenced to the reversible hydrogen electrode
(RHE) by the equation Erne=E(agagcty + 0.059pH + 0.209.

The HER performance was measured in agueous 1.0 M KOH (pH 13.7) at a scan rate of 2 mV/ s after
20 cyclic voltammetry (CV) cycles in the range of 0.4 to -0.3 Vrue. The electrochemical stability tests
were conducted by performing chronoamperometry (CA) for 20 h. Electrochemical impedance
spectroscopy (EIS) was conducted in the same setup in the frequency range of 100 kHz to 1 mHz with
a modulation amplitude of 10 mV. To evaluate the electrochemical active surface area (ECSA), CV
was conducted from -0.8 to -0.6 V in 1.0 M KOH vs. Ag/AgCl with different sweep rates between 20
to 100 mV s,

6.4 Results and discussion

6.4.1 Synthesis of sulfur-incorporated metallic cobalt phosphide nanoparticles

Ultrasmall-sized sulfur-doped metallic cobalt phosphide (S:Co2P) nanoparticles were synthesized by
using indigenously formulated thiourea-phosphate in which a weak reductant thiourea liberates HS gas
and urea-phosphate as a byproduct in aqueous phosphoric acid (HsPQO.) solution upon thermal
decomposition.” When cobalt nitrate hexahydrate (Co(NOs).-6H.0) salt was mixed with optimized
amount of thiourea-phosphate, cobalt ions (Co?*) react with byproducts (H.S and urea-phosphate) via
ion-assisted solvothermal reaction to form a reduced S-incorporated Co-phosphate precursor for S:Co2P
NPs. In order to graft these NPs onto N-doped graphene (NG) or N-doped carbon cloth (NCC), the GO
or oxidized carbon cloth (Oxi-CC) was directly added into the reactor along with starting precursors
then followed by thermal reduction of S-doped Co-phosphate loaded support in Hz gas. The synthetic
procedure is schematically illustrated in Figure 6.1 (see Experimental Section for detail). To obtain
S:Co,P@NF electrode, the S:Co,P precursor was also directly loaded at nickel foam (NF) and follow
the same H; reduction treatments. Simple urea was used to prepare undoped Co.P NPs according to

otherwise the same method.
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The powder X-ray diffraction (XRD reveal that a pure phase of orthorhombic Co,P nanocrystals with
average size of ~18 nm (space group Pnma, ICDD No.: 01-089-3032) have successfully formed after
Hz reduction at an optimized temperature of 600 °C as shown in Figure 6.1b. No significant change in
bulk crystal structure of CozP was detected in XRD pattern even after S-doping. The similar XRD
behavior with a specific (002) graphitic peak of S:Co,P/NG and S:Co,P/NCC was also observed as the
unsupported S:Co.P and undoped Co.P nanoparticles in Figure 6.1b and Figure 6.1c. Scanning
electron microscopy (SEM) images (Figure 6.1d) of the as-synthesized S:CoP and S:Co2P/NCC reveal
that closely interconnected 50-60 nm grain sized nanocrystals have successfully grown on N-doped
carbon cloth.
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Figure 6.1. Schematic illustration of (a) S-incorporated Co.P nanoparticles grafted onto a conductive
support (S:Co.P@NCC). XRD pattern of (b) S:CozP (red), S:Co.,P@NG (blue), S:Co,P@NCC (pink)
and (c) undoped Co.P NPs. SEM image of (d) S:Co.P NPs and S:Co,P@NCC (inset).

X-ray photoelectron spectroscopy (XPS) was conducted in order to know the oxidation states change
in as-prepared S:Co,P/NCC electrode and after 20 h long HER or OER stability tests in Figure 6.2a-d.
Due to higher electronegativity of S (2.44) than Co (1.70) and P (2.04), it induces more partial positive
charge on Co® (0<8<2) and share electron density with P and Co in Co.P. The highly positively charged
Co (6+) could increase the water absorption and weaken the O-H bond, similarly the adjacent more
negatively charged P (3-) and S (8-) could absorb more proton and hence create equilibrium between
hydride (Co®—H?®>) and proton (S/P™—H?®) acceptors at surface. The detailed water dissociation
mechanism will be discussed later. Therefore, the characteristic 2ps, and 2p1, peaks of Co®* in metallic

CozP are slightly shifted to higher binding energy of 778.3 eV and 793.4 eV than pure metallic Co (2p3:
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777.9 eV) or pristine CozP (778.1, 793.0).1% 2 While Co (2+) 2ps2 peak and its satellite is shifted from
781.7 & 785.6% to =779.5 & 782.8 eV and 2p1» from 797.2% to =797.0 eV due to back donation of
electron from S to vacant 3d orbital of Co.” No significant change in Co2p spectrum was observed after
HER stability test as shown Figure 6.2a. A doublet P2p peaks at 129.4 and 130.3 eV (Figure 6.2b) can
be assigned P> in Co.P which is at a less binding energy than elemental P (~130-130.2 eV) or P in CoP
(129.7).16 24 The positive shift in binding energy (BE) from metallic Co2p (~777.9 eV) and negative
shift in P2p from elemental P (~130.2 eV) are suggesting that partial positively charged Co (3%) can
work as a hydride acceptor (Co®"-H?*) while the partial negatively charged P/S (57 as a proton acceptor
(P/S¥-H%), which would facilitate HER.?* The Co 2ps. at 780.1 and 2p1, peak 795.9 eV along with
their satellites at 786.7 and 802.6 eV indicate the in-situ formation of oxygen deficient cobalt oxide
(CoO) from electrochemical oxidation of Co.P after OER (Figure 6.2a)."*2® These 2ps and 2p1/, peaks
are located at low binding energy than pure Co-oxides (782.1 & 798.1) due to presence of un-leached
more electronegative S and P species and also confirm the formation of oxygen vacancies in consistent
with the previous reports of reducing CosO4 to Co0.%?” The presence of an oxide peak at 529.5 eV
along with P-O at 531.2 eV in the O1s spectra (Figure 6.2c) confirms in-situ electro-oxidation of
metallic Co in Co,P. 2 S2p and N1s spectra in Figure 6.2d confirm the presence of these species in
Co,P structure and sustained after HER and OER.

To see the effect of S-doping in electronic properties in CoP, the total density of states (TDOS) and
projected density of states (PDOS) for Co, P and S, were also calculated by DFT method as shown in
Figure 6.2e-f. The non-zero DOS at the Fermi level (Eo) confirms the metallic property of Co.P
sustained even after S-doping. The contraction of conduction/valance band near fermi level in S:Co,P
(Figure 6.2f) as compared to bare Co,P Figure 6.2e, is signifying the reduction of density of states at
metallic Co due to more electronegative S-doping which is confirmed in Co,P XPS. The width and
intensity of valance band of P and Co near fermi level seems to be enhanced due to overlapping of S2p
orbitals with P3p and Co3d in S:Co2P. As shown in Figure 6.2e-f, the DOS of S:CoP (2.42) at the
Fermi level is lower than that the DOS for bare Co.P (3.01) confirms that more hydride acceptor (Co®'-
H®) and proton acceptor (P/S*-H®") are available just like in CoP system. Conversely, the Co,P could

behave like CoP in overall water splitting after S-incorporation.

The more electronegative S (2.44) withdraws electron density from the less electronegative Co (1.70)
and P (2.04), and induces more partial positive charge on Co®* (0<8<2) and then back donate by
overlapping of p-orbitals with P3p and Co3d in Co,P as shown in Figure 6.2g. The highly positively
charged Co (6+) could coordinate with the lone pair electrons of O in H,O and facilitate the dissociation
of —O-H bond by releasing proton (adsorbed H) to more electronegative atom P/S. Conversely, the S/P

make hydrogen bonding with H of water by donating extra electron density and help the adjacent Co
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+) to extract yariaes (aqueous rom water molecule. en this yariae 0° —H%) an proton
(5+) hydrides ( H) f lecule. Then this hydride (Co**~H®) and

(S/P>—H?*) combine together to form H, molecule as displayed in Figure 6.2h.
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Figure 6.2. High resolution XPS of as-synthesized (black), after HER (blue), and OER (red) for
S:Co.P@NCC, (a) Co2p (b) P2p, (c) Ols and (d) N1s. Total-DOS and PDOS of (e) undoped and (f)
S:CozP. (g) Electron density shift in S:Co,P due to difference in electronegativity and (h) water
dissociation mechanism. XPS spectra of

The transmission electron microscopy (TEM) images show that S:CozP NPs having an average size of

~5 nm (range: 3-10 nm) are successfully grown directly on N-doped carbon cloth (NCC) as shown in
Figure 6.3a. The high-resolution TEM (HR-TEM) images and their closer look in Figure 6.3b-c

display tiny nanoparticles with a well-resolved lattice fringes spacing of 0.23 and 0.228 nm of the (112)

CozP plane of as-synthesized S:Co,P@NCC and after HER, respectively. The larger interplaner

distance than bare Co.P (0.221 nm) is due to S-species in the structure. The corresponding Fast Fourier
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transforms (FFT) are also shown in Figure 6.3d. The TEM image (Figure 6.3¢) displays that the S:Co,P
NPs lose their morphology after electrochemical oxidation to Co-oxides after long term OER stability
test which is also certified by XPS data. The HR-TEM images in Figure 6.3f-h reveal the clear lattice
fringes with an enlarged interplaner distance of 0.249 nm for the (311) facet of Co304 (PDF#: 01-074-
1657, d-space: 0.244 nm) and 0.22 nm correspond to (200) plane of CoO (PDF#: 01-078-0431, d-space:
0.212 nm).?° The structural defects in CoO region (Figure 6.3h) are caused by the oxygen deficiency
after oxidation of Co.P to CoOy as discussed in XPS section and in agreement with the previous
reports.t* 2627 Uniform distribution of Co and traces of P, S and O was observed by Elemental mapping
by energy-dispersive-X-ray-spectroscopy (EDS)-STEM in post OER sample (Figure 6.3i-1). The
presence of trace elements (P, S and N) and increased oxygen atomic % from 6.24 to 23.96 after OER
(Table 6.1) confirms the in situ formation of an oxygen-deficient surface cobalt oxides (CoO,) and the
promotional effects of P, S on its OER performance. The surface-oxidized and oxygen incorporated

cobalt phosphides can provide the enhanced OER performance in alkaline media.t® 202!

Table 6.1. Elemental compositions of catalysts before and after HER/OER test derived from XPS
analysis

Atomic %age
As-synthesized S:Co,P@NCC 359 181 05 572 8214 6.24
After HER 318 161 06 524 8258 6.79
After OER 1093 05 0.7 4.05 59.86 23.96
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Figure 6.3. TEM images of as-synthesized S:Co,P NPs (a); displaying nanoparticles in the range of 3-
10 nm scale bar: 100 nm. (b) high resolution transmission electron microscopy (HR-TEM) image scale
bar: 5 nm, (c-d) magnified HR-TEM image showing the prominent interlayer expanded (112) planes
for Co,P and corresponding fast Fourier transformation (FFT) patterns of as-prepared S:Co2P. TEM (e);
scale bar: 100 nm and HR-TEM (f); scale bar 5nm, and enlarged HR-TEM image of interlayer expanded
(311) plane of Co304 (k), (200) plane of defective CoO (l) and corresponding FFT (inset) after OER.

6.4.2 Electrochemical hydrogen evolution reaction over S:Co,P

The HER performance of all Co,P-based electrocatalysts was evaluated by linear sweep voltammetry
in 1.0M KOH aqueous solution using a three-electrode electrochemical cell (iR-corrected, Figure 6.4a).
The unsupported S:Co,P and S:Co,P@NG NPs were loaded onto rotating disc electrode while
Co,P@NF, S:Co,P@NCC and S:CoP@NF were used directly as a cathode/anode. The undoped CoP
required overpotentials of ~102 and ~218 mV to generate cathodic currents densities of 1 and 10
mA/cm?, which is equivalent to earlier reported CoP-based electrocatalysts.? 2+ 3 However, the 11 and
n1o reduce to ~89 and ~184 after incorporation of trace amount of S into structure of Co,P improves
HER performance to 1:1~96 mV and n10~175mV. The S effectively reduces the energy barrier and
provide the ample electrons in the conduction band to electrolyze the HER rapidly and is confirmed by

102



the total-DOS and PDOS in Figure 6.2g-h. This promotional effect is more pronounced when these
(S:CozP) NPs are directly grown over conductive substrate like N-doped graphene (NG), N-doped
carbon cloth (NCC) or nickel foam (NF). Especially, the S:Co,P@NF and S:Co,P@NCC trigger the
HER reaction more efficiently with nio value of 105 to 134 mV, respectively. Notably, the hybrid
electrodes display remarkable HER activities compared to commercial Pt-catalyst and 110 values follow
the order; 242 mV (S:Co,P/NG)>233 mV (Pt plate) > 199 mV (S:Co.P@NCC) > 192 mV
(S:Co.P@NF). The doping of heteroatoms e.g. N or S into the structure of phosphides could improve
the electron/proton conductivity and ensure rapid electron/mass transfer inside the electrocatalyst which
is favorably enhanced HER performance. These trace elements also coordinate with least stable P> and
positively charged metal (M®*) in phosphide by regulating its electronic properties, stabilizing its

structure and generating more adsorption sites for proton.” 3%

Tafel slopes and exchange current densities (Jo) at zero overpotential are estimated in Figure 6.4b, for
Pt-plate (56 mV/dec, 1.32 mA/cm?), S:Co.P@NF (89 mV/dec, 0.710 mA/cm?), S:Co.P@NCC (77
mV/dec, 0.168 mA/cm?), S:Co,P@NG (62 mV/dec, 0.033 mA/cm?), S:Co.P NPs (95 mV/dec, 0.115
mA/cm?) and Co.P@NF (113 mV/dec, 0.116 mA/cm?). The small Tafel slopes and lower Jo values for
S-incorporated Co,P than pristine one suggest that HER follows the Volmer—Heyrovsky mechanism
and also establish chemical/electrical promotional effect of sulfur by improving the HER Kinetics. This
is further verified by performing the electrochemical impedance spectroscopy (EIS) for all
electrocatalysts at a constant overpotentials of 140 mV (Figure 6.4c). The EIS Nyquist plots display
the solution resistance (Rs) and two time constants, the first is related to the ions diffusion resistance
(Rq) and the second one corresponds to the charge transfer resistance (Rq) offered by material.* The
comparative lower R values of S:Co,P-based electrocatalysts than bare CoP are further confirmed the

promotional effect of S-doping.

6.4.3 Electrochemical oxygen evolution reaction over S:Co,P

Besides the remarkable HER performance, the S-promotional effect was also profound in oxygen
evolution reaction (OER) and S:Co.P based electrocatalysts were also remarkably electrolyze OER in
1.0 M KOH as shown in Figure 6.4d. The S-doped Co.P catalysts require lower ni0 values (~288-310
mV) as compared to commercial 1rO; (337 mV) and undoped CozP NPs (320 mV) electrodes with the
same mass loadings (~1.2 mg/cm?). Additionally, the S electronic and chemical promotional effect
further lowered the overpotentials especially at higher current density region and thus S:Co.P@NF
requires the lowest overpotentials (~336 & ~360 mV) to generate current density of 50 and 100 mA/cm?
as compared to S:Co,P@CC (~348 & ~376 mV), S:Co.P@NG (~356 & ~386 mV), S:Co.P NPs (~370
& ~400 mV), Co,P@NF (~390 & ~435 mV) and commercial IrO.@NF (~397 & ~435 mV). As
discussed in XPS and TEM section, the in situ formation of oxygen deficient surface oxides (CoOy)

through direct electrochemical oxidation of S:Co,P NPs which can effectively catalyze the OER process.
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Thus the promotional effect of trace elements P and S becomes stronger with the formation of abundant
metal oxo-/hydroxide OER active sites on the surface by breaking the Co-Co metallic bonds in metallic
COzP.?’3
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Figure 6.4. HER polarization (iR-corrected) curves of (a) undoped CoP NPs, S:CoP NPs and S:CoP
grown on conductive substrates NG, CC and NF, corresponding (b) Tafel slopes and (c)
Electrochemical impedance spectroscopy (EIS) analysis at overpotential of 140 mV in 1.0M KOH. iR-
corrected LSV curves for OER (d), corresponding Tafel slopes (e) and EIS (f) of catalysts at an
overpotential of 0.33 V in 1.0M KOH. The measured double layer capacitance (Cq) by plotting
capacitive currents (AJ=I¢-15) as a function of scan rate (g). polarization curves for HER (h) and OER
(i) after 20 h durability tests (by chronoamperometry as inset) for S:Co.P@CC and S:Co.P@NF in
1.0M KOH.

The Tafel analysis was also conducted to estimate OER kinetic parameters i.e. Tafel slopes and current
exchange densities (Jo) of all S:Co2P based anodes in Figure 6.4e. The much smaller Tafel slopes and
higher Jo values for all S-Co.P catalysts (71-82 mV/dec, 1-3 pA cm?) than undoped Co,P@NF (94
mV/dec, 1.3 A cm?) and commercial IrO.@NF (82 mV/dec, 1.0 HA cm?) electrode, validating the
promotional effect of S, P-doped oxygen deficient Co-oxide which accelerate OER reaction especially
on the S-doped metallic Co.P. As displayed in Figure 6.4f, The EIS Nyquist plots suggest that the
charge transfer resistance at an overpotential of 330 mV of S:Co,P@NF (0.969 Q) is lower than those
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of S:Co,P@CC (1.38 Q), S:Co,P@NG (1.37 ), S:CoP NPs (1.88 Q) and undoped CozP NPs (2.54
Q), suggesting the rapid charge transfer process during OER. The smaller Rg (~0.969 Q) of
S:Co,P@NF than the undoped Co,P@NF electrode clearly shows that S incorporation has an influential
effect on the OER and as well as HER activity of Co,P.

6.4.4 Electrochemical surface area and long-run stability for HER and OER

Electrochemically active surface areas (ECSA) were also estimated by calculating the double layer
capacitance (Cq) from the slope determined of the linear plot between current density difference AJ (Ja-
Jc) and the increasing scan rates as shown in Figure 6.4g. The higher values of Cq and ECSA for
S:Co.P@NF (216.5 mF/cm?, 5412.3 cm?) and S:Co,P@NCC (159.5 mF/cm?, 3988.5 cm?) as compared
to S:Co.P@NG (39.8 mF/cm?, 995.25 c¢cm?), S:Co.P NPs (20.5 mF/cm?, 511.75 ¢cm?) and Co.P@NF
(5.8 mF/cm?, 139.75 cm?) also indicating that the maximum HER/OER active sites are exposed over
3D supports (i.e.NF and NCC) which effectively improve electron/mass transport and largely enhance
the HER and OER performance. The long term electrochemical stability for HER is confirmed by
performing the chronoamperometric response (CA) test for up to 20 h at a static overpotential of 180
and 200 mV for S:Co,P@NF and S:Co,P@NCC, respectively. As displayed in Figure 6.4h (inset), the
electrodes show super stable performance with insignificant current density degradation a long period
of 20 h CA test. The similar overpotentials require to generate the current density 100 mA.cm2 even
after a long period of 20 h operation as determined by LSV curves (Figure 6.4h), conforming the
outstanding stability of the catalysts. To evaluate the OER stability, the chronoamperometry (CA) tests
for both electrodes were also at performed at same overpotential of ~350 mV in Figure 6.4i (inset).
Again the S:Co,P@NCC produces the 100% current efficiency until 20 hours long OER test in 1.0M
KOH. The LSV curves before and after 20 h long CA tests display excellent stabilities for OER of both
electrodes without any current density loss shown in Figure 6.4i. The high stabilities and activities for
OER can be attributed to formation of more active cobalt oxo-/hydroxide species over the metallic Co,P
surface during OER in alkaline solution exactly according to Nernst equation®® and are already
confirmed by XPS and HR-TEM after 20h OER stability test. All above results have demonstrated the
effectiveness of electronic/chemical promotional effect of S incorporation by providing the outstanding

HER and OER activities along with great stabilities.

6.4.5 S:CoyP catalysts based alkaline electrolyzer

The superb bifunctional performances of S:Co,P@NF and S:Co,P@NCC electrodes led us to design
complete electrolyzer cells which could generate the current density of 100 mA at potentials (AV= V.-
V,) 1.782 and 1.805 V, respectively as depicted in Figure 6.5a. Therefore, two alkaline electrolyzer
cells S:Co,P@NCC- S:Co,P@NCC and S:Co.P@NF- S:Co,P@NF with similar cathode-anode were
tested and compared with commercial IrO,@NF- Pt/C@NF (anode-cathode) with same mass loading.

As displayed in polarization curves (Figure 6.5b), the S:Co,P@NF and S:Co,P@NCC cells effectively
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catalyze the overall water splitting with the similar cell voltages of 1.797 to 1.84 V to generate the
current densities 100 mA/cm?. Interestingly, the S:Co.P@NF and S:Co,P@NCC performed well when
they were used as anode with Pt/C (cathode) and gives the higher performance even at low
overpotentials. The nio and nieo Values for S:Co,P@NF-Pt/C@NF (0.33 & 0.518 V) are much less than
S:Co.P@NCC-P/C@NF (0.332 & 0.57 V), S-Co:P-S-Co2P@NF (0.4 & 0.567 V), S-Co.P-S-
Co2P@NCC (0.42 & 0.61 V) and IrO.@NF-Pt/C@NF (0.37 & 0.593 V). A representative photographs
of the S:Co.P@NF electrolyzer producing hydrogen (right) and oxygen (left) is also shown in Figure
6.5¢. The current densities at cell voltage 1.83 V are also compared in Figure 6.5d. Moreover, the
S:Co,P@NCC and S:Co.P@NF electrolyzer also display superior stability with negligible current
density loss (only =0.115-0.122 mA cm?ht) as compared to IrO,-Pt/C@NF (=1.2 mA cmh™) as shown
in Figure 6.5e. Almost same voltage required to produce the 100 mA cm as determined by the LSV
curves before and after stability test (Figure 6.5f) which confirm the excellent stability of both
electrolyzer. The no values of S:Co.P electrolyzers also compared with latest state of art electrolyzers

reported in literature Figure 6.5g.

All the above results demonstrate that the electronic and chemical properties of metallic Co.P could be
regulated by incorporation of more electronegative S atom which induces more positive charge on
metallic Co in Co.P and create the balance between hydride (Co®*—H?®) and proton (S/P*—H?*) acceptors
which is critical factor for HER in TMPs. The S-doping also improves the water absorption ability of
Co (6") which weaken the O-H bond of water by coordinating with lone pair of O and facilitate the
proton (H*) release to P/S in S:Co,P. On the other side S also shares its electron density to H of H,O
through hydrogen bonding by facilitating the hydride (H) release to adjacent Co (6%) in Co2P, then both
neighbors (Co®—H?%) and (S/P™H?") combine to form H.. Lastly, the S also increase the electron density
in overall material by overlapping its p-orbitals with P3p and Co3d, which is beneficial for overall water

splitting.
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Figure 6.5. Polarization curves (a) for HER-cathode and OER-anode showing the potential difference
between anode and cathode (AV= V,-V,) at 100 mA/cm? in 1 M KOH, (b) LSV curves for electrolyzer
cell at a sweeping rate of 2 mV/s and (c) the representative photograph of the electrolyzer showing H.
(right) and O; (left) generation during overall water splitting. (d) comparison of current density at 1.83
cell voltage, (e) a chronoamperometry durability 20 h long test and (f) LSV curves; commercial 1rO.-
P/C@NF (black); S:Co.P@NF (red); S:Co,P@NCC (blue) electrolyzer cell and ni00 compare (inset)
before and after 20h long CA test. (g) comparison of ni values with other state of the art electrolyzers
reported in literature.

6.5 Conclusion

In conclusion, the electronic and chemical properties of metallic Co,P have been regulated by
incorporation of trace amount of sulfur (S). We have demonstrated an economical and ecofriendly
thiourea-phosphate strategy to synthesize and tune the electrochemical properties of TMPs with the
ease of phase/morphology control. The as prepared S:Co,P@NF and S:Co,P@NCC give remarkable
activities for HER/OER better than that of commercial Pt/C and RuO; especially in higher currents
region. The S:Co.P@NF electrolyzer produce current densities of 100 mA/cm? at overpotentials of
1.797 in 1.0 M KOH better that commercial 1rO>-Pt/C@NF electrolyzer and most of CoP-based
electrocatalysts reported so far. Moreover, the nio for S-CoP -Pt/C@NF (330 mV) and S-Co.P@NCC
-Pt/C@NF (332 mV) is much lower than IrO,-Pt/C@NF (370 mV). This superior performance
attributed to the following reason: (1) S decrease the electron density (TDOS) at the Fermi level by
minimizing Co metallic nature; (2) being more electronegative S induces more positive charge on
metallic Co balancing hydride and proton acceptor level by lowering free energy AGn» and AGhzo+; (3)

S also increase the number of active sites and TOF, (4) 3D supports (NF and NCC) could provide high
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electrochemical active surface area (ECSA), maximize the electron/proton conductivity and mass
transfer. The low-cost and eco-friendly urea-phosphate methodology adopted here could also become
a general method for producing other transition metal phosphides for use as water-splitting bifunctional

catalysts.
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7. All in one Molybdenum Sulfides for Efficient Hydrogen Evolution

Reaction in Aqueous Alkaline Media

7.1 Abstract

Here, a simple strategy is developed to synthesize MoS; with multiple active sites such as defect, S-
deficiency, Mo-exposed edge, and expanded interlayer spacing by hydrothermal reaction using
supramolecular melamine-phosphomolybdate (MA-PMo12) and thiourea as precursors. During the
hydrothermal reaction, in-situ generated NHs molecules were intercalated into MoS; sheets with an
interlayer spacing of 8.4 A, and 1T phase MoS; (71%) was dominantly observed (A-MoS;). The further
defects and S-vacancies in A-MoS; (R-MoS;) were generated by removing intercalated NH3; and H,S
through thermal annealing in hydrogen gas at 500 °C. Edge-terminated and interlayer-expanded MoS;
structures in R-MoS; after the thermal reduction remained, and the fraction of 1T phase was still
considerable (33.7%). A-Mo0S;, R-MoS;, and hybrids of R-MoS; with reduced graphene oxide and
nickel foam (R-MoS2/NG and R-MoS,/NF) were tested for electrocatalysts of hydrogen evolution
reaction (HER) in basic media. R-MoS,/NF exhibited superb stability and catalytic activity: the onset
potential (5 mV) and exchange current density (2.27 mA/cm?) are close to those (0 mV and 2.65
mA/cm?) of commercial Pt/C and overpotential at 40 mA/cm? (105 mV) is lower than that (156 mV) of
Pt/C. This work demonstrates that R-MoS, based materials afford a potential to replace a Pt catalyst

used in the practical alkaline HER system.

7.2 Introduction

The sustainable generation of hydrogen gas through cost-effective electrochemical water splitting is
highly desirable to overcome environmental problems and meet clean energy demand.! The most
important challenge in hydrogen evolution reaction (HER) is to replace the most common incumbent
Pt catalysts with readily available non-precious metals.? In order to achieve this goal, efficient, durable
and economical non-Pt transition metal electrocatalysts (e.g., carbides, sulfides, borides, nitrides and
phosphides) have been extensively studied to accelerate hydrogen production by lowering kinetic
overpotentials especially in alkaline solutions.?® Although commercially available alkaline
electrolyzers offer higher system efficiency than acidic proton exchange membrane electrolyzers, the
rate of HER in alkaline solutions is 2—3 orders of magnitude lower than that in acidic solutions.®”’
Therefore, the development of durable and efficient non-precious metal electrocatalysts for HER in

alkaline solutions is crucial.

The molybdenum disulfide (MoS;) has been intensively investigated for a catalyst in HER because of

its nearly thermo-neutral hydrogen adsorption energy.® DFT studies reveal that the electrons localized
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between Mo—H bond could be easily transferred to form dihydrogen with hydronium, as the hydronium
protonation of the Mo-hydride is more promising than protonation of the hydrogen attached to S.%%°
Therefore, it is highly desirable to synthesize Mo-exposed edges of MoS, which can reduce the free
energy barrier between Mo-H and proton either from S-H on the edge site or from the hydronium in
electrolyte. To this end, ample efforts have been made to enhance the catalytic performance of MoS;
by converting 2H to 1T phase through chemical exfoliation,* multiplying the number of active sites
through engineering its nanostructure such as vertically aligned nanofilms'? and double-gyroid
mesoporous films'®, creating sulfur vacancies and defects through thermal treatment,**" introducing
various chemical compositions such as amorphous MoSx films,'®1° dimeric [M0sS13]* clusters,? and
metal-doped MoS;,%* compounding with conductive substrates (e.g. carbon nanotubes, Au, graphene,
etc.)???% and expanding the interlayer spacing through microwave-assisted solvothermal reduction of
(NH4)2M0S4?%%8 or trapping of foreign species into the MoS; sheets.?®?° However, all these efforts have
been made to enhance the HER activity in acidic solutions. The HER kinetics in alkaline media is
sluggish due to high kinetic energy barrier of the first water dissociation (\Volmer) step and the strong
adsorption of hydroxyl anion (OH") on the surfaces of MoS,. Recently, an attempt has been made to
minimize this energy barrier by generating water dissociation sites in MoS; through doping of transition
metals (Ni, Co and Fe) in alkaline media.*® In addition, systematic investigations are required to
understand critical factors such as phase, defects, high-density edges-oriented (EQ), and interlayer-
expanded (IE) geometry of both 2H and 1T phase MoS; and to enhance the HER performance especially

in alkaline media.

Herein, we report a simple strategy to synthesize MoS; with multiple active sites, which may be required
for high performance electrocatalysts in hydrogen evolution reaction, such as sulfur deficiency, defects,
increased interlayer spacing, 1T phase, and Mo-exposed edge. Furthermore, hybrid materials of above
all-in-one MoS; with N-doped graphene and nickel foam show superb electrocatalytic activity for HER

in basic media. It outperforms all previously reported MoS; based materials.
7.3  Experimental section

7.3.1 Synthesis of S-deficient defective metallic molybdenum sulfide

All chemicals were utilized as purchased without further purification. Typically, melamine (2.0 mmol,
252.24 mg, Sigma-Aldrich) and HNOs (20uL) were dissolved in triply distilled hot water (20 mL) in a
glass beaker (250 mL) equipped with a magnetic stirring bar. A transparent yellow solution of
phosphomolybdic acid (PMoi2, 0.5 mmol, 913 mg, Sigma-Aldrich) in water was poured slowly into
above solution to make a melamine-phosphomolybdate (P-Mo12) supramolecular structure,® then the

filter the precipitate to remove the unreacted species and disperse it again in water before adding an
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aqueous solution of thiourea (20.0 mmol, 1522.4 mg, Sigma). The reaction mixture became bluish green
at once, an indication of reduction of PMo12 from [PM012040]* to [PM012040]%". It was heated to 60 °C
and maintained at this temperature for 1 h. For the synthesis of ammonia-intercalated A-MoS,, the as-
prepared solution was hydrothermally treated at 180°C for 20 h to convert the reduced PMos, to A-
MoS; by internally produced H.S gas. This freshly prepared suspension of pH 7 was dried at 60 °C to
be used for R-MoS; synthesis.

The A-MoS; was reduced in a tube furnace under H, gas with a ramping rate of 5 °C/min, kept at a
required temperature (400-600 °C) for 3 h and then cooled down naturally to obtain brownish powders,
denoted as R-MoS@X (X denotes reduction temperature). For comparison, MoS, without ammonia
intercalated was also prepared by using thiourea only with PMo1, (no melamine) following the same

procedure.

R-MoS; nanosheets were grown on N-doped graphene (R-MoS2/NG) by adding the required amount of
exfoliated graphene oxide (GO) suspension directly in the hydrothermal step, and then reduced
following the same conditions. For R-MoS,@NF, A-MoS, powder was dispersed in equal-ratio
water/ethanol mixture along with Nafion binder, and this ink was then loaded (1 mg cm2) on pretreated
nickel foam (NF), which was cleaned with 3M HCI then washed with distilled water followed by ethanol,
by a drop casting method. The dried A-MoS>/NF at 60 °C was reduced in H, atmosphere to get R-
MoS2/NF (0.8 mg cm?).

7.3.2 Characterization.

Crystallographic information of the as-synthesized electrocatalysts were investigated by powder X-ray
diffraction (XRD, PANalytical pw 3040/60 X'pert) with Cu Ka radiations. The surface morphologies
and structural information were recorded with field-emission scanning electron microscope (FE-SEM,
Hitachi, S-4800, 15 kV) and transmission electron microscope (TEM, JEOL, JEM-2100F). HAADF
STEM images and EDS analysis were taken using FEI Titan® G2 60-300 equipped with a probe-side
spherical aberration (Cs) corrector operating at an accelerating voltage of 80 kV. HAADF STEM
images were obtained at a probe current of approximately 30 pA with a convergence semi-angle of ~
25mrad and an inner angle of ~ 80 mrad. X-ray photoelectron spectroscopy (XPS, ThermoFisher, K-
alpha) was used to identify the surface atomic composition and chemical states. Raman spectra (AFM-
Raman, WITec, alpha300S) was taken with 532 nm laser of 0.2mW. Absorptions (UV-Vis-NIR
Spectrophotometer, Shimadzu, UV-3600 Plus) were measured in the range of 300-800 nm. Thermal
(TGA, TA, Q500) analysis was done by ramping at10°C/min up to 900 °C in air. Elemental analysis
was conducted with a Thermo Scientific Flash 2000 Analyzer and ICP-OES (Varian, 700-ES)
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7.3.3 Electrochemical measurements.

The catalyst ink was prepared by dispersing electrocatalysts (1.0 mg/mL) in a mixture of deionized
water and ethanol (1:1) and 10 pL of 5% Nafion solution. The mixture was sonicated for 1 h in a water
bath. The working electrode was prepared by drop casting of 10 uL ink onto a glassy carbon electrode
(0.4-0.5 mg cm? loading). The electrode was dried at room temperature before electrochemical
measurements. Electrochemical HER activity and stability tests were carried out in a three electrode
cell configuration using a rotating disc electrode (RDE, PAR Model 636 RDE) attached with a
potentiostat (Ivium technologies). An Ag/AgCl (3.0M NaCl) electrode and a Pt wire were used as
reference and counter electrodes, respectively. All potentials were referenced to the reversible hydrogen
electrode (RHE) by the equation Erne=Eagagcy + 0.059pH + 0.209.°

The HER performance was measured in aqueous 1.0 M KOH (pH 13.7) at a scan rate of 5 mV s with
1600 rpm after 20 cyclic voltammetry (CV) cycles in the range of 0.4 to -0.3 Vrue. The electrochemical
stability tests were conducted by performing up to 5000 CV cycles in the potential range.
Electrochemical impedance spectroscopy (EIS) was conducted in the same setup in the frequency range
of 100 kHz to 1 MHz with a modulation amplitude of 10 mV. The EIS spectra were fitted by the Z-
view software. To evaluate the electrochemical surface area (ECSA), CV was conducted from -0.8 to -
0.6 Vin 1.0 M KOH vs. Ag/AgCl with different sweep rates between 10 to 100 mV s,

7.4 Results and Discussion

7.4.1 Supramolecular-assisted hydrothermal synthesis

Supramolecular melamine-phosphomolybdate (MA-PMos2) has been widely used in flame retardant
composites and ion selective compounds for cesium (Cs).3*2 MA-PMo;, supramolecular structure was
synthesized by a slight modification of a known synthetic method.?*2 The as-prepared MA-PMos, used
as a precursor to make the defective, edge-orientated (EO), and interlayer-expanded (IE) MoS;
nanoflowers as aggregates of nanosheets by the hydrothermal reaction with thiourea at 180 °C for 20 h.
During the hydrothermal reaction, it is expected that MA-PMo1, generates excess ammonia in an acidic
solution, finally inducing ammonia intercalated molybdenum disulfide (A-MoS;). At the same time, 1T
phase in A-MoS; could be dominantly observed, which is possibly due to the octahedral MoQOs units in
PMos; as a template for the 1T phase. The intercalation of ammonia and formation of 1T phase are
features of using MA-PMos; as a precursor in this study. Then, the further defects and S-vacancies are
generated (R-MoS;) by removing the ammonia and sulfur (as a form of H,S) through thermal annealing
at 500 °C in hydrogen gas for 3h. A schematic overview of the synthetic procedures is shown in Figure

7.1a and the details are described in the Experimental Section.
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The X-ray diffraction (XRD) patterns of A-MoS; and R-MoS; are entirely different from bulk 2H-MoS;
as shown in Figure 7.1b. The narrow and intense (002) peak for bulk 2H-MoS; indicates d-spacing of
6.15 A. A broad (001) peak at 10.5° corresponding to the interlayer spacing of 8.4 A in A-MoS; suggests
low crystallinity and random stacking of the nanosheets (Figure 7.1b).3® The expanded interlayer
spacing in the A-MoS; sample is likely due to the intercalation of in-situ generated ammonia (NHs/NH4*)
species between two S—-Mo-S layers during the hydrothermal synthesis. Upon reduction, a sharper (002)
peak in R-MoS; indicates the enhanced crystallinity retaining the interlayer spacing of 6.84 A (Figure
7.1b), which is still larger than bulk 2H-MoS; (6.15 A). High resolution TEM images (Figure 7.1c and
7.1d) of both samples further confirm that a few layers of MoS, nanosheets are stacked with an
interlayer spacing of 0.684 and 0.84 nm in R-MoS; and A-MoS;, respectively, which is consistent with
XRD data. Scanning electron microscopy (SEM) images of the as-synthesized R-MoS; (Figure 7.1¢),
A-MoS; (Figure 7.1f), show that nanosheets aggregated to well-defined nano-flowers with sharp edges
like flower petals. The smaller grain size larger d-spacings of A-MoS; and R-MoS; nanoflowers than
MoS; (synthesized with PMo1, only; 0.634 nm) as shown Figure 7.1g-h can provide the more edge-
oriented geometry which contributes to high electrochemical active surface area (ECSA) and improved
HER activity.
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Figure 7.1. (a) Schematic illustration of MA-PMo, structure-assisted synthesis of defective, Mo-
exposed edges and S-deficient reduced molybdenum sulfide (R-MoS;). XRD pattern of as-synthesized
A-MoS;, R-MoS; and bulk 2H-MoS; (b), High resolution TEM images indicating the d-spacing of
0.684 nm for (c) R-MoS; and (d) 0.84 nm for A-MoS;. Scanning electron microscopy (SEM) images
of () R-MoS; and (f) A-MoS.. (g-h) XRD and SEM image for MoS; synthesized by using PMo1; as a
precursor only.

The phase composition and elemental oxidation state for A-MoS; and R-MoS; were investigated by
using X-ray photoelectron spectroscopy (XPS) in Figure 7.2a-f. In Mo 3d XPS, A-MoS; shows Mo**
peaks at 228.5 and 231.6 eV corresponding to the 3ds, and 3ds, components of 1T-MoS; phase!? 343
and at 229.4 and 232.5 eV corresponding to those of 2H-MoS; phase (Figure 7.2a-b).* The fraction of
1T and 2H phases in A-MoS; is determined to be 71 and 29 %, respectively, by areas of Mo 3d peaks.
Larger fraction of 1T phase in as-synthesized A-MoS; can be attributed to octahedral MoQOgz units in
PMos, and the donation of lone pair electrons of intercalant NH; to Mo. Meanwhile, the XPS peak for
R-MoS; after annealing at 500 °C in hydrogen gas showed that the fraction of 1T phase decreased to
33.7 % but was not marginal. Along with peaks for 1T and 2H phases, one more peak appeared, which
corresponds to a lower oxidation state, Mo®<<** (14.9 %). The lower oxidation state is due to the thermal

annealing in hydrogen gas that induced the release of H.S from R-MoS,. Atomic ratios of Mo to S in
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A-MoS; and R-MoS; samples by elemental analysis and ICP-OES were 1: 2.06 and 1: 1.73, respectively,
which supports the reduced oxidation state of Mo in R-MoS; by partially removed S through the release
of H2S during reduction. Similar results were obtained for S 2p binding energies of A-MoS; and R-

MoS; (Figure 7.2c, d). It is noted that high-resolution N1s spectrum (Figure 7.2e-f) reveals the

existence of the of NH**/NH; (~398-400 eV) specie,>*” which are responsible for interlayer expansion
in A-MoS..
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Figure 7.2. High resolution XPS Mo 3d scan (a, b), S 2p (c, d) and N 1s (e, f) for A-MoS; and (b) R-
MoS;, Raman spectra (g), adsorption spectra (h) for both samples and thermal (TGA/DTA) analysis (i)
of A-MoS,.

Raman spectra in Figure 7.2g provide more information about the morphology and phase transition of
MoS,. The Raman peaks at 198, 222, 284 and 335 cm ™! in both samples, A-MoS; and R-MoS, are
associated with the phonon modes in metallic 1T phase,'? *® while Raman peaks at ~379 and 404 cm™
for E1,g and Ay vibrational modes are typically for 2H phase.*® Additionally, the larger intensity of Ay
peak compared to E,q peak suggests the edge-rich features of the ultrathin MoS; nanosheets.?” 3" Thus,
it is speculated that R-MoS; shows more edge-terminated structures than A-MoS; from larger intensity
ratio of Aig and E'4 peaks in R-MoS,. The ultraviolet-visible (UV-Vis) absorption spectra are shown
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in Figure 7.2h. There is no salient absorption band for A-MoS,, indicative of its metallic property.* R-
MoS; showed similar absorption spectrum with three peaks at 446, 614, and 667 nm to 2H-MoS;. The
last two absorption peaks are due to the energy split from the valence band spin—orbital coupling in
MoS; with enlarged lateral dimensions and the peak at 446 nm due to the quantum effect of smaller
lateral-sized MoS; nanosheets.®® 3 In thermal analysis (TGA) of A-MoS; as shown in Figure 7.2i , the
first sharp weight loss (5%) up to 100 °C corresponds to release of water in the samples, followed by
elimination of NHz and partial H>S up to 200 °C and further removal of H.S up to 460 °C, which is

similar to thermal decomposition of (NH4),Mo0S, in N34

The structural features of A-MoS; and R-MoS; such as phase, defects and sulfur vacancies are further
verified using transmission electron microscopy (TEM) in Figure 7.3. Bright-field transmission
electron microscope (BFTEM) images (Figure 7.3a and inset) of both samples suggest that the flower
like morphology of MoS; with sharp edges is retained even after thermal annealing of A-MoS; in
hydrogen gas. The high crystallinity and sharp-edges of R-MoS: is also shown in high-resolution TEM
(HRTEM) images and corresponding fast Fourier transforms (FFT) in Figure 7.3a, b.** High magnified
STEM images of single layer A-MoS; and R-MoS; (Figure 7.3d, and 7.3e) show the coexistence of
both 1T and 2H phases with defective regions. Interestingly, the R-MoS; layer with both 1T and 2H
phases have smaller holes and well-defined sharp edges with Mo-atom termination, which can be active
sites for the enhanced hydrogen evolution reaction.®° The defective (porous) features and 1T and 2H
phases in R-MoS; (Figure 7.3e and 7.3f) samples are marked by the red and yellow arrows in single
layer region, which are very similar to earlier reported defective 1T-MoS; nanosheets exfoliated using
n-butyl lithium,* three-step lithiation process,'’ and chemical vapor deposition (CVD) grown single
layer MoS; with such defects.*? The decrease in Mo to S ratio from 1.0:2.14 (A-MoS,) to 1.0:1.73 (R-
MoS,) is another evidence of the presence of the sulfur vacancies after reduction of A-MoS; as
confirmed by energy-dispersive X-ray spectroscopy (EDS) point analysis, which is also well matched
with elemental analysis as mentioned above. These S-vacancies can strengthen the hydrogen adsorption
by manipulating the hydrogen adsorption free energy (AGn).* EDS elemental mappings spectrums of
A-MoS; (Figure 7.3g-j) and R-MoS; (Figure 7.3k-n) clearly indicate uniform elemental (Mo, S, and

N) distributions throughout the samples.
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Figure 7.3. BFTEM images of (a) R-MoS; and (inset) A-MoS,, scale bar, 50 nm. High resolution TEM
image (b) R-MoS; and (c) corresponding FFT, scale bar, 5 nm. High-resolution HAADF STEM images
(d) of A-MoS;, scale bar, 2 nm and (e) R-MoS;, showing the defects and coexistence of 1T and 2-H
phase, scale bar, 1 nm. HAADF STEM images of 2-H (f), scale bar, 0.5 nm of R-MoS, monolayer sheet
with Mo-edge termination and structural defects (pores), scale bar, 1 nm.

7.4.2 HER performance

The HER activities of A-MoS; and R-MoS; electrocatalysts were evaluated in 1.0M KOH aqueous
solution using a three-electrode electrochemical cell (iR-corrected, Figure 7.4a). The HER activities of
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commercial Pt/C and MoS; are provided for comparison. The HER activity of A-MoS; is worse than
that of R-MoS; in terms of onset potential and overpotential (10 Or n4o) at current density of 10 or 40
mA/cm? normalized to geometric surface area of electrode. This is possibly due to low crystallinity and
the detachment of A-MoS, samples from the electrode by reaction of NHs/NH." species and OH" to
form NH4OH. The R-MoS; sample reduced at 500 °C displayed optimized HER activity as compared
to other samples annealed at temperature of 400 and 600 °C (Figure 7.4b). In order to scrutinize the
effect of the structural defects formed in R-MoS;, ammonia in A-MoS; was removed by reduction under
amild condition with NaBH, at 100 °C. As shown Figure 7.4c, the defect-free (DF) metallic (1T) MoS;
electrode shows an improved HER performance than A-MoS;, but significantly lower than that of R-
MoS;, demonstrating the contribution of the defects to the high performance of R-MoS,. The cathodic
currents normalized to loading mass in Figure 7.4d also show the similar behavior. The overpotentials
(m10) values to generate the mass activity of 10 A/g decreased in the following order 220, 167, 103 and
97 mV for A-MoS;, DF-MoS;, R-M0S; and R-MoS;@NG, respectively.

The performance of the R-MoS; electrocatalyst can be further enhanced by combining with a
conductive substrate like N-doped graphene (NG) and nickel foam (NF). For R-MoS2/NG, A-MoS;
nanoflowers were directly grown on graphene by adding an optimized amount (20 wt.%) of graphene
oxide (GO) in the hydrothermal reactor, and then reduced at 500 °C in H,. During the synthetic process,
graphene was doped with N due to in-situ produced NH; from melamine and thiourea. The HER
performance of R-MoS2/NG was slightly improved compared to R-MoS;, lowering nio value from 111
mV (R-MoS;) to 105 mV in 1.0 M KOH (Figure 7.4a). The R-Mo0S2/NF exhibited superb HER
performances: the onset potential is close to that of commercial Pt/C and n4o is better than that of Pt/C.
Such high performance in R-MoS,/NF can be attributed to the synergistic effect of highly conductive
porous NF with large surface area (See the impedance data and electrochemical surface area later) and
R-MoS; with multiple active sites such as defects, S-vacancies, Mo-exposed edges, and expanded

interlayer spacing.

Tafel analysis provides information on intrinsic parameters to understand the HER mechanism, and it
was conducted in a potential window of 20 to 225 mV. As shown in Figure 7.4e-f, the Tafel slopes of
MoS; (119 mV/dec), A-MoS; (66 mV/dec), DF-MoS; (90 mV/dec), R-MoS; (105 mV/dec), R-
MoS2/NG (99 mV/dec) and R-MoS,/NF (100 mV/dec) suggest that HER reactions are following the
Volmer—Heyrovsky mechanism in 1.0 M KOH, similar to that for commercial Pt/C catalyst with Tafel
slope ~70 mV/dec.? * The three possible reactions for HER in alkaline media are given in Equations
7.1t07.3.

Volmer Step: H,0 + e~ + Mo®.edges ——— H,4s — Mo®.edges + OH™ (7.1)

Tafel Step: 2H,;, — Mo®.edges —— H, 1 (7.2)
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Heyrovsky Step: H,y; — Mo®.edges + H,0 + e~ ———— H, T+ OH™ + Mo®.edges  (7.3)

Next, exchange current densities (Jo) were determined by extrapolating Tafel plots to 0 mV. R-MoS;,
R-Mo0S;@NG, and R-MoS@NF electrocatalysts display higher Jo values (0.876, 0.877, and 2.27
mA/cm?, respectively) than 2H-MoS; and A-MoS; (0.07 and 0.004 mA/cm?, respectively). In particular,
Jo for R-M0S,@NF almost approaches to Jo value (2.65 mA/cm?) for Pt/C. The Jo value is proportional
to the catalytic active surface area® and represents fast charge transfer kinetics over all electrodes due
to EO and IE geometry, defects, S vacancies, and high conductivity. The nio and Jo value are compared
in Figure 7.4g. Overall, HER activities of these R-Mo0S,-based electrocatalysts are substantially higher

than those of previously reported MoS;-based catalysts as compared in Figure 7.4h.

Another fundamental kinetic parameter is turnover frequency (TOF = 2’;;‘1) here, J is current density
(C stcm?) at a given overpotential, A is surface area of the electrode (cm?), F is Faraday constant
(96485.4 C/mol), the factor ¥ is number of electrons required to make one hydrogen molecule and m
is the molar mass of active metal components. The active sites in the material at pH=7 (phosphate buffer
solution) are determined by CV cycle in the potential window from -0.2 to 0.6 V vs. RHE by following
the previously reported methods.* The TOF values for each catalyst were calculated and compared
with other catalysts in alkaline solutions in Figure 7.4i. The TOF values of MoS;@NF at 0.1 Vgue is
2.54 H, s7t, which is quite larger than R-M0S5(2.13 Hz s1), R-M0S,@NG (0.955 H, s1), DF-MoS;
(0.103 Hy st) A-MoS; (0.038 Hz s™%), MoS; (0.071 Hz s™t) and other reported electrocatalysts such as
Ni—Mo nanopowders,* NizP,* a-M0,C,* NisP4* and y-Mo,N*® (Figure 7.4i).

Electrochemical impedance spectroscopy (EIS) Nyquist plots (experimental and fitted) of R-MoS;, R-
MoS;@NG and R-MoS,@NF at a given overpotential (1) of 160 mVgrue in 1.0M KOH solution are
compared in Figure 7.5a. The EIS Nyquist plots show that there are two time constants. the first one at
high frequencies is related to the surface defects (Rq) of the R-MoS; and the second one at low
frequencies corresponds to the charge transfer (Rc) process at the cathode/electrolyte interface. The
diffusion (due to defects/pores) and charge transfer resistances were further decreased when R-MoS;

was loaded on conductive substrates (e.g. NG and NF).
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Figure 7.4. iR-corrected polarization curves normalized to (a-c) geometric surface area of the electrode
and (d) normalized to loading mass of R-MoS;, R-MoS,/NG, and R-Mo0S2/NF in 1.0 M KOH in and (e-
T) corresponding Tafel plots. (g) Comparison between overpotential required for current density 10 mA
cm-2 (left) and exchange currents (right), (h) comparison of 110 values with other MoS; based catalysts
and (i) TOF plot, compared with other catalysts in alkaline media.

Electrochemical surface area (ECSA) is another parameter to effect the activity of the catalysts, and can
be determined by measuring the double layer capacitance (Cq) at the electrolyte/electrode interface with
cyclic voltammetry (CV).® As shown in Figure 7.5b, the Cq and ECSA values of R-MoS; (7.14 mF/cm?,
178.5 cm?), R-M0S,@NG (18.22 mF/cm?, 455.5 cm?) and R-MoS,@NF (173.01 mF/cm?, 4325.25 cm?)
suggest a direct relationship between the exchange current density as a parameter of HER activity and
ECSA. The electrocatalysts are also tested in 0.5 M ag. H.SO, solution. As shown in Figure 7.5c, the
HER overpotentials of 184 and 171 mV are measured for R-MoS; and R-MoS,@NG catalysts at 10
mAcm2, which are far less than 111 and 104 mV in 1 M KOH, respectively. Thus, the initial
acceleration of the water dissociation reaction at defective, and highly Mo-exposed edges of MoS;
nanosheets is kinetically most favorable in agueous 1.0M KOH rather than hydrogen adsorption in 0.5M
H2S0,.%0
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The long-term electrochemical durability of R-MoS,-based electrocatalysts was evaluated by
continuous 5000 cycles of cyclic voltammetry (CV) at a scan rate of 100 mV/s in 1.0M KOH as
displayed in Figure 7.5d. The R-MoS; electrocatalyst shows an extraordinary stability with a positive
shift in overpotential from 127 mV to 111 mV after 5000 cycles. The performance remains even more
stable for hybrid R-MoS,/NG and R-MoS2/NF with a negligible negative shift in overpotentials (1-5
mV) at current density of 10 mAcm2 as shown in Figure 7.5e. The time dependence of current density
(chronoamperometry, CA) was also tested for up to 22 h at a static overpotential of ~100 mV for
MoS,@/NF (Figure 7.5f). There is a minor loss of current in R-MoS; and R-MoS@/NG due to
detachment of catalyst from the speedy rotating disc electrode (RDE). In contrast, R-MoS,@/NF
displayed consistent current density because of strong attachment of catalyst to the NF electrode. Based
on high activity and stability in alkaline media, the R-MoS;-based electrocatalysts could be a promising

candidate for practical HER in alkaline electrolytes.
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Figure 7.5. Electrochemical impedance spectroscopy (EIS) (a) Nyquist plots (solid line: fitted, symbol:
experimental) of R-MoS;, R-M0oS;@NG and R-MoS@NF (inset) in 1.0M KOH. (b) Measured
capacitive currents (AJ) plotted as a function of scan rate and (¢) HER performance in 0.5M H,SOa. (d)
LSV curves of R-M0S;, R-M0S,/NG and R-MoS,/NF for 1%t and 5000"" CV cycles. (e) nio values for 1%
and 5000™ CV scans for HER. (f) A long-term durability test by chronoamperometry (CA) for 22 hours
of R-MoS;, R-M0S;@NG and R-MoS;@NF in alkaline solution.

7.5 Conclusions

Defect-rich, Mo-edge exposed, S-deficient and interlayer expanded metallic 1T-MoS; electrocatalysts
have been synthesized successfully by adopting a unique melamine-phosphomolybdate (MA-PMo12)

supramolecular structure as a precursor. The interlayer spacing (8.4 A) of A-MoS;, was controlled by
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in-situ generated ammonia gas from excess thiourea and melamine in a low pH environment. This
ammonia along with H,S gas was further removed by thermal reduction in hydrogen gas to generate S-
vacancies and defects in R-MoS; The R-MoS; showed the superb HER activity in alkaline media due
to intrinsic structural defects. In particular, the hybrid R-MoS,/NF electrode showed HER performance
very close to commercial Pt/C, and represents the best MoS;-based electrocatalyst reported so far in
alkaline media. The results suggest a great potential to replace expensive Pt catalyst in practical HER

applications like water—alkali and chloro-alkali electrolyzers.
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