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ABSTRACT

The rising demand for energy security and reducing fossil fuel dependence has
prompted researchers to search for a clean, sustainable, and efficient energy generation
system with low environmental impact. Water electrolysis has been identified as one of
the most important processes satisfying the above needs to generate hydrogen as a clean
fuel. Two half-cell reactions of oxygen evolution reaction (OER) at the anode and
hydrogen evolution reaction (HER) at the cathode comprise the main process of water
electrolysis. However, the oxygen evolution reaction is the most crucial step for efficient
water splitting. Traditionally, metal oxides have been utilized as catalysts to enhance
OER. Recent developments however have shown that transition metal chalcogenides
exhibit better OER electrocatalytic activity surpassing state-of-the-art precious oxides.

In this research, the design principle of these electrocatalysts was explored further
and the highly efficient OER catalytic activity of tellurides with various transition metals
including Ni and Co was demonstrated. Interestingly it was observed that telluride-based
electrocatalysts exhibited some of the lowest overpotentials reported to date along with
high current density, surpassing those reported with analogous oxides and selenides. This
research thus validated the primary hypothesis that decreasing anion electronegativity is
instrumental in improving electrocatalytic activity, by tuning electrochemical response
around the active transition metal site. This project also focused on understanding the
active surface composition of chalcogenide electrocatalysts by measuring the catalytic
activity of tailor-made surfaces and comparing it with constructed surface models. The

effect of nanostructuring on the electrocatalytic performance was also investigated.
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1. INTRODUCTION

1.1. IDENTIFYING SUSTAINABLE AND RENEWABLE ENERGY SOURCES:
OVERVIEW AND SIGNIFICANCE

The global rise in population and the changes in the standards of living are the
main reasons for the increase in world’s energy consumption during the last decades. [1]
Indicatively, the current global energy demand is around 15 terawatts (TW) and the
average global power demand is predicted to be approximately 30 TW and 46 TW in
2050 and 2100, respectively. [2] Currently, fossil fuels consisting of coal, oil and natural
gas are the primary sources of energy which covers more than 70% of the global energy

needs as shown in Figure 1.1.

Solar/PV 2%
Geothermal 2%

Waste 5%

Wind 13%

Nuclear Electric
Power

- Biofuels 21%

Renewable
Energy

Wood 22%

Hydroelectric
Power
35%

Figure 1.1. Globe primary energy supply in 2017 [3].



However, the fixation rate of carbon emission from fossil fuels through natural
photosynthesis is much lower than the consumption rate of fossil fuels. [4] The
continuously increasing energy demands and high consumption rate has led to the rapid
depletion of fossil fuel resources. This has caused several environmental and societal
problems including global warming, acid rain, and local air quality deterioration. In
addition, the uneven distribution of fossil fuel reserves around the globe has also led to
increasing geopolitical anxieties. These issues have rendered an urgent need for the
development of new energy strategies with limited greenhouse gas emissions. In
particular, rising threats in climate variation has inspired movements toward identifying
renewable, stable, eco-friendly, and benign energy sources. These will include both
renewable energy sources, which are more abundant, and cleaner compared to fossil

fuels, as well as chemical processes for synthetic fuel production. [5-10]

1.2. RENEWABLE ENERGY SOURCES

Renewable energy is defined as an energy source which provides electricity, heat,
and light without adding any pollutant to the environment. The main advantage of
renewable energy is that it is generated from sources that are continuously being
replenished on earth’s atmosphere, and it reduces carbon dioxide emissions which have
been identified as a main environmental pollutant. More favorably, scientists have been
optimistic that using renewable energy can reduce gas emissions to the environment by
70% in 2050. Earth has numerous renewable energy sources including solar, biomass,

hydrogen, wind, tidal, and geothermal energies (Figure 1.1)



1.2.1. Solar Energy. Solar energy is one of the best sources among other
renewable energies capable of powering the earth. While other renewable energy
resources are limited and fall short of meeting the present and foreseeable future energy
requirements, the sun represents the most plentiful source of energy that can provide
enough power for 50 TW of energy in the form of light irradiance, which is significantly
higher than current societal needs across the globe. [11, 12] There are numerous practical
methods to harvest solar energy in the form of solar power plants, seawater desalination,
solar collectors, and solar cells.The fundamental problem related to the use of solar
energy is its intermittent supply which often mismatches the power demands of the grid.
The influx of solar energy is seasonal with the highest sunlight being received during the
summer months. Another drawback of solar energy is that it is not a continuous source of
energy due to the unavailability of direct sunlight during nighttime. Therefore, the
development of systems for efficient collection and storage of solar energy is required.
[13, 14] The primary challenge of solar radiation is that it needs to be converted to other
forms of energy as electrical, chemical, and heat prior to usage. Consequently, the
development and application of efficient energy conversions and storage systems are
essentially required. Traditionally, solar energy is stored in solar-powered fuel cells,
batteries, and supercapacitors, or in the form of heat in solar-thermal technology. Some
semiconductor materials which have a pronounced photovoltaic effect can convert solar
energy to electricity through the photovoltaic process. In addition to solar energy
conversion efficiency, cost-effectiveness is also an issue for the success of solar energy
technology since the conversion of solar energy to electricity should occur at a price that

is comparable with the usage of fossil fuels. Solar radiation is an environmentally benign
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source and can reduce CO2 emission by approximately 40 million tons of solar grids can
generate enough energy to meet about 1% of the world's electricity demand [15].

1.2.2. Wind Energy. Wind power is another renewable energy source on earth.
Similar to solar energy, it is also an environmentally friendly power source that does not
produce minimal pollution to the atmosphere. Wind turbines can convert the kinetic
energy of the wind into electrical energy that can be used for generating electricity. There
is no fuel burning on wind turbines in the process of generating electricity [2, 16]. Wind
energy has contributed to the world energy demand with more than 23 billion kwWh of
electricity. Some countries around the world have used wind power to produce electricity
such as Germany has produced more than 4400 MW, India has produced an estimated
1000W and Denmark has produced more than a quarter of its electricity production
through wind power [16]. In addition, more than 80 countries around the globe also use
wind power as a commercial source. Wind energy has been considered an
environmentally benign and clean energy production resource. Wind power could be
produced at a low cost in the areas where natural weather patterns and geographical
location ensures high wind.

However, wind power also has its limitations, major drawbacks being that it is not
readily available all the time and in every region. In addition, wind power should have a
speed of at least 13-15 m/s to run the wind turbine efficiently. If it is not windy weather,
the productivity of the wind power plant is about an average of 30-60% [17]. In addition,
wind energy production has faced some major challenges in turbine blades such as

erosion of the blades by moisture and sand, ice deposition on the blades, and the adhesion



and insect accretion on the turbine blades which have reduced the efficiency of the

electricity production [17, 18].

1.2.3. Bio Energy. Bioenergy produced from biomass can be defined as all plant
materials produced from photosynthesis, organic wastes, and land and water-based
vegetation. Bioenergy is a form of gaseous, liquid, or solid fuels that store chemical
energy in plant-based materials. Biomass has a 10-14% contribution to the world energy
demand [19]. Biodegradability and environmentally friendly resources, reduction of
greenhouse gasses and waste, along with easily available energy sources that can be
applied to both domestic and industrial landscape, has made bioenergy as a very
promising, economically feasible sustainable source of energy [20]. There are various
types of bioenergy sources such as biofuels, biogas, bio-oils, biodiesel, and vegetable
oils [2, 21]. Bioethanol is the main biofuel and that can be produced from several crops
including corn, wheat, sugar beet, and sugar cane. Biodiesel can be produced from
edible and non-edible vegetable oils, animal fats, and recycled waste vegetable oils.
Biogas is similar to natural gas which consists of a gaseous mixture of carbon dioxide
and methane. It can be used for cooking and heating. Bio oils are also a mixture of
chemical products which consists of hydrocarbons, alcohols, aldehydes, fatty acids, and
other aliphatic and aromatic compounds [22]. It can be used as fuels for gas turbines,
furnaces, and stationery, and diesel engines.

The drawbacks of bioenergy is that it is expensive technology due to process costs
including deforestation, transportation and labor, the requirement of huge space and

massive amount of water and land and biomass storage facilities. In addition, biomass



energy is not entirely clear due to the production of some greenhouse gasses which are
comparatively lower than that produced from petroleum fuels [23].

1.2.4. Hydrogen Engery. Hydrogen is the simple, colorless, odorless, tasteless,
plentiful, and most lightweight gas in the universe. Traditionally Hydrogen has been used
as a town gas for street lighting and house energy supply for cooking, heating, and
lighting [2]. Hydrogen is also an important chemical resource for ammonia synthesis and
crude oil hydrogenation. As a clean atomic energy carrier, it plays a vital role in mobile,
stationary, and portable applications as well as transportation [24]. The innovation of fuel
cell technology has revived the interest in hydrogen. A fuel cell is a device that combines
hydrogen and oxygen gases into the water, generating electricity and heat along with it
[25]. With the rapid development of hydrogen fuel cell technology, hydrogen has become
a most favorable, potential, and renewable energy source for future energy generation

[25-27]. The Hydrogen energy cycle is illustrated in Figure 1.2.
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Figure 1.2. The hydrogen energy cycle [28].



However, limitations to large scale hydrogen production has been detrimental to
the development of hydrogen fuel economy. Typically, hydrogen is produced from
catalytic steam reformation of methane, catalytic decomposition of natural gas,
gasification of coal, partial oxidation of crude oil, all of which results in depletion of
fossil fuel reserves. Hydrogen can also be produced from nuclear electricity and water
electrolysis [27]. The use of hydrogen as an energy carrier has a number of
advantages, such as (a) Hydrogen is in water which is abundant in nature [1] and can be
produced using either renewable or non-renewable sources [29], (b) can be used as a fuel
in both fuel cells and internal combustion engines [10], (c) has high gravimetric energy
density i.e. up to three times larger than liquid hydrocarbon-based fuels [6, 30] (d) has a
small environmental footprint, since the only product of its oxidation is water [8, 14].

Hydrogen supply and demand is shown in Figure 1.3.
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Figure 1.3. Hydrogen supply vs demand [31].




However, using hydrogen as a fuel requires appropriate infrastructures and huge
investments. A more feasible scenario for tackling the energy problem concerns the
employment of water electrolysis for the production of synthetic fuels that can be used in
the current infrastructures. Renewable energy sources will provide the electrons required
for water splitting. In a parallel process, CO.can be captured from large point sources and
recycled with the utilization of the renewably produced hydrogen (reverse water— gas
shift reaction) for the production of synthetic fuels [32]. Additionally, hydrogen can be
also used as a reducing agent in several other catalytic processes in the petroleum and
chemical industry, e.g. for the refining and upgrading of crude oil and for ammonia
synthesis, respectively [1].

In 2015, the worldwide hydrogen production was around 50 Mt per year [1, 14,
29, 32-35] and was covered by fossil fuels used in the processes of steam reforming of
natural gas, coal gasification and partial oxidation of hydrocarbons; however, this
includes the concomitant production of CO.. Within the vision for a sustainable future,
several methods for renewable hydrogen production have been developed, other than
water electrolysis, , such as biomass gasification, thermochemical water splitting and
photoelectrochemical water splitting [29, 34]. Among them, the only mature technology
for hydrogen production is through water electrolysis that is currently commercially

available [34].

1.3. WATER ELECTROLYSIS
Water electrolysis technologies can play a vital role for the indirect storage of

surplus renewable energy via the conversion of electricity to chemical energy [14]. Water



electrolysis is considered to be a promising approach which can resolve the looming
energy and environmental crisis because it produces clean hydrogen with zero CO;
emission [27, 36]. During water electrolysis, renewable energy can be used as the
electricity source to split water into hydrogen and oxygen. The produced hydrogen can be
either stored and used in the chemical industry or used for electricity generation through
fuel cells or internal combustion engines with zero post-combustion pollutants [8]. Water
splitting, a combination of two half-cell reactions: the hydrogen evolution reaction (HER)
at cathode and oxygen evolution reaction (OER) at the anode can be utilized for on-
demand production of hydrogen and oxygen gases. These gases can be stored or
recombined and converted into electricity at the point of usage in a fuel cell, providing a
promising and environmentally friendly pathway for conversion and storage of these
clean renewable energy sources.Water electrolysis schematic has been illustrated in

Figure 1.4.
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Figure 1.4. Schematics of water electrolysis [37].
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Hydrogen production via water electrolysis using renewable energy sources
amounts to only 4% of today’s hydrogen production, mainly due to economic factors
such as lack of widely available renewable energy systems of low cost, high capital cost
and high energy input requirement [30]. This picture is going to change in the near future
and increase in the use of renewable energy sources is expected, since the European
Energy Directive has set the target for covering 14% of the energy needs by renewable
energy sources by 2020. Hydrogen production by water electrolysis using renewable
energy sources is expected to play a key role in the scenario of a green energy economy
[14]. Clear advantages of this method is the high purity of the produced hydrogen, which
is of great importance for its subsequent conversion to electricity using low temperature
polymer electrolyte fuel cells [38]. Furthermore, high purity oxygen is a valuable by-
product of water electrolysis. Its utilization both in medical care and in chemical
industries in blast furnaces, electric furnaces, glass melting and gasification could lead to
substantial decrease in the nominal cost of water electrolysis [39].

The full water splitting reaction is given below in Equation (1):

2H20 )y 2 2H2 () + O2 (g) E°cen=-1.23V 1)

This overall reaction consists of two half-cell reactions: OER, which is the
oxidation reaction that happens at the anode, and the reduction reaction, HER, which
occurs at the cathode. These half-cell reactions have different electron transformations
during the process. There are 2 electrons involved in HER while 4 electrons are involved
in OER. As a result, OER is a kinetically very sluggish reaction. In an alkaline medium,

the two reactions can be given below in Equation (2) and (3):
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Low Temperature Electrolysis High Temperature Electrolysis
Alkaline (OH) electrolysis Proton Exchange (H') electrolysis Oxygen ion{0?) electrolysis

Liquid Polymer Electrolyte Membrane Solid Oxide Electrolysis (SOE)
Conventional Solid alkaline H' - PEM H'-SOE 0%- SOE Co-electrolysis
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Figure 1.5. The main electrolysis technologies [40].
HER: 4H20 o)+ 4e” > 2H2(g) + 40OH o) E° =0.00 V vs RHE @)
OER: 40H" (aq) = 2H20 oy + Oz g) + 4 °=1.23V vs RHE (3)

where, E° is the standard thermodynamic potential (under standard conditions of 273.15
K and an absolute pressure of 101.325 kPa) and RHE is reversible hydrogen electrode.
Water electrolysis has been identified as one of the most utilized industrial processes and
it can be classified as several categories depending on electrolyte and the operation
temperature [40]. Different types of water electrolysis technologies and their pros and

cons are given in Figure 1.5. In alkaline electrolyzers, potassium hydroxide is the most
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commonly used liquid electrolyte and anode and cathode are immersed in the electrolyte.
Water electolysis requires a larger thermodynamic potential due to some Kinetic barriers
happening at both HER and OER sides [41]. This higher energy barrier of the water

splitting reaction is shown in Figure 1.6.
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Figure 1.6. Energy diagram for catalytic water splitting [49].

Water electrolysis requires a larger thermodynamic potential due to some kinetic
barriers for both HER and OER processes [41]. This higher energy barrier of the water-
splitting reaction is shown in Figure 1.6. Water splitting is an uphill reaction and as a
result, it is a non-spontaneous process. This large thermodynamic potential can be
overcome by decorating the surface of the electrode with some active catalytic materials

which reduce the energy barrier of the reaction. Several catalysts are normally used to
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expedite this inherently sluggish water oxidation process by reducing the energy barrier
at the respective electrode and by increasing the rate of conversion [36, 42-48].

The mechanism of OER is not yet fully understood. Since it has complex
reactions which require high overpotentials (usually at least 0.4 V), OER is the most
difficult reaction in an electrochemical cell, so that the cell voltage is governed by that of
the anodic half-reaction and is typically an electron-intensive energy-demanding step,
requiring 4 proton-coupled electron transfers (PCET) and O=0 bond formation [50, 51].
In each step, an accumulation of the energy barrier is produced and leads to the sluggish
kinetics of OER with large overpotential. The proposed mechanism for OER is given

below in Equations (4) to (10):

S+ OH > S"(OH) ass 4)
S (OH) ags > S(OH) ags + € )
S*(OH) ads + OH > S"O7ags + H20 (6)
S'Oads 2 S Oags+ e (7
S0 ags + OH > STOOH 445+ € (8)
S"OOH ags+ OH" > "0z aas) + H20 + € ©)
S"02 (ads) + OH™ > Oz + S(OH") as (10)

where S* refers to the catalytically active site in the anodic catalyst. From the proposed
mechanism above, the reaction is initiated by the attachment of the hydroxyl group (-OH)
to S* which can be facilitated by local oxidation of the metal center. Since the hydroxyl
and the oxide groups adhere to the surface at the initiation of the process, so the metal
oxides, hydroxides and oxyhydroxides could form the most active catalyst. Therefore,

any factor that can modify the oxidation potential of the catalytically active surface site,
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should affect the catalytic activity. One feasible way to change the oxidation potential of
the metal site is by replacing the ligand which adjusts the chemical potential. The primary
considerations for designing an efficient OER catalyst includes long term stability under
corrosive conditions of oxygen evolution, low cost, and widely available materials

together with a low overpotential [36, 47,52].

1.4, CATALYSTS

Catalysts are materials that enhance the rate of the chemical reaction. Catalysts
are typically not consumed in the chemical conversion, and only a small amount of
material is required which is regenerated and reused during the reaction. The chemical
reactions involved with the electrical charge transfer from the molecule to the molecule
can occur effectively and efficiently when the chemical reaction and charge transfer rate
is high [53]. Using a catalyst can effectively maximize the efficiency of the chemical
transformations; generally, catalysts actively involve and facilitate both chemical reaction
as well as charge transfer rate. The method of catalyst involvement, utilization, and the
form of catalysts that participate in the reaction are dependent on the chemical reaction
[53]. Having a catalyst is the key consideration for these systems to get maximum
efficiency and productivity of the chemical transformation. Three different types of
catalysts: photocatalysts, photoelectrocatalysts, and electrocatalysts are typically utilized
in the water electrolysis reaction to generate oxygen and hydrogen gasses from water.
Types of catalysts depend on the sort of energy source that is involved in the chemical

transformation. This research work is mainly focused on electrocatalysts.
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1.4.1. Electrocatalysts. An electrocatalyst is a material that enhances charge transfer
in electrochemical reactions which consists of electron transfer oxidation or reduction reactions.
Electrocatalysts are also defined as heterogeneous catalysts of electrochemical reactions that
happen at the electrode-electrolyte interface and where the electrode plays a crucial role in
electron acceptors and donors. In addition, they are specific forms of catalysts which have a
function at the electrode surface. These catalysts are specifically used in different industrial and
energy-related applications. In industry, electrocatalysts are used for electroplating, electro
galvanizing, and electrowinning processes. Electrocatalysts are typically used to increase the
efficiency and effectiveness of the electrochemical reactions of OER and HER in water
electrolysis processes. Specifically, in water electrolysis, anodic and cathodic catalysts are
typically used to reduce the overpotential for OER and HER and increase output current density.
Figure 1.7 illustrates the energy conversion applications for earth-abundant inorganic
electrocatalysts [53]. Most of these electrocatalysts are synthesized from earth-abundant
transition metals which are indicated in red in the periodic table. The green elements in
the periodic table belong to the non-metal elements. Both transition metal and main group
elements have been utilized for synthesizing earth-abundant inorganic electrocatalysts for
energy conversion reactions. To date some of the most efficient and robust OER catalysts
in the acidic or alkaline medium are based on precious metal oxides like IrO.and RuO.for
OER [46, 54-56] while Pt/C is used for HER[46, 56]. However, these precious metal
oxides are not the most economically viable options for these catalytic processes based
on cost considerations and scarcity of raw materials [57-59].

Figure 1.8. illustrates the abundance of chemical elements on the earth’s crust.
[60] It is highly desirable to explore low-cost, efficient, and stable catalysts designed

from earth-abundant metals for catalytic water splitting. As a result of an incessant search
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for efficient OER catalysts from earth-abundant non-precious metals, researchers have
identified several transition metal based oxides as efficient OER catalysts with low 7,

some of them being comparable with the IrO.and RuO.catalysts [46, 54-56].
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Figure 1.7. The schematic of some earth abundant inorganic electrocatalysts [53].

A closer insight into the mechanism of OER, specifically, adsorption and
desorption of intermediates during the reaction revealed that the reaction involved -OH as
a primary intermediate and adsorbate and includes bond formation and bond breakage
between such reaction intermediates and the electrode surface. Therefore, optimizing the

bond strength between active sites and adsorbed -OH intermediate could influence the
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activation energy for electrochemical reaction. The adsorption of -OH intermediates on
the surface is accompanied by local oxidation of the active site to a higher oxidation state.
To mediate the adsorption and desorption of the catalyst surface, the catalyst should be
able to change rapidly between lower and higher oxidation states. This can be quantified
by the enthalpy of formation (AH,) from a lower to a higher oxidation state in the

material [61].
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Figure 1.8. Abundance of elements on the earth’s crust [60].

Plotting the electrocatalytic activity as a function of AH,for different materials
results in a volcano relations plot for different metal oxides is shown in Figure 1.9 [61].
As can be seen from the following plot, materials possessing intermediate enthalpies
display the highest catalytic activities. The catalytic activity on the vertical axis is

typically represented as negative of the overpotential or the current at a given
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overpotential. In Figure 1.9., the left side of the plot are materials with a small tendency

to be oxidized to a higher valence state, minimizing the adsorption of the intermediates

and thus results in higher overpotentials. Whereas the materials to the right are oxidized

casily, binding intermediates too strongly due to very high AH,0f formation and hinders

desorption of the products, thus becoming catalytically inactive. RuO.and IrO.are found

at the top of the peak which demonstrates the high activity of these materials for the OER

in acidic media [62].
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Figure 1.9. Volcano plot of the oxide catalysts for OER electrocatalytic activity [61].

1.4.2. How to Design Efficient Electrocatalysts? Designing an efficient

electrocatalyst is a challenging phenomenon since it should be developed from earth-

abundant, readily available, cost-effective, environmentally friendly, highly active, and stable

materials. The practical concerns for the development of efficient and highly active

electrocatalyst also considers their stability and functionality in acidic or alkaline of the
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electrolyte environment as well as the operating temperature of the electrolyte.Designing
efficient OER catalysts are not a straightforward task for the following reasons [40,63-
65]: (1) thermodynamic potential for the oxidation of water should be slightly below the
oxidation potential of the designed catalyst,low intrinsic overpotential for the desired
reactions of OER and HER; (2) for less-energy intermediates, coupling of the catalyst
local site oxidation should simultaneously take place with proton transfer, followed by
fast O—O the bond formation, high electrical conductivity; (3) a high rate of catalytic
reaction,high the active surface which facilitates both good accessibilities to the reactants and
sufficiently fast removal of products of gases, liquids, and ions; (4) the catalyst is not
susceptible to oxidative damage at OER potentials (corrosion), better compatibility with
the electrolyte and the temperature and (5) the catalyst should operate at extreme
conditions of acidity and alkalinity. To date, catalyst compositions meeting all these
requirements has been rarely achieved.

1.4.3. Transition Metal Catalysts. Continuous quest over the last few years has
led to the replacement of the noble metal catalysts with the transition metal catalysts in
energy conversion processes attributed to their higher intrinsic activity and stability. The
last few years have witnessed the discovery of several transition metal based OER and
HER electrocatalysts, especially those containing Ni, Co, Fe, Mo, W, and Cu transition
metals. Transition metals have remarkable catalytic activity toward the energy conversion
reactions due to their partially filled d orbitals, different number of accessible oxidation
states, ability to form complexes and easily gain electrons from reagents or give electrons
to the reagents depending on the nature of the reaction. These metals can rapidly form the

transition metal anionic complex during the reaction and that complex remarkably
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catalyzes the chemical reaction more effectively than the noble metal catalysts [66].
Replacing noble precious metals using the transition metal is a great achievement in the
electrocatalytic field. The transition metal electrocatalysts for HER in alkaline [67] and
acidic [68] electrolyte has facilitated the creation of state-of-the-art earth-abundant
inorganic electrocatalysts. The electrocatalytic activity of these transition metal
electrodes were determined from the overpotential at a standard current density of 10 mA
cme, exchange current density, the work function of the transition metals, and the onset
potential in both alkaline and acidic media [67,68]. Figure 1.10 shows the transition metal
elements and the substrates that have been used to synthesize the electrocatalysts for

water splitting process [69].
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Figure 1.10. Transition metals and substrates used to synthesize electrocatalysts [69].
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In addition, the correlation between physical properties of the transition
metal electrodes and the rate of HER is also another factor for higher catalytic
performance [70]. Electronic properties of the catalytic material also affects the
electrocatalytic activity and can in turn be used to predict the trend of the intrinsic
catalytic activity of these materials. These trends of electrocatalytic activity in
energy conversion processes have been used to design highly active
electrocatalysts using transition metals and their alloys.

1.4.4. Transition Metals and Their Alloys. Using a transition metal alloys or
multimetallic electrodes could improve the catalytic activity of hydrogen generation
through water electrolysis [53]. The synergistic effect of combining transition metals
could improve the catalytic performance through the cooperative interactions between the
metal sites as well as hydrogen affinity to the surface active sites improves surface
activity of these electrocatalysts [71-74]. The aim of alloying of transition metals is to
tune the d-band electron filling, Fermi level energy, interatomic spacing and all these
could impact the affinity of the alloy electrodes toward the adsorbate species of interests
[75]. These are some the transition metal alloys that have higher catalytic activity; Ni-Mo
alloys show the outstanding HER activity towards the HER in the alkaline conditions
[76,77], the other transition metal alloys of Ni-W, Ni-Fe, Ni-V, Fe-Mo and Co-Mo also
shows better activity toward the HER in alkaline medium. Remarkably these catalytic
films retain their performance for about a year for continuous HER process in the alkaline
medium without decay [78,79]. In addition, to the binary alloys, researchers have also
investigated ternary alloys as electrocatalysts for water splitting reactions. Ternary

transition metal alloys of Ni-Mo-Cd [80] and different combinations of ternary Ni-Mo
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alloys which contain Co, W, Fe, Zn, Cr and Cu have shown better HER electrocatalytic
performance in alkaline medium [81]. In addition, bimetallic [82,83] and trimetallic [84]
alloys of IrCu based electrocatalysts and Ir-based Co, Ni, W and Fe doped alloys [84-87]
also performed well in OER reactions for both acid and alkaline conditions.

1.4.5. Transition Metal Oxides. Even though transition metal oxides are used
as industrial catalysts, they are not widely used as electrocatalysts for energy
conversion through water splitting process [88]. Transition metal oxides are poor
electrical conductors and they have low chemical stability especially in acidic
medium [89]. Nevertheless, researchers have been working with several transition
metal oxide as electrocatalysts for OER and HER in water splitting due to their
high abundance, low cost and substantial anti-corrosion ability in the alkaline
medium [90]. Spinel type oxides (AB20s), inverse spinel oxides B(AB)Os,
perovskite (ABOs3) and Metal oxides (MO.) are different forms of transition metal
oxides that have been reported as electrocatalysts. In transition metals spinel type
oxides of AB,Os, A and B are 3d transition metals of Co, Ni, Cu, Zn, Mn and Fe.
They are composite oxides which show better catalytic performance as
electrocatalysts [91-93]. 3D porous CoFe,O. nanorod arrays grown on Ni-form
have shown better catalytic performance for OER [94]. Similarly, spinel type
bimetallic oxides of NiC0,04/CC nanowall arrays [95] and NiFe>O./NF
nanosheets [96] also show the higher performance in OER reaction. The metal
oxides of MO also have been studied as better OER catalysts. Synthesis of

different kinds of porous nanostructures grows on vivid conductive substrates as
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Ni- form, carbon fiber paper, foils and sheets, and doping different cations with
these metal oxides are different strategies to increase the catalytic performance.
MoO:transition metal oxides have been extensively studied as OER catalysts
[97,98]. M0O; shows better catalytic performance due to its intrinsic property of
higher conductivity and having most abundant active sites in porous
nanostructured morphology [97,98]. MnO: is also active catalytic material for
OER but it is inundated by its higher overpotential and low conductivity of the
materials. These issues were addressed by engineering Mn/O vacancies as well as
V, Fe, Ni and Co cations doping [99]. In addition, different kinds of perovskite
oxides materials of Sr.ColrOs [100], Sr2Feoslros04 [100] also found as efficient
OER catalysts in acidic medium and Baos Sros C0o.sF€0.203.5[101] shows a better
OER catalytic performance in alkaline medium.

These perovskite structures have been created combining different
transition metals elements and their vivid physical and electronic properties have
been engineered together to provide a better catalytic performance for OER in
energy conversion applications. In HER applications, SrNbo.1Coo.7Feo203.5
perovskite nanorods exhibits higher catalytic performance and stability in basic
medium due to the unique structural characteristics and the catalytic features of
perovskite materials [102]. Similarly, Pros(BaosSros)osC00sFe0203-5 perovskite
nanosized nonprecious electrocatalysts was found with a superior HER activity

and stability in basic medium due to modified electronic properties and structures
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induced by doping Pr [103]. Ni and Co oxide catalytic materials have been
investigated as better catalysts for HER process tuning by attaching an N- doped
reduced graphene oxides and their dominant transition metals of Ni and Co. Both
of these transition metal oxides catalysts are demonstrated as better
electrocatalysts for HER in the energy conversion process in alkaline medium
[104]. Also, different phases of oxides, hydroxides and (oxy)hydroxides of 3d
transition metals of Ni, Fe, Co and Mn have been studied as electrocatalysts for
the energy conversion process of OER and HER [105-107].

1.4.6. Transition Metal Phosphides, Nitrides and Carbides. Transition metal
phosphides (TMPs) are another family of electrocatalysts that researchers have
been working on for OER and HER in acidic, alkaline and neutral electrolytes.
TMPs are better catalysts due to its suitable d-electron configuration, rich
chemical states and similar zero-valent metallic characteristics as well as the
phosphate centers were investigated as active sites for OER [108-110].
Interestingly, these TMPs active sites have been found in the bulk form. Density
functional theory (DFT) of binary TMPs predicted that their catalytic activity is
intrinsic property due to the hydrogen adsorption free energy is not too strong or
not too weak [111]. TMPs have been identified as bifunctional electrocatalytic
performance for water splitting but they have some drawbacks due to less number
of active sites, poor conductivity, higher overpotential and less anti corrosion

resistance in strong alkaline medium [112]. Consequently, scientists have made
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various efforts to solve these shortcomes, such as cation and anion doping into the
TMPs optimize the electronic structure as well as improve the catalytic activity
and the self-supported TMPs nanostructures grown on conductive 3D substrates
have been widely studied. Ni-P has been studied as an alternative for Pt
electrocatalysts in HER due to its higher intrinsic catalytic activity, higher
conductivity, higher thermostability and material cost effectiveness [113]. CoP,
FeP, CusP, MoP have been found as earth-abundant transition metal Phosphides
for HER [114].

Transition metal carbides (TMCs) and nitrides (TMNSs) have been widely
exploited as an alternative Pt electrocatalysts due to their Pt like electronic
behavior, desirable attributes of corrosion resistance, higher electrical
conductivity, mechanical strength and significant stability in acidic and basic
conditions [111]. As a result, TMCs and TMNs are suggested as long lifetime
electrocatalysts. TMCs are synthesized from a carbonization process which
consists of agglomeration and sintering of the catalysts in higher temperatures.
Researchers have been doing many effective strategies of assembling self-
supported electrodes and doping some cations to improve the catalytic
performance of TMCs as electrocatalysts for OER and HER. Bulk and
nanostructures of Mo.C, their different phases (MoC & Mo,C) and various
morphologies of Mo,C [115-117], various phases of tungsten carbides and metal

rich carbides (WC, W-C) [118] and bifunctional hybrid electrocatalyst of
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NizZnCo7 nanodots [119] also shown as higher electrocatalysts for HER and OER
in acidic and alkaline medium.

TMNs also showed lower HER catalytic performance compared to TMCs due to
their chemical, electronic and physical properties. TMNs have higher metallic
conductivity due to the N atoms in nitride which could increase the d-electron density and
d-band contraction of the TMNs electronic structure similar to the precious metal
catalysts [120]. TMNSs are considered better electrocatalysts for water splitting in acidic
medium due to its higher intrinsic metallic characteristic and higher corrosion resistance.
Researchers have been working on in situ growth on self-supported conductive
substrates, producing nano morphologies. Cation doping into TMNs was able to provide
better catalytic performance toward the HER in the energy conservation process.
Vanadium doped CosN (V-CosN) nanosheets exhibited greater HER activity [121], 3d
porous NiMoN/CC has been identified as effective HER electrocatalysts due to its,
synergistic effect of Ni-Mo-N, facile mass transport, fast electron transfer, and high
roughness factor of the electrocatalysts [122]. In addition, hydrothermally synthesized
NizN-NiMoN heterostructures on carbon cloth exhibit superior performance for HER and
OER in overall water splitting [123].

1.4.7. Transition Metal Chalcogenides. The bifunctional electrocatalysts are
always limited by the activity, poor conductivity and the stability. As a result, researchers
have been working with chalcogenides comprising sulphides, selenides and tellurides
which have shown unprecedented high catalytic activity, some of which even surpass that
of the corresponding oxides, phosphides, nitrides and carbides. Indeed, the trend in

catalytic activity between the oxides and the rest of the chalcogenide series (sulfides,



27
selenides, and tellurides) can be best explained through the gradual change in their
electronic band structure and alignment of the valence and conduction band edges with

the water oxidation—reduction levels [124-125] which is illustrated in Figure 1.11. [124].
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Figure 1.11. Position of the valence band maximum and conduction band minimum
relative to the vacuum level in chalcogenides [124].

As the electronegativity of the chalcogen atom decreases down the series, the
degree of covalency in the metal-chalcogen bond increases. Based on previous research
which has shown that OER catalytic efficiency is enhanced by a higher degree of
covalency in the metal-anion bonding, [126] it can be expected that catalytic efficiency
will increase in the chalcogenide series from oxide to telluride. In accordance with this
hypothesis, it has been observed that among the Ni-based binary chalcogenides, nickel
selenides exhibit some of the best catalytic efficiencies [126-130]. Since the
electronegativity of Te (2.1) is lower than that of Se (2.55), the degree of covalency in
nickel tellurides will be even higher than that in the selenides. In fact, qualitative band

structure analysis has confirmed that tellurides indeed have better band alignment with



28
the water oxidation levels compared to the selenides [124,125]. Hence, we propose that
transition metal tellurides will be even better OER electrocatalysts than the transition
metal selenides. There are several transition metal tellurides that are claimed as excellent
bifunctional electrocatalysts for the water splitting process [131-134].

Apart from band structure considerations, this hypothesis is also based on the
change of the chemical potential of the catalytically active metal site as a function of
anion composition. For example, in all of these Ni-based OER electrocatalysts, the
catalytic Ni site is activated by a pre-oxidation step which converts Ni?*to Ni®*. This pre-
oxidation step is influenced by the coordination of the environment around the Ni atom,
and it has been shown previously in coordination complexes that by changing the
coordination from sulfide to selenide, i.e. decreasing the electronegativity, the oxidation
peak can be moved to more cathodic potentials [135, 136]. Since metal oxidation plays a
pivotal role in the catalytic process, it can be envisioned that lowering the oxidation
potential through increasing the covalency in the coordination environment will have a
positive influence on lowering the onset potential for the OER, thereby increasing the
catalytic efficiency.

The promising water splitting activities of platinum group free metal (PGM-free)
based catalysts [42,47] motivated us to investigate a new family of transition metal
telluride and selenide-based catalysts for water electrolysis, and several requirements
have been considered to enhance the catalytic performance. The major requirements for
designing these catalysts were as follows; 1) increasing covalency in the metal-anion
bond, 2) high active surface area, 3) attempting directional growth, 4) doping in the metal

and anion sites, 5) introduction of layer-by-layer strategies 6) achieving long-term
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mechanical and chemical stability, and 7) materials availability and low-cost fabrication

methods.

1.5. CHALLENGES FACING ELECTROCATALYSTS

The earth-abundant transition metal electrocatalysts have been found as an
alternative solution for the precious metal electrocatalysts for the water electrolysis
process. But these transition metal-based electrocatalysts have several challenges that
need to be addressed and improved for successful implementation of electrocatalysts in
practical devices. The first challenge is the desirable level of intrinsic electrocatalytic
activity. The catalytic materials with higher intrinsic activity as a property of material
will be favorably chosen for electrocatalysts. In addition, there are many strategies that
have been applied to enhance the electrocatalytic performance for water electrolysis. The
second challenge is that electrocatalysts should be stable under the operational conditions
for a prolonged duration without deterioration of catalyst performance. Generally,
electrocatalyst stability has been examined for a long time under a continuous operational
environment. In these stability experiments, the constant electrical potential has been
applied to drive the catalytic reaction for a long time period. Peripheral processes such as
catalyst oxidation, corrosion, and catalyst poisoning or leaching of the catalysts are
expected to lead to loss of catalytic performance and degradation of the current response
over time. In addition, electrocatalysts should be highly stable in the electrolyte without
any applied potential or under the reversible current of the electrolysis condition. The
interesting fact about the earth-abundant transition metal electrocatalysts is that they can

be easily regenerated and replaced and should be able to operate continuously with
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minimal decay of the catalytic performance. Also, ideal transition metal-based
electrocatalysts have higher electrical conductivity, and higher current density at a low
overpotential, fast charge transportation, and low Ohmic losses under the operating
conditions. It is very important that transition metal electrocatalysts should have higher
chemical compatibility with the electrolysis operating environment and should not get
poisoned, contaminated, or degraded thereby forming other compositions in the
electrochemical system. An ideal transition metal electrocatalyst should be also widely
and readily available, showing higher catalytic performance towards the water splitting
process, have high stability for a long period, and widely applicable as an electrocatalyst

for various energy conversion processes.

1.6. STATERGIES FOR ENHANCING ELECTOCATALYTIC PERFORMANCE
The performance metrics that researchers have focused on to increase in
electrocatalysts are higher current density, faster kinetics of the reactions, higher charge
and mass transfer rates, stability, lower onset potential and lower overpotential at specific
current density. Researchers have been applying various strategies to boost the
electrocatalytic performance of transition metal electrocatalysts for OER and HER in the
water splitting process. The various strategies belong to the different fields of chemical,
physical, mechanical and engineering. All these efforts in numerous fields are aimed to
improve and increase the catalytic performance of the water electrolysis toward the
interest of reduction and oxidation processes or available number of active sites. By
optimizing these two factors at the highest possible level, transition metal electrocatalysts

can become excellent catalysts for the electrocatalytic water splitting process. Also these
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factors can be applied during catalyst synthesis or through post-synthetic processes.
Following section describes some of the commonly adapted strategies for increasing

electrocatalytic performances.

Catalytic performance can be enhanced in two ways: increasing the number
of active sites or increasing intrinsic activity. Synthesizing nano structures can
enhance the number of active sites as well as the surface area of catalytic materials
which boost the catalytic performance. Also increasing catalyst texture by
hybridizing with conductive materials, creating rough surface area of the catalysts
using dissolution, the direct growth of the catalytic materials on 3-D conductive
substrates, introducing overlayer strategies and increasing catalysts loading are
some of the treatments that increase the number of active sites on catalytic surface.
The second attempt to enhance the catalytic performance is to increase the
Intrinsic activity of the catalytic materials. Variety of catalyst compositions,
alloying, doping cations and anions and changing anion composition such as
replacing oxide with selenides or tellurides are some of the common ways of

Increasing intrinsic activity of the catalyst.
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ABSTRACT

Designing efficient electrocatalysts has been one of the primary goals for water
electrolysis, which is one of the most promising routes towards sustainable energy
generation from renewable sources. In this article, we have tried to expand the family of
transition metal chalcogenide based highly efficient OER electrocatalysts by
investigating nickel telluride, NizTez as a catalyst for the first time. Interestingly NisTe;
electrodeposited on a GC electrode showed very low onset potential and overpotential at
10 mA cm2 (180 mV), which is the lowest in the series of chalcogenides with similar
stoichiometry, NizE2 (E =S, Se, Te) as well as Ni-oxides. This observation falls in line
with the hypothesis that increasing the covalency around the transition metal center
enhances catalytic activity. Such a hypothesis has been previously validated in oxide-
based electrocatalysts by creating anion vacancies. However, this is the first instance
where this hypothesis has been convincingly validated in the chalcogenide series. The
operational stability of the NisTe, electrocatalyst surface during the OER for an extended
period of time in alkaline medium was confirmed through surface-sensitive analytical
techniques such as XPS, as well as electrochemical methods which showed that the
telluride surface did not undergo any corrosion, degradation, or compositional change.
More importantly we have compared the catalyst activation step (Ni?* / Ni** oxidation) in
the chalcogenide series, through electrochemical cyclic voltammetry studies, and have
shown that catalyst activation occurs at lower applied potential as the electronegativity of
the anion decreases. From DFT calculations we have also shown that the hydroxyl

attachment energy is more favorable on the NisTe. surface compared to the Ni-oxide,
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confirming the enhanced catalytic activity of the telluride. NisTe; also exhibited efficient
HER catalytic activity in alkaline medium making it a very effective bifunctional catalyst
for full water splitting with a cell voltage of 1.66 V at 10 mA cm. It should be noted

here that this is the first report of OER and HER activity in the family of Ni-tellurides.

1. INTRODUCTION

The intensive search for sustainable alternative energy and clean fuel has
intensified research activities in the energy sector.> Amongst the various technologies
for alternative energy generation and storage, catalytic water splitting has been at the
center of attention for decades.® Water electrolysis typically involves two half-cell
reactions, the oxygen evolution reaction (OER) occurring at the anode and the hydrogen
evolution reaction (HER) occurring at the cathode.* Among these the OER is a more
challenging step involving an uphill complex proton-coupled electron transfer (PCET)
reaction which leads to this step being kinetically sluggish and typically requires a high
overpotential to get over the energy barrier.> Hence, anodic catalysts are typically used to
reduce the overpotential for the OER and increase the output current density.
Traditionally precious metal oxides such as RuO2 and IrO2 exemplify the most active
catalysts for the OER in alkaline and acidic medium, respectively.®” However, the
scarcity and rising costs of the noble metals have led to the continuous quest for replacing
these precious metals with earth abundant, non-precious metals without compromising
catalytic efficiency. This quest has been rewarded over the last couple of years by the

discovery of several transition metal based OER electrocatalysts, specifically those
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containing Ni, Co, and Fe.*®2% Although transition metal based OER electrocatalysts
have been over-represented with oxides,*2%222% during the last couple of years sulfides®®-
29 selenides!#16:17:192124.30-34 gnd pnictides®*° have shown unprecedented high catalytic
activity, some of which even surpass that of the corresponding oxides. In fact, the trend in
catalytic activity between the oxides and the rest of the chalcogenide series (sulfides,
selenides, and tellurides) can be best explained through the gradual change in their
electronic band structure and alignment of the valence and conduction band edges with
the water oxidation—reduction levels.***? As the electronegativity of the chalcogen atom
decreases down the series, the degree of covalency in the metal-chalcogen bond
increases. Based on previous research which has shown that OER catalytic efficiency is
enhanced by a higher degree of covalency in the metal-anion bonding,* it can be
expected that catalytic efficiency will increase in the chalcogenide series. In accordance
with this hypothesis, it has been observed that among the Ni-based binary chalcogenides,
nickel selenides exhibit some of the best catalytic efficiencies.!”?*30-33 Since the
electronegativity of Te (2.1) is lower than that of Se (2.55), the degree of covalency in
nickel tellurides will be even higher than that in the selenides. In fact, qualitative band
structure analysis has confirmed that tellurides indeed have better band alignment with
the water oxidation levels compared to the selenides.**#? Hence, we propose that nickel
tellurides will be even better OER electrocatalysts than the selenides. Apart from band
structure considerations, this hypothesis is also based on the change of chemical potential
of the catalytically active Ni site as a function of anion composition. In all of these Ni-
based OER electrocatalysts, the catalytic Ni site is activated by a peroxidation step which

converts Ni?* to Ni®*. This peroxidation step is influenced by the coordination
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environment around the Ni atom and it has been shown previously in coordination
complexes that by changing the coordination from sulfide to selenide, i.e. decreasing the
electronegativity, the oxidation peak can be moved to more cathodic potentials. “>** Since
the Ni oxidation plays a pivotal role in the catalytic process, it can be envisioned that
lowering of the oxidation potential through increasing the covalency in the coordination
environment will have a positive influence on lowering the onset potential for the OER,
thereby increasing the catalytic efficiency. In this article, we have provided the first proof
of this hypothesis by investigating the OER catalytic activity of NisTe2 in an alkaline
electrolyte. NizTez was synthesized both by a hydrothermal technique as well as direct
electrodeposition on the electrodes. Both hydrothermally synthesized as well as
electrodeposited NisTe2 showed OER catalytic activity indicating that it was indeed an
intrinsic property of the material. The electrodeposited NisTe, exhibited high catalytic
efficiency requiring a very low overpotential of only 180 mV to reach 10 mA cm, which
is one of the lowest overpotentials reported till date. This overpotential is also
significantly lower than that required for nanostructured NisSez (190 mV)3! and NisS;
(260 mV),?° which proves the hypothesis that increasing the covalency in the
chalcogenide series can indeed lead to better catalytic efficiency. Through DFT
calculations we have also shown that the hydroxyl attachment to the Ni sites is
energetically more favorable in NizTez than in NiO (NiOOH). The discovery of efficient
catalytic activity in Ni tellurides along with the trend of increasing catalytic activity in the
chalcogenide series provides valuable insights that will lead us to designing highly

efficient electrocatalysts by optimizing the material properties.
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2. EXPERIMENTAL SECTION

2.1. MATERIALS

All the chemicals used for the synthesis were of analytical grade and were used
without further purification. All solutions were prepared using deionized water (DI:
resistivity 18 MU cm). Nickel sulfate (NiSO4.6H.O) was purchased from Fisher
Scientific, tellurium dioxide (TeO>) and hydrazine hydrate (N2Hs.H2O, 100%) were
purchased from Acros Organics. Au coated glass slides (Au-glass, hereafter) were bought

from Deposition Research Lab Incorporated (DRLI), Lebanon, Missouri.

2.2. ELECTRODEPOSITION OF NisTez

A conventional three-electrode system was used for the electrodeposition of
NisTe: films on different conducting substrates (e.g. Au-glass, GC (0.196 cm?), Ni foam,
carbon fiber paper, etc.). Ag|AgCl and Pt mesh were used as the reference and counter
electrodes, respectively. Substrates were cleaned using Micro-90 detergent followed by
sonication in a mixture of isopropanol, ethanol, and deionized water. The clean and air
dried Au-glass substrates were masked with a scotch tape, leaving a circular exposed
geometric area of known dimensions for the electrodeposition. Electrodeposition of
NisTe2 films was carried out in an electrolytic bath containing 15 mM NiSO4.6H20 and 3
mM TeO, maintained at 80 °C. Dilute HCI was added to adjust the pH at 2.5. After
mixing, the solution was purged for 30 minutes with N2 gas to remove all dissolved O

from the electrochemical bath. An IviumStat potentiostat was used to deposit NizTe>
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films at -1.05 V applied potential (vs. Ag|AgCl). After deposition the films were

thoroughly washed with DI water to remove any adsorbents from the surface of the film.

2.3. HYDROTHERMAL SYNTHESIS OF NisTez

In a typical synthesis, NiSO4.6H20 (9.0 mM) was dissolved in 15.0 mL of
deionized water under magnetic stirring to form a homogeneous solution. After mixing
the solution for 10 min, TeO- (6.0 mM) was added and stirred vigorously for 20 min.
Finally, N2H4.H20 (3.0 mL) was added to the mixture and stirred continuously for
another 10 min. The resulting solution was transferred to a Teflon-lined stainless-steel
autoclave. The autoclave was sealed and maintained at 185 °C for 20 h, then naturally
cooled to room temperature. The black product formed was centrifuged, washed several
times with DI water and then with a mixture of ethanol and DI water to remove

impurities. The product was dried in a vacuum oven at 60 °C for 24 h.

2.4. CHARACTERIZATION

2.4.1. Powder X-ray Diffraction (PXRD). The electrodeposited NizTe; films
and hydrothermally synthesized products were characterized by powder X-ray diffraction
(PXRD) using a Philips X-Pert X-ray diffractometer (PANalytical, Almelo, The
Netherlands) with CuKa (1.5418 °A) radiation. For the electrodeposited film the PXRD
pattern was collected from the as-synthesized NisTe> layer on the Au-glass substrate. The
deposited NisTe2 layer was very thin on the substrate, therefore, the PXRD pattern was
collected at grazing angle incidence in thin film geometry (Gl mode with G obel

mirrors).
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2.4.2. Scanning Electron Microscopy (SEM). The SEM image of NisTe, was
obtained using a FEI Helios NanoLab 600 FIB/FESEM at an accelerating voltage of 10
kV and a working distance of 4.5 mm. Energy dispersive spectroscopy (EDS) spectra
along with line scan analysis data were also obtained from the same SEM.

2.4.3. Transmission Electron Microscopy (TEM). High resolution TEM
(HRTEM) images and selected area electron diffraction (SAED) patterns of NizTez were
obtained using a FEI Tecnai F20. The spot size was less than 2 nm and probe current was
1.2 nA. STEM mode in the TEM was also used for imaging with a camera length of 30
mm and convergence angle of 13 mrad. An Oxford ultra-thin (UTW) window EDS
detector was used to detect the elements in TEM mode.

2.4.4. X-ray Photoelectron Spectroscopy (XPS). XPS measurements of the
NizTe> were carried out using a KRATOS AXIS 165 X-ray photoelectron spectrometer
(Kratos Analytical Limited, Manchester, United Kingdom) using a monochromatic Al X-
ray source. C 1s signal at 284.5 eV was used as a reference to correct all the XPS binding

energies.

2.5. ELECTROCHEMICAL CATALYTIC ACTIVITY

The OER and HER catalytic performances were recorded by linear sweep
voltammetry (LSV), cyclic voltammetry (CV) and the stability of the catalyst was
obtained from chronoamperometry using a conventional three electrode electrochemical
cell with an lviumStat potentiostat. Ag|AgCl, Pt mesh and electrodeposited NizTe> films

on various substrates were used as the reference, counter and working electrodes,
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respectively. All potentials acquired vs. Ag|AgCl were converted to the reversible
hydrogen electrode (RHE) by using the following equation (Equation 1).

Erne = Eagiagel + 0.059pH + E%gjagci 1)
where Erre is the calculated potential vs. RHE, Eagiagal is the experimentally measured
potential vs. Ag|AgCI reference electrode, and E° Ag|AgCl is the standard
thermodynamic potential of Ag|AgCl at 25 °C (0.197 V), which was calibrated following
standard procedures as described in the ESIL.T Electrochemical data were calculated using
0.08 cm? as the measured film deposition area, which was kept constant for all
electrodeposition experiments.

The electrochemically active surface area of the catalyst was measured by using
electrochemical double layer capacitance at different scan rates (Equation 2) and
comparing the electrochemical capacitance with the specific capacitance of given
catalysts (Equation 3). Capacitive current (ipL) is the product of double layer capacitance
(Cpu) and scan rate (v).

ipL = CpL X0 (2)
ECSA = CoL/Cs ©)

The ECSA of the catalyst was calculated using Equation 3 where Cs is the
specific capacitance and reported to be between 0.022 and 0.130 mF cm in alkaline
solution. In this study, we assumed the value of Cs to be 0.040 mF cm based on
previously reported Ni-based OER catalysts.® The Tafel slope is an important parameter
to explain the electrocatalytic activity and kinetics of a given reaction and can be

expressed as follows (Equation 4).

n=a+="log] (@)

nF
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where 7 is the overpotential, a is the transfer coefficient, n is the number of electrons
involved in the reaction, F is the Faraday constant, j is the current density and the slope is
given by 2.3RT/ anF.

Turnover frequency (TOF) is another critical parameter that can be calculated to
study the OER performance of a catalyst. The turnover frequency quantifies the specific
activity of a catalytic center for the OER reaction under defined reaction conditions by
the number of catalytic cycles occurring at the center per unit time (Equation 5).

TOF=()/ (4 xF xm) (5)
where 1 is the current in amperes, F is the Faraday constant and m is the number of moles
of the active catalyst.

Faradaic efficiency of the NisTe> catalytic film was estimated by combined ORR-
OER studies investigated in the bipotentiostat mode of the IviumStat using a Rotating
Ring Disk Electrode (RRDE) set-up where Pt and glassy carbon (GC) were used as the
ring and disk electrodes, respectively. The faradaic efficiency was calculated using

Equation 6.

Faradaic efficiency = = (6)

2ir
id
where ir and iq are the measured ring and disk currents, respectively, and N is the

collection efficiency of RRDE, 0.17 in this work (see the ESIF).

2.6. ELECTRODE PREPARATION
To analyze the activity of hydrothermally synthesized NisTez, a homogeneous
catalyst ink was prepared by adding 7.0 mg of catalyst powder in 100.0 mL of Nafion

solution (50 mL of 1% Nafion solution in 50 mL of 50% IPA in water) followed by
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ultrasonication for 30 min. 20 mL of the dispersion was dropcast on a confined area
(0.283 cm2) on Au-coated glass. The dropcast film was then dried at room temperature

and finally heated at 130 °C for 30 min in an oven.

3. RESULTS AND DISCUSSION

3.1. STRUCTURAL AND MORPHOLOGICAL CHARACTERIZATION

The powder X-ray diffraction (PXRD) patterns of the hydrothermally synthesized
as well as electrodeposited product showed the presence of NizTez, where the diffraction
peaks matched with those reported for standard NizTe, (PDF # 04-014-3418) as shown in
Fig. 1. NisTez crystallizes with a monoclinic crystal structure in the P21/m space group.
Both PXRD patterns showed that the product was very pure with no other noticeable
impurity peaks. However, the hydrothermally synthesized product showed better
crystallinity compared to the electrodeposited sample as revealed by the higher intensity
of the diffraction peaks (Fig. 1a and b). Moreover, it was observed that the diffraction
peaks were considerably broadened corresponding to the hydrothermally prepared
NizTe2. From the Scherrer equation, the average particle size was calculated to be
approximately 40 nm.* It must be mentioned here that from PXRD studies it was
apparent that there is no preferred direction of growth for either the electrodeposited or
hydrothermally synthesized NisTe2. Both products contained randomly oriented

nanocrystalline grains.
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Figure 1. PXRD patterns of (a) electrodeposited on Au and (b) hydrothermally
synthesized NisTe> catalysts along with the reference (PDF # 04-014-3418) spectrum.
Inset in (a) shows the crystal structure of NisTe, created from the corresponding cif file.
The crystal structure of NizTez is very interesting. It shows unique coordination
for Ni, where two Ni atoms (Ni(2) and Ni(3)) are coordinated to 4 Te atoms in a
tetrahedral geometry, while the 3rd one (Ni(1)) has a 5-coordinated square-pyramidal
coordination, where Ni sites are at the centre of the square planar base and the 5th Te
atom occupies a vertical position atop the Ni atom with a long Ni—Te bond (inset of
Figure 1a). The NiTes tetrahedra are connected via edge-sharing and form a continuous

layer along the ab-plane. The 5-coordinated NiTes square-pyramids are also connected

through edge-sharing and the chains of such square-pyramidal NiTes polyhedra run along
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the b-axis, while along the a-axis, the NiTes square pyramids are present as edge-shared
dimeric units with each unit oriented 180° with respect to its neighbor. The periodic
arrangement of the NiTes dimeric units along the a-axis gives rise to a rectangular
channel within the structure. The layer formed by edges-hared NiTes polyhedra
propagates along the ab-plane. The NiTes4 layer and the NiTes layer are stacked
alternately along the c-axis. The Ni(1)-Ni(2) and Ni(1)-Ni(3) distances are also quite
short indicating that the structure can have several Ni—Ni metallic bonds. Interestingly
due to the unique atomic arrangement and coordination geometry, at least one of the Ni
atoms, Ni(1), is coordinatively under-saturated and a vacant site is available in the
vertical position, which when occupied by an 3 anion, can give rise to an octahedral
geometry. The availability of such a vacant site may be extremely useful for anion (e.g.
OH") adsorption and subsequent onset of catalytic activities. The importance of NiXs (X
= Se) polyhedra in enhancing the OER catalytic performance has also been exemplified
by investigating a molecular complex containing an NiSe4 core.®? The tetrahedral NiX4
unit can possibly undergo a coordination expansion (tetrahedral to octahedral transition)
initiated by hydroxyl attachment, as has been observed in coordination complexes.*¢4" It
must be noted here that, although NisSe2 and NisTez have similar stoichiometries, their
crystal structures are distinctly different indicating that their properties can also be widely
varied from each other.

The SEM image of the as-grown electrodeposited films showed that the surface
was mainly composed of randomly oriented nanoflakes (Figure 2a). These nanoflakes can
expectedly increase the surface area of the catalytic films thereby increasing the contact

area between the catalyst and electrolyte. The average thickness of the flakes was
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estimated to be around 8 nm. TEM imaging of the electrodeposited film also showed
random distribution of thin flake-like nanostructures as shown in Figure 2c. High
resolution TEM imaging revealed lattice fringes corresponding to <110> lattice planes of
NizTez (Figure 2d). SAED pattern collected from these nanostructures showed diffraction
rings corresponding to <002>, <210>, and <312> lattice planes, which also confirmed the
presence of crystalline NizTez in the film. SEM imaging of the hydrothermally prepared
sample showed that the product was composed of nanoflakes with an average thickness
of 5 nm for the nanoflakes (Figure 3a). TEM images also confirmed the presence of thin
nanoflakes in the product (Figure 3c) while HRTEM images revealed that these
nanostructures are highly crystalline with lattice fringes corresponding to <212> lattice
spacing of NisTe, (Figure 3d). The SAED pattern showed diffraction spots corresponding
to crystalline NisTez (inset of Figure 3d).

The elemental composition of the electrodeposited film and hydrothermally
prepared sample was further confirmed through EDS elemental mapping. While
elemental mapping showed the presence of Ni and Te uniformly distributed over the
sample 4 surface (Figure 2b and 3b), the average EDS data showed that the relative
elemental composition was 62% Ni and 38% Te, revealing a relative atomic ratio of 1.5 :
1, confirming the formation of NisTe.. It must be noted here that there was no noticeable
oxygen peak detected in the EDS spectra of either products indicating the high purity of

the film surface.
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Figure 2. Characterization of electrodeposited NisTe; catalyst: (a) SEM image; (b) EDS
mapping and line scan analysis; (c) TEM image; (d) HRTEM image. Inset of (d) shows
the SAED pattern. (e) Ni 2p and (f) Te 3d XPS spectra.

The surface electronic state of the NizTe> catalyst was analyzed by X-ray
photoelectron spectroscopy (XPS) and is presented in Figure 2e and f. The first doublet at
853.5 and 871.4 eV in the Ni 2p spectra (Figure 2¢) indicated the presence of Ni%* as seen
in nickel telluride.*®“® An obvious satellite peak at the higher binding energies due to the
overlapping of the antibonding orbital between the Ni atom and Te atom of Ni 2p can be

observed.*® Figure 2f shows the Te 3d spectra where the peaks at 572.3 and 582.5 eV

corresponding to the 3ds2 and 3ds» peaks can be assigned to Te? in nickel telluride.*84° It
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Figure 3. Characterization of hydrothermally synthesized NisTe; catalyst: (a) SEM
image; (b) EDS mapping and line scan analysis; (¢) TEM image (d) HRTEM
image. Inset in (d) shows the SAED pattern from individual nanocrystallites.

should be noted that peaks corresponding to Ni-oxides were visibly absent in the XPS
spectra, indicating that the film surface was devoid of oxidic impurities. Raman spectra
of the as-synthesized catalyst are shown in Figure S1 (ESI¥). The peaks at 108, 124 and

143 cm® can be assigned to NisTez. There was no evidence of Ni-oxide or Te-oxide

phases indicating that the films were free from any oxidic impurities.

3.2. ELECTROCHEMICAL CHARACTERIZATION

The OER activity of the electrodeposited NiszTe> films was examined through
electrochemical measurements in 1 M KOH. Before measuring the electrocatalytic
activity, the electrochemically active surface area (ECSA) was calculated from the double
layer capacitance measurement, as has been described previously. © Specifically, cyclic
voltammograms (CVs) of the electrodeposited NisTe; catalyst were measured from -0.35
to -0.25 V vs. Ag|AgCl at scan rates between 2.5 and 20 mV s in N saturated 1 M KOH
as shown in Figure 4a. The cathodic and anodic current was measured at - 0.305 V vs.

Ag|AgCI from Figure 4a and plotted as a function of scan rates (Figure 4b).
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Figure 4. Cyclic voltammograms measured for the electrodeposited NisTe catalyst. (a)
on Au in N saturated 1 M KOH solution at different scan rates from 2.5 to 20 mV s, (b)
Shows a plot of anodic and cathodic currents measured at - 0.305 V as a function of scan

rate.
From the average of the cathodic and anodic slopes, Cp. can be obtained and
ECSA was calculated using eqgn (3). It was observed that the electrodeposited NizTe>
films have a moderately high ECSA, 48.03 cm?. Comparing ECSA with the geometric
area gave the roughness factor. The high roughness factor of the electrodeposited film

(608.0) supports the nanoflake-like geometry and might be one of the factors responsible

for high catalytic activity.

3.3. OER CATALYTIC ACTIVITY

The electrocatalytic activity of NisTe, was measured in N2 saturated 1 M KOH by
performing linear sweep voltammetry (LSV) as well as CVs. For fair comparison of the
electrocatalytic activities, RuO. was electrodeposited on Au-glass using a reported
procedure (details have been provided in the ESIY), and its OER activity was also

measured. Figure 5a shows the LSVs of electrodeposited and hydrothermally synthesized
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Figure 5. LSVs measured for NisTe> catalyst. (a) films in N2 saturated 1 M KOH at a scan
rate of 10 mV s, The solid black line shows the current density at 50 mA c¢m. (b) Tafel
plots of both electrodeposited and hydrothermally synthesized NisTe, compared with
RuO-. (c) Comparison of Ni?* = Ni** oxidation peaks in NisTe, NisSez, NisS; and
Ni(OH)a.

NisTez, RuO and bare Au-glass collected at a scan rate of 10 mV s™. Bare Au-coated
glass did not show any OER catalytic activity as expected. However, modified Au-glass
electrodes coated with electrochemically deposited and hydrothermally synthesized
NisTe2 showed excellent OER catalytic activity as can be seen in Figure 5a. The onset
potential for O, evolution was at 1.38 V vs. RHE for both electrodeposited and
hydrothermally synthesized NizTe. Both electrodeposited NisTe2 and hydrothermally
synthesized NisTe. showed a pre-oxidation peak before the onset of catalytic activity
(Figure S2a and S3c¥ respectively), which has been commonly observed with most Ni-

based electrocatalysts containing Ni?* and has been attributed to the oxidation of Ni(Il) to

Ni(Il). Typically the OER electrocatalysts are benchmarked by comparing their
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overpotential, 1, required to reach a current density of 10 mA cm™.° Since the larger
oxidation peak for the electrodeposited NisTe, masked the overpotential at 10 mA cm™?, n
was estimated from the reverse sweep of the CV plot (Figure S2at). It was observed that
the overpotential at 10 mA cm?was at 210 (reverse scan of CV of Figure S2at) and 220
mV (Figure S3c¥) for electrodeposited NisTe>—Au and hydrothermally synthesized
NizTez, respectively. The better OER activity for electrodeposited NizTe; can be
rationalized by considering the fact that the binder free (Nafion free) electrodeposited
sample grown directly on the electrodes has better charge transport at the electrode—
catalyst interface compared to the catalytic composite containing hydrothermally
synthesized NisTe2 mixed with Nafion. The activity of these catalysts was compared with
that of standard RuO2 which shows an onset potential and 1 at 10 mA cm™ current
density at 1.51 V vs. RHE and 370 mV, respectively, which are comparable with
previous reports of RuO2.*° It must be noted here that this is the first example of NisTe;
showing OER catalytic activity; additionally, the onset overpotential and 1 are both
significantly lower than those of other Ni-based electrocatalysts including oxides,?
sulfides,?® and selenides® in the bulk form.

Since it has been observed in other Ni-based OER electrocatalytic systems that Fe
incorporation from impure KOH can significantly boost the catalytic activity, the OER
activity of NizTe> was tested in purified KOH and compared with that in impure KOH.
The KOH purification was done following procedures reported previously and has been
described in detail in the ESI.+ However, it must be acknowledged that it is hard to
remove Fe completely and the presence of extremely low levels of Fe cannot be totally

excluded. As shown in Figure S3a and b, it was observed that there was no significant
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difference in catalytic activity between purified and impure KOH electrolyte, indicating
the lower influence of Fe incorporation during the OER process for NisTe,. The effect of
electrodeposition time on the OER catalytic activity was probed by measuring LSV
curves of NisTe, deposited for 60 s, 120 s, 300 s and 600 s on Au/glass substrates as
shown in Figure S4.+ It was observed that the OER activity gradually increased till 300 s
deposition time after which the activity decreased for longer deposition times. This
observation has been made earlier with electrodeposited NisSez electrocatalysts and can
be explained from the thickness and microstructure of the film.3* Longer deposition times
typically produce thicker films which may lead to the poor electronic conductivity of
semiconductor NisTe> thus inhibiting charge transport. Lower deposition time on the
other hand creates granular film with a high roughness factor that enhances the active site
exposure to the electrolytic solution thereby facilitating the catalytic process. The effect
of the substrate on the OER catalytic activity was also investigated and the results have

been summarized and presented in the ESI (Figure S5F and Table 1).

Table 1. Effect of substrate on OER catalytic activity.

Substrates | Loading (mg cm-2) | Onset potential / V | 1 to 10 mA cm?/ mV
Au glass 4.1 1.38 210
GC 4.9 1.36 180
Ni foam 40.8 1.45 230
CFP 4.89 141 210
C Cloth 24.81 1.42 210
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For this study NisTe, catalyst was deposited on glassy carbon (GC), carbon fiber
paper (CFP), carbon cloth (CC), and nickel foam (NF) for 300 s and compared with the
Au-glass substrate. Among these, the catalyst deposited on GC showed the lowest onset
potential of 1.36 V (vs. RHE) and the overpotential at 10 mA cm was only 180 mV.
Surprisingly, the relatively planar substrates (GC and Au-coated glass) showed better
OER activity than the porous three-dimensional substrates such as, NF, CC and CFP.
This behavior can be explained by the higher loading of catalyst in three-dimensional
substrates which might lead to thicker coatings with poor electronic conductivity of the

catalyst layer as explained earlier.

Table 2. Comparison of electrocatalytic parameters for OER and HER.

OER HER
. Tafel Onset 1 to 10 Tafel
Total Loadin Onset to 10 TOF@ p g
Catalysts loading area ‘ potential rr?A cm? | 270 mV 7Iope potential | mA cm? slope
/' mg /mg cm IAYS / mV /s dm\‘{ Iv fmv / m\_{
ec dec
NisTe, - Au 0.28 41 1.38 210 0.023 54.2 -0.180 237 73.1
glass (ED)
NisTe; - GC 0.96 49 1.36 180 0.010 64.3
(ED)
NisTe, - 1.40 4.9 1.38 220 0.010 61.5 - 0.167 304 94.2
Hydrothermal
RuO, (ED) - - 151 370 - 114.4
NisTe; - Ni - - 1.45 230 - - -0.149 212 126.2
foam (ED)
Pt 0.000 52 385

The Kkinetics of the OER catalytic activity was investigated by analyzing the Tafel
plots as shown in Figure 5b. To obtain accurate Tafel slope values, LSV was carried out
at a slow scan speed of 2 mV s in a non-stirred electrolyte solution. The Tafel slopes of
electrodeposited and hydrothermally obtained NisTe, were calculated as 54.2 and 61.5
mV dec, respectively, whereas for RuO; it was 114.4 mV dec™. The lower Tafel slope

reconfirms that the catalysts are catalytically active for the OER, and using the catalyst
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loading as mentioned in Table 2. The TOF values were calculated to be 0.010 s™ and
0.023 s* for hydrothermally synthesized and electrodeposited NisTe; catalysts,

respectively. The TOF values also indicate better OER performance for electrodeposited

NisTe>.
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Figure 6. Plots for the ORR-OER reaction. (a) showing OER current density at NizTe>
IGC disk electrode (area 0.196 cm?) in N2-saturated 1 M KOH and ORR current density
at Pt ring electrode maintained at 0.2 V vs. RHE as a function of applied disk potential.
Black line indicates the onset potential for OER at the disk electrode corresponding with

the onset of ORR at the ring electrode. (b) Faradaic efficiency of catalyst measured in N2
saturated 1 M KOH at 1600 rpm rotation speed.

The evolved gas was analyzed using RRDE experiments where NisTe, was
deposited on the disc electrode used as the anode, while a Pt ring electrode was used as
the cathode. The Pt ring was maintained at 0.2 V vs. RHE, appropriate for the O
reduction reaction, ORR, under alkaline conditions. The idea was that if oxygen was
being generated at the disc electrode during the anodic scan, the evolved O2 will be

promptly collected and reduced at the Pt ring electrode leading to an increase in the ring

current. Figure 6a shows the OER polarization curve of the NisTe2/GC disk electrode in
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1MKOH at 1600 rpm at a scan rate of 10 mV s and the ring current is presented as a
function of disk potential.

It was observed that below the onset potential there was minimal ring current.
However, as soon as the disk electrode was swept past 1.36 V (onset potential), the ring
current also increased indicating the ORR. The ring current progressively increased with
increasing disk potential. It must be mentioned here that the electrolyte solution was
previously purged with N2 and the whole experiment was performed under a blanket of
N2, thereby ensuring that there was no external source of O,. This RRDE measurement
confirmed that the evolved gas at the anode was definitely Oo.

The faradaic efficiency was measured from the abovementioned RRDE
experiment following the procedure detailed in the ESI.§ The highest efficiency obtained
was about 99.8% which decreased with increasing disk potential (Figure 6b). This
decrease in faradaic efficiency at relatively high disk potential is not unusual and can be
attributed to poor collection at the Pt ring electrode at high potential where copious
quantities of O2 are generated. Poor collection efficiency by Pt leads to loss of
undissolved O resulting in lower faradaic efficiency.

At this point it is necessary to venture deeper into the cause of enhanced OER
catalytic activity of NisTe.. As mentioned previously, our hypothesis was that decreasing
the electronegativity of the telluride anions will lead to increased covalency in the Ni-Te
bonds. Such a change of anion coordination is expected to alter the chemical potential
around the Ni site which can be monitored by observing the redox potential of the Ni
sites. In most of these Ni-based electrocatalysts catalyst activation involves Ni(I1)/Ni(l11)

oxidation, which shows up as a peroxidation peak before the onset of catalytic activity
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and it has been reported previously that Ni(lll) is the actual catalytically active species. It
has been observed frequently in the coordination complexes that the oxidation peak
potential of the central atom is lowered as the electronegativity of the anions decreases
down the chalcogenide series.**** We have measured the Ni(11)/Ni(111) oxidation peak in
NizTez by collecting the CV in the range of 1.1 to 1.45 V and compared with that of
NisSez and Ni(OH).. Indeed, it was observed that the Ni%* oxidation peak showed a
cathodic shift in NisTe; indicating that the catalytically active Ni** was generated at a
lower potential compared to the oxide and selenide (Figure 5c). Availability of the
catalytically active site (Ni®*) at a lower potential will definitely enhance the catalytic
activity by lowering the onset potential as well as overpotential for the OER activity. In
addition to the facile oxidation of Ni?* to Ni®*, the catalytic activity in NisTez can also be
facilitated by virtue of its unique crystal structure. As explained before, NizTe2 comprises
of layers containing NiTes and NiTes polyhedra. The NiTes polyhedra are actually square
pyramids with an open coordination site in the octahedral position, which might be
viewed as functionally similar to an anion vacancy. Such an open coordination site might
facilitate the onset of catalytic activity by readily accepting a hydroxyl ligand with
minimal distortion to the existing lattice structure. Hence, the enhanced availability of
Ni%* along with the presence of accessible, coordinatively under-saturated Ni sites,
collectively gives rise to the unprecedented OER catalytic activity of NisTex.

Apart from Ni?* to Ni* oxidation, catalyst activation also involves attachment of
the hydroxyl group (OH") on the catalyst surface.® As has been reported by several
groups previously, the oxygen evolution reaction is initiated through the attachment of a

hydroxyl (OH") anion on the surface-active Ni site.>! It must be mentioned here that the
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nickel telluride surface with bound OH" is not the same as an oxide-coated surface, but
rather can be viewed as a hydroxo-telluride surface akin to the oxyhydroxide formed in
the oxide surfaces. Hence, in order to study the activation of the NisTe> surface, we have
estimated the simple hydroxyl adsorption energies (Ead) through DFT by employing the
projected augmented wave (PAW) method, implemented in the Vienna Ab initio
Simulation Package (VASP). Details of the calculations have been provided in the ESL.

However, it must be mentioned here that the OER being a multi-step process, to
gain a proper understanding of the reaction kinetics on the catalyst surfaces, energetics of
all the elementary steps needs to be estimated and compared. In particular, a more
detailed computational-time demanding modeling study is required to determine the
actual rate determining step for the OER and follow the energetics to understand the
catalytic efficiency as a function of composition with respect to surface energetics. We
are currently expanding these DFT based calculations on a wide range of catalyst
composition and trying to investigate the energetics of the different elementary steps for
the OER and correlate them with the catalytic efficiency in an attempt to construct the
volcano-type plot. Such studies will provide a better understanding of how the OER
kinetics vary on the different catalyst surfaces. These studies will be disseminated at a
later time.

As has been described above, the crystal structure of NisTe, contains three
crystallographically unique Ni sites, two tetrahedral Ni sites, and one square pyramidal
Ni atom. The Eaq value for hydroxyl attachment to each of these Ni sites has been
estimated in two lattice planes, (001) and (010). The Ni sites have been designated as

Ni(1)[Ni(4)], Ni(2)[Ni(5)], and Ni(3) [Ni(6)], for the tetrahedral and square pyramidal
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sites on the (001)[(010)] planes, respectively. The calculated cohesive energies of OH"
ions on the (001) surface of NisTe, are -2.703 eV (Ni(1)), -2.664 eV (Ni(2)), and -1.949
eV (Ni(3)), while those on the (010) surface are -1.82 eV (Ni(4)), -2.408 eV (Ni(5)), and
-2.122 eV (Ni(6)). The calculated data of cohesive energies, bond distances and bond
angles after adsorption have been summarized in Table 3 while details of the calculation
have been provided in the ESI{ along with illustrations depicting the crystallographic

planes (Figure S6-S107).

Table 3. A summary of adsorption energy, bond distances and bond angles. Adsorption
energy (Ead), bond distances of O-H and Ni-O (do-+ and di-o), and angle of Ni-O-H (Oni-
o-n) for OH™ ions adsorbed on different active Ni sites in NiO and NisTe>.

Active Ni site Ead (eV) do+ (A) dni-o (A) Oni-o-H

NiO_(001)_Ni -1.608 0.964 1.808 180°
NisTez_(001)_Nil -2.703 0.964 1.748 171°
NisTez_(001)_Ni2 -2.664 0.965 1.767 172°
NisTez_(001)_Ni3 -1.949 0.978 1.910 136°
NisTez_(010)_Ni4 -1.820 0.979 1.825 114°
NisTez_(010)_Ni5 -2.408 0.975 1.913 108°
NisTez_(010)_Ni6 -2.122 0.978 1.920 115°

Interestingly, it was observed that regardless of the differences of calculated OH-
ion adsorption energies on different Ni sites in NisTey, all of the obtained values were
relatively larger than that of the hydroxyl adsorption energy on a Ni-oxide surface (-1.608
eV), as can be directly observed from Figure 7. These results suggest that surface
activation of the Ni site through hydroxyl attachment is more facile in NisTe2 possibly

leading to more optimal coverage with OH groups at low activation potential.
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Figure 7. Adsorption energy of OH ions adsorbed on various active Ni sites of NiO and
NisTe2. In NizTez, Ni(1), Ni(2), Ni(4), Ni(5) correspond to tetrahedral coordination,
while Ni(3), Ni(6) are square pyramidal.

This factor coupled with faster generation of Ni** as shown by electrochemical
data may lead to faster onset of catalytic activity at a lower applied potential. This is in
very good agreement with lower onset potentials observed in the electrochemical studies,
thereby providing further proof that telluride surfaces are indeed energetically more
favorable for water oxidation. This study also provides information that the catalytic
efficiency of the NisTez films can be further enhanced by growing epitaxial or oriented

films with preferred direction of growth, such that lattice planes with more favorable

hydroxyl adsorption energy become the terminating plane.

3.4. CATALYTIC STABILITY
The stability of the electrocatalysts was investigated using the constant oxygen
evolution condition for an extended period of time and cyclability of the catalystin 1 M

KOH solution. Chronoamperometric studies performed for 24 hin 1 M KOH at 1.41 V
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applied potential are shown in Figure 8a. It was observed that there was a large amount of
O2 bubbles generated at the electrode surface and hence the solution was continuously
stirred at 1200 rpm to get rid of Oz bubbles from the catalyst surface and allow progress
of the reaction. As can be seen from Figure 8a, both catalysts (electrodeposited and
hydrothermally synthesized) showed exceptional stability of the OER catalytic activity
for over 24 h in 1M KOH and the current density did not show any degradation. The LSV
curves before and after the catalytic activity were also compared to check the catalyst
stability and have been shown in Figure 8b and c for electrodeposited and hydrothermally
synthesized catalysts, respectively. Interestingly, the LSV curves for NisTe; after 24 h of
continuous OER did not show any decrease of onset potential and overpotential
compared to the as-synthesized catalysts, and the LSV curves before and after catalytic
activity were perfectly superimposable.

The composition of the catalysts following catalytic activity was investigated
through XPS, EDS, and PXRD analyses. XPS spectra confirmed that the elemental
composition of the electrocatalyst was retained after extended periods of catalytic activity
as shown in Figure 8e and f for Ni 2p and Te 3d, respectively. Noticeably the XPS peaks
before and after catalytic activity did not show any shift of peak positions of Ni 2p and
Te 3d (Figure S117). As can be seen from the XPS peaks after OER activity, there was
no evidence for the presence of Ni-oxidic phases, and the Te signal did not show any
degradation (Figure 6 and S117). In addition to the Ni and Te peaks, the O 1s signal was
also monitored through XPS. As shown in Figure S11, the O 1s peak showed
characteristics of only surface adsorbed O and traces of Te-oxides, but no Ni-oxide,

which stayed the same even after prolonged periods of OER. The surface morphology of
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the film checked through SEM imaging after the activity did not reveal major changes in
morphology while EDS also confirmed the presence of only Ni and Te in the film after
catalytic activity, while no O was detected (Figure S127). Figure S13b} shows the
comparison of PXRD patterns for the electrodeposited NizTe; electrocatalyst before and
after OER activity for 24 h. As is evident from this figure, there were no changes in peak
positions after prolonged chronoamperometry in 1 M KOH, and the NizTe; catalyst
retained its bulk composition. Figure S13at shows the PXRD pattern of the
hydrothermally synthesized NisTe; catalyst after stability tests and no significant
difference was observed in the diffraction peak position before and after activity
indicating that there was no change in the bulk composition of the catalyst.

The electrochemical stability of the catalyst surface was also probed through CV cycling
in 1 M KOH. In particular, surface oxidation has been a lingering doubt for most of these
Ni-based OER electrocatalysts. If the chemical coordination around the catalytically
active Ni-atoms on the surface changes drastically (such as from telluride coordination to
oxide), it is expected that it would lead to a change in the chemical potential and
subsequently the Ni?*/Ni** oxidation potential, which should be detected through CV
cycling as a shift of the oxidation peak. Interestingly, in the present case it was observed
that the Ni?*/Ni®* oxidation peak on the NisTe; surface does not show any shift even with
100 CV cycles and the peaks are exactly superimposable on each other as shown in
Figure 8d. If there was surface oxidation and conversion of the NisTez surface to the Ni
oxide/oxyhydroxide surface, then the Ni?*/Ni** oxidation peak would have shown a

gradual shift towards more anodic potential.
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Figure 8. Extended stability study of the NisTe catalyst. (a) under continuous O-
evolution for 24 h studied through chronoamperometry at constant potential of 1.44 V
and 1.45 V vs RHE for elecrodeposited and hydrothermal synthesis catalyst respectively.
LSVs of the (b) electrodeposited, and (c) hydrothermally synthesized NisTez in N2
saturated 1 M KOH before and after chronoamperometry for 24 h. (d) CVs measured for
NisTe, @ Au- glass for 100 cycles showing the Ni%* = Ni** oxidation peak. (e) Ni 2p
XPS spectra, and (f) Te 3d XPS spectra after chronoamperometry for 24 h.
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This conclusively proves for the first time that the telluride surface is indeed stable
towards surface oxidation in alkaline medium under conditions of the OER. Rather we
propose that due to the structural uniqueness of NisTez, the Ni?* / Ni** oxidation is
supported through partial hydroxylation leading to a (hydroxy) telluride surface where
the telluride coordination remains intact, and there is coordination expansion at the Ni

site.

3.5.HER CATALYSIS AND BIFUNCTIONALITY FOR WATER SPLITTING
NizTez has also been studied for possible HER catalytic activity in 1 M KOH by
measuring the LSV in the same three-electrode system as has been described above.
Electrodeposited NisTe, on Au-glass and Ni foam were compared with Pt for HER
catalytic activity. Interestingly, both electrodeposited and hydrothermally synthesized
NizTez showed good HER catalytic activity as shown in Figure 9a and S16,}
respectively. Electrodeposited NizTe2 on Au-glass showed an onset potential for HER at
0.180 V reaching an overpotential of 237 mV at a current density of 10 mA cm™. The
onset potential and overpotential at 10 mA cm for the hydrothermally synthesized
(Figure S167F) sample dropcast on Au-glass showed similar values (0.167 V and 304 mV,
respectively). The Tafel slopes were calculated from the LSV plots using egn (4) and
have been plotted in Figure 9b. The electrodeposited sample showed a lower Tafel slope
possibly due to more facile charge transfer on the catalyst film directly grown on the

conducting electrode.
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Figure 9. Polarization curves for electrodeposited NisTe> catalysts. (a) in N2 saturated 1
M KOH solution at a scan rate of 10 mV s under cathodic scan. (b) Tafel plots of
electrodeposited NizTe> catalysts. (c) Stability study of electrodeposited NisTe, catalyst
under continuous Hz evolution for 11 h at constant potential of -0.237 V vs RHE. (d)
LSVs of catalyst in N2 saturated 1 M KOH for comparison of initial activity and after
chronoamperometry for 11h.

The onset potential along with other parameters relevant for HER catalytic
activity of NizTe> has been listed in Table 2. The stability of the catalyst for the
continuous HER process in 1 M KOH was studied through chronoamperometric
measurements as shown in Figure 9c. As can be seen from the current vs. time plot, the
electrodeposited NizTez on Au-glass is highly stable for HER activities for extended
periods of time. The LSV collected after 11 h of continuous HER was similar to the
initial LSV plot (Figure 9d) indicating that the catalyst did not suffer any degradation or
loss of catalytic activity. The faradaic efficiency of the catalyst for the HER process was

confirmed by the water displacement method (details have been provided in the ESIT). A

100% faradaic efficiency was obtained as shown in Figure 10. Since NizTe; was active
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Figure 10. Comparisons of experimentally obtained volumes (a) oxygen and (b) hydrogen
with the theoretically calculated amounts.

for both OER and HER in 1 M KOH, a full water electrolysis cell was constructed by

coating NisTe2 on both cathode and anode. It was observed that NisTe, could effectively

split water producing a current density of 10 mA cm at a cell voltage of 1.62 V. The

electrolysis energy efficiency was calculated to be 91.8% using the standard method.>2

Table 4. Comparison of onset, overpotential and electronegativity values of nickel oxide

and chalcogenides?.

NiOx NisS2 NisSe2 NisTe2
N @ 10mA cm?/ mV 360 330 280 180
Onset potential vs RHE / V 1.48 1.46 1.33 1.38
Electronegativity®! 3.44 2.58 2.55 2.10

aNiO, NisSz, NizSe> and NisTe; catalysts were electrodeposited on Au-glass
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In this report we have presented the highly efficient OER and HER electrocatalytic
activity for NisTez in alkaline medium for the first time. The low onset potential and
overpotential at 10 mA cm achieved for the OER make this catalyst one of the most
efficient electrocatalysts for water oxidation reactions. Moreover, NisTe, when compared
to other chalcogenides in this series such as NisSez and NizS2 shows a systematic trend of
increasing activity down the chalcogenide series (Table 4, Figure S177). This trend of
increasing OER catalytic activity from oxide to telluride proves the hypothesis for the
first time that increasing covalency and decreasing electronegativity of systematic trend
of increasing activity down the chalcogenide series (Table 4, Figure S177). This trend of
increasing OER catalytic activity from oxide to telluride proves the hypothesis for the
first time that increasing covalency and decreasing electronegativity of the anionic
network around the transition metal center will lead to improvement in catalytic
efficiency. Through detailed electrochemical studies we have shown that such
enhancement in OER catalytic activity can be attributed to the changing redox potential
of the catalytically active metal center. Hence, apart from being the first example of Ni-
telluride as an OER and HER electrocatalyst, this study also introduces the concept of
systematically enhancing the OER catalytic activity through tuning the coordination
atmosphere around the catalytically active site. Comparison with other Ni-based OER
catalysts reported previously (Table 5) reveals that NisTe; is definitely as good as or even
better than the best Ni-based OER catalyst. These findings coupled with simple synthesis
methods such as electrodeposition and hydrothermal synthesis, and possibilities to tune
the catalytic efficiencies even further, make these nonprecious metal-based water

splitting catalysts lucrative for various energy-related practical applications.
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Table 5. Comparison of the catalytic activities of Ni-based catalysts.

2
Catalysts Electrolytes | otce)rr:tsiéatl v (C?;nvl?/snﬁ_l%")“ Reference
NiOx nanoparticles® 1M KOH 1522 331 25
NiO./C 1M KOH 1512 335 20
Amorphous NiO 1 M KOH 1.54% >470 P 54
a-Ni(OH), 0.1M KOH 1.542 331 55
Ni(OH), /NiOOH 1M KOH 1.802 525 56
Ni(OH), nanoparticles® 1M KOH 1.482 299 25
Ni3S,—Ni foam 0.1.M KOH 1.387 187 27
Ni3S,—Ni foam 1M NaOH 1462 260 57
NiS/ Ni foam 1 M KOH 1.55 158° 28
NisSe,—Ni foam 1M KOH 1.48° 270°P 33
Ni3sSe,/Cu foam 1M KOH 151 343 ¢ 58
NiSe; /Ti 1M KOH 1.53° 320¢ 16
NiSe, 1 M KOH 1.43 250 24
NiSe,-DO 1M KOH 1.46° 241 17
NiSe; /Ti 1M KOH 1.53° 295°P 59
NisSe,— Au Glass 0.3 M KOH 1.45 320 +20 30
Ni;Se,—Ni foam 1.46 27020
NisSe; (30 s dissolution) @Au | 1M NaOH 1.39 190 31
NI o.78 F€o.22(OH)x/C 0.1M KOH 145 290 60
NiSe; nanosheets 1MKOH 1.55 323 61
Nio.oFe0.10x 1M KOH 336 62
Nig2FessOy /C 0.1 M KOH 1.481 290 63
Niss—Fess(O0H) 1M KOH 1.43 300 64
NisTe— Au Glass 1.38 210°¢
NisTe—Ni foam 1.45 230
NisTe,— CFP 141 210 This work
NisTe,— C Cloth 1M KOH 1.42 210
NisTe,— GC 1.36 180
Ni;Te, - Hydrothermal 1.38 220

4 Calculated from references; °@ 20 mA cm2; °@ 50 mA cm%; 4@ 100 mA cm?, ¢ supplementary Figure

S3a, supplementary Figure S3b.

ACKNOWLEDGEMENT

This research was supported from the National Science Foundation (DMR

1710313), the American Chemical Society Petroleum Research Fund (54793-

ND10), and ERDC (Missouri S&T).



67

SUPPLEMENTARY INFORMATION

1. EXPERIMENTAL PROCEDURE

1.1. ELECTRODEPOSITION OF RuO2 ON AU-GLASS St

Electrodeposition of RuO2 on Au-glass substrate was carried out from a mixture
of RuCls (0.452 g) and KCI (2.952 g) in 40 ml of 0.01M HCI by using cyclic
voltammetry from 0.015 to 0.915 V (vs. Ag|AgCl) for 100 cycles at a scan rate of 50 mV

s, Finally heated at 200 °C for 3 h in presence of Air.

1.2. ELECTRODEPOSITION OF NizS2 ON AU-GLASS S22

The NisS: films were deposited on to the Au-glass substrate by deposition bath
containing 50 mM NiCl,-6H20 and 1 M thiourea. Electrodeposition of NizS, on Au-glass
substrate was conducted within the potential range between —1.2 V and 0.2 V vs.

Ag|AgCl at a scan rate of 5 mV s™! for 6 sweep cycles.

1.3. ELECTRODEPOSITION OF NisSe 52

NisSe> was electrodeposited on the substrate by a controlled-potential deposition
at —0.80 V (vs. Ag/AgCl) for 300 s from an aqueous solution containing 10 mM
Ni(CH3CO)2:4H20, 10 mM SeO> and 25 mM LiCl at 25 °C. The pH of the electrolytic
bath was adjusted with dilute HCI to be 2.5. After electrodeposition, the substrates were
washed with deionized water in order to remove impurities and adsorbents from the

surface.
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1.4. CALIBRATION OF Ag|AgCI
The Ag|AgCI|KClI(sat.) reference electrode was calibrated by measuring open
circuit potential (OCP) at Pt wire in pure H saturated 1.0 M H>SO4 solution. A value of -
0.197 V was obtained as the OCP which was used as the standard potential of Ag|AgCl in
this article. The measured potentials vs the Ag/AgCl at any given pH is were converted
to the reversible hydrogen electrode (RHE) scale via Nernst equation:
Erne = Eagiagel + 0.059Ph + Eagjager

where ErnE is the converted potential vs. RHE, Eagagcl is the experimentally measured
potential against Ag|AgCl reference electrode, and E°agager is the standard potential of

AglAgClat 25 °C (0.197 V).

1.5. KOH ELECTROLYTE PURIFICATIONS?

1 M KOH electrolyte was purified following a reported procedure.>® In a H2SOs-
cleaned 50 mL polypropylene centrifuge tube, ~2 g of 99.999% Ni(NOz).-6H20 was
dissolved in ~4 mL of 18.2 MQ-cm H20. 20 mL of 1 M KOH were added to precipitate
high-purity Ni(OH).. The mixture was shaken and centrifuged, and the supernatant was
decanted. The Ni(OH). then underwent three washing cycles by adding ~20 mL of 18.2
MQ-cm water and ~2 mL of 1 M KOH to the tube, redispersing the solid, centrifuging,
and decanting the supernatant. Finally, the tube was filled with 50 mL of 1 M KOH for
purification. The solid was redispersed and mechanically agitated for at least 10 min,
followed by at least 3 h of resting. The mixture was centrifuged, and the purified KOH

supernatant was decanted into a H.SO4-cleaned polypropylene bottle for storage.
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Figure S1. Raman spectrum of the NisTe; electrodeposited on Au substrate.
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Figure S2. Cyclic voltammograms of NizTez electrodeposited on (a) Au glass
(b) Ni foam in N2 saturated 1M KOH solution.
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Figure S3. Cyclic voltammograms for OER of 1 st cycle and 100 th cycles for (a)

unpurified 1 M KOH (b) purified 1 M KOH prepared as mentioned above (¢) LSV

measured in N2 saturated 1M KOH solution at hydrothermally synthesized NizTe>
on Au electrode to check the Ni preoxidation peak.
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Figure S4. LSVs measured at NisTe2 @ Au for different electrodeposition
times in N saturated 1 M KOH solution at a scan rate of 0.01V s™.
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Figure S5. OER activity of NisTe, catalysts electrodeposited for 300 s on various
substrates.

1.6. COMPARISON OF HYDROXYL ATTACHMENT ON NI SITES
(CATALYST ACTIVATION): DENSITY FUNCTIONAL THEORY (DFT)
CALCULATIONS

The adsorption energy of the hydroxyl ion on the catalyst surface of NiO and

NisTe2 was calculated by employing DFT calculations using projected augmented wave

(PAW) method 4, that are implemented in the Vienna Ab initio Simulation Package

(VASP). 5% The exchange-correlation interaction was treated in the framework of

generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE)

functional 5" and ultrasoft potentials. S8 Since the rotationally invariant version of the

GGA+U method can give a good description of the cohesive energy, electronic structure,

and mechanical and magnetic properties of bulk and surfaces of materials, the GGA+U

method was used to study the adsorption energy of OH™ ion on various Ni sites of NiO
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and NisTe,. A plane wave cut-off of 400 eV was set up to ensure convergence in energy.
The Brillouin zone was sampled using Mokhorst-Pack generated sets of K-points. S°

The (001) surface of NiO, and (001) and (010) surfaces of NizTe2 were selected to
estimate the favorable adsorption Ni sites of OH™ ion in the DFT calculations. K-point
meshes of 5x5x1, 5x11x1 and 5x5x1 were found to be sufficient to a self-consistent field
(SCF) convergence criterion of 1x10™* eV for NiO (001) surface, NisTez (001) surface
and NisTe2 (010) surface, respectively. Free surfaces of NizTe; and NiO were simulated
using a slab model with 1x1x2 super cells (or 1x2x1, depending on the orientation of
free surface), as shown in Fig. S6a and Fig. S7a, respectively. A relatively large vacuum
gap of ~20 A was set between free surfaces to prevent the interactions of the system and
its periodically repeated images. Thus, dipole corrections were applied perpendicular to
the surface plane. As shown in Fig. S6a and Fig. S7a, the bottom lattice of the model was
fixed at the ground-state bulk distances, while the top lattice was set to be free to move in
all directions.

The OH™ adsorption energy (Eaq) was calculated from equation 1.

Ead = ENix-oH — [Ectean + EoHT] (1)
where, Eciean IS the internal energy of the slab models for NisTez and NiO (see Figure S6
& S7), Eon is the internal energy of the isolated OH™ ion, and Enix-oH™ is the total
formation energy of NiX surface with bound OH™ (X = O or Te) (see Figure S8, S9, and
S10).

By adapting the quasi-Newton scheme as the convergence criterion, the relaxation
was first carried out to reconstruct the free surfaces of the slab model, as well to obtain

the clean internal energy: Enix. Thereafter, an OH™ ion was placed on the top of the



73
active Ni site (on the relaxed free surface) at a distance of 1.86 A S° to calculate the total
formation energy Enix-oH".

For the Ni-oxide surface, the OH™ ion was placed right above one Ni-site on NiO
(001) surface (Figure S8a). It was observed that after relaxation the three Ni sites on
(001) surface slightly move out of the initial plane due to the interaction with the more
electronegative OH™~ ion (Figure S8b). Such displacement of the metal ions following
binding with the hydroxyl anion has been observed previously.5*! The OH™ ion

adsorption energy was calculated to be -1.608 eV using Eg. 1 as mentioned above.
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Figure S6. (a) 3-dimensional slab model of NizTe; with lattices of 1x1x2; (b) (001) free

surface (top-view) of the 1x1x2 NisTe> crystal structure; and (c) (010) free surface (side

view) of the 1x2x1 NisTe> crystal structure. The active Ni sites are denoted as Nil, Ni2,
Ni3, Ni4, Ni5 and Ni6.
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Figure S7. (a) 3-dimensional slab model of NiO with lattices of 1x1x2; (b) (001) free
surface (top-view) of NiO crystal structure. The active Ni site has been pointed out.

On the other hand, owing to difference in coordinations, three distinct Ni sites on
NizTe> (two tetrahedral and one square pyramidal) on (001) and (010) surfaces,
respectively, were selected to adsorb OH™ ions, as presented in Figure S9a-c and Figure
S10a-c, respectively. These active Ni sites have been denoted as Ni(1), Ni(2) —
tetrahedral sites on (001) plane; Ni(3) — square pyramidal on (001) plane; Ni(4), Ni(5) —
tetrahedral on (010) plane and Ni(6) — square pyramidal on (010) plane as shown in
Figure S9 and S10, respectively. It can be observed from Figure S9a’-c’ and Figure
S10a’-c’ that after relaxation the coordination of OH™ ions and Ni sites, the angle of Ni-
O-H, as well as the distance between OH™ ions and active Ni sites have changed owing to

the adsorption interaction.
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Figure S8. (a) Side view of the original crystal structure of NiO with an OH™ ion placed
on the top of the active Ni site, which is located on (001) free surface. The original bond
distances of Ni-O and O-H are set as 1.86 A and 0.96 A, respectively; (b)The relaxed
structure after OH™ ion adsorbed on active Ni site.

F77-

()

Figure S9. Side views of the original (a-c) and the corresponding relaxed (a’-c’) crystal
structures of NisTe, with OH™ ions placed on the top of active Ni sites: Nil, Ni2
and Ni3, which are located on (001) plane.
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Figure S10. Side views of the original (a-c) and the corresponding relaxed (a’-c”) crystal
structures of NisTe2 with OH™ ions placed on the top of active Ni sites: Ni4, Ni5 and Ni6,
which are located on (010) plane.
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Figure S11. Comparison of (a) Ni 2p and (b) Te 3d XPS spectra of Ni3Te2 catalyst
(before and after) for 24 h of stability. (c) Comparison of O1s XPS spectra of Ni3Te2
catalyst (before and after) for 24 h of stability.
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Figure S12. SEM images and corresponding EDAX spectra of NizTez on Au substrate
show the identical morphology and composition of catalyst before and after 24h of

Chronoamperometry.
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Figure S13. Comparison of XRD patterns from the catalysts after 24 h of OER activity
with as prepared NisTe> catalyst (a) synthesized from hydrothermal methods, (b)
electrodeposited on Au glass.
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Figure S14. OER Tafel slope of NizTez electrodeposited on GC.

1.7. TESTING OF EVOLVED GAS

Rotating ring disk electrode (RRDE) set up was used in bipotentiostat mode to
monitor the gas evolved at the anodic reaction. For this procedure NisTe, was
electrodeposited on GC disk electrode in a RRDE set-up and scanned at the anodic
potential range while Pt ring was held a potential of 0.2 V (vs. RHE). The idea was to
hold the Pt ring potential suitable for ORR such that if any O» was being produced at the
disk electrode, it will be collected and reduced at the ring electrode resulting in an
increase of the ring current. Both the ring current and disk current were measured as
function of applied disk potential. Initially 1M KOH solution was purged with N2 gas for
30 min before starting the reaction to remove dissolved O, and blanketed in N2
atmosphere. The disk electrode was scanned from 1.0 to 1. 5 V (vs. RHE) at a scan rate
of 10 mV st at 1600 rpm. Initially, the ring current was maintained at almost zero current

when disk current was almost zero. As soon as the disk current started to increase, the
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ring current also increased, indicating that there was indeed oxygen reduction happening
at the Pt ring electrode and this O2 was being generated at the disk electrode (Figure 6a).

From this Figure 6a the onset potential of OER was obtained as 1.36 V vs. RHE.

1.8. OER FARADAIC EFFICIENCY

Prior to RRDE measurement, N2 gas was purged in the cell for 30 min and then
blanketed with N2 during the experiment. The disk electrode was maintained at constant
potential steps from 1.41 to 1.45 V (vs RHE) for consecutive periods of 1 min each,
while being rotated at a 1600 rpm under a N2 gas blanket. The ring electrode was held at
0.2 V (vs. RHE) throughout the experiment, which was sufficiently negative to reduce the
collected oxygen rapidly. The Faradaic efficiency can be given as:

2i,

Faradaic Efficiency = N
d

where ir and iq are the measured ring and disk currents, respectively, and N is the
collection efficiency of RRDE, 0.17 in this work.

The OER faradaic efficiency of the catalyst was calculated from the ratio of ring
and disk current and has been presented in Figure 6b. The highest Faradaic efficiency
was obtained to be about 99.8% at the applied disk potential of 1.41 V (vs. RHE), and

decreased to 47.1% with the disk voltage increasing to 1.45 V (vs. RHE).

1.9. WATER DISPLACEMENT METHOD FOR O2 AND H2 FARADAIC
EFFICIENCY

The Faradic efficiency of OER and HER catalyst is defined as the ratio of the

amount of Oz and H> evolved during the catalytic experiments to the amount of O, and



80
H> expected based on theoretical considerations. To measure the Faradic efficiency of
OER and HER, we carried out the following experiment. We collected the evolved O>
and H: gas (at constant potential for 1h) by water displacement method. The theoretical

amount of O and H> were then calculated by applying Faraday law.

1.10. COLLECTION EFFICIENCY
The measured ratio of the ring limiting current to the disk limiting current is

known as the collection efficiency (N) of that RRDE electrode and it can be written as:

{Limiting,Ring
N = — mtng.ring

LLimiting,Disk
At disk electrode, the reduction of ferricyanide (Fe(CN)s>) to ferrocyanide ((Fe(CN)s*)
took place, on the other hand ferrocyanide is oxidized to ferricyanide at ring at positive
potential (0.65 V vs. Ag/AgCI). The value of N was calculated and it was found to be

0.17.

0.1 0.2 0.3

—1600 rpm

E/ Vvs. Ag|AgCIlKCl(sat.)

Figure S15. Rotating Ring-Disk voltamograms in N saturated 0.001M KzFe(CN)e
containing 1M KOH at 10 mV s at different rotation rate. Ring potential was
held on 0.65 V vs. Ag/AgClI which is sufficient to oxidize the product rapidly at
ring. (Here ring current was shown as a potential of disk electrode).
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Figure S16. HER polarization curve of hydrothermally synthesized NisTe; @ Au in N2
saturated 1 M KOH solution at a scan rate of 10 mV s,
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Figure S17. Comparison of polarization curves for NiOx, NisSz, NisSe2 and NisTe.
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1.11. CALCULATION OF CATALYST LOADING
According to the Faraday’s second law of electrolysis, the amount of a material
deposited on an electrode is proportional to the amount of electricity used. Thus from the

electrodeposition curve, the mass of catalyst can be calculated as:

(Molecular weight of Ni3Te2 x Charge)
(No.of electron involved in process x Faraday Constant)

Mass =

Here, we can get the total charge from the deposition curve at constant potential (-1.05 V
vs. Ag|AgCl). As tellurium cation (Te*") is electrochemically reduced to Te?, thus the

number of electron involved in the process is 6.

0 50 100 150 200 250 300
Time / min

Figure S18. Electrodeposition curve for nickel telluride.
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Figure S19. (a) Experimental setup of OER process (b) Image shows experiment to

S1.
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S2b.

S3.

S4.

SS.

S6.

detect production of gaseous oxygen.
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ABSTRACT

Efficient bifunctional electrocatalysts for alkaline oxygen evolution and hydrogen
evolution reactions are persuaded the kinetics of water splitting and enhance renewable
energy to chemical energy. Among these electrocatalysts, noble metal free CoTe>
catalysts are favored because of their abundance, low cost and similar electronic state of
d-orbitals to the traditional, precious state of the art catalysts. Due to the half-filled eg d
orbital density of Co species and higher covalancy of the tellurides in cobalt tellurides
increase the higher catalytic performance for OER and HER in water splitting
process. Herein, we synthesized two phases of of CoTe2 and CoTe in electrodeposition
and hydrothermal methods. The electrodeposited CoTe showed the better performance
with the lowest over potential of 200 mV at 10 mA c¢m benchmark potential and low
Tafel slope of 43.8 mV dec™.

Key words: Cobalt telluride, Oxygen evolution reaction, Bi-functional, Electrocatalysts

1. INTRODUCTION

Hydrogen has been identified as clean, zero carbon content, sustainable and
promising energy source for the future.! Currently, hydrogen is mainly produced from
steam reforming process which accelerates depletion of fossil fuel reserves and leads to
CO. emissions. Water electrolysis on the other hand, has long been recognized as an
environmentally benign, clean, efficient procedure that can lead to on-demand production

for high purity hydrogen.*® Electrochemical water splitting is consists of two half-cell
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reactions, oxygen evolution reaction (OER) which occurs at anode and hydrogen
evolution reaction (HER) taking place at the cathode. Efficiency of water splitting
reaction and consequently hydrogen production from water electrolysis is limited by
OER which is an energy-intensive uphill process requiring a large overpotential
exceeding the thermodynamic water splitting voltage of 1.23 V.”8 Typically
electrocatalysts are employed to reduce the overpotentials for HER and OER. An
efficient and practically feasible electrocatalyst is expected to exhibit low overpotential,
high current density, long-term stability, as well as being economically cost-effective in
terms of raw materials availability and processing conditions. Conventionally, Pt-based
catalysts have shown superior performance as HER electrocatalysts ®° while oxides of Ir
and Ru are considered as state-of-the-art electrocatalysts for OER."1> However, Pt, I,
and Ru belong to the class of precious metal (generically referred to as PGMs) with
limited availability on earth’s crust which reduces practically useability of these
electrocatalysts for large scale water electrolysis set-up. Continued search to replace the
PGM-based electrocatalysts has led to the formulation of several non-precious metal
based electrocatalysts for OER and HER. Among these transition metal compounds of
the ferrous metal group (Fe, Co, Ni), has made a significant impact in this research area
owing to their unprecedented high catalytic activity characterized by low overpotential.
These transition metal composition include oxides, hydroxides, carbides, nitrides,
phosphides, and chalcogenides.'®?> Among the transition metals, Co deserves special
mention since it was predicted that modulating d-electron density around the catalytic
site, especially a half-filled eg orbital will lead to more optimal charge transfer at the

catalyst-water interface making Co occupy top of the Sabatier plot exhibiting optimal rate
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for OER in alkaline medium.?® Accordingly Co-oxides and hydroxides have been studied
extensively for OER activity in alkaline medium.?-*® In addition to oxides, other
composition of Co specifically, N-C composites %43, phosphides “4“¢ phosphates*®->4,
metal organic frameworks >->" and chalcogenides %72 have also been investigated as
potential applicants for electrocatalytic water splitting. Apart from OER, catalysts
supporting the complimentary reaction of oxygen reduction reaction (ORR) has also
gained importance, since it is the primary process in fuel cells. In ORR, the reactive
species is dioxygen molecules that is attached and further reduced on the catalytic site
through 2-electron or 4-electron reduction pathway to form hydrogen peroxide or water,
respectively.” It has been observed that Co shows significantly improved activity for
ORR both in Co-based compounds as well as in single atomic site catalysts.”®>"> Hence,
ideally designing a OER-ORR multifunctional catalyst with Co-based composition seems
quite feasible, since such catalysts can aid both energy conversion and storage.

Previously we had hypothesized that replacing oxide with lesser electronegative
chalcogenide anions will lead to improved OER electrocatalytic performance. Such
enhancement in electrocatalytic performance was attributes to enrichment of electron
density around the transition metal site which leads to lowering of local site
electrochemical oxidation potential and facilitates catalyst activation for OER."® This
hypothesis was confirmed in the family of Ni-based chalcogenides whereby, Ni-tellurides
and selenides exhibited significantly better OER electrocatalytic performance compared
to Ni-oxide. Since the transition metal site can also ace as the catalytic center for ORR,
and since ORR also proceeds via adsorption of reactive O-containing species, it can be

expected that decreasing anion electronegativity around the catalytically active transition
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metal site will also positively affect the ORR activity. Hence, selenides and tellurides can
be expected to exhibit improved ORR performance compared to oxides and this was
further confirmed by superior ORR activity of Co7Ses.”

Among the chalcogenides, tellurides have gained increasing importance in
materials chemistry owing to their plethora of widely different properties. Nanostructured
metal tellurides as catalysts have gained substantial amount of attention due to their
favorable applications in energy conversion and storage devices.’®® Few transition metal
tellurides have recently been reported as bifunctional electrocatalysts for water splitting
showing high catalytic performance. 69768182

In this article we have reported multifunctional electrocatalytic properties of two
cobalt telluride phases, CoTe and CoTe>. These cobalt tellurides show high catalytic
activity for OER, ORR, and HER in alkaline medium. The cobalt tellurides were
synthesized by direct electrodeposition and hydrothermal methods. Among these
electrodeposited CoTe exhibited better OER property requiring low overpotential of 200
mV to reach 10 mA/cm?. The electrocatalysts were also studied through DFT calculations
specifically to understand catalyst activation through attachment of surface hydroxyl
group which revealed that CoTe had better -OH adsorption energy commensurate with its
superior OER activity. CoTe> on the other hand showed slightly better ORR activity,
suggesting that not only the coordination, but crystal structure packing also has a

definitive role to play in electrocatalytic activities.
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2. EXPERIMENTAL SECTION

2.1. MATERIALS

All chemicals used for both synthesis methods were analytical grade and used
without any purification. Deionized water (resistivity 18 MQ cm) was used to prepare all
solutions. Cobalt sulfate (CoSO4-6H20) and cobalt acetate (Co(CH3CO32)..4H.0) were
purchased from Sigma-Aldrich, hydrazine hydrate (N.H.-H.O, 100%) and tellurium
dioxide (TeO2) were purchased from Acros Organics. Au coated glass slides (Au-glass,
hereafter) were bought from Deposition Research Laboratory Inc. (DRLI), St. Charles,
Missouri. Carbon cloth (CC) substrate and Nafion were purchased from Fuel cells Etc.

Company, college station, Texas, and lon Power respectively.

2.2. CATALYSTS SYNTHESIS

2.2.1. Electrodeposition of Cobalt Tellurides. Cobalt tellurides were
electrodeposited on conducting Au-glass substrates using a conventional three-electrode
system where Ag|AgCl, graphitic rod and Au-glass were used as a reference, counter, and
working electrodes, respectively.

Prior to deposition, the Au-glass substrates were cleaned by ultrasonication for
30 min in a dilute solution of commercial Micro-90 detergent for degreasing. The Au-
glass substrates were then thoroughly washed with deionized water and ultra-sonicated
again in a mixture of isopropanol, ethanol, and deionized water to remove any residual
detergents from the surface. The clean and air-dried Au-glass substrates were masked

with a scotch tape, leaving a circular geometric area of known dimensions (0.08 cm?)
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exposed for electrodeposition. Electrodeposition of cobalt tellurides thin films were
carried out from an electrolytic bath containing 2.5 mM Co(CH3CO2)2.4H20 and 2.5 mM
TeO maintained at 80 °C. Dilute HCI was added to adjust the pH to 2.5. After mixing,
the solution was purged for 30 minutes with N2 gas to remove all dissolved O, from the
electrochemical bath. An IviumStat potentiostat was used and cobalt telluride was
deposited at an applied potential of —0.60 and -0.65 V (vs. Ag|AgCl) for CoTe and
CoTey, respectively. After deposition, the films were thoroughly washed with DI water to
remove any adsorbents from the surface of the film.

2.2.2. Hydrothermal Synthesis of Cobalt Tellurides. In a typical synthesis,
C0S04-6H20 (0.03 M) was dissolved in 10.0 mL of deionized water under magnetic
stirring to form a homogeneous solution. After mixing the solution for 10 min, TeO>
(0.03 M) was added and stirred vigorously for 20 min. Finally, N2Hs-H20 (1.0 mL) was
added to the mixture and stirred continuously for another 10 min. The resulting solution
was transferred to a Teflon-lined stainless-steel autoclave. The autoclave was sealed and
maintained at 145 °C for 24 h, then naturally cooled to room temperature. The black
product formed was centrifuged, washed several times with DI water, and then with a
mixture of ethanol and DI water to remove impurities and unreacted precursors. The
product was dried in a vacuum oven at 60 °C for 24 h. The methods as described above
produced pure phase CoTe. Changing the relative precursor ratio of CoSO4-6H20 and
TeO2to 1:2 yielded CoTez exclusively.

2.2.3. Electrode Preparation. The hydrothermally synthesized cobalt telluride
powders were assembled on electrodes prior to carrying our electrochemical and

electrocatalytic studies. A homogeneous catalyst ink was prepared by adding 5.0 mg of
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catalyst powder in 100.0 pL of Nafion solution (50 mL of 1% Nafion the solution in 50
mL of 50% IPA in water) followed by ultrasonication for 30 min. 10 pL of the catalyst-
Nafion dispersion was drop casted on a carbon cloth electrode inside a confined area
(0.08 cm?). The drop cast film was dried at room temperature followed by heating at 130
°C for 30 min in an oven. The electrodeposited cobalt tellurides directly grown on the

electrodes were used as-prepared for electrochemical measurements.

2.3. CHARACTERIZATION

2.3.1. Powder X-Ray Diffraction (PXRD). The electrodeposited cobalt telluride
films and hydrothermally synthesized products were characterized by powder X-ray
diffraction (pxrd) using a Philips X-Pert X-ray diffractometer (PANalytical, Almelo, The
Netherlands) with CuKa (1.5418 A) radiation. For the electrodeposited film the pxrd
pattern was collected from the as-synthesized cobalt telluride layer on the Au-glass
substrate. The deposited cobalt telluride layer was very thin on the substrate, therefore,
the pxrd pattern was collected at grazing angle incidence in thin film geometry (Gl mode
with Gobel mirrors). The average particle sizes were calculated from the diffraction peak

width using the Scherrer equation, (Eg. 1)

_ Ka
- 3Cos6

@)
where L is the particle or crystalline domain size, A is the X-ray wavelength in nanometer

(0.15418 nm), B is the diffraction peak width at half maxima in radians, and K is a

constant, normally taken as 0.94.
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2.3.2. Scanning Electron Microscopy (SEM). The SEM image of
electrodeposited cobalt tellurideswere obtained using a FEI Helios NanoLab 600
FIB/FESEM at an accelerating voltage of 10 kV and a working distance of 5 mm. Energy
dispersive spectra (EDS) along with line scan analysis were also obtained from the same
SEM.

SEM images of the hydrothermally synthesized cobalt telluride powderswere
obtained using Hitachi Model S-4700 field-emission microscope.

2.3.3. X-Ray Photoelectron Spectroscopy (XPS). XPS measurements of the
cobalt tellurides were carried out using a KRATOS AXIS 165 X-ray photoelectron
spectrometer (Kratos Analytical Limited, Manchester, United Kingdom) using a
monochromatic Al X-ray source. C 1s signal at 284.5 eV was used as a reference to
correct all the XPS binding energies. XPS spectra was collected from the pristine catalyst

surface without sputtering.

2.4. ELECTROCHEMICAL PERFORMANCE

2.4.1. Electrocatalytic Activity. The conventional three-electrode system was
connected to an IviumStat potentiostat to measure the electrocatalytic performances.
Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were carried out to study
the OER catalytic activity and cycling stability. In addition, the catalyst stability was
examined by carrying out constant potential chronoamperometry at 10 mAcm-current
density for an extended period of time in N.-saturated 1.0 M KOH at room temperature.
All the electrochemical measurements were carried out with Au-glass electrodes for the

electrodeposited thin films and drop casted catalyst ink on carbon cloth for
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hydrothermally synthesized catalysts. The catalyst coated electrode was connected as,
working electrode, while graphitic rod and Ag|AgCl (KCI saturated) was used as the
counter electrode reference electrode, respectively. Nernst equation given in Eq-2 was
used to convert the experimentally measured potentials vs Ag|AgCI to the reversible
hydrogen electrode (RHE). The standard potential of Ag|AgCl at 25 °C was measured to
be 0.197 V. All the potentials reported in this article have been iR corrected.

Erne = Eagagel + 0.059pH + E° agiaga )
2.4.2. Tafel Plot. The Tafel slope, an important parameter to explain the
electrokinetic activity of these thin film catalysts for OER and HER processes, was
estimated from Tafel slopes. Tafel equation, is given as the dependence of overpotential n

on the current density j as shown in Eg-3:

_ _ 23RT .
n=a+-—-log] (3)

where a is the transfer coefficient, n is the number of electrons involved in the reaction,
and F is the Faraday constant. The Tafel slope is given by 2.3RT/anF. The Tafel plots in
this work were calculated from the reverse scan of CV collected at a scan rate of 2 mV
s ' in a non-stirred No-saturated 1.0 M KOH solution.

2.4.3. Faradaic Efficiency. The Faradaic efficiency was measured by quantifying
the amount of production evolved oxygen gas by electrocatalyst was measured using a
rotating ring-disk electrode (RRDE) apparatus which was connected to the IviumsStat in
bi-potentiostat mode. The Combined ORR-OER experiment was designed to confirm the
evolved gas which is oxygen and quantify the amount of oxygen gas production.®®* RRDE

composed of glassy carbon (GC) disk (0.196 cm?) and pt ring (0.1 cm?) electrodes. OER
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occurred in the catalyst (CoTe/CoTe>) coated glassy carbon disk electrode while ORR
occurred in the Pt ring maintained at a constant potential for O, reduction. The Pt ring and
GC disk electrodes were carefully polished with an alumina slurry (0.05 mm) and washed
with DI water, sonicated for 5 min, and cleaned by an electrochemical method in N.-
saturated 0.5 M H2SO4 at 1600 rpm. Cobalt telluride catalysts were drop casted on a
glassy carbon disk electrode. The potential of the disk electrode was scanned over a
certain potential range to facilitate OER, while the Pt ring electrode was held at -0.16 V
vs RHE appropriate for reducing oxygen being produced in the disk electrode. The
Faradaic efficiency was calculated using Eq-4.

Faradaic efficiency = 2ir /ig N (4)
where ir and ig are the measured ring and disk currents, respectively, and N is the
collection efficiency, estimated to be 0.17 in this work.

The Faradaic efficiency was also checked employing a water displacement method
wherein, the evolved gases from each electrode are collected at the constant potential for
a certain length of time (typically 1h) and quantified by the volume of water displaced.
Faradaic efficiency of OER and HER catalyst is then calculated as the ratio of the
experimental yield of O, and H2 evolved during the catalytic experiments and theoretical
yield of O.and H.estimated from catalyst loading and applying Faraday law.

2.4.4. Electrochemical Active Surface Area. The electrochemically active
surface area (ECSA) of the catalyst was estimated by measuring electrochemical double-
layer capacitance (C..) at different scan rates in the non-Faradaic region. It was assumed
that the current obtained in the non-Faradaic region is caused by double-layer charging

instead of electrochemical reactions or charge transfer. The double-layer current (i..) was
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obtained by performing cyclic voltammograms (CVs) with various scan rates in a non-
stirred N.saturated 1.0 M KOH solution. The ratio of double-layer current (i..) and the
scan rate (v) of CV yielded specific electrochemical double-layer capacitance (C..) as
described in Eg-5. The C..was calculated by averaging the absolute values of cathodic

and anodic slopes.

iDL = CDL x v (5)
ECSA=CDL/CS (6)
RF = ECSA/SA )

The ECSA of the catalyst was calculated using Eq-6 where Cs is the specific
capacitance and reported to be between 0.022 and 0.130 mF cm in alkaline solution.® In
this study, we assumed the value of Cs to be 0.040 mFcm™ based on previously reported
OER catalysts in alkaline medium.® Roughness factor (RF) is another important
parameter that defines catalyst surface roughness and can influence observed catalytic
properties. RF was estimated from the ratio of ECSA and the geometric electrode area of
0.08 cm?.

2.4.5. Turnover Frequency. Turnover frequency (TOF) is another critical
parameter that can be calculated to illustrate the efficiency of these electrocatalysts. TOF
quantifies the specific activity of a catalytically active center for the OER reaction under
defined reaction conditions by the number of catalytic cycles occurring at the catalytic
site per unit time.

TOF=I1/4Fm (8)
where | is the current in amperes, F is the Faraday constant and m is the number of moles

of the active catalyst.
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2.4.6. Oxygen Reduction Reaction Measurements. All electrochemical
measurements for ORR were performed using a CHI electrochemical workstation (model
760 b) in a standard three-electrode cell at room temperature. A 5.61 mm diameter glassy
carbon rotating disc with Pt ring electrode in RRDE set-up was used as the working
electrode in a 0.1 M NaOH solution to determine the electrocatalytic activity for ORR. A
graphite rod was used as a counter electrode along with an Ag/AgCl in saturated KCl as a
reference electrode. All potentials initially measured vs the Ag/AgCl electrode were
converted to RHE by adding 0.950 V (the potential of Ag/AgCl electrode measured
against RHE in 0.1 M NaOH solution). Catalyst inks were prepared by ultrasonically
mixing 2.5 mg of catalyst samples with 2.5 mg carbon (BP 2000), 500 ul of isopropyl
alcohol and 20 pl of 5% Nafion suspension in alcohol (Solution Technology Inc).
Catalyst inks were drop casted on the glassy carbon disc of the RRDE (0.6 mg/cm?
loading) and air-dried at room temperature prior to the measurement of ORR activity.
Cyclic voltammetry (CV) was carried out in Oz or N2 saturated 0.1 M NaOH at 20 mV/s
scan rate. The CV data was recorded after a run of 20 cycles. In RRDE tests, ORR
polarization curves were recorded using linear sweep voltammetry in oxygen saturated
0.1 M NaOH solution with a scan rate of 5 mV/s. The disc rotation rates ranged from 400
to 1600 rpm for evaluating the number of electrons transferred (n) according to the
Koutecky-Levich equation.®* The potential of the Pt ring of the RRDE was set at 1.2 V vs
RHE to estimate the percentage of peroxide formed on the disc electrode. The peroxide
content (% H20>) and the number of electrons transferred per oxygen molecule (n) were

calculated from the standard relationships (Eqgs. 9 and 10):

iR/N
iD+iR/ N

% (H202) = 200 x (9)
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n=4 xRN _ (10)

iD+iR/ N
where, ir is the ring current, ip is the disc current and N is the collection efficiency (0.37).

Chronoamperometric measurements were used to determine the stability of the catalyst.

3. RESULTS & DISCUSSION

3.1. STRUCTURE AND MORPHOLOGY

Pxrd patterns of the as-synthesized products were used to confirm phase purity
and crystallinity of the samples. Figure 1 shows the pxrd patterns of hydrothermally
synthesized cobalt tellurides. It was observed that hydrothermal synthesis yielded pure
CoTe or CoTez depending on the relative ratio of CoSOa4: TeO-in the reaction mixture as
has been described in the methods section. The pxrd patterns of the samples matched
very well with the standard patterns of CoTe and CoTe, PDF# 00-034-0420 and 01-074-
0245, respectively as shown in Figure 1 CoTe crystallizes in the hexagonal P63/mmc
space group. The lattice structure is composed of Co(1) in octahedral coordination with
Te(1) atoms. The octahedral are face-shared, edge-shared, and corner-shared to form the
3-dimensional lattice. The short Co(1) — Co(1) the distance of 2.65 A also indicates
significant metal-metal bonding. All Co (1)-Te (1) bond lengths are found to be
equivalent (2.62 A). Te (1) on the other hand shows trigonal prismatic coordination with
6 Co(1) atoms as shown in the inset of Figure 1a.

CoTe lattice structure is a mineral analog of Marcasite and crystallizes in the
orthorhombic Pnnm space group. Co (1) shows octahedral coordination with six

equivalent Te (1) atoms and the resulting CoTe6 octahedra shows corner- and edge-
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Figure 1. X-Ray diffraction patterns. (a) CoTe and (b) CoTez. Insets show crystal
polyhedra of the CoTe and CoTe> respectively.
sharing with neighboring polyhedral. Interestingly, it shows a corner-sharing octahedral
tilt angle of 56°. All Co (1)-Te (1) bond lengths are 2.59 A. Te (1), on the other hand,
shows a trigonal planar geometry and is bonded to three equivalent Co (1). These trigonal
planar units are also connected to the neighboring units through corner and edge-sharing
as shown in the inset of Figure 1b.
The pxrd diffraction peaks showed some broadening indicating nanostructuring

and the presence of reduced grain/domain size in the sample. The average particle size
calculated using the Scherrer equation was approximately 7.5. nm for CoTe and 22 nm

for CoTe, indicating that these are indeed nanostructured catalysts.®® It must be
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mentioned here that from pxrd studies it was apparent that there is no preferred direction
of growth for these hydrothermally synthesized cobalt tellurides.

Morphology of the as-synthesized materials was studied through SEM. Figure 2
(a—d) shows the SEM images of electrodeposited and hydrothermally synthesized CoTe
phases and CoTe, phases respectively. Electrodeposited CoTe shows fluffy nanoball-like
morphology with smooth edges and an average size of about 100 nm size.
Electrodeposited CoTe2 on the other hand, shows fluffy nanostructures with rough edges
with average sizes less than 100 nm. Hydrothermally synthesized CoTe shows short
nanorods with an average length of about 400nm while CoTezshows irregular
nanostructures with an average size of about 100 nm size. Interestingly both
electrodeposition and hydrothermal synthesis yielded cobalt telluride nanostructures with
varying morphology. Nanostructuring is expected to enhance the electrocatalytic
performance significantly by increasing exposure of the catalytically active site to the
electrolyte. The nanostructures obtained adapted by these cobalt tellurides have high
aspect ratio as well as surface area which can have a significant effect on the observed
electrocatalytic activity. The catalyst composition was also confirmed through EDS
elemental analysis.

Table S1 lists the elemental ratios of electrodeposited and hydrothermally
synthesized CoTe and CoTe2 compounds. For hydrothermally synthesized CoTe average
atomic ratio for Co: Te was obtained as 53:47 which is closer to the theoretical ratio of
1:1. Similarly, hydrothermally synthesized CoTezshowed an average atomic ratio for
Co:Te as 35:65 confirming the composition to be CoTez. Similarly, electrodeposited

CoTe and CoTe2 showed relative atomic ratio of Co:Te as 54:46 and 68:32, respectively
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confirming the respective compositions. Figure S1 shows the electrodeposited CoTe and
CoTe, EDS spectra along with the line scan for Co and Te. From the elemental line
scans it is apparent that Co and Te are distributed uniformly over the catalyst
composition. The Au and Si lines originated from the Au-coated glass substrates. These
further confirmed composition of the electrodeposited samples as CoTe and CoTex.
Figure S2 shows similar EDS spectra and line scan analysis for hydrothermally
synthesized CoTe and CoTez confirming the uniform distribution of Co and Te

throughout the sample and their respective compositions.

Figure 2. Scanning Electron Microscopy images. (a) electrodeposited CoTe and (b)
CoTez hydrothermally synthesized (c) CoTe and (d) CoTez.
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The surface composition of the catalyst was also confirmed through XPS studies.
Figure 3 shows the XPS spectra of hydrothermally synthesized CoTe (a-b) and CoTe (c-
d) powders. Survey spectra showed that only Co and Te were present in the sample

without any other impurities (Figure S-3).

(a) Co2p
2p 1/2

2p 3, Satellite

770 780 790 800 810 570 577 584 591
Binding Energy / eV Binding Energy / eV

(c) 2p,, Co2p (d) Te 3d

2p 5, Satellite 3ds, 3d

Surface
TeO,

770 780 790 800 810570 577 584 591
Binding Energy / eV Binding Energy [ eV

Figure 3. X-Ray photoelectron spectroscopy. CoTe (a) Co 2p and (b) Te 3d; CoTe2 (c)
Co 2p and (d) Te 3d.

Figure 3(a & ¢) and (b & d) shows the Co 2p and Te 3d spectra respectively. Co
2p spectra have two peaks at 780.0 eV and 795.5 eV corresponding to 2pa. and 2p1/2
which is similar to the literature values for Co?*.%88 The satellite peaks are observed at
786.6 eV and 803.0 eV which corresponds well with the published literature.588 The Te

XPS shows peaks at 576.3 and 586.6 eV which corresponds to the presence of TeO,
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which may form through subtle surface oxidation at the Te site. The Te spectra also show
the presence of metallic Te at 572.8 eV and 583.3eV (Figure 3b).%8 Figure 3d illustrates
the Te 3d spectra of CoTe; consisting of two peaks at 575.9 eV and 586.1 eV also
relevant to TeO2.% The O1s spectra of both CoTe and CoTe, shown in Figure S3 reveal
the presence of trace amounts of absorbed surface-oxygen at 530. 3eV and 532.4 eV

respectively.5®

3.2. ELECTROCHEMICAL CHARACTERIZATION

The electrochemical active surface area of electrodeposited and hydrothermally
synthesized CoTe and CoTe> were investigated using the cyclic voltammetry (CV) plots
scanned in the range from 0.05 V to 0.25 V vs Ag/AgCl with scan rates between 2.5
mV.s to 200 mV.s* in N, saturated 1 M KOH solution (Figure 4 a-d). The anodic and
cathodic currents were measured at 0.168 V vs Ag/AgCl and Figure 4e - h shows the
anodic and cathodic current plotted as a function of scan rates.

ECSA was calculated using the double layer capacitance of the catalysts and the
specific capacitance as described in the methods section. All the calculated ECSA values
have been tabulated in Table 1. Higher ECSA value typically signifies larger
electrochemically active surface area which provides better catalytic performance for
OER. Larger ECSA also results in enhanced surface roughness (exemplified by RF)
which can be considered as another parameter affecting the observed catalytic activity.

Comparison of the four cobalt telluride based electrocatalysts included in this study
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Figure 4. Cyclic voltammograms. Measured at different scan rates (a) Ed- CoTe, (b) Ed-
CoTey, (c) Hy- CoTe, (d) Hy- CoTe:; Plots of anodic and cathodic currents measured as
a function of different scan as a function of scan rates for (e) Ed- CoTe (f) Ed- CoTe>
,(g) Hy- CoTe, (h) Hy- CoTez.
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shows that electrodeposited catalysts had higher ECSA and RF which also corresponds
with the nanostructured morphology observed in SEM. Among the different phases of
cobalt telluride, CoTe shows higher ECSA and RF values for both hydrothermally
synthesized and electrodeposited samples. This might be one of the reasons why CoTe
was observed to have better electrocatalytic activity compared to CoTex.

The OER electrocatalytic activity of these cobalt telluride phases were studied
through LSV measurements (shown in Figure 5a) as described in the methods section.
Comparison of OER electrochemical activities of electrodeposited and hydrothermally
synthesized CoTe and CoTe; electrocatalysts is also shown in Table 1. Among all four
electrocatalysts, Ed-CoTe shows the best catalytic activity having lowest overpotential of
200 mV at 10 mA cm, and highest current density exceeding 150 mA.cm at 300 mV.
Comparison of the hydrothermally synthesized electrocatalysts showed that CoTe has
lower overpotential at 10 mA.cm and higher current density than CoTez as shown in
Figure 6a. The OER onset potential can be considered as an intrinsic property of the
electrocatalysts and both CoTe and CoTe, were observed to have low onset potential for
OER. Interestingly CoTe exhibited significantly improved OER catalytic activity
compared to CoTe> illustrating the influence of lattice structure, stoichiometry, and
crystal packing on the observed electrocatalytic properties which has been discussed in
more detail in later sections.

Tafel slope is an important catalytic parameter in electrochemical performances
and it provides the reaction kinetics of the electrocatalytic reaction. Lower Tafel slopes of

the catalysts typically signify faster OER kinetics. Tafel slopes were measured in a steady
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state of the LSVs in a non-stirred electrolyte solution at a lower scan rate of 2 mVs™. The
Tafel values of electrodeposited cobalt tellurides and the hydrothermally synthesized
cobalt tellurides are shown in Figure 5b and Figure 6b respectively. Electrodeposited
catalysts have lower Tafel slopes than the hydrothermally synthesized catalysts. The
electrodeposited catalysts have direct contact with the substrate, and it is binder free
catalysts and as a result, they are expected to have facile charge transfer within the
catalyst composite and at the electrode-electrolyte interface leading to lower Tafel slope
and improved OER activity. The hydrothermally synthesized samples, on the other hand,
were assembled with the help of Nafion that being a non-active component results in

large contact resistance and a hindrance to charge flow.

Table 1. Comparison of electrocatalytic parameters.

OER Hy-CoTe | Ed-CoTe | Hy- CoTe; | Ed-CoTe; | Ed-Ru0O;
Onset potential / V 1.44 1.44 1.48 1.43 1.51
N @ 10mA cm™ / mV 270 200 320 240 370
Tafel slope / mV dec’ 67.7 43.8 111.8 448 114.4
Current density @ 300 17.01 116.67 921 65.73 1.63
mV/ mA
ECSA /cm? 221 368 175 277 -
RF 2800 4600 2216 3647 -
TOF @ 300 mV /s 0.0013 0.0024 0.0011 0.0022 -
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Both CoTe and CoTe> electrocatalysts irrespective of the synthesis conditions
showed better OER activity than electrodeposited RuO2 which has been traditionally
known as a state-of-the-art catalyst for OER in alkaline medium. Better electrocatalytic
activity of electrodeposited catalysts compared to hydrothermally synthesized catalysts
can be attributed to the effect of direct growth on the electrodes which reduces contact
resistance as well as the absence of any binder or other additives that restrict exposure of

the catalyst site to the electrolyte.

3.3. CATALYTIC STABILITY

Functional stability of these electrocatalysts in the electrolyte was measured by
subjecting them to constant oxygen evolution reaction conditions for an extended period
of time in the 1M KOH solution. The chronoamperometric experiments were performed
for 24h in the alkaline medium at a constant applied potential of 1.43 VV and 1.44 VV
respectively for electrodeposited CoTe and CoTe: as shown in Figure 5¢. The evolution
of large amounts of oxygen bubbles from the catalyst surface was observed during the
extended period of time. Due to this large amount of gas evolution, it was also observed
that the bubbles sometimes stuck to the catalyst surface and needed to be tapped off
periodically. As a result, the current response shows some fluctuation during the time
period as seen in Figure 5c. Stirring the electrolyte solution did not help much in therapid
removal of generated oxygen bubbles from the catalyst surface. The electrodeposited
CoTe and CoTe> electrocatalysts showed outstanding catalytic stability of the OER for
24h in an alkaline medium. The current density with the extended time period did not

show any degradation which confirmed the prolonged stability of these catalysts
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Figure 5. Catalytic stability of electrodeposited cobalt telluride catalysts. CoTe and CoTez
(a) LSVs measured in N, saturated 1 M KOH at a scan rate of 10 mV s; (b) Tafel plots
of both catalysts compared with RuO2; (c) Chronoamperometry for extended time
periods; The insets are the comparison of electrodeposited cobalt tellurides before and
after of chronoamperometry (d) CoTe and (e) CoTez respectively.
under conditions of continuous oER in an alkaline medium. Also, the LSV plots of CoTe

and CoTe> before and after the chronoamperometry experiments were almost

superimposable and showed almost no change as illustrated by Figure 5d and 5 e,

respectively, indicating no change in catalyst performance for over 24 h.
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Figure 6. Catalytic stability of hydrothermally synthesized cobalt telluride catalysts. CoTe
and CoTe, (a) LSVs measured in N saturated 1 M KOH at a scan rate of 10 mV s%; (b)
Tafel plots of both catalysts compared with RuO2; (c) Chronoamperometry for extended

time periods; The insets are the comparison of Hydrothermally synthesized cobalt
tellurides before and after of chronoamperometry (d) CoTe and (e) CoTez respectively.

Similarly, chronoamperometry measurements for 24 h of hydrothermally
synthesized CoTe and CoTe> catalysts and the comparison of LSV plots before and after

chronoamperometry are shown in Figure 6c¢, 6d, and 6e, respectively. The current
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density of both hydrothermally synthesized catalysts of CoTe and CoTe2 showed slightly
higher current density after the 24 h time period. This can be explained by the common
observation that with aging and continuous oxygen evolution, the Nafion film becomes a
little bit more permeable leading to more exposure of the catalytic sites to the electrolyte
and thereby increasing the observed electrocatalytic activity. The LSV comparison also
showed improvement in catalyst performance for both CoTe and CoTe2 with time. For
hydrothermally synthesized samples, this seemed really promising that there was not only
the catalyst stable for a prolonged period in an alkaline medium, but also the catalyst
performance improved with time. The Faradaic efficiency of the CoTe and CoTez
catalysts for OER activity was measured by the water displacement method. Both CoTe
and CoTe: catalysts exhibited 100% Faradaic efficiency as shown in Figure S4.

The composition of the electrocatalysts after OER stability studies were
investigated through XPS analyses. XPS spectra confirmed that the elemental
composition of the electrocatalyst was retained after extended periods of catalytic activity
as shown in Figure S 5-8. The comparison of Co 2p and Te 3d spectra, before and after
chronoamperometry of CoTe has been shown in Figure S5 (a - d) while for CoTe it is
given in Figure S5 (e - h), respectively. Figure S6 shows the comparison of O1s spectra
for before and after chronoamperometry for both CoTe and CoTe,. Remarkably, the XPS
peaks before and after catalytic activity did not show any shift of peak positions for Co
2p and Te 3d as shown in Figure S7. Also, the O 1s peaks positions did not show any

shift after the 24 h chronoamperometry study (Figure S 8).
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3.4. COMPARISON OF HYDROXYL ADSORPTION ENERGY BY DFT
CALCULATIONS

The CoTe, CoTez, and Co304 (001) surfaces were studied by first-principles
density functional theory (DFT) calculations by using the projector augmented wave
(PAW) method=as implemented in Vienna Ab-initio Simulation Package (VASP)® to
investigate the favorable adsorption energy of OH ions on these catalyst surfaces.
Generalized gradient approximation (GGA)® using Perdew—Burke Ernzerhof (PBE)®°
functional and ultra soft potentials were used to treat exchange-correlation interactions.
An energy cutoff limit of 500 eV was employed with 107> eV convergence criteria during
electronic minimization steps and all the ions were iteratively relaxed by conjugate
gradient algorithm and the atomic forces of all systems were minimized to less than 0.01
eV without any symmetry constraints. A Methfessel-Paxton smearing with o= 0.05 ¢V to
the orbital occupation is employed during structure relaxation, whilst a tetrahedron
method with Bléchl corrections was used during the accurate electronic structure
calculations. Gamma-centered Mokhorst-Pack=generated sets of K-points were used for
sampling the Brillouin zone and K-point meshes of 11x11x11, 6x6x1, and 8x8x3 were
used for self-consistent field (SCF) convergence of CoTe, CoTez, and C0304
respectively. For each species, the free surfaces of slab models were simulated with
2x2x2, 2x2x2, and 1x1x1 unit cells along with a large vacuum gap of 15 A along z-
direction to avoid interaction between periodic layers and also dipole corrections were
applied normal to the surface.

To perform the calculation of -OH-adsorption energy, first the surfaces were
relaxed to obtain the energy of the clean surfaces, Eciean, and then OH"ions were placed

on top of the active metal site at a distance of 1.80 A, which is very close to the
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equilibrium distance of OH- on transition metal sites,”®and the system was relaxed to
calculate, Esys., the total formation the energy of the system. The relaxed surfaces after the
OH- attachment on (001) the surface is shown in Figure 7. The adsorption energy of OH"
ions, Eag, Was calculated as Eag= Esys— Eciean- Eon, in Which Eonis the energy of free OH".
As observed in previous studies’®, the active catalyst site was slightly moved upward on

the surface after binding to the more electronegative OH-ions.

Figure 7. The relaxed crystal structures. (a) CoTe (b) CoTe2 and (c) CosO4 crystal
structures after adsorption of OH™ on active Co sites on (001) free surfaces.

The OH-adsorption energy on (001) surface was found to be -2.49 eV, -2.04 eV,
and -1.61 eV for CoTe, CoTe2 and Coz04 respectively as indicated in Figure 8. Higher -
OH adsorption energy for CoTe surface indicates more preferential OH attachment on the
surface. Since -OH attachment on the surface represents the initiation of OER and can be
considered as a catalyst activation step, it can explain the improved catalytic performance
of CoTe compared to CoTe». Interestingly, both CoTe and CoTezshowed improved -OH

adsorption energetics than CozOsindicating the better electrocatalytic performance of the
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tellurides compared to oxide, which further confirms that decreasing anionic
electronegativity leads to better OER activity. The calculated partial density of states
(PDOS) of CoTe and CoTe; are given in Figure S9 and S10 in the supporting

information.
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Figure 8. Calculated adsorption energy of OH- ions on CoTe, CoTe; and CO304. The
negative value indicates the highest adsorption energy on (001) surfaces.

3.5. HER CATALYSIS
Electrodeposited CoTe and CoTe, have been also studied for HER catalytic
activity in 1M KOH alkaline solution using the three-electrode system. These

polarization curves were measured under cathodic scan in N2 saturated 1 M KOH
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solution with a scan rate of 10 mVs™. CoTe and CoTe, catalysts were electrodeposited on
Au-glass HER activity was compared with electrodeposited Pt catalysts. Both catalysts
were active for HER catalytic activity as shown in Figure 9. Comparatively, CoTe
catalysts exhibited lower overpotential of 283 mV at 10 mA.cm than CoTe.
Nevertheless, CoTe, showed higher current density in HER performances than CoTe.
The Tafel slopes were calculated using equation (3) and has been shown in Figures 9 (e-
g) s for CoTe, CoTey, and Pt. HER catalytic parameters have been listed in Table S2. The
catalytic stability studies were monitored through chronoamperometry measurements in
1M KOH at a constant potential of - 0.283 V for CoTe and -0.350 V for CoTez vs. RHE
as shown in Figure 9d. In the chronoamperometry plot, CoTe and CoTe; catalysts on Au-
glass showed high stability for continuous Hz generation for 24h time period. There was
no catalytic degradation after an extended period of time. In Figure 9 (b) and (c)
illustrated the comparison of LSVs of before and after chronoamperometry test. The
LSVs also do not show any degradation and catalytic loss after the 24 h continuous H;
gas generation. The faradaic efficiency of the CoTe and CoTe; catalysts for HER activity
was measured by the water displacement method. Both CoTe and CoTe catalysts
showed 100% faradaic efficiency as shown in Figure S11. The hydrothermally
synthesized CoTe and CoTe> were also studied for HER catalytic activity in 1M KOH
alkaline solution. The LSV polarization curves measured under cathodic scan in N>
saturated 1M KOH solution at a scan rate of 10 mVs showed promising HER catalytic
activity as shown in Figure 10. Comparatively, CoTe catalysts exhibited lower onset
potential at -0.195 V and a lower overpotential of 290 mV at 10 mAcm with higher

current density of about 80 mAcm™.
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Figure 9. The comparison of HER polarization curves of electrodeposited catalysts. (a)
CoTe, CoTey, and Pt. The comparison of before and after chronoamperometry LSVs of
the (b) CoTe and (c) CoTe: catalysts in 1M KOH alkaline solution. (d) Stability study of
the CoTe and CoTe catalysts for 24 h. Tafel plots of (e) CoTe, (f) CoTe», and (g) Pt.

The LSV plots illustrated that the CoTe catalyst showed better catalytic activity

toward the HER than CoTe». Catalytic performance of CoTe, as a HER catalysts shows -

0.250 V onset potential and overpotential of 350 mV at 10 mAcm™. The Tafel slopes

were calculated using the equation (3) and have been plotted in Figure 10b. CoTe showed

a lower Tafel slope indicating facile charge transfer within the catalyst composite

compared to CoTez. All HER catalytic parameters have been listed in Table S2 in the

supplementary document. The catalytic stability studies were monitored through
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Figure 10. The comparison of HER polarization curves for hydrothermally synthesized
cobalt telluride catalysts. (a) CoTe, CoTez, and Pt. (b) Tafel plots of CoTe, CoTey, and Pt.
(c) Stability study of the CoTe and CoTe; catalysts for 16 h. The comparison of before
and after chronoamperometry LSVs of the (d) CoTe and (e) CoTe; catalysts in 1M KOH
alkaline solution.
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Figure 11. The comparison of water splitting cell voltage for cobalt tellurides.

chronoamperometry measurements in 1M KOH at a constant potential of -0.290 V for
CoTe and -0.378 V for CoTez vs. RHE and has been plotted in Figure 10c. In the
chronoamperometry plot, CoTe and CoTe; catalysts on Au-glass showed extended
stability for continuous Hz generation for a prolonged time period. There was no catalytic
degradation after an extended period of time. In Figure 10 (d) and (e) shows the
comparison of LSVs before and after the chronoamperometry test which confirmed that
there was no catalyst degradation after 16 h of continuous H> gas generation. Both CoTe
and CoTe> catalysts showed 100% Faradaic efficiency as shown in Figure S.11 in the
supporting document. Since these cobalt tellurides were active for both OER and HER,
full water electrolysis was studied by using cobalt tellurides as both anodic and cathodic

catalysts in their electrode system. The comparison of CoTe and CoTe.for full water
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electrolysis has been shown in Figure 11. Calculated cell voltages at 10 mA.cm™ revealed
that CoTe had a smaller water-splitting voltage of 1.71 V. The electrolysis energy
efficiency of the electrodeposited CoTe was estimated to be 86.64 % and was highest
among all four catalysts. The calculated data of cell voltage and the electrolysis energy

efficiency were tabulated in Table S 3.

3.6. ORR CATALYSIS

CoTe and CoTe> also was tested as electrocatalyst for ORR in alkaline medium
using O saturated and N saturated 0.1M NaOH using cyclic voltammetry (CV) and
linear sweep voltammetry (LSV) using RRDE as shown in Figure 12. Figure 12(a) shows
a typical CV of CoTe and CoTe: catalysts which showed a prominent cathodic ORR peak
in O saturated 0.1M NaOH. This can be assumed due to the electrocatalytic reduction of
02 since no such peak was observed in the N saturated electrolyte. Additionally, LSV
analysis from RRDE measurements were performed in O saturated 0.1M NaOH to
evaluate the ORR activity as shown in Figure 12(b) and (c) for CoTe and CoTe; catalysts,
respectively. As the rotation speed was increased the corresponding cathodic current
density also was increased linearly. This is the result of decreasing the diffusion layer
thickness at higher rotation rates which in turn facilitates the diffusion of O, from the
bulk electrolyte to the catalyst surface for electroreduction resulting in an increase of the
cathodic current. The calculated half-wave potentials (E1/2) of CoTe and CoTe, were
found to be 0.66 V and 0.74 V respectively. The insets of Figure (b) and (c) shows the
relevant Koutecky-Levich plots at different potentials and shows good linearity in the

given potential range.
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Figure 12. Evaluation of CoTe and CoTe> as oxygen reduction catalysts. (a) CV curves
of CoTe and CoTez on glassy carbon disc electrode in O saturated (solid line) or N2
saturated (dash line) 0.1M NaOH at 1600 rpm and 20 mV/s scan rate. (b) linear sweep
voltammograms of CoTe and (c) CoTez in O saturated 0.1M NaOH with a scan rate of 5
mV/s at different rotation rates. The insets in (b) and (c) shows corresponding Koutecky-
Levich plots at different potentials. (d) H20: yield and electron count of CoTe and CoTe:
at disc rotation rate of 1600 rpm and scan rate of 5mV/s in O saturated 0.1M NaOH.

The estimated value of n at a typical potential of 0.65 V for CoTe is 3.6 and 3.9
for CoTez suggests that the oxygen reduction process follows 4 electron pathways.
However, the decrease of this value at low potentials for CoTe suggests that the two-
electron process gradually increases as also evident from the increase of HO: yield
shown in Figure 12(d). For CoTe; this effect is not as evident as for CoTe. Lastly, we
studied the stability of the two catalysts under continuous ORR conditions for 10 hours

and found that CoTe retains 86% of initial activity while CoTe; retains 88% of initial

activity as shown in Figure S12.
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4. CONCLUSION

In this study we have successfully synthesized cobalt tellurides catalysts of CoTe
and CoTezfrom two different methods of electrodeposition and hydrothermal synthesis.
Also, we have studied both catalysts of CoTe and CoTe; as trifunctional electrocatalysts
for OER, HER and ORR activity in alkaline medium for the first time. This nano
morphology of cobalt telluride catalysts exhibit outstanding catalytic performances with
greater stability as trifunctional catalysts in 1M KOH alkaline medium. The low onset
potentials and over potentials at 10 mAcm and higher current densities have confirmed
that catalysts are efficient catalysts for water splitting reactions. The catalytic activity is
an intrinsic property of the cobalt telluride catalysts that has been already confirmed by
two synthesis methods of electrodeposition and hydrothermal synthesis catalysts. Also,
the OER and HER catalytic performance were compared with the other reported cobalt
telluride catalysts (Table S 4 and S 5). The ORR activity of cobalt telluride
electrocatalysts are comparably better than the other cobalt chalcogenide based
electrocatalysts. This inexpensive and highly reproducible electrocatalysts works as

highly efficient trifunctional electrocatalysts for numerous energy related applications.
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SUPPLEMENTARY INFORMATION

Table S1. EDS elemental ratios of electrodeposited and hydrothermally synthesized
cobalt tellurides.

Electrodeposited Hydrothermally synthesized
Elements
CoTe CoTe2 CoTe CoTez
TelL 54.26 67.78 53.14 65.42
CoK 45.74 32.22 46.86 34.58
Total 100.00 100.00 100.00 100.00
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Figure S1. SEM images of electrodeposited (a) CoTe, (b) CoTe2; EDS spectra of ()
CoTe, (d) CoTey; EDS line scan image of (e) CoTe, (g) CoTez; EDS line scan
elemental ratios spectra of (f) CoTe, (h) CoTeo.
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Figure S2. SEM images of hydrothermally synthesized (a) CoTe, (e) CoTez; EDS
elemental mapping of (b) Co and (c) Te in CoTe and (f) Co and (g) Te in CoTe>

respectively; EDS spectra of (d) CoTe, (h) CoTeo.
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Figure S3. X-ray photoelectron spectroscopy of powdered catalysts of CoTe (a) survey
(b) O 1s; CoTez (c) survey (d) O 1s
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Figure S5. X-ray photoelectron spectra of prepared electrodes of CoTe before
chronoamperometry (a) Co 2p (c) Te 3d after chronoamperometry (b) Co 2p (d) Te 3d;
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Figure S6. X-ray photoelectron spectra of O 1s prepared electrodes of CoTe (a) before
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chronoamperometry (d) after chronoamperometry.
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Figure S7. The comparison of O 1s X-ray photoelectron spectra of before and after
chronoamperometry for (a) CoTe; (b) CoTex.
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Figure S8. The comparison of X-ray photoelectron spectra of before and after
chronoamperometry for CoTe (a) Co 2p, (b) Te 3d; CoTez (c) Co 2p, (d) Te 3d.
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Table S2. Comparison of electrocatalytic parameters for the OER.

CoTe-Ed | CoTezx-Ed | CoTe-Hy | CoTez-Hy Pt
Onset Potentail / V -0.195 -0.175 -0.207 -0.250 0.000
nto 10mA cm?/ mV 290 350 290 378 52
Tafel slope / mV dec 72.8 90.5 57.2 96.5 38.5
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Figure S11. The comparisons of experimentally obtained volumes of hydrogen with the
theoretically calculated amounts: electrodeposited (a) CoTe, (b) CoTe; hydrothermally
synthesized (c) CoTe, (d) CoTex.
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Table S3. The comparison of energy efficiency of catalysts.

Water
OER (V)2 at HER (V)2 at splitting cell Energy
Catalysts at 10 mA cm2 | at 10 mA cm? voltage at efficiency (%0)°

at 10 mA cm2

Ed- CoTe 1.43 0.28 1.71 86.54

Ed- CoTez 1.47 0.35 1.82 81.31

Hy- CoTe 1.50 0.27 1.77 83.61

Hy- CoTe> 1.54 0.38 1.92 77.08

2 All voltages are vs RHE.
b Energy efficiency of water electrolysis = (1.48 V/Ecell) x100.
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Figure S12. Stability of the (a) CoTe and (b) CoTe electrocatalysts (0.6mg/cm? loading)
under continuous ORR conditions in O saturated 0.1M NaOH solution at 400rpm on
RRDE.



Table S4. The comparison of OER activity of reported cobalt telluride catalysts.

Onset n@ 10mA Tafel Loading
OER Catalysts Electrolytes potential | cm?(@V vs slope (ng cm?) | Reference
v RHE) mV dec ™
1-D- CoTe-200°C | 1M KOH/5SmVS! 1.51 370 - 0.7 1
CoTe; 0.1m KOII 1.53% 357 32 0.25 2
CoTe 1.51% 365 73 0.25
CoTe; NA/TM 1.0 M KOH 1.50% 3400 67 1.45 3
CoTe 1.0 M KOH/5SmVS! 1.56 370 - - 4
CoTey/ CoOx 1.0 M KOH/10 mVS! 1.45% 380 58 0.28 5
CoTe)@NCNTFs 1.0 M KOH 1.56 330 98.6 0.285 6
CoTe; / CNT 1.0 M KOH 1.50% 291 442 - 7
CoTe-200°C 1.0 M KOH 1.52% 370 - 0.7 8
CoTe2@NCNTFs | 1.0 M KOH 1.53% 330 82.8 0.285 9
Ed- CoTe 1.0 M KOH/10 mVS-! 1.44 200 438 6.25 This
Hy- CoTe 1.0 M KOH/10 mVS 1.44 270 67.7 work
Ed- CoTe; 1.0 M KOH/10 mVS§+* 1.48 240 44.8
Hy- CoTe; 1.0 M KOH/10 mVS! 1.43 320 111.8

* Calculated from references; *@ 20 mA cm?; °@ 50 mA em?; °@ 100 mA cm?,
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Table S5. The comparison of HER activity of reported cobalt telluride catalysts.
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HER Catalysts Electrolytes Onset n@ 10 mA Tafel Loading | Reference
potential cem™ (mV vs slope (mg em?)
v RHE) mV
decl
1-D- CoTe °C 1M KOH -0.22% -450* - - 1
/SmVst
CoTe NSs/CoTe2 NTs | 0.5 M H2504 -0.16* -172 571 4.85 2
CoTe NTs /SmVst -0.24* -284 58.7 -
CoTe2 NDs/CoTe2 -0.27* -309 63.2 4.57
NTs
CoTe2 0.5 M H2504 -0.48 -508 51 - 3
/SmVst
CoTe2 @NCNTFs IMKOH/5 mV s -0.15* -208 58.04 0.285 4
-700°C 0.5 M H2504 -0.15* -240 61.67 0.285
/5mV st
CoTe - 200 °C IMKOH/5 mV s -0.50* -550* - 0.7 5
CoTe2@NCNTFs 0.5 M H2504 -0.2* -240 61.67 0.285 6
1.0 M KOH -0.2* -208 58.04
CoTe-Ed 1.0 M KOH -0.195 283 72.8 6.25 This work
10 mVs™
CoTe - Hy 1.0 M KOH -0.207 270 572
10 mVs™
CoTez2- Ed 1.0 MKOH -0.175 350 90.5
10 mVs™
CoTe2- Hy 1.0 M KOH -0.250 378 96.5
10 mVs*

* Calculated from references: *@ 20 mA em™: °@ 50 mA em™: @ 100 mA cm>,
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ABSTRACT

Recently nickel selenide and telluride based electrocatalysts have shown
promising results toward water electrolysis, exhibiting very low overpotential. However,
a major challenge for these chalcogenide-based electrocatalysts has been correct
identification of catalytically active species on the surface, with the common concern
being that the surface is totally being converted to nickel oxide which becomes the true
catalytically active species. In this article we have attempted to understand evolution of
the active surface composition for nickel selenide and telluride based electrocatalysts by
intentionally creating nickel oxide coated NisSe2 and NizTe> surfaces and comparing their
electrocatalytic activity with pristine and aged (subjected to KOH electrolyte for
extended period) NizSe, and NisTe, surfaces, respectively. From such comparison it
could be confirmed that catalytically active NizSe> and NisTe. surfaces were in fact stable
in alkaline medium and were not coated with nickel oxide even after prolonged exposure
to KOH under anodic potential. Rather active surface for these electrocatalysts can be
described as a mixed anionic (hydroxo)chalcogenide surface. The nickel oxide coated
nickel selenide and nickel telluride samples were prepared through electrodeposition and
characterized with various bulk and surface analytical techniques such as powder X-ray
diffraction (pxrd), X-ray photoelectron spectroscopy (XPS), line scan analysis, and soft
X-ray absorption spectroscopy (sXAS). The electrochemical properties of these oxide
coated chalcogenide surfaces were measured in 1 M KOH under anodic potential scan
and compared with that obtained from pristine nickel selenide and nickel telluride films.

It was observed that the electrochemical properties were influenced by the coordinating
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anion composition and showed significant difference between oxide, selenide, and
telluride surfaces. More importantly, it also revealed that an oxide coated chalcogenide
surface showed significantly different electrocatalytic response indicating that
electrochemical properties can be an appropriate tool for investigating change in
composition of the chalcogenide surfaces. This study provides conclusive evidence that
surface of the nickel selenide and telluride based OER electrocatalysts evolves into a
mixed anionic (hydroxo)chalcogenide surface retaining its predominant chalcogenide
coordination.

Keywords: Oxygen evolution reaction, electrocatalysts, nickel selenide, nickel telluride,
oxychalcogenide.

1. INTRODUCTION

In recent years, designing efficient electrocatalysts for water splitting under
ambient conditions has attracted significant attention due to its potential usage in various
applications related to fossil-fuel free sustainable energy conversion and storage
technologies such as fuel cells, on demand hydrogen generation systems and solar water
splitting.1® Among these electrocatalysts, transition metal chalcogenides has taken the
center stage owing to their unprecedented high activity exhibiting some of the lowest
overpotentials with high current density compared to precious metal oxides.”?° Transition
metal chalcogenides, MxEy, typically containing chalcogens (E = S, Se, and Te) bonded
to various transition metals (M = Fe, Co, Ni, Cu, Mo, W etc.), have been researched

extensively owing to their interesting optoelectronic properties.?!??> The enhanced
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electrocatalytic activities of these transition metal chalcogenides towards water oxidation
is believed to be due to decreased anion electronegativity of the chalcogen atoms, as well
as facile redox tunability of the catalytically active transition metal center.”8 Specifically
it has been observed that replacing highly electronegative oxide anion with selenide or
telluride anions leads to better electrocatalytic activity, i.e. Ni-selenide and Ni-telluride
shows better OER activity compared to Ni-oxide/hydroxide.®° However, in spite of
tremendous volume of research conducted by several groups of researchers showing
unprecedented catalytic activity for these transition metal chalcogenides, little
understanding has been gained regarding composition of the active catalyst surface. The
Achilles heel of the entire process is based on the perceived lack of stability of
chalcogenide surface under conditions of OER in alkaline medium. Some researchers
claim that the chalcogenide surfaces are completely hydrolyzed forming a surface oxy-
hydroxide phase which is the true catalytically active phase.?***According to this school
of thought, the underlying chalcogenide matrix enhances catalytic activity of the
(hydroxo)chalcogenides overlayer by improving conductivity of the catalyst composite
compared to the bulk oxide phase. In these reports the sulfides and selenides are treated
as pre-catalysts that yield the oxide phases upon exposure. The main evidentiary support
for such mechanism is offered from XPS studies that show degradation of the chalcogen
peak after long-term OER.*® However, it must be noted here that surface hydrolysis and
complete conversion to an oxide/(oxy)hydroxide overlayer involves substitution and
replacement of all the chalcogen anions on the surface with O/OH anions. It should be
also noted that the metal-chalcogen bonds have a higher degree of covalency following

Fajan’s rules,” compared to metal-oxygen bonds and thereby, have higher bond strength.
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Hence, substitution of all the chalcogen anions with O/OH anions will be very energy
intensive process especially at ambient temperature and at low applied potential. Based
on our previous research on Ni-selenide and Ni-telluride based OER electrocatalysts,®°
we propose a different composition of the catalytically active interface for these novel
transition metal chalcogenides under alkaline conditions. Previously we have observed
that surface XPS signals for Ni-telluride and Ni-selenide show retention of the chalcogen
peaks and more importantly does not show significant O 1s and/or Ni peaks
corresponding to the buildup of Ni-O/Ni-OH linkages. Moreover, through extensive
electrochemical studies for NisTe2, we have confirmed that the active surface primarily
consists of metal-chalcogenide composition even after prolonged OER activity in alkaline
medium.® Hence, we propose that the active interface comprises mixed anionic
composition, metal(hydroxy)chalcogenide M(OH)E, formed through hydroxyl adsorption
on the surface during OER, but retaining its chalcogenide lattice. It has been well
accepted that the multi-step OER process is initiated by the adsorption of -OH- ions on
the catalytically active site followed by subsequent steps of intermediate adsorption and
electron transfer.3-4> This —~OH adsorption is considered to be catalyst activation and
energetics of —OH adsorption on the surface has significant influence on the observed
catalytic activity.®® Such mixed anionic (hydroxo)chalcogenide surface can be expected
to retain electronic properties characteristic of the chalcogenide lattice along with
enhanced conductivity thereby explaining improved catalytic activity. DFT calculations
performed on NisTe2 surface have also shown favorable adsorption of OH- groups on the
catalytically active Ni site compared to NiO.8 However, in spite of some post-activity and

ex situ characterizations that proposes either the completely hydrolyzed (NiOx /NiOOH)
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or (hydroxo)chalcogenides surface model as the interface, there has been limited
experimental studies to accurately confirm the active interface composition. In this
article, we have attempted to answer the key questions: what is the composition of
catalytically active surface for these chalcogenides and how does the surface composition
evolve during OER in alkaline medium. We have also attempted to confirm validity of
the mixed anionic (hydroxo)chalcogenide surface model by intentionally creating oxide-
coated chalcogenide surfaces and comparing their catalytic activity and other properties
with that of the pristine chalcogenide surface before and after OER activity. It should be
noted here that the oxyhydroxide/oxide phase when formed in situ during oxygen
evolution reaction, may have a different thickness depending on the limit of applied
potential, and the intentionally deposited NiOx does not necessarily lead to the same
thickness. However, the intent of this manuscript is to propose and validate the idea that
growth of any oxide layer on the surface as a function of exposure to alkaline medium,
high potential, or reaction time, will be distinctly noticeable through electrochemical
measurements such as cyclic voltammetry which shows significant difference between
Ni%* coordinated to Te or Se anions and Ni?* coordinated to oxide anions. It should also
be noted that surface oxide (or oxyhydroxide) phase refers to the catalyst surface
comprising continuous -Ni-O(OH)-Ni- linkages replicating that found in pure oxide or
oxyhydroxide phases while surface comprising -Ni(OH)-Te-Ni-Te- linkage has been
referred to as mixed anionic (hydroxo)chalcogenide surface and is further being proposed
as the active surface formed in situ. Specifically, we have grown NisSe2 and NizTe, by
electrodeposition and have further coated these surfaces with a thin layer of NiOx to yield

oxide@selenide and oxide@telluride surfaces (NiOx@NisSe2 and NiOx@NizTez,
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respectively). Comparison of the electrocatalytic activity of such oxide-coated
chalcogenide surfaces with the pristine and aged chalcogenide surfaces revealed
significant difference. Moreover, it was also apparent that presence of even minimal
amount of NiOx on the surface of NizTe; or NisSe; caused prominent shift in
overpotential as well as changed surface analytical characterization as expected, making
the presence of surface oxide layer easily identifiable. On comparing the electrocatalytic
response of NizTez and NizSe surfaces after prolonged OER with the corresponding
NiOx@NizTez and NiOx@NizSe2 pre-made surfaces, respectively, it was revealed that the
NizTez and NizSe surfaces retained their original behavior and did not show any
similarity with performance of the oxide coated surfaces (e.g. overpotentials of NisTe;
before and after 100 cycles of OER = 210 mV at 10 mA/cm?, while overpotential for
NiOx@NisTez = 230 mV at 10 mA/cm?). Hence it can be confirmed that the active
interface for these Ni-selenide and Ni-telluride surfaces is not the Ni-oxide layer, but
rather a mixed anionic (hydroxo)telluride (/selenide) surface. Even a thin layer of fully
grown oxide (or oxyhydroxide) on the surface would lead to substantial changes in the
electrochemical response as has been proposed and shown in the manuscript. We have
further confirmed composition of the pristine as well as evolved catalytic surface through
detailed electrochemical measurements as well as surface analytical techniques such as
X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), EDS,
powder X-ray diffraction (pxrd), and soft X-ray absorption spectroscopy (sXAS).
Combination of all these characterizations validates the mixed anionic

(hydroxo)chalcogenide as the active interface for these electrocatalysts.



153

2. EXPERIMENTAL SECTION

2.1. MATERIALS

Nickel sulfate (NiSO4.6H20) was purchased from Fisher Scientific, nickel acetate
tetrahydrate [Ni(CH3CO2)2.4H.O] was purchased from J. T. Baker Chemical Company,
USA, tellurium dioxide (TeO>), selenium dioxide (SeOz) and hydrazine hydrate
(N2H4.H20, 100%) were purchased from Acros Organics and lithium chloride (LiCl) and
KOH were purchased from Sigma Aldrich. Au coated glass slides (Au-glass, hereafter)
were purchased from Deposition Research Laboratory Inc. (DRLI), St. Charles, Missouri.
All the chemicals used for electrodepositions and electrochemical activity were analytical
grade and were used without further purification. Deionized water (DI: resistivity 18 M

cm) was used to prepare all chemical solutions.

2.2. ELECTRODE PREPARATION

A conventional three-electrode system with lviumStat potentiostat were used for
the electrodeposition of catalysts on Au-glass substrates. Ag|AgCl was used as reference
electrode, graphite rod was used as counter electrode and Au-glass substrates were used
as working electrode. Au-glass substrates were cleaned by using Micro-90 detergent
followed by sonication in a mixture of isopropanol, ethanol, and deionized water for 10
minutes. After that, the substrates were thoroughly cleaned with deionized water and
dried in a stream of nitrogen gas. The clean and dried Au-glass substrates were masked

with a scotch tape, leaving a circular exposed area of known area (0.08 cm?) for the



154
electrodeposition. After electrodeposition, the Au-glass substrates were thoroughly
washed with deionized water in order to remove electrolyte adsorbents from the surface.
Five different types of electrodes were prepared as has been shown in Figure. 1, which
consists of two pure binary chalcogenides (i) NisSez, and (ii) NisTez; two oxide-coated

chalcogenides, (iii) NiOx@NizSe2; and (iv) NiOx@NisTe2 and (v) NiOx.

<+ NiQO,
* Au

Figure 1. Schematic showing the targeted sample compositions.

2.2.1. Electrodeposition of NiOx. Nickel oxide (NiOx) was electrodeposited
from an aqueous solution of 0.5 M nickel chloride (NiCI2.6H20), 0.1 M potassium
chloride (KCI) and 0.4 M ethylenediaminetetraacetic acid (EDTA) following published
report.*® The electrolyte was maintained at pH=8 by adding appropriate amount of KOH.
The electrodeposition was carried out at constant current density of -2.0 mA cm?at 25 °C
for 10 min on Au-glass substrates.

2.2.2. Electrodeposition of NisSe2. A previously reported procedure from our

group was followed to electrodeposit NisSe; thin films.® Specifically, NisSe, was
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(a) NiO Electrodeposition

NiOx (@ NisSe2

Aqueous NizSez NiO
solution of - Aqueous solution -
Ni(CH CO) , of NiCl, KCl and
SeO and LiCl EDTA
Potent-ie-d: - ?-80 v . Current density: - 2.0 mA cm?
Deposition time: 5 min Deposition time: 10 min
pH: 2.5 pH:8

(b) Electrodeposition of NiOx@Ni Se,

NiOx(@ NisTe:
NiO
NisTe
Au

Aqueous solution NisTe{ Adqueous solution of |NiO,

of Ni(SO_‘)1 and - NiClz, KCl and
TeO EDTA -

Potential: - 1.05V Current density: - 2.0 mA cm?
Deposition time: 5 min Deposition time: 10 min
Temperature: 80 °C pH:8

pH: 2.5

(¢) Electrodeposition of NiOx@N isTe2

Figure 2. Schematic representation showing detailed electrodeposition conditions. (a)
NiOy; (b) NiOx coated NisSe; catalytic film (NiOx @NisSez), and (c) NiOx coated NisTe;
catalytic film (NiOx @NisTey).
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electrodeposited on the substrate at constant potential of -0.80 V (vs. Ag/AgCl) for 300 s
from an aqueous solution containing 10 mM nickel acetate, Ni(CH3CO2).4H.0, 10 mM
SeO2 and 25 mM LiCl at 25 °C. The solution pH was adjusted to 2.5 using dilute HCI.

2.2.3. Electrodeposition of NisTe2. A previously reported procedure from our
group was followed for electrodeposition of NisTe2.8 Typically, NisTe, was
electrodeposited on the substrate at a constant potential of -1.05 V (vs. Ag/AgCl) for 300s
from an aqueous solution containing 15 mM Ni(SO4).6H20 and 5 mM TeO, 25 at 25 °C.
The solution pH was adjusted to 2.5 using dilute HCI.

2.2.4. Electrodeposition of NiOx@NisTez2 and NiOx@NisSez. The oxide-coated
telluride and selenide surfaces were prepared by electrodepositing NiOyx on the NisTe;
and NisSe;> electrodeposited films by following the nickel oxide deposition procedure as
described above. NiOx layer was deposited for 10 min on these chalcogenide surfaces.
Figure 2 shows a schematic for the electrodeposition procedures for NiOy, NisSe2,

NizTez, NiOx@NisSez, and NiOx@NizTex.

2.3. CHARACTERIZATION

2.3.1. Powder X-Ray Diffraction (PXRD). The as-synthesized electrodeposited
thin films were characterized by powder X-ray diffraction (pxrd) using a Philips X-Pert
X- ray diffractometer (PANalytical, Almelo, The Netherlands) with Cu Ka (1.5418 A)
radiation using grazing angle incidence in thin film geometry.

2.3.2. Scanning Electron Microscopy (SEM). The SEM images were obtained

using a FEI Helios NanoLab 600 FIB/FESEM at an accelerating voltage of 10 kV and a
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working distance of 4.5 mm. Energy dispersive spectroscopy (EDS) along with element
mapping analysis was also obtained from the SEM microscope.

2.3.3. X-Ray Photoelectron Spectroscopy (XPS). XPS measurements were
carried out using a KRATOS AXIS 165 X-ray photoelectron spectrometer (Kratos
Analytical Limited, Manchester, United Kingdom). Monochromatic Al was used as an X-
ray source. C 1s signal at 284.5 eV was used as a reference to correct all the XPS binding
energies. XPS signals were obtained from pristine surfaces without any treatment with
Ar-ion plasma.

2.3.4. Electrochemical Measurements. Electrochemical measurements were
performed on the lviumStat electrochemical workstation using three-electrode system in
1.0 M KOH aqueous solution. Ag|JAgCl and graphite rod were used as reference and
counter electrodes respectively, while the catalyst coated Au-glass was used as working
electrode. All potentials obtained vs. Ag|AgCI were converted to the reversible hydrogen
electrode (RHE) by using the Nernst equation:

ERHE = EAg|AgCI + 0.059pH + E° Ag|AgCl (1)
where ERHE is the calculated potential vs. RHE, EAg|AQCI is the experimentally
measured potential vs. Ag|JAgCl reference electrode, and E°’Ag|AgCl is the standard
thermodynamic potential of Ag|AgCl at 25 °C (0.197 V).

The OER catalytic performance was measured through linear sweep voltammetry
(LSV) and cyclic voltammetry (CV) at a scan rate of 10 mV.s™. Stability of the catalysts
were tested both by cyclic voltammetry (CV) by scanning from 0.0 V to 0.5 V (vs
Ag/AgCI) at 50 mV.s™* for 100 cycles as well as chronoamperometry which monitored

the current at constant applied potential to maintain current density at 10 mA.cm for an
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extended period of time. LSV curves were measured before and after each
chronoamperometry test to confirm stability and activity of the catalyst.

2.3.5. Soft X-Ray Absorption Spectroscopy (sXAS). sXAS measurement was
performed at Beamline 8.0.1 of the Advanced Light Source (ALS) in Lawrence Berkeley
National Laboratory (LBNL).*” The undulator and spherical grating monochromator
supply a linearly polarized photon beam with resolving power up to 6000. The
experimental energy resolution is about 0.15 eV without considering core-hole lifetime
broadening. Experiments were performed at room temperature and with the linear
polarization of the incident beam at 45° to sample surfaces. All the sXAS spectra have
been normalized to the beam flux measured by the upstream gold mesh. Please refer to

previously published work for detailed procedures.*

3. RESULTS AND DISCUSSION

3.1. STRUCTURAL AND MORPHOLOGICAL CHARACTERIZATION

The electrodeposited films were characterized by pxrd to confirm their
composition as well as crystallinity. Figures 3 (a) and (b) shows pxrd patterns of
electrodeposited NisSez, NiOx@NisSez, NizTez, and NiOx@NizTe: films, respectively
while Figure S1 shows the pxrd pattern for the NiOx film. It was observed that
electrodeposited nickel oxide typically yields amorphous films, while the selenide and
telluride phase form fairly crystalline films. The crystallinity of the NiOx can be
improved when heated to higher temperature such as 350 °C as has been reported

previously.*
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Figure 3. Powder X-Ray diffraction patterns (a) NizSe2 and NiOx@NisSey;
(b) NisTez and NiOx@NisTe,. Au peaks appeared in the XRD patterns
are from Au-glass substrates.

However, in the present study, electrodeposition was performed at room
temperature. It was also observed that NiOx films required longer time for deposition (10
min) compared the selenide or telluride films (~5 min each) to achieve comparable layer
thickness. This can be explained from the insulator-like behavior of NiOx which limits
charge transport within the film, while both NisSe> and NisTez have higher electron
conductivity due to their narrow gap semiconductor nature.

The pxrd pattern for NizSe> matched very well with the standard diffraction pattern

(PDF # 04-004-4574) as shown in Figure 3a. NizSe crystallizes in a Hazelwoodite type
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structure which consists of corner- and edge-shared tetrahedral NiSe4 units along with
octahedral coordination for Se atoms. In addition to Ni-Se bonds, the structure also contains
Ni-Ni metallic bonds. Pxrd pattern of the oxide coated NisSe; film (NiOx@NisSe2) on the
other hand, showed similar diffraction peaks for NizSe> with slightly reduced intensity
while the NiOx phase did not show any diffraction peaks The reduction in peak intensity
can be possibly explained by the presence of amorphous NiOy overlayer. In addition, the
average crystallite sizes of NizSe, in the pristine NisSe> and NiOx@NisSe> film were

estimated from Scherrer equation.°

KA
b= B Cos 6 (2)

where D is the average crystal size, 3 is the FWHM, 0 is the Bragg angle of the (110)
peak (26 20.895°), and A is the wavelength of X-rays (Cu Kal, A = 0.154056 nm). The
FWHM values of the (110) peak for NizSe2 and NiOx@NizSe2 were found to be 0.60 °
and 0.45 ° respectively. It was observed that the average crystallite size was slightly
increased upon coating the selenide particles with an overlayer of oxide (NisSe; ~ 14.31
nm; NiOx@NisSez ~ 19.09 nm).

Diffraction peaks of NizTez were also in good agreement with the standard pattern
(PDF # 04-014-3418) as shown in Figure 3b. The high intensity of the diffraction peaks
revealed that the electrodeposited NisTe film was fairly crystalline and pure since there
was no other impurity peaks observed in the pxrd pattern. NizTe2 shows an interesting
crystal structure with two types of Ni coordination: layers of edge-shared NiTes
tetrahedral moieties and square-pyramidal NiTes units edge-shared to form dimers. The
NiTes and NiTes layers are stacked alternately along the c-direction. Pxrd pattern of the

oxide coated NisTez sample showed peaks corresponding to the NizTe, phase with
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Figure 4. SEM images. (a) NizSez; (b) NiOx@NisSez; (e) NizTez and (f) NiOx @NisTe;
films. Insets in (b) and (f) shows the elemental mapping for Ni, Se, O and Ni, Te,
respectively in NiOx@NisE: films. Cross-sectional SEM images in (c) and (g) were
analyzed with EDS line scan (yellow line in (c) and (g)) to investigate distribution of (d)
Ni, Se, O and (h) Ni, Te, O respectively, across the interface of NiOx@Ni3E> films. Insets
in (d) and (h) shows schematic representation of the NiOx@NizSe2 and NiOx@NisTe
films as deciphered from the cross-sectional elemental analysis.
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slightly lower intensity than pristine NizTez while there were no diffraction peaks
corresponding to NiOx (Figure 3b). The average crystallite sizes of NisTe2 and NiOx@
NizTe> were estimated from Scherrer equation. Table S1 shows comparison of the
crystallite sizes in pristine NisSez, NisTe2 as well as the oxide coated films (NiOx
@NisSe2 and NiOx@NisTey).

Morphologies of the electrodeposited NizSe2, NiOx@NisSez, NisTez, and NiOx@
NizTe> films were analyzed through SEM as shown in Figure 4 (a), (b), (e) and (f)
respectively. All of these SEM images showed that films contained mainly irregularly
shaped granules with sizes ranging from several hundred nanometers to few micrometers.
SEM of NisSe> film showed triangular and rectangular shaped granules of about 1um
randomly distributed within the film. The relative atomic percentage obtained from EDS
showed a relative atomic ratio of 1.5:1 for Ni:Se confirming the composition to be
NisSe2.1% Electrodeposited NisTe films on the other hand, showed that surface of the
irregular granules was covered with randomly oriented nano-flakes (Figure S3). Such
Such vertically oriented nanoflakes can increase surface area of the pristine NisTe2 film
that can enhance electrocatalytic activity. Elemental ratio obtained from EDS showed a
Ni:Te average atomic ratio of 1.5:1 confirming the composition to be NisTe2.2 Elemental
mapping was also performed which showed that Ni, Se, and Te were uniformly
distributed throughout the film as shown in Figures S2 and S3, respectively. SEM image
of NiOx showed that it was composed of irregular grains of similar morphology as was
observed in the oxide-coated films (Figure S4), while elemental mapping showed

uniform distribution of Ni and O.
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The oxide coated NiOx@NisSez and NiOx@NizTe: films were also analyzed by
SEM and EDS. SEM image of NiOx@NisSe2 showed irregular shaped NiOx islands
uniformly deposited on top of the NisSez (Figure 4b). Similar morphology was also
observed for the NiOx@NisTe films which showed NiOx crystallites randomly deposited
on top of NizTe; film. Elemental mapping obtained from top of the NiOx@Ni3Se, and
NiOx@NisTe; films showed co-existence of Ni, Se, Te, and O in the film as shown in
Figures 4(b) and (f). Elemental line scan analysis was also performed across the edge of
the deposited film to do depth profiling and further analyze the spatial distribution of the
elements across the interface. To obtain such line scan analysis across the interface, the
substrates were sliced along middle of the deposition. The substrates were then loaded
into the SEM specimen holder and studied with a tilt angle of 45 degrees which revealed
the cross-sectional edge. Line scan analysis of the NiOx@NisSe> films showed that the
deposition near the substrate interface was mainly composed on Ni and Se, while the
outer coating of the deposition was predominantly Ni and O, as can be seen in Figure 4(c)
& (d), where Ni and Se elemental peaks are more concentrated near the substrate
interface while O peaks near the film surface. Such elemental distribution and depth
profiling suggested that nickel oxide deposited as a uniform, conformal coating on top of
NizSe: film thereby covering the surface with a thin layer of the oxide as depicted in the
schematic shown in inset of Figure 4(d). Line scan analysis across the interface of
NiOx@NisTe: film however, showed a different elemental distribution. It was observed
that Ni, Te, and O were present uniformly across the deposition thickness from the
substrate-interface to surface of the film, indicating that unlike NiOx@Ni3zSe; film, nickel

oxide deposited as isolated grains on the NisTez surface as depicted in the schematic
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shown in Figure 4(g). Hence the surface of NizTe> was apparently not uniformly coated
with NiOx even after subjecting the film to anodic potential for prolonged period of time.
Line scan analysis across the interface of the binary films, NiOx, NisSez and NizTez is
given in the Figure S5 which shows uniform distribution of the elements as expected. It
also shows that the binary chalcogenide films (NizSe2 and NisTe2) do not contain any
significant amount of O.

X-ray photoelectron spectroscopy was performed on each of these
electrodeposited films to confirm their surface elemental composition as well as
oxidation states of the respective elements. Figure 5 (a) to (d) represent Ni 2p peaks for
as-electrodeposited NizSe2, NiOx@NizSez, NizTe2 and NiOx@NisTey, respectively while
the insets of (a) and (b) shows Se 3d peaks and (c) and (d) shows the Te 3d peaks in the
respective samples as mentioned above. In Figure 5 (a), the XPS peaks at 873.7 eV and
855.4 eV can be attributed to Ni®* 5! while the peaks at 870.1 eV and 852.6 eV
corresponded to Ni%* oxidation state in a selenide matrix.'° The peaks positions of 878.7
eV and 860.4 eV represent Ni 2pz and Ni 2p1/2 satellite peaks. The Se 3d spectra was
composed of two peaks at 55.5 eV and 54.6 eV corresponding to Se 3ds and Se 3d s2.
The oxidation states of Se were identified as Se?” and Se**, corresponding to nickel
selenide and SeO. that can form from surface oxidation of the selenide under ambient
condition.> Interestingly, Ni XPS spectra did not show evidence for the formation of Ni-
oxide. O 1s spectra on the other hand, revealed presence of surface adsorbed oxygen as
shown in Figure S6. Figure 5 (b) illustrates Ni 2p and Se 3d spectra of NiOx@NisSe,
where the XPS peaks of 854.1 eV and 871.9 eV corresponds to Ni?* in NiOx of 2p3/2 and

2p1/2 respectively.5?%
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Figure 5. XPS spectra of the catalysts. Showing the Ni 2p peaks of (a) NizSez, (b)
NiOx@NizSezx, () NizTez, (d) NiOx@NisTez. Inset of (a) and (b) shows the Se 3d peaks
and (c) and (d) shows Te 3d peaks respectively.

It was also observed that Ni 2p peaks of NiOx@NisSe2 sample were shifted
toward higher energies than the peaks position of pristine NisSe, and are very close to
NiOy peaks positions because the electrodeposited NiOx overlayer on top of the pristine
NisSez. Interestingly, in Se 3d spectrum does not show the characteristic Se peaks

indicating that the surface of NiOx@ NizSe> film is devoid of Se. This further confirms
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that the electrodeposited NiOx layer forms a thick, conformal coating on the NisSe>
surface (as represented in scheme shown as inset in Figure 4(d)) that inhibits X-rays to

penetrate deeper into the film thickness to detect Se.

Table 1. Comparison of electrocatalytic parameters in nickel selenide and telluride.

. NisSe:z System NisTe2 System .
Material NiOx
NisSez | NiOx@NisSez | NisTez | NiOx@NisTez

Onset potential / V 1.44 1.43 1.42 1.45 1.49
Over potential @ 10| 5, 280 230 270 320
mA cm™/ mV
Over potential @30 | 54 355 310 330 400
mA cm™/ mV
Ni¥— Ni**
Oxidation peak 1.34 1.36 1.32 1.35 1.38
potential / V
Current density @ o n .
300mV / mA cm> 19.46 23.13 42.62 29.24 9.39

Similar Se XPS spectra was observed in previously reported NiOOH coated NiSe
samples.>® O1s spectra showed two peaks that were attributed to the Ni-O peak at 529.9
eV and the small peak at 531.1 eV°" was corresponded to absorbed oxygen as shown in
Figure S6 (b). Ni 2p and Te 3d spectra of pristine NisTe2 are shown in Figure 5 (c). In Ni
2p spectra first doublet at 853.5 eV and 871.8 eV specified that the Ni is in Ni?* oxidation
state in nickel telluride® and the inset shows the Te 3d spectra where the peaks at 572.4
and 582.9 eV were consigned to Te? in nickel telluride.® As shown in Figure S6 (c), O 1s
peaks were attributed to surface absorbed oxygen.® Figure 5 (d) shows the Ni 2p peak of
electrodeposited NiOx @NisTe2, and insert shows Te 3d spectra. It was observed that
Ni2* peaks positions were shifted towards higher energy relevant to Ni%* in NiOx
indicating that the surface of these films indeed have nickel oxide phase.*® The peaks at

854.1 eV and 871.9 eV were contributed to Ni 2ps;2 and 2p12 respectively.>*%
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Interestingly in the Te spectra, Te 3d peaks were still observed with similar
intensity as the pristine NisTez film, however, the peaks were slightly moved toward
higher energy. This can be due to the coexistence of the oxide layer on the surface. It
should be noted here that unlike NiOx@NisSe> sample which showed significant loss of
Se on the surface, the NiOx@NizTez showed that Te was still present predominantly on
the surface along with O. Hence this also confirmed the proposed morphology of the
NiOx@Ni3zTez film as NiOy islands randomly deposited on the NisTe. surface and not
forming a conformal coating, as was also suggested from the EDS cross-sectional line
scan analysis. Figure S6 (d) shows O 1s spectra and the two peaks can be assigned to Ni-

O and absorbed O,.5°

3.2. ELECTROCHEMICAL CHARACTERIZATION

Electrochemical performance of the pristine chalcogenide and
oxide@chalcogenide films were compared by measuring their linear sweep
voltammetries (LSV) and cyclic voltammetries (CV) in N saturated 1M KOH
electrolyte. The motivation was to quantify the differences in electrochemical properties
observed between pristine chalcogenide and oxide@chalcogenide films.
Electrochemical properties of the chalcogenide films after prolonged exposure to 1M
KOH under applied anodic potential was then compared with that of the pristine
chalcogenide and oxide@chalcogenide films to evaluate probable composition of the
active surface, i.e. whether they resembled the oxide@chalcogenide film indicating that

the chalcogenide surfaces hydrolyzed over time to grow an oxide layer on top or they
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were more closer to the pristine chalcogenide film suggesting that retained their

chalcogenide surface composition.
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Figure 6. LSVs of catalysts. (a) NiOx, NiOx@NisSez and NizSez; (b) NiOy, NiOx@NizTe;
and NizTes.

Catalyst loadings used for each film has been summarized in Table S2. The
catalysts loadings of the NisSe2 and NizTe> electrodeposited catalysts on Au-glass
substrates were maintained to be similar to previously published literature,®° while
NiOx catalyst loading was 0.46 mg.cm™. Table 1 lists other electrocatalytic parameters
such as onset potentials, overpotentials at 10 mA.cm™ and 50 mA.cm, oxidation peak
potentials and current density at 300 mV observed for all five samples.

Figure 6 (a) & (b) shows the LSV plots for the nickel selenide and telluride
samples which illustrates and compares their OER performance. The onset

potentials of NiOx, NisSez, and NisTe. for OER were comparable to the previously
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reported values.31%%8 As reported previously, the onset potentials exhibited a
decrease from oxide to telluride as a function of decreasing electronegativity. The
overpotential at 10 mA.cm of nickel selenide and nickel tellurides were also found
to be comparable to the previously reported values.®° Overpotential at 10 mA.cm™
for NiOx was observed at 320 mV and was similar to previously reported
literature.>

Comparisons of the overpotential shows that NiOx@NisSe2 shows slightly lower
overpotential at 10 mA/cm? compared to pristine NisSe, while NiOx shows the highest
overpotential. For the nickel telluride system, pristine NisTez shows the lowest
overpotential at 10 mA.cm compared to NiOx@NisTez. To understand this observed
trend in the pristine chalcogenide and oxide-coated chalcogenide films, we have carried
out additional electrochemical measurements offering further insight as mentioned in the
following sections. In nickel selenide system, NiOx@NisSe2 shows better catalytic
performance than the pristine NisSe2 and pristine NiOx catalysts due to higher amount of
active catalytic materials deposited in this sample. However, in nickel telluride system,
pristine NizTez shows better catalytic activity compared to NiOx@NisTez and pristine
NiOx. As can be clearly observed in Figures 6 and 7, NiOx@NizSe2 and NiOx@NisTe:
layered catalysts show larger oxidation peaks than pristine catalysts of NizSe,, NisTe; and
NiOx due to higher amount of Ni?* in two catalysts layers of these samples. The
comparison of CV’s, LSV’s and oxidation peaks of all five samples are shown in Figure

S7.
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For Ni-based OER electrocatalysts the pre-oxidation peak corresponding to Ni?* ~
Ni%* conversion, observed before onset of OER as a characteristic peak provides better
insight into the intrinsic catalytic property since Ni®" is the actual catalytically active
species.®®®! The Ni?*/Ni®*" oxidation peak potential is influenced by the anion
coordination and electronegativity and hence shows a shifts towards more cathodic
potential as a function of reduced anion electronegativity as has been reported earlier.®
Thus the Ni?*/Ni** oxidation peak shows lowest value for NisTe; followed by NisSe; and
NiOx as has been shown previously.® This has a significant influence on the observed
OER catalytic activity since Ni®* is the actual catalytically active species, and generating
Ni%* at a lower potential makes NisTe, the most catalytically active species (lowest onset
and overpotential), followed by NisSe, and NiOx. More importantly, as has been

explained before the oxidation peak potential is strongly influenced by the coordinating
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anion composition and hence can be used to identify surface composition. This can be
clearly seen by comparing the oxidation peak potentials for pristine chalcogenide and
oxide@chalcogenide films as shown in Figure 7. The NizSe2 and NisTe: films shows
lower oxidation potential compared to NiOx while the oxidation potential for NiOx@
NisSez and NiOx@NizTe> films were in-between the pristine chalcogenide and oxide
films as shown in Figure 7(a) and (b), respectively. It must be noted here that thickness of
nickel oxide overlayer on top of the chalcogenide (NisSez or NisTe,) layers was moderate
(as confirmed from EDS line scan analysis). Such observation confirms that even minute
change of anion coordination on surface of the catalyst film will lead to shift of the Ni?*
oxidation peak potential. Hence, the Ni?* oxidation peak potential can be used as a tool to
accurately understand compositional evolution of the active surface. Subsequently it can
be expected that if the nickel chalcogenide surface is gradually changed to nickel oxide
(or hydroxide) overlayer on the surface during prolonged exposure in alkaline medium,
the Ni?* oxidation peak will show an anodic shift to higher potential to resemble the
oxide@chalcogenide surfaces as shown in Figure Such shift of the oxidation peak
towards more anodic potential therefore would confirm the oxide@chalcogenide surface
model as has been suggested in previous reports.

The compositional evolution of the catalytic surface was further investigated
through cyclic voltammetry studies using the Ni?*/Ni®* redox peaks as a characterization
tool as mentioned above. Figure 8 shows the CV plots for NisSez and NizTe; pristine
films as well as the NiOx@NizSe2 and NiOx@NisTe> films measured for 100 cycles in 1
M KOH (every 10" cycle has been shown for clarity). Insets in the upper right corners in

the figures show comparison between the 1% and 100" CV cycle. Interestingly, this CV
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cycling plots show that for pristine NisSe2 and NisTe: films (Figure 8(a)and (d),
respectively), the oxidation peak potential does not shift at all during cycling and cycle 1
and cycle 100 are exactly superimposable on each other. This confirms that the NisSe>
and NisTe; surfaces retain their compositional integrity during prolonged OER and are
not coated with nickel oxide/hydroxide coating. The CV plots for NiOx@Ni3zSe; surface
on the other hand, showed a gradual shift of the Ni?* oxidation peak to higher potential
with cycling corresponding to the NiOx overlayer getting thicker. Interestingly, for the
NiOx@NizTe; film, the oxidation peak potential still did not show a significant shift to
higher potential, which can be explained by the fact that NiOx formed segregated islands
on the NisTe; layer therefore the catalyst surface exposed both NizTez and NiOx phases,
and while the NiOx grains got thicker with cycling, NizTe2 regions do not show much
change as explained above. It should be noted here that since purpose of this cycling
study was to monitor the oxidation peak position of Ni?*/Ni** couple, it was performed
till 1.47 V. However, to investigate the catalyst surface evolution at higher anodic
potential, full scale LSVs were also compared before and after prolonged periods of OER
where the potential was scanned to higher anodic region (upto 1.6 V). Such comparisons
have been shown as insets (lower right) in Figure 8, which shows that the LSVs of
chalcogenide films are superimposable on each other while the oxide coated films show
slight shift towards more anodic potential with prolonged exposure to higher anodic
potential. These LSV and cycling studies also confirms robustness and enhanced stability
of nickel telluride for OER activity in alkaline medium. The 100 CV cycles and the

comparison of 1 and 100" cycle for NiOx films is shown in Figure S8.
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Figure S9 shows the chronoamperometry plots of all five samples where current
was measured at a constant potential [1.51 V (NisSez); 1.52 V (NiOx@NisSez); 1.46 V
(Ni3Te2); NiOx@NisTe2 (1.50 V) and 1.55 V (NiOy)] for 10 h and the CVs represent a
comparison of electrochemical behavior before and after chronoamperometry tests. All
three pristine samples were stable for extended period of time and their CVs before and
after prolonged OER activity did not show a significant difference. NiOx@Ni3Se, and
NiOx@NisTe; also showed stable catalytic performance, however, Ni?* oxidation peak
shifted towards anodic potential after extended period of catalytic activity indicating
thicker NiOx on the catalyst surface. The chronoamperometry test also confirmed that
pristine chalcogenide surfaces retained their compositional integrity during extended
OER activity in alkaline medium and did not undergo total surface oxidation.

The composition of the catalyst surface after prolonged OER activity was also
confirmed through XPS as shown in Figure 9. The Ni XPS spectra shown in Figure 9(a)
shows that the Ni 2p peak in pristine chalcogenide films (NisSez and NizTez) did not
change position after prolonged chronoamperometry (Figure 9(a), 9(c), and Figure S10,
which shows the comparison of the Ni 2p peak before and after chronoamperometry).
This suggests that the surface composition did not change significantly for each of these
catalytic surfaces during prolonged exposure in alkaline medium during the
chronoamperometric measurement, and the NisSez and NisTe, surfaces retained
predominantly selenide and telluride coordinations. If the NiOx would have formed on
the selenide and telluride surfaces during prolonged OER activity in alkaline medium, the
Ni 2p peak would have shown a shift towards peaks position observed in NiOx@NisSe>

(or NiOx@NisTey) films. It should be noted here that the Se and Te XPS signals also
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confirm retention of surface composition as has been illustrated in the inset of Figure 9(a)

and 9(c).
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Figure 9. XPS spectra of the catalysts after chronoamperometry. (a) showing Ni 2p peaks of
NisSez, (b) NiOx@NisSe, before chronoamperometry, (c) NizTe> after
chronoamperometry and (d) NiOx@NizTe2 before chronoamperometry. Inset of (a) and
(b) shows the O 1s and Se 3d peaks; and (c) and (d) shows O 1s and Te 3d peaks.

Ni XPS peaks from the NiOx@NisSe2 and NiOx@NisTe> surfaces on the other

hand, shows shift of the Ni 2p peak towards higher binding energy corresponding to the

Ni-O bonding. This can be explained by the increasing thickness of the already existing
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NiOx layer in this oxide@chalcogenide films during chronoamperometric studies. Se and
Te XPS signals collected from these oxide@chalcogenides films also confirm the
compositional changes on the surface, whereby, the Se XPS peaks remains diminished
(inset of Figure 9(b)) indicating absence of Se on the surface, while the Te signal remains
unchanged after chronoamperometry suggesting that the NizTez regions on the surface
remain unchanged after chronoamperometry while the NiOx regions increase in
thickness. It must be noted here that as mentioned above the NiOx coating is more
uniform, continuous, and conformal on the NisSe, surface while on NizTez it forms
segregated islands as has been depicted in scheme shown as inset in Figure 4h. The O 1s
spectra shown as insets in Figures 9(a) — (d) also confirm the compositional changes in
the pristine chalcogenide and oxide@chalcogenide films as mentioned above, in which
pristine catalysts shows surface adsorbed oxygen at 531.1 eV for both before and after
chronoamperometry test while oxide coated chalcogenides show oxygen at 529.9 eV
which corresponds to chemically bonded Ni-O in addition to the surface oxygen. Thus,
the XPS spectra confirmed that pristine selenide and telluride surfaces retained their
compositional integrity and did not grow an oxide overlayer during OER in alkaline
medium, validating the mixed anionic surface model as has been explained below.

We have compiled the detailed electrochemical measurements and cycling
studies along with the surface analytical characterizations to correctly understand
evolution of the active interface.

The OER mechanism in alkaline medium is initiated by the attachment of a
hydroxyl group (-OH) on the catalytically active metal site (Ni in this case), and common

belief is that with such hydroxyl attachment, these chalcogenide surfaces gets coated with
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nickel oxide overlayer. In this article we have proposed a different composition of the
active surface based on the detailed electrochemical cycling studies and surface analytical
characterization as mentioned above. Figure 10 illustrates these surface models: Figure
10(a) and (c) shows oxide@selenide and oxide@telluride surface, analogous to
NiOx@NiszSe2 and NiOx@NisTey, respectively, and consistent with common belief of an
oxide-coated chalcogenide surface (Surf-Ox model), while Figure 10(b) and (d) shows
OHrions attached directly to the Ni atoms on the surface of pristine nickel selenide and
nickel telluride catalysts producing a mixed anionic (hydroxo)selenide or
(hydroxo)telluride surface generically referred to as (hydroxo)chalcogenide, (Surf(OH)E
model). The Surf(OH)E model is analogous to the (oxy)hydroxide surfaces that has been
observed for nickel oxide based electrocatalysts. As discussed above, electrochemical
observations including cycling studies which shows no change of the Ni%*oxidation
potential, provide evidence that when OER occurs, it follows the Surf(OH)E model for
the pristine catalysts. The Surf-Ox model which resembles the synthetically created NiOx
@NizSe; films would have resulted in shift of the Ni?* oxidation peak as has been
illustrated in Figures 6 and 7.

The active surface composition and evolution of the interface has been further
investigated through soft X-ray absorption spectroscopy (sXAS), which has been widely
used to detect oxidation states of transition metals. It is more sensitive to 3d-transition
metal electronic and chemical states that hard soft X-ray absorption spectroscopy (hXAS)
due to strong 2p-3d dipole-allowed excitation features.®6% Ni L-edge sXAS spectra of

pristine NizTe> has been shown in Figure 11(a). Ni L-edge spectral features includes two
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Figure 10. Catalysts models. (a) NiOx@NisSez surface representing the Surf-Ox model.
(b) Partially hydroxylated NisSe; surface representing Surf(OH)Se model. (c)
NiOx@NisTez surface representing the Surf-Ox model. (d) partially hydroxylated NisTe:

surface representing the Surf(OH)Te model.

In general, analogous to K-edge XAS, L3 and L2 peak positions moves to the high energy

direction when the formal oxidation state of the element increases. Correspondingly, the
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features at ~855 eV and ~872 eV indicates the co-existence of Ni?* and Ni** in the
compound.®* The prominent intensity of this peak means there is some amount of Ni**
present in the catalyst. This observation agrees with the experimentally observed early
onset of OER activity of NizTe> catalysts since it is well known for Ni based
chalcogenide catalysts that OER process starts after the electrochemical oxidation of Ni?*
to Ni®* and the presence of Ni in the form of Ni®* in the catalyst can promote OER
activity at lower potential.

To observe possible nickel oxide formation on surface of the catalyst aged in
alkaline electrolyte, O K-edge sXAS spectra was also collected after OER catalytic
activity and compared with the sXAS spectra obtained from as-deposited film before
catalytic activity as shown in Figure 11(b). O K-edge spectrum, which originates from
oxygen 1s-2p dipole transition, can be utilized to study the local bonding and symmetry
properties of the X-ray excited oxygen.® In a typical O K-edge spectra of nickel based
OER catalysts where oxide or oxyhydroxide formation was observed, there are two main
regions in the spectra i.e. the pre-edge region from 527 to 536 eV region that originates
from the hybridization of O-2p orbitals with Ni-3d orbitals, and the broad region above
eV that represents Ni-(4s/4p)-O(2p) hybridizations.54667.68 Hence pre-edge features of
the spectrum is associated with the ligand to metal charge transfer excitations, while the
spectrum is sensitive to the oxidation state of the cation (3d state).®® In a typical O K-
edge XAS of NiOy, the main low energy feature is observed at 532 eV corresponding to

Ni2+ (3d8).64,67
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Figure 11. Comparison of sXAS of electrodeposited NisTez. (a) Ni L-edge and (b) O K-
edge before and after OER activity.

In the present study, if there was a formation of nickel oxide on NizTe> catalyst, a
prominent peak should have been observed at ~532 eV in O-K sXAS after the catalytic
activity. Additionally, for -NiOOH it has also been reported that a single peak at 528.7
eV, is observed due to formation of NiOs octahedral domains initiated from low spin d’
states (Ni%*) with eg orbital symmetry.®” According to previous reports, after formation of

NiOs octahedra, it has not been reduced back easily to Ni?* states.%” However, these
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features were not detected in XAS even after prolonged catalytic activity in spite of
having Ni®* in the catalyst as suggested from Ni L-edge spectra. In some reports of O-K
sXAS in Ni-oxides, a prominent peak observed at 530.5 eV has been attributed to the
presence of oxygen in the form of O™ as a result of strong localization of holes near the
oxygen as a result of formation of Ni®* due to cation vacancies in the material,%
although, other researchers have shown that oxidized oxygen can only be reliably probed
by O-K mRIXS.%8 However, the prominent peaks at 533.5 eV observed in present SXAS
spectrum does not correspondent with the presence of O either. The O-K edge XAS
studies of NisTe2 has not been reported yet as per our knowledge, hence, we could not
compare the current O-K sXAS studies of NisTe; catalyst with previous data. It should
also be noted that Te 1s to 4p transition shows a SXAS peak at ~533 eV (K-edge). Hence,
authors assume that the observed peak at 533.5 eV corresponds to Te K-edge in both the
samples as shown in Figure 11(b). Interestingly, the O-K sXAS peak positions did not
change after prolonged OER indicating that there was no change of local coordination
around the active site. Therefore, from this O-K sXAS study, it was confirmed that a
nickel oxide overlayer did not form on the surface of the NizTe> catalyst even after
prolonged OER activity. Additionally, based on the observation that oxide overlayer
grows as segregated islands instead of conformal coating on NisTe; surface during anodic
electrodeposition, it can be inferred that NisTez has inherent inhibition towards surface
oxidation.

The propensity for formation of the mixed anionic (hydroxo)chalcogenide surface
can also be investigated from the hydroxyl ion (-OH) adsorption energy, (Eads)OH, on

the catalytically active Ni site on chalcogenide surface. Typically, a more favorable -OH
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adsorption on the chalcogenide surface leading to higher adsorption energy can be
correlated with energetically favorable formation of the (hydroxy)chalcogenide surface.
In our previous studies we have also observed that higher (Eads)OH leads to lower OER
onset potential and overpotential at 10 mA.cm™, thereby, could be correlated to improved

catalytic activity.

OER active site on catalyst surface

() (b)
NiO Ni3S€2 Ni3T€2 Ni3Tez

(001)Ni ~ (001)Ni (001)Nil  (001)Ni2

0.0 - T T T

-0.5 A

-1.0 A Q CZ !
F71°1 OB(; bl

-2.0 - QY

-2.5 A o0 8 o4

-3.0

(eV)

E,

Figure 12. Comparison of OH" adsorption energy on catalytically active Ni sites. (a) on
(001) terminated surfaces of NisSez, NizTe2-Nil and NisTe>-Ni2. (b), (c) and (d) show the
corresponding slab model with (001) as the terminating plane.

Hence, we have calculated the -OH adsorption energy for NiOx, NizSe. and

NisTe, surfaces using DFT as described in supporting information. Specifically, a (001)
terminated surface was created for each of this system and the -OH ion was adsorbed on

the Ni site. Comparison of the (Eads)OH showed that NizTe> had the most favorable -
OH adsorption energy followed by NisSe2, while NiOx showed the smallest adsorption
energy, as shown in Figure 12 and Table S3. As has been explained previously, the -OH
adsorption can be viewed as catalyst activation and initiates OER process on the surface.

A more favorable —OH adsorption leads to better coverage of the catalytic sites leading to
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enhanced catalytic activity. Hence, it can be observed here that formation of the mixed
anionic (hydroxo)chalcogenide surface is energetically more favorable for nickel
telluride. The enhancement in observed OER catalytic activity for the chalcogenide
surfaces can thus be correlated with the preferential formation of such mixed anionic

(hydroxo)chalcogenide surfaces through facile -OH adsorption.

4. CONCLUSION

The interface evolution of the transition metal chalcogenide electrocatalytic surfaces have
been deciphered by creating hypothetical surface models, viz. an oxide@chalcogenide surface
(Surf-Ox) and partially hydroxylated mixed anionic (Surf(OH)E) surface. Surface analogous to
the Surf-Ox model was synthesized by anodic electrodeposition of a nickel oxide layer on nickel
selenide and telluride films (NiOx@NisSe2 and NiOx@NisTez, respectively). Comparison of the
electrocatalytic activity of aged and pristine Ni2Ses and Ni2Tes films with the NiOx@NisSe2 and
NiOx@NisTe2 films revealed that Surf-Ox model does not accurately explain the observed
electrocatalytic activity. On the other hand, Surf(OH)E model for the active interface was

confirmed through extensive surface analytical techniques such as XPS, sXAS etc., as
well as through electrochemical measurements. Hence it was confirmed that the transition
metal chalcogenide surfaces, specifically, nickel selenide and nickel telluride are indeed
stable electrocatalysts for OER in alkaline medium where the active interface can be

described as a partially hydroxylated mixed anionic surface formed in situ.



184

CONFLICTS OF INTEREST

There are no conflicts to declare.

ACKNOWLEDGEMENT

This work was supported by National Science Foundation (DMR 1710313) and

the American Chemical Society Petroleum Research Fund (54793-ND10). DFT

calculations were perfomed at the Molecular Foundry supported through standard user

proposal (4804 and 6640). Authors would like to acknowledge MRC for equipment

usage.

SUPPLEMENTARY INFORMATION

Intensity / a.u.

NiO, (ICSD#01-073-1523)

10 15

20 25 30 35 40 45 50 55 60 65 70 75 80 85 9

2 0 (degree)
Figure S1. Powder X-ray diffraction of NiOx



185

Spm Sum
Figure S2. (a) Scanning electron microscope image of NisSe> catalyst; Elemental
mapping of selected area in SEM image for (b) Ni and (c) Se.

Table S1. Comparison of oxide coated catalysts and pristine catalysts XRD peaks.

Peaks 0/° FWHM/ °© D/ nm
NisSe2
110 29.775 0.60 14.31
201 42.705 0.48 18.57
NiOx@NizSez
110 29.805 0.45 19.09
201 42.795 0.27 33.03
NisTez
212 45.375 0.39 23.08
NiOx@NizTe2
212 45.705 0.28 32.77
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Figure S3. (a) Scanning electron microscope image of NisTe; catalyst; Elemental
mapping of selected area in SEM image for (b) Ni and (c) Te.

Spm Sum

Figure S4. (a) Scanning electron microscope image of NiO catalyst; Elemental mapping
of selected area in SEM image for (b) Au ; (¢)Ni and (d) O.



187

All Elements

(d) - A All Elements
HA o NN
600—3 . S A\ " Ni Kal
\, /“/ \'\ —~ Selal2
/ \ O Kal
N\
o ; \ P / \ Au Mal

U I U [ U I g R wa | T"'T‘
1.8 195 231 225 24 255 27 285 3 31
pm

I I | I | ! J | | I |
] 015 03 045 06 075 09 105 12 135 15 165

(e) NizTe2

(t) All Elements
1000 s -
S A~ AANAN e
800 —~~ OKal
" Au Mal
Te Lal
&

Figure S5. Thickness of the electrodeposited films of (a) NiOx, (c)NizSez and (e)NizTez;
(n) Elemental line scan of edge of the electrodeposited films of (b) NiOx, (d)NisSe2 and
(F)NisTe2 respectively.
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Figure S6. XPS spectra of O 1s peak of (a) NisSez, (b) NiOx@NisSez, (c) NizTez, (d)
NiOx@NisTes.

Table S2. Catalysts loadings of the pristine catalysts.

Catalysts Total loading (mg) Loading Area (mg/cm?)
NisSe; 0.64 0.81
NisTe; 0.29 0.41
NiOx 0.037 0.46
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Figure S7. (@) CV (b) LSVs measured for NizSez , NisTez, NiOx@NizSez, NiOx@NizTe2
and NiOx catalyst films in N saturated 1 M KOH at a scan rate of 10 mV s™. Inset in (b)
shows the comparison of oxidation peak positions of all catalysts (color scheme for the
different catalyst is shown in (a).
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Figure S8. The comparison of Ni?* / Ni®* oxidation peak positions for pristine NiO
catalyst @Au-glass (a) CVs measured for 100 cycles; plotted every 10" cycle for clarity
(b) Comparison of 1%t and 100" CV cycles.
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Figure S10. Comparison of Ni 2p peaks (a) NisSe2 before and after chronoamperometry,
and NiOx@NisSe, before chronoamperometry; (b) NizTez before and after

chronoamperometry, and NiOx@NisTez before chronoamperometry.
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1. COMPARISON OF OH- ADSORPTION ENERGY ON NICKEL SITES ON

CATALYST SURFACES: DENSITY FUNCTIONAL THEORY (DFT)
CALCULATION

We have employed DFT to calculate the adsorption energy of OH" ions on active
Ni sites on (001) surface of NizSe. catalyst and compared the results with OH™ adsorption
on active Ni sites on NisTe2 and NiO (001) surfaces by following a similar process
reported earlier!. The results have been tabulated in Table S3. Projected augmented wave
method (PAW) implemented in Vienna Ab initio Simulation Package (VASP)?® was
used and Perdew—Burke—Ernzerhof (PBE) was chosen as the exchange and correlation
function within generalized gradient approximation (GGA)*. A Monkhorst—Pack mesh of
7x7x1 was used to sample the brillouin zone with plane wave cut-off energy of 400 eV.
Free surface of Ni3Se, was simulated using a slab model with 1x1x2 super cell and a
relatively large vaccum gap of 20 A was added to the upper layer under periodic
boundary condition to separate layers. The slab was allowed to relax under quasi-
newtonial convergence criterion to obtain the energy of the clean slab, Eciean. Then OH-
was placed at a distance of 1.8 A on top of active Ni sites and allowed to fully relax to
obtain the total energy of the system, Esystem. The OH™ adsorption energy, Ead, was
calculated as: Eag = Esystem - Eclean — Eon” Where, Eon is the energy of free OH ion. NizTe>
(001) surface contain 2 different active Ni sites owing to difference in tetrahedral

coordination and denoted as Nil1, Ni2%.
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Table S3. Summary of adsorption energy (Ead ), bond lengths of O-H and Ni-O (do-+and
do-H) for OH ions adsorbed on active Ni sites on (001) surfaces of different catalysts.

Active site Ead (V) | do-H (A) | dni-o (A) | Reference
NiO (001) Ni 1608 | 0964 | 1.808 1
NisSe2 (001) Ni -2.468 0.981 1.814 This work
NisTe2 (001) Nil -2.703 0.964 1.748 1
NisTez (001) Ni2 | -2.664 | 0965 | 1.767 1
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ABSTRACT

The search for high-efficiency and environmentally benign water splitting
catalysts has been on the rise since this process is a source of renewable, clean energy.
However the process is inherently slow, especially for the production of O, from H.0O
(water oxidation) due to the high electron count and energy intensive bond formation of
the reaction. Hence the search for novel catalysts for oxygen evolution reactions (OER)
has led researchers to focus on various families of compounds including oxides and
recently selenides. Multifunctional nanostructures containing the semiconductor
electrocatalyst grafted onto an optically active metallic component might boost the
catalytic activity even further due to efficient charge injection. Magnetically active
catalysts will also be lucrative since that might induce better adhesion of the oxygenated
species at the catalytically active site. In this report we introduce multifunctional,
magnetic AusPd—CoSe nanostructures as high-efficiency OER electrocatalysts. These

multifunctional nanostructures were synthesized by a chemical vapor deposition (CVD)
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reaction with cobalt acetylacetonate and elemental selenium on Au-Pd sputter coated
silica substrate at 800°C. The morphology of these multifunctional nanostructures were
mostly bifunctional Janus-like nanoparticles as seen through scanning and transmission
electron microscopy. They also showed soft ferromagnetic behavior. These bifunctional
nanoparticles were coated on the anodes of a water oxidation cell and it was observed
that these nanoparticles showed a higher OER activity with lower onset potential for O>

evolution as compared to the conventional oxide-based OER electrocatalysts.

1. INTRODUCTION

Water splitting is a vital topic of interest in present days since it offers a solution
for alternative energy generation without depleting fossil fuel. Water splitting can utilize
both solar and/or electric energy for a cleaner, recyclable, and cheaper production of
hydrogen and oxygen. The water-splitting reaction has two half-reactions: the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER), both of which are
fundamental for the overall efficiency of water splitting [1, 2]. Currently OER has been a
prime area of research for energy generation from water oxidation, because of the
inherently sluggish rate of the reaction. The OER process is inherently slow, due to the
high electron count (4e) and energy intensive bond formation.

Typically, catalysts are required to reduce the activation energy barrier for this
uphill reaction. Some of the commonly used catalysts for OER in electrolysis cells are
state-of-the-art noble metals of Pt, Ru, and Ir and their oxides.[3,4] However, there are

some critical problems with the noble metal electrocatalysts including low abundance,
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high cost as well as catalyst poisoning with small organic molecules, and sluggish
kinetics.[5, 6] Therefore, partial or complete replacement of noble metal in the
electrocatalysts has become a prime activity in recent research. Consequently, researchers
focus on novel OER catalysts including earth abundant transition metal based compounds
because of their low cost and enhanced catalytic activity.[7,8] In recent times, the most
efficient catalytic activity towards OER was obtained by using nickel oxides or
hydroxides [9, 10, 11, 12,13], as well as transition metal chalcogenides (MEx, M = Fe,
Co, Ni; E =S, Se) which incidentally showed activity towards HER, and oxygen
reduction reaction (ORR) too.[14, 15] Among these transition metal chalcogenides,
Nickel selenide (NisSez) was shown to have good catalytic activity for OER from our
group.[16] CoSe is a semiconducting material with the band gap of 1.52 eV and the
valence and conduction band edges being close to the water oxidation-reduction levels.
Recently cobalt selenides have shown lot of promise as catalysts for oxygen reduction
[17, 18, 19] as well as decomposition of hydrazine hydrate, magnetic refrigeration and as
electrodes for Li-ion batteries [20]. Multifunctional nanostructures containing
semiconductor electrocatalyst grafted onto an optically active metallic component might
boost the catalytic activity even further due to efficient charge injection. Magnetically
active catalysts will also be beneficial since that might induce better adhesion of the
oxygenated species at the catalytically active site.

In this presentation, we have created multifunctional magnetic AusPd-CoSe
nanostructures [21] and have investigated their potential as OER electrocatalysts. These
nanoparticles have been produced by a simple chemical vapor deposition (CVD) reaction.

OER electrocatalytic activity has been studied through detailed electrochemical
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characterization providing some insight into mechanistic details. It was observed that
indeed the AusPd-CoSe nanostructures showed a low onset potential for Oz evolution as

well low overpotential at 10mA.cm, characteristic of high catalytic efficiency.

2. EXPERIMENTAL

2.1. MATERIALS & METHODS

Gold coated Silicon (Au-Si) and doped silicon (d-Si) substrates used for CVD
reactions were purchased from Deposition Research Lab. Inc. These substrates were cut
into pieces of 1 x 1 cm?. Au-Si was prewashed with isopropanol and acetone in order to
remove any contaminants. d-Si substrate was etched with HF acid to remove any native
SiO2 layer and then cleaned thoroughly with DI water. These substrates were then sputter
coated with Au-Pd (3: 2) for 120 seconds creating a layer of Au—Pd particles over the
substrates. Cobalt acetylacetonate (Co(acac)s) and Se shots were used as precursors for
the synthesis and they were obtained from Sigma-Aldrich and used without further
purification.

2.1.1. Synthesis of CoSe. These Au-CoSe nanostructures were synthesized in a
horizontal tube furnace by chemical vapor deposition (CVD) technique at 800°C under a
flow of N2 as carrier gas (120 sccm). Schematic of CVD furnace and its setup is shown in
Figure 1. Precursors and substrate were kept in the middle area of the horizontal furnace
at 800 °C. Selenium shots were located at 400 °C and Co(acac) 3 was kept at a 250 °C
region. Initially, the Co(acac)s and Se were kept outside the heating zone by pushing the

ceramic liner to the extreme left.
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When the central zone of the furnace reached at the reaction temperature of 800
°C, the ceramic liner was pushed to the right to get the appropriate sublime temperature
regions for Se and Co(acac)s at 400 °C and 250 °C respectively. The reaction was carried
out for 30 minutes, and the furnace was cooled down at the rate of 8 °C min. This

deposition was further characterized for the morphology and composition of the product

Au-Pd sputter
Se coated Si Qven
Co(acac), substrate

Quartz
tube

Figure 1. Schematic diagram of CVD apparatus. Used for the synthesis AusPd-CoSe
nanostructures.

2.2. CHARACTERIZATION

2.2.1. Powder X-Ray Diffraction. The as-synthesized product from the CVD
reactions were characterized by powder X-ray diffraction (pxrd) with Philips X-Pert
diffractometer using Cu Ko (1.5418 A) radiation.

2.2.2. Electron Microscopy. For transmission electron microscopy (TEM)
imaging, the sample was prepared by scratching the deposition on substrate and
dispersing it in ethanol by sonicating for one hour. A drop from the “as prepared”

dispersion was placed a holey carbon coated Cu TEM grid and dried thoroughly in a
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vacuum oven prior to TEM imaging and Energy dispersive X-ray spectroscopy (EDS).
TEM images were obtained on FEI Tecnai F20 and Tecnai Osiris TEM operating at 200
kV. For FEI Tecnai Osiris TEM the probe current is 1 nA with a spot size of less than 1
nm. The convergence angle is 10.3 mrad and the camera length is 200 mm for HAADF
imaging. Scanning electron microscope (SEM) imaging was performed using FEI Helios

NanoLab 600 FIB/FESEM directly onto the substrates covered with the CoSe layer.

3. DISCUSSION

Figure 2a shows the pxrd pattern obtained from the product, confirming the
presence of hexagonal CoSe (JCPDS card no. 42541) along with AuzPd (JCPDS no.
180872). The sharp intensity of the pxrd peaks proves that highly crystalline nature of the
product could be obtained. Purity of the product was very high and it did not show
existence of any crystalline impurity from other cobalt selenide phases. Figure 1b shows
an illustration of the typical crystal structure of CoSe showing the anion close packing
and octahedral coordination of Co.

Figure 3a shows the SEM image of CoSe nanostructures grown on d-Si. As can
be seen from these images, the CoSe on d-Si grew mostly as vertically oriented nanorods
with a rectangular cross section. Closer inspection of the nanorods also revealed that they
have a core-shell like morphology (inset of Figure 3a). The CoSe nanostructures grown
on Au-Si on the other hand showed elliptical nanostructures as shown in Figure 3b. The

shape and nature of these nanostructures are very representative of the bifunctional Janus
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particles [22]. The different contrasts in the SEM images exhibits the presence of
heterocomposition zones in the nanostructures. Most of the nanostructures were oval
shape with the short axis ranging from 100-150 nm while the catalyst tip was less than
100 nm. Brighter tip in Figure 3a represents AusPd, while darker region contains CoSe.
Particle size distribution showed that the particle sizes (along the long axis) were mostly
in the range 200-250 nm. The size of the oval shaped nanostructure could be manipulated

by altering size of the Au—Pd nanoalloy catalyst particles.

( a) —Au-CoSe nanostructures (b)
——(0Se standard pattern

* AusPd

Intensity (a. u.)

Figure 2. AusPd-CoSe nanostructures. (a) PXRD pattern (b) Crystal structure.

The AusPd-CoSe nanostructures were also characterized with high-resolution
TEM imaging which revealed the single crystalline nature of the nanostructures with
lattice fringes along the <111> crystallographic direction as shown in Figure 3c. The

EDS line scan and mapping as given in Fig. 4 was carried out on an FEI Tecnai F20 TEM
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operated at 200 keV in STEM mode. The probe current is 1.2 nA with a spot size of less
than 2 nm. The convergence angle is 13 mrad and the camera length is 30 mm for dark

Field imaging. This scope is equipped with an Oxford ultra-thin (UTW) window EDS

Figure 3: SEM and TEM images. () the rod-like CoSe nanostructures; and (b)
bifunctional Au,Pd-CoSe nanoparticles. (c) High resolution TEM image of AusPd-CoSe

nanoparticles.

detector, which allows detection of carbon. The X-ray transmission efficiency for carbon
with this window is 42%. Table 1 is given the EDS line scanning of the AuszPd-CoSe
nanostructures and it has a stoichiometric ratio of Co: Se. The elemental mapping of the
nanostructures illustrated (figure 4) that brighter tip represents AusPd, while darker
region contains CoSe. The Au(Pd) and Co-Se regions shared a common interface. There
was no noticeable mixing of Au in the Co—Se regions, and likewise there was almost no
mixing of Co-Se in the Au region which indicates that the phase purity of the individual

phases.
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3.1. ELECTROCHEMICAL CHARACTERIZATION AND CATALYTIC
STUDIES

The OER catalytic activity was estimated from LSV graphs. Electrochemical
measurements were performed in a three-electrode system with an IviumSoft potentiostat
using the Ag/AgCl as reference electrode and Pt mesh as a counter electrode and the
substrate with nanoparticles as the working electrode. All measured potentials vs. the

Ag/AgCl were converted to the reversible hydrogen electrode (RHE) scale.

(b)
Element | Atomic %
: . ! 0 12.14
Cobalt Selenium Sl ?961
5 (e) Co 231
Se 229
. Pd 0.88
. Au 2.77
Total 100

Palladium

Gold

Figure 4. Elemental mapping of Au,Pd-CoSe nanostructures. (a)- (e) Preferential location
of Au, Pd, Co and Se.

To study the electrocatalytic activity of the CoSe for OER, linear sweep
voltammetry (LSV) measurements were conducted in No-saturated 0.3 M KOH solution,
at a scan rate of 10 mV s-%. Figures 5 (a) and (b) show the LSVs of electrochemical
oxygen evolution with CoSe nanostructured catalysts. Typically rapid oxygen evolution

from the CoSe catalyst surface was observed during the electrochemical studies. The
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blank substrates of Au- coated Si and doped Si (d-Si) substrates show poor catalytic
activity toward the OER as expected. The CoSe nanorods on d-Si substrate revealed that
higher onset potential for Oz evolution compared to the CoSe @ Au-Si (1.27 V vs RHE).
However, CoSe@d-Si showed a lower overpotential at 10 mA.cm (300 mV vs RHE)
compared to CoSe@Au-Si (430 mV vs RHE). The overpotential for CoSe@d-Si is
significantly lower that of bulk CoSe> (590 mV) and ultrathin CoSe> (320 mV) [23]

reported in literature as well as of NG-CoSe; (366 mV).[24]

60 30
Tafel slope Tafel slope
50 w 630 (a 25 [ 0.16
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Figure 5. OER activity and Tafel slope. (a) CoSe nanorods on d-Si substrate and (b)
bifunctional Au-CoSe nanostructures. Inset shows Tafel slope for each nanostructure
ensemble.

Nanostructuring the catalyst increases the functional surface area which is a vital
part in catalytic reactions. Yang at el also showed that synthesis of a three-dimensional
(3D) ternary hybrid Coo.gsSe nanosheet array and successively grown NiFe-LDH on

electrochemically exfoliated graphene which shows lower overpotential of 150mA cm-
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2 [25] In addition RGO/CoSe; also shows the very low onset potentials than bare CoSe;
[2] due to reduction of the activation barrier when support the nanoparticle of RGO.

CoSe@d-Si substrate shows approximately two-fold exchange current densities
compared to CoSe@Au-Si substrate which can be attributed to the growth of grass like
square shaped nanorods which significantly increase the functional surface area and also
facilitate release of the generated oxygen bubbles away from the electrode surface,
particularly at high current densities. [26]

The catalytic performance of the CoSe catalysts toward the OER was further
evaluated by measuring the Tafel plots. The Tafel equation is a fundamental equation
which acquires from the kinetically controlled region of oxygen evolution reaction and
relates the overpotential of the reaction with the current density. In addition, Tafel slope
also provides inset into the number of electrons involved in the rate determining step of
the catalytic process. For both of the CoSe nanostructures grown on d-Si and Au-Si, a
Tafel slope of 120 mV dec Tafel slope was obtained as has been shown in the inset of
Figures 5 (a) and (b), respectively. A comparison of all the catalytic parameters has been

listed in Table 2.

Table 1. Comparison of catalytic activity of Au3Pd-CoSe on two substrates.

Sample Onset potential Tafel slope Overpotential at 10
(V vs RHE) (mV dec?) mA cm? (mV vs
RHE)
AuzPd-CoSe@d-Si 1.32 122.1 300
AuzPd-CoSe@Au-Si 1.27 120.8 430
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4. CONCLUSION

In conclusion, we have synthesized multifunctional magnetic nanostructures of
the composition AusPd-CoSe and have shown that these nanostructures are very active
towards water oxidation. Moreover, the morphology of these nanostructures could be
altered by changing the growth substrate from highly conducting Au-Si to doped-Si, and
the catalytic activity also showed a change. Importantly, the CoSe based nanostructures
on d-Si showed a very low overpotential at 10 mAcm of exchange current density,
which is typically a signature of a high efficiency catalyst. Such high catalytic efficiency
might be attributed to the existence of an interface with metallic AuzPd which can
facilitate charge injection and transport within these semiconducting nanostructures. It
should be noted that in general these nanostructures showed a higher OER activity with
lower onset potential for O2 evolution reaction as compared to the conventional oxide-

based OER electrocatalysts.
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ABSTRACT

The synthesis of an active catalyst series for oxygen evolution reaction is a
promising route towards clean and renewable energy. In this paper, we have synthesized
a series of nickel selenides of NiSe, NiSe2, NisSe2, and NisSes as active electrocatalysts
for the most crucial step for efficient electrocatalytic water splitting, which is the oxygen
evolution reaction (OER) that takes place at the anode. These pure nickel selenides are
synthesized by hydrothermal reactions and show low overpotential at 10 mA cm and
early onset as well as high current density during the OER in 1.0 M KOH. The
overpotential at 10 mA cm for a series of nickel selenides is 220, 200, 240 and 250 mV
for NiSe, NiSe2, NisSe2, and NisSes, respectively. In addition, we discuss in this paper the
synthesis of electrocatalysts, characterization techniques of XRD, SEM, TEM, and
STEM, and electrochemical investigations of catalysts. Additionally, this paper discusses

the stability of this catalyst during long-term OER conditions under 1.0 M KOH.
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1. INTRODUCTION

Over the last several decades rapid depletion of fossil fuels has led researchers to
focus on finding renewable energy sources for meeting future energy demands. A result
of this continuous quest has been to develop technologies for harvesting energy from the
sun (solar energy conversion) as well as other renewable sources such as water. Water
splitting reaction, in particular has been of considerable interest in recent times due to the
promise of generation of clean fuel (hydrogen) through environmentally benign
methods.! Both solar and electrical energy can be used for water splitting reactions
wherein clean hydrogen gas is generated through hydrogen evolution reaction (HER)
while the other by-product is oxygen gas from oxygen evolution reaction (OER).2 Water
splitting reaction efficiency slows down to a greater extent due to the kinetically sluggish
OER where O—H bond breaking and O=0O bond formation occurs with a high electron
count (4e).>* > The OER process is goes through multiple steps of proton-coupled
electron transfer processes ,%"® consequently, requires an efficient catalyst to pull the
reaction forward. Hence, the development of an efficient and highly active OER
electrocatalyst is a major challenge in the water splitting process.®° Generally, catalysts
are engaged to decrease the activation energy barrier of the uphill water splitting
reaction.** The most commonly used catalysts for OER in electrolysis are comprised of
precious noble metals such as Pt, Ru, and Ir.126 Researchers over the last few decades
have made an attempt to design a durable, cheap, and efficient OER electrocatalyst based
on earth-abundant transitions metals due to several reasons: (i) they have available d

orbitals which can facilitate electron transfer in high electron count reactions such as
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OER, (ii) transition metals can shuttle easily between various oxidation states, (iii) the
possibility of single occupancy of the eq orbital at the catalytically active metal site on the
catalyst surface; (iv) high degree of covalency between transition metal site and
anions.* It is the ability of the transition metal to be in a variety of oxidation states, to
undergo facile transitions between these oxidation states, to coordinate to a substrate, and
to be a good source/sink for electrons that makes transition metals such good catalysts.

Over the last decade, considerable amount of research was reported on pyrite

materials MXz (M= Ni, Co, Mn, Fe; X=S, Se), which give rise to a wide variety of
magnetic, optical and electrical properties due to their crystal field splitting, solid state
properties, and intrinsic 3d bandwidth.” Consequently, McCrory et al have reported
transition metals of Ni, Co, Fe, Cu, Mo, and Mn-based electrocatalysts having more
proficient catalytic activity towards OER than precious noble metals.'® Particularly, Ni-
based catalytic materials are promising prospective OER catalysts in alkaline media
because they show (i) high reaction rates, (ii) high stability and (iii) low-cost earth
abundant material.*® Several research groups are working with Ni-based oxides,
hydroxides or composites with other transition metals doping for OER. In 2014, Gao at
el reported that highly nanostructured a-Ni(OH)2 catalyst which shows 331 mV
overpotential at 10 mA cm current density.?’ Nickel oxide and nickel hydroxide
nanoparticles were investigated for excellent catalytic activity towards OER in alkaline
solutions with 330 mV and 300 mV overpotential () at 10 mA cm™2, respectively.?! In
2015, porous Ni—Fe catalyst with overpotentials of 328 mV and 420 mV at 10 mA
cm 2 and 50 mA cm™2 current densities, respectively were reported.?? Lu and Zaho

reported that an efficient OER catalyst can be developed by electrodepositing nickel-
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iron composites onto Ni-foam which only require overpotential of 200 mV to initiate the
reaction in alkaline solutions.?® However, catalysts based on metal oxides have some
constraints in water oxidation, such as high overpotential required to activate the catalytic
site prior to the evolution of oxygen.?* On the other hand, it has been proposed that the
metal chalcogenides might show better electrocatalytic activity due to their increased
electrochemical activity and higher degree of lattice covalency.?® Semiconducting
transition metal selenides have recently attracted enormous attention due to their
distinctive electrical and magnetic properties and variety of potential applications in, e.g.,
optical recording materials, solar cell, superionic materials, sensors, laser materials,
optical filters, and conductivity fields, etc.?® Metal selenides, tend to form covalent, often
low-dimensional structures in contrast to the ionic, 3D-type structures of the oxides. The
greater covalency of the metal-selenide interaction reduces the relative charge on the
metal ion thus enhancing metal orbital delocalization and favors M—M bond

formation.?” In addition, due to the higher degree of covalency of Ni-Se bond than the Ni-

O bond, later elements of the chalcogenides series have better preference for water
oxidation.* Consequently, the selenides show higher catalytic efficiencies towards water
oxidation.?®

Recently our group reported electrodeposited NisSe2 on Au-coated glass as a very
good catalyst for OER having 10 mA cm current density at an overpotential as low as
290 mV in alkaline solutions?® and 190 mV for nanostructured NisSe, on Au-coated
glass.® Ni''Ses complex exhibits excellent OER activity in 1.0 M KOH with an
overpotential of 200 mV at 10 mA cm2 3! and <311> textured NiSe, shows catalytic

activity with the onset potential for Oz evolution at 1.36 V (vs RHE) and overpotential of
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140 mV to get 10 mA cm2 current density in alkaline medium.®? In 2016, Pu et
al demonstrated that electrodeposited NiSe, nanoparticles on Ti plate is an efficient and
robust electrode to catalyze water oxidation in basic media which affords 20 mA cm™2 at
295 mV overpotential with strong durability in 1.0 M KOH.3 while, Wu et al showed
that electrodeposited hexagonal phase as-synthesized Nio.gsSe films supported on graphite
substrate exhibited excellent activities for OER which needs overpotential of 302 mV to
achieve 10 mA cm™2in 1.0 M NaOH.3* The growth of NiSe nanowire on nickel foam
exhibits high activity with an overpotential of 270 mV required to achieve 20 mA cm”
2 and strong durability in basic medium.® NisSe.@Ni foam electrode delivers an OER
overpotential of 315 mV at a current density of 200 mA cm™2 in 1 M KOH.%® Nickel and
selenium are able to create diverse compositions having different stoichiometric ratios
due to the smaller electronegativity difference of nickel and selenium (Ni =1.9, Se=2.4)
and enhanced charge delocalization.®” These various nickel selenide compound
compositions, crystal structures, and morphologies strongly influence their physical and
chemical properties and their applications.®® We have hydrothermally synthesized four
types of nickel selenide nanostructures of composition NiSe, NiSe2, NisSez, and
NizSes. Nanostructures are expected to increase the catalyst surface area as well as the
electrochemically active surface area and expose more active sites resulting in enhanced
catalytic activity. The nickel selenide nanostructures reported in this article show higher
current densities, higher mass activity and very low onset potential and overpotential at
10 mA.cmfor OER in 1m KOH. In addition, they also show extended functional and

compositional stability of under conditions of continuous OER for over 12 h.
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2. EXPERIMENTAL SECTION

2.1. MATERIALS

All the syntheses were carried out with analytical grade chemicals and they were
used without any further purification. All reagents were prepared using deionized (DlI)
water. Nickel sulfate (NiSO4-6H,0O—Fisher Scientific), Selenium dioxide (SeO2- Acros
Chemicals), and hydrazine hydrate (N2Hs-H20, 100%) were purchased from the Acros
Organics company, USA. Carbon cloth (CC) substrate and Nafion were purchased

from Fuel cells Etc. Company, college station, Texas and lon Power respectively.

2.2. SYNTHESIS OF NICKEL SELENIDE NANOSTRUCTURES

Synthesis of nickel selenides was carried out using a reported procedure with
some modifications. In a typical synthesis of NiSe, NiSO4-6H,0 and SeO> were used in
4:1 stoichiometric ratio. NiSO4.6H20 (4.0 mM) was dissolved in 12.0 ml of deionized
water under magnetic stirring to form a homogeneous solution. After mixing the solution
for 10 min, SeO2 (1.0 mM) was added and stirred vigorously for 20 min. Ultimately,
N2H4.H20 (3.0 ml) was added to the mixture and stirred constantly until the solution
becomes transparent. The resulting transparent solution was transferred into a Teflon-
lined stainless-steel autoclave. The autoclave was sealed and maintained at 185 °C for 7
h, then naturally cooled to room temperature. The formed black product was centrifuged,
washed several times with distilled water and absolute ethanol to remove impurities. The

product was dried in a vacuum oven at 60°C for 24 h. Similarly, NiSez, NizSe2, and
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NizSes were prepared by changing the Ni: Se molar ratio of precursors, reaction times

and reactions temperatures which are summarized in Table 1.

Table 1. The reactions parameters of nickel selenides series.

Product Ni: Seratio | Time/h | Temperature/°C
NiSe 4:1 7 185
NiSe, 31 7 185
NizSe, 31 24 145
NizSes 1:3 31 145

2.3. CHARACTERIZATION METHODS

As-synthesized nickel selenides were characterized by powder X-ray diffraction
(PXRD) with Philips X-Pert X-ray diffractometer (PANalytical, Almelo, The
Netherlands) using CuKa (1.5418 A) radiation. The surface morphology was examined
with an FEI Helios NanoLab 600 FIB/FESEM. The chemical composition of the films
was examined using an energy dispersive X-ray analyzer (EDX) and X-ray photoelectron
spectroscopy (XPS) were obtained through a KRATOS AXIS 165 X-ray Photoelectron
Spectrometer (Kratos Analytical Limited, Manchester, United Kingdom) using the
monochromatic Al X-ray source.

Crystal structure of the catalyst was confirmed using high-resolution transmission
electron microscopy (HR-TEM) and selected area electron diffraction (SAED) analysis
with an FEI Tecnai F20. The spot size was less than 2 nm and probe current was 1.2 nA.

STEM mode in the TEM was also used for imaging with a camera length of 30 mm and



222

the convergence angle of 13 mrad. Oxford ultra-thin (UTW) window EDS detector was

used to detect the elements in TEM mode.

2.4. ELECTRODE PREPARATION

To analyze the activity of hydrothermally synthesized nickel selenides, a
homogeneous catalyst ink was prepared by adding finely ground 4.0 mg of catalyst
powder in 100.0 uL of 50% IPA in water followed by ultra-sonication for 30 min. Then,
10 uL of the dispersion was drop cast on a confined area (0.08 cm?) on carbon cloth. The
drop-casted film was then dried at room temperature. After that, 5 pL of 0.1% Nafion in
IPA solution was drop casted on the catalyst film and allowed to dry overnight in room

temperature.

2.5. ELECTROCHEMICAL MEASUREMENTS

Electrochemical studies were carried out in a three-electrode system using an
IviumStat potentiostat having Ag/AgCl as the reference electrode, a Pt mesh as the
counter electrode and the prepared nickel selenide electrode as the working electrode. 1.0
M KOH was used as the electrolyte for electrochemical studies. Before all the
electrochemical measurements, the electrolyte was deaerated by continuously purging
with N2 gas for 30 minutes. The linear scan voltammetry (LSV) was carried out to find
the OER catalytic activity at a scan rate of 10 mV s . The stability of the catalyst was

monitored by chronoamperometry. Following equation was used to convert the potentials
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measured from Ag/AgCl electrode to convert in to RHE scale (reversible hydrogen
electrode).

Erne = Eagiager + 0.059pH + ECag/ager 1)

In this equation, E°ag/agc IS the standard potential of Ag/AgCl at 25 °C (0.197 V),
Eagiagel is the measured potential, by the potentiostat, with the Ag/AgCl reference
electrode and Erne is the potential vs. RHE. The turnover frequency (TOF) was
calculated from the following equation (2).

TOF = (1)/(4 x F xm) 2)
where 1 is the current in Amperes, F is the Faraday constant and m the number of moles
of the active catalyst. The catalytic performance of the NisSe; catalysts toward the OER
has been carried out by measuring the Tafel plots based on the equation given below
equation (3).

n =a+(2.3R T)/anF log j 3
where 1) is the overpotential, j is the current density, a is transfer coefficient, n is number
of electron involved in the reaction and F is Faraday constant. The Tafel equation as
shown in equation (3) is a fundamental equation which acquires from the kinetically
controlled region of OER. To calculate Tafel slopes, LSV plots were obtained with a
slow scan speed of 2 mV s in non-stirred solution.

The electrochemically active surface area of the catalyst was estimated by
measuring electrochemical double layer capacitance (Cpc) of the electrode-electrolyte
interface of the double layer region in the cyclic voltammogram. The cyclic
voltammogram of the electrode was cycled from -0.025 to 0.05V vs Ag/AgCl at scan

rates between 2.5 and 40 mV s in N saturated 1.0 M KOH solution. The capacitive
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current (ipL) was estimated from the non- faradic double layer region in the cyclic
voltammogram. This capacitive current mainly accounts more for charge accumulation
than charge transfer or chemical reactions and it is directly proportional to scan rate (v).
Capacitive current is the product of the double layer capacitance and scan rate.

ipoL=CpLx*xv 4)

The electrochemical active surface area (ECSA) is the product of double layer
capacitance and specific capacitance (Cs) which is shown in equation 5 and is reported
from 0.022 mF cm-2 to 0.130 mF cm-2 in alkaline solution.®® In this study, we have
assumed the value of specific capacitance to be 0.040 mF cm based on reported Ni-
based OER catalysts.® The roughness factor (RF) was calculated by using ECSA and the
geometric area of the different catalytic electrodes given in Table 2.

ECSA=CDL/Cs (5)

3. RESULTS & DISCUSSION

When NiSO4-6H20 and SeO are dissolved in the DI water, H.SeOs acid can be
obtained as a clear solution. This HSeOs acid can be reduced to Se by hydrazine hydrate.
In the alkaline condition, H,SeOj3 can easily be converted into Se?~ upon quick heating.
The dissolved Ni?* ions can react with Se?~ ions to form various phases of NixSey
compounds. Different morphologies and sizes of nickel selenides nanostructures were
formed by the hydrothermal process by varying the Ni: Se reactant ratio, reaction
temperature and reaction time. This solution-phase reaction system has provided a

feasible and homogeneous environment for the nucleation and growth of the nickel
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selenide nanostructures. It was found that the molar ratio between the two stable
precursors, the reaction temperature and time played important roles in the formation of
the nickel selenide series and these products are black in color.® Table 1 shows the effect
of reaction conditions on the product composition for the synthesis of nickel selenides.
The proposed mechanism for the synthesis of nickel selenides can be explained using the

following equation:

Se0; + H20 — H>SeOs (7
H2Se03 + NoHa-H0 — Se + Na + 4H,0 (8)
3Se + 60H™ — 2Se? + Se03> + 3H,0 9)
Ni%* + Se>” — NixSey (10)

3.1. STRUCTURAL CHARACTERIZATION

Powder X-ray diffraction (pxrd) is a powerful nondestructive technique for
characterizing crystalline materials. It provides information on crystal structures,
preferred crystal orientations, phases, and other structural parameters, such as
crystallinity, strain and average grain size. XRD peaks are produced by constructive
interference of a monochromatic beam of X-rays scattered at specific angles from each
set of lattice planes in a sample. The peak intensities are determined by the distribution of
atoms within the lattice.?” The pxrd phase analysis confirmed the reaction between
selenium and nickel ions towards the formation of pure nickel selenide electrocatalyst
without any impurities such as selenium or other phases of nickel selenides. In fact all the
diffraction patterns collected by different samples can be indexed as pure-phase

compounds of trigonal/rhombohedral NiSe (PDF no: 04-003-5475), cubic NiSe, (PDF
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no: 00-041-1495), trigonal/rhombohedral NisSe, (PDF no: 04 -007-3698) and monoclinic

NizSes (PDF no: 04 -007-3699) as shown in Figure 1.

(a)
NN PO
l | Ni,Se, PDF No : 04 -007-3699
A A it hls | P AR
= A — .
= 1 l J‘ NiSe, PDF No: 04-007-3698
% l J n Ak " A Al u,l
>
=
A A . A Ak
NiSe, PDF No : 00-041-1495
l l A l I A A l A A l l
— - l A
l NiSe PDF No : 04 -003-5475
_l_. J_. A . I.l ll' .,L._I_.lj... .l.l.l;h__‘
10 20 30 40 50 60 70 80 90
2 0 ( degree) T\"
OnNi*2 @se ONi*2 @se ONi? @se  @NiZ@NiV@Se

Figure 1. PXRD patterns and crystal structures of nickel selenides. ( a) hydrothermally
synthesized NisSes, NizSe2, NiSe, and NiSe compounds, (b) Schematic illustration of the
crystal structure of NiSe, NiSe2, NisSez and NizSes.
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The sharp, strong and narrow peaks indicated a high degree of crystallization of
the as-prepared products® and the broadening of these diffraction peaks indicates that the
sample consists of nanocrystallites.!” The average crystallite size of different morphology
of nanostructures was calculated using the Scherrer formula;*°

D= K\/BCosb 8
where D is crystallite size, A is the wavelength of X-ray used, B is the peak width at half
maximum in radian, 0 is the Bragg's diffraction angle and K is a constant. The average
grain size was found to be 40 nm, 100 nm, 16 nm and 12 nm for NiSe, NiSez, NizSe, and
NizSes, respectively.

NiSe has a trigonal/ rhombohedral crystal structure with R3mH space group that
contains each Ni and Se atoms in square pyramidal coordination. Typically, one Ni atom
consists of five Se atoms and vice versa. NiSez consists of a cubic crystal structure with
Pa-3 space group which consists of each Ni atom bonded with six selenium atoms in an
octahedral environment, and each Se atom is bonded with four Ni atoms in a tetrahedral
environment. In addition, this NiSe> crystal structure has a Se-Se dimer which increases
the magnetic behavior at high temperature since unpaired electrons populates the
available 3d orbitals.*! NisSe; also has a trigonal/ rhombohedral crystal structure and
belongs to the R32H space group. This crystal structure has rhombohedral coordination
for the Se environment and tetrahedral coordination for the Ni environment. NisSes is a
monoclinic crystal structure that has 112/m space group. This crystal structure consists of
two types of Ni atoms which have Ni?* and Ni** oxidation states. These Ni atoms are

arranged in layers in the crystal structure with octahedral coordination while Se atoms
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arrange in prismatic coordination. This layered arrangement increases the unpaired
electron localization along the lattice.

Scanning electron microscopy (SEM) was employed to investigate the
morphologies of these hydrothermally prepared nickel selenide samples. Figure 2a shows
that the NiSe samples are agglomerated and densely packed with many exposed sides
which can help to bring more active points onto the surface area. Figure 2b illustrates
nearly monodispersed NiSez rods. The average length of the edge of these microcrystals
is approximately 5 pm. Figure 2C illustrates the NisSe, quasi-triangle-shaped
morphology, further confirming such a pyramid-like configuration with the uniform
formation of NisSe,. The pyramid-like structure has a considerable surface roughness,
thus possessing a high specific surface area. In addition, having many facets with active
edge sites, which facilitates charge/mass transport and oxygen diffusion during the OER
process.*? NisSeq is arranged into flower-like sphere assemblies of nanoflakes shown in
Figure 2D. It is interesting that the sphere-like puffy balls are composed of a large
quantity of small NisSes nanoflakes. These nanoflakes have many active points on its
surface and make the spheres have a larger surface area than that of smooth spheres,
which make this type of structure more suitable for catalytic applications. Consequently,
the higher surface area of these structures may provide an ideal host material for the
insertion and extraction of ions, to realize region-dependent surface reactivity.?"43

Furthermore, flake kind of geometry can make a good path for formed gas
bubbles to escape from the electrode surface without any damage to the electrocatalyst

material on the surface of the electrode. Because of the slower rate of reduction by
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hydrazine hydrate, ample time is there for NisSes to agglomerate and grow into more

regular shapes of flower-like spherical geometry.*

Figure 2. SEM images of nickel selenides. (a) NiSe, (b) NiSe2 rods, (c) NizSe2 pyramid
structures and (d) NisSes flaky structures.

The structural properties of the nickel selenide samples were further characterized

by TEM, HRTEM and SAED to better understand the morphology, crystallinity and
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crystallographic data of the hydrothermally synthesized nickel selenide samples. NiSe
TEM image is given in Figure 3 (a-c) and the high-resolution TEM (HRTEM) image is
given in Figure 3c.

The corresponding selected-area electron diffraction (SAED) pattern (Figure 3b)
shows diffraction discrete spots corresponding to the high crystallinity of the
hydrothermally synthesized NiSe with a distinct single crystalline structure. The well-
resolved lattice fringes with interplanar spacings of 1.95 nm can be indexed readily to the
<131> plane of rhombohedral NiSe. The associated STEM EDX elemental maps
demonstrate the fairly homogeneous distribution of Ni and Se without discernible
segregation throughout the NiSe structure as given in Figure S1la. The atomic ratio of Ni:
Se was calculated to be 1: 1, in good agreement with a stoichiometry of NiSe (Figure
S1la). Figure S1b-f illustrates the atomic percentile and the elemental mapping of NiSe.
These NiSe structures have considerable surface roughness and, thus, possesses a high
specific surface area and active edge sites, facilitating charge/mass transport and oxygen
diffusion during the OER process.*? Figure 3 b(1) shows the TEM image of the NiSez,
and the SAED pattern in Figure 3 (d-f) shows the diffraction discrete spots
corresponding to crystalline NiSe> . Figure 3f revealed two types of crystallographic
planes intersected in the HREM image and these planes correspond to a <200 > plane
with a d-spacing of 2.95 A from the cubic NiSe, system. The STEM EDX analysis of the
NiSe> confirmed the presence of nickel and selenium in a 1:2 ratio (Figure S2a), and it
further confirmed that the (Figure S2b) atomic distribution mainly consists of Ni and Se

atoms agreeing with the element mappings showed in Figure S2c-f.
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Figure 3. TEM images, SAED patterns and HRTEM images of nickel selenides. (a-c)
NiSe (d-f) NiSe2 (g-i) NisSe2 and (j-1) NizSes

The NizSe2 TEM image is shown in Figure 3g while SAED patterns collected
from these pyramid-like structures showed diffraction rings (Figure 3(g-i) corresponding
to the presence of polycrystalline crystals. The indicated <202> and <220> lattice planes

confirms the presence of crystalline NizSez rhombohedral system, and HRTEM images
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revealed that these structures are highly crystalline with lattice fringes prominently
corresponding to <012> lattice spacing of NisSe. (Figure 3i). The STEM EDX showed a
Ni:Se 3:2 atomic ratio (Figure S3a), and the atomic distribution in Figure S3b shows the
elemental mapping of Ni, Se and C. Figure S3c-f shows the uniform distribution of these
elements. Figure 3j illustrated the TEM image of NizSes, and the HRTEM (Figure 3l)
showed the lattice plane corresponding to the <-513> plane with a lattice spacing of 1.95
A of the monoclinic NizSes. SAED pattern (Figure 3k) collected from the nanoflakes of
puffy balls showed diffraction rings indicating the polycrystalline nature of these flakes.
Some of the lattice planes e.g. <201>, <-516>, and <-313> are identified for reference.
Elemental composition was confirmed by the elemental mapping and elemental
distribution showed in Figure S4 a-e.

The different electronic states of Ni and Se atoms in the near surface region of the
hydrothermally synthesized Nickel selenide electrocatalysts was further investigated
using XPS. All tested nickel selenide samples were prepared as electrodes which
consisted of nafion binder and catalysts. In hydrothermally synthesized NiSe, the
observed Ni 2p 1/2 and Ni 2p 3/2 centred at 873.5 and 856 eV correspond to Ni *
(Figure 4a) and the peaks at 852.5 and 867.6 eV can be assigned to Ni?* agree with the
previously reported NiSe nanocrystals.*® The Se 3d spectrum of NiSe shows doublet
peaks of 3ds/, and 3ds;z which correspond to Se and surface oxidation of SeOx peaks®,
which are related to surface oxidation (Figure 4e). In NiSez, the Ni 2p spectrum binding
energy of 2ps2 and 2p12 doublets due to spin-orbit coupling with two satellite peaks were
observed in Figure 4b at 853.1 eV and 870.5 eV, and these peaks positions match

previous NiSe; reports.*¢*8 The Ni 2p spectrum also shows peaks of Ni®*. It clearly
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shows that Ni exists in the form of Ni%* and Ni®*oxidation states. The Se 3d spectrum of
NiSe2 shows the 3ds/, and 3ds/2 doublet peaks (Figure 4f) at 54.1 eV and 54.9 eV*® and its
energy separation is ~ 0.8 eV, which is matched with the electrodeposited NiSe> XPS. It
confirms the —2 valance state of Se (Se?"), which means there is only one kind of possible
metal-selenide bond (Ni-Se)®. In addition, surface oxidation of SeOx was, also, observed
at 59 eV*8 in the selenium spectrum. From these observations, we believe we have
successfully formed a Ni-Se compound in the form of NiSe, without forming any metal
oxides, which was confirmed from XRD analysis.

Figures 4c and 4g show Ni 2p and Se 3d spectra for hydrothermally synthesized
NizSe2. The XPS binding energy observed at 852.4 and 870.1eV, as shown in Fig. 2e,
corresponds well to the Ni 2pz2 and Ni 2p1s2, respectively, and the peak positions
confirmed that it consists of only Ni?*oxidation states.?® In Figure 4g, the peak at 54.5 eV
and 53.5eV is representative of the Se 3ds2 and 3ds/2 binding energy, indicating 2 valence
state of Se.

In Figures 4d and h are the spectra of Ni 2p and Se 3d of NizSes. The oxidation
states of Ni and Se prove the formation NisSes which would have Ni%* and Ni®* ions with
Se?”. The low-intensity peaks located at a lower binding energy of Ni 2ps/2 and 2py/, at
852.9 eV and 870.7 eV are due to the Ni%* and high-intensity peaks at 856.2eV and
873.8eV are attributed to the Ni** ion 2ps2 and 2p1/> from the Ni 2p spectra.*®® Figure 4h
shows the Se 3d spectra and its Se 3ds, and 3ds,2 binding energy, indicating -2 valence
state of Se, and surface oxidation of SeOx was observed around 59 eV in the selenium

spectrum.>°
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Figure 4. XPS spectra of nickel selenides. The catalysts showing the Ni 2p peaks of (a)
NiSe, (b) NiSe, (c)NizSe2 and (d) NisSes ; Se 3d peaks of (e) NiSe, (f) NiSe2, (g)NisSe:
and (h) NisSes.



235
Figure S5 shows the O 1s spectra of all four nickel selenides samples. Among
them, NiSe and NisSes spectra (Figures S5 (a) and (d) respectively) show surface oxygen
peaks around 530-531 eV.?°3? The peak at 533 eV in Figures S5 (b) and (c) was

attributed to nafion oxygen which is C-O-C.%

3.2. ELECTROCHEMICAL CHARACTERIZATION

The electrocatalytic activity of the hydrothermally synthesized nickel selenide
catalysts was examined through detailed electrochemical studies in 1.0 M KOH. The
electrochemically active surface areas (ECSA) of the catalysts were calculated by
measuring the electrochemical capacitance of the electrode-electrolyte interface in the
non-faradic double-layer region of the cyclic voltammograms. Using N2-saturated 1.0 M
KOH, the electrode was scanned from -0.25 to -0.10 V vs. Ag/AgCl at scan rates between
5 and 40 mVs™ for NiSe; given in Figure 5. The cathodic and anodic current was
measured at -0.15 V vs. Ag|AgCl (Figure 5a) and plotted as a function of scan rates
(Figure 4b). The average of the anodic and cathodic slopes, Cpi, was obtained and ECSA
was calculated using equation 5. It was observed that the electrodeposited NiSe; had a
moderate ECSA value of 32.2 cm?. Roughness factor was calculated using ECSA and the
geometric area of the electrode. The comparatively high roughness factor of the NiSe>
(403.8) and the elongated rod morphology might be one of the factors responsible for
high catalytic activity among four nickel selenides. The other three nickel selenides’
(NiSe, NisSez, and NisSes) ECSA graphs are shown in Figure S6 (a), (c) and (e)
respectively. The comparison of electrochemically active surface area and roughness

factor is given in Table 2. Comparatively, NisSes shows the highest ECSA value among
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Figure 5. Cyclic voltammograms measured for the NiSe, catalyst. (a) in N saturated 1.0 M
KOH solution at different scan rates from 5 to 40 mV s™. (b) Plot of anodic and cathodic
currents measured at —0.15 V as a function of scan rate.
all four nickel selenides and this was confirmed by its morphology which was the spongy

ball like morphology consisting of flakey geometry. NizSes also has a higher roughness
factor which further confirmed that higher surface area composes in a small volume.
Also, NiSe, relatively, shows a higher roughness factor and ECSA value among other
nickel selenides which might be the reason NiSe shows better catalytic activity. NisSe>
shows lower ECSA value that was further confirmed by its morphology which shows
triangular shapes masses. We have tested the oxygen evolution activity of hydrothermally
synthesized nickel selenides of NiSe, NiSez, NisSez, and NisSes electrocatalysts by
preparing electrodes using drop casting on carbon cloth (CC) and testing electrochemical
activity in nitrogen saturated 1.0M KOH electrolyte solution. A scan rate of 10 mV s
was used in LSV measurements with a three-electrode system using an lviumStat

potentiostat having Ag/AgCl as a reference electrode, Pt mesh as a counter electrode
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Table 2. Comparison of nickel selenides electrochemically active surface area.

Catalyst ECSA /cm? RF
NiSe 39.9 498.9
NiSe> 32.3 403.8

NisSez 151 188.8
NisSes 454 567.5

and the as-prepared electrode as the working electrode. For the comparison purposes,
bare carbon cloth and RuO: electrocatalyst were assessed. Figure 6(a) shows the linear
sweep voltammetry polarization curves of oxygen evolution reactions. All the measured
potentials with Ag/AgCI reference electrode were converted to the reversible hydrogen
electrode (RHE) using equation 1. All the potentials are corrected by compensating for IR
drop and current densities are given by considering the geometric area of the working
electrode. It is seen that hydrothermally synthesized nickel selenides show much greater
catalytic activity than the RuO. and the bare CC, indicating early onset, higher current
density, and a lower overpotential at 10 mA cm. The oxidation peak around 1.35V vs
RHE was observed for NiSe2 and NisSe2 while NisSes has an early onset at 1.33 V vs
RHE, but NiSe does show an elongated oxidation peak after 1.36 V vs RHE. The
oxidation peak is due to conversion of Ni?* to Ni** during the oxygen evolution reaction
which proved that surface Ni atoms partially oxidized into NiOOH on the surface of
nickel selenide working electrodes. Interestingly, NiSe. shows an oxidation peak higher

than other nickel selenide electrocatalysts and implies the formation of more active sites
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(NiOOH) on the NiSe; surface.®? All oxidations of nickel selenide electrocatalysts are
reversible as shown in cyclic voltammograms of nickel selenides given in supporting
information (Figure S7 a-d). The onset potentials, Tafel plots (Figure 6b), the
overpotential at 10 mA cm (Figure 6¢), and current density at overpotential 300 mV
(Figure 6d) were obtained from the reverse scan of cyclic voltammograms of nickel
selenides as shown in Figure S7 a-d and also given in Table 3. All the nickel selenides in
this experiment show an earlier onset potential than the RuO., which is 1.51 V vs RHE
under the same experimental conditions. Similarly, the overpotential (1) required to
achieve at 10 mA cm for OER is also less for hydrothermally synthesized nickel
selenides than the RuO>. NiSe; requires 200 mV to achieve 10 mA cm current density
while RuO; needs 370 mV to achieve the same, which is 170 mV higher than NiSe.. In
addition, NiSe2 shows the lowest overpotential at10 mA cm of the nickel selenide
electrocatalysts of NiSe, NisSez, and NisSes. Comparison of this data is summarized in
Table 3. Oxygen evolution reaction’s kinetics was examined by analyzing the Tafel
slopes of the electrocatalytic reactions, as shown in Figure 6b, which was acquired by
leaner sweep voltammetry carried out with the catalysts at a slow scan speed (2 mV s?)
in a non-stirred 1.0 M KOH solution. The calculated Tafel value for NiSe; was 55.2 / mV
dec?, which was the lowest value among the other nickel selenides, and that assumes
two-electron transfer reaction is the rate-limiting reaction. Tafel slope for RuO. was
114.4 mV dec? and it is a single-electron transfer rate-limiting reaction. As mentioned in
Table 3, the lower Tafel slopes of the nickel selenides confirm observed enhanced

kinetics and higher catalytic activity than RuO». NiSe; also shows the highest current
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density at 1 300 mV, which is more than four times the current density than other nickel

selenides and it is more than sixty times higher than the RuO2 standard catalyst.>
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Figure 6. LSVs and tafel plots of nickel selenides. (a) LSV curves of NiSe, NiSez, NizSe>
and NisSes ,(b) Tafel plots (c) overpotential at current density 10 mA cm (d) current
density at overpotential 300 mV.
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3.3. ELECTROCHEMICAL STABILITY
The electrochemical stability of the catalyst is another crucial parameter for the

oxygen evolution process which can be measured by chronoamperometry for a long
duration under a continuous electrochemical reaction. We have evaluated the long-term
stability of nickel selenide working electrodes with chronoamperometry at 10 mA cm™2 in
a 1.0 M KOH electrolyte solution. It was observed that O bubbles were forming on the
working nickel selenide electrode surfaces, and, therefore, the electrolyte solution was
stirred continuously during the experiment to remove the O bubbles generated on the
catalyst surface to help the reaction continue without disturbances. Figure 7a shows a 12
h continuous stability plot and its leaner sweep voltammetry curves, given in Figures 7 b-
e, show the behavior of the catalyst before and after the chronoamperometry test for
NiSe, NiSez, NisSe2, and NisSes, respectively. It was seen that there is no overpotential
difference between before and after the chronoamperometry test at 10 mA cm™2 for the
12h duration. It was observed that LSV curves before and after catalytic activity were
perfectly superimposable. Similarly, the stability and corresponding LSV curves of the
other nickel selenides before and after the test are shown in Figure 7. It should be noted
that these nickel selenides were very stable under the experimental conditions and no
degradation of the current density was seen during long-term stability tests. Figure S8
shows the comparison of four nickel selenide XRDs before and after 12h
chronoamperometry. The intensity of all nickel selenide XRD peaks is lower than the
powdered XRD samples shown in Figure 1 because these samples consisted of catalyst
and nafion binder. There is no difference observed in before and after XRD spectra. That

means these catalysts even when exposed for a certain period to OER its crystalline
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properties have no change. It further confirmed that nickel selenides exist as a catalyst

after chronoamperometry. Figure S9 shows the deconvoluted Ni2p, Se3d and O1s XPS

spectra for four nickel selenides after chronoamperometry for 12h. There is no difference

before and after chronoamperometry for all Ni2p spectra. This condition is seen in Se 3d

spectra. NiSe and NisSes catalysts’ Ols spectra have a surface oxygen peak around 530-

531eV % and NisSe, and NiSe; catalysts show nafion C-O-C bond in O1s spectrum at

533 eV.>! In contrast, NiSe; catalysts show the physisorbed and chemisorbed water

around 535 eV.*? These XPS spectrum further confirmed the catalyst is still nickel

selenide after 12h chronoamperometry.

Table 3. Comparison of nickel selenides’electrocatalytic parameters for oxygen evolution

reaction.
Total Loading Onset n@10 Tafel n@70 j@n 300 | TOF @300
Catalyst | loading / area/ potential / | mA cm2/ slope / mA cm?/ mV / mV/
mg mg cm-? Vv mvV mV dec! mV mA cm 2 st

NiSe 0.4 5 1.37 220 59.5 350 37 0.0026
NiSez 0.4 ) 1.38 200 55.2 250 124 0.0137
NisSe 0.4 ) 1.39 240 56.6 360 29 0.0016
NisSes 0.4 ) 1.38 250 74.3 370 26 0.0021
RuO- - - 151 370 114.4 440 2 -
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Table 4. Comparison of the electrocatalytic activity of nickel selenide electrocatalysts
with reported nickel catalysts in literature.

Catalysts Electrolytes Onset potential N @ 10 mA cm? Reference
\Y% (mV vs RHE)

NiOsx particles® 1.0 M KOH 1.52% 33 21
NiOy/C 1.0 M KOH 1.51%* 338 54
Amorphous NiO 1.0 M KOH 1.54%* =470 2 55
a-N1(OH)» 0.1IM KOH 1.54% 33 20
Ni(OH), /NiOOH 1.0 M KOH 1.80% 525 56
Ni(OH); particles® | 1.0 M KOH 1.48% 299 21
Ni3S>—Ni foam 1.0M NaOH 1.46%* 260 57
Ni3S,—Ni foam 0.1IM KOH 1.387 187 58
NiS/ Ni foam 1.0 M KOH 1.55 1582 59
NizSex—NF 1.0 M KOH 1.48% 2702 35
NiSe nanowires 1.49%* 2702
NisSe,/Cu foam 1.0 M KOH 1.51 3430 60
NiSe; /Ti 1.0 M KOH 1.53* 205 ¢ 33
NiSe> nanosheets 1.0 MKOH 1.55 323 50
NiSe; /Ti 1.0 M KOH 1.53* 320°¢ 61
NiSe;-DO 1.0 M KOH 1.46% 241 62
NiogsSe/ Graphite | 1.0 M NaOH 1.55% 302 3
NiSe; 1.0 M KOH 1.43 250 2
NisSex— Au Glass 0.3 M KOH 1.45 320 =20 29
NisSe;— Ni foam 1.46 270 £ 20
NisSex @Au 1.0 M NaOH 1.39 190 30
Ni’Se4/CFP 1.0 M KOH 1.40 200 31
NisSes assemblies 1.0 M KOH 1.47%* 244P 63
NiSe>— Au Glass 1.0 M KOH 1.36 140 32
NiSez/ CFP 1.38 220
NisSez / NF 1.0 M KOH 1.52% 315°¢ 3
NG/NiSe; 0.1 M KOH 1.45% 3072 64
pyramids/NF
NisSe; nano/NF 1.0 M KOH 1.48%* 353° 65
NiSe nanowire/Ni 1.0 M KOH 1.51%* 300 66
NiiySe 1.0 M KOH 1.57* 355 67
NiSe /CC 1.0 M KOH 1.37 220 This work
NiSe;/ CC 1.38 200
NisSey/ CC 1.39 240
NisSes/ CC 1.38 250

* Calculated from references, * @ 20 mAcm™?, °@ 50 mAcm?, °@ 100

mAcm™
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4. CONCLUSION

In this article, we have reported the OER electrocatalytic activity of a series of
nickel selenide nanostructures, NiSe, NiSez, NizSez and NisSes for oxygen evolution
reaction in alkaline medium. These nickel selenide nanostructures were synthesized
through hydrothermal techniques. The as-prepared samples exhibited showed excellent
catalytic activity and durability for OER process in the alkaline electrolyte. The early
onset potentials, low overpotential at 10 mA cm and the high current density of these
nanostructured nickel selenides make them efficient electrocatalysts for oxygen evolution
reaction in water splitting. The comparison of these nanostructured catalysts to other
nickel-based OER catalysts reported till date (Table 4), reveals that these hydrothermally
synthesized nickel selenides have outstanding performance as an electrocatalyst for
OER. The exceptional catalytic activity and durability along with the simple synthesis
process of nickel selenides offer a better path for use of earth abundant metal water

oxidation electrocatalysts.

ACKNOWLEDGEMENT

This research was supported from the National Science Foundation (DMR
1710313), the American Chemical Society Petroleum Research Fund (54793-

ND10), and ERDC (Missouri S&T).



244

SUPPLEMENTARY INFORMATION

1. EXPERIMENTAL PROCEDURE

1.1. ELECTRODEPOSITION OF RuO2 ON AU-GLASS. 5t

Electrodeposition of RuO2 on Au-glass substrate was carried out from a mixture

of RuClz (0.452 g) and KCI (2.952 g) in 40 ml of 0.01M HCI by using cyclic voltammetry

from 0.015 to 0.915 V (vs. Ag|AgCI) for 100 cycles at a scan rate of 50 mV s . Then it

was heated at 200 °C for 3 h in presence of Air.
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Figure S1. STEM images of NiSe (a) EDX atomic ratio (b) EDX element spectra (c) Drift
collected spectrum image for element mapping (d) Se (e) Ni (f) C.
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Figure S2. STEM of NiSe> (a) EDX atomic ratio (b) EDX element spectra (c) Drift
collected spectrum image for element mapping (d) Se () Ni (f) C.

Position (um)

200 nm

Figure S3. STEM of NisSe; (a) EDX atomic ratio (b) EDX element spectra (c) Drift
collected spectrum image for element mapping (d) Se (e) Ni (f) C.
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Figure S4. STEM of NisSes (a) EDX atomic ratio (b) EDX element spectra (c) Drift
collected spectrum image for element mapping (d) Se (e) Ni (f) C.
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Figure S9. XPS spectra of Ni 2p, Se 3d and O 1s peaks obtained from the catalyst after
chronoamperometry (a) NiSe, (b) NiSez, (C)NizSez and (d) NisSes respectively.



Sl

251

SUPPLEMENTARY INFORMATION REFERENCES

Tsuji, E., Imanishi, A., Fukui, K.I. and Nakato, Y., 2011. Electrocatalytic activity
of amorphous RuO2 electrode for oxygen evolution in an aqueous
solution. Electrochimica Acta, 56(5), pp.2009-2016.

REFERENCES

Simon, P., & Gogotsi, Y. (2008). Materials for electrochemical capacitors. Nature
materials, 7(11), 845-854.

Kwak, I.H., Im, H.S., Jang, D.M., Kim, Y.W., Park, K., Lim, Y.R., Cha, E.H. and
Park, J., 2016. CoSe> and NiSe> nanocrystals as superior bifunctional catalysts for
electrochemical and photoelectrochemical water splitting. ACS applied materials
& interfaces, 8(8), pp.5327-5334.

Gerken, J. B., McAlpin, J. G., Chen, J. Y., Rigsby, M. L., Casey, W. H., Britt, R.
D., & Stahl, S. S. (2011). Electrochemical water oxidation with cobalt-based
electrocatalysts from pH 0-14: the thermodynamic basis for catalyst structure,
stability, and activity. Journal of the American Chemical Society, 133(36), 14431-
14442,

Suntivich, J., May, K. J., Gasteiger, H. A., Goodenough, J. B., & Shao-Horn, Y.
(2011). A perovskite oxide optimized for oxygen evolution catalysis from
molecular orbital principles. Science, 334(6061), 1383-1385.

Dau, H., Limberg, C., Reier, T., Risch, M., Roggan, S. and Strasser, P., 2010. The
mechanism of water oxidation: from electrolysis via homogeneous to biological
catalysis. ChemCatChem, 2(7), pp.724-761.

Koper, M. T. (2011). Thermodynamic theory of multi-electron transfer reactions:
Implications for electrocatalysis. Journal of electroanalytical chemistry, 660(2),
254-260.

Gong, M., Li, Y., Wang, H., Liang, Y., Wu, J.Z., Zhou, J., Wang, J., Regier, T.,
Wei, F. and Dai, H., 2013. An advanced Ni—Fe layered double hydroxide
electrocatalyst for water oxidation. Journal of the American Chemical

Society, 135(23), pp.8452-8455.



10.

11.

12.

13.

14.

15.

16.

17.

18.

252

Cheng, Y. and Jiang, S.P., 2015. Advances in electrocatalysts for oxygen
evolution reaction of water electrolysis-from metal oxides to carbon

nanotubes. Progress in Natural Science: Materials International, 25(6), pp.545-
553.

Yang, J., Shen, X., Ji, Z., & Zhu, G. (2013). Reduced graphene oxide/CoSe;
nanocomposites: hydrothermal synthesis and their enhanced electrocatalytic
activity. Journal of Materials Science, 48(22), 7913-7919.

Xia, C., Jiang, Q., Zhao, C., Hedhili, M.N. and Alshareef, H.N., 2016. Selenide-
Based Electrocatalysts and Scaffolds for Water Oxidation Applications. Advanced
Materials, 28(1), pp.77-85.

Umanga De Silva, W. P. R. Liyanage and Manashi Nath Magnetic
Multifunctional Nanostructures as High-efciency Catalysts for Oxygen Evolution
Reactions. MRS Advances, 1(34), pp.2401-2407.

Gorlin, Y. and Jaramillo, T.F., 2010. A bifunctional nonprecious metal catalyst
for oxygen reduction and water oxidation. Journal of the American Chemical
Society, 132(39), pp.13612-13614.

Song, F. and Hu, X., 2014. Exfoliation of layered double hydroxides for enhanced
oxygen evolution catalysis. Nature communications, 5(1), pp.1-9.

Rossmeisl, J., Qu, Z.W., Zhu, H., Kroes, G.J. and Ngrskov, J.K., 2007.
Electrolysis of water on oxide surfaces. Journal of Electroanalytical
Chemistry, 607(1), pp.83-89.

Lee, Y., Suntivich, J., May, K.J., Perry, E.E. and Shao-Horn, Y., 2012. Synthesis
and activities of rutile IrO2 and RuO2 nanoparticles for oxygen evolution in acid
and alkaline solutions. The journal of physical chemistry letters, 3(3), pp.399-404.

Thomsen, J.M., Huang, D.L., Crabtree, R.H. and Brudvig, G.W., 2015. Iridium-
based complexes for water oxidation. Dalton Transactions, 44(28), pp.12452-
12472.

Zhang, W., Hui, Z., Cheng, Y., Zhang, L., Xie, Y. and Qian, Y., 2000. A
hydrothermal method for low-temperature growth of nanocrystalline pyrite nickel
diselenide. Journal of crystal growth, 209(1), pp.213-216.

McCrory, C.C., Jung, S., Ferrer, 1.M., Chatman, S.M., Peters, J.C. and Jaramillo,
T.F., 2015. Benchmarking hydrogen evolving reaction and oxygen evolving
reaction electrocatalysts for solar water splitting devices. Journal of the American
Chemical Society, 137(13), pp.4347-4357.



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

253

Kauffman, D.R., Alfonso, D., Tafen, D.N., Lekse, J., Wang, C., Deng, X., Lee, J.,
Jang, H., Lee, J.S., Kumar, S. and Matranga, C., 2016. Electrocatalytic Oxygen
Evolution with an Atomically Precise Nickel Catalyst. ACS Catalysis, 6(2),
pp.1225-1234.

Gao, M., Sheng, W., Zhuang, Z., Fang, Q., Gu, S., Jiang, J. and Yan, Y., 2014,
Efficient water oxidation using nanostructured a-nickel-hydroxide as an
electrocatalyst. Journal of the American Chemical Society, 136(19), pp.7077-
7084.

Stern, L.A. and Hu, X., 2015. Enhanced oxygen evolution activity by NiOx and
Ni(OH)2 nanoparticles. Faraday discussions, 176, pp.363-379.

Qi, J., Zhang, W., Xiang, R., Liu, K., Wang, H.Y., Chen, M., Han, Y. and Cao,
R., 2015. Porous nickel-iron oxide as a highly efficient electrocatalyst for oxygen
evolution reaction. Advanced Science, 2(10),1500199.

Lu, X. and Zhao, C., 2015. Electrodeposition of hierarchically structured three-
dimensional nickel-iron electrodes for efficient oxygen evolution at high current
densities. Nature communications, 6(1), pp.1-7.

Rossmeisl, J., Logadottir, A. and Nagrskov, J.K., 2005. Electrolysis of water on
(oxidized) metal surfaces. Chemical physics, 319(1), pp.178-184.

Hansen, H.A., Rossmeisl, J. and Ngrskov, J.K., 2008. Surface Pourbaix diagrams
and oxygen reduction activity of Pt, Ag and Ni (111) surfaces studied by
DFT. Physical Chemistry Chemical Physics, 10(25), pp.3722-3730.

Liu, X., Zhang, N., Yi, R., Qiu, G., Yan, A., Wu, H., Meng, D. and Tang, M.,
2007. Hydrothermal synthesis and characterization of sea urchin-like nickel and
cobalt selenides nanocrystals. Materials Science and Engineering: B, 140(1),
pp.38-43.

Sobhani, A. and Salavati-Niasari, M., 2014. Synthesis and characterization of a
nickel selenide series via a hydrothermal process. Superlattices and
Microstructures, 65, pp.79-90.

Hong, W.T., Risch, M., Stoerzinger, K.A., Grimaud, A., Suntivich, J. and Shao-
Horn, Y., 2015. Toward the rational design of non-precious transition metal
oxides for oxygen electrocatalysis. Energy & Environmental Science,8(5),
pp.1404-1427.

Swesi, A.T., Masud, J. and Nath, M., 2016. Nickel selenide as a high-
efficiency catalyst for oxygen evolution reaction. Energy & Environmental
Science, 9(5), pp.1771-1782.



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

254

Swesi, A.T.; Masud, J. & Nath, M. Enhancing electrocatalytic activity of
bifunctional NizSe; for overall water splitting through etching-induced surface
nanostructuring. J. Mater. Res. , 31, 2888-28961, (2016).

Masud, J.; loannou, P.C.; Levesanos, N.; Kyritsis, P. & Nath, M. A Molecular
Ni-complex Containing Tetrahedral Nickel Selenide Core as Highly Efficient
Electrocatalyst for Water Oxidation. Chem.Sus.Chem. 9, 3128-3132 (2016).

Swesi, A.T., Masud, J., Liyanage, W.P., Umapathi, S., Bohannan, E., Medvedeva,
J. and Nath, M., 2017. Textured NiSe; Film: Bifunctional Electrocatalyst for Full
Water Splitting at Remarkably Low Overpotential with High Energy

Efficiency. Scientific Reports, 7(1), p.2401.

Pu, Z., Luo, Y., Asiri, A.M. and Sun, X., 2016. Efficient electrochemical
water splitting catalyzed by electrodeposited nickel diselenide nanoparticles
based film. ACS applied materials & interfaces, 8(7), pp.4718-4723.

Wu, X., He, D., Zhang, H., Li, H., Li, Z,, Yang, B., Lin, Z., Lei, L. and Zhang, X.,
2016. Nio.gs Se as an efficient non-noble bifunctional electrocatalyst for full water
splitting. International Journal of Hydrogen Energy. 41(25), pp.10688-10694.

Tang, C., Cheng, N., Pu, Z., Xing, W. and Sun, X., 2015. NiSe nanowire film
supported on nickel foam: an efficient and stable 3D bifunctional electrode for
full water splitting. Angewandte Chemie, 127(32), pp.9483-9487.

Sivanantham, A. and Shanmugam, S., 2017. Nickel selenide supported on nickel
foam as an efficient and durable non-precious electrocatalyst for the alkaline
water electrolysis. Applied Catalysis B: Environmental, 203, pp.485-493.

Moloto, N., Moloto, M.J., Coville, N.J. and Ray, S.S., 2009. Optical and
structural characterization of nickel selenide nanoparticles synthesized by simple
methods. Journal of Crystal Growth, 311(15), pp.3924-3932.

Kukunuri, S., Krishnan, M.R. and Sampath, S., 2015. The effect of structural
dimensionality on the electrocatalytic properties of the nickel selenide phase.
Physical Chemistry Chemical Physics, 17(36), pp.23448-23459.

McCrory, C.C., Jung, S., Peters, J.C. and Jaramillo, T.F., 2013. Benchmarking
heterogeneous electrocatalysts for the oxygen evolution reaction. Journal of the
American Chemical Society, 135(45), pp.16977-16987.

Patterson, A.L The Scherrer formula for X-ray particle size determination. Phys.
Rev. 56, 978 (1939).



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

255

Frederick Gronvold and Einar Jacobsen, X-ray and magnetic study of nickel
selenide in the range of NiSe and NiSez, Acta Chemica Scandinavica, 1956,10,
140-1456.

Yu, J., Li, Q., Xu, C.Y., Chen, N,, Li, Y., Liu, H., Zhen, L., Dravid, V.P. and Wu,
J.,2017. NiSe; pyramids deposited on N-doped graphene encapsulated Ni foam
for high-performance water oxidation. Journal of Materials Chemistry A, 5(8),
pp.3981-3986.

Zhuang, Z., Peng, Q., Zhuang, J., Wang, X. and Li, Y., 2006. Controlled
hydrothermal synthesis and structural characterization of a nickel selenide
series. Chemistry—A European Journal, 12(1), pp.211-217.

Sobhani, A., Davar, F. and Salavati-Niasari, M., 2011. Synthesis and
characterization of hexagonal nano-sized nickel selenide by simple hydrothermal
method assisted by CTAB. Applied Surface Science, 257(18), pp.7982-7987.

Zheng, X., Han, X., Liu, H., Chen, J., Fu, D., Wang, J., Zhong, C., Deng, Y. and
Hu, W., 2018. Controllable Synthesis of NixSe(.s<x< 1) Nanocrystals for Efficient
Rechargeable Zinc—Air Batteries and Water Splitting. ACS applied materials &
interfaces, 10(16), pp.13675-13684.

Umapathi, S., Masud, J., Swesi, A.T. and Nath, M., 2017. FeNi>Ses—Reduced
Graphene Oxide Nanocomposite: Enhancing Bifunctional Electrocatalytic
Activity for Oxygen Evolution and Reduction through Synergistic

Effects. Advanced Sustainable Systems, 1(10), p.1700086.

GolrokhdAmin, B., 2017. CoNi2Ses as an efficient bifunctional electrocatalyst for
overall water splitting. Chemical Communications, 53(39), pp.5412-5415.

Du, Y., Cheng, G. and Luo, W., 2017. Colloidal synthesis of urchin-like Fe doped
NiSe > for efficient oxygen evolution. Nanoscale, 9(20), pp.6821-6825.

Boscher, N.D., Carmalt, C.J. and Parkin, I.P., 2006. Atmospheric pressure
chemical vapor deposition of WSe; thin films on glass—highly hydrophobic
sticky surfaces. Journal of Materials Chemistry, 16(1), pp.122-127.

Wang, Z., Li, J.,, Tian, X., Wang, X., Yu, Y., Owusu, K.A., He, L. and Mai, L.,
2016. Porous nickel-iron selenide nanosheets as highly efficient electrocatalysts
for oxygen evolution reaction. ACS applied materials & interfaces, 8(30),
pp.19386-19392.

Loeian, M.S., Ziolkowska, D.A., Khosravi, F., Jasinski, J.B. and Panchapakesan,
B., 2017. Exfoliated WS 2-Nafion Composite based Electromechanical
Actuators. Scientific reports, 7(1), p.14599.



52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

256

Fang, W., Liu, D., Lu, Q., Sun, X. and Asiri, A.M., 2016. Nickel promoted cobalt
disulfide nanowire array supported on carbon cloth: an efficient and stable
bifunctional electrocatalyst for full water splitting. Electrochemistry
Communications, 63, pp.60-64.

Gao, M.R,, Cao, X,, Gao, Q., Xu, Y.F., Zheng, Y.R., Jiang, J. and Yu, S.H., 2014.
Nitrogen-doped graphene supported CoSe> nanobelt composite catalyst for
efficient water oxidation. Acs Nano, 8(4), pp.3970-3978.

Qiu, Y., Xin, L. and Li, W., 2014. Electrocatalytic oxygen evolution over
supported small amorphous Ni—Fe nanoparticles in alkaline
electrolyte. Langmuir, 30(26), pp.7893-7901.

Kuai, L., Geng, J., Chen, C., Kan, E., Liu, Y., Wang, Q. and Geng, B., 2014. A
Reliable Aerosol-Spray-Assisted Approach to Produce and Optimize Amorphous
Metal Oxide Catalysts for Electrochemical Water Splitting. Angewandte

Chemie, 126(29), pp.7677-7681.

Klaus, S., Cai, Y., Louie, M.W., Trotochaud, L. and Bell, A.T., 2015. Effects of
Fe electrolyte impurities on Ni(OH)2/NiOOH structure and oxygen evolution
activity. The Journal of Physical Chemistry C, 119(13), pp.7243-7254.

Feng, L.L., Yu, G., Wu, Y., Li, G.D., Li, H., Sun, Y., Asefa, T., Chen, W. and
Zou, X., 2015. High-index faceted NisS2 nanosheet arrays as highly active and
ultrastable electrocatalysts for water splitting. J. Am. Chem. Soc, 137(44),
pp.14023-14026.

Zhou, W., Wu, X.J., Cao, X., Huang, X., Tan, C., Tian, J., Liu, H., Wang, J. and
Zhang, H., 2013. NisS2 nanorods/Ni foam composite electrode with low
overpotential for electrocatalytic oxygen evolution. Energy & Environmental
Science, 6(10), pp.2921-2924.

Zhu, W., Yue, X., Zhang, W., Yu, S., Zhang, Y., Wang, J. and Wang, J., 2016.
Nickel sulfide microsphere film on Ni foam as an efficient bifunctional
electrocatalyst for overall water splitting. Chemical Communications, 52(7),
pp.1486-1489.

Shi, J., Hu, J., Luo, Y., Sun, X. and Asiri, A.M., 2015. Ni 3 Se 2 film as a non-
precious metal bifunctional electrocatalyst for efficient water splitting. Catalysis
Science & Technology, 5(11), pp.4954-4958.

Liu, T., Asiri, A.M. and Sun, X., 2016. Electrodeposited Co-doped NiSe;
nanoparticles film: a good electrocatalyst for efficient water
splitting. Nanoscale, 8(7), pp.3911-3915.



62.

63.

64.

65.

66.

67.

257

Xu, X., Song, F. and Hu, X., 2016. A nickel iron diselenide-derived efficient
oxygen-evolution catalyst. Nature communications, 7 (1), pp.1-7.

S. Anantharaj, J. Kennedy, S. Kundu, 2017, Microwave-Initiated Facile
Formation of NizSes Nanoassemblies for Enhanced and Stable Water Splitting in
Neutral and Alkaline Media. ACS Appl. Mater. Inter. 9, pp. 8714-8728.

Yu, J., Li, Q., Xu, C.Y., Chen, N,, Li, Y., Liu, H., Zhen, L., Dravid, V.P. and Wu,
J., 2017. NiSe, pyramids deposited on N-doped graphene encapsulated Ni foam
for high-performance water oxidation. Journal of Materials Chemistry A, 5(8),
pp.3981-3986.

Xu, R., Wu, R., Shi, Y., Zhang, J. and Zhang, B., 2016. NisSe2 nanoforest/Ni
foam as a hydrophilic, metallic, and self-supported bifunctional electrocatalyst for
both Hz and O generations. Nano Energy, 24, pp.103-110.

Xu, K., Ding, H., Jia, K., Lu, X., Chen, P., Zhou, T., Cheng, H., Liu, S., Wu, C.
and Xie, Y., 2016. Solution-Liquid-Solid Synthesis of Hexagonal Nickel Selenide
Nanowire Arrays with a Nonmetal Catalyst. Angewandte Chemie International
Edition, 55(5), pp.1710-1713.

Fang, Z., Peng, L., Lv, H., Zhu, Y., Yan, C., Wang, S., Kalyani, P., Wu, X. and
Yu, G., 2017. Metallic Transition Metal Selenide Holey Nanosheets for Efficient
Oxygen Evolution Electrocatalysis. ACS nano. 11(9), pp.9550-9557.



258

SECTION

2. CONCLUSION

Hydrogen energy can be served as a main solution for future energy demand due
to its chemical energy carrier and the environmental benign processes of hydrogen
production and power generation. Water splitting to hydrogen and fuel cells are major
two separate technologies in the hydrogen energy field. Also, water splitting process is a
sustainable technology for hydrogen production due to its higher efficiency and zero
environmental impact. This process has been hampered by the absence of the active,
stable electrocatalysts and their inability to deal with the fluctuating conditions. The
development of highly efficient materials to the electrocatalytic water splitting process
plays a vital role in the energy conversion route. The development of efficient, non-noble
metal, inexpensive electrocatalysts are become the key for this main issue. Transition
metal chalcogenides have been investigated as highly efficient catalysts due to its
excellent conductivity and also have exhibited outstanding activities for OER, HER and
ORR. These remarkable inorganic material compositions work as bifunctional and
trifunctional electrocatalysts toward the overall water electrolysis process.

In this study mainly consists of designing and development of efficient, excellent
catalytic performance materials using inorganic elements which are readily available on
the earth and also easily affordable and suitable for this energy application. The key
challenges of synthesizing efficient electrocatalysts can be enumerated by emerging

several strategies such as chemical modification, structural modification, including
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nanostructuring, and preparation of different composite materials. There are four main
concepts have been applied in this research work to create the remarkable
electrocatalysts. First and foremost, changing the traditional electrocatalysts of oxide
materials to the chalcogenide materials. This turn in primarily directed to the
development and designing of transition metal based chalcogenides as highly efficient
electrocatalysts for water splitting reaction. It provides new direction and opportunities of
chalcogenides, specially selenides and tellurides as bifunctional and trifunctional
electrocatalysts for energy related application of water electrolysis. This study has
mainly considered on transition metals of nickel and cobalt chalcogenides such as
selenides and tellurides as highly efficient electrocatalysts for OER, HER and ORR.

Second, synthesizing nano materials of these chalcogenide electrocatalysts such
as different nano morphologies also confirmed the synthesizing of an excellent
electrocatalytic material toward the water electrolysis process. Catalytic process is a
surface phenomenon and nano morphologies of catalytic materials increase the higher
surface area of the catalysts which allow to have more interaction between catalytic
materials and the electrolytes in the electrolysis. Also synthesizing nanomaterials help to
increase the number of active sites of the catalyst. The number of active sites of the
catalyst are one major factor that decide the catalytic activity of the material. Higher
number of active sites of catalysts will become an excellent electrocatalyst for the water
splitting process.

Third, designing and developing different elemental ratios of the same catalytic
material such as different ratios of transition metal to chalcogenide, also confirmed the

highly efficient electrocatalytic phases toward the water electrolysis process. Fourth,
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synthesizing electrocatalysts in different methods confirmed the catalytic activity is an
intrinsic property of the inorganic catalyst as well as synthesizing the pure compound of
the material and the material production from small scale to larger scale.

Changing chemical composition of oxide to chalcogenides of selenide or telluride
as electrocatalysts has a proof that selenide and telluride electrocatalysts materials work
as an efficient bifunctional and trifunctional electrocatalysts for OER, HER and ORR in
alkaline medium. The low onset potentials, low overpotential at 10 mA cm current
density, higher stability and higher current density of these electrocatalysts showed
the proof of the concept of chalcogenides are highly efficient electrocatalysts for water
electrolysis in alkaline medium. Comparatively, telluride based catalysts show
remarkable catalytic performance than the selenide based catalyst in the alkaline medium.
NizTez has been identified as best bi-functional electrocatalysts towards the OER and
HER process in alkaline medium due to its low onset potential of 1.36 V and very low
overpotential of 180 mV at 10 mAcm current density in OER and low onset potential of
-0.149 V and low overpotential of 212 mV at 10 mAcm current density in HER
respectively.

Also, the transition metal chalcogenides of NisSe2 and NisTe> electrocatalysts
surfaces have been studied by creating hypothetical surface models of partially
hydroxylated mixed anionic (Surf(OH)E) surface and oxide@chalcogenide surface (Surf-
Ox) to understand the interface evolution of the electrocatalytic process in alkaline
medium. Surf-Ox models of NiOx@Ni3Se2 and NiOx@NizTez were synthesized by
electrodeposition of NiOx layer on NisSez and NizTe> electrodeposited films. This in turn

provides the Surf(OH)E model as the active interface evolution of the electrocatalytic
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process in alkaline medium which is also confirmed by the electrochemical
measurements and extensive surface analysis techniques of XPS and sXAS. This also
confirmed that transition metal based chalcogenide electrocatalysts are definitely stable
electrocatalysts for OER in alkaline medium. Transition metal based telluride catalysts
have been revealed as revolutionary electrocatalysts due to its excellent catalytic
performance and the higher catalytic stability and the durability towards water

electrolysis of OER and HER in alkaline medium.
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