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ABSTRACT

Water splitting has been widely considered to be an efficient way to generate
sustainable and renewable energy resources in fuel cells, metal-air batteries and other
energy conversion devices. Exploring efficient electrocatalysts to expedite the anodic
oxygen evolution reaction (OER) is a crucial task that needs to be addressed to boost the
practical application of water splitting. This research focuses on the identification of OER
electrocatalysts by systematically designing non-stochiometric mixed transition metal-
based selenide OER electrocatalysts through combinatorial electrodeposition and
investigation of selenide-based naturally occurring minerals as effective OER
electrocatalyst. Paper I describes the study of Ni-Fe-Co selenides as OER catalysts by
combinatorial electrodeposition and the best composition (Nio.25Feo.6sC00.07)3Ses with the
lowest overpotential. Paper Il presents the exploration of Co-Ni-Cu selenide system
through combinatorial electrodeposition of 66 different compositions as highly efficient
OER electrocatalysts and the best quaternary (Coo.2:Nio25Cuos4)3Se2 showing a similar
crystal structure as its parent compound CuszSe». Paper I11 introduces the Fe-Co-Cu selenide
system investigated through combinatorial electrodeposition, and the optimal quaternary is
identified as (Feo.48C0038CUo.14)Se. Paper IV presents CuCo2Ses as high-efficiency
bifunctional electrocatalyst for full water splitting and conducted DFT calculation of
surface dependent OER activity on (100) and (111) facets. Paper V introduces the
hydrothermal synthesis of naturally-occurring mineral Tyrrellite Cu(Coo.esNio.32)2Ses as
highly-efficient OER electrocatalyst. Paper VI describes three naturally occurring copper
selenides (CuzSe, CusSe> and CuSez) as OER electrocatalyst and performed DFT

calculation to understand their catalytic activity trend.
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1. INTRODUCTION

The growing world is facing an energy crisis since the current energy resources are
mainly from non-sustainable fossil fuels such as oil, coal and natural gas.>> However, the
over-dependence on fossil fuels leads to several problems that human beings have to face.
On the one hand, fossil fuels are non-sustainable energy resources, its replenishing rate is
not as fast as the increasing consumption rate of year by year, suffering from its insufficient
availability. According to a report from the International Energy Agency, the global energy
consumption will increase around 45 % from 2013 to 2040, where the fossil fuels might be
depleted in few centuries.®> On the other hand, combusting vast amount of fossil fuels
releases lots of polluted by-products into the atmosphere, such as, carbon
dioxide/monoxide (CO2/CO), sulfur oxides (SOyx), nitrogen oxides (NOx) and particulate
matter (PM1o, PM_s) etc.*® The majority of particulate matter and toxic pollutant can harm
the health of human beings, especially the human immune system.®”® Among these
pollutants, carbon dioxide, CO», has the smallest health risk, however, the emission of large
amount of CO, and other greenhouse gases from combustion fossil fuels most likely result
in global warming, with consequences such as polar ice cap melting, ocean level raising
and land area reducing.®%*! Furthermore, transportation has consumed over two thirds of
petroleum resources in 2017 based on a report by U.S. Energy Information
Administration.’? Therefore, to offset these circumstances, it’s crucial to develop
renewable and effective sustainable energy alternatives with minimum environmental and

health impacts.
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Figure 1.1. Schematic of sustainable energy future.’

Fuel cells are an appealing devices that can convert chemical energy into electrical
energy through low-temperature combustion of fuels, which can be potentially utilized to
assist combustion engines in the next-generation commercial vehicles as shown in Figure
1.2 or any other industrial machines.?*2>% A fuel cell can generate exceptional energy
conversion with an efficiency around 40 — 80 %, which is far better than that of the
traditional internal combustion engines.?"?® Fuel materials consumed in the fuels cells are
expected to release large amounts of energy through chemical reactions. The fuels mostly
used nowadays are still dependent on fossil fuels ranging from petroleum, natural gas and
coal, and still suffer from producing carbon-based by-products. This is unable to satisfy
the non-polluting energy demand.

Hydrogen (Hz), with its high energy density (143 MJ/kg)?® and producing a clean
reaction product (namely, water), has been considered as the most promising fuels of the
21% centry.3>3! Nevertheless, the problem is that H, does not occur free in nature. The

traditional way to produce Ha industrially is by natural gas reforming, which is actually not



an ideal approach for H> production due to its low-purity, high-cost and emission of large
amount of CO2 as by-product.®23 To meet the demand of clean energy economy, it is
necessary to develop novel approaches to generate high-purity hydrogen to make H; fuel
into commercial bulk utilization. In that regard, water electrolysis into H> and O2 gas
assisting by sunlight or any other inexhaustible natural sources has been suggested as a
potential way to generate clean H2.34%%3¢37 This ideal process is shown in Figure 1.3.
However, the efficiency and industrial competition of water electrolysis is greatly hindered
by a complex anodic reaction — oxygen evolution reaction (OER) — requiring a high
overpotential input to initial the reaction.®3° Thereby, the development and fabrication of
high-efficiency and low-cost electrocatalyst for OER is current a major challenge in energy

conversion.
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Figure 1.2. Diagram of a proton conducting solid oxide fuel cell. Designed by R.
Dervisoglu.(Source: Wekipedia)



Figure 1.3. Schematic representation of the water splitting via electrolysis, utilizing
electricity derived from renewable sources such as wind and solar, and photoelectrolysis,
where the electrodes directly harvest the solar energy. Oxygen evolution catalysts (OEC)

are located on the anode and hydrogen evolution catalysts (HEC) are located on the

cathode.*

Clean energies, such as wind and solar power, have been viewed as two promising
candidates for renewable and CO»-free emission energy sources as well as a great
feasibility to be utilized worldwide.*>* However, both suffer from the spatial, diurnal and
temporary availability which greatly limits their large-scale bulk applications. Therefore,
it is required to efficiently capture and store them for potentially utilization. Over the past
several decades, both academia and industries contributed with extensive efforts in
developing high-performance sustainable energy conversion and storage devices to meet
the urgent demand of alternative energy sources.>*6 Several energy conversion and storage
techniques have been designed to convert sunlight or electricity into renewable fuels, for
instance, in fuel cells,}"*81% metal-air battery?®22223 and other electrochemical storage

devices. Figure 1.1 shows the future of sustainable energy supply, indicating several



possible and applicable pathways to create important supplies for fuels and useful
chemicals, and replace conventional energy resources with the advantage of avoiding

environmental pollutions.®

1.1. WATER SPLITTING

1.1.1. Water Splitting — A Brief History. Water splitting, or water electrolysis
was the first time reported by two Dutch scientists, Jan Rudolph Deiman and Adriaan Paets
van Troostwijk, in 1798. Two gold wires in water were observed to explosively generate
bubbles when they were connected to an electrostatic generator.** In 1800, William
Nicholson and Anthony Carlisle repeated and confirmed the results through providing
direct voltage to their device by a voltaic pile invented by Alessandro Volta.*? The
technique of water electrolysis in alkaline medium into industrial application was firstly
developed by Dmitry Lachinov, in 1888, to generate hydrogen and oxygen and more than
400 industrial water electrolyzers were in operation in the next 16 years.*>4® Water
electrolysis has the great potential of producing high-purity hydrogen, however, its
applications are often limited to the small scale, low efficiency and short durability.

1.1.2. Mechanism of Water Splitting. In general, the overall water splitting (or
water electrolysis) reaction can be represented as following Equation (1).

2H,0 - 0,4 2H, 1)

This electrochemical process includes two half reactions as shown in Figure 1.4: the
oxidation of water into molecular oxygen taken place at the anode, namely the oxygen
evolution reaction (OER); while the reduction of water into molecular hydrogen occurs at

cathode, namely the hydrogen evolution reaction (HER).*4*54 Water splitting is a



thermodynamically non-spontaneous reaction. At standard ambient temperature and
pressure (25°C and 1 bar), the change in Gibbs energy (AG) to produce one mole of Hz is
237.178 kJ / mol.*® Correspondingly, a voltage of at least 1.23 V should be applied to

overcome the thermodynamic barrier in order to initiate the water electrolysis process.*°
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Figure 1.4. Polarization curves of oxygen and hydrogen reactant for the electrolysis of
water. The plot is not to accurate scale.*’

In alkaline condition, the HER and OER half reactions can be expressed by
Equations (2) and (3), respectively.*"48

2H,0 + 2e™ - 20H™ + H, @)

40H™ - 2H,0 + 4e™ + 0, 3)

In acidic solution, the HER and OER half reactions can be described by following

Equations (4) and (5).*



2H* + 2e~ > H, (4)

2H,0 = 4H* + 4e™ + 0, (5)

The efficiency of water splitting can be greatly affected by the electrolyte.*® Pure water is

barely used as an economic electrolyte for its low concentrations of hydronium ions (H*)

and hydroxide ions (OH™) limit the ionic conductivity, leading to a high potential loss and
a large potential input required to initialize the reaction.*

To meet the feasibility of large-scale industry applications, it is necessary to add
water soluble substances into water to increase its ionic conductivity, reduce the
uncompensated resistance of the electrolyte, and increase the efficiency of the water
splitting.® Therefore, aqueous strong acid (H2S0.) and strong bases (NaOH or KOH) are
preferably used to increase the conductivity of water due to their high ionic mobility and
strong conducting ability.>? An acidic electrolyte has been generally used in the proton-
exchange-membrane (PEM) based water electrolyzers attributed to the availability of
proton exchanging through organic membranes, such as Nafion® and Felmion® etc.>3%
However, the PEM-based electrolyzers suffer from the stability of electrode material under
acidic medium limiting it to expensive precious metals such as Pt, Ir and Ru.>*%2
Commercialized water electrolysis devices require high efficiency, cost-effective and long-
term capability. Accordingly, an alkaline water electrolyzer is more attractive for hydrogen
production because available low-cost and earth-abundant transition metal based materials
are more stable in the alkaline medium and can be utilized as electrocatalysts.*6475% A
schematic illustration of alkaline water electrolyzer is shown in Figure 1.5. Intensive efforts
have been put forth to develop robust transition-metal-based electrolysis for alkaline water

electrolysis.
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Figure 1.5. Two-cell conventional alkaline electrolyzer configuration.*°

1.1.3. Hydrogen Evolution Reaction (HER). The hydrogen evolution reaction
(HER) is a simple two-electron process. HER is conventionally regarded as comprising
three steps known as the electrochemical adsorption of hydrogen (Volmer reaction),
electrochemical desorption of hydrogen (Heyrovsky reaction) followed by the chemical
desorption (Tafel).%657:%859 |n the following steps, H" denotes an adsorbed hydrogen atom.

In alkaline medium:

H,0+e™ - H*" 4+ OH™ (6)
2H" - H,(g) )
In acidic medium:
H*+e” + H' - H,(g) (8)
H* 4+ H,0+e™ - H,(g) + OH™ 9)
2H" - H,(g) (10)

The electrocatalysts most used towards HER are typically noble metals, such as Pt, Au and



Pd, etc. with almost no overpotential and excellent durability for extended period use.6%61:62

Figure 1.6 shows the correlation of pure metals as HER electrocatalysts in acidic solution
with respect to the bond strength of M-H, suggesting the highest reaction rate of HER will
occurs on metals with intermediates M-H bond strength, neither too strong or too week.5
Besides pure metals, binary or ternary mixed metal alloys, such as Ni-Mo,54%¢ Nj-Co,6":68
Ni-Mo-Fe%"° also showed promising HER catalytic activity. Considering the cathodic half
reaction — HER is kinetically fast which is not the limiting step for water splitting, therefore
the main subjects will focus on the designing electrocatalysts for anodic half-reaction of

OER.

-log j, (-log[A cm2])

w

30 50 70 90
M-H Bond Strength (kcal/imol)

Figure 1.6. The volcano relation for pure metals in acidic solution.®

1.1.4. Oxygen Evolution Reaction (OER). Oxygen evolution reaction (OER) is a
center reaction for fuel cells, solar water-splitting device and metal-air batteries.”>’?> OER
is a complex four-electron process for which a mechanism has been proposed comprising

of a series of intermediate steps including adsorption of hydroxyl species, two steps of



10

charge transfer and desorption of O2. The OER process in acidic and alkaline solutions is

assumed as following. The asterisk indicates a surface site. 373"
In acidic medium:
* +H,0 - OH* + H* + e~ (11)
OH* > 0*+H" +e™ (12)
0"+ H,0 » HOO" + H* + e~ (13)
HOO* - 0, + Ht + e~ + (14)
In alkaline medium:
*+0H™ - OH" + e~ (15)
OH*+OH™ - 0"+ H,0+ e~ (16)
0"+ OH™ - HOO" + e~ (17)
HOO* + OH™ - 0, + H,0 + e~ (18)

The OER, a kinetically sluggish reaction with 4 electrons involved and several
intermediate states formed is relatively more complex compared to HER, which is the
limiting half reaction for water splitting.”>"® Both OER and HER half-reactions have to
meet a maximum efficiency in order to reach the maximum efficiency of water splitting.
Hence, it’s a crucial task to develop robust and cost-effective OER electrocatalysts to
optimize the efficiency of the overall water splitting and generate a sustainable hydrogen

production.

1.2. OXYGEN EVOLUTION REACTION ELECTROCATALTYSTS
1.2.1.Merits and Criteria of OER Electrocatalysts. Oxygen Evolution reaction

(OER) is fundamentally important for the development of energy conversion and storage



11

devices, while the OER is suffering from the multi-step mechanism and low efficiency.’*’’
Therefore, an effective electrocatalyst is needed to lower the activation barrier and facilitate
kinetics of the OER process and therefore increase the practical feasibility of large-scale
water splitting reaction. In most cases, OER electrocatalysts are heterogeneous, meaning
the reaction occurs at the interface of catalyst-electrolyte.

There are several factors influencing the behavior of an electrocatalyst towards
OER, such as, activity, selectivity, stability. A perfect OER electrocatalyst should include
all of the above three merits, meaning the catalyst should show excellent ability to increase
the OER reaction rate, only facilitate oxygen evolution reaction over a certain range of
applied electric potential as well as last for an extended period under practical
conditions.”®"®7 Typically, the strategies to improve the OER activity of an electrocatalyst
are by increasing not only the electronic structure and phase composition, namely the
intrinsic properties but also the extrinsic parameters such as the number and accessibility
of catalytic active sites, electrocatalytically active surface area (ECSA) and the interface
impedance at catalyst-electrolyte surface.8081

Obijective comparisons of electrocatalyst performance are necessary and play an
important role in the development of novel catalysts and in the evaluation of their bulk
application. To benchmark the catalytic performance, several kinetic parameters are
generally measured to evaluate the catalytic activity of OER, such as the onset potential,
overpotential () at 10 mA cm?, Tafel slope and Faradaic efficiency.>>882 The onset
potential is the minimum potential required to start the reaction, while the potential
required in excess of the thermodynamic voltage of OER process, (1.23 V vs RHE), is

generically referred to as overpotential.® The overpotential is generally reported at a
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current density per geometric area of 10 mA cm which is equivalent to 10 % efficiency
of solar water splitting device, and it can be obtained by following equation 1.49°6:83
Moreover, Tafel slope is highly related to the kinetics of OER reaction, where the rate-
determining steps can be obtained based on the value of Tafel slope.848 Equation 2
represents the calculation of Tafel slope. In addition, Faradaic efficiency of pure O:
production is another important parameter to commonly characterize the performance of
an electrocatalyst, which can be measured through rotating ring disk electrode (RRDE)
setup or water-displacement method.828¢

N = Eapplieca — 1.23 (1)
Where, 1 is the overpotenial, E4,,;¢4 IS the potential applied at certain current density.

2.3RT
anF

n=a+—-log(j) ()
where 7 is the overpotential, j is the current density and the other symbols have their usual
meanings. The Tafel slope is given by 2.3RT /anF .

1.2.2.Current Status of OER Electrocatalysts. Numerous heterogeneous
electrocatalysts towards oxygen evolution reaction has been reported in the last
decade.”®8889.90.9192 A yiolcano plot shown in Figure 1.7 for OER catalysts was reported by
Trasatti in 1984 demonstrating the overpotential required for OER process directly
correlated with enthalpy of the transition metal oxide in acidic and alkaline conditions.®’
As can be seen in Figure 1.7, the most efficient OER electrocatalysts tend to be precious
metal based materials, namely platinum, ruthenium, iridium and their corresponding oxides

or alloys.®3%49:96 |n particular, IrO2 and rutile-type RuO2 has been widely accepted as state-

of-the-art electrocatalysts.%"%
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Figure 1.7. Volcano plot showing activity for O, production metal oxide surfaces versus
the enthalpy of transition of the oxide in acidic and basic solution. Overpotential
measured relative to 0.1 mA cm current density.8’

In 2013, McCrory et al. have conducted a comprehensive comparison of several
well-known metal oxide based OER catalysts indicating IrO2 and RuO2 show the best OER
activity with the overpotential less than 300 mV as shown in Figure 1.8.82 However, the
scarcity on Earth and high price of their raw materials have highly limited their
economically feasibility for any large-scale utilizations. Therefore, it is a crucial task for
researchers to develop robust and cost-effective OER electrocatalysts.

Recently, transition metal based materials as OER electrocatalysts have attracted
most of the attentions due to their large-abundance, low-cost and environmentally-
benign.%9:100101,102103.104 - Considerable efforts have been poured to develop OER

electrocatalysts based on earth-abundant elements such as Fe, Co, Ni, Mn and transition
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Figure 1.8. Benchmarking OER electrocatalysts at overpotential of 10 mA cm in
alkaline medium.®2

metal sites to easily switch between different oxidation states (such as Ni?***and Co?*/*
etc.) without hindrance under application of small electric bias,''>!*3 (ii) the number of
electrons occupying in the eq orbitals of the transition metal ions on the surface which will
likely affect the bond strength between catalytic sites and hydroxyl species and even
influencing the surface oxygen binding energy,!**1>116 therefore reducing the
thermodynamic overpotential of the OER process.

To date, the transition metal based materials have been identified as promising OER
electrocatalysts  ranging from  pure/mixed metal  oxides,!'7:118119.120,121122,123
(oxy)hydroxides, 8102124125 gnd chalcogenides (sulfides,*?617:128 selenides!?%130131.132 g
tellurides'®31341%) with advanced OER electroactivity and even comparable to state-of-
the-art electrocatalysts. Chalcogenides has been widely reported showing better OER
activity in comparison to oxides.®**% This can be expected that smaller electronegativity
of chalcogen elements (S, Se and Te) lead to an increased covalency in the metal-chalcogen
bond which facilitates the catalyst activation and onset of OER reaction by lowering the
redox potential of the catalytic site.**"1*® Among the chalcogenides, selenides as a new
series of OER electrocatalysts have attracted most of the attentions with outstanding

catalytic activity as well as remarkable stability for extended period in alkaline medium. In
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the following sections, the synthetic strategies of selenides and their applications in oxygen
evolution reaction are discussed in detail.

1.2.3.Pure Transition Metal Selenides. Among the monometallic selenides,
nickel and cobalt selenides are the most studied ones as OER electrocatalysts in alkaline
solution and significant processes have been achieved over the last couple of years.

In 2013, nickel selenide (NiSez) was reported to exhibit electrocatalytic activity
towards the reduction of I>~ in dye-sensitized solar cells (DSSCs).1* Nickel monoselenide
(NiSe) was discovered to display remarkable OER electrocatalytic activity for the first time
by Sun’s group in 2015, where NiSe nanowire/NF (nickel foam) required an overpotential
of 270 mV to reach 20 mAcm™ in 1.0 mM KOH.* Later, Shi et al reported NisSe; film
on Cu foam (NizSe2/CF) as a bifunctional catalyst required an overpotential of 340 mV and
100 mV to achieve 50 mA cm2 in alkaline medium for OER and HER, respectively.!
However, the NisSe2/CF as a 3D electrode showed high surface area which have significant
influence on the catalytic activity. To avoid the effect of 3D substrate, Swesi et al
electrochemically deposited NisSe; thin film on a flat substrate (Au/glass), which yielded
a low overpotential of 290 mV at 10 mA cm2 in alkaline solution.*®! Interestingly, A
directional growth of NiSe> thin film to intentionally expose Ni-rich plane was done by
Swesi et al, which resulted in better OER catalytic activity than any other report.4?

Apart from nickel selenides, cobalt selenides have been widely studied as excellent
HER electrocatalysts.}43144145146 Racently, there are several interesting studies about
amorphous and crystalline cobalt selenides reported as highly efficient electrocatalysts
towards OER. Yuan and his coworkers fabricated 3D core-shell structured CoSe;@C-CNT

nanohybrid and it yielded an overpotential of 306 mV at 10 mA cm2in 1.0 M KOH
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medium.**’ Moreover, Coral-like CoSe nanostructures prepared by solvothermal method
exhibited low overpotential of 295 mV at a current density of 10 mA cm 2.1 Interestly,
enhanced OER catalytic activity was observed by hydrothermally synthesized monoclinic
Co3Se4 thin nanowires on cobalt foam (CF) requiring an overpotential of 320 mV to reach
397 mA cm 2.1 Masud et al reported an electrochemically patterned growth of CozSes
thin films as nanotubes or nanorods to improve the current density for OER process,
interestingly, the nanotubular Co7Seg thin film exhibited the best OER activity yielding an
overpotential of 260 mV at 10 mA cm 2.1

1.2.4.Mixed Transition Metal Selenides. Transition metal doping, especially two
or more metals in an electrocatalyst, has been widely considered as an efficient way to
improve the catalytic performance towards OER.51152153 Several hypotheses have been
proposed to understand the boosted OER activity in addition of foreign metal dopants to
the monometallic electrocatalysts: (i) the electron distribution of an electrocatalyst could
be altered by introducing foreign atoms into its lattice structure to increase its electrical
conductivity thereby increasing electron transfer efficiency within the catalyst itself.*>* (ii)
through mixed transition metal d-d orbital delocalization, the metallic state near Fermi level
of an electrocatalyst is expected to be markedly increased,*3"1%5% and (iii) the binding
energy of metal active sites with intermediates could be optimized by doping transition
metal atoms into lattice vacancies or distorting lattice structures on surface,14116:157.158,159
therefore reducing the thermodynamic overpotential of the OER process.

Regarding the 3d metal-based materials towards OER, the most accepted
electrocatalytic activity trend is reported as Ni > Co > Fe > Mn reported by Markovic’s

group as shown in Figure 1.9.2% Nickel based materials have been considered as a
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Figure 1.9. Trend in overpotential for OER is shown as a function of the 3d transition
elements. The elements are arranged in the order of their oxophilicity from Mn to Ni on
Pt surfaces. Pt is shown in the figure as a reference. Top inset: a comparison of
polarization curves for Pt (111) and Au (111) with 40 % CoOOH for the OER.1%®

promising substitute of precious metal based OER electrocatalysts. Besides its low cost
and earth abundance, nickel based compounds tend to show higher resistant to corrosion
in the alkaline medium resulting a longer stability in comparison to other 3d metals.'®
Cobalt based catalysts are more likely to exhibit bifunctional behavior (OER and
HER/ORR) towards water splitting, which can be attributed from the presence of mixed
valence Co?* and Co®* in the Co based materials.*6162 |t has been widely accepted that
Co%*is mainly contributed to the OER process while Co?* is associated to the reduction
reactions such as HER or ORR.1!3162 Among these 3d metals, single iron based materials
show the least conductivity leading to low catalytic activity.'®* Interestingly, the OER

catalytic activity of other 3d metal based electrocatalysts can be dramatically increased
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with introducing of Fe due to changes in electronic properties.?*165 A study reported by
Shannon’s group in Figure 1.10 demonstrated the effect of OER catalytic activity and

electrical conductivity in terms of the amount of iron dopants in thin films.?
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Figure 1.10. (c) CV scans of Ni1—xFex(OH)2/Ni1—xFexOOH films doped with different
amount of Fe on IDA electrodes. (d) Conductivity data (points with solid connecting
lines) for the same films. The potential onset of conductivity correlates with the position
of the hydroxide/ oxyhydroxide oxidation wave shown as dotted lines for each film. The
inset shows an enlarged region to make the conductivity turn-on for the rigorously Fe-
free film apparent.*?*

By transition metal doping, a mixed metal selenide is expected to have diverse
advantageous properties of two or more individual selenides within one material.'6®
Currently, most of these binary or ternary metal selenides combined either of iron, cobalt
or nickel, have attracted the most of attentions as remarkably outperformed its individual
counterparts in OER process.

The combination of nickel-iron has been a popular choice for binary metal selenides
as OER electrocatalysts. Porous (Nio.7sF€o.25)Se2 nanosheets with high surface area were
synthesized on carbon fiber cloth (CFC) by selenization of NiFe nanosheet precursor

resulting in a low overpotential of 255 mV at 35 mA cm 2 and excellent durability for 28
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h in alkaline solution.'®” Furthermore, Hu’s group improved catalytic activity of ultrathin
NixFeixSe2 nanosheets which required only 195mV for 10mA cm 2 in alkaline
solution.!? Interestingly, Ni-Fe mixed diselenide nanocages were synthesized through
the selenization of the Ni—Fe Prussian-blue analog nanocages in Se vapor leading to a
superior catalytic performance.!®® Ni-Fe mixed diselenide yielded a current density of
10 mA cm? at a small overpotential of 240 mV and low Tafel slope of 24 mV dec™!
indicating the catalyst is kinetically favorable.'®® As spinel type structure FeNixSes
nanoparticles, containing a hexagonal close packing of Se?” with Fe*" occupying the
octahedral sites and Ni%* occupying the tetrahedral sites, were investigated by Umapathi
et al as OER electrocatalyst.!¢? It is a great interest that FeNi»Ses-NrGO nanocomposite
affords a current density of 10 mA cm 2 with low overpotential of 170 mV due to the
synergistic effect of FeNi>Ses and carbon matrix.!®

Cobalt-nickel selenide is another combination of electrocatalysts to enhance the
OER catalytic activity and numerous efforts have been contributed to design novel
bimetallic Co-Ni selenide electrocatalysts. Co-Ni selenides can assume multiple molecular
formula and structures such as: spinel, monoclinic, amorphous, etc., therefore, it requires
researchers to develop various stoichiometric compounds and determine the one
facilitating OER performance the most. Shinde. and his coworkers have synthesized
Nio.gsC01.22Ses hollow microparticles through a two-step low temperature route and the
resulting catalyst exhibiting a low overpotential of 320 mV at 10 mA cm 2 which is
attributed to the numerous exposed catalytic active sites.}’® Moreover, Penroseite
(Ni,Co)Se2 nanocages on 3D graphene aerogel (GA) were fabricated from NiCo PBA

precursor by Wang’s group.}’* Consequently, the resulting (Ni,Co)Se>-GA exhibits an
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overpotential of 250 mV at 10 mA c¢m 2 towards OER as well as excellent stability in

alkaline medium.'"* Furthermore, NiCoSe; nanosheets were electrodeposited on 3D nickel

foam (NF) in Akbar’s study which only requires 183 mV to reach a current density of 10

mA cm 2172 Interestingly, a monoclinic type NiCo,Ses holey nanosheets were investigated

by Yu’s group showing outstanding catalytic activity for OER with 295 mV at 10 mA

cm 2.173 To further elucidate the great catalytic activity of NiCo2Ses, the authors compared

NiCo2Ses with other related compounds in Figure 1.11 (a-b), remarkably, DFT calculation
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Figure 1.11. Experimental and theoretical study of catalytic activity of NiCo,Ses. (a)
95 % IR-corrected polarization curves of a series of NixCo3-xSes (x = 0-3.0). (b)
Comparison of overpotentials and Tafel plots of NixCos—xSes in 1.0 M KOH solution. (c)
Model of OH™ on the (010) facet of NiCo2Ses. (d) OH™ adsorption energy of CosSexs,

NiCo,Ses, and NiSe.1"
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shown in Figure 1.11 (c-d) was performed by calculating the hydroxyl species on (010)
facet indicating ternary selenide is more kinetically favorable towards OER."

As mentioned above, the performance of transition metal based electrocatalysts can
be significantly enhanced with appropriate foreign metal doping. Besides binary metal
selenides, trimetallic selenides are also a promising group of OER electrocatalysts,
however, they are greatly less studied in comparison to bimetallic selenides. In general,
either oxides or chalcogenides comprising three or more than three metals lead to
amorphous structure.}’1>178177 For jnstance, amorphous NiFeCoSex on CFC were
fabricated by solvothermal selenization process and consequently the catalyst only requires
a low overpotential of 150 mV at 10 mA c¢cm? in alkaline solution.!’® The superior OER
catalytic activity of NiFeCoSex can be attributed the synergistic effect of mixed transition

metals.1’®

1.3. COMBINATORIAL METHOD

Combinatorial chemistry uses chemical synthetic methods to make a library of large
number of materials with incremental variations of composition in vast regions for further
exploration of desired properties.”® The concept of combinatorial materials synthesis and
high-throughput was introduced in the 1980s, and after that it has been widely used in both
industries and academia. The main reason of combinatorial method being preferred is that
it is more systematical and faster than traditional serial experiments. Therefore, at the very
beginning, combinatorial methods were largely exploited in organic synthesis such as drug
design and searching for new pharmaceuticals because they are more efficiently than

traditional synthetic methods.*8%8%182 For instance, using combinatorial synthesis of
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peptide library, a set of different amino acids (or other chemicals) is divided into an equal
portions, and followed by mixing a different amino acid to each portion. Repeat the same
rounds, finally n? peptide sequences with mixing of all portions will be formed.'® Figure

1.12 shows a schematic of split-mix synthesis.
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Figure 1.12. The amino acids used in couplings are represented by yellow, blue and red
circles.'®

Recently, combinatorial methods have been widely carried out by researchers in
synthesizing a library of solid state materials for various applications ranging from
photoluminescence, dielectrics, phosphor, superconductors to homo/heterogenous
catalysts,84185186,187,188,189.190 T make the combinatorial approaches applicable, it is
important to create spatially varying material libraries. Many researchers have dedicated

in developing new methods to create construction of gradients, including physical vapor
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deposition (PVD),**1%2 pulsed laser deposition,'®® hydrothermal synthesis,*®*

ink-jet
printing,**>1% and electrodeposition'®"*%® and so on. Danielson et. al. have used electron
beam PVD method on combinations of La20s3, Y203, MgO, SrCOgz, SnO2, V, Al203, Eu20s3,
Th4O7, Tm203 and CeO to find out the optimal luminescent materials. 1% Wessler et. al.
have demonstrated chemical solution deposition (CSD) to investigate through libraries
based on targets of Ba, Ti, W, and S to generate promising materials for microwave

dielectrics.18°
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Figure 1.13. Contour plots of kinetic parameters extracted from Tafel plots recorded on
21 independent amorphous (mixed-) metal oxide films: (A) onset 1 in units of V; (B)
Tafel slopes in units of mV dec™®; and (C) 1 (in units of V) required to reach j = 0.5 mA
cm2.200

Combinatorial methods have also been performed in developing high-efficiency
catalysts for electrocatalytic and photo-electrocatalytic energy conversions such as fuel
cells and batteries.?01202203.204 Gyerin et. al. have reported that a series of Pt/C catalysts
were used to search the trends of catalytic activities towards to CO electro-oxidation,
oxygen reduction, and methanol oxidation.?®® Combinatorial method has also proven to be
useful in systematical investigations of catalysts for water oxidation.?%2%2 |n 2012,

Parkinson’s group have demonstrated a library of mixed metal oxides containing Ir, Ru, Pt
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and Rh by inkjet printing as OER catalysts, and they successfully identified that mixed
metal oxides showed better activity than the state-of-the-art catalyst 1rOx.2°” Smith et. al.
used photochemical metal—organic deposition (PMOD) to form amorphous metal oxide
thin films with different compositions of Ni, Fe and Co to investigate the OER catalytic
activity with respect to varying the metal compositions.??® Trends of three essential kinetic
parameters were plotted as a function of metal compositions as shown in Figure 1.13,
where the best composition was discovered as a-FezoNigo.2’° Similarly, Haber’s group
generated a series of pseudo-quaternary (Ni—Fe—Co—-Ce)Ox to investigate the OER catalytic
activity and the contour map is shown in Figure 1.14, eventually, a Ce-rich pseudo-ternary
composition Nio.2C0o3Ceo50x yielded the lowest overpotential towards OER.2% Following
this work, in 2016, Haber’s group reported a series of photo-electrocatalysts (Ni—Fe—Co—
Ce)Ox coated on BiVOg4 substrates as photoelectrocatalyst in photoanodes, surprisingly, the
combination of Fe-Ce in the range of Fe(.4-0.6)Ce(0.6-040x exhibited the best interface to

improve the photocatalytic efficiency.?%®
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Figure 1.14. Performance map of (Ni-Fe—Co—Ce)Ox oxygen evolution catalysts. The
composition map of the overpotential required for performing oxygen evolution at 10 mA
cm 2 from CP measurements is shown (A) in the quaternary composition tetrahedron and

(B) as a series of pseudoternary slices through the quaternary space.?%®
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As noted above, combinatorial method is promising for large-scale systematically
study electrocatalysts for oxygen evolution reaction. Frequently these combinatorial
methods lead to identification of composition regime that can show optimal performance,
which otherwise would have been missed in targeted materials synthesis. In our lab, we
performed a more efficient and economical method — combinatorial electrodeposition — to
systematically investigate several trigonal phase diagrams and identified the optimal non-
stoichiometric composition. The advantage of this modified combinatorial method is that
direct electrodeposition on the functional electrodes produces binder and other additives-
free catalyst composite, thereby reducing dead-weight and utilizes full potential of the

catalyst.
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Figure 1.15. Overpotential at 10 mA cm of all OER electrocatalysts described in this
dissertation.

In summary, this dissertation is mainly focused on developing mixed transition

metal selenides as OER electrocatalysts in alkaline medium by combinatorial
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electrodeposition and identifying the optimal compositions in three different systems, and
more details will be presented in Chapter | to Chapter Ill. Based on the contour plot of
catalytic activity with respect to the composition exhibited in Chapter I1, several interesting
naturally-occurring minerals with similar compositions were expected to show great
performance as OER electrocatalysts which they were successfully fabricated through one-
step hydrothermal route in our lab. Significant process towards designing novel high
efficiency OER electrocatalyst has been made and the comparison plot of all OER catalysts

described in this dissertation outperform the OER activity of RuO. as shown in Figure 1.15.
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ABSTRACT

Designing high-efficiency electrocatalysts for water oxidation has become an
increasingly important concept in the catalysis community due to its implications in clean

energy generation and storage. In this respect transition metal-doped mixed-metal
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selenides incorporating earth abundant elements such as Ni and Fe have attracted attention
due to their unexpectedly high electrocatalytic activity toward the oxygen evolution
reaction (OER) with low overpotential in alkaline medium. In this article, quaternary
mixed-metal selenide compositions incorporating Ni-Fe-Co were investigated through
combinatorial electrodeposition by exploring the ternary phase diagram of Ni-Fe-Co
systems. The OER electrocatalytic activity of the resultant quaternary and ternary mixed
metal selenide compositions was measured in order to systematically investigate the trend
of catalytic activity as a function of catalyst composition. Accordingly, the composition(s)
exhibiting the best catalytic efficiency for the quaternary Fe-Co-Ni mixed-metal selenide
was identified. It was observed that the quaternary selenide outperformed the binary as
well as the ternary metal selenides in this Ni-Fe-Co phase space. The elemental
composition and relative abundance of the elements in the catalyst film was ascertained
from energy dispersive spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS).
Mapping of the OER catalytic activity as a function of catalyst composition indicated that
catalytic efficiency was more pronounced in the Fe rich region with moderate amounts of
Ni and trace amounts of Co doping, and the best performance was exhibited by
(Nio.25Fe0.68C00.07)3S€4, Which showed an overpotential of 230 mV (vs RHE) at 10 mA cm
with stability exceeding 8 h for continuous oxygen generation. It was also observed that
typically the quaternary metal selenide composition was close to AB2Ses, which shows a
spinel structure type. Electrochemical measurements along with density functional theory
(DFT) calculations were performed to correlate the enhancement of catalytic activity
toward the Fe-rich region with composition. First principles DFT calculations were used

to estimate the hydroxyl adsorption energy (Eads) on the surface of the mixed-metal
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selenides with varying compositions. This adsorption energy could be directly correlated
to the onset of OER activity, and the results matched very well with the experimentally
observed trend with respect to onset overpotential. The knowledge of the trend of catalytic
activity as a function of composition will be very important for catalyst design through
targeted material synthesis. This work represents an example of a systematic phase
exploration for quaternary metal selenides and provides a strong foundation which can be

expanded to study other mixed-metal selenide combinations.

Keywords: combinatorial electrodeposition, oxygen evolution reaction, water splitting,

electrocatalyst, mixed-metal selenide

1. INTRODUCTION

The promise of hydrogen as being one of the most potent sources of clean energy
has intensified research into cost effective production of pure hydrogen in copious
quantities from fossil-fuel-free sources. In that regard, electrolysis of water into H2 and O
gas by applying sunlight or any other inexhaustible natural resources has been an attractive
method to generate the clean fuels."? However, the efficiency of the water-splitting
reaction is limited by the challenging anodic oxygen evolution reaction (OER), which is
an energy-exhaustive four-electron process, leading to a kinetically slow step and
significant efficiency loss.®* Typically for an electrocatalyst, the applied potential required
in excess of the thermodynamic water splitting voltage (1.23 V vs RHE) is generically
referred to as overpotential. An efficient electrocatalyst which can reduce the overpotential

and enhance the energy efficiency plays a crucial role in increasing the feasibility of large-
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scale water-splitting reactions. Therefore, significant efforts have been directed toward
designing more efficient and stable catalysts for OER capable of reducing the
overpotential.!>"!® Though precious metal oxides such as IrO, and RuO, show excellent
OER electrocatalytic activities, their high price and scarcity of raw materials limit their
applications.!!"!3 Recently, considerable efforts have been made to develop robust OER
electrocatalysts based on earth-abundant elements such as Co, Ni, and Fe.'*"!7 In this quest
for transition-metal-based highly efficient OER electrocatalysts, two important
observations have been made: (i) increasing covalency around the transition-metal center
increases catalytic activity*®® and (ii) transition-metal doping enhances catalytic activity
by reducing the overpotential.2°?7 In keeping with the concept of increasing covalency
enhancing OER catalytic activity it was observed that transition-metal chalcogenides show
improved catalytic activity in comparison to the corresponding oxides in alkaline
medium.'819283% The effect of metal doping is also visible in several reports of ternary
mixed metal oxides, hydroxides, and selenides, which have exhibited enhancement of
catalytic activity in comparison to the corresponding binary phases.?>?*2635742 |t can be
expected that transition-metal doping rearranges the electron density around the
catalytically active metal center, thereby altering the potential required for catalyst
activation which is necessary for initiating the oxygen evolution reaction.”** Doping
also affects the electron transfer rate within the catalyst, which influences the current
density as well as reaction kinetics. Another aspect of doping is the ability to design
quaternary compositions, such that the catalytic efficiency can be improved even further
by providing multiple catalytically active transition metal centers with varying

composition, facilitating electron transfer in the multi metal network, as well as providing
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stability to the catalytic system. However, most of the reports of mixed metal-based OER
electrocatalysts has been with limited compositional and/or stoichiometric variations. A
systematic investigation of the trend of catalytic activity as a function of transition-metal
doping is still very rare. Such a study will be even more effective in the transition-metal
selenides, which show inherently better OER catalytic activity in comparison to the
oxides.2%2146-4% Hence, a phase diagram exploration to systematically investigate the trend
of catalytic activity as a function of ternary and quaternary transition-metal doping in the
selenide lattice has become necessary. Combinatorial synthesis is an extremely effective
method to screen compositions in the multinary phase space and study the evolution of
properties as a function of systematic change in composition. Combinatorial phase
exploration is widely used in organic synthesis, antioxidants, and drug designs.**~>3
Frequently these combinatorial methods lead to identification of a composition regime that
can show optimal performance, which otherwise would have been missed in targeted
materials synthesis. Such combinatorial methods have been reported recently to provide an
efficient way to screen and discover promising OER electrocatalysts.>* 7 For example, the
metal oxides have been recently explored through combinatorial methods, whereby Chen,
Stahl, et al. identified the inverse spinel NiFeAlOs as a highly efficient OER
electrocatalyst,* while the Berlinguette group investigated the electrocatalytic response of
amorphous metal oxide films by combinatorial methods.>® As mentioned above, the
transition-metal selenides have exhibited better catalytic efficiency in comparison to the
oxides, which is attributed to the lower anion electronegativity and increased degree of
covalency in the lattice. Our group has also recently reported nickel and cobalt selenides

(NisSe2, NiSez, and Co7Ses) which exhibit high efficiency as OER electrocatalysts in
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alkaline solution and have an excellent operational stability.8284647\We have also observed
that the mixed-metal selenides CoNi>Ses and FeNi>Ses show better catalytic activity than
the corresponding oxide phases.?®?! From these reports it is indicative that that both Co and
Fe doping in the Ni selenides can lead to enhancement of the OER catalytic activity in
alkaline medium. However, a systematic study of the extent of enhancement of catalytic
efficiencies as a function of composition variation through simultaneous Fe and Co doping
in the selenides has not yet been reported. In this article we report the systematic
investigation of OER electrocatalytic activity of mixed-metal selenides comprising Ni-Fe-
Co through combinatorial electrodeposition exploring the trigonal phase diagram. Direct
electrodeposition on the functional electrodes produces a catalyst composite free of binder
and other additives, thereby reducing dead weight and utilizing the full potential of the
catalyst. A systematic investigation of OER catalytic activity in the Ni-Fe-Co phase space
revealed that the gradient of catalytic performance increased toward increasing Fe
concentration and the best performance was exhibited by (Nio.2sFeo.6sC00.07)3S€s, which
showed an overpotential of 230 mV (vs RHE) at 10 mA cm™2. Chronoamperometric
measurements revealed that this catalyst was stable for an extended period of time under
continuous oxygen evolution, while postactivity XPS and EDS characterization revealed
that the compositional integrity of the catalyst remained unchanged. We also calculated the
hydroxyl adsorption energy (Eads) on the surface of the mixed-metal selenide since the OER
is initiated by the attachment of an OH group on the surface following catalyst activation.
Comparison of Eads across the compositional range showed that the Eads shows a trend
similar to that of the decreasing overpotential, confirming the trend of increasing catalytic

activity (earlier catalyst activation and onset of OER) toward the Fe-rich region. This study
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thus provides very useful information on the effect of systematic doping in transition metal
selenide based electrocatalysts containing Ni, Fe, and Co, which can be used to design
highly efficient OER electrocatalysts through targeted synthesis. Such a concept of
combinatorial electrodeposition can also be extended to design high performance catalytic

systems in various other ternary phase spaces.

2. EXPERIMENTAL SECTION

Materials.  Nickel(Il) sulfate (NiSOs6H20, 99.0%), cobalt(ll) sulfate
(CoSO4 -7H20, 99.0%), iron(ll) sulfate (FeSO4 7H20, 99.0%), selenium dioxide (SeO>),
ammonium sulfate ((NH4)2SO4, 99%), and potassium hydroxide (KOH, 85%), were
purchased from Fisher Scientific. All of the chemicals were used as received without
further purification. Deionized (DI) water (18 MQ/cm) was used to prepare all the
electrolytic solutions. Au-coated glass slides used as substrates in electrodeposition were
purchased from Deposition Research Lab Incorporated (DRLI), Lebanon, MO.

Combinatorial Electrodeposition of Catalyst Films. All electrodeposition
experiments were carried out in a beaker with an electrolyte volume of 50 mL in a three-
electrode setup consisting of an AglAgCl (saturated KCI) reference electrode, glassy
carbon (GC) as the counter electrode, and Au-coated glass with an area of 0.283 cm? as the
working electrode. Prior to electrodeposition, the substrates were sonicated in Micro-90
followed by an isopropyl alcohol rinse and eventually rinsed with deionized water (15 min
each step) to ensure a clean surface. All solutions were freshly prepared and purged with

N> for 30 min before electrodeposition. The electrolytes used for deposition contained an



34

equimolar (10 mM) mixture of the metal sulfate precursors (NiSO4-6H>O, CoSO4-7H-0,

FeSO4-7H,0), 10 mM SeO,, and 25 mM (NH4)>SO4 dissolved in water.

Nio.2FeoeCo0.2Sen

80 100

Ni%

Figure 1. Schematic of combinatorial electrodeposition. (a) Ternary phase diagram for
exploring compositions of the mixed metal selenide films examined in this work.
Crossing vertices represent compositions of the precursor electrolyte with respect to the
relative ratio of the corresponding metals. Black circle shows a typical example. (b)
Electrodeposition.

Combinatorial synthesis of a series of binary and multinary mixed-metal selenide
films were carried out by exploring the ternary phase diagram as shown in Figure la. In
this trigonal phase diagram, the vertices represent binary selenides (Ni3Se, FeSe, and
CoSe), while along the three edges, ternary mixed metal selenides (NixFeySen, NixCoySen,
FexCoySen) can be obtained. The interior of this trigonal phase diagram represents the
quaternary mixed-metal selenide. The amount of Se precursor (SeOz) added in solution
was kept constant, and the relative molar ratio of the metal sulfate precursors (NiSOs,
FeSO4, CoSO4) were varied as x:y:z for Ni:Fe:Co in the electrolytic bath, to explore various
points within the trigonal phase diagram as shown in Figure 1. This relative molar ratio has

been referred to as the precursor ratio, while the actual relative atomic ratio in the
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electrodeposited film has been determined through energy dispersive spectral analysis
(EDS). The precursor concentration for each metal (Ni, Fe, and Co) was varied from 0 to
100% along the respective axis in steps of 10% increments. Once a region of high catalytic
activity was identified in the trigonal phase space, then that region of interest was
reinvestigated by exploring a smaller trigonal region with 5% increments of the precursor
for each element. The smaller triangle is shown in Figure S1 in the Supporting Information.
All electrodeposition was carried out at room temperature in acidic solution (pH 2.8) on
Au-coated glass substrates at an applied potential of —0.8 V vs Ag|AgCl for 300 s.
Electrodeposition was carried out in confined regions of the Au coated glass substrates. An
IviumStat potentiostat was used for electrodeposition and all electrochemical studies. All
resulting films were carefully washed several times with DI water to remove surface ions
and then dried in air.

Characterization. X-ray photoelectron spectroscopy (XPS) measurements of
catalysts were performed using a KRATOS AXIS 165 X-ray photoelectron spectrometer
using a monochromatic Al X-ray source. Scanning electron microscopy (SEM) was carried
out to examine the morphologies of the films by the FEI Helios NanoLab 600 FIB/FESEM
at an accelerating voltage of 15 kV. Energy dispersive spectroscopy (EDS) along with
elemental mapping analysis was also obtained from the SEM microscope. The elemental
compositions of all compounds detected by EDS are shown in Table 1. In this article, the
molecular formula of compounds (shown in Table S1 in the Supporting Information) will
be defined by experimentally obtained EDS atomic ratios and will be written as

(NixFeyCoz)mSen, where X', y’, and z'" are determined from EDS atomic ratios (X' +y' + 2’
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= 1) and m and n are the experimentally obtained relative EDS atomic ratios between total
metal ions and selenium.

Electrochemical Measurements. The catalytic properties of the thin films were
investigated in 0.3 M KOH solution at room temperature in a three-electrode system using
an IviumStat potentiostat. The OER catalytic performances were studied from linear scan
voltammetry (LSV) plots, while the stabilities of the catalysts were studied by constant-
potential chronoamperometry. The deposited thin films served as the working electrodes,
a GC was the counter electrode, and an Ag|AgCl (saturated KCI) was the reference
electrode. All measured potentials vs the Ag|AgCl (saturated KCI) were converted to the
reversible hydrogen electrode (RHE) using the Nernst equation (eq 1) and corrected for the
iR drop in the solution.

Erup = Eagjagci + 0.059pH + EZ 5 agci (1)
Here, the converted potential vs RHE is the experimentally measured potential against the
Ag|AgCl reference electrode, and the standard potential of Ag|AgCl at 25.1 °C was 0.197
V.

Faradaic Efficiency. The Faradaic efficiency of O; production by
(Nio.2sFeo.68C00.07)3Se4 electrocatalyst was measured using a rotating ring—disk electrode
(RRDE) apparatus with the bipotentiostat mode of the IviumStat. Specifically, a combined
ORR—OER experiment was designed to confirm and quantify O> production, as has been
described previously.*”* In this process, (Nio.2sFeo.6sC00.07)35€e4 deposited on a glassy-
carbon-disk electrode was used as the anode, while a Pt ring was used as the ring electrode
in a RRDE setup. The Pt ring was carefully polished with an alumina slurry (0.05 mm) and

then washed with DI water, sonicated for 5 min, and cleaned by an electrochemical method
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in Nz-saturated 0.5 M HoSOs4 at 1600 rpm. The disk with the catalyst was held at open
circuit for few minutes, while the ring electrode was held at constant 0.16 V vs RHE in 0.3
M KOH solution. The current of the ring electrode was lower than 20 mA, which was in
an acceptable region. The disk electrode was then held at sequentially different potentials
for 20 s each, in the OER kinetic region, while the ring electrode was held at —0.16 V vs
RHE, appropriate for O, reduction.

Calculation of Tafel Slope. The electrochemical kinetics of the
(Nio.25Feo.68C00.07)3Se4 catalysts toward OER relating the overpotential # with the current
density j has been carried out by

constructing the Tafel plots using eq 2:

2.3RT

n=a+-—-log(j) (2)
where 7 is the overpotential, j is the current density, and the other symbols have their usual
meanings. The Tafel slope is given by 2.3RT /anF. The Tafel slopes were obtained from

LSV plots with a scan rate (2 mV s~1) in a unstirred solution.

3. RESULTS AND DISCUSSION

Morphologies and Elemental Compositions of Electrodeposited Films. Figure 2a—c
shows morphologies of the three as-deposited binary films Ni3Se;, CoSe, and FeSe,
representing the three vertices of the trigonal phase diagram (Figure 1a), respectively. A
detailed SEM study of these as deposited films showed that films were mainly granular

and composed of nanometer-sized grains with a broad size distribution (typically, 50 nm



38

B¢,

oA T O :
& N S o

* N o €500nm

= 2 —

Figure 2. SEM images and elemental compositions by EDS of most active electrocatalyst
from different groups comprising three binaries compositions (a) NisSez, (b) CoSe, (c)
FeSe, and ternary compositions (d) (Nio.ssFeo.15)3Ses, () (Nio.24C00.76)Se, (f)
(Coo.1Fe0.9)3Ses.

to several hundred nanometers). Among these, NisSe, and FeSe grains were composed of
aggregated clusters, while the morphology of CoSe showed a nanoflake-like geometry. As
mentioned previously, the axes of the trigonal plot represent the ternary metal selenides
NixFeySen, FexCoySen, and CoxNiySen, respectively. Figure 2d—f presents morphologies of
the three ternary films (Nio.ssFeo.15)3Ses, (Nio.24C00.76)Se, and (Coo.gFeo.1)sSes, respectively,
which showed the best OER catalytic activity. Some changes in morphology and particle
size can be observed in the ternary metal selenides in comparison to the binary selenides.
For example, with 40% Fe doping into NisSe,, (NiogsFeo.15)3Ses, it showed smaller sized
grains in comparison to NisSe,. On the other hand, 90% Co doping into FeSe, yielded
(Coo.gFeo.1)3Ses (shown in Table S1 in the Supporting Information), which exhibited grains

covered with thin nanoflakes and closely resembled the morphology of CoSe. Interestingly,
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(Nio.24C00.76) Se with 20% doping of Ni into CoSe showed a more rough surface and fluffy
flowerlike morphology with a bigger particle size (~1 um). The elemental compositions of
these films were analyzed using EDS. The three binary phases were indeed composed of
Ni, Co, or Fe and Se in approximate atomic ratios of 3:2 (Ni:Se), 1:1 (Co:Se), and 1:1
(Fe:Se), respectively. Thus, the three binaries can be written as NisSez, CoSe, and FeSe,
respectively. Similarly, molecular formulas of the three best ternaries can be written as
(Nio.gsFeo.15)2Ses, (Nio.24C0o.76)Se, and (Coo.gFeo.1)3Ses, respectively. All of the ternary
phases identified in this study can be found in Table S1, giving the relative precursor ratio
as well as the EDS ratio. It should be noted that the relative atomic percentage of an element
increased (or decreased) with increasing (or decreasing) amounts of the corresponding
metal precursor in the electrolytic bath, indicating the feasibility of compositional control
obtainable through such combinatorial electrodeposition. It should be noted here that most
of these electrodeposited films were amorphous in nature and did not yield a clean PXRD
pattern, which is very typical of electrodeposited films at low temperature. Hence,
compositional analysis was done on the basis of EDS and XPS studies.

Electrochemical Characterization. Linear sweep voltammetry (LSV) measurements
were performed in No-saturated 0.3 M KOH at a scan rate of 10 mV s ! to study the
electrocatalytic properties of the deposited films. The onset overpotential (onset #) and
overpotential required to reach the current density 10 mA cm2 (5 at 10 mA cm2) were
selected as two Kinetic parameters to benchmark the electrocatalytic performance.®® These
two kinetic parameters for all binary, ternary, and quaternary metal selenide phases along

with their corresponding EDS atomic ratios are summarized and shown Table 1. The
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Figure 3. Linear Sweep voltammetries (LSVs) of ternary metal selenides along the edges
of the trigonal phase diagram. (a) Ni-Fe group (b) Ni-Co group (c) Co-Fe group. (d)
Comparison of most active ternary composition (solid line) from each group along with
the three binary compositions (dotted line). The dotted red line in each panel marks the

current density at 10 mA cm.

OER polarization curves of three binary metal selenide films measured in 0.3 M KOH is

shown in Figure S2 in the Supporting Information. Figure 3 shows the LSV plots of all

ternary metal selenide films. As can be seen from the LSV plot of the Ni-Fe selenides group

in Figure 3a, these nine Ni-Fe selenides were highly active for the OER. In this group it

was observed that the catalytic activity improved with increasing Fe content and that

(Ni0.85Fe0.15)3Se4 showed the best catalytic activity with the lowest applied potential of

1.468 V vs RHE, corresponding to an onset overpotential of 0.238 V and overpotential at
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10 mA cm—2 (0.27 V vs RHE). For the Ni-Co selenides group shown in Figure 3b, it was
observed that (Ni0.24C00.76)Se exhibited the best activity among this group with an onset
overpotential of 0.25 V vs RHE and overpotential of 0.33 V vs RHE required to achieve
10 mA cm2. The OER performance of the Co-Fe selenide group is shown in Figure 3c,
wherein (Coo.oFeo.1)3Ses showed the lowest onset overpotential of 0.25 V vs RHE and
overpotential of 0.29 V vs RHE at 10 mA cm™2. It must be noted here that there are some
preoxidation peaks observed in the LSV plots prior to onset of the OER, as can be seen in
Figure 3a,b,d. These peaks are due to the changes in the oxidation states of the transition-
metal cations in the catalyst during the anodic scan, as has been previously observed for
Ni- and Co-based catalysts.?#?%61.62 Specifically, the peak around 1.05 V vs RHE is due to
Co?*to Co* conversion, while those around 1.28 V (Figure 3b) and 1.34 V (Figure 3d)
correspond to Ni?* to Ni** conversion.?%?2426 |t has been commonly reported that
transition-metal doping in the cationic site affects the position of the preoxidation peak.?*%?
Such a shift in the Ni?* oxidation peak is also visible in Figure 3a,b possibly due to various
amounts of Fe and Co doping, respectively, in the nickel selenide system, which can
directly affect the chemical potential of the Ni?* ion.?*%? To understand the trend of
catalytic activity as a function of transition-metal doping, the best-performing ternary
phases have been compared with the binary selenides, as shown in Figure 3d. It can be seen
from these comparative plots that 40% Fe doping into NisSez improved the OER catalytic
activity with a 40 mV drop in overpotential at 10 mA cm™2 in comparison to NizSe.
Similarly, 10% Fe doping into CoSe decreased the overpotential at 10 mA cm~2 by 10 mV
in comparison to CoSe. However, Ni doping into CoSe did not show any significant

improvement in the OER catalytic activity. It must be noted here that the positive effect of
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transition-metal doping in enhancing OER catalytic activity has also been reported
previously by other researchers. For example, it has been reported by various groups that
Fe doping into Ni oxyhydroxide based OER electrocatalysts significantly improves the

OER catalytic activity. 1723446162

00 02 04 06 08 10
Ni %

Figure 4. Contour plots of overpotential ) (in units of V) at (a) onset of OER activity, and
(b) current density of 10 mA cm for the entire Ni-Fe-Co trigonal phase space. The
actual relative atomic ratio of the elements as obtained by EDS was used to construct this
plot. The color gradient corresponds to the overpotential measured in volts.

Table 1 gives the results of the trigonal phase diagram exploration with respect to
relative precursor ratio in the electrolyte, experimentally observed EDS elemental ratio in
the deposited film, onset overpotential, and overpotential at 10 mA c¢cm™2. In order to
understand the trend of catalytic activity with respect to transition-metal doping better,
contour plots were constructed from the data given in Table 1. Figure 4a shows the contour
plots for onset #, while Figure 4b shows the contour plot for » at 10 mA cm2. The edges
in each of these plots represent increasing amounts of the respective elements (as labeled

in the figure), where the actual elemental ratio as determined from EDS was used. The



43

color gradient key on the upper right corner of these plots indicates decreasing catalytic
activity from top (lowest overpotential) to bottom (highest overpotential). As can be seen
in Figure 4a, an area deep inside the trigonal plot (quaternary phase space) shows the best
catalytic activity. The region adjacent to the Ni and Fe axes as well as the vertices shows
higher overpotential indicating less efficient catalytic activity. This observation further
confirms that transition-metal doping increases OER catalytic activity in these metal
selenides. From the contour plots it is apparent that quaternary phases show the lowest
onset overpotential when the relative content of iron is kept at 60—-80%, cobalt is
maintained at 5—30%, and nickel is about 20—60% for binary and ternary selenides. As the
amount of Fe increases while Ni and Co decrease in thin films, mixed-metal selenides are
more likely to have lower onset # and # at 10mAcm 2, suggesting that Fe has a significant
influence on the catalyst performance. A similar trend in overpotential also has been

observed to achieve 10 mA cm™2, as shown in Figure 4b.
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Figure 5. (a) LSVs of 7 best quaternary compositions measured in N saturated 0.3 M
KOH solution at a scan rate of 10 mV s, (b) Tafel plots of the catalysts.
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Figure 5a shows the polarization curves of the seven best performing quaternary
phases, specifically (Nio.sFeo.32C00.2)3Ses, (Nig.42Fe0.19C00.39)35€4, (Nio.ogFeo50C00.32)3S€4,
(Nio.11F€0.63C00.25)3Se€4, (Nio.13F€0.25C00.62)3S€4, (Nig.25Fe0.68C00.07)35€4, and
(Nio.25F€0.08C00.67)3S€4, in Nz-saturated 0.3 M KOH at a scan rate of 10 mV s*. As
expected, these catalysts showed very efficient oxygen evolution activity. The onset
overpotentials of (Nio.4sFeo.32C00.2)3Ses and (Nig.42Feo.19C00.39)3Ses were 0.22 and 0.21 V
(vs RHE), respectively, and they both yielded a current density of 10 mA cm™ at an
overpotential of 0.26 V (vs RHE). The onset overpotential of (Nio.2sF€0.08C00.67)3Se4 was
0.22 V (vs RHE), and it needs 0.28 V (vs RHE) to achieve a current density of 10 mA cm 2.
The onset overpotential of (Nio.osFe0.59C00.32)3Ses was 0.20 V, and 0.26 V (vs RHE) was
required to reach 10 mA cm™2. The onset overpotentials of (Nio.13F€025C0062)35€4 and
(Nio.11Fe0.63C00.25)3Ses were 0.22 and 0.22 V (vs RHE), respectively, and they need 0.27 V
(vs RHE) to achieve 10 mA cm™2. (Nio.2sFeo.68C00.07)3Se4 showed even better OER catalytic
activity: the onset overpotential was 0.18 V (vs RHE), and it needed 0.23 V (vs RHE) to
achieve a current density of 10 mA cm™2. This is one of the first reports of quaternary
transition-metal selenides, and the overpotential obtained is comparable to the low values
that have been reported recently in mixed-metal selenides. Figure 5b shows the Tafel plot,
n vs log j, for these eight quaternary compositions. The Tafel slopes were obtained to be
57.8, 58.5, 50.7, 54.3, 78.9, 41.7, and 81.4 mV dec! for (NigassFeo34C002)3Ses,
(Nio.42Fe0.19C00.39)3Ses, (Nio.0oFe0.50C00.32)3Ses, (Nio.11Fe0.63C00.25)3Se4,
(Nio.13Fe0.25C00.62)3S€4, (Nio.25Fe0.68C00.07)3Ses, and (Nio.2sFeo.0sC00.67)3S€4, respectively.
On the basis of the above observations, it can be concluded that although transition-metal-

doped mixed-metal selenides yield significant enhancement in OER catalytic activity in
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terms of both overpotential at 10 mA cm 2 and low Tafel slope, the relative doping amount
for each element still needs to be optimized to observe the best catalytic performance. From
the contour plot (Figure 4b), Table 1, and LSV plot as shown in Figure 5a,
(Ni0.25Fe0.68C00.07)3Ses was identified as the best performing catalyst under the specific
experimental conditions. Figure 6a shows the polarization curves of (Nio.25Feo.68C00.07)3S€4
in comparison with the binary selenides NisSe;, CoSe, and FeSe in N-saturated 0.3 M
KOH at a scan rate of 10 mV s, As can be seen, the onset overpotentials of NisSez, CoSe,
and FeSe were 0.24, 0.22, and 0.30 V vs RHE, respectively. To achieve an OER current
density at 10 mA cm2, NisSe; requires 0.32 V, CoSe requires 0.30 V, and FeSe requires
040 V vs RHE. With transition-metal doping, the onset overpotential of
(Nio.2s5Feo.68C00.07)3Ses decreased significantly to 0.18 V (vs RHE) and it yielded a current
density of 10 mA cm-; at an overpotential of only 0.23 V (vs RHE). A comparison of OER
activity for this quaternary composition with the three ternary selenides is shown in Figure
S3 in the Supporting Information. A detailed SEM study in Figure 6b of the best
electrocatalyst (Nio.2sFe0.6sC00.07)3Ses thin film showed that the film was mainly composed
of rhombus-like nanostructures with an average size distribution of 100—800 nm.

The composition of the (Nio.2sFeo0.6sC00.07)3Ses thin film was also investigated by
X-ray photoelectron spectroscopy (XPS). The XPS spectrum of C 1s has been detected,
and all binding energies for Ni, Fe, Co, and Se were calibrated with C 1s (284.5 eV) as a
reference binding energy. The chemical composition and the oxidation state of the catalyst
were investigated from the deconvoluted XPS spectra, and the corresponding results are
presented in Figure 6¢—f. The deconvoluted Ni 2p and Fe 2p exhibited the presence of

mixed-valence metal ions. As shown in Figure 6c, the binding energies of around 854.26
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Table 1. Summary of elemental analysis of metal selenide films determined by EDS and
corresponding kinetic parameters extracted from polarization curves.

10 - - 10 62.1 - - 37.9 0.24* 0.32 84.6
- 10 - 10 - 49.7 - 50.3 0.30% 0.40 104.1
- - 10 10 - - 49.6 50.4 0.22* 0.30 125.2
9 - 1 10 47.8 - 8.9 433 0.29 0.35 87.0
8 - 2 10 422 - 13.1 44.7 0.28 0.35 85.4
7 - 3 10 338 - 19.4 46.8 0.29 0.36 84.4
6 - 4 10 344 - 20.8 44.8 0.28 0.35 54.4
5 - 5 10 19.8 - 30.8 494 0.30 0.36 62.2
4 - 6 10 26.1 - 27.4 46.5 0.27 0.34 69.7
3 - 7 10 19.7 - 32.0 48.3 0.26 0.33 72.7
2 - 8 10 11.4 - 36.1 52.5 0.25 0.31 90.4
1 - 9 10 7.0 - 41.0 52.0 0.27 0.32 147.6
- 1 9 10 - 4.4 40.3 553 0.25 0.29 57.6
- 2 8 10 - 8.4 38.8 52.8 0.25 0.33 79.7
- 3 7 10 - 12.6 34.6 52.9 0.25 0.33 91.7
- 4 6 10 - 9.0 29.1 61.8 0.24 0.31 63.2
- 5 5 10 - 14.7 27.4 57.9 0.24 0.30 58.6
- 6 4 10 - 13.1 31.4 55.5 0.25 0.31 79.3
- 7 3 10 - 222 20.0 57.8 0.24 0.32 69.9
- 8 2 10 - 29.5 14.7 55.8 0.24 0.31 91.6
- 9 1 10 - 55.5 11.2 333 0.27 0.32 56.6

0.5 8 1.5 10 4.0 26.7 14.9 54.4 0.20* 0.26 56.0
0.5 8.5 1 10 4.9 27.4 10.9 56.8 0.22* 0.27 41.3
1 8 1 10 6.8 28.1 9.1 55.9 0.20 0.28 162.1
1 8.5 0.5 10 73 345 5.9 523 0.23 0.30 55.7
1 7 2 10 6.9 15.8 18.6 58.7 0.21 0.30 66.5
1 6 3 10 7.1 14.2 21.2 57.6 0.22 0.28 49.2
1 5 4 10 5.8 11.4 28.0 54.9 0.22* 0.27 59.4
1 4 5 10 59 53 34.7 54.1 0.22 0.28 50.9
1 3 6 10 6.3 43 42.8 46.5 0.22 0.28 83.0
1 2 7 10 7.5 4.7 325 55.3 0.22 0.28 67.0
1 1 8 10 5.4 0.8 32.8 61.0 0.22 0.28 95.2
1.5 0.5 10 11.4 31.7 33 53.5 0.18 0.23 54.3

8
2 7 1 10 14.1 13.7 10.1 62.0 0.20 0.28 64.9
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Table 1. Summary of elemental analysis of metal selenide films determined by EDS and
corresponding kinetic parameters extracted from polarization curves. (cont.)

2 6 2 10 12.8 6.4 15.4 65.4 0.22 0.29 50.1
2 5 3 10 11.2 5.0 25.8 58.0 0.23 0.32 57.9
2 4 4 10 9.6 2.6 31.4 56.4 0.24 0.31 77.2
2 3 5 10 11.9 39 323 51.9 0.22* 0.28 75.5
2 2 6 10 11.5 0.8 36.3 51.3 0.22 0.30 48.2
2 1 7 10 12.2 0.4 323 55.1 0.24 0.31 79.0
3 6 1 10 20.9 16.1 9.5 53.5 0.22* 0.26 73.9
3 5 2 10 18.8 8.5 17.3 55.4 0.21* 0.26 88.8
3 4 3 10 19.5 5.6 23.8 51.2 0.24 0.32 64.0
3 3 4 10 18.1 2.6 29.6 49.6 0.24 0.32 102.7
3 2 5 10 18.5 0.2 29.0 523 0.22 0.30 148.7
3 1 6 10 17.2 1.0 27.7 54.2 0.23 0.32 76.2

5 4 1 10 353 9.7 9.8 45.2 0.22 0.30 56.6
5 3 2 10 35.8 22 18.0 44.0 0.24 0.31 58.6
5 2 3 10 28.3 0.3 23.6 47.8 0.26 0.34 53.0
5 1 4 10 294 0.2 26.3 44.0 0.25 0.33 98.4
6 3 1 10 43.5 2.7 8.8 45.0 0.24 0.31 52.1
6 2 2 10 23.9 22 17.8 56.1 0.25 0.35 79.5
6 1 3 10 28.2 0.1 20.1 47.9 0.25 0.33 52.7
7 2 1 10 47.5 0.6 9.7 423 0.24 0.31 57.0
7 1 2 10 43.1 0.2 16.5 40.2 0.26 0.32 53.7
8 1 1 10 36.6 0.7 9.4 53.3 0.26 0.35 76.8

*The highlighted cell represents catalyst composition corresponding to the best
electrocatalytic performance. * represents catalyst compositions for which the LSV
plots have been shown in Figure 3 and Figure 5.

and 871.46 eV of Ni 2p are assigned to Ni?* and those of 855.60 and 873.61 eV are
attributed to Ni®* with its shakeup satellite peaks at 876.83 and 860.43 eV.4"6384 Similarly,
in the Fe 2p spectra (shown in Figure 6d), the peaks at 708.38 and 721.59 eV correspond
to Fe?*, while those at 710.10 and 723.28 eV corroborate Fe** with its shakeup satellite
peaks at 713.56 and 730.9 V.57 In the Co 2p spectrum (shown in Figure 6e), two peaks
at 779.81 and 794.71 eV correspond to Co 2p3s;; and Co 2pus, respectively, indicating the

presence of Co?*, as has been reported previously.®*7° In the Se 3d spectrum (shown in
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Figure 6f), the binding energies of Se 3ds2 and Se 3ds/2 peaks were obtained at 54.15 and
54.85 eV, respectively, which were similar to those of reported metal selenides.”! 7> It must
be mentioned here that all of these binding energies observed for the respective metal ions
were characteristic of the selenide phases and did not show similarities with those obtained
from the oxide phases. Even Se XPS did not show the presence of peaks corresponding to
SeOx. From the semiquantitative XPS studies, it was further confirmed that the quaternary
metal selenide belonged to the MsSes family containing mixed-valence Ni and Fe ions.
M3Ses compositions generally form spinel-type structures containing alternating layers of
edge-shared MiSes octahedra and My Ses tetrahedra. Such compositions have been
frequently encountered in transition-metal chalcogenide family as ferrites, NiFe;Ses,
CoNi2Ses, and so on.?%?L78.77 The transition-metal cations can occupy one or both of the
divalent and trivalent cationic sites, and the presence of mixed valence for Fe and Ni has
been reported.”® 8 The presence of Ni®* in these chalcogenides is very interesting, since in
Ni-based OER electrocatalysts it has been widely known that Ni®* is the actual catalytically
active site. The electrochemically active surface area (ECSA) for (Nio.25Fe0.68C00.07)3S€4
thin film on Au-coated glass was estimated by measuring the electrochemical double-layer
capacitance of the electrocatalyst. Cyclic voltammograms (CVs) with various scan rates
were used to measure double- layer charging current in the non-Faradaic region. The
working electrode with electrodeposited (Nio.2sFeo.s8C00.07)3Ses catalyst was held in N2-
saturated 0.3 M KOH, and then CVs were measured from —0.26 to —0.36 V vs Ag|AgCl
(KCI saturated) at the following scan rates: 25, 50, 75, 100, and 150 mV/s (shown Figure
7). Since the double-layer current (ip;) was measured in the non-Faradaic region, it is

assumed that the current response is due to double-layer charging instead of chemical
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reactions or charge transfer. Therefore, a linear equation can be used to estimate the specific
electrochemical double-layer capacitance (Cp;) by double-layer current ip; and the scan
rate (v) of CV, which is shown in eq 3.
ipp = Cpy XV (3)

where, double-layer capacitance (Cp;) is in unit of mF.

The inset plot in Figure 7 is the cathodic and anodic charging currents measured at
—0.30 V vs Ag|AgCl (KCl saturated) and plotted as a function of scan rate. The Cp; value
was determined from the average of the cathodic and anodic slopes. Here, the
electrochemical double-layer capacitance of (Nio.2sFeo.6sC00.07)3Ses thin film on Au-coated
glass was estimated to be 0.069 mF. The ECSA of the electrocatalyst was calculated using
eq 4.

ECSA = Cp,/Cs (4)
where Cs is the specific capacitance of the electrocatalyst per unit area under identical
electrolyte conditions. Its value has been reported between 0.022 to 0.130 mF cm™2 in
alkaline solution.® In this study, the value of Cs was taken to be 0.040 mF cm™2 on the
basis of reported values.®® The roughness factor (RF) was calculated by taking the ratio of
ECSA with the geometric area of the electrode, 0.283 cm?. ECSA was estimated to be
around 1.725, while RF was around 6.095. The high value of RF indicates that the as-
deposited films were highly rough. This observation was also confirmed from SEM
images, which showed a highly granular surface. It should be noted here that the catalytic
activity is expected to improve with surface roughness since it leads to better and more

extensive exposure of the catalytically active sites to the electrolyte.
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Figure 6. (a) Polarization curves of (Nio.2sFe0.6sC00.07)3Se4 compared to the three binary

catalyst films. (b)SEM image of (Nio.2sF€0.6sC00.07)3Se4 film deposited for 300 s. XPS

spectra of as deposited film (Nio.25Feo.68C00.07)3Ses. (C) Fe 2psiz and 2p12 peaks; (d) Co
2p32 and 2p1s2 peaks; (e) Ni 2p12 and 2pa peaks; (f)Se 3ds, and 3ds2 peaks.
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Figure 7. Cyclic voltammograms measured for the (Nig.25Fe.68C00.07)3Ses thin film in N2
saturated 0.3 M KOH solution at different scan rates from 25 to 150 mV s*. The inset is a

plot of both anodic and cathodic current measured at 0.3 V vs. Ag|AgCIl (sat.) as a
function of scan rate.

An RRDE setup was used to estimate the Faradaic efficiency of electrocatalysts
during the OER process. Namely, in RRDE experiments, the central GC disk containing
catalyst produced oxygen, while the Pt ring electrode, maintained at a fixed potential,
collected the generated oxygen and reduced it. Prior to the RRDE experiment, the Pt ring
was cleaned by CVs from —0.24 to 1.00 V (vs Ag|AgCl) in N2-saturated 0.5 M H2SOs at
1600 rpm. The 0.3 M KOH solution was purged with N2 for more than 20 min to get rid of
any dissolved atmospheric O2. While a constant rotation rate of 1600 rpm was maintained,
the disk electrode was kept at several different potential steps from 1.50 to 1.60 V vs RHE
for 20 s in each step, and meanwhile, the Pt ring electrode was held at a constant potential
0.164 V vs RHE to ensure that collected oxygen was reduced rapidly. Equation 5 is the
relation between Faradaic efficiency and the ratio of the ring current (i) and disk
current(iy).

2i,
igN

(5)
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Where N is the collection efficiency of RRDE, which was estimated by reported
procedure: namely, through the ratio of the ring and disk current in in 0.001 M KsFe(CN)s
with 0.3 M of KOH.®%8 In this work, N is 0.24. The Faradaic efficiency of the
(Nio.2sFeo.68C00.07)3Ses catalyst and plots of the disk and ring currents along with applied
disk potential are shown in Figure 8. At the applied disk potential E = 1.50 V vs RHE, the
highest Faradaic efficiency is around 99%, while with the potential increased to 1.60 V vs
RHE, the efficiency went down to about 70%.This decrease is caused by the decreasing
ratio of ring current and disk current, which means that the ring electrode might not
efficiently collect the large amounts of oxygen produced from the disk electrode at higher
applied disk potentials, and a large number of undissolved oxygen bubbles could be
observed on the surface of the disk electrode. Therefore, at the applied disk potential E =
1.50 V vs RHE, the Faradaic efficiency of 99% was treated as the OER efficiency of the
electrocatalyst. The decreased Faradaic efficiencies at relatively high disk potential can be
ignored here, because it is adequate for this applied disk potential (E = 1.5 V vs RHE) to
produce oxygen.

Electrochemical impedance spectroscopy (EIS) was also measured to investigate
the internal resistance of the catalytic film as well as the charge-transfer resistance at the
catalyst (electrode)—electrolyte interface as a function of composition. These factors will
both have a large influence on the onset and propagation of OER catalytic activity. Hence,
the best performing quaternary film, (Nio.25Feo.68Co00.07)3Ses4, was compared with another
quaternary film containing almost equal amounts of Ni, Fe, and Co, (Nio.37Fe036C00.27)3Sea,
exhibiting moderate catalytic activity. EIS spectra were collected in N»-saturated 0.3M

KOH solution at 0.3, 0.4, and 0.5 V vs Ag|AgCl, respectively, and the Nyquist plots are
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Figure 8. Faradaic efficiency of the (Nio.2sFe0.68C00.07)3Ses4 catalyst in N2 saturated 0.3 M
KOH measured at 1600 rpm from a combined ORR-OER experiment using a RRDE
setup where OER takes place at the disk electrode while ORR takes place at ring
electrode. The corresponding disk and ring currents for the RRDE experiment were
plotted as a function of the applied disk potentials.

Table 2. Equivalent Circuit Parameters Obtained from Fitting of EIS Experimental Data.

Catalysts CPE¢

Eapplied Rs/Q R/  CPEa/F Re/Q  [F
0.3V 49 15.90 0.36 1923 0.81

(Nio.25Feo.68C00.07)3Ses4 0.4v 5 15.17 0.35 913 0.88
0.5V 5 14.90 0.34 738 0.89
0.3V 5 25.32 04 6105 0.89

(Nio.37Fe0.36C00.27)35€4 0.4v 5 23.80 0.39 5546 0.89
0.5V 5 22.75 0.38 4247 0.85

Rsis the resistance of the electrolyte; Rc: is the electron transfer resistance; CPEq is the
constant phase element of double-layer nonideal capacitance; Rris resistance of the
catalyst layer; and CPEr is the capacitance.

shown in Figure S4 in the Supporting Information. The spectra were fitted to an equivalent
circuit from which electrolyte resistance (Rs), the electron charge transfer resistance (Rct),

and film resistance (Rr) could be obtained, and the values are given in Table 2. In all cases,
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the electrolyte resistance was obtained as ca. 5 Q, similar to values that have been reported
before.46 From the fitting of the equivalent circuit, it was clearly observed that the values
of the electron transfer resistance (Rct) of (Nio2sFeossCo0007)3Ses at various applied
potentials were smaller than those for (Nios7Feo36C00.27)3Ses, which indicated that
interfacial charge transfer on the catalyst—electrolyte interface was kinetically faster on the
surface of (Nio2s5Feos8C00.07)3Ses in comparison to (Nios7Feo3sC0o.27)3Ses. Such faster
charge transfer across the interface can expedite the onset of OER activity as well as its
further propagation, leading to the high efficiency of (Nio2sFeo.68C00.07)3Se4.448% On the
other hand, the catalyst resistance (Rf) will also affect the electron transfer within the
catalyst film, thereby influencing the overall catalytic activty.®® From the equivalent circuit
(Figure S4 and Table 2), it was observed that (Nio.2sFe0.68C00.07)3Ses showed a lower Ry
value in comparison to (Nio.37Feo36C00.27)3Ses. A lower charge-transfer resistance will
facilitate the transfer of charge from the electrolyte to the catalyst surface through OH™
attachment, resulting in lower overpotential, while lower film resistance will lead to better
transport of the generated charge carriers leading to faster kinetics. Transition-metal doping
can change the conductivity of the film due to possible d electron reorganization and
possible overlap of the d bands. Hence the enhancement of the OER catalytic activity in
(Nio.25Feo.68C00.07)3Ses can also be attributed to the superior conductivity of the film as well
as lower charge-transfer resistance.

The stability of the catalyst for continuous oxygen evolution under operational
conditions is a crucial factor to evaluate the practical usability of the catalyst. To establish
the stability and durability of the quaternary selenide based OER electrocatalyst,

chronoamperometric measurements (j vs time) were carried out for 8 h, as shown in Figure
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9a, where a constant potential (0.5 V vs Ag|AgCl) was applied to achieve a current density
of around10 mA cm2in 0.3M KOH. The catalyst (Nio.2sFeo.6sC00.07)3Se4 showed excellent
durability without any decrease in the current density even after 8 h. The stability of the
catalyst was further confirmed through LSV remeasurement after 8 h of
chronoamperometry. As can be seen from Figure 9b, the catalyst showed the same onset
potential while the overpotential at 10 mA cm2 became even better by about 20 mV even
after 8 h. Such enhancement can be possibly explained by a changing morphology of the
catalyst surface. Figure 9c shows the SEM image of the catalyst surface after 8 h of
chronoamperometry, and it was observed that the surface roughness of the film increased
significantly after catalytic activity. The increased surface roughness can be attributed to
the escape of the evolved O. gas, which tends to create a porous layer on the catalyst
surface. Compositional stability of the catalyst after 8 h of chronoamperometry was
confirmed by the XPS spectrum shown in Figure 9d—g and EDS analysis (Table S2), which
showed that the catalyst was still primarily composed of Ni, Co, Fe, and Se with no trace
of O. Such studies confirmed that this OER electrocatalyst was both functionally durable
and compositionally stable even after a long period of continuous O2 evolution in alkaline
medium.

DFT Calculations of Adsorption Energy. OER in alkaline medium is a multistep
process which is initiated by the adsorption of a hydroxyl group (OH") at the active site
(mostly transition metal) on the catalyst surface.®* The kinetics of the OER reaction is
determined by the rate-determining step, which can be either the first or second hydroxyl
attachment on the surface or the step of O release. In either case, optimal coverage of the

surface through initial hydroxyl attachment becomes very influential in initiating the OER
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process (i.e., low onset potential), and it has been observed that a less than optimal coverage
of hydroxyl groups on the surface gives rise to higher Tafel slope.®> Hence, we have tried
to study the energetics of the first hydroxyl attachment on the surface of the mixed-metal
selenides as a function of composition within the Ni-Co-Fe ternary phase space through
density functional theory (DFT) calculations. It must be mentioned here that only the
adsorption energy of the first hydroxyl attachment on the catalyst surface has been
monitored here, while a more detailed computational study is required to follow all the
elementary steps of the OER across the composition range in the ternary phase space to
obtain a Sabatier plot relating the catalytic efficiency (Tafel slopes and overpotential) as a
function of composition. &

To investigate the catalytic activities of the studied transition metal selenide films,
first-principles calculations were used to determine the adsorption energy of OH™ ion on
different NixFeyCo,Sen catalytic surfaces. Four specific compositions were studied. The
end compositions on the Ni-Fe binary phase line were determined to be NizSe; and FesSes
on the basis of experimental verification (EDS analysis and PXRD). Hence, the quaternary
compositions (Nio.25Feo.68C00.07)3Ses and (Nio.37Fe0.36C00.27)3Ses were compared with the
two terminal compositions. First-principles calculations were executed on the basis of
density functional theory (DFT) and performed using the Vienna ab initio simulation
package (VASP).2"8 The core electrons were treated using projected augmented wave
(PAW) pseudopotentials, while the exchange correlation energies were evaluated by the
formulations of Perdew—Burke—Ernzerhof (PBE) and ultrasoft potentials within the

generalized gradient approximation (GGA).%~°! The rotationally invariant version of the
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Figure 9. (a) Chronoamperometry plot of (Nio.2sFe0.68C00.07)3Ses for 8 h at 0.50 V vs.
Ag|AgCI (sat.) applied potential. (b) Comparison of LSVs before and after 8 h stability
in N2 saturated 0.3 M KOH solution. (c) SEM image of (Nio.2sFe0.6sC00.07)3S€s after
chronoamperometry. (d-g) XPS spectrum of (Nio.2sFe0.6sC00.07)3Ses after
chronoamperometry.

GGA+U method has been shown to successfully describe the cohesive energy, electronic

structure, and mechanical and magnetic properties of the bulk and surfaces of materials.®?
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Therefore, in the current work, the GGA+U method was used to study the adsorption
energy of OH™ ion on various Ni, Fe, and Co active sites of NixFeyCo,Sey, electrocatalysts.
The cutoff energy for the plane wave was set to be 400 eV, which was found to be sufficient
for convergence of the adsorption energies. It must be mentioned here that these studies
were conducted solely to obtain a rough idea of the propensity of OH™ attachment on the
various catalytic surfaces. More detailed calculations are required to directly correlate the
kinetics of the OER as a function of varying composition and construct a volcano plot. We
are currently working with our collaborators to execute these computational-time-

demanding calculations, the results of which will be communicated separately.

Figure 10. Crystal structures of 2>2>2 supercells of (a) NizSez, (b) FesSes, (c)
(Nio.37Fe0.36C00.27)3Ses and (d) (Nio.25Feo0.68C00.07)3Ses. Different types of active Ni and Fe
sites have been indicated as Ni-1, Ni-2, Fe-1, Fe-2 and Fe-3 in NisSez and FesSea.

The 2 x 2 x 2 supercells of NisSez, FesSes, (Nio.2sFeossC00.07)3Ses, and

(Nio.37Fe0.36C00.27)3Ses were generated, as shown in Figure 10. One can note that NisSe:



59

exhibits a rhombohedral R32 crystal structure with 3-fold symmetry, while the other three
compounds have monoclinic structures. It is worth mentioning that the crystal structures
of (Nio2sFeo68C00.07)3Ses and (Nio.37Feo.36C0027)3Ses were generated by randomly
replacing Fe in FesSes with Ni and Co. Two Ni sites (Ni-1 and Ni-2) located on the (001)
plane, respectively (Figure 10a), were monitored in NisSez. To maintain similarity the
(001) plane was chosen as the active surface for all catalyst compositions, as mentioned
above, and the OH™ adsorptions on the available metal sites (Fe, Co, and/or Ni) (Figure
10b—d) were calculated. k-point meshes of 4 x4 x1 and 3 x2 x 1 were found to be
sufficient to give a self-consistent field (SCF) convergence criterion of 1 x10~* eV for the
rhombohedral NizSe; and monoclinic  FesSes,  (Nio.37Fe036C0027)3Ses, and

(Nio.25Fe0.68C00.07)3Ses, respectively.

o Ni

O Se

Vacuum
space

. Super
cell

2x2x2 Ni;Se,

Figure 11. A slab model of NisSe> supercell with 2>2>Q lattices.

To simulate the free surface, a slab model with 2 %2 x 2 supercells of the four

compounds was employed, as illustrated in Figure 11. A relatively large vacuum gap of 20
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A was set in the slab model to prevent its interaction with the periodic image of the lower
layer. 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. For each selected structure, atomic

positions were relaxed first to reach their equilibrium positions before interacting with OH™

Figure 12. (a) Original crystal structure of NisSez supercell with an OH" ion placed on the
top of the active Ni-1 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 of NisSe2 supercell with OH- ion adsorbed on the active Ni-1 site.

ion. The internal energy of this structure was denoted Eni,re,cosen: Thereafter, the OH™

ion was placed on the top of the active Ni/Fe/Co sites (on the relaxed free surface) at a

distance of 1.86 A to calculate the total formation energy, Eyi,re,co,se,+on= - The

internal energy of the isolated OH™ ion, E,-, was also calculated. The adsorption energy

was then calculated using eq 7.

Ead = ENixFeyCoZSen+0H‘ - (ENixFeyCoZSen + EOH‘) (7)
In Figure 12a, one OH™ ion was placed right above the active Ni-1 site of NisSex.
After relaxation, attributed to the interaction between the Ni-1 site and the OH™ ion, a

distinct out-of-plane movement of the Ni-1 site was observed, and the Ni-1-O—H angle
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changed from the original 180<to 108.6(Figure 12b). The calculated adsorption energies
on Ni-1 and Ni-2 sites were —2.23 and —1.88 ¢V, respectively. In contrast, there were three
types of active Fe sites in FesSes, which are shown in Figure 10b and Figure 13a as Fe-1,
Fe-2, and Fe-3. Analogously, as can be seen in Figure 13b, an out-of-plane displacement
of the Fe-1 site and a change in Fe-1-O—H angle were observed after adsorption
interaction. The obtained adsorption energies on the active sites of Fe-1, Fe-2, and Fe-3

were —2.104, —2.17, and —2.137 eV, respectively.

Figure 13. (a) Original and (b) relaxed crystal structures of FesSes supercells with an OH-
ions adsorbed on the active Fe site on the (001) free surface.

In the compounds (Nio.37Fe036C00.27)3Ses and (Nio2sFeo.esC00.07)3Ses, all three
active Ni, Fe, and Co sites have three different types. We carried out 32 random DFT
calculations in total in order to cover all the possible situations. Figure 14a—c and Figure
15a—c show the representatives of OH™ ions adhering to Ni, Fe, and Co sites. After
relaxation, the out-of-plane displacement of Ni, Fe, and Co sites and the change in
Ni/Fe/Co—O—H angles can be observed in Figure 14a—c and Figure 15 a—c. The obtained

weighted average of adsorption energies in  (Nio37Feo3sC00.27)3Ses  and
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(Nig.25Fe0.68C00.07)3Ses were —2.06 and —2.69 eV, respectively. It has been observed
previously that OH™ adsorption on the catalyst surface is facilitated by an increasing value
of the adsorption energy since the process becomes energetically favorable. The weighted
average of adsorption energy of the OH™ ion on the four catalyst compositions has been
plotted in Figure 16a. It can be seen that as the composition of Fe in the active sites of
Ni/Fe/Co increased to 66%, i.e. (Nio.2sFeo63C00.07)3Ses, the average adsorption energy of
the OH™ ion on the catalyst surface (cumulative of Ni, Fe, and Co sites) reached its
minimum value of —2.69 eV, which indicates the most active status of the catalyst surface
with respect to obtaining optimal coverage. Separately, in the composition
(Nio.2s5Feo.68C00.07)3Ses, the adsorption energies of OH™ ions on different active sites of Ni,
Fe, and Co all reached their minimum values, as shown in Figure 16b. This indicates that,
on the basis of the OH™ adsorption kinetics, the composition (Nio.2sFeo.6sC00.07)3Ses attains
optimal coverage much more preferentially in comparison to the terminal compositions as
well as ternary nonoptimal compositions such as (Nio.37F€0.36C00.27)3Ses. This observation
further underlines the importance of such a phase exploration study to properly understand
the structure—function—property correlation and thereby develop proper design principles
for optimal performance. An optimal coverage with OH™ will lead to a faster onset of the
OER, and hence the contour plot of OH™ ion adsorption energy as a function of composition
in Figure S5 in the Supporting Information was compared with the contour plot of OER
onset potential (Figure 4). It is interesting to note that Figure S5 shows very good similarity
in identifying the region of the most active catalysts, which is in good agreement with the
experimental contour plot in Figure 4. The presence of mixed-metal doping in the ternary

and quaternary selenide compositions thus plays multiple roles in enhancing the catalytic
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activity of these electrocatalysts. It has been shown that multimetal doping in the Ni—Fe
system can lead to a cathodic shift of the Ni(ll) oxidation peak, leading to faster onset of
OER catalytic activity.”*8%% This along with the energetically favorable OH™ adsorption
on the multiple metal sites on the surface may lead to a faster onset of OER catalytic
activity on the surface with optimal doping of Fe which shows the best OH™ adsorption

energy.

Figure 14. Representatives of the original (a-c) and the corresponding relaxed (a’-c”)
crystal structure of (Nio.37Feo.36C00.27)3Ses supercells with OH™ ions placed above the
active Ni, Fe and Co sites on the (001) free surfaces.
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Figure 15. Representatives of the original (a-c) and the corresponding relaxed (a’-c’)
crystal structure of (Nio.2sFeo.6sC00.07)3Ses supercells with OH™ ions placed above the
active Ni, Fe and Co sites on the (001) free surfaces.
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Figure 16. (a) Average adsorption energy of OH™ ion on the surface on different catalyst
compositions as explained in the text, and (b) adsorption energy of OH" ions to different
active sites: Ni, Fe, and Co as a function of the composition of Fe.
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4. CONCLUSIONS

In summary, we have demonstrated that a combinatorial electrodeposition approach
for making mixed-metal selenides has been successful in finding mixed-metal selenide
compositions in the Fe-Ni-Co phase space that show exceptional electrocatalytic
performance for the oxygen evolution reaction in alkaline medium. Specifically, we have
observed that increasing Co and Fe concentrations in the Ni selenide matrix progressively
improves the catalytic efficiency. Through this phase-space exploration, we have
successfully found a very promising composition as an OER electrocatalyst,
(Nio.2sFeo.68C00.07)3Se4, which shows a low onset overpotential of 0.18 V and overpotential
of 0.23 V to reach a current density of 10 mA cm™ in Nz-saturated 0.3 M KOH.
Electrochemical studies along with estimation of the hydroxyl adsorption energy of the
surface indicated that that enhancement in catalytic activity can be partially due to the
facilitated charge transfer at the electrode—electrolyte interface as well as charge transfer
within the catalyst film. This study opens up a new avenue to investigate other mixed-metal
selenide combinations, as well as provide opportunities to understand the effect of each

transition-metal ion (along with the d electron occupancy) on the catalyst’s performance.
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Table S1. The precursor ratio of compounds shown in the plots and their corresponding
formulas by EDS atomic ratio.
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the current density of 10 mA cm™.
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Figure S4. Nyquist plots obtained from EIS measurements of (Nio.25Feo.68C00.07)3Se4 and

(Nio.37Fe0.36C00.27)2Ses catalysts at various applied potentials of 0.3, 0.4 and 0.5 V vs

Ag'AgCl in Na-saturated 0.3 M KOH solution. Symbols indicate the raw data, while solid

lines represent the corresponding fit to equivalent circuit model. Inset shows the

equivalent circuit of catalysts.
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Table S2. Comparison of EDS atomic ratio of the catalyst before and after 8 h chrono-

amperometry.
EDS (Atomic %)

Ni Fe Co Se
As-deposited 11.4 31.7 33 535
After 8 h Chronoamperometry 14.1 35.9 5.4 44.6

0.00 1.6

X Egy =-2.137eV Eqq (€V)

-3.125

-2.919
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-2.506

-2.300

-2.094

Figure S5. Ternary contour plot of OH™ ions adsorption energy as a function of

composition.
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ABSTRACT

Water splitting has been widely considered to be an efficient way to generate
sustainable and renewable energy resources in fuel cells, metal-air batteries and other
energy conversion devices. Exploring efficient electrocatalysts to expedite the anodic
oxygen evolution reaction (OER) is a crucial task that needs to be addressed in order to
boost the practical application of water splitting. Intensive efforts have been devoted to
develop mixed transition metal based chalcogenides as effective OER electrocatalysts.
Herein, we have reported synthesis of a series of mixed metal selenides containing Co, Ni
and Cu employing combinatorial electrodeposition, and systematically investigated how
the transition metal doping affects the OER catalytic activity in alkaline medium. Energy
dispersive spectroscopy (EDS) was performed to detect the elemental compositions and
confirm the feasibility of compositional control of 66 metal selenide thin films. It was
observed that the OER catalytic activity is sensitive to the concentration of Cu in the

catalysts, and the catalyst activity tended to increase with increasing Cu concentration.
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However, increasing the Cu concentration beyond a certain limit led to decrease in catalytic
efficiency, and copper selenide by itself, although catalytically active, showed higher onset
potential and overpotential for OER compared to the ternary and quaternary mixed metal
selenides. Interestingly, the best quaternary composition (Coo.21Nio25Cuos4)3Se2 showed
similar crystal structure as its parent compound of CusSez with slight decrease in lattice
spacings of (101) and (210) lattice planes (0.0222 A and 0.0148 A, respectively) evident
from the powder X-ray diffraction pattern. (Coo.21Nio.25Cuo.54)3Se2 thin film exhibited
excellent OER catalytic activity and required an overpotential of 272 mV to reach a current
density of 10 mA cm™2, which is 54 mV lower than CusSe,, indicating a synergistic effect

of transition metal doping in enhancing catalytic activity.

Keywords: oxygen evolution reaction, cobalt hydroxide, cobalt oxyhydroxide, cobalt

oxide, surface area measurement

1. INTRODUCTION

The growing demand for energy and increasing concerns about the environmental
pollution from burning fossil fuels have led to an intense interest in discovering alternative
sources of energy from sustainable resources.!? In that regard, hydrogen (Hz) has been
widely considered as a promising alternative energy substitute for fossil fuels resulting
from its high energy density and reduced environmental impacts.® The traditional way to
produce Ha is through natural gas reforming in industry which results in low purity and
high cost.® Water electrolysis assisted by electricity or sunlight is an emerging and efficient

technology to generate high purity H> on demand, where H evolution reaction (HER)
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happens at the cathode and O, evolution reaction (OER) takes place at the anode.”®
However, water electrolysis to produce H for large-scale application, unfortunately, has
been highly hindered due to the kinetically sluggish OER resulting from the four-electron
transfer process involved in the reaction.®° An effective electrocatalyst is needed to lower
the activation barrier and facilitate kinetics of the OER process and therefore increase the
practical feasibility of largescale water splitting reaction. During the past several decades,
large number of research efforts have led to the discovery of robust, stable, and effective
OER electrocatalysts that can reduce the overpotential for water oxidation and hence
increase the energy efficiency.>*"* Among these, precious metal based OER catalysts,
such as IrO2 and RuO3, show excellent catalytic activity and high durability in the alkaline
medium, nevertheless, these catalysts suffer from scarcity on earth's surface, and are
consequently too expensive for bulk utilization in industry.>! Recently, intensive research
efforts have been concentrated on the investigation of earth abundant transition metal-
based materials as high efficiency OER catalysts, comprising elements such as Ni, Fe, Co,
and Mn.Y-2® Several factors were proposed to relate the high OER catalytic activity to the
transition-metal-based compositions: (i) the ability of catalytically active 3d metal sites to
easily switch between different oxidation states (Ni2*3*, Co?*"* etc.) without hindrance
under application of small electric bias,”?* (i) the number of electrons occupying the eq
orbitals of the 3d metal ions on the surface which will likely affect the bond strength
between catalytic sites and hydroxyl species and even influencing the surface oxygen
binding energy,?>?" therefore reducing the thermodynamic overpotential of the OER
process. Besides transition metal cations, anions can also influence the OER catalytic

activity as well by changing covalency of the metal-ligand bond which leads to tuning of
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the redox potential of the catalytically active transition metal center.28 Recently, transition-
metal-based chalcogenides such as sulfides,?®3! phosphides®*2* and selenides®>32
exhibited improved efficiency in comparison to the corresponding oxides and
(oxy)hydroxides'®**® in alkaline medium. Among the chalcogenides, selenides and
tellurides have been reported to have a better catalytic activity since the smaller
electronegativity of selenium/tellurium leads to an increased covalency in the metal—
chalcogen bond which facilitates the catalyst activation and onset of OER reaction by
lowering the redox potential of the catalytic site.***® Interestingly, incorporation of dopant
elements into pure transition metal-based catalysts has been observed to dramatically
enhance the OER catalytic activity in both oxides and chalcogenides.!32":3046-48 Thjg
observation is most likely attributed to several factors including increasing the amount of
active sites among the catalytic systems; tuning of the electron density over the catalytic
centers through inductive effect of the neighboring dopant atoms, as well as tuning the
hydroxyl (OH") adsorption energy at the catalytic center to an optimal energy level, which
leads to lowering of the potential to initiate the multistep OER process.**! Researchers
have thus devoted considerable efforts to investigate efficient mixed-transition-metal-
based OER catalysts. However, such work exhibiting systematic compositional and/or
stoichiometric variation of multinary catalyst compositions are limited.52-54 It is necessary
to develop an efficient and systematic screening method to explore the compositional space
for multinary catalytic systems and discover nonstoichiometric compositions which might
be missed in the targeted synthesis technique without prior knowledge. Smith et al. for
example, has carried out a systematic study of the OER activity trend of amorphous oxides

containing Ni, Fe and Co and identified the best composition as a-Fe2oNigo 0xide, while A.
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Shinde et al. showed the improved photocatalytic activity of Fe(.4-0.6)Ce(0.6-0.4/Ox modified
BiVO4 photoanode created through high-throughput inkjet printing.>>*® Our group has
recently reported a more efficient and economical method - combinatorial
electrodeposition — to systematically investigate the Ni—Fe—Co trigonal phase diagram and
identified the quaternary selenide (Nio2sFeossCo00.07)3Ses as an efficient OER
electrocatalyst with low overpotential of 230 mV at 10 mA cm2 as well as an excellent
durability in alkaline medium.%” Given the fact that Ni, Fe, Co and Mn based compounds
have been intensively explored as active OER catalysts in recent years, researchers have
started expanding their investigation of other transition metals with high d-electron count,
such as copper. While, copper is one of the most earth-abundant and low-cost elements
with high electrical conductivity, however, Cu-based compounds have been less explored
as water oxidation electrocatalysts. Thomas J. Meyer's group has studied simple Cu(ll) ions
and homogeneous Cu(ll) polypeptide complex as OER catalysts in buffer solution.®>°
Apart from such homogeneous catalysts, Cu-based electrocatalysts (such as CuO,
CuFe204, CuCo0204 and CuCo2S;4 etc.) have been studied and exhibited moderate OER
catalytic activities.8%% Cu with its high d-electron density can modulate the electron
density around the other transition metal centers through d-d band formation, which
consequently will affect the OH adsorption on the catalytically active site and the reaction
kinetics. Cu also imparts better conductivity to the catalyst composite which will lead to
better charge transport through the catalytic film and hence better OER catalytic activity.
Recently, we have also showed that Cu,Se nanoparticles and electrodeposited films
exhibited an improved catalytic activity in comparison of Cu-based oxides and complexes

in alkaline medium.65 However, the effect of Cu doping in OER active catalyst
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composition has been hitherto unknown. In this article, we have reported for the first time,
a systematic study of Co-Ni—Cu selenides through combinatorial electrodeposition to
investigate the effect of transition metal doping and have identified the optimal OER
catalyst in this group. Most of the quaternary metal selenides crystallized in the CusSe;
(umangite) structure type, which also shows excellent OER catalytic activity by itself, with
a low overpotential of 326 mV at 10 mA cm2, and has been reported for the first time in
this article. Through detailed electrochemical measurements it was observed that in this
mixed metal group, the catalytic activity in quaternary composition is better than ternary
as well as binary selenides. Moreover, it was also observed that the catalytic activity was
sensitive to the concentration of Cu in the catalyst. The best performing quaternary
composition was identified as (Coo.2:Nio.25Cuos4)3Se2, requiring an overpotential of 272
mV to reach 10 mA cm™2. Powder X-ray diffraction (pxrd) pattern confirmed that
(Coo.21Ni0.25Cuo 54)3Se2 showed the same crystal structure of CusSe with slight decrease in
lattice spacing (0.0222 A and 0.0148 A for (101) and (210) plane, respectively), indicating
that small amount Ni and Co dopants led to only small change of the lattice parameters of

CusSes.

2. EXPERIMENTAL

Materials. Nickel (Il) sulfate [NiSO46H20, 99 %], cobalt (II) sulfate
[CoSO4 7H20, 99 %], copper (I1) sulfate [CuSO4 5H-0, 99 %], selenium dioxide [SeO2],
lithium chloride [LiCl, 99 %], potassium hydroxide [KOH, 85 %], were purchased from
Fisher Scientific. All the chemicals were used as received without further purification.

Deionized (DI) water (18 MQ/cm) was used to prepare all the electrolytes. Au-coated glass
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substrates were purchased from Deposition Research Lab Incorporated (DRLI), Lebanon,
Missouri.

combinatorial electrodeposition of thin films. Electrodeposition of a series of
ternary (or quaternary) thin films by exploring the trigonal phase diagram, shown in Figure
S1, was carried out following method similar to the one reported previously from our
group.®” The electrolytes containing 10 mM NiSO4 6H,0 (or CoSO4 7H,0, CuSO4 5H20),
10 mM SeO; and 25 mM LiCl were freshly prepared and purged with N2 for 30 min before
electrodeposition. Prior to electrodeposition, the Au-coated glass substrates were carefully
cleaned in micro-90, followed by isopropanol and rinsed with deionized water. Then all
the cleaned substrates were confined with Teflon tape containing a hole of fixed
dimensions, to make sure all the thin films had the same geometric area. All the
electrodeposition experiments were carried out using an lviumsStat potentiostat, with an
electrolyte volume of 50 mL in a three-electrode setup consisting of an Ag|AgCI (KCI
saturated) reference electrode, glassy carbon (GC) counter electrode, and Au-coated glass
as working electrode. Thin films were formed by applying a potential of —0.85 V vs
Ag|AgCl (KCI saturated) for 300 s at room temperature. The deposition potential was
selected by analyzing the film composition over a range of deposition potentials as listed
in Table S1 which revealed that —0.85 V vs Ag|AgCl was the optimal potential to achieve
compositional control and stability of the deposited film.

Characterization. The as-electrodeposited thin films were characterized through
powder X-ray diffraction (XRD) using Philips X-Pert and Cu Ka (1.5418 A) radiation.
Because the product was a very thin layer formed on the substrate, the pxrd was collected

at grazing angle incidence in thin film geometry (Gl mode with G&bvel mirrors). X-ray
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photoelectron spectroscopy (XPS) measurements of the catalysts were performed using a
KRATOS AXIS 165 X-ray Photoelectron Spectrometer with the monochromatic Al X-ray
source. All XPS analyses were performed on the pristine films without any sputtering.
Scanning electron microscopy (SEM) was carried out to examine the morphology of film
by the FEI Helios NanoLab 600 FIB / FESEM at an accelerating voltage of 15 kV. Energy
dispersive spectroscopy (EDS) analysis was also obtained from the same SEM microscope.
In this work, EDS analysis was performed on three to five different regions on each sample
surface to calculate the average elemental ratio. The molecular formula of each compound
is written as (CoxNiyCu,)Sen, Where X, v, z are the relative atomic ratios obtained from EDS
analysis (x +y + z = 1) while n is the amount of Se relative to the total metal.
Electrochemical Measurements. The electrocatalytic efficiencies were measured in
a three-electrode electrochemical cell with an IviumStat potentiostat. The OER catalytic
activity was measured by linear scan voltammetry (LSV) while the stability was studied
by constant potential chronoamperometry in N2-saturated 1.0 M KOH solution at room
temperature. All LSV plots shown in this work were all iR corrected. The deposited thin
films served as the working electrode, GC as the counter electrode and Ag|AgCl (KCI
saturated) as the reference electrode. All experimentally measured potentials vs Ag|AgCI
(KCI saturated) were converted to the reversible hydrogen electrode (RHE) using the
Nernst equation shown as Equation (1).
Erng = Eagjagct + 0.059pH + EZ g 44c1 1)
Here, the standard potential of Ag|AgCIl (KCI saturated) at 25.1 <C is 0.197 V vs

RHE.
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Calculation of Tafel Slope The electrochemical kinetics of the (CoxNiyCu;)Sen
catalysts towards OER relating the overpotential n with the current density j has been

carried out by calculating the Tafel slopes using the Equation. 2.

2.3RT
anF

n=a+ log(j) )
Where 7 is the overpotential, j is the current density and the other symbols have their usual
meaning. The Tafel slope is given by 2.3RT /anF. The Tafel slopes were calculated from
LSV with a scan rate (2 mV s~1) in non-stirred N»-saturated 1.0 M KOH solution.
Electrochemically Active Surface Area (ECSA) The electrochemically active
surface area (ECSA) of the catalyst was measured from the electrochemical double layer
capacitance as described in previous reports.®>” Cyclic voltammograms (CVs) with various
scan rates were used to measure the double layer charging current in a non-faradaic region.
The double-layer current ( ip;) occurring in non-Faradaic region can be assumed to be from
the response of double-layer charging instead of chemical reaction or charge transfer. The
electrochemical double-layer capacitance (Cp;) can be estimated from the plot of cathodic
and anodic double-layer current i, versus scan rates (v) as shown in Equation (3). The
Cpwas simply determined from the average of the cathodic and anodic slopes. ECSA can
be calculated by eqgn (4), by dividing the double-layer capacitance (Cp;) by the specific
capacitance (Cs), where double-layer capacitance (Cp;) is in unit of mF.
ip, =CpL XV 3)
ECSA = Cp,/Cs (4)
In our study of surface area, the specific capacitance (C) was assumed to be 0.040
mF cm based on reported value.®>%® Roughness factor (RF) is calculated by the ECSA,

and divided by the geometric area 0.07 cm?,
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3. RESULTS AND DISCUSSION

Structural and Elemental Compositions of Electrodeposited Thin Films The binary,
ternary and quaternary mixed metal selenide films were deposited through combinatorial

electrodeposition exploring a trigonal phase space of Ni - Cu - Co with a fixed amount of

Se, as shown in Figure S1. In this trigonal phase diagram, the vertices represent binary
selenides (CoSe, NiSe and CusSe2), while the axes of the triangle refer to the ternary
selenides CoxCuySen, NixCoySen and NixCuySen, respectively. The interior of this triangle
represents the quaternary mixed-metal selenide (CoxNiyCu,Sen). The compositions of three
binary selenides were confirmed using powder X-ray diffraction (pxrd) as shown in Figure
S2, which revealed that electrodeposited copper selenide, (CusSe2, shown in Figure S2a)
and nickel selenide (NiSe, shown in Figure S2b) were crystalline and the diffraction peaks
matched perfectly with the standard diffraction pattern of CusSe> (PDF # 00-047-1745)
and NiSe (PDF # 01- 075-0610), respectively. However, no clear diffraction peaks
corresponding to cobalt selenide could be observed in the pxrd pattern as shown in Figure
S2c¢ (the observed diffraction peaks correspond to Au from the Au-glass substrate),
indicating that the electrodeposited cobalt selenide is predominantly amorphous. The
elemental compositions of three binary catalysts were further analyzed using energy
dispersive spectroscopy (EDS) as shown in Table S2. Since the pxrd patterns were
generally not very well-defined in electrodeposited films,*” the composition of the binary
selenides were ascertained by using both EDS and PXRD analyses as applicable. It can be
seen that the three as-prepared binary catalysts were composed of Cu, Ni or Co and Se with
approximate atomic ratio of 3:2 (Cu:Se),1:1 (Ni:Se)and1:1(Co: Se) respectively,

which is consistent with the pxrd characterizations, and three binaries has been denoted as
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Cu3Se2, CoSe and NiSe, respectively. Similarly, molecular formulae of all ternaries and
quaternaries identified in this study were ascertained in the same way by using the EDS
elemental ratio and have been listed in Table S3. It can be also observed in Table S2 that
the relative atomic percentage of an element increased (or decreased) with increasing (or
decreasing) amounts of the corresponding metal precursor in the electrolytic bath,
indicating the feasibility of compositional control through such a combinatorial
electrodeposition.

Electrochemical Characterization The linear sweep voltammetry (LSV) was
performed in Nz-saturated 1.0 M KOH solution at a scan rate of 10 mV s to study the
OER catalytic activity. Two Kinetic parameters were selected to benchmark the
electrocatalytic performance: (i) onset overpotential (onset #) and (ii) overpotential
required to reach a current density 10 mA cm2 (5 at 10 mA cm2).%66” These two kinetic
parameters for all electrodeposited selenides along with their corresponding EDS atomic
ratios have been summarized and shown in Table S2. Figure S3 shows the OER
polarization curves measured in N2-saturated 1.0 M KOH for three binary selenides. The
catalytic activity trend for three binaries was CoSe > CuzSe; > NiSe. The LSV plots of the
Co—Cu selenides group, presented in Figure la, indicate they are indeed highly active
towards OER. It can be observed that (Coo.40Cuo.60)3Se2 showed the best catalytic activity
in this group with the lowest onset overpotential of 257 mV and overpotential of 278 mV
to reach a current density of 10 mA cm2. For the Ni—Co selenides group shown in Figure
1b, it was observed that the catalytic activity improved with increasing the amount of Co
and (Nio51C00.49)Se exhibited the best activity with an onset overpotential of 259 mV and

overpotential of 289 mV at 10 mA cm. The OER performance of Ni—Cu selenides group
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Figure 1. Linear sweep voltammetries (LSVs) of ternary metal selenides along the edges
of the trigonal phase diagram. (a) Co-Cu group (b) Ni-Co group (c) Ni-Cu group. (d)
Comparison of the best performing ternary composition (solid line) from each group
along with the binary compositions (dotted line). The dotted black line in each panel

marks the current density at 10 mA cm™.

in Figure. 1c showed that decreasing the amount of Cu boosted the OER activity, wherein
the best composition (Nio.77Cuo.23)3Se2 in this group required an onset overpotential of 268
mV and overpotential of 299 mV to achieve 10 mA cm~2. It should be noted here that some
pre-oxidation peaks were observed in the OER LSV curves as shown in Figure 1la—d. These

peaks have been widely observed in Ni- and Co based electrocatalysts, resulting from the
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Figure 2. Contour plots of onset overpotential 1 (in units of V) (a) and (b) overpotential 1
(in units of V) at the current density of 10 mA cm for the entire Co-Ni-Cu trigonal phase
space. The color gradient corresponds to the overpotential measured in volts.

transition metal's oxidation state changing in the catalyst during application of a high
anodic potential.*>%-"0 In Figure 1, peaks around 1.15 V vs. RHE correspond to Co?* to
Co®* conversion, while those around 1.35 V vs. RHE are due to Ni?* to Ni** oxidation.®8°
These pre-oxidation peaks are also considered to be catalyst activation steps, especially for
Ni-based catalysts, where Ni®* is the actual catalytically active center. Interestingly, more
predominant peaks of Co?*to Co®*" conversion can be found in Figure 1b when the Co
content is higher in the catalysts, while there's no specific relationship of the intensity of
Ni pre-oxidation peak with respect to the Ni amount in catalyst, presumably due to the fact
that Ni can coexist in the +2 and +3 oxidation states in as-synthesized catalysts depending
on the crystal structure and stoichiometry.” Figure 1d shows the comparative plots of the
best performing ternary selenide compositions in each group compared with the three
binary selenides. It can be seen that 40% of Co doped into CusSe, enhanced the OER

catalytic activity with a decrease of onset overpotential and overpotential at 10 mA cm
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by 25 mV and 48 mV, respectively. The onset overpotential drop indicated an improvement
in the intrinsic property of (C0o.40CUo.60)3Se2 compared to CusSe,. Similarly, 49% Co doped
into NiSe decreased the onset overpotential and overpotential at 10 mA cm= by 41 mV
and 46 mV, respectively. However, there was no significant improvement of OER activity
with 23% of Cu doped into NiSe. It should be mentioned that the enhancement in catalytic
activity by introducing transition metal dopants into the lattice may be attributed to the
extensive electron delocalization occurring through d—d orbital interactions between the
catalytic centers, leading to modulation of electron density near the catalytic center,
thereby, facilitating catalyst activation and charge transfer within the catalyst. For instance,
the catalytic activity of Ni- and Co-based electrocatalysts can be dramatically improved
with the introduction of Fe.'®"?>" To compare the electrocatalytic properties of the
quaternary selenides as a function of compositional variation, contour plots as shown in
Figure 2 were constructed based on the relative atomic ratio obtained through EDS and the
two Kinetic parameters (onset # and # at 10 mA cm™) as given in Table S2. The contour
plot provided in Figure 2a shows the trend of OER onset overpotential, while the trend of
overpotential at the current density of 10 mA cm™ as a function of film composition has
been shown in Figure 2b. As can be seen in Figure 2a, an area inside of the trigonal plot
(quaternary phases) and adjacent to the Co axis (Co-Cu selenides) showed lower
overpotential indicating the best catalytic activity within the Ni-Co—Cu ternary phase
space, while axis produced a lower onset 7, specially, when copper amount was larger than
40%. Similar trends were also observed in Figure 2b. The trends indicated the mixed metal
selenides were more likely to have optimal catalytic performance in the presence of 40—

90% Cu, indicating copper doping had a remarkable positive effect on the OER catalytic
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activity. This observation further confirmed that transition-metal doping can optimize the

intrinsic property of electrocatalysts and improve the catalytic activity by dramatically

reducing the onset # and # at 10 mA cm2.
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Figure 3. (a) LSVs of the seven best quaternary compositions measured in N»-saturated
1.0 M KOH solution at a scan rate of 10 mV s, (b) Tafel plots of the catalysts.

The OER LSV plots of seven quaternary compounds with best catalytic
performance in N2-saturated 1.0 M KOH at a scan rate of 10 mV s has been presented in
Figure 3a. These compositions can be represented as, (Co0o.08Nio.28CuUo.63)3S€2,
(C00.15Ni0.15Cuo.7)3Se2, (Coo.15Ni0.26Cuo 59)3S€2, (C00.21Ni0.25CUO0.54)3S€2,
(Co0.31Ni0.08Cuo.61)3Se2, (C00.31Nig23CU0.46)3Se2 and (Coo.36Nio.07CU057)3Se2. It was
interesting to note that for the quaternary selenides, the metal to selenium ratio was
obtained as 3 : 2 and that all these phases could be formulated as MsSe, (M = total metal
concentration). As can be seen, the onset # of (C0o.0sNio.2sCuUo.63)3Se2 was 256 mV and it
required and # of 287 mV to reach a current density of at 10 mA cm2. The onset 5 of
(C00.15Ni0.15CU0.7)3Se2 was 251 mV and it yielded a current density of 10 mA cm2at a 5 of

283 mV. The onset 5 of (C0o.15Ni0.26CUo59)3S€e2 Was 246 mV and # at 10 mA cm2was 278
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mV. The onset 7 and # at 10 mA cm2 of (Coo.31Nio.0sCUo.61)3Se2 were 254 mV and 282
mV, respectively. The onset # of (Coo.31Nio.23CUo.46)3Se2 was 248 mV and it needed a 7 of
280 mV to achieve a current density of 10 mA cm2. The onset # of (C0o.3sNi0.07CUo57)3S€2
was 257 mV and 284 mV at 10 mA cm=. (Coo21Nio2sCuos4)sSe2 exhibited the best
catalytic activity within this group with an onset » of 241 mV and a  of 272 mV to reach
10 mA cm=2. SEM images of several of these quaternary selenides (C0o.0sNio.2sCUo.63)3S€2,
(C00.31Ni0.23CuU0.46)3S€2, (C00.15Nio.26CU059)3Se2 and (Coo.21Nio.25Cuo54)3Se2 has been
shown in Figure S4 exhibiting a nanoflake like geometry for most of these films. The SEM
results further suggested that the morphology did not change drastically with respect to the
elemental composition.

Tafel slope is an important parameter to evaluate the kinetics of an electrocatalyst.
Therefore, the Tafel slopes of all catalysts reported in this work were calculated and shown
in Table S2. The Tafel plots (# vs. log j) of the seven quaternary selenides were plotted and
the Tafel slopes have been shown in Figure 3b. The Tafel slopes were 74.3, 71.3, 93.9,
53.3, 57.0, 78.9 and 67.5 mV dec* for (Coo.0sNio.28Cuo63)3Se2, (C00.15Nio15CU0.7)3Se2,
(Coo.15Ni0.26Cug 59)3Se2, (Coo.21Ni0.25Cug 54)3Se€2, (C00.31Ni0,08CUO0.61)3S€2,
(Coo.31Ni0.23Cuo.46)3Se2 and (Coo.36Nio.07CUo57)3Se2, respectively. As can be seen, they all
showed small Tafel slopes suggesting that they were all kinetically favorable and the
second and third step in OER were likely to be the rate-determining steps.%®" Based on
these observations, it is obvious that the best catalytic activity was exhibited by the
quaternary compound of composition (Co0o0.21Nio.2sCuUos4)3Se2  with  the  lowest
overpotentials and Tafel slopes, which is significantly more efficient than other well-

known precious metal based catalysts, such as RuOx.™
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Figure 4. XRD patterns of as-deposited (Coo.21Nio.2sCuo.54)3Se2 (black line) and CusSe:
(blue line) thin films on Au coated glass along with reference CusSe, (PDF # 00-047-
1745). The insets are the comparisons of zoomed-in (101) and (210) peaks of
(C00.21Ni0.25Cu0 54)3Se2 (black line) compared with those of CusSe (blue line).

The quaternary composition, (Coo.21Nio.25Cuos4)3Se2 thin film showing the best
catalytic activity, was further characterized through pxrd and other analytical techniques
to study its composition and morphology. The pxrd pattern of the as deposited thin film
was compared with the as-deposited CusSe> film as shown in Figure 4. As can be seen, all
the peaks of as-deposited CusSe, perfectly matched with the reference XRD pattern of
CusSe> (PDF # 00-047-1745), suggesting the high crystallinity and purity of the thin film.
Interestingly, (Coo.2:Nio25Cuos4)3Se2 thin film showed similar pxrd pattern as that of

standard CusSe; (PDF # 00-047-1745) with some shift of the diffraction peaks which
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indicated that 21% of Co and 25% Ni were actually doped inside the parent compound
CusSe; lattice leading to similar crystal structure with slight volume change of the crystal
lattice. For example, the peaks around a two-theta of 25“showed a shift of 0.16 degree
towards higher-angle side, indicating slight change in the lattice parameters on heteroatom
doping in the parent CusSe lattice. Peaks observed at 25.0931.2939.8949.8and 51.3°
were indexed to the (101), (210), (220), (311) and (202) lattice planes, respectively. The d-
spacing of two dominant planes of (101) and (210) in (Coo.21Nio.25Cuo54)3Se2 were
compared with that of CusSe, which showed decreases of 0.0222 A (0.62 %) and 0.0148
A (0.52%) for (101) and (210) lattice spacings respectively relative to the parent compound
CusSez as inserted in Figure 4.”® The size of crystalline domains of (C0o.21Nio25CUo54)3S€2
was estimated to be 3—4 nm from the pxrd pattern using the Scherrer equation, 77 indicating
the electrodeposited film was actually polycrystalline.

To understand the trend of catalytic activity with respect to transition metal doping,
the LSV curve of the best performing quaternary (Coo.21Nio.25Cuos4)3S€e2 was compared
with those of CusSez, NiSe and CoSe in N2-saturated 1.0 M KOH collected at a scan rate
of 10 mV s as shown in Figure 5a. As can be seen, to reach a current density of 10 mA
cm~2, the overpotentials required for CoSe, CusSe, and NiSe were 308, 326 and 335 mV,
respectively. The onset overpotentials of CoSe, CusSez and NiSe were 262, 282 and 300
mV, respectively. CoSe showed the best catalytic activity among binary selenides. With
Ni and Co doped into CusSez, the onset overpotential of (Co0o.21Nio25Cuo54)3S€e2
significantly dropped to 241 mV and it yielded an overpotential of only 272 mV to achieve
a current density of 10 mA cm~2. The Tafel slope for (C0o.21Nio.25Cuo.54)35€2 (53.3 mV dec™

1y was lower than that of NiSe (66.2 mV dec?), CusSe; (82.9 mV dec?) and CoSe (177.4
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Figure 5. (a) Polarization curves of (C0o.21Nio.25CUo.54)3Se2 in comparison to the binary
selenide films. (b) SEM image of (C0o.21Nio.25Cuo.54)3Se2 film and the inset is a higher
magnification image. Deconvoluted XPS spectra of the as-deposited film
(Co0.21Ni0.25CU054)3S€2: (€) Cu 2p12and 2pss2 peaks; (d) Co 2psrz and 2pa2 peaks; (e) Ni

2p3r2 and 2p12 peaks; (f) Se 3ds2 and 3ds2 peaks.
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Figure 6. Cyclic voltammograms measured for the (C0o.21Nio.25Cuo.54)3Se> thin film in N»-
saturated 1.0 M KOH solution at different scan rates from 2.5 to 20 mV s, The inset is a
plot of both anodic and cathodic currents measured at -0.30 V vs Ag|AgCl (KCI
saturated) as a function of scan rate.

mV dec™?) as shown in Table S2, indicating the quaternary selenide is kinetically more
favorable than the binaries. A comparison of LSV curves of (Coo.21Nio.25CUo.54)3Se2 with
three best performance ternary selenides (Co0o0.40Cuo60)3S€2, (Nios1C0049)Se and
(Nio.77Cuo.23)3Se2 has been shown in Figure S5 and their kinetic values has been listed in
Table S4. As can be seen in Table S4, (Coo.21Nio25Cuos4)3Se2 catalyst showed a more
efficient OER activity than the best ternary selenide (Coo.40Cuo.60)3Se2 by shifting the onset
n and » (at 10 mA cm2) by 16 and 6 mV in cathodic direction. It can be concluded that the
quaternary mixed-metal selenides yielded a significant enhancement in OER catalytic
activity in terms of both overpotential at 10 mA cm and low Tafel slope. A detailed SEM
image of the (Coo.21Nio.25Cuo54)3Se2 thin film has been shown in Figure 5b which indicates

that the surface morphology of the thin film was mainly composed of rice-like and even



100

hydrangea-like nanostructures with a broad size distribution of 100-500 nm. Such
nanostructured grains are highly advantageous for electrocatalytic activity since they
provide large active surface area. X-ray photoelectron spectroscopy (XPS) was carried out
to study the elemental composition of the (C0o.21Nio25Cuos4)3Se2 thin film and the
corresponding oxidation states as shown in Figure 5¢c—f. Binding energies for all elements
(Cu, Co, Ni and Se) were calibrated with respect to the reference XPS spectrum of C 1s
(284.5 eV). In the spectrum of Cu 2p shown in Figure 5c, the peaks at 931.3 and 951.1 eV
of Cu 2p were assigned to Cu* 2ps;z and Cu* 2p12 respectively, while those at 933.4 and
953.3 eV were attributed to Cu?" 2ps2 and Cu?* 2p12 with its shakeup satellite peaks at
941.4 and 961.4 eV.”® As can be seen in the Co 2p spectrum (shown in Figure 5d), the
peaks at 777.5 and 792.4 eV corresponded to Co® 2psrzand Co®* 2p1s2, while those at 780.1
and 795.7 eV were referred to Co?* 2ps and Co?* 2pa2 with its shakeup satellite peaks at
784.3 and 801.3 eV.31% Similarly, the Ni 2p XPS spectrum in Figure 5e showed peaks at
853.1 and 873.2 eV assigning to Ni?* 2ps; and Ni?* 2pa, and peaks at 855.7 and 874.1 eV
assigning to Ni* 2ps;2 and Ni* 2pusz, respectively, while the satellite peaks can be observed
at 856.0 and 874.1 eV.>*%7 Figure 5f showed the Se 3d spectrum where the peaks of 3ds/
and 3ds, at the binding energies of 54.6 and 55.4 eV confirmed the presence of Se?~ and
the peak around 59 eV indicated the existence of SeOx which might be from the surface
oxidation of selenide as reported by previous work.”*8! It can be observed that the presence
of mixed-valence metal ions in the deconvoluted spectra of Cu 2p, Co 2p and Ni 2p were
all characterized as the selenide phases.

The electrochemically active surface area (ECSA) of the electrodeposited

(C00.21Ni0.25Cu0.54)3Se2 thin film was calculated from the double layer capacitance (CDL)
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Figure 7. The amount of theoretically calculated (black dots) oxygen and experimentally
measured (red dots) oxygen of (C0o.21Nio.2sCuo.54)3Se2 versus time at 0.7 V vs Ag|AgCl
(KCI saturated).

measurement. Specifically, cyclic voltammograms (CVs) of (Coo.21Nio.25Cuo.54)3Se2 were
measured in the Nz-saturated 1.0 M KOH from —0.28 to —0.33 V vs. Ag|AgCl (KCl
saturated) at various scan rates between 2.5 and 20 mV st as shown in Figure 6. The
cathodic and anodic current was measured at —0.30 V vs Ag|AgCl (KCl saturated) (Figure
6) and plotted as a function of scan rates as shown the inset of Figure 6. Cp; can be obtained
by averaging the cathodic and anodic slopes. The wvalue of ECSA for
(C00.21Ni0.25Cu0 54)3Se2 catalyst was calculated by eqn (4). (C0o.21Nio.25Cuo.54)3Se2 showed
a relatively high ECSA of 3.68 cm? and high roughness factor of 52.57 confirming the
highly textured granular surface of the catalysts as shown in the SEM images in Figure 5b.
It should be mentioned that the catalytic activity is expected to be improved by increasing
roughness of the catalyst surface due to a more extensive exposure of the catalytically
active sites to the electrolyte. The faradaic efficiency of electrodeposited

(Coo.21Nio.25Cu0 54)3Se2 thin film for OER was evaluated by the water displacement method,
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and the theoretical amount of evolved O, was compared with the experimentally measured
O2 as shown in Figure 7. Nearly 100% Faradaic efficiency was observed, demonstrating

superior catalytic efficiency of the (Coo.21Nio.2sCuo.s4)3Se2 catalyst for OER.

Table 1. Equivalent Circuit Parameters Obtained from Fitting of EIS Experimental Data

Catalysts Rs/Q R/ CPEu/F R¢/Q CPE«/F
(COo,leio,25CUo_54)3sez 49 11.2 0.26 147.3 0.81
CoSe 5.0 14.2 0.35 312.6 0.83
CusSe; 5.0 18.4 0.48 1021.8 0.87
NiSe 5.0 279.1 0.66 1297.0 0.91
800
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Figure 8. Nyquist plots obtained from EIS measurements of CoSe, CusSe,, NiSe and
(Coo.21Nio.25Cuo54)3Se> catalysts at an applied potential of 0.5 V vs Ag|AgCI (KCI
saturated) in No-saturated 1.0 M KOH solution. Symbols indicate the raw data, while
solid lines represent the corresponding fit to equivalent circuit model. Inset shows the
equivalent circuit of catalysts.
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To further study the effect of mixed metal composition on the intrinsic property of
the materials such as charge transport and conductivity which influences OER catalytic
activity, electrochemical impedance spectroscopy (EIS) was performed. From the EIS data,
the internal resistance of thin films and charge-transfer resistance at the electrode and
electrolyte interface was estimated which are the two parameters that influence the kinetic
efficiency of an OER electrocatalyst. Therefore, the Nyquist plot of the best quaternary
(C00.21Ni0.25Cu0.54)3Se2 composition was compared with those of three binary compounds
CusSez, CoSe and NiSe as shown in Figure 8. The Nyquist plots were collected in No-
saturated 1.0 M KOH at an applied potential of 0.5 V vs. Ag|AgCI (KCI saturated). The
Nyquist plots were fitted to an equivalent circuit as inserted in Figure 8, comprising
electrolyte resistance (Rs), electron charge transfer resistance at the electrode (catalyst)-
electrolyte interface (Rct), and film resistance (Ry), and these values has been given in Table
1. The high frequency region of the Nyquist plots has been magnified and shown in Figure
S6. As can be seen in Table 1, the resistance of 1.0 M KOH was estimated to be 5.0 Q,
which is similar to the previous reports and was used for iR correction of all the LSV plots
reported in this work.3”5” From the fitting of the equivalent circuit, it can be observed that
(C00.21Ni0.25Cu0 54)3Se2 showed the smallest charge transfer resistance (Rct) in comparison

to CusSez, CoSe and NiSe, suggesting that the charge transfer rate at the thin film -

electrolyte interface of (Coo.21Nio.25CUo.54)3S€e2 was Kinetically faster than binary selenides.
Such faster interfacial charge transfer at the electrocatalyst surface can facilitate the rate of
the formation of intermediates on the surface and therefore decrease the OER onset
potential resulting in a high catalytic efficiency of (Coo.21Nio.25CUo54)3Se2.6%828 Similarly,

the film resistance (Ry) can also influence the overpotential at 10 mA cm~2 by facilitating
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charge transfer within the catalytic film, hence affecting the catalytic activity. It can be
seen that (Coo.21Nio25CUo54)3Se2 exhibited a lower R¢ value compared to that of three
binaries shown in Table 1, suggesting the thin film showed a superior conductivity. The
reduction in film resistance can be correlated with the increase in intrinsic conductivity
with the incorporation of Cu atoms in the lattice. Overall, the enhancement of the OER
activity of (Coo.21Nio.2sCuos4)3Se2 can be attributed to the improved charge transfer
resistance at the electrode—electrolyte interface, and thin film resistance with transition
metal doping within the catalyst composite. Ni and Co dopants into CuzSe, can lead to
redistribution of the electron density around the catalytically active center in
(C00.21Ni0.25CuU054)3Se2, which can improve surface structure and optimize the bond
strengths between the catalyst surface and intermediate adsorbates. The stability and
durability of the (Coo.21Nio.25Cuo.54)3Se> catalyst is an important parameter to evaluate its
practical application and hence the catalytic film was studied under constant oxygen
evolution for an extended period of time.

Chronoamperometric measurement was performed for 12 h in N-saturated 1.0 M
KOH solution at a constant applied potential of 1.505 V vs. RHE to reach a current density
of 10 mA cm~2 as shown in the inset of Figure 9a. It was observed that large amount of Oz
bubbles were continuously produced at the electrode surface during the
chronoamperometric study. As can be seen, the (Coo.21Nio.25Cuo54)3Se> catalyst exhibited
an exceptional stability of the OER catalytic activity for over 12 h in 1.0 M KOH and the
current density was even slightly improved. The LSV curves before and after the catalytic
activity were also compared to further confirm the catalyst stability and are shown in Figure

9a.
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As expected, the overpotential at 10 mA cm 2 was increased by about 5 mV after
chronoamperometry while the onset potential was almost the same. The activity
enhancement can be attributed to the increased surface roughness of catalyst after 12 h of
chronoamperometry shown in Figure 9b. As can be seen from the SEM image, the surface
morphology showed some changes mainly by creating lots of porous cracks on the surface
which is believed to be due to the O2 gas being evolved from the catalyst surface. These
cracks can further facilitate electrolyte access to the catalytic site and facilitate catalyst
activation through hydroxyl attachment on the catalytic site. The increase of surface
roughness after prolonged catalytic activity has been further confirmed by measuring the
ECSA of (C0o.21Nio.25Cuo.54)3Se2 after chronoamperometry for 12 h as shown in Figure S7.
On comparing the ECSA and roughness factor of the film before and after
chronoamperometry, it was observed that both ECSA and RF showed a significant increase
after catalytic activity, as shown in Table S5. Such increase in surface roughness can be
attributed to the evolution of large quantities of O» from the surface which makes it porous.
The crystalline structure of the film after 12 h of chronoamperometry was also studied
through pxrd. Figure S8 shows the comparison of the pxrd patterns of
(C00.21Ni0.25Cu0.54)3Se2 before and after chronoamperometry. As can be seen from Figure
S8, the diffraction pattern looks similar with slightly reduced peak intensities, confirming
the structural stability of the catalyst during the prolonged period of catalytic activity.
Compositional stability of the (Coo.21Nio.25Cuo.54)3Se2 catalyst after prolonged OER activity

was also confirmed by the XPS spectra shown in Figure 9c - f which showed that the

catalyst was still primarily composed of Cu, Ni, Co and Se with no trace of oxygen. The

comparison of XPS spectra for, Cu 2p, Ni 2p, Co 2p and Se 3d in before and after
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chronoamperometry has been shown in Figure S9. The O 1s XPS spectra was also
measured before and after chronoamperometry as shown in Figure S10. Analysis of the
deconvoluted O 1s spectra revealed that there was chemisorbed oxygen species on the
surface. However, there was no evidence of metal-bound oxygen (i.e. metal oxides), even
after 12 h of chronoamperometry although some SeOx was detected on the catalyst surface,
corroborating well with the Se XPS spectra before and after activity. The XPS spectra along
with EDS (shown in Table S6) of (Coo2:Nio2sCuoss)3Se2 before and after
chronoamperometry further demonstrated the compositional stability of the catalyst. These
studies confirmed that this OER electrocatalyst was both functionally durable and
compositionally stable even after a long period of continuous O evolution in alkaline
medium.

It is interesting to note that while Ni and Co-selenide deposited as the monoselenide phases,
copper selenide crystallized as CusSe,, and the quaternary phases showed composition
similar to MsSe», indicating that CusSe> structure type probably had a better stability under
the reaction conditions and the quaternary phases were formed by substituting Cu with Ni
and Co. It was also interesting to note that while Ni substitution in CusSe; improved the
catalytic activity, Cu substitution in NiSe did not exhibit similar improving trend. A
comparison of the crystal structures of NiSe and CusSe> (Figure S11) revealed that while
NiSe contains octahedrally coordinated Ni atoms, CusSe, was built by edge-shared and
corner-shared CuSes tetrahedral units. When Cu atoms are substituted with Ni and Co in
the quaternary compositions, [(CoxNiyCu;)3Sez], it is expected that Ni and Co will also have

tetrahedral coordination. Having lower coordination number at the catalytic site might be
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beneficial for initiation of catalytic activity which typically occurs via surface hydroxyl

attachment. Low coordination of the catalytic site may facilitate the initiation step which

80
25 (
a
=
60{ 25 1
[a]
o €
= | 851
< S
< 404 3 T
£ 0_5 2 A I o] 101b
» Time/h
204 = As-deposited
after Chronoamperometry
1.1 ITZ 173 IT4 ITS 1.6
E/V vs RHE
(©) (d)

Cu2p,,

Cu Satellite

Satellite

Intensity / a.u.
Intensity / a.u.

Satellite

930 935 940 945 950 955 960 965 775 780 785 700 795 800 805
Binding Energy / eV Binding Energy / eV

(e) ()

Ni2p,, Ni2p,,
Ni™

Ni*" Satellite

Satellite

Intensity / a.u.
Intensity / a.u.

T T T T T T T T 1 \J v
850 855 860 865 870 875 880 885 54 56 58 60 62
Binding Energy / eV Binding Energy / eV

Figure 9. (a) Comparison of LSVs before and after 12 h in N»-saturated 1.0 M KOH
solution. The inset is the chronoamperometry plot of (C0o.21Nio.25Cuo.54)3Se2 for 12 h at
an applied potential of 1.505 V vs RHE. (b) SEM image of (C0o.21Nio.25Cuo 54)3Se; after
chronoamperometry. (c—f) XPS spectra of (Coo.21Nio.2sCUo.54)3Se2 after electrochemical

measurement.
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can occur by coordination expansion without the need for anion displacement. In NiSe on
the other hand, all the catalytically active transition metal sites are in octahedral
coordination. Having an octahedral coordination of the catalytic site, makes the initiation
step more challenging since the hydroxyl attachment in the surface necessitates anion
displacement and is more energy intensive as a result. Hence Ni in a tetrahedral site may
exhibit better onset of catalytic activity compared to Ni in the octahedral site. This may be
one of the reasons (Ni,Co)-doped CusSe> show significantly better catalytic activity than
NiSe and Cu/Co-doped NiSe. The effect of structure type was also visible in the ternary

selenides in the Ni-Co—Cu phase space. For the Co - Cu selenides, all the ternary films

form the M3Se, composition, and they can be described as Co-doped CusSez. The Ni—Cu
selenide group on the other hand, forms the MSe structure type and are closer to Cu doped
NiSe systems. As explained above these stoichiometries are distinctly different from each
other and contains different coordinations of the transition metal ions and such differences

in coordination geometry may lead to different OER catalytic activity.

4. CONCLUSIONS

In summary, we have successfully screened the Co—Ni—Cu ternary phase space and
shown that Co and Ni-doped copper selenide shows high efficiency for OER in alkaline
medium surpassing that of the binary and ternary selenides within the same phase space.
The series of mixed metal selenides were synthesized through combinatorial
electrodeposition exploring the ternary Co—Ni—Cu phase diagram. Systematic investigation
of the OER activity with respect to the composition showed that the quaternary selenides

showed higher activity in comparison to ternaries and binaries. A slightly higher amount
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of Cu doping increased the catalytic activity, however, a very high concentration of Cu can
produce negative effect for the activity. Higher activities were observed for quaternary
selenides showing a CusSe; crystal structure with slight change in lattice spacings due to
Ni and Co doping. The optimal quaternary composition (Coo.21Nio.2sCuo 54)3Se2 exhibited a
superior catalytic activity with low onset overpotential of 241 mV and overpotential of 272
mV to achieve a current density of 10 mA cm2 in Nz-saturated 1.0 M KOH. Specifically,
with proper amount of Co and Ni introduced, (Coo.2:Nio.25Cuos4)3Se2 showed enhanced
catalytic activity with 54 mV lower overpotential than its parent CusSez (umangite) at 10
mA cm2. The concept that introduction of Cu can significantly improve the catalytic
efficiencies of the transition metal selenides will be immensely useful for other catalyst

systems with different crystal structures and stoichiometries.
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Figure S1. Trigonal phase diagram for exploring compositions of the mixed-metal
(Co, Ni, Cu) selenide films examined in this work. Crossing vertices represent
compositions of the precursor electrolyte with respect to the relative ratio of the
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Figure S4. SEM images of selected best performing quaternary

(C00.08Nio.28CU0.63)3S€2 (), (CO0.31Ni0.23CU0.46)3S€2 (), (C00.15Ni0.26CU050)3Se: (C) and
(C00.21Nio.25Cu0 54)3S€2 (d).
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Figure S5. Polarization curves of best quaternary and best ternary selenides.
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Figure S6. Zoomed-in Nyquist Plots of (C0o.21Cuo.2sNi0.54)3Se2 (green), CoSe
(red), NiSe (wine) and CusSe: (blue).

Table S1. The EDS atomic ratio of ternaries with respect to their precursor’s ratio
at applied potential of -0.7 V or -1.0 V vs Ag/AgCI.

Eapplied / V
VS Precursor Molar Ratio (mM) Averaged atomic % (EDS)
Ag/AgCl
Ni Cu Co Se Ni Cu Co Se
2 8 - 10 0 57.2 - 42.8
4 6 - 10 0 52.5 - 475
6 4 - 10 0.2 43.4 - 56.4
-07VvV |8 2 - 10 0.3 30.4 - 69.3
- 8 2 10 - 55.7 0 44.3
- 6 4 10 - 49.2 1.8 48.9
- 4 6 10 - 42.2 2.2 55.1
- 2 8 10 - 33.2 2.6 64.2
6 4 - 10 28.6 37.1 - 34.3
-1.0V - 4 6 10 - 32 35 33
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Table S2. Summary of Elemental Analysis of Metal Selenide Films Determined by EDS
and Corresponding Kinetic Parameters Extracted from Polarization Curves.

Precurso(rml\l/\l/lo)lar Ratio Averaged atomic % (EDS) Onset 1 N (I:r(:]“;A
Cu Co Se Ni Cu Co Se V) V)

10 0 0 10 | 50.5 0.0 0.0 49.5 0.300 0.335 66.2
0 10 0 10 0.0 63.8 0.0 36.2 0.282 0.326 82.9
0 0 10 10 0.0 0.0 47.0 53.0 0.262 0.308 177.4
1 9 0 10 3.6 56.1 0.0 40.3 0.332 0.373 85.5
2 8 0 10 7.4 53.2 0.0 394 0.326 0.356 115.6
3 7 0 10 | 144 | 49.1 0.0 36.4 0.304 0.337 96.4
4 6 0 10 | 18.2 | 46.8 0.0 35.0 0.315 0.363 111.2
5 5 0 10 | 23.7 | 432 0.0 33.0 0.278 0.311 98.0
6 4 0 10 | 285 | 334 0.0 38.1 0.322 0.359 141.7
7 3 0 10 | 32.7 | 30.8 0.0 36.5 0.275 0.306 89.4
8 2 0 10 | 354 | 151 0.0 49.5 0.326 0.369 67.1
9 1 0 10 | 476 | 141 0.0 38.3 0.268 0.299 90.4
0 9 1 10 0.0 57.6 2.6 39.8 0.297 0.323 88.4
0 8 2 10 0.0 48.9 10.1 41.0 0.260 0.284 77.0
0 7 3 10 0.0 50.0 15.6 344 0.268 0.290 60.2
0 6 4 10 0.0 45.2 18.3 36.5 0.279 0.302 91.2
0 5 5 10 0.0 38.3 24.9 36.8 0.257 0.278 72.5
0 4 6 10 0.0 31.2 21.7 41.1 0.277 0.299 68.7
0 3 7 10 0.0 31.0 31.6 37.3 0.275 0.299 78.2
0 2 8 10 0.0 16.2 44.6 39.2 0.291 0.315 66.6
0 1 9 10 0.0 9.6 44.7 45.7 0.291 0.312 87.0

1 8 10 5.7 11.5 36.9 45.8 0.270 0.299 59.8

10 5.9 155 354 43.2 0.280 0.310 63.4
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Table S2. Summary of Elemental Analysis of Metal Selenide Films Determined by EDS
and Corresponding Kinetic Parameters Extracted from Polarization Curves. (cont.)

1 3 6 10 6.1 19.6 33.8 40.5 0.260 0.289 58.3
1 4 5 10 4.5 36.9 22.9 35.7 0.257 0.284 67.5
1 5 4 10 4.9 38.6 19.7 36.8 0.254 0.282 57.0
1 6 3 10 5.5 44.4 10.7 39.4 0.266 0.298 56.3
1 7 2 10 3.0 53.5 44 39.2 0.259 0.287 65.5
1 8 1 10 3.0 56.7 2.8 37.6 0.261 0.296 102.9
2 1 7 10 115 | 111 34.9 42.5 0.291 0.327 741
2 2 6 10 11.8 | 19.8 32.2 36.2 0.274 0.311 60.0
2 3 5 10 9.7 29.0 24.0 37.3 0.272 0.304 61.3
2 4 4 10 9.7 28.8 20.2 41.3 0.251 0.283 69.6
2 5 3 10 11.1 | 401 15.3 335 0.256 0.288 83.6
2 6 2 10 9.9 45.4 9.8 35.0 0.251 0.283 71.3
2 7 1 10 9.5 52.2 3.9 344 0.256 0.288 67.6
3 1 6 10 159 | 1238 28.3 43.1 0.272 0.313 67.2
3 2 5 10 154 | 213 194 43.9 0.261 0.293 57.9
3 3 4 10 144 | 28.9 19.2 375 0.248 0.280 78.9
3 4 3 10 16.0 | 339 13.1 37.0 0.241 0.272 53.3
3 5 2 10 149 | 438 8.9 32.4 0.264 0.298 56.2
<) 6 1 10 169 | 401 6.3 36.7 0.264 0.298 74.2
4 1 5 10 222 | 144 22.2 41.2 0.256 0.287 Do
4 2 4 10 204 | 174 19.5 42.8 0.280 0.308 51.9
4 3 3 10 176 | 32.0 13.3 37.1 0.263 0.293 53.6
4 4 2 10 17.1 | 385 10.1 34.3 0.246 0.278 93.9
4 5 1 10 19.7 | 43.8 5.6 30.9 0.256 0.287 74.3
5 1 4 10 26.3 | 215 16.3 35.9 0.290 0.317 73.7
5 2 3 10 215 | 23.6 12.0 42.9 0.265 0.294 114.2
5 3 2 10 18.2 | 30.6 10.0 41.2 0.259 0.291 87.2
5 4 1 10 221 | 384 4.8 34.7 0.270 0.299 82.2
6 1 e 10 348 | 144 12.6 38.2 0.273 0.309 69.0
6 2 2 10 324 | 217 7.3 38.6 0.268 0.305 78.3
6 S 1 10 29.0 | 273 4.5 39.2 0.270 0.307 64.9
7 1 2 10 | 43.1 9.7 10.8 36.4 0.296 0.332 71.7
7 2 1 10 39.2 | 148 7.9 38.2 0.280 0.315 78.0
8 1 1 10 | 46.8 9.5 7.0 36.7 0.279 0.315 91.1
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Table S3. The precursor ratio of compounds shown in the plots and their corresponding
formulas by EDS atomic ratio.

Precursor ratio Molecular formula
Ni Cu Co from EDS atomic ratio

10 NiSe
10 CusSe;
CoSe

[EEN
o

(@)
o
(@)
c

(C00.04CUo.96)3Se2

(Co0.17Cuo.83)3Se2

(Co00.24Cuo.76)3S€2

(Co0.20Cu0.71)3S€2

Co-Cu
Group

(C00.40CUo.60)3Se2

(C00.47Cuo53)3Se2
(Coo05Cuos)3Se2
(C00.73Cuo.27)3Se2

RPINW|lOI|OO|N|OO|©O

(Co0.82Cuo.18)3S€e2

. lO|O | N[OOI | ]|WIN|F

<
O
o

(Nio.11C00.89)Se
(Nio.10C00.1)Se
(Nio.32C00.68)Se
(Nio.42C00.58)Se
(Nio51C00.49)Se
(Nio.62C00.38)Se
(Nio.72C00.20)Se
(Nio.75C00.28)Se
(Nio.9Co0o0.1)Se

Ni-Co
Group

RPIN|W|A|OI|OO|N]|00|©

OO (N[O || |W|IN]|F

<
@)
c

(Nio.06CuUo.94)3Se2
(Nio.12Cuo.g8)3Se2
(Nio.23Cuo.77)3Se2
(Nio.28Cuo.72)3Se2
(Nio.35CUuo.65)3Se€2

Ni-Cu
Group

GOl lwW|IN|F
Ol | N0 |©
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Table S3. The precursor ratio of compounds shown in the plots and their corresponding
formulas by EDS atomic ratio. (cont.)

6 4 (Nio.46CUo.54)3Se2
Ni-Cu 7 3 (Nio.52Cuo.48)3Se2
Group 8 2 (Nio.7Cuo.3)3Se2
9 1 (Nio.77Cuo 23)3Se2
Co Ni Cu
1 4 5 (Co0.08Nio.28Cug 63)3S€2
2 2 6 (C00.15Nio.15CUo.7)3S€2
2 4 4 (C00.15Ni0.26CU0.59)3S€2
3 3 4 (Co0.21Ni0.25Cug 54)3S€2
4 1 5 (Coo.31Ni0.08Cug 61)3S€2
4 3 3 (C00.31Ni0.23Cuo.46)3S€2
5 1 4 (C00.36Ni0.07CU0.57)3S€2

Table S4. Comparison of three binary selenides, best performing ternary selenides and
best quaternary selenide.

Onsetn/ | mat10 mA | Tafel slope/
Catalysts \ cm?V mV dec

NiSe 0.300 0.335 66.2
CusSe 0.282 0.326 82.9
CoSe 0.262 0.308 177.4
(C00.4CUo6)3Se2 0.257 0.278 72.5
(Nio.51C00.49)Se 0.259 0.289 60.7
(Nio.77Cuo.23)3Se2 0.268 0.299 90.4
(Co00.21Ni0.25CU0.54)35€2 0.241 0.272 53.3

Table S5. Comparison of ECSA and roughness factor (RF) of
(C00.21Ni0.25Cuo.54)3Se2 before and after chronoamperometry.

ECSA / cm? RF
Before 3.68 52.57
After 5.63 80.36




118

Table S6. Comparison of EDS atomic ratio of (Coo.21Nio.2sCuo.54)3Se2 before and after
electrochemical measurement.

EDS (Atomic %)
Ni Cu Co Se
As-deposited 16.1 33.9 13.1 37.0
After activity 15.3 35.6 124 36.7
0.204 ¢, 7 = 0.218r+0.00906 _..ev* .
015d< oo
£ 0.0
I
0.104 S
0.1 v =-0232x-0.01973 .
E 0.05 0.005 ()‘(’)I()J _(‘).()IS 0.020
: v/Vs
0.004
-0.05 4 }
20mV s
0.104
25mVs’
0.15 v T T T T
-0.42 -0.40 -0.38 -0.36 -0.34

E/Vvs Ag/AgCl

Figure S7. Cyclic voltammograms measured for the (C0o.21Nio.25Cuos4)3Se2 after 12 h
chronoamperometry in N2 saturated 1.0 M KOH solution at different scan rates from 2.5
to 20 mV s. The inset is a plot of both anodic and cathodic currents measured at -0.36 V

vs Ag|AgCl (KCI saturated) as a function of scan rate.

((/OO.ZINIO.ZS(’UO 54

(Co,,,Ni ,.Cu, ,),Se, as-prepared

0.21 0.2;

),S¢, after stability

Au
*

Au
*

Intensity / a.u.

Au
*

Cy.Se, (PDI# 00-047-1745

I |||.I 1I|.|||I|T1IIIIIIIIIIII' RTIRRTHT

10 20 30 40 S0 60 70 80 90
20/ Degree

Figure S8. XRD patterns of as-prepared (C0o.21Nio.25Cuq.54)3Se2 and
(Coo.21Nio.25Cuo54)3Se2 after 12 h chronoamperometry along with reference CuszSe, (PDF
# 00-047-1745).
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Figure S9. Comparison of XPS spectra of (C0o.21Nio.2sCuo.54)3Se> catalyst before
and after chronoamperometry.
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Figure S10. Comparison of XPS spectra of (Coo.2:Nio.25Cuo54)3Se> catalyst before
and after chronoamperometry.

Figure S11. Crystal structure of (a) NiSe and (b) CusSe.
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ABSTRACT

Developing low-cost electrocatalysts with high efficiency for water splitting is a
critical task to make this technology viable for large-scale clean energy generation.
Transition metal selenides, comprising earth abundant elements, such as Fe, Co and Cu,

have gained attention as superior electrocatalysts for oxygen evolution reaction (OER) in
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the alkaline medium. In this article, we have systematically investigated the evolution of
OER catalytic activity as a function of composition for a series of Fe—Co—Cu quaternary
selenides by exploring a trigonal phase diagram. The OER activity was dependent on the
quantity of Cu and Fe in the Co—Fe—Cu—Se quaternary selenide electrocatalysts, while
surprisingly, Fe—Cu ternary selenides exhibit reduced OER activity in comparison to their
pure parent compounds FeSe and CusSe,. Quaternary selenides exhibited more efficient
catalytic activity with increasing amount of Fe or Cu in the catalysts, and the quaternary
mixed metal selenide thin film of composition (Feo.4sC00.38CUo.14)Se showed the best
catalytic performance with a small overpotential of 256 mV at 10 mA cm 2 and a low Tafel
slope of 40.8 mV dec! in Nz -saturated 1.0 M KOH solution. The outstanding catalytic
performance of quaternary selenides may be explained by the possible electron cloud
delocalization among the transition metal sites in the catalytic system through d-bands,
leading to lower charge transport resistance at the catalyst—electrolyte interface as well
better film conductivity, as has also been observed through electrochemical impedance
spectroscopy. Such enhanced charge transfers eventually facilitate the rate of O release

from the catalyst surface leading to enhanced activity.

Keywords: mixed metal selenides, oxygen evolution electrocatalyst, water splitting,

electrocatalyst

1. INTRODUCTION

Hydrogen has been widely considered as an ideal alternative for sustainable energy

to diminish the utilization of fossil fuels, especially in recent times when fossil fuel
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depletion has reached an all-time high along with the environmental pollution caused by
carbon dioxide, a byproduct of fossil fuel combustion.t® While hydrogen fuel holds
tremendous promise as a clean source of energy, the production of pure hydrogen is a
challenge that must be met before hydrogen fuel can replace the mature conventional
technologies. Alkaline water electrolysis is a well-established technology to produce high-
purity hydrogen in copious quantities for use in fuel cells and other energy storage
devices.*® Water splitting includes two critical half-cell reactions: hydrogen evolution
reaction (HER) at the cathode (2H20 + 2e- — H> + 20H") and oxygen evolution reaction
(OER) at the anode (40H — Oz + 4e  + 2H20).5° Among these, OER is the more
challenging kinetically sluggish process with multistep four-electron transfers involved
which has greatly reduced the efficiency of water splitting reaction thereby limiting the
applicability of this technology to produce hydrogen on a large scale. An efficient
electrocatalyst is required to speed up OER by lowering the activation barrier and reducing
the overpotential required for water oxidation. In this context, a large number of research
endeavors have been devoted to designing high-efficiency and low-cost OER
electrocatalysts.’%** Although research over the last several decades has identified some
state-of-the-art OER electrocatalysts based on noble—metal—based oxides, such as IrO2 and
RuO- exhibiting low overpotentials and excellent stability, the scarcity and high cost of
these precious metals have hindered their large scale industrial applications.'®®
Consequently, over the past several years, researchers have focused on exploring earth
abundant transition metal based chemistry to identify and develop low-cost electrocatalysts
comprising first row transition metals (primarily Fe, Ni, and Co). The quest for these

transition metal electrocatalysts has led to oxides and (oxy)hydroxides, that could
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potentially replace precious metals due to their comparable activity and durability.}”~2*
Continued research conducted by our group as well as by other groups over the last couple
of years has made it quite apparent that transition—metal based selenides are more likely to
exhibit an improved OER catalytic activity and a reduced overpotential compared to
oxides. Such enhancement of OER catalytic activity is attributed to the increased covalency
of the metal-ligand bond as well as lowering the electrochemical redox potential of the
catalytically active transition metal site.®®3° It was also observed that the smaller
electronegativity of selenium compared to oxygen led to the enhancement of preferential
attachment of hydroxyl ions on the catalytically active metal sites and facilitated further
steps of the OER process.3* 2 Accordingly, binary metal selenides (NisSez, NiSez, CoSe,
and Co7Seg) have been widely investigated as excellent OER electrocatalysts with
impressively low overpotentials.?%3473 Ternary mixed metal selenides such as NixFe;—Sez,
Nio.goCo00.11Se2, FeNi>Ses and NiCoSe> exhibit more efficient catalytic activity suggesting
that introduction of transition metal dopants improves catalytic activity.3’*° Further studies
revealed that transition metal doping increased the number of actual catalytically active
sites and accelerated the rate determining steps by modulating the OH™ adsorption kinetics
on the catalyst surface through tuning the local electron density around the catalytic
site. %2 Similar effects can also be observed in the transition metal
oxides/(oxy)hydroxides, such as Fe or Co doped NiO/NiOOH exhibiting a much higher
catalytic activity than NiO/NiOOH itself.***6 More recently, we have systematically
studied how transition metal doping in catalytically active selenide compositions affect
OER activity through the exploration of a trigonal phase diagram of Ni—Fe—Co selenides

and demonstrated that quaternary mixed metal selenides exhibited better OER activity than
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binary or even ternary selenides.®® In the Ni—-Fe—Co selenide system, quaternary selenides
with a progressively increasing amount of Fe showed higher catalytic activity and the
optimal composition was identified as (Nio.2sFeo.ssC00.07)3Se4 which could achieve 10 mA
cm 2 at a small overpotential of 230 mV and showed remarkable durability in alkaline
medium.® While Ni and Co have traditionally shown excellent OER activity and have been
given primary attention due to their relative abundance on the earth’s crust compared to
precious metals, another abundant element with high d-electron occupancy, namely
copper, has been explored far less for electrocatalytic water splitting. Cu—based OER
electrocatalysts will be even more impactful since copper is one of the most abundant
elements on the earth’s crust found in lots of minerals.*’ Very recently, there has been a
couple of reports where Cu,O has been reported as an OER active catalyst.*34° We have
synthesized Cu.Se via electrodeposition as well as hydrothermal and high temperature
chemical vapor deposition methods and have shown that CuzSe exhibited better
electrocatalytic activity compared to the oxide analogue.>® Additionally, introduction of Cu
with highly occupied d-levels imparts enhanced conductivity to the matrix which will
improve charge transport on the catalyst surface. Hence, to understand the effect of
transition metal doping in copper selenide on the OER catalytic activity, we have
performed a systemic study of the phase diagram of Co—Ni—Cu selenides.>! These studies
reveal that OER catalytic activity is influenced by the amount of Cu introduced into the
catalytic system, specifically for quaternary selenides, and the best-performing catalyst
composition in this case was identified as (Coo.21Nio.2sCuo.54)3Se2 thin film which required
an overpotential of 272 mV to reach 10 mA cm™2.5! Fe has been shown to act as an enhancer

for OER catalytic activity in oxides and selenides,3525% and quaternary selenides
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incorporating both Cu and Fe are expected to have better OER catalytic activity. Inspired
by this idea, we have systematically investigated a series of mixed metal selenides
comprising various amounts of Fe, Co and Cu by exploring a trigonal phase diagram
through combinatorial electrodeposition as has been reported in this article. Surprisingly,
Fe—Cu ternary selenides showed reduced OER activity in comparison to their pure parent
compounds FeSe and CusSey, indicating that neither Fe nor Cu doping can improve the
activity of CusSe> or FeSe, respectively. On the other hand, with introduction of Co dopant
into the composition, all Fe—~Co—Cu quaternary selenides showed enhanced catalytic
activity with low overpotential as well as lower Tafel slopes. The catalytic activity of the
quaternary selenides improved as the relative amounts of either Fe or Cu increased in the
catalysts. The optimal catalyst composition in this phase space was identified as
(Feo.48C00.38CUo.14)Se Which required an overpotential of 256 mV to achieve 10 mA cm
and a showed Tafel slope of 40.8 mV dec . The low value of Tafel slope indicates that the
catalyst has favorable kinetics for OER in alkaline medium. It is interesting to note that
even in the absence of Ni, which has been recognized as one of the most active catalytic
sites, it is possible to have high-efficiency catalytic activity for OER through transition
metal doping. The enhanced catalytic activity can be attributed to the possible electron
cloud delocalization through formation of d-bands between the different transition metal
centers within the catalytic system.”>* This systematic exploration of mixed—metal
selenides comprised iron, cobalt and copper offers more opportunities to understand the
evolution of the catalytic property as a function of covalency and d-electron occupancy of
the transition metals and will have far-reaching implications in practical application of

electrocatalytic water splitting.
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2. EXPERIMENTAL SECTION

Materials. The metal precursors comprising iron (1) sulfate [FeSO4 7H»0, 99.0 %],
cobalt (1) sulfate [CoSO4 7H20, 99.0 %], copper (II) sulfate [CuSO4 5H-0, 99.0 %],
selenium dioxide [SeOz], ammonium sulfate [(NH4)2SOa, 99 %] and potassium hydroxide
[KOH, 85.0 %] were obtained from Fisher Scientific and used as received. All solutions
were prepared in deionized (DI) water (18 MQ / cm). The Au-coated glass substrates used
in electrodeposition were purchased from Deposition Research Lab Incorporated (DRLI),
Lebanon, Missouri.

Combinatorial electrodeposition of thin films. Systematic exploration of a trigonal
phase diagram was carried out to synthesize a series of transition metal doped ternary and
quaternary selenide films through combinatorial electrodeposition as shown in Figure S1.
This method is very similar to our previously reported work featuring Co—Fe—Ni selenides,
and the process has been described in detail in a previous publication.® Specifically, the
electrolyte contained a combination of freshly prepared 10 mM FeSO47H20,
Co0S0O4 7H20, and CuSO4 5H-0 solutions along with 10 mM SeO2 and 25 mM (NH4)2SOa4.
Before electrodeposition, all electrolytes were purged in N2 for 30 min to remove dissolved
oxygen. Prior to electrodeposition, Au-coated glass substrates were sonicated in micro-90,
isopropyl alcohol followed by rinsing with deionized water to obtain a clean surface.33°!
To ensure the same geometric area for all electrodeposited thin films studied in this article,
the cleaned substrates were confined with Teflon tape punched with a hole of known
geometric area. An IviumStat potentiostat was used for all the electrodeposition
experiments. The films were deposited on Au-coated glass working electrode using a three-

electrode electrochemical cell consisting of a Ag|AgCl (KCI saturated) reference electrode
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and a glassy carbon (GC) counter electrode. The electrodeposition potential was
maintained at —0.8 V vs Ag|AgCl (KClI saturated) for 300 s at room temperature.

Characterization. A KRATOS AXIS 165 X-ray photoelectron spectrometer along
with the monochromatic Al X-ray source were used to conduct X-ray photoelectron
spectroscopy (XPS) of the catalyst. All XPS analysis was collected on the as-prepared
sample surface without any sputtering. The morphologies of the thin film before and after
electrochemical activity were observed with scanning electron microscopy (SEM) using
the FEI Helios NanoLab 600 FIB/FESEM at an accelerating voltage of 15 kV and a
working distance of around 5.0 mm. Energy dispersive spectroscopy (EDS) from the same
SEM microscope was used to evaluate the elemental compositions of all electrodeposited
films. In this work, the elemental analysis was obtained at three to five different spots on
the surface of each compound and the average EDS data was considered for obtaining the
relative atomic ratio of the constituent elements. For all compounds, the molecular formula
was written as (FexCoyCu;)Sen, where X, y, z, and n were the EDS atomic ratios of the
transition elements to total amount of selenium, respectively.

Electrochemical Measurements. A typical three-electrode electrochemical cell
connected to an IviumStat potentiostat was used for measuring the electrocatalytic
performances. Linear sweep voltammetry (LSV) was carried out to study the OER catalytic
activity, while the catalyst stability was investigated by carrying out constant potential
chronoamperometry for an extended period of time in N2-saturated 1.0 M KOH at room
temperature. In all the electrochemical experiments, the deposited thin films served as the
working electrode, while GC was used as the counter electrode and AgJAgCl (KCI

saturated) as the reference electrode. The Nernst equation as shown in Equation 1 was used
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to convert the experimentally measured potentials vs Ag|AgCIl (KCI saturated) to the
reversible hydrogen electrode (RHE).
Ernp = Eaglagct +0.059pH + Ef g 4qc1 1)
The standard potential of Ag|AgCl (KCl saturated) at 25.1 <€ was 0.197 V. All the
potentials reported in this article have been iR corrected.
Calculation of Tafel plot. Tafel equation relating the overpotential n with the
current density j as shown in Equation 2 was used to study the electrochemical kinetics of

the (FexCoyCu;)Sen thin films for OER.

N = a+2Clog()) )

anF

Here 7 refers to the overpotential and j represents the current density. The Tafel slope is
given by2.3RT /anF . The Tafel plots in this work were calculated from the LSV collected
at a scan rate of 2 mV s~ in a nonstirred N2-saturated 1.0 M KOH solution.

Electrochemically active surface area (ECSA) Electrochemical double layer
capacitance was used to measure the ECSA of these catalysts following standard methods
described in detail in previous reports.t” In the measurement of ECSA through double
layer capacitance it is 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 (ip;) was obtained by performing cyclic voltammograms (CVs)
with various scan rates in a nonstirred 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 (Cp;) as shown in eq 3. The cathodic and anodic

charging currents were a function of scan rates, and the Cp,can be calculated by averaging
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the absolute values of cathodic and anodic slopes. Equation 4 can be used to calculate
ECSA.

ipp = Cpy XV (3)

ECSA = Cp,/Cs (4)

Here, double-layer capacitance (Cp;) is in units of mF. Based on other reported

values, the specific capacitance (Cs) was assumed to be 0.040 mF c¢cm in the alkaline

solution.t”?® Roughness factor (RF) was estimated from the ratio of ECSA and the

geometric area (0.07 cm?).

3. RESULTS AND DISCUSSION

Structural and Elemental Compositions of Electrodeposited Thin Films. The
trigonal phase diagram as shown in Figure S1 was systematically explored to electrodeposit
a series of mixed metal selenides. This method, referred to as combinatorial
electrodeposition, is similar to our previous published reports where the process has been
described in detail with different transition metals.**>* In the trigonal phase diagram, the
vertices represented three binary selenides (CoSe, FeSe, and CusSez), while the sides of
the triangle referred to the ternary selenides FexCoySen, FexCuySen, and CoxCuySen,
respectively. The interior of this trigonal phase diagram represented the quaternary
mixed—metal selenides (FexCoyCu,Sen). It should be noted here that all the electrodeposited
thin films of ternary and quaternary compositions were amorphous in nature and did not
yield clear X-ray powder diffraction (PXRD) patterns, making proper phase determination
from PXRD alone less probable. The elemental composition of the electrodeposited films

on the other hand, were determined from the average relative atomic ratio obtained from
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EDS analysis as listed in Table S1, juxtaposed with the precursor ratio in the electrolyte
that produced the respective film. Typically, EDS was collected at several regions on the
sample surface and interestingly, it showed similar quantification results for the elemental
ratios, indicating that while the films were not crystalline, they were indeed of uniform
composition throughout each catalytic surface. As can be seen in Table S1, three as-
prepared binary thin films were composed of Fe, Co or Cu and Se with approximate atomic
ratiosof 1:1 (Fe:Se),1:1(Co:Se),and 3: 2 (Cu : Se) respectively, hence the molecular
formulas of three binaries were written as FeSe, CoSe, and CusSe> as shown in Table S2,
respectively. The molecular formulas identified in the various current voltage plots of the
ternary and quaternary selenides can be found in Table S2. Careful observation of Table
S1 revealed that increasing (or decreasing) amounts of the metal precursor in the
electrolytic bath led to an increase (or decrease) of the relative atomic percentage of the
corresponding element in the electrodeposited film. This demonstrates the ability to control
thin film composition through combinatorial electrodeposition.

Electrochemical Characterization. Linear sweep voltammetry (LSV) was carried
out in N-saturated 1.0 M KOH at a scan rate of 10 mV s to measure OER catalytic
activity of the deposited films. The electrocatalytic performance was benchmarked in
comparison with other highly active catalysts by comparing the onset overpotential (onset
1) and the overpotential required to reach a current density of 10 mA cm™ (i at 10 mA
cm?) obtained from the LSV data.’” Table S1 lists the onset overpotential, overpotential
at 10 mA cm2 and the corresponding EDS atomic ratios of all the electrodeposited
selenides reported in this work. The OER polarization curves of the three binary selenide

films can be found in Figure S2, demonstrating the OER catalytic activity trend of binary
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films was CoSe > CusSe; > FeSe. The LSV plots for all the ternary selenide films as shown
in Figure 1. In Figure 1a, Co—Cu selenides were obviously the best group in comparison
to the other two, and the optimal composition in this group was identified as
(Co00.93Cuo0.07)3Se2 which onset overpotential was 235 mV and overpotential was 272 mV
at 10 mA cm 2. Interestingly, the LSV plots of Fe—Cu selenide group in Figure 1b displayed
the worst catalytic activity among the three ternary groups. The ternary composition in this
group exhibiting the best catalytic activity with an onset overpotential of 307 mV and an
overpotential of 347 mV to reach a current density of 10 mA cm™2 was identified as
(Feo.78CuUo.22)3Se4. Some of the LSV plots from the Co—Fe selenide group shown in Figure
1c were also included in our previous work on combinatorial electrodeposition of
Ni—Co—Fe multinary selenides. In this group, (CoogoF€o.10)3Se4 that exhibited the lowest
onset overpotential of 257 mV and overpotential of 295 mV at 10 mA cm 2.2 It is worth
mentioning that several preoxidation peaks were observed in these LSVs prior to the OER
process corresponding to oxidation of transition metal ions within the catalyst composite
as shown in Figures 1a,d. Preoxidation peaks are commonly noted in the Ni- and Co based
electrocatalysts, which result from the change in oxidation state of transition metal during
the anodic scan.> 58 As can be seen in Figures 1a,d, the peaks observed around 1.10 V vs
RHE were attributed to the conversion of Co?* to Co®*.3357%° Interestingly, the intensity of
Co preoxidation peaks increased with increasing the amount of Co in the electrocatalysts,
which further confirmed combinatorial electrodeposition as a feasible method for
compositional control. The polarization curves of the most efficient ternary selenide
composition from each group has been compared with those of the binaries in Figure 1d to

illustrate the effect of transition metal doping on OER catalytic activity. It was observed
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that doping CoSe with 7 % Cu improved the OER catalytic activity by decreasing n at 10
mA cm2 by about 26 mV. Similarly, 22 % Cu dopant in FeSe lowered the overpotential
by 46 mV to reach a current density of 10 mA cm2. However, it should be noted that the
catalytic activity of (Feo.7sCuo.22)3Ses was still observed to be worse than the binary copper
selenide, CusSe,. Doping of of 10 % Fe into CoSe did not lead to any observable change
in the OER catalytic activity. It has been widely reported that incorporation of
transition—metal dopants improved the OER catalytic activity: for example, a small amount
of Fe doped into Ni- or Co based electrocatalysts can radically ameliorate the OER
activity.*369-% |t is interesting to note that in these ternary metal selenides, transition metal
doping forces the formation of a different stoichiometry and structure type compared to the
binary selenide. The ternary films of Co—Cu selenides formed the M3Se, composition, and
accordingly they could be described as Co—doped CusSez. On the other hand, the Co—Fe
selenide group formed the structure type MsSes, Interestingly, the Fe—Cu group exhibits
different stoichiometries at different relative ratios of Fe and Cu. At a high Cu
concentration with minimal Fe doping, the deposition adopts M3Se2 composition and can
be described as doped Fe—doped CusSez. At high relative ratio of Fe with minimal Cu
doping, the structure can be described as MzSe4 (Cu—doped FesSes). At comparable relative
ratios of Fe:Cu, the stoichiometries obtained were closer to monoselenides, and can be
described as MSe. It should also be noted that each of these stoichiometries are distinctly
different from each other with respect to crystal structure and may also contain different
coordination geometry around the transition metal ions, as discussed later. Different
stoichiometries of the metal selenides also give rise to different catalytic properties, as has

been observed with the Ni—selenide, NisSez, NiSe, NiSe,, and NisSes.26:27:6768
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Additionally, for mixed metal catalysts, it has been shown that the OER activity depends
not only on the quantity of transition metal dopants but is also strongly related to the
location of metal dopants in the catalytic system. D. Friebel et al. have reported that Fe in
Ni1xFexOOH showed a 500-fold increase in OER activity when Fe was doped into the
octahedral sites where the edge-sharing of [NiOs] and [FeOg] occurred affecting the local
electronic structure of the catalyst.® We have also previously reported through density
functional theory (DFT) calculations that introducing dopants into the surface layers altered
the adsorption energy of hydroxyl species on the active metal sites, thereby lowering the
potential to initiate OER and leading to enhancement of the catalytic activity.>® Hence, it
is not surprising to see Fe—Cu selenides showing less efficient OER catalytic activity,
which can be a reflection of the inherent property of the structure type and composition.
The trend of OER catalytic activity in the family of Co—Fe—Cu—Se quaternary
selenides comprising 66 individual compositions is shown in the contour plots of Figure 2,
created from the two overpotential values (onset and # at 10 mA cm2) in Table S1 and the
EDS atomic ratios. Contour plots were constructed to investigate the trend of OER onset
potential and overpotential at 10 mA cm2 as a function of composition as shown in
Figures2a,2b, respectively. The range of overpotentials obtained is represented with a color
gradient with the catalytic activity becoming better from bottom to top of the gradient scale
corresponding to the lower value of the overpotential. Typically, regions with red color
showed better catalytic activity compared to the blue colored regions which showed the
highest overpotentials. The very interior region in the trigonal phase diagram showed the
lowest overpotential as shown in Figure 2a, demonstrating the best catalytic activity, while

the areas adjacent to three axes exhibited less efficient catalytic activity. This demonstrated
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Figure 1. OER electrocatalytic performances of the various ternary metal selenides
obtained along the edges of the trigonal phase diagram measured through linear sweep
voltammetries (LSVS). (a) Co—Cu group (b) Fe—Cu group, and (c) Co—Fe group. (d)
OER activity of the most active ternary composition (solid line) from each group was
compared with the three binary compositions (dotted line). The dashed black line in each
panel indicates the current density at 10 mA cm 2.

that heavily doped quaternary selenides were most likely to exhibit higher OER catalytic
activity in comparison to binary or ternary selenides in this Cu—Co—Fe phase space. As can
be seen, the best quaternary selenides were confined to the region where Cu was around 10
—50 %, Co was about 15 — 50 %, and Fe was roughly 30 — 70 %. The trends indicated that
the quaternary selenides showed the best catalytic performance when the level of Fe was

higher, suggesting that while Fe played an important role in improving the catalytic
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activity, it probably was not the main catalytic site, since Fe-rich ternary phases showed
poor catalytic activity as can be observed in the Co—Fe group (Figure 1¢). Meanwhile, the
amount of Cu affected the catalytic activity as well with the OER activity being enhanced
by a modest amount of Cu. It should be noted that a relatively higher amount of Fe or Cu
compared to that of Co in the catalyst is more likely to produce better activity with lower
overpotentials. However, as explained above, Fe—Cu—Se ternary selenide still showed poor
performance, indicating that Fe and Cu sites by themselves do not have higher catalytic
activity. However, the inductive effect of these ions on the neighboring Co sites increased
the catalytic activity of Co, thereby lowering the overpotentials. These observations further
confirmed the benefits of such systematic studies in discovering untargeted mixed—metal

based electrocatalysts.

Figure 2. Trend of OER catalytic activity within the entire Fe—~Co—Cu trigonal phase
space. Mapping of overpotential # (in units of V) (a) at the onset of OER activity and (b)
at a current density of 10 mA cm2. These contour plots were created by using the actual
relative atomic ratio of the elements as obtained from EDS. The color gradient represents

the overpotential measured in volts.
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Figure 3 indicates the LSV polarization curves of the six best performing quaternary
mixed metal selenides measured in Na-saturated 1.0 M KOH at scan rate of 10 mV s,
These six compounds showed excellent catalytic activity for the OER process. The onset
n of (Feo.00C00.20CU0.62)3Se2 was 248 mV and it needed a » of 272 mV to reach a current
density of 10 mA cm™2. The onset # and the » at 10 mA cm 2 of (Feo.25C00.61CUo.14)Se were
258 and 278 mV, respectively. The onset # of (Feo.20C005:Cuo.2)Se was 256 mV and it
generated a current density of 10 mA cm™? and a » of 278 mV. The onset 5 of
(Fe0.44C00.41Cuo.15)Se was 250 mV and required 271 mV to achieve a current density of 10
mA cm 2. The onset » and the ; at 10 mA cm 2 of (Feo.55C00.26CUo.19)Se were 255 and 276
mV respectively. The thin film (Feo.4sC00.38Cuo.14)Se displayed the best catalytic activity
in this work, with an onset 7 of 235 mV and » of 256 mV at 10 mA cm2. It is important to
note that most of the quaternary compounds adopted the monoselenide MSe structure type
except for the ones with high Cu concentration, which adopted the MsSe> structure type.

The Tafel slopes of all electrocatalysts were obtained, and the results are listed in
Table S1. The Tafel plots ( vs log j) and slopes of the six best performing quaternary
selenides are graphed in Figure 3b. The Tafel slopes of (Feos5C00.26Cuo.19)Se,
(Fe0.09C00.20CU0.62)3S€2, (Fe0.44C00.41CUo.15)Se, (Feo.48C00.38CUo.14)Se, (Feo.29C0051CuUo.2)Se,
and (Feo25C0061ClUo.14)Se were 452, 59.5, 41.1, 40.8, 41.8, and 41.3 mV dec?,
respectively. Tafel slopes are closely related to the number of electrons involved in the rate
determining step of the OER process. For the six quaternaries with small Tafel slopes, it is
likely that the second electron transfer step of OER is the rate-determining step, suggesting

that they have faster kinetics for oxygen evolution.””® (Feo.4sC00.3sCuo.14)Se showed the
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lowest overpotential as well as the lowest Tafel slope, which further confirmed that it is
indeed the best catalyst composition in this quaternary phase space.

Electrochemical double-layer capacitance of the (Feo.48C00.38Cuo.14)Se thin film was
measured to estimate its ECSA. Double-layer charging current was measured in the non-
Faradaic region at various scan rates using CVs. In this study, (Feo.4eC00.38CuUo.14)Se thin
film as the working electrode was suspended in N2-saturated 1.0 M KOH and the CVs,
found in Figure 4, were measured from —0.16 to —0.05 V vs Ag|AgCl (KCI saturated) at
scan rates of 2.5 to 20 mV s*. The ECSA was calculated using eq 4, and the value was
estimated to be 1.38 cm? with a roughness factor (RF) of 19.7. The high value of RF
confirmed the highly granular surface of the film as seen in the SEM image of Figure 5b.
Since rough surfaces allow for amplified contact of the electrolyte with the catalytically

active sites, catalytic activity tends to increase with increasing surface roughness.
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Figure 3. (a) OER activity of the six best quaternary compositions measured by
conducting LSVs in Nz-saturated 1.0 M KOH solution at a scan rate of 10 mV s2. (b)
Tafel plots of these catalysts.
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The catalytic activity of the best performing quaternary (Feo.ssC00.38Cuo.14)Se was
compared with those of CoSe, FeSe, and CusSez in N2-saturated 1.0 M KOH at a scan rate
of 10 mV s to understand the effect of transition metal doping on catalytic activity as
shown in Figure 5a. The onset overpotentials of the binary selenides were 263, 346, and
270 mV for CoSe, FeSe, and CusSe», respectively. To achieve an OER current density of
10 mA cm?, the overpotentials were 298, 393, and 330 mV for CoSe, FeSe and CusSey,
respectively. As a result of transition metal doping, the onset » and # at 10 mA cm2 of
(Feo.48C00.38Cuo0.14)Se were decreased to 235 and 256 mV respectively, which were lower
than those of any of the binary selenides. The Tafel slope of (Feo.sC00.38Cuo.14)Se (40.8
mV dec?) was also lower than those of CoSe (62.9 mV dec™?), FeSe (103.5 mV dec™),
and CusSe; (93.4 mv dec ) as shown in Table S1, suggesting the OER activity on the
quaternary selenide surface is increased kinetic factors compared to that on the binaries.
This can be attributed to transition metal doping, which increases the amount of actual
catalytically active sites as well as influence the energetics of hydroxyl attachment, thereby
facilitating the OER reaction rate.”'*"*"73 The LSV curve of (Feo.4sC00.3sCuo.14)Se was also
compared with the catalytic performance of the best ternary phases from each group, viz.
(Feo.78CUo0.22)3Ses, (C00.93CU0.07)3Se2, (Coo.9F€0.1)3Ses shown in Figure S3. As can be seen,
(Feo.48C00.38Cuo0.14)Se exhibited ameliorated OER activity compared to the best ternary
composition (Coo.93Cuo.07)3Se2 with a decrease in 1 at 10 mA cm™2 by 16 mV. Overall, the
OER catalytic activity was decidedly enhanced in mixed metal selenides in terms of both

overpotential and Tafel slope.
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Figure 4. ECSA for the (Feo.48C00.38CUo.14)Se thin film was measured by performing
cyclic voltammograms in N»-saturated 1.0 M KOH solution at different scan rates from
2.5t0 20 mV s*. The inset shows the plot of both anodic and cathodic currents measured
at -0.10 V vs Ag|AgClI (KCI saturated) as a function of scan rate.

The morphology and composition of the best performing quaternary selenide was
further studied through surface analytical techniques. Detailed SEM imaging of the
(Feo.48C00.38Cuo.14)Se film as shown in Figure 5b suggested that the morphology of the thin
film surface was composed primarily of cauliflower-like microstructures with a wide size
distribution of 0.5 to 2.5 pm. XPS was carried out to further study the elemental
composition and identify oxidation states of the constituent elements in
(Feo.48C00.38Cuo.14)Se thin film. The XPS spectra of Fe 2p, Cu 2p, Co 2p, and Se 3d are
shown in the Figure 5¢-f. It should be noted that the binding energy in all XPS spectra have
been calibrated with respect to the standard C 1s (284.5 eV) reference spectra. The
spectrum of Fe 2p in Figure 5¢ showed peaks at 708.45 and 722.27 eV corresponding to
Fe?*, while peaks at 710.26 and 724.75 eV were assigned to Fe®* with satellite peaks at

716.08 and 730.57 eV.7478 In the Cu 2p spectrum as shown in Figure 5d, peaks at 930.32
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and 950.12 eV were attributed to Cu*, and those at 932.16 and 952.23 eV corresponded to
Cu?* respectively. Peaks at 939.75 and 960.15 eV were assigned to the satellite peaks.’""®
In the Co 2p spectrum shown in Figure 5e, peaks at 779.14 and 794.48 eV referred to Co?*,
and those at 783.80 and 800.61 eV corresponded to its satellite peaks, respectively.”®#% In
the Se 3d spectrum shown in Figure 5f, peaks at 55.24 and 56.22 eV were assigned to Se
3ds2 and Se 3ds» respectively, while the big sharp peak around 59.0 eV was attributed to
SeOx which might be a result of the surface oxidation of selenide.8-#2 The deconvoluted
spectra revealed that both Fe 2p and Cu 2p were mixed valence metal cations while Co 2p
was present as only divalent ions. The XPS spectra also confirmed that the film
composition was exclusively selenide with no indication of presence of other metal
oxide/oxyhydroxide impurity.

The Faradaic efficiency of the electrodeposited (Feo.4sC00.38Cuo.14)Se thin film for
OER was assessed with the water displacement method,® and the measured quantity of Oz
evolved was compared to the theoretical yield as shown in Figure 6. A Faradaic efficiency
of nearly 100% was measured for this electrocatalyst. As mentioned above, transition metal
doping is expected to influence electron density through an inductive effect around the
catalytic centers, and hence will influence charge transport at the catalyst—electrolyte
interface as well as through the catalyst composite. Electrochemical impedance
spectroscopy (EIS) was executed on the best performing quaternary composition along
with the three binary selenide films to examine the result of transition metal doping on the
various charge transfer pathways. Figure 7 shows the Nyquist plots of the best-performance
quaternary selenide, (Feo.48C00.38Cuo.14)Se, compared with those of three binary selenides

(FeSe, CoSe and CusSe»), which were collected at an applied potential of 0.5 V vs Ag|AgCl
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(KCI saturated) in No-saturated 1.0 M KOH solution. The Nyquist plots were fitted to an
equivalent circuit as shown in inset of Figure 7, which included the electrolyte resistance
(Rs), interfacial electron charge transfer resistance (Rct), and the constant phase element of
double layer (CPEq). The values of these parameters are listed in Table 1. In the higher
frequency region, the low value of Rs of ca. 5.0 Q was attributed to the uncompensated
solution resistance of 1.0 M KOH (Figure S4). Derived from the equivalent circuit, the
charge transfer resistance (Rct) and constant phase element of double layer (CPEq|) were
obtained in the lower-frequency region. The charge transfer resistance R is related to the
electron transfer across the electrode-electrolyte interface and hence represents the kinetics
of the electrocatalysis and its value is inversely proportional to the reaction rate.®*# From
Table 1, it can be seen that (Feo.48C00.33CuU0.14)Se showed the smallest R value, indicating
that, at the film—electrolyte interface, the charge transfer rate was kinetically faster for
(Feo.48C00.38CuUo.14)Se than those of binaries (CoSe, CusSez, and FeSe). Fast interfacial
charge transfer leads to high catalytic efficiency of (Feo.4sC00.38CUo.14)Se by facilitating the
rate of intermediate formation on the catalyst surface and decreasing the OER onset
overpotential as a result.”# Likewise, the catalytic activity can be influenced by the thin
film resistance (Rf) by enhancing electron transfer within the bulk of the catalyst
composite, leading to an increased current density. It can be observed that
(Feo.48C00.38Cuo0.14)Se showed the smallest R¢ value in comparison to those of three binaries
in Table 1, indicating the quaternary selenide had an enhanced conductivity and helped the
local electron transfer in the catalytic system. From these studies it is very apparent that
transition metal doping improves surface electronic structure and thereby enhancing

various charge transport pathways for OER catalytic activity.
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Figure 5. (a) Polarization curves of (Feo.ssC00.33Cuo.14)Se compared with the three binary
catalyst films. (b) SEM image of (Feo.4sC00.38Cuo.14)Se film deposited for 300 s. (c) — (f)
XPS spectra of the as-deposited (Feo.48C00.38Cuo.14)Se showing, (c) Fe 2p (d) Cu 2p (e)

Co 2p and (f) Se 3d.
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Figure 6. The amount of theoretically calculated oxygen (black dots) and experimentally
measured oxygen (red dots) obtained for (Feo.ssC00.38Cuo.14)Se versus time at 0.7 V vs
Ag|AgCl (KCI saturated).
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Figure 7. EIS measurements and the corresponding Nyquist plots for
(Feo.48C00.38CuU0.14)Se, CoSe, CusSe> and FeSe catalysts obtained at an applied potential
of 0.5 V vs Ag|AgCI (KCI saturated) in N»>-saturated 1.0 M KOH solution. Symbols
indicate the raw data, while solid lines represent the corresponding fit to equivalent
circuit model (inset).
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Table 1. Equivalent circuit parameters obtained from fitting of EIS experimental data.

Catalysts Rs/Q Rc/Q CPE4w/F R¢/Q CPEs /F
(Feo.48C00.38CuU0.14)Se 5.0 10.9 0.24 113.1 0.80
CoSe 5.0 13.2 0.30 248.9 0.83
CusSe; 5.0 18.4 0.48 1022.3 0.87
FeSe 5.0 291.9 0.75 2040.0 0.93

Rs s the resistance of the electrolyte; Rt is the electron transfer resistance; CPEq is the
constant phase element of double-layer nonideal capacitance; Ry is resistance of the

catalyst layer; and CPEz¢ is the capacitance.

The stability of any OER electrocatalyst is a critical factor to evaluate its potential
in large-scale industrial application. Hence, the stability of (Feo.4sC00.33Cuo.14)Se thin film
under continuous oxygen evolution for extended period of time (18 h) was estimated
through chronoamperometric study, as shown in the inset of Figure 8a. The
chronoamperometric study was performed at a constant potential of 1.50 V vs RHE, where
the thin film reached a current density of 10 mA cm~2 in 1.0 M KOH solution. It can be
observed that (Feo.sCo0033Cuo.14)Se catalyst showed outstanding stability without any
current density loss even after 18 h in the harsh alkaline medium. To confirm further the
stability, the LSV of (Feo.48C00.38Cuo.14)Se was remeasured with chronoamperometry after
18 h and was compared with that of the as-deposited catalyst shown in Figure 8a, which
revealed the quaternary selenide showed almost the same catalytic activity before and after
stability study with similar onset potential and overpotential at 10 mA cm2. The SEM
shown in Figure 8b exhibited that the surface morphology of (Feo.4sC00.38Cuo.14)Se had

been slightly modified by making the surface rougher possibly due to the evolution of large
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amounts of Oz on catalyst surface, resulting in the production of pores. The compositional
stability of the catalyst after electrochemical measurement was corroborated using XPS
spectra, shown in Figure 8c-f, which revealed that the catalyst was predominantly
comprised of Fe, Co, Cu, and Se which were still in the mixed oxidation states. The XPS
peak positions for Fe, Co, and Cu did not show any changes, indicating that the
composition of the film was still selenide based. The comparison of EDS before and after
chronoamperometry in Table S3 further demonstrated that the relative elemental ratio was
preserved even after prolonged catalytic activity, signifying compositional stability of the
catalyst.

Interestingly, while the ternary selenides adopt various nonstoichiometric
compositions including MsSes, MSe, and M3Sez depending on the transition metal doping,
the quaternary selenides are mostly forced to adopt the monoselenide, MSe type phase. The
primary difference between the MsSe> and MSe structure type can be illustrated with
CusSez and CoSe as shown in Figure S5 in the Supporting Information. In CusSe, the
transition metal is tetrahedrally coordinated to 4 Se atoms, and the CuSes tetrahedra are
linked further through edge sharing of the polyhedra. CoSe on the other hand represents
the fully filled NiAs structure type containing octahedrally coordinated Co atoms, while
the Se atoms show tetrahedral coordination. On doping in CoSe lattice, it can be expected
that the transition metal dopant atoms will occupy the octahedral sites, while similar
dopants in CusSe2 will occupy the tetrahedral sites. From the trend in catalytic activity
observed here, it is apparent that for Co and Fe, the transition metal in octahedral
coordination shows better catalytic activity than that in tetrahedral coordination. It has been

reported previously also that Fe in the octahedral site shows better enhancement of catalytic
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Figure 8. (a) Comparison of LSVs before and after 18 h in N»-saturated 1.0 M KOH
solution. The inset is the chronoamperometry plot of (Feo.4sC00.38Cuo.14)Se for 18 h at an
applied potential of 1.50 V vs RHE. (b) SEM image of (Feo.48C00.38Cuo.14)Se after
electrochemical measurements. (c—f) XPS spectra of (Feo.48C00.38CuUo.14)Se after

chronoamperometry.
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property.5%848 Cy on the other hand shows better activity in tetrahedral coordination. Apart
from influence of structure type and coordination geometry, other factors can also play a
crucial role in determining the OER catalytic property. For example, it was reported by
previous researchers that a catalyst surface containing anion vacancies and defects was
favorable for the adsorption and desorption of hydroxyl species during the OER process,
leading to small charge transfer resistance at the electrode—electrolyte interface and which
further enhances the OER activity.”*®? Hence, the structural defects might also play a
crucial role in affecting the catalytic activity of these amorphous electrocatalysts reported
in this article. However, to analyze comprehensively the role of structural defects on the
OER catalytic activity, one needs to perform detailed DFT studies for each stoichiometry
and related structure type. We have initiated such DFT studies and have recently observed
that for one particular stoichiometry based on Cu—Co—Se, identified from this phase
diagram, the structural defects on different lattice planes indeed has a significant influence

on the OER catalytic activity. The results of these DFT studies will be published separately.

4. CONCLUSIONS

The ternary phase space of Co—Fe—Cu has been successfully explored through
combinatorial electrodeposition, which has identified the optimal doping compositions that
yield maximum catalytic efficiency in this family of compounds. EDS characterization of
all selenide films revealed the ability of compositional control through combinatorial
electrodeposition as the relative elemental composition of the thin films were proportional
to the corresponding precursor ratios in the electrolytes. A full investigation of OER kinetic

parameters from sixty-six compounds revealed the trend of catalytic activity as follows: (i)
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the catalytic activity is sensitive to the amount of transition metal dopants, and the presence
of a relatively higher amount of Fe or Cu and a lower amount of Co leads to small
overpotentials, while overpotentials tend to decrease at Fe concentration 30-70 %; (ii)
quaternary selenides are more likely to show lower overpotentials as well as Tafel slopes
than ternary and binary selenides indicating the inductive effect of heteroatoms plays a
crucial role in influencing the catalytic activity; (iii) Co might still be better catalytic site,
although Fe and Cu have a more positive influence on increasing its activity; (iv) the
enhancement in catalytic activity is supported by improved charge transfer at the
catalyst—electrolyte interface and within the catalyst composite. Specifically, the best
composition in this work demonstrating promising catalytic activity has been identified as
(Feo.48C00.38Cuo.14)Se thin film with a low onset overpotential and overpotential to attain a
current density of 10 mA cm™2 of 235 and 256 mV respectively, in Nz-saturated 1.0 M
KOH. This study proposes a new avenue for systematic study of mixed transition metal

selenides as OER electrocatalysts employing combinatorial electrodeposition.
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saturated 1.0 M KOH solution at a scan rate of 10 mV s™. The black dashed line shows
the current density of 10 mA cm™.

Table S1. Summary of elemental analysis of metal selenide films determined by EDS and
corresponding kinetic parameters extracted from polarization curves.

10 - - 10 49.6 - - 50.4 | 0.263 [ 0.298 | 62.9
= 10 - 10 - 49.7 - 50.3 | 0.346 | 0.393 | 103.5
- - 10 10 - - 63.8 | 36.2 | 0.270 [ 0.330 | 934
1 9 - 10 11.2 | 55.5 - 33.3 | 0.293 | 0.338 | 56.6
2 8 - 10 14.7 | 29.5 - 558 [ 0.271 | 0.313 | 91.6
3 7 - 10 200 | 22.2 - 57.8 | 0.263 | 0.32 | 69.9
4 6 - 10 314 | 131 - 555 [ 0.275 | 0.315 | 79.3
5 5 - 10 274 | 147 - 57.9 | 0.260 0.3 58.6
6 4 - 10 29.1 9.0 - 61.8 | 0.264 | 0.316 | 63.2
7 3 - 10 346 | 126 - 529 [ 0.279 | 0.333 | 91.7
8 2 - 10 38.8 8.4 - 52.8 | 0.288 | 0.332 | 79.7
9 1 - 10 40.3 4.4 - 55.3 | 0.257 | 0.295 | 57.6
- 9 1 10 - 399 [ 4.0 56.1 [ 0.349 [ 0.388 | 67.9
- 8 2 10 - 355 | 10.0 | 54.6 | 0.307 | 0.347 | 86.4
- 7 3 10 - 333 | 164 [ 50.3 | 0.341 | 0.379 | 64.0
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Table S1. Summary of elemental analysis of metal selenide films determined by EDS and
corresponding kinetic parameters extracted from polarization curves. (cont.)

= 6 4 10 - 355 | 146 | 499 | 0.337 | 0.374 | 65.7
= 5 5 10 = 290 | 204 | 50.7 | 0.331 | 0.367 | 63.8
= 4 6 10 - 208 | 30.7 | 485 [ 0.338 | 0.376 | 73.5
= 3 7 10 = 16.6 | 351 | 483 | 0.327 | 0.361 | 58.9
= 2 8 10 - 109 | 42.0 | 482 | 0.342 | 0.381 | 77.6
= 1 9 10 = 53 558 | 389 | 0.320 [ 0.356 | 68.5
1 = 9 10 7.2 = 538 | 39.1 | 0.297 | 0.337 | 84.4
2 = 8 10 13.1 = 509 | 36.1 | 0.288 | 0.325 | 71.0
3 = 7 10 17.9 = 46.0 | 36.1 | 0.272 | 0.308 | 81.1
4 - 6 10 24.8 - 39.9 | 353 | 0.258 | 0.296 | 92.0
5 = 5 10 26.6 = 39.3 | 341 | 0.263 | 0.301 | 73.3
6 - 4 10 40.0 - 304 | 295 | 0.272 | 0.311 | 74.9
7 - 3 10 36.3 - 259 | 378 | 0.288 | 0.325 | 60.5
8 = 2 10 37.0 = 219 | 410 | 0.257 | 0.291 | 84.7
9 - 1 10 51.3 - 3.8 45.0 | 0.235 | 0.272 | 106.9
1 1 8 10 6.2 3.4 519 | 385 | 0.265 | 0.288 | 60.6
1 2 7 10 4.5 6.3 452 | 439 | 0.275 0.3 57.6
1 3 6 10 9.3 8.9 40.4 | 454 | 0.267 | 0.295 | 57.4
1 4 5 10 6.7 123 | 321 | 489 | 0.261 | 0.286 | 43.8
1 5 4 10 5.9 220 | 20.0 | 52.2 | 0.261 | 0.286 | 43.2
1 6 3 10 6.0 25.7 | 157 | 526 [ 0.269 | 0.29 | 44.1
1 7 2 10 6.3 288 | 14.7 [ 50.3 [ 0.261 | 0.285 | 48.3
1 8 1 10 6.0 31.3 7.1 55.7 | 0.267 | 0.295 | 45.1
2 1 7 10 6.9 3.2 49.1 | 410 | 0.289 | 0.313 | 60.7
2 2 6 10 8.1 4.4 445 | 430 | 0.285 | 0.306 | 56.7
2 3 5 10 10.0 | 10.2 | 34.7 | 451 | 0.273 | 0.295 | 77.9
2 4 4 10 13.7 | 156 | 25.0 | 457 | 0.268 | 0.289 | 43.3
2 5 3 10 128 | 25.7 | 17.3 | 442 | 0.245 | 0.267 | 51.0
2 6 2 10 13.4 | 27.8 9.3 49.6 | 0.255 | 0.276 | 45.2
2 7 1 10 170 | 313 | 91 426 | 0.269 | 0.291 | 54.1
3 1 6 10 145 2.5 438 | 39.2 | 0.272 | 0.297 | 50.2
3 2 5 10 17.1 5.4 36.3 | 413 | 0.248 | 0.272 | 59.5
3 3 4 10 16.0 6.8 27.3 | 499 | 0.272 | 0.296 | 41.7
3 4 3 10 173 | 153 | 214 | 46.0 0.26 | 0.281 | 42.6
3 5 2 10 224 | 2338 7.7 46.2 025 | 0.271 | 411
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Table S1. Summary of elemental analysis of metal selenide films determined by EDS and

corresponding kinetic parameters extracted from polarization curves. (cont.)

3 6 1 10 18.5 | 23.7 6.6 51.2 | 0.235 | 0.256 | 40.8
4 1 5 10 22.9 2.1 36.2 | 388 | 0.263 | 0.283 | 57.8
4 2 4 10 20.6 4.9 29.0 | 455 | 0.268 | 0.289 | 49.2
4 3 3 10 241 9.5 20.1 | 46.3 | 0.262 | 0.282 | 44.0
4 4 2 10 254 | 148 | 10.2 | 49.6 [ 0.256 | 0.278 | 41.8
4 S 1 10 25.6 | 15.2 4.6 546 | 0.259 | 0.28 | 414
5 1 4 10 26.0 2.6 326 | 389 | 0.277 | 0.296 | 53.0
5 2 3 10 31.1 1.7 195 | 418 | 0.263 | 0.283 | 40.6
5 3 2 10 315 | 147 | 108 | 43.0 [ 0.272 | 0.292 | 414
5 4 1 10 323 | 131 7.7 46.9 | 0.258 | 0.278 | 413
6 1 3 10 31.8 3.4 186 | 46.2 | 0.292 | 0.313 | 46.1
6 2 2 10 33.1 4.8 16.3 | 458 | 0.272 | 0.292 | 43.7
6 3 1 10 374 | 10.8 3.7 48.2 | 0.273 | 0.294 | 45.0
7 1 2 10 40.3 1.0 223 | 364 | 0316 | 0.34 | 64.8
7 2 1 10 42.2 2.4 139 | 415 | 0312 | 0.337 | 61.7
8 1 1 10 53.1 1.5 11.1 | 343 0.31 | 0.337 | 57.6

Table S2. The precursor ratio of compounds shown in the plots and their corresponding
formulae by EDS atomic ratio.

Precursor ratio
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Cu

Molecular formula from
EDS atomic ratio
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Table S2. The precursor ratio of compounds shown in the plots and their corresponding
formulae by EDS atomic ratio. (cont.)

(Coo.33Fe0.67)3Seq

8 2

7 3 (C0o.47F€0.53)35€4
Co-Fe 6 4 (Coo.7Feo3)sSes

5 5

4 6

1 9

Group (Coo.65F€0.35)3S€4

(Coo.76F€0.24)35€4

(Coo.90F€0.10)3S€4

(Feo.92CUo0.09)3S€4

(Feo.78Cuo.22)3S€4
(Feo7CUo.33)Se
(Feo.71Cuo.20)Se
(FeoseCuo.41)Se

(Feo.4Cuos)Se
(Feo32Cuo.es)Se
(Feo21Cuo.79)Se

(Feo.00Cuo.01)3Se2

Fe-Cu
Group
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(F€0.44C00.41CU0.15)Se
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Table S3. Comparison of EDS atomic ratio of (Feo.4sC00.38Cuo.14)Se before and after
electrochemical measurement.

EDS (Atomic %)
Co Fe Cu Se
As-deposited 185 23.7 6.6 51.2
After activity 17.3 24.5 9.5 48.7
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Figure S4. Zoomed-in Nyquist Plots of (Feo.48C00.38Cuo.14)Se (a), CoSe (b), CuzSe: (c)
and FeSe (d).

Figure S5. Crystal structure of CusSe> (a) and CoSe (b).
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ABSTRACT

Non-precious metal-based catalysts for full water splitting is still being sought after
by several groups of researchers owing to their promising practical application in energy
conversion devices. In this article, nanostructured CuCozSes comprising earth-abundant
elements has been reported to exhibit superior bifunctional electrocatalytic activity for both
oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) under alkaline

conditions. The CuCo2Ses electrocatalyst with a spinel structure type requires a low
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overpotential of 320 mV to reach a current density of 50 mA cm2 for OER and 125 mV to
achieve 10 mA cm for HER, respectively, which is lower than other reported transition
metal chalcogenide electrocatalysts based on Co/Cu, and significantly lower than the well-
known precious metal oxide catalysts (IrOx and RuOx). To understand the origin of high
catalytic performance in CuCozSes, density functional theory (DFT) has been utilized to
study the structural, electronic, and magnetic properties of bulk CuCozSes as well as slabs
with (100) and (111) surface orientations with and without OH™ adsorption. The theoretical
results show that CuCo2Ses is in the metallic state with a high electrical conductivity which
plays a crucial role in the catalytic activity. Among Co and Cu, it was observed that Co
showed better OER catalytic activity. Importantly, a surface enhancement of the local
magnetic moment on the Co atoms is found to be limited to the top layer in the (100) slab,
whereas it affects all layers of the (111) slab, strongly favoring the OH™ adsorption on the
Co atom at the (111) surface and making the (111) surface more catalytically active. The
different surface energies of the (111) and (100) surfaces was also observed from DFT
studies which will have a pronounced influence on the observed catalytic activity of these

surfaces.

Keywords: water splitting, oxygen evolution reaction, electrocatalyst, metal selenide,

DFT calculation

1. INTRODUCTION

In recent years, generation of alternative renewable energy from sustainable

resources has been a topic of growing concern due to faster depletion of fossil fuels and
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related environmental concerns.® Among all the available options, hydrogen appears to be
the most promising choice as a clean fuel, which can be widely utilized in fuel cells and
other energy storage and conversion devices.>®> Among all the possible ways to produce
hydrogen, water electrolysis (2H20 — 2H2 + O2) can be one of the most useful and clean
method to generate hydrogen on-demand in copious quantities if the efficiency of the
process can be improved significantly.>3Water splitting is composed of two half reactions,
oxygen evolution reaction (OER, 40H™ — Oz + 2H20 + 4e’) occurring at the anode and
hydrogen evolution reaction (HER, 2H,O + 2e- — H> + 20H") happening at the
cathode.*>® The efficiency of water electrolysis is significantly influenced by the
efficiency of OER which is a kinetically sluggish process comprising multistep proton-
coupled electron transfers and the formation of O=0O bond which requires high
overpotential to initiate the process.”®%1° Hence, practical applications of producing
hydrogen through water splitting has been greatly hindered by the slow OER rate. Thus,
it’s a crucial task to develop highly efficient OER electrocatalysts to reduce the applied
overpotential, facilitate the overall process, and hence improve the energy conversion
efficiency.'>'2 Most of the conventionally used state-of-the-art OER electrocatalysts are
precious metal-based oxides, such as IrOx and RuOx,'*!*4%° however, the scarcity and high
cost of precious metals have significantly limited their large-scale industrial applications.
Consequently, there has been extensive efforts devoted to develop high efficiency and low-
cost transition metal based OER electrocatalysts.'8:17:18192021.22 g;ch effort has led to the
discovery of several first-row transition metal (Mn, Fe, Co, Ni and Cu etc.) oxides and
(oxy)hydroxides as efficient OER electrocatalysts.?32425:26272829 Besjdes oxides and

hydroxides, selenides have emerged recently as a new class of highly active OER
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electrocatalysts showing impressive improvements of catalytic activity compared to

30,313233343536 In our group, we have extensively investigated the OER

oxides.
electrocatalytic activity of transition metal chalcogenides, especially selenides (such as
NisSez, NiSez, Co7Ses, Cu,Se etc.)3%8:3940 and tellurides (NisTez)*! and have observed that
the catalytic activity increases with decreasing electronegativity of the lattice anion. Hence,
the electronegativity of oxygen (3.44) being larger than that of elemental selenium (2.55),
leads to selenides being better OER catalysts, and the reason behind such a trend is believed
to be due to an increased covalency of the metal-chalcogen bond, which alters the
electronic band structure, reduces the redox potential of the catalytically active transition
metal site, reduces bandgap and improves the electrical conductivity resulting in high
current density.**4® A study reported by K. Xu et.al comparing oxides (e.g. NiO) and
selenides (e.g. NisSe2) also confirmed that selenides have a more intrinsic metallic state
than oxide phase,** which might have a positive effect on the OER by facilitating charge
transfer on the catalyst surface, and formation of the intermediates. We have also observed
that the catalyst activation step occurs at a lower potential as the covalency increases in the
metal-chalcogen bond, leading to NisTe2 showing lower onset potential and overpotential
for OER than NisSe,.*! All these considerations can possibly explain the improved OER
catalytic activity of the selenides and tellurides compared to analogous oxide phases. Apart
from changing covalency of the anion lattice, doping in the transition metal site also leads
to redistribution of charge density around the catalytically active site, and accordingly,
mixed metal selenides have showed a much more efficient catalytic performance towards
OER. Recently, our group and others have reported mixed metal selenides such as NixFes-

xSe2, (Feo.48C00.38CU0.14)Se, (C0o.21Nio.25CuUg54)3Se2 and (Nio.25Fe0.68C00.07)3S€4 as excellent
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OER electrocatalysts with low onset potential and increased energy conversion
efficiency.*>%64748 Erom some of these previous studies it was observed that the oxidized
redox couples of the transition metal (e.g. Co®"/**) plays a very crucial role in influencing
the catalytic activity.*>°%°! Specifically it was noted that higher d-electron occupancy
preferably with one electron in the doubly degenerate eq orbital significantly improves the
catalytic activity.>® Although catalyst compositions containing Co, Ni, and Fe has been
extensively researched for OER activity, Cu which satisfies the d-electron occupancy
criteria above, has not been investigated extensively for OER catalytic activity until
recently.>2%3 Bikkarolla et al. synthesized CuC0,04 nanoparticles on nitrogenated graphene
and showed an overpotential of 360 mV to reach 10 mA cm and high stability in alkaline
media.>* In another report, two-dimensional CuCo2Ss nanosheets were synthesized by a
simple hydrothermal method and showed high OER activity at low mass loading.>®
Addition of Cu to the composition is expected to increase the metallicity in the catalyst
composite thereby facilitating the charge transfer rate. Hence, introduction of Cu in the
catalyst composition deserves more attention especially since Cu is one of the most earth-
abundant non-precious elements. Apart from the chemical composition of the catalyst site,
crystal structure and coordination geometry also play a subtle role in influencing the
catalytic activity. Accordingly, spinel type compounds containing mixed valence metal
ions in variable coordination geometries have attracted a lot of attention in that respect
since they are believed to have high OER activity at the trivalent metal sites thereby
facilitating the charge transfer rates between the reactant species or intermediates and the

catalyst sureface.'?
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In this article, we have reported for the first time high-efficiency bifunctional
catalytic activity of CuCo.Se4 nanoparticles for OER and HER in harsh alkaline medium.
The catalyst composite exhibits a low onset potential of 1.43 V vs RHE and an
overpotential of 320 mV to achieve 50 mA cm for OER in alkaline solution, which is one
of the lowest overpotentials that has been reported to date. Moreover, the catalyst also
shows excellent HER activity with a low overpotential of 125 mV (at 10 mA cm™) in
alkaline medium. A water electrolysis cell comprising CuCo.Ses nanoparticles modified
electrode as both OER and HER catalysts only required a cell voltage of 1.782 V to drive
a current density of 50 mA cm for the overall water splitting. We have also employed
density functional theory (DFT) to study the electronic band structure of CuCo2Ses and to
correlate the results with the observed high OER catalytic activity. The calculated
electronic and magnetic properties of bulk CuCo2Ses were compared with those for slabs
with (100) and (111) lattice orientations, to investigate surface dependent catalytic activity.
The calculations suggest that CuCo2Ses is in the metallic state with a high electrical
conductivity. The (100) slab has a low surface energy (Esurface) 0f 136 meV/f.u., suggesting
it is likely to be the most thermodynamically stable surface orientation, while the (111)
slab with a higher Esurface, 243 meV/f.u., and intense metallic nature near the Fermi level is
expected to be the most active surface for OER .%7%8 We have also estimated and compared
the OH™ adsorption energy on the Co and Cu sites in the (100) and (111) lattice planes, and
observed that while both Cu and Co atoms play a crucial role as the catalytically active
sites, Co atom is a more favourable active site since the adsorption energy of OH™ on Co
is 531 meV higher than that on Cu atom (100 surface), suggesting OH™ prefers to stick to

Co atom instead of Cu on the surface.
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2. EXPERIMENTAL AND COMPUTATIONAL METHODS

Chemicals and Materials. All chemicals were analytical grade and used without
further purification. Distilled water (18 MQ/cm) was used to prepare all the solutions.
Cobalt chloride hexahydrate [CoCl, 6H20] was purchased from J T Baker Chemical Co.,
copper chloride dihydrate [CuCl> 2H20] and potassium hydroxide [KOH] from Fisher
Scientific, selenium dioxide [SeO-] and hydrazine monohydrate [N2H4 H>0] from Acros
chemicals. Carbon fiber paper (CFP) and Au-coated glass used as conductive substrates
were purchased from FuelCellsEtc, Texas and Deposition Research Lab Incorporated
(DRLI), Lebanon Missouri, respectively. All Au coated glass substrates were carefully
cleaned by treatments in Micro-90, isopropanol and deionized (DI) water while CFP were
cleaned by simply soaking into isopropanol.

Synthesis of CuCo.Ses. In a typical synthesis of CuCo2Ses by hydrothermal
method, 10 mM of CuCl, 2H20, 20 mM of CoCl, 6H20 and 40 mM of SeO> were mixed
in 10 mL of deionized water, then the mixture was stirred on a magnetic stirrer to form a
homogenous solution. After 10 min of stirring, 0.5 mL of hydrazine (N2Hs H20) was added
carefully and then a brown colloidal solution was formed. The resulting solution was stirred
for another 10 min and then transferred into a 23 mL Teflon-lined stainless-steel autoclave.
The autoclave was tightly sealed and maintained at 145 <C for 24 h and then naturally
cooled down to room temperature. The final blackish product was collected by means of
centrifugation, followed by washing several times with distilled water and absolute ethanol.
The product was dried in the vacuum oven at room temperature overnight.

Electrode Preparation. To prepare the catalyst ink, 2.0 mg CuCo2Ses nanoparticles

were dispersed into 1.0 mL 0.8 % Nafion® ethanol solution, followed by 30 min
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ultrasonication. Both Au coated glass and CFP substrates were covered with a Teflon tape,
leaving an exposed geometric area of 0.070 cm™ on which 20 pL of the homogeneous
catalyst ink was drop-casted. The electrodes with a loading of ~ 0.57 mg cm™ were dried
at room temperature. After being heated at a constant temperature of 130 <C for 30 min in
a vacuum oven, the electrodes were ready for the electrocatalytic measurements.

Characterization. The catalyst composite was characterized through powder X-ray
diffraction (PXRD) using Philips X-Pert X-ray diffractometer (PANalytical, Almelo, The
Netherlands) with a Cu Ka (1.5418 A) radiation. The morphology of the product was
observed with a scanning electron microscope (SEM, Hitachi S4700) using an acceleration
voltage of 15 kV and a working distance of 12 mm. Energy dispersive spectroscopy (EDS)
was also obtained from the same SEM to identify the relative atomic ratio of the constituent
elements in the catalyst composite. X-ray photoelectron spectroscopy (XPS) of the catalyst
before and after catalytic activity was carried out using a KRATOS AXIS 165 X-ray
Photoelectron Spectrometer with the monochromatic Al X-ray source. All XPS analysis
was performed on the pristine catalyst surface without any sputtering.

Electrochemical measurements. The electrocatalytic performances of CuCozSes
were investigated in 1.0 M KOH solution at room temperature in a three-electrode system
by an IviumStat potentiostat. The OER and HER catalytic activities were studied from
linear scan voltammetry (LSV) while the stability of the catalyst was estimated by
chronoamperometry at a constant applied potential. A three-electrode cell comprising
CuCo2Ses drop-casted on various substrates (Au coated glass or CFP) serving as the
working electrode, a glassy carbon (GC) as the counter electrode and an Ag|AgCl (KCI

saturated) reference as the reference electrode was used for all electrochemical
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measurements. All measured potentials vs Ag|AgCl (KCI saturated) were converted to the

reversible hydrogen electrode (RHE) according to the Nernst equation (eg. 1).

Erue = Eagjagct + 0.059pH + E:lg|AgCl (1)

Where Egyp IS the calculated potential vs RHE, and E;gmga is the standard
thermodynamic potential of Ag|AgCI (KCl saturated) at 25.1 <C (0.197 V), and E4gagc:
is the experimentally measured potential vs Ag|AgCI (KCI saturated) reference electrode.

Calculation of Tafel Slope. The Tafel slope is an important parameter to explain the
kinetics of electrocatalytic performance of CuCo,Se4 and the equation is shown below.

n=a+="log(j) &)
Where 7 is the overpotential, « is transfer coefficient and the other symbols have their
usual meaning. The Tafel slope is given by 2.3RT /anF.

Density Functional Theory Calculations. The electronic properties of CuCo2Ses in
bulk and slab geometries were studied using first-principles density functional calculations
as implemented in the Vienna ab initio simulation package (VASP).>%606162 The
generalized gradient approximation in the Perdew-Burke-Ernzerhof (PBE) form,®364
within the projector augmented-wave method was used.®>® The generalized gradient
approximation with an on-site Coulomb U term (GGA+U) method has been shown to
successfully describe the cohesive energy, electronic structure, and mechanical and
magnetic properties of bulk and surfaces of 3d-metal based materials.®”:%%70 |n this work,
GGA+U method”* with U =0 and 6 eV for Co-d states and U = 0 and 4 eV for Cu-d states
was used to study the electronic structure and magnetic properties of bulk and slabs of
CuCo2Ses as well as the adsorption energy of OH™ at the surfaces. Moreover, it allowed for

straightforward comparisons with previous reports. The internal atomic positions for all
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structures were optimized using force and total energy minimization until the Hellmann-
Feynman force on each atom was below 0.01 eV/A. Brillouin-zone sampling was done
with I'-centered Monkhorst-pack with k-mesh of at least 4x4x4; the cut-off energy of 500

eV was used for bulk and slab geometries.

3. RESULTS AND DISCUSSION

Figure la shows the powder pxrd pattern of the as-synthesized CuCo2Ses which
exhibits a close similarity with the standard CuCo2Ses pattern (PDF # 04-019-0997). A
trace amount of CuzSe (PDF # 00-006-0680) could also be detected in the pxrd pattern.
Approximate size of the crystalline domains was calculated from the line broadening of the
diffraction peaks to be approximately 2.67 nm using the Scherrer equation.’? Interestingly,
CuCo2Ses belongs to a spinel structure type, AB2X4, (X = chalcogen atom). Among the
metals A and B, A is a divalent cation occupying the partially occupied tetrahedral layer,
while B is a trivalent cation occupying the fully occupied octahedral metal layer. From the
crystal structure illustration (inset of Figure 1a), it was observed that there is only one type
of Co/Cu atom, and the bond lengths of Co-Se and Cu-Se are ~ 2.385 and 2.378 A
respectively. Cu atoms predominantly occupied the tetrahedral sites, while Co atoms were
in the octahedral coordination sites.

SEM images of as-synthesized CuCo»Ses catalyst showed small granular and
nanocoral-like morphology with wide size distribution (20 — 200 nm) as shown in Figure
1b. Such nanostructured geometries are highly advantageous for catalytic applications
since they provide high active surface area. The chemical composition and oxidation states

of as-prepared CuCo.,Ses catalyst were further determined by X-ray photoelectron
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spectroscopy (XPS) shown in Figure 1c-e. It should be mentioned that all binding energies
of Co, Cu and Se were calibrated with respect to a reference binding energy of C 1s (284.5
eV). Co 2p XPS peaks were observed at 777.8 and 793.3 eV confirming the presence of
Co-selenide phases.” Similarly the Cu 2p XPS peaks observed at 933.8 and 954.1 eV
confirmed the presence of copper-selenide linkages.”* The oxidation states of Cu, Co and
Se in as prepared catalyst were further evaluated from the deconvoluted XPS spectra
presented in Figure 1c-e. The deconvoluted Co 2p and Cu 2p spectra confirmed the
presence of mixed oxidation states of Co?*/Co®" and Cu*/Cu?*, respectively. The Co 2p
XPS spectrum in Figure 1c could be deconvoluted to reveal peaks at 780.5 and 796.8 eV
corresponding to Co?* 2pa2 and Co?* 2p1s2; while peaks at 777.8 and 793.3 eV correspond
to Co®* 2ps2 and Co®* 2puy, respectively.®*" The obvious satellite peaks of Co 2p can be
found at 785.5 and 802.2 eV.*37° Similarly, in the Cu 2p deconvoluted spectra (Figure 1d),
the peaks at 931.5 and 952.5 eV correspond to Cu* 2paz2 and Cu™ 2p1/2 while those at 933.8
and 954.1 eV assign to Cu?* 2ps;2 and Cu®* 2pu2 with its shake-up satellite peaks at 941.8
and 961.7 eV.5>78 In the Se 3d spectra (Figure 1e), the peaks at 54.0 and 54.9 eV correspond
to Se 3ds/2 and Se 3das2, respectively, which confirm the presence of Se?”.%7" The peak at
~ 59 eV indicates the existence of SeOx species which might due to the surface oxidation
of selenide. However, no metal oxides were detected on the catalyst surface from XPS
analysis. It was found that the cations in the as-prepared catalyst contained 8 % of Co%*, 45
% of Co®*, 9 % of Cu* and 38 % of Cu®*.

To measure the electrocatalytic performances, CuCo2Ses nanoparticles were drop-
casted on Au coated glass following standard procedures as described above. Linear sweep

voltammetry (LSV) was performed to measure all the catalytic activities in alkaline
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Figure 1. (a) PXRD pattern of the as-synthesized CuCo.Ses nanoparticles. The inset of
(a) shows the crystal structure of CuCo2Ses created from the cif file corresponding to
PDF # 04-019-0997. (b) SEM image of the as-synthesized CuCo,Ses. Deconvoluted XPS
spectra of (c) Co 2p, (d) Cu 2p and (e) Se 3d collected from the as-synthesized catalyst.

solution (1.0 M KOH), while the catalyst durability was studied through
chronoamperometry measurements by applying a constant voltage. The electrochemically
active surface area (ECSA) as shown in Figure S1 was estimated by measuring the double
layer charging current in non-Faradaic region at different scan rates following reported
procedure.® The anodic and cathodic capacitive current (ip, ) at 0.01 V vs Ag|AgCI (KCI
saturated) was plotted as a function of scan rate (v) as shown in Figure S1 (insert), and the
value of Cp;, can be obtained from the average of anodic and cathodic slopes according to
eq. 2. The ECSA of CuCo,Se4 catalyst is obtained through eq. 3 while the roughness factor

(RF) is calculated from the ratio of ECSA and the geometric area (0.07 cm?).
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ipp = CpL*Vv 2)

ECSA = Cp,/Cs ©)
Cp;, is the double layer capacitance and Cs is the specific capacitance of the electrocatalyst
per unit area under identical electrolyte condition. In this study, Cs was taken as 0.040 mF
cm based on reported values.®2 The ECSA of the catalyst was estimated to be 5.61 cm?
and RF was calculated as 80.18, confirming that the active surface of these nanostructured
catalysts was indeed highly rough. It is well known that the catalytic activity is expected

to be improved by rough catalyst surface due to a more extensive exposure of the

catalytically active sites to the electrolyte.
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Figure 2. Polarization curves of CuCo2Ses@Au, RuO.@Au and bare Au substrate in No-
saturated 1.0 M KOH at a scan rate of 10 mV s™. The inset shows Tafel plots of
CuCo2Ses@AuU and RuO@Aw.

For comparison of the electrocatalytic performance of CuCo2Ses with known
standards,, state-of-the-art OER catalyst RuO.@Au with a similar loading was also

prepared in our laboratory by electrodeposition following a typical procedure described in
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supplementary information’® and its catalytic activity was measured under the exact same
condition. Figure 2 shows the OER polarization curves of CuCo;Ses@Au-glass,
RuO.@Au-glass and bare Au coated glass measured in N»-saturated 1.0 M KOH at a scan
rate of 10 mV s1. As expected, negligible catalytic activity was obtained on bare Au-coated
glass while CuCo,Ses@Au was highly active towards OER and exhibited efficient oxygen
evolution activity with a very low onset potential of 1.43 V vs RHE as shown in Figure 2
and in the magnified plots shown in Figure S2. The current density of CuCo,Ses increased
very rapidly after onset and it yielded a current density of 50 mA cm at an overpotential
of only 320 mV, which was much better compared to the state-of-the-art RuO2 (430 mV at
50 mA cm™). In order to investigate the effect of substrates, the OER activity of CuCo2Ses
catalyst also studied on various substrates (Au coated glass and carbon fiber paper) as
shown in Figure S3. CuCo2Ses exhibited almost same activities on both the substrates,
which meant the catalyst itself was intrinsically very efficient for OER independent of 2D
flat or 3D porous substrates. The catalytic activity of CuCo2Ses was also compared with
the binary metal selenides, CusSe., Cu.Se, Co7Ses and CoSe (shown in Figure S4) to
understand the influence of transition metal doping in the catalytic site as well as influence
of crystal structure. As can be seen clearly, the mixed metal selenide was more active than
any of the binary metal selenides. Tafel slope is an important kinetic parameter to explain
the high catalytic performance of CuCo.Ses, which showed a modest slope of 66.5 mV
decade (inset of Figure 2), indicating OER on CuCo2Ses surface was Kinetically
favourable.

To further understand the high OER activity of CuCo.Ses catalyst, electrochemical

impedance spectroscopy (EIS) was performed to evaluate the internal resistance of the
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catalyst composite as well as the charge-transfer resistance at the catalyst (electrode)-
electrolyte interface. The Nyquist plot of CuCo2Ses catalyst was obtained at an applied
potential of 1.45 V vs RHE in N»-saturated 1.0 M KOH solution as shown in Figure S5.
The electrolyte resistance (Rs), resistance of the catalytic composite (Rcataryst), and the
charge transfer resistance (Rct) can be obtained from the equivalent circuit as fitted from
the Nyquist plot of CuCo2Ses catalyst (insert in Figure S5), and the values obtained from
the fit have been listed in Table S1. As can be seen, the uncompensated electrolyte
resistance Rs was obtained as 5.0 Q, which was subsequently used for iR correction. From
the fitting of the equivalent circuit it was estimated that the Rct and Recataiyst Of catalyst was
9.34 and 716.6 Q, respectively. The charge transfer resistance derived from lower
frequency region was closely related to the kinetics the OER process on the catalyst
surfaces. Hence, the smaller the value of Rt indicates a more efficient electron transfer at
the catalyst-electrolyte interface leading to faster OER reaction rate and subsequently
showing better catalytic activity consistent with the low overpotential obtained from
electrocatalytic measurements as reported above. Lower catalyst resistance (Rcatalyst) On the
other hand, leads to better charge transport within the catalyst composite resulting in faster
kinetics and higher current density at low potentials .78

The OER Faradaic efficiency of CuCo2Ses catalyst was evaluated by water-
displacement method, and the theoretical amount of evolved O, was compared with the
experimentally measured Oz as shown in Figure 3. A Faradaic efficiency of nearly 100%
was obtained for CuCo,Ses catalyst toward OER reaction. achieve a current density of
around 8.0 mA cm, was used to investigate the stability of the CuCo2Se4 catalyst for 8 h

(shown in Figure 4a insert). As can be seen, the current density was slightly increased after
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Figure 3. The amount of theoretically calculated yield for oxygen (black dots) and
experimentally measured oxygen (red dots) on CuCo2Ses electrocatalytic surface versus
time at 0.7 V vs Ag|AgClI (KCI saturated).

8 h aging in alkaline medium indicating an increase of catalytic activity. Such increase of
catalytic activity has been previously observed in Nafion®-containing catalytic films and
can be explained by increasing porosity of the Nafion® composite as O in evolved during
continuous OER. Figure 4a shows the comparison of LSV polarization curves before and
after 8 h of chronoamperometry in 1.0 M KOH indicating excellent stability of the catalyst
under conditions of continuous O evolution with improved activity after 8 h. To confirm
the compositional stability, the crystalline structure of CuCoxSes after 8 h of
chronoamperometry was studied by pxrd which indicated only the presence of CuCo2Ses
as the major crystalline phase without any other metal oxides or hydroxides as shown in
Figure 4b. The morphology of the catalyst after 8 h chronoamperometry was investigated
by SEM as shown in Figure S6, which showed that the catalyst had similar morphologies
before and after prolonged catalytic activity. XPS spectra collected after

chronoamperometry demonstrated that the peaks of Co 2p, Cu 2p and Se 3d (shown in
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Figure 4c-e) remain unchanged in terms of peak position. A comparison of the XPS peaks
of pristine CuCo.Ses and the sample after 8 h chronoamperometry as shown in Figure S7
also revealed the close similarity of the peaks indicating no change in surface composition.
in the XPS spectra as shown in Figure 4c-e was deconvoluted to analyze the different
oxidation states of the elements and it was observed that the cations after 8 h aging catalyst
included 14 % of Co%*, 38 % of Co?*, 9 % Cu* and 39 % of Cu?*. It is interesting to observe
that the sample after chronoamperometry contained similar percentage of Cu* and Cu?*,
while the amount of Co®* increased by 6 % and Co?* decreased by 7 % in comparison with
the as-prepared CuCo2Ses. The CuCo.Ses catalyst after 8 h chronoamperometry was also
studied by EDS which exhibited that the atomic ratio of Cu, Co and Se before and after
chronoamperometry were almost same (relative atomic percentages has been listed in
Table S2 in supporting information). All these post-OER activity and compositional
analysis revealed that the catalyst was indeed stable under corrosive alkaline conditions.
CuCo2Ses nanoparticles also exhibited remarkable electrocatalytic activity for
hydrogen evolution reaction (HER) at the cathode in N.-saturated 1.0 M KOH. Polarization
curves of CuCo,Ses@Au-glass were measured with a scan rate of 10 mV s and compared
with Pt mesh under the same condition shown in Figure 5. It can be seen that an
overpotential of 125 and 232 mV for CuCo.Ses was required to achieve a cathodic current
density of 10 and 50 mA cm?, respectively, which was just slightly higher than that of Pt.5!
With a very low onset potential of - 47 mV vs RHE obtained from the magnified LSV plot
shown in Figure S8, the cathodic current density of CuCo2Ses catalyst increased rapidly
indicating excellent conductivity of the catalyst. The stability of the catalyst for continuous

H> evolution was measured at -0.11 V vs RHE to achieve a cathodic current density
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Figure 4. (a) Comparison of LSV curves of CuCo2Ses catalyst measured in N2-saturated
1.0 M KOH before and after 8 h chronoamperometry. The inset shows
chronoamperometric measurement of CuCo2Se4 under continuous O evolution. (b)

Comparison of pxrd before and after 8 h chronoamperometry. XPS spectra of (c) Co 2p,
(d) Cu 2p and (e) Se 3d after chronoamperometric measurement for 8 h.

around -7 mA cmin 1.0 M KOH for 4.5 h shown in the inset of Figure 5. As can be seen,
the current density was similar before and after 4.5 h aging. The LSVs before and after
chronoamperometry has been compared in Figure 5 showed almost same behaviour
towards HER further confirmed the stability as a HER catalyst in alkaline medium.

Since CuCozSes@Au exhibited highly efficient bifunctional electrocatalytic
activity for both OER and HER in alkaline medium, so an electrolyzer was made using
CuCo,Ses@Au-glass electrodes as both cathode and anode for water splitting at room
temperature (Figure S9). CuCo2Ses@Au||Pt and RuO2||Pt couples were also measured in

N2-saturated 1.0 M KOH solution in comparison of CuCo,Ses@Au||[CuCo2Ses@Au as
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shown in Figure S10. As expected, combining CuCo,Ses@Au anode and Pt cathode
exhibited the highest efficiency while the RuO.||Pt couple produced diminished catalytic
activity. CuCo2Ses@AuU||CuCo.Ses@Au electrolyzer required a cell voltage of 1.782 V to
reach a current density of 50 mA cm shown in Table S3.

To better understand the effects of the electronic properties of CuCo.Ses on its
outstanding OER catalytic activities, DFT calculations were performed to evaluate the
electronic band structure for bulk CuCozSes, slab with (100) terminated surface, and slab
with (111) surfaces with Co/Cu termination and Co-only termination, as shown in Figure
6. All the crystal structures for bulk and the slabs of CuCo,Ses (Figure 6) were plotted
using VESTA software.®2 The corresponding supercells are CusCo16Ses2 (4 formula units,
f.u.) as shown in Figure 6 (a), Cu14Co028Sese (7 f.u.) in Figure 6 (b), and Cu24Co4sSegs (12
f.u.) in Figure 6 (c), respectively. To study the surface properties in the 2D structures under

periodic boundary conditions, a relatively large vacuum layer of around 10 A was used to
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Figure 5. HER activity of CuCo2Ses@Au measured in N2-saturated 1.0 M KOH at a scan
rate of 10 mV s compared with that of Pt mesh. The plot also shows the polarization
curve after chronoamperometry. Inset shows the chronoamperometric study of
CuCozSes@Au for 4.5 h of continuous H2 evolution.
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separate the 2x2 slabs in order to avoid interaction between them. The slab thickness is
about 17 A for both the (100) and (111) surfaces that corresponds to seven Co-containing

layers.

© Co

Vacuum © Cu
10 A

Vacuum

10 A
O Se

Super
cell

Figure 6. Slab supercells for (100) surface (a), (111) surface with Cu/Co termination (b)
and (111) surface with Co-only termination (c). Color coded: navy — Co, yellow — Cu,
green — Se.

The total density of states (DOS) and partial density of states (PDOS) of bulk
CuCo;Se;4 calculated using GGA+U with U = 6 eV for Co d-states and U = 4 eV for Cu d-
states are presented as solid lines in Figure 7. The valence band (VB) mainly consists of
the d-orbitals from Co and Cu hybridized with the p-orbitals of Se, while the conduction
band (CB) is mainly composed of both the empty d-orbitals in Co and the antibonding p-
orbitals of Se. This result suggests the occurrence of d-d transitions between Co and Cu,
and the charge transfer between metal and Se.®% Importantly, the continuous distribution of
the DOS near the Fermi level indicates that CuCo2Ses is in the metallic state with a high

electrical conductivity,* resulting from the PDOS contribution of Co and Se atoms as
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shown in Figure 7 (c) and (d). This result is also consistent with the electrochemical
impedance spectra (EIS) measurement shown in Figure S5 and Table S1 which revealed
that CuCo.Se4 catalyst has a relatively low catalyst resistance as well as charge transfer
resistance, therefore facilitates fast electron transport during the electrocatalytic process.*
The DOS and PDOS plots calculated using GGA method are also given as dashed lines in
Figure 7 for comparison. Most importantly, GGA or GGA+U with U=5 eV or smaller result
in a non-magnetic solution, whereas the magnetic moment of 0.79 g on Co atoms was
obtained for U=6 eV. For the latter case, there is a significant effect of Ut on the occupied
Co 3d states than on Cu 3d states in VB; the changes in CB are caused primarily by the
magnetic interactions on Co atoms that push the spin-down empty 3d-states of Co to a

higher energy.
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Figure 7. (a) The total density of states (DOS) of bulk CuCo.Ses and (b-d) partial density
of states (PDOS) of Cu 3d, Co 3d and Se 4p calculated using GGA (dashed line) and
GGA+U with U =6 eV for Co d-states and U =4 eV for Cu d-states (solid line).
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In Figure 8, the total density of states (TDOS) of bulk CuCo2Ses, (100) slab, (111)
slab with Co/Cu and (111) only-Co terminated planes, all calculated within GGA+U, are
compared. It can be noticed that bulk and both (100) and (111) surfaces are in the metallic
state. The (100) surface shown in Figure 8 (b) exhibits a similar TDOS in the vicinity of
the Fermi level as that of the bulk CuCo.Ses, while (111) surfaces as shown in Figure 8 ()
and (d) show a more intense TDOS near the Fermi level; thus, suggesting a higher
electronic conductivity. It’s also interesting to observe the trend that the width of the CB
narrows, effectively shifting the top of the CB around 2 eV toward the Fermi level from
bulk to (100), (111) Co/Cu and (111) Co surfaces, indicating that the (111) surface has
more metallic character and the d-d localization might take place among Cu and Co atoms.
During the OER process, the active sites can be stabilized by the charge transfer and
enhance the efficiency of absorbing intermediate species, which has been widely agreed
upon as being one of the important factors to affect the OER catalytic activity.3488 Hence,
it’s reasonable to conclude that the (111) surface with Co-terminated lattice plane is more
catalytic favorable than (111) Co/Cu and (100) plane or even bulk. Based on the calculated
surface Gibbs free energy, the Esurface is 136 meV for (100), 280 meV for (111) Co/Cu, and
242 meV for (111) Co. Hence, the thermodynamic stability of surface orientations is then
as follows: (100) > (111) Co > (111) Co/Cu, indicating that the (100) surface should be
more thermodynamically favorable. For the (111) surface, termination with Co layer is
more stable than that with Co/Cu, so it is easier to form (111) Co termination under
directional growth. It is important to stress that the thermodynamically stable plane will
not necessary have more metallic states to reduce the overpotential: In fact, Yagi group has

reported that the surface with higher energy can lead to a higher adsorption energy of
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hydroxide species to facilitate the catalytic activity.®” In another report, Wang’s group has
also studied CosO4 nanocrystals exposed with different lattice planes and showed that (111)
is the most catalytically active plane with the highest Esurface.® Indeed, a surface with higher
energy is expected to have structural defects that attract hydroxide species as adsorbents to
reduce the surface energy. Hence in this work, we focused on the comparison between the
(100) and (111) Co/Cu terminated planes and investigated the OH™ absorption on Co and

Cu sites for both surface orientations.
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Figure 8. Total density of states (TDOS) of bulk CuCo2Ses (a), (100) surface (b), (111)
surface with Co/Cu (c) and Co (d) termination.

To further analyze the electronic properties of the (100) and (111) surfaces, the
DOS of top layer in (100) and (111) Co/Cu, the PDOS of a single Co atom located in the
top surface layer (layer 0) and in the center layer (layer 3, close to the bulk property) have
been plotted and compared in Figure 9. As can be seen in Figure 9 (a), the Co atom in the

surface layer contributes at the bottom of VB in the (100) case, i.e., shifted by almost 3 eV
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toward a more negative energy as compared to the Co atom in the center layer. In marked
contrast, the energy position of the Co VB states remains almost same in the (111) Co/Cu
case shown in Figure 9 (b). Hence, in the (100) case, the electronic properties of the surface
top layer deviate significantly from those in bulk — in accord with the variation of the Co
magnetic moments given in Table S4, whereas the changes occur even in the center layer
for the (111) Co/Cu slab. For the Co atom located in the surface layer, the VB of both

(100) and (111) Co/Cu are similar, while the CB in (111) is slightly closer to the Fermi

level.
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Figure 9. Comparison of partial electronic density of states (PDOS) of Co atoms in the
surface top layer with the one in the center layer in the (100) slab (a) and (111) slab with
Co/Cu termination (b).

To understand the differences in the electronic and magnetic properties of the top

layer and the inside layers, the combined PDOS of all Co atoms from each layer of (100)
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slab and (111) Co/Cu slab have been plotted and presented in Figure 10. In this case, the
layer O refers to the surface layer, while the deeper layers are denoted as layer 1, layer 2
and layer 3 (center). Notably, in Figure 10 (a), the surface layer shows a much unique DOS
compared with that of the inside layers in the (100) slab. The DOS of the top layer is less
intense near the Fermi level while it is likely to be increased for the deeper layers. The
origin of the energy shift of the surface states is in the stronger magnetic exchange
interactions that split these Co d-states apart. The magnetic moment on Co, given in Table
S4, decreases from layer 0 (2.10 ug) to layer 3 (0.78 ug) — in accord with shorter Co-Se
bond distances and stronger bond distortion for the surface layer, also listed in Table S4.
Thus, the central layer in the (100) slab resembles the electronic and magnetic properties
of bulk CuCo2Ses. In contrast, there is no apparent correlation between the Co magnetic
moment and the layer depth in the (111) slab: the top layer O has the highest magnetic
moment (2.29 ug), as it is in the (100) case, however, the following layer 1 has the lowest
magnetic moment (1.47 pg) and the magnetic moment is large in the layers 2 and 3 (~2.1
us), more than double of that in the bulk value (0.79 ps). Therefore, the structural
reconstruction and the surface enhancement of the magnetic properties of Co atoms is much
deeper for the slab with (111) surface orientation than that for the (100) slab where only
the top surface layer is affected. It should be noted here that in contrast to (100) slab with
similar metal composition of the layers, in the (111) slab, the layer 1 and layer 3 consist of
only Co atoms while both Co and Cu atoms are present in the layer 0 and layer 2. The Co
atoms in layer 0 has Co-Se bond distance of 2.23 A which is the shortest one in comparison
to that in bulk (2.40 A). As a result, both the spin up and spin down states are narrower for

Co atom in the surface layer as compared to deeper layers, Figure 10 (b), however, the Co
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atom in the top layer has spin down CB states closest to the Fermi level (at ~1 eV). These

states participate in OH™ adsorption, as shown below.
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Figure 10. Combined partial density of states (PDOS) of all Co atoms in each layer for
(100) slab (a) and (111) Co/Cu terminated slab (b).

To investigate which metal atom on the surface is more likely to be the catalytically
active site for OER, the adsorption of OH™ on (100) and (111) Co/Cu terminated slabs was
modeled by placing OH™ ion in the vicinity of the active metal site (Co or Cu) of the relaxed
free surface at an initial distance of about 2.2 A from the metal atom. The GGA+U total
energy of the fully-optimized structure with OH™ bonded to the surface Co atom is 0.53 eV
and 2.03 eV higher than that bonded to the Cu atom for the (100) and (111) surface,
respectively. The large energy difference, especially in the (111) case, suggests that Co
atom is the highly preferred catalytically active site. We should note here that the energy
difference between the adsorption of OH™ on Co vs Cu is much smaller within GGA (U=0
eV), namely, 0.04 eV and 0.52 eV for the (100) and (111) case, respectively, suggesting

that magnetism plays a crucial role in favoring the OH™ adsorption on Co. The comparison
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of PDOS of Co and Cu atoms with and without OH™ attachment is shown in Figure 11 and
Figure S11, respectively. For both Co and Cu with OH™ ion attached, there is a significant
orbital splitting of the occupied metal states associated with rearranged electron cloud. In
addition, in all cases except for Cu-OH at (111) surface, a strong hybridization of the metal
states with the states of OH™ ion leads to a more intense density of states in the VB near
the Fermi level as compared to OH™ free surfaces. Further, comparing the energetics of the
OH ion bonded to Co on (100) vs (111) surface, we find that the OH™ adsorption on the
(111) Co/Cu terminated surface is energetically more favorable by as much as 7 eV as
shown in Table S5. While the Co-O distances or Co-O-H angles are relatively similar for
the (100) and (111) slabs, namely, 1.81 A and 1.76 A or 110.4° and 123.1°, respectively,
we believe that the huge energy difference for OH™ ion adsorption on Co at two different
surface orientations is due to the fact that the Co atom at the (111) surface is 3-coordinated
with Se atoms, whereas it is 5-coordinated at the (100) surface. Upon bonding to the OH
complex, the magnetic moment on the Co atom increases from 2.1 ug to 2.6 ps for (100)
slab and from to 2.3 pg to 2.4 pg for (111) slab with Co/Cu termination, whereas the Co-
Se distances increase from 2.33 A to 2.45 A and from 2.23 A to 2.30 A respectively.
Accordingly, the calculated PDOS of Co, Figure 11, shows that the occupied spin-up Co
states become more localized upon bonding with OH™ due to the weaker Co-Se interactions
and are shifted to the lower negative energy because of the stronger magnetic exchange
splitting. On the other hand, the PDOS exhibit opposite trends in the empty spin-down
states of Co for (100) and (111) slabs, namely, the shift to the lower and higher energy,
respectively, as shown in Figure 11. Finally, we aligned the DOS of the (100) and (111)

Co/Cu terminated slabs with OH™ ion attached to Co atom on each surface with respect to
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the semi-core O-2s states and observed that the Fermi level of the (111) surface is about
0.2-0.3 eV lower as compared to that of the (100) surface — in accord with the preferred
OH™ adsorption on the (111) surface orientation of CuCo,Ses.

From the DFT studies of the electronic properties and the OH~ adsorption
calculations on the different surfaces of CuCo.Ses, it can be concluded that Co atom is the
active catalytic site for the CuCo2Ses system. However, the presence of Cu on the
neighbouring sites influences the electronic density around the Co ions as well as its
magnetic moment. Specifically, the alternate Co-only and Cu/Co layers in the slab with
(111) surface orientation (Figure 6), results in significant variance of the layer-dependent
magnetic moment of Co and, hence, its electronic properties, making surface enhancement
of the magnetic interactions penetrate deeper into the (111) slab and OH™ adsorption
energetically favourable on the (111) surface. Furthermore, in cobalt based materials, Co®*
has been widely accepted as the effective active site resulting in the Co?*—Co®" redox
conversion during the OER process.®® The Co**—Co®" oxidation is visible as the peak at
around 1.1 V (vs RHE) in the OER LSV, which is consistent with the data shown in Figure
2. Such catalyst activation will be enhanced as the presence of Cu redistributes the electron
density around Co through d-d interactions as was also observed in the DFT studies. The
increased amount of Co®* seen in XPS also confirms that Co sites are more likely to serve
as the active catalytic site for OER. Specifically, with the spinel structure catalysts, the
metal ions occupying the octahedral sites has been observed to be more active for OER.8%%
The availability of additional sites for OH™ adsorption on Cu will also possibly increase the

hydrophilicity of the surface leading to better wettability and improved catalytic
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performance. The inclusion of Cu also enhances the metallic states and electrical

conductivity within the composite.
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Figure 11. Partial density of states (PDOS) of Co atom in (100) surface before OH~
attachment (a), Co atom after OH™ attachment (b), OH™ ions after attachment on Co atom
(c). PDOS of Co atom in (111) surface before OH™ attachment (d), Co atom after OH~
attachment (e), OH™ ions after attachment on Co atom (f).

4. CONCLUSIONS

In summary, for the first time, CuCo2Ses nanoparticles are shown as an out-
performing bifunctional electrocatalyst for overall water splitting. The OER and HER
electrocatalytic property was studied through detailed electrochemical measurements
which revealed that the catalyst required a low overpotential of 320 mV and 232 mV to
achieve 50 mA cm™ for OER and HER, respectively, and exhibited promising durability
in alkaline solution. The overpotential for OER was significantly lower than that of RuO-
and was amongst the lowest for selenide based OER electrocatalysts. A comparison with
the other reported Co and/or Cu-based OER/HER catalyst (Table 1) revealed that

CuCozSes presented in this paper is even better than the best Cu and/or Co-based OER
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catalyst. Importantly, the catalyst can be applied for full water splitting and can achieve a
current density of 50 mA.cm™ at a cell voltage of 1.782 V with energy efficiency of 83.05
%. The CuCozSes nanostructure synthesized through one-step hydrothermal method
provides a new composition of high-efficiency electrocatalysts comprising economical and
earth abundant transition metals. First-principles electronic structure calculations of bulk
and (100) and (111) lattice plane terminated slabs of CoCuzSes as well as comparison of
OH™ adsorption energies on the corresponding surfaces provided significant insight into
the origin of observed catalytic performance and possible catalytically active sites in this
material. Based on the extensive DFT calculations, it was concluded that Co is the actual
catalytically active site in this material. However, the presence of neighboring Cu atoms
enhances the catalytic activity on the Co site through electron redistribution, as well as
enhancement of the local magnetic moment which effects the OH™ adsorption energy on
the catalytic site, leading to faster onset of OER and reduction of overpotential. Such
knowledge regarding the effect of transition metal doping on the OER catalytic activity as
well the positive effect of the presence of Cu near the catalytic site, can be extended to

design other OER catalytic system with predictively high efficiencies.

Table 1. Comparison of catalytic activity for different Co and/or Cu based OER / HER
electrocatalysts in alkaline medium.

OER HER
Electrocataly  Electrolyt Onse.t Overpotential Onse.t Overpotential ~ Reference
st e potential (mV vs RHE) potential (mV vs RHE)
(Vs 0 (Vs 2
RHE) @ 10 mA-cm RHE) @ 10 mA-cm
CuCo»Se4 1 M KOH 1.43 3202 0.07 120 This work

Co7Ses 1 M KOH 1.45 290 0.317 472 38
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Table 1. Comparison of catalytic activity for different Co and/or Cu based OER / HER
electrocatalysts in alkaline medium. (cont.)

CusSe 1 M KOH 1.50 320 . . 39
CuCo04Nr 1\ ol 1.52 360 - - 54
GO
CuCo,S;s 1 MKOH 1.43 310 . . 55
(Ni, 91
ColosSe 1 M KOH 1.47 255 - -

CoSe» 1 M KOH 1.55 430 0.1° 160 92
CuO 1 M KOH 1.59 470 - - 9
CuO 1 M KOH 1.57 420 94

CuCo,S+/CF 1 M KOH 1.43 295¢ - - 9
CusP/NF 1 M KOH 1.49 320 0.12 150 96
CuO- a 97
TCNQ/CE 1 M KOH 1.55 355 - -
C°306/N1C°2 IMKOH 153 340 ; ; %
4
0.1 M
CuMoSs  phosphate - - 0.55 750 %
buffer

aQverpotential at 50 mA ¢m. ®HER was studied in 0.5 M H,SOa. ¢ Overpotential at 100 mA cm™
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Electrodeposition of RuO2 on Au coated glass: In a previous reported procedure of
electrodeposition of RuO2,%! RuCls (0.452 g) and KCI (2.952 g) were mixed in 40 ml of
0.01M HCI, cyclic voltammetry from 0.015 to 0.915 V (vs Ag|AgCl) was applied for 100
cycles at a scan rate of 50 mV s™. Finally, the products were heated at 200 <T for 3 h under

air.
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Figure S1. Cyclic voltammograms measured for CuCoxSes@Au in N»-saturated 1.0 M
KOH solution at different scan rates from 2.5 to 20 mV s’!. The inset is a plot of both
anodic and cathodic current measured at 0.01 V vs Ag|AgCl (KCl saturated) as a function
of scan rate.
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Figure S2. Zoom-in LSV curve of CoCu,Ses@Au in Nz-saturated 1.0 M KOH at a scan
rate of 10 mV st in order to obtain the onset potential.
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Figure S3. LSV curves of CoCu2Ses on Au and CFP in N2-saturated 1.0 M KOH at a scan
rate of 10 mV s,
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Figure S4. Comparison of OER LSVs of CoSe, Co7Ses, CuzSe2, CuzSe and CuCo2Ses4
measured in No-saturated 1.0 M KOH at a scan rate of 10 mV s
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Figure S5. Nyquist plot obtained from EIS measurements of the catalyst and applied
potential of 1.45 V vs RHE in N»-saturated 1.0 M KOH solution. Symbols indicate the
raw data, while solid lines represent the corresponding fit to equivalent circuit model.

Inset shows the equivalent circuit of catalysts.
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Table S1. Equivalent Circuit Parameters Obtained from Fitting of EIS Experimental
Data.

Parameters | \alue
Ry/Q 5.0
Re/Q 9.34

CPEq/F 0.63
Recatalyst /€2 716.6
CPEcatalyst/F | 0.75

Rs is the resistance of the electrolyte; R is the electron transfer resistance; CPEq

is the constant phase element of double-layer nonideal capacitance; Recatalyst IS resistance of

the catalyst layer; and CPEcatalyst is the capacitance.

Figure S6. SEM images of as-synthesized CuCo2Ses (a) and CuCo,Ses after 8 h
chronoamperometry in 1.0 M KOH.

Table S2. Comparison of EDS atomic ratio of the catalyst before and after 8 h
chronoamperometry.

EDS ( Atomic % )
Co Cu Se
As-deposited 30.9 17.0 52.1
After 8h chronoamperometry 30.9 175 51.6
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Figure S7. Comparison of XPS of CuCo2Se4 before and after stability (a) Co 2p, (b) Cu
2p and (C) Se 3d.

0
Onset potential : - 0.047 V
= ——CuCo,Se, as-prepared
o g Pt
g 44
<
E
= -6+
-8
-10 T T T
-0.20 -0.15 -0.10 -0.05 0.00

E/V vs RHE

Figure S8. Zoom-in Figure of HER plots in order to measure the HER onset potential.
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Figure S9. Overall water splitting of CuCo2Ses@Au in No-saturated 1.0 M KOH solution.
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Figure S10. LSV curves of water electrolysis at a scan rate of 10 mV s in Nz-saturated
1.0 M KOH solution. Black curve shows CuCo,Ses catalyst as both anode and cathode,
red one represents CuCo2Ses catalyst as anode while Pt as cathode, and blue curve shows
RuO: as anode while Pt as cathode.

Energy Efficiency for overall water splitting:

Table S3. Calculation of energy efficiency of water electrolyzer (%)

Catalyst OER, V# HER, V@ Ecen / V Energy efficiency® / %
at 50 mA cm? | at 50 mA cm? | at 50 mA cm? at 50 mA cm?
CuCo.,Ses 1.55 0.232 1.782 83.05
Pt 0.08
RUO, 166 1.74 85.06

3All voltages are vs RHE. PEnergy efficiency of water electrolysis= (1.48 V/Ecell) x<100.
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Table S4. Comparison of total energy, magnetic moment, distance of Co-Se and bond
length distortion at different layers among bulk CoCuxSes, (100) surface and (111) with
Co/Cu and Co termination as calculated from GGA+U.

Esurface
eV

/

Magnetic
uB

Moment/

Distance (Co-Se) /
A

Distortion
length)

(bond

Bulk

0.79

2.4

0

100

136

2.1

Layer 0

2.26
2.35 (2%)
23

2.4

0.018

0.9

Layer 1

2.35 (2%)
2.40 (2%)
2.39
2.42

0.0099

0.86

Layer 2

2.4
2.41
2.38 (4%)

0.0044

0.78

Layer 3

2.37 (2%)
2.39 (4%)

0.0029

111
Co/Cu

280

2.29

Layer 0

2.23 (3%)

0.0002

1.47

Layer 1

2.36 (3%)
2.41
2.40 (2%)
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Figure S11. Partial density of states (PDOS) of Cu atom in (100) surface before OH™
attachment (a), Cu atom after OH™ attachment (b), OH™ after attached on Cu atom (c).
PDOS of Cu atom in (111) surface before OH™ attachment (d), Cu atom after OH™
attachment (e), OH™ after attached on Cu atom (f).

Table S5. OH- adsorption Energy on Co and Cu atoms in (100) and (111) Co/Cu

surfaces.
Surface | Atom attached with OH™ | Adsorption Energy / eV
(100) Co -2.96
Cu -2.43
(111) Co -10.02
Co/Cu Cu -7.99
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ABSTRACT

Due to the increasing demand for sustainable and efficient catalysts for oxygen
evolution (OER), examining the electrocatalytic performance of naturally-occurring
minerals are of interest for energy conversion and hold promise given their unique
structures and compositions. Here we present a nanostructured Tyrrellite—
Cu(Coo.68Nio.32)2Ses as highly efficient OER catalyst with an overpotential of 205 mV at
10 mA cm2 and excellent stability for 22 h in harsh alkaline medium. Density functional
theory (DFT) calculations were carried out to understand the origins of the observed high
OER activity of Cu(Coo.6sNio.32)2Ses by studying the electronic and magnetic properties of
bulk and (100) slab and by comparing the calculated adsorption energy of OH™ complex
on Ni and Co sites at the (100)-orientated surface. The theoretical results reveal that
presence of Ni enhances the magnetic moment on the nearby Co atoms in both bulk and
(100) surface making the Co atom the preferable active center and leading to the superior

OER activity.
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1. INTRODUCTION

The increasing global demand for energy encourages the search for clean and
sustainable alternative energy resources as part of a crucial enterprise.>? Hydrogen (Hz)
with high energy density has been considered as an ideal substitute to fossil fuels.>* Water
electrolysis is divided into two half reactions: hydrogen evolution reaction (HER) at the
cathode and oxygen evolution reaction (OER) at the anode, which provides a simple way
to produce high-purity hydrogen.>® However, OER is a kinetically slow four-electron
involved process, which greatly restrains the large scale application of water
electrocatalysis.”® Therefore, it is urgent to seek for efficient electrocatalysts to reduce the
overpotential required by OER and determine ways to enhance the energy conversion
efficiency.® Ir and Ru-based compounds have been investigated as the most efficient OER
electrocatalysts, however their scarcity and high cost prohibit the practical application.*%!!
Recently, lots of great efforts have been devoted to discover highly active, durable and
non-noble-metal based electrocatalysts.1213141516.17.18 | this regards, transition metals (Fe,
Co, Ni, Cu and Mn) based catalysts with promising catalytic capability have attracted most
of attentions.!®2021.222  Apart  from the well-studied metal oxides and
(oxy)hydroxides, 4252627282930 meta| selenides have been widely reported by our group
and other researchers as a new type of promising OER electrocatalyst with high catalytic
activity in terms of lowering overpotential and increasing current density, such as NisSe>,
CoSez, CuzSe, CoCuzSes, (NiFeCo)3Ses, (C0o.21Nio.25CuUo.54)3Se2 and (Feo.48C00.38CUo.14)Se

etc. 3323334353637 Excellent catalytic performance of these metal selenides is believed to
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benefit from their intrinsic metallic properties compared to oxides.®3° Of these selenides,
mixed metal selenides are expected to show a much better catalytic activity due to the
possibility of charge delocalization between the metal cations through d-d orbital overlap
under OER condition, thereby stabilizing the active sites and increasing the adsorption rate
of hydroxy! species to further form the intermediates on the catalyst surface 336404142 Ag
emerging OER electrocatalysts, tons of methods have been developed to design high-
efficiency nanostructured mixed metal selenides, unfortunately, the complexity of
synthesis method generally limits its large-scale industrial application.*3#445 Accordingly,
utilizing naturally-occurring minerals as electrocatalyst has been considered as an exciting
way to split water attributed the advantages of their large amount and free in nature. The
catalytic activity of naturally-occurring minerals has been demonstrated in both probiotic
terrestrial chemistry and many modern industrial applications.*¢47484° Sivula’s group has
recently presented that an iron-based naturally-occurring Gibeon meteorite for the oxygen
evolution reaction with a low overpotential of 270 mV at 10 mA cm2 and Tafel slope of
37 mV decade®.%° However, most of the naturally-occurring minerals have been rarely
considered as water oxidation electrocatalyst, typically, due to their poor electrical
conductivity resulting from the impurity phases formed in naturally-occurring minerals,
such as silica, which can dramatically affect the electron transport ability, and, therefore,
hinder the catalytic activity.**? Inspired by the above arguments, we targeted on synthesis
of Tyrrellite Cu(Coo.6sNio.32)2Ses, which is both mixed metal selenide and pure phase
naturally-occurring mineral. Tyrrellite originates from northern Canada, especially the area
between Lake Athabasca and Hudson Bay.>® Mineralogically, it belongs to the class of

Thiospinel AB2Xs (X = S, Se, Te) containing alternating layers of edge-shared BiuSes
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octahedra and AiSes tetrahedra.>*® Such compositions have been frequently encountered
in transition metal chalcogenide family as NiFe;Ses, CoNi,Ses, CuC02Ses.>* In Tyrrellite,
Cu cation occupies divalent site while Ni and Co are in trivalent cationic site. The presence
of Ni and Co in the octahedral site in Tyrrellite is very interesting, since it has been widely
accepted that trivalent Ni®* and Co®" cations are actually responsible for the active sites,
especially in the Ni or Co based electrocatalysts.?5°65758 Hence, Cu(Coo.6sNio32)2S€4 is
expected to be a superior OER electrocatalyst with richness of trivalent Co®* and Ni®*
species in the system. In this article, for the first time, we have presented a simple one-step
method to synthesize nanostructured Tyrrellite and have investigated its catalytic activity
toward OER in alkaline medium. Nanostructured Tyrrellite is a highly efficient OER
electrocatalyst, its onset potential is 1.42 V vs RHE and it only requires an overpotential
of 205 mV to reach a current density of 10 mA cm™, which is one of the best
electrocatalysts till date. To further wunderstand the high OER activity of
Cu(Coo.68Nio.32)2Ses, density functional theory (DFT) calculations were performed to
determine the electronic properties of bulk and (100) slab of the mixed-metal selenide, as
well as to calculate the adsorption energy of OH™on the top of Ni and Co atoms at the (100)
surface. It was found that the presence of both Ni and Co atoms in the octahedral site
improved its metallic state near the Fermi level due to the d-d orbital delocalization.
Moreover, Co served as a more favorable active site than Ni resulting from an optimal
adsorption energy and bond strength. The synergistic effects between Ni and Co in the
octahedral site plays an important role in enhancing the OER catalytic activity of

Cu(Coo.68Nio.32)25¢es.



222

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

Materials. Nickel chloride hexahydrate [NiCl2 6H.0] purchased from J T Baker
Chemical Co, cobalt chloride hexahydrate [CoCl. 6H20], copper chloride dihydrate
[CuCl2 2H20] and potassium hydroxide [KOH] from Fisher Scientific. Selenium dioxide
[SeO2] and hydrazine monohydrate [N2Hs H20] from Acros chemicals. All chemicals were
analytical grade and used without further purification. Deionized (DI) water (18 MQ / cm)
was used to prepare all the solutions.

Synthesis of Cu(Coo.6sNio32)2Se4. To synthesize Tyrrellite Cu(Coo.6sNio.32)2Ses, 10
mM of CuCl; 2H,0, 7 mM of CoCl, 6H20 and 3 mM of NiCl, 6H20 were dissolved in
10 mL distilled water under continuously stirring, then 40 mM of SeO> was added into the
solution. After 15 min stirring, 1 mL of N2H4 H20 was carefully added into the mixture
and then a dark brown blurred solution formed. The resulting solution was stirred for
another 15 min and then transferred into a 23 mL Teflon-lined stainless-steel autoclave,
which was tightly sealed and maintained at 185 <C for 24 h. The resulting greyish powders
were by means of centrifugation, washed with distilled water and absolute ethanol to
remove ions possibly remaining in the product, and finally dried at room temperature in
the vacuum oven for 12 h.

Electrode preparation. Carbon fiber paper (CFP) as substrate was purchased from
FuelCellsEtc, Texas. All CFP substrates were cleaned with isopropanol and eventually
rinsed with distilled water to ensure the clean surface. Catalyst ink was prepared by
ultrasonically dispersing 2.0 mg Cu(Coo.6sNio32)2Se4 powder in 1.0 mL 0.8 % Nafion®
ethanol solution followed with sonicating for 30 min. CFP substrates were covered with a

Teflon tape, leaving an exposed geometric area of 0.070 cm™. A quantity of 20 uL of the
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ink was drop casted onto CFP, leading to the catalyst loading ~0.040 mg cm™. The as-
prepared electrodes were dried at room temperature and then heated at constant 130 <C for
30 min in a vacuum oven.

Characterization. The crystal structure of Cu(CooesNio32)2Ses powder was
characterized through powder X-ray diffraction (PXRD) Philips X-Pert using CuKa
(1.5418 A) radiation (PANalytical, Almelo, The Netherlands). The morphologies of
Cu(Coo.6sNio.32)2Ses were observed with a scanning electron microscope (SEM, Hitachi
S4700). Energy dispersive spectroscopy (EDS) in the same microscope was used to
identify the element distribution and atomic ratios. High resolution transition electron
microscopy (TEM) images and selected area electron diffraction (SAED) was obtained
using FEI Tecnai F20. The probe current is 1.2 nA with a spot size of less than 2 nm. STEM
mode in the TEM was also used for dark field imaging where the convergence angle was
13 mrad and the camera length was 30 mm.

Electrochemical measurements. The catalytic performances of Cu(Coo.esNio.32)2Ses
were investigated in No-saturated 1.0 M KOH solution at room temperature in a three-
electrode system with an lviumStat potentiostat. The OER and HER catalytic activities
were studied from linear scan voltammetry (LSV) while the stability of the catalyst were
evaluated by chronoamperometry. Cu(CoossNio.32)2Ses on CFP served as working
electrode, glassy carbon (GC) as counter electrode and Ag|AgCl (KCI Saturated) electrode
as reference electrode. All measured potentials vs Ag|AgCl (KCI Saturated) were converted
to the reversible hydrogen electrode (RHE) according the Nernst equation below and

corrected for the iR drop in the solution.

Erne = Eagjagct + 0.059pH + E,:g|AgCI 1)
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Where Egnyp is the calculated potential vs RHE, and E,;gmgcz is the standard
thermodynamic potential of Ag|AgCI (KCI Saturated) at 25.1 <C (0.197 V), and E4gagc:
is the experimentally measured potential vs Ag|AgCl (KCI Saturated) reference electrode.
ECSA. Electrochemically active surface area (ECSA) for Cu(Coo.6sNio.32)2Ses was
determined by measuring the electrochemical double layer capacitance in the non-faradaic
region according to the equation
ECSA = Cp,/Cs (2)
ip, = CpL"V 3
Where Cj; is the double layer capacitance and Cs is the specific capacitance of the
electrocatalyst per unit area under identical electrolyte conditions. The value of Cs has been
reported between 0.022 to 0.130 mF cm? in alkaline solution.?®57 In this study, Cs is 0.040
mF cm2 based on reported values.?®
Tafel plots. The Tafel slope is an important parameter to evaluate the catalytic

performance of Cu(Coo.esNio.32)2Ses and the equation is shown below.

2.3RT .
n=a+—-log(j) (4)

Where 7 is the overpotential, « is transfer coefficient and the other symbols have their usal
meanings. The Tafel slope is given by 2.3RT /anF.

Density Functional Theory Calculations. The electronic properties of
Cu(Coo.68Nio.32)2Ses in bulk and slab geometries were studied using first-principles density
functional calculations as implemented in the Vienna ab initio simulation package
(VASP).60616263 The generalized gradient approximation in the Perdew-Burke-Ernzerhof
(PBE) form,%%5 within the projector augmented-wave method was used.%¢¢” The

generalized gradient approximation with an on-site Coulomb U term (GGA+U) method
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has been shown to successfully describe the cohesive energy, electronic structure, and
mechanical and magnetic properties of bulk and surfaces of 3d-metal based
materials.%8%7071 |n this work, GGA+U method’2 with U=0 and 6 eV for Co-d and Ni-d
states and with U=0eV and 4eV for Cu states was used to study the electronic structure and
magnetic properties of bulk with a supercell of CugCo1:NisSes> and (100) slab with a
supercell of Cu14Co19NigSese with different distribution of Ni atoms among the octahedral
sites in both bulk and slab structures. Further, the adsorption energy of OH™ complex at the
(100) surfaces was calculated to allow for straightforward comparison with previous
reports. The internal atomic positions for all structures were optimized using force and total
energy minimization until the Hellmann-Feynman force on each atom was below 0.01

eV/A. Brillouin-zone sampling was done with I"-centered Monkhorst-pack with k-mesh

of at least 4x4x4; the cut-off energy of 500 eV was used for bulk and slab geometries. All
the crystal structures of the slabs Cu(Coo.esNio.32)2Ses (100) surface were plotted using

VESTA software and shown in Figure S3.7

3. RESULTS AND DISCUSSION

Figure 1(a) shows the pxrd pattern of the obtained Cu(Coo.esNio.32)2S€es
nanoparticles in the diffraction angle range of 10 - 90< All diffraction peaks of
Cu(Coo.6sNio.32)2Ses are perfectly matched with the standard diffraction pattern of Tyrrellite
(PDF # 00-008-0001). According to the Scherrer formula, the average crystal domains of
Cu(Coo.6sNio.32)2Ses is about 4.89 nm, implying that Cu(Coo.6sNio.32)2Ses are very small.
Tyrrellite belongs to a spinel structure type, AB2X4, containing chalcogenide anion X and

metals (A and B), where A is a divalent cation occupying the partially occupied metal layer,



226

while B is a trivalent cation occupying the fully occupied metal layers. In Tyrrellite, Cu
occupies the divalent site with +2 oxidation state while Ni and Co share the trivalent site
with +3 oxidation state. Meanwhile, the atomic ratio from energy dispersive X-ray (EDS)
spectrum (as shown in Table S1) further confirms the elemental composition. The high
magnification SEM image demonstrates the morphology of Cu(Coo.6sNio.32)2Se4 is mainly
composed of spherical nanoparticles with various sizes. Detailed transmission TEM image
shown in Figure 1(c) further reveals the nanostructure of Cu(CooesNio32)2Ses. High-
resolution TEM (HRTEM) image in Figure 1(d) confirms the crystalline nature of the
catalyst and clear lattice fringes with interplane distances of 0.578 nm and 0.354 nm
correspond to the (111) and (220) plane of Cu(Coo.esNio.32)2Ses, respectively. Selected area
electron diffraction (SAED) pattern shown in the inset of Figure 1(d), further confirms the
crystallinity of the as prepared Tyrrellite, and the diffraction spots were indexed to (111),
(220), (311) and (400) lattice planes of Tyrrellite crystal structure.

The surface composition and oxidation states of as-prepared Cu(Coo.esNio.32)2Ses
was investigated through deconvoluted XPS spectra as presented in Figure 2 (a-d). The
deconvoluted Cu 2p and Co 2p peaks reveal the presence of variable oxidation states of
Cu*/Cu?* and Co?*/Co®, respectively. The Cu 2p XPS spectrum in Figure 2a shows peaks
at 931.3 and 951.1 eV corresponding to Cu* 2psand Cu* 2pu2; while peaks at 933.5 and
953.3 eV correspond to Cu?* 2psr and Cu?* 2pyy, respectively.®*’ Two obvious satellite
peaks of Cu 2p can be found at 941.2 and 961.4 eV. Similarly, the deconvoluted Co 2p
spectrum is shown in Figure 2b, where the binding energies at 779.5 and 796.0 eV belong

to Co?* 2psz and Co?* 2p1z and peaks at 777.3 and 794.6 eV are for Co®* 2ps;z and Co®*
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2p1s2, respectively, while the shakeup satellite peaks of Co 2p were observed at 783.1 and

802.2 eV.”™7® The Ni 2p XPS spectrum in Figure 2c shows peaks at 853.1 and 870.2 eV

()
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Figure 1. (a) Pxrd pattern of hydrothermally synthesized Cu(Coo.6sNio.32)2S€e4
nanoparticles along with reference Cu(Coo.6sNio.32)2Ses (PDF # 00-008-0001), the inset
shows the crystal structure of Cu(Coo.esNio.32)2Ses. (b) SEM image of
Cu(Coo.6sNio.32)2Ses. () TEM image of Cu(Coo.6sNio.32)2S€s. (d) HRTEM image and
SAED pattern of Cu(Coo.6sNio.32)2Se4 nanoparticles.

assigning to Ni?* 2ps2 and Ni?* 2p12 and peaks at 854.9 and 872.5 eV assigning to Ni%*
2p32 and Ni®* 2pys2, respectively, while the satellite peaks can be observed at 860.5 and
879.0 eV.%"" Figure 2d shows the Se 3d spectrum where the peaks of 3ds2 and 3ds2 at the
binding energies of 53.4 and 54.5 eV confirm the presence of Se?” and the peak at ~ 59
eV indicates the existence of SeOx which might be from the surface oxidation of selenide.®

Metal oxides were not detected on the surface from XPS analysis. The percentage of
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variable oxidation states of metal ions of the catalyst have been calculated based on the
area under the peaks in the deconvoluted XPS spectra. The as-synthesized catalyst
contained 11 % Cu*, 30 % Cu?*, 30 % Co?", 10 % Co*", 5 % Ni?* and 14 % Ni®*. In the
present case, there is a mixing valence of Co and Cu cations both in the A and the B sites
with Cu?* predominantly occupying the A sites and the B site is predominantly occupied

by Co®* and Ni®", while there’s substitution of Cu*, Co?" and Ni?* in A site and B site,

respectively.
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Figure 2. Deconvoluted XPS spectra of (a) Cu 2p, (b) Co 2p, (c) Ni 2p and (d) Se 3d of
Cu(Coo.68Nio.32)2Ses nanoparticles.
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The OER electrocatalytic activity of the Cu(Coo.esNio.32).Ses@CFP was evaluated
in No-saturated 1.0 M KOH using a three-electrode electrochemical cell at a scan rate of
10 mV s, along with GC as counter electrode and Ag|AgCl (KCI Saturated) as reference
electrode. Bare CFP and the state-of-the-art OER catalyst RuO- electrodeposited on CFP
with the same amount of loading were also measured under the same condition for
comparison. Due to the effect of ohmic resistance of solution, the collected anodic currents
cannot directly reflect the real intrinsic behavior of the electrocatalysts, an iR correction
was applied to all OER LSV polarization curves.?®"® Figure 2(a) shows the polarization
curves of the Cu(Coo.esNio.32)2Ses @CFP, bare CFP and RuOa. It’s obvious that the bare
CFP  exhibits  negligible  catalytic activity towards to OER, while
Cu(Coo.68Ni0.32)2Ses@CFP shows efficient OER performance with a low onset potential of
1.42 V vs RHE. The OER catalytic current density of Cu(Co0o.6sNio.32)2Se4s@CFP increases
dramatically and it only requires 205 mV and 250 mV to reach a current density of 10
mA cm and 50 mA cm?, respectively, which is better than RuO2@CFP (320 mV and 430
mV at 10 mA cm and 50 mA cm respectively). The Tafel slope is a crucial factor to
evaluate the OER Kinetics. As observed in Figure 1(b), the Tafel slope value of
Cu(Coo6sNio32)2Se4 (90.4 mV dec?) is lower than that of RuO. (114.4 mV dec?),
indicating a more favorable OER kinetics of Cu(Coo.6sNio.32)2S€as.

The electrochemically surface area (ECSA) is a very important parameter to
understand the reason that Cu(Coo.ssNio.32)2Ses exhibits high OER performance, since a
larger active surface area often leads to enhancement of the catalytic activity.”® Figure 4
shows the typical cyclic voltammetry (CV) curves of Cu(Coo.6sNio.32)2Ses in N2 saturated

1.0 M KOH at different scan rates. By plotting the capacitive current (i, ) versus the scan
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Figure 3. (a) Polarization curves of Cu(Coo.6sNi0.32)2Se4@CFP and RuOz in Nz-saturated
1.0 M KOH at a scan rate of 10 mV s, (b) Tafel plots of Cu(Coo.6sNio.32)2Ses@CFP and
RuOa.

rate (v) according to the eq. (3), a straight line was obtained where the slope of this line is
the Cp,, value. Roughness factor (RF) is calculated by ECSA dividing the geometric area
0.07 cm?. The ECSA is around 5.425 and the RF of the catalyst is around 77.5. The high
RF indicates the catalyst has a high surface area which can be confirmed from the SEM
image.

The OER Faradaic efficiency of Cu(Coo.6sNio.32)2Ses catalyst was evaluated by
water-displacement method, and the theoretical amount of evolved O2 was compared with
the experimentally measured O> as shown in Figure 5. Nearly 100 % of efficiency of
Cu(Coo.68Nio.32)2Ses catalyst was observed for OER reaction. The long-term stability of the
Cu(Coo.6sNio.32)2Ses was examined by chronoamperometry with applying a constant
potential 1.45 vs RHE in N»-saturated 1.0 M KOH to achieve a current density around 13
mA c¢cm shown in Figure 6. It can be noticed that Cu(Coo.esNio32)2Se4 was stable with a

negligible loss of current density even after 22 h. The inset in Figure 6 exhibits the
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comparison of polarization curves before and after 22 h chronoamperometry implying the
excellent stability of the catalyst under the condition of continuous O evolving. The
compositional stability of Cu(Coo.esNio.32)2Ses catalyst after 22 h chronoamperometry was
tested by EDS technique shown in Table S1, the atomic ratio of Cu, Co, Ni and Se before
and after chronoamperometry were almost same suggesting the composition of Tyrrellite
was stable. Figure 7 shows the comparison of pxrd pattern of Cu(Coo.6sNio.32)2Ses before
and after chronoamperometry indicating the same crystalline structure of Tyrrellite without
the presence of any other metal oxides or hydroxides. The composition of Tyrrellite after
chronoamperometry was also confirmed through XPS which showed no change in the Ni,
Co, Cu and Se binding energies and even the oxidation states as shown in Figure 6 (c-f).
The XPS comparison of Cu(Coo.esNios2)2Ses before and after chronoamperometric
measurement was shown in Figure S2, the XPS peaks of all elements were kept the same
suggesting the stability of Tyrrellite during OER process.

To further explore the superior OER catalytic activity of Cu(Coo.6sNio.32)2Ses and
to shed light on the microscopic origin of the observed behavior, DFT calculations were
carried out to study the electronic properties of bulk Cu(Coo.6sNio.32)2Ses and a slab with
(100) terminated surface, as well as to calculate the OH™ adsorption energy on the (100)
surface. In the bulk Tyrrellite CugCo11NisSes2 supercell, five Ni atoms were randomly
substituted for Co atoms in the octahedral sites. To determine the energetically-preferable
distribution of the five Ni atoms in the supercell, five structures with different locations of
the Ni substitutions were investigated. Among the five structures, the nearest neighbor Ni-
Ni distances ranged from 3.54 to 6.12 A, resulting in the magnetic moment on Ni atoms to

vary from 0.61 i (for an “isolated” Ni atom, i.e., the one with a Ni nearest neighbor at
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Figure 4. Cyclic voltammograms measured for Cu(Coo.ssNio.32)2Ses in N2 saturated 1.0 M
KOH solution at different scan rates from 5 to 80 mV s™. The inset is a plot of both
anodic and cathodic current measured at - 0.1 V vs Ag|AgCl (KCI Saturated) as a
function of scan rate.
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Figure 5. The amount of theoretically calculated (black dots) oxygen and experimentally
measured (orange dots) oxygen of Cu(Coo.esNio.32)2Ses versus time at 0.7 V vs Ag|AgCI
(KCI Saturated).
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Figure 6. (a) The comparison of LSVs of the catalyst before and after
chronoamperometry for 22 h. The inset is chronoamperometric measurement of
Cu(Coo.68Nio.32)2Ses nanoparticles under continuous Oz evolution for 22 h held at
constant potential to obtain = 13 mA cm™2 current density. (b) Pxrd pattern of
Cu(Coo.68Nio.32)2Se4 before and after 22 h chronoamperometry. XPS spectra of Cu 2p (c),
Co 2p (d), Ni 2p (e) and Se 3d (f) of Cu(Coo.68Nio.32)2Ses after electrochemical
measurement.
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6.12 A) 0.95 & (for a Ni atom with two Ni neighbors at a short distance of 3.54 A). Most
importantly, we find that the magnetic moment on Co atoms is enhanced by the presence
of Ni from 0.85 & in the Ni-free case to as much as 1.06 | for specific Co atoms in some
of the structures. Further analysis reveal that the increased magnetic moment is associated
with the longer Co-Se distances in the Ni-doped structures: due to the presence of Ni, the
average Co-Se distance for the nearby Co increases from 2.39 A (Ni-free case,
CusCo16Ses;) to 2.41 A. Despite the differences in the distribution of Ni atoms in bulk
CugCo11NisSesz and in the resulting magnetic moments on the Ni and Co atoms, we find
that the total energies of the considered five structures are nearly identical as shown in
Table S2, indicating that the distribution of Ni atoms does not affect the stability of bulk
Cu(Coo.68Nio.32)25¢€s.

The oxygen evolution reaction is a surface process, hence, it is necessary to evaluate
the surface properties of Cu(CooesNio32)2Ses to further understand its excellent OER
activity. Although our investigations suggested no preferred distribution of Ni atoms in
bulk CugCo11NisSesz, it may not be the case for a slab and it is necessary to investigate how
substitutional Ni atoms are distributed in the presence of a surface, specifically, the (100)-
oriented plane. For this, Cu1sCo19NieSess supercell was created with a relatively large
vacuum layer of 10 A added to separate the periodic slabs in order to avoid interaction
between them. The slab thickness is about 18 A for the (100) surface that corresponds to
seven Ni/Co-containing layers. After the Ni-free slab was optimized, six structures were
created by placing substitutional Ni atoms at the surface layer, within the second or third
layers closer to the center of the slab, or within top and second or second and third layers,

as shown in Figure S3. To determine the preferred distribution of Ni atoms within the slab,
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all structures were fully optimized; then the total energies were compared for non-magnetic
GGA (U=0eV) and magnetic GGA+U cases. As can be seen in Table S3, magnetism plays
a critical role in determining the stable configuration. In the non-magnetic case (GGA, U=0
eV), Ni atoms prefer to substitute Co in the surface layer and the total energy gradually
increases as some or all Ni atoms are placed in the second or third layers instead. However,
the magnetic GGA+U calculations show a strong preference for Ni to substitute Co in the
second layer. Placing the Ni atoms in the third layer increases the total energy by 1.02 eV,
while distributing Ni atoms between the second and third layers raises the energy by 1.40
eV with respect to the lowest case, suggesting the Ni has a preference for a single layer. In
this case, clustering of Ni atoms leads to an enhanced magnetic moment on Ni, e.g., 1.18
e in case 2, Table S3. The highest energy configurations correspond to the Ni atoms
located in the surface layers. Importantly, the magnetic moments of both Ni and Co are
enhanced in the presence of the surface with more pronounced changes observed for Co
atoms, c.f., Tables S2 and S3. The presence of Ni in the slab increases the magnetic moment
of Co even further — in agreement with the results for bulk, as discussed above; for
comparison, the magnetic moment on Co for Ni-free (100) interface ranges from 0.78 g
(for Co in the central layer) to 2.11 & (for Co on the surface).

In Figure 7, the total density of states (TDOS) of Cu(Coo.6sNio.32)2Ses case 6 (100)
surface was compared with that of CuCo2Ses (100) surface to elucidate how Ni dopants
influence the electronic structure and OER catalytic activity of Tyrrellite. As can be
observed, Cu(Coo.68Nio.32)2Ses (100) surface exhibited a similar DOS near the Fermi level
in comparison of CuCo,Ses (100) surface, while the bottom of the CB has shifted toward

the Fermi level, indicating Cu(Coo.esNio.32)2Ses is in more metallic states and the d-d orbital
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delocalization might take place among the metal atoms. It has been reported that the d-
band rearrangement of mixed metals in the catalytic system optimizes the bond strength of
metal center—OH species, thereby reduces the thermodynamic potentials and enhance the
efficiency of OER process.®>%%8 The TODS comparison of Cu(Coo.esNio32)2Ses case 2
(100) surface with CuCozSes is shown in Figure S4. As can be seen, similar trend can be
observed.

It has been widely reported that metals in the octahedral sites served as the catalytic
active centers in a spinel-structured catalyst.2838 In our previous work, Co atoms have
been proved as preferable active sites in CuCo2Ses catalyst due to a lower adsorption
energy and a more stable attachment of OH™ species on Co site.>* As reported above,
Cu(Coo.6sNio.32)2Ses showed a better OER activity than CuCo2Ses with 32 % of Ni
replacing Co in the octahedral site, suggesting that Ni plays a crucial role in boosting the
OER activity. Therefore, the adsorption energy of OH™ on (100) plane was calculated by
placing OH™ on the top of an active metal (Co / Ni) sites to further investigate the OER
active sites. For this, two slab structures with different Ni distributions, namely, case 2 and
case 6, c.f., Table S3 and Figure S3, were used in order to understand the role of Ni on the
electronic and magnetic properties of Cu(Coo.esNio.32)2Ses. Figure 8 presents the supercell
slabs of the relaxed (100) surface (case 6) with OH™ attached on Co or Ni sites. Comparing
the OH complex attached to Ni or Co surface atoms in this case, we find that Co is
energetically more preferable for OH adsorption than Ni by 0.40 eV in GGA and by 0.85
eV in GGA+U. We note that the difference between the OH adsorption on Co vs Ni is
significantly larger than that for Co vs Cu (0.04 eV in GGA and 0.53 eV in GGA+U) for

the Ni-free CuCo2Ses (100) surface, as reported.®* Most importantly, we find that the
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presence of Ni at the surface layer improves the OH adsorption on Co: the calculated
adsorption energy changes from —2.96 eV for Ni-free (100) slab* to —3.21 eV for (100)
slab in case 6 (this work). The OH adsorption energy is —1.44 ¢V when all Ni atoms are
located in the second layer (case 2) of the slab. Thus, we believe that the as-grown
Cu(Coo.68Nio.32)2Ses nanoparticles are expected to show an improved OH adsorption
associated with random distribution of Ni across the slab layers, whereas annealing or a
heat treatment of the nanoparticles may result in preferential Ni distribution and reduce the
OH adsorption.

To understand the microscopic reason of the surface Ni enhancement of the OH
adsorption on Co, we compare the structural, electronic, and magnetic properties of the
(100) slabs before and after OH attachment. Upon bonding to the OH complex, the
magnetic moment on the Co atom increases from 2.11 pug to 2.46 ug for case 2 and from
2.12 pp to 2.57 pp for case 6, whereas the magnetic moment of surface Ni atom with
attached OH complex decreases from 0.98 ps to 0.77 ps, Table S4. The bond length of
metal-OH, bond angle of metal-O-H and magnetic moment before and after attaching
OH are listed in Table S4. It can be noted that the OH™ group bonded with Co atom more
tightly than with Ni atom. The PDOS of OH-free Co atom, of Co atom with attached OH~
and of OH™ are shown in Figure 9 (a-c) while that of OH-free Ni atom, of Ni atom with
attached OH™ and of OH™ are presented in Figure 9 (d-f). As it can be seen, the PDOS of
Ni remains nearly the same before and after attaching OH~, while that of Co has slightly
shifted toward the negative energies and exhibit state splitting due to stronger magnetic

interactions after attaching OH".
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Cu(Coo.6sNio.32)2Ses case 6 (red) and CuCo2Ses (blue) calculated with GGA+U with U =

6eV.

Figure 8. Supercell slabs of relaxed Cu(Coo.6sNio.32)2Ses (100) surface,
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Cu(Coo.6sNio.32)2Ses (100) surface with OH™ attached on Ni atom, and
Cu(Coo.68Nio.32)2Ses (100) surface with OH™ attached on Co atom.
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Figure 9. Partial density of states (PDOS) of Co atom before OH™ attachment (a), Co
atom after OH" attachment (b), OHattached to Co atom (c). PDOS of Ni atom before
OH™ attachment (d), Ni atom after OH™ attachment (e), OH™ after attached on Ni atom (f).
The calculations of the (100) slab of Cu(Coo.6sNio.32)2Ses are performed within GGA+U.

4. CONCLUSIONS

In summary, we have the first time reported selenide based mineral—Tyrrellite
Cu(Coo.68Nio.32)2Ses nanoparticles as an out-performing OER electrocatalyst. Through
detailed electrochemical measurements, the catalyst required a low overpotential 205 mV
to achieve 10 mA cm for OER and exhibited a promising durability in alkaline solution.
The overpotential for OER is significantly lower than RuO; and it is one of the best reported
OER electrocatalysts till date. One-step hydrothermal synthesis of nanostructured
Tyrrellite provided a new method for the exploration of high-efficiency electrocatalysts by

mixing economical and earth abundant transition metals.
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1. EXPERIMENTAL

Electrodeposition of RuO2 on CFP:%! In a typical procedure of electrodeposition of
RuO2, RuCls (0.452 g) and KCI (2.952 g) were mixed in 40 ml of 0.01M HCI, cyclic
voltammetry from 0.015 to 0.915 V (vs. Ag/AgCl) was applied for 100 cycles at a scan

rate of 50 mV sL. Finally the products were heated at 200 <T for 3 h under air.

Table S1. EDS comparison of Cu(CooesNio32)2Ses catalyst before and after
electrochemical measurement.

EDS (Atomic %)
Ni Co Cu Se
As-synthesized 10.3 20.9 15.4 53.4
After Chronoamperometry 12.3 23.7 15.8 48.2
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Figure S1. Cyclic voltammetry of Cu(Coo.esNio.32)2Se4 catalyst in N2 saturated 1.0

M KOH.
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Figure S2. XPS spectra of Cu(Coo.esNio.32)2Ses before (navy) and after (red)

electrochemical measurement.
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Table S2. DFT calculated Ni-Ni distances, Ni and Co magnetic moments, and the total
energy difference of bulk Cu(Coo.sNio.32)2Ses with Ni atoms substituting different Co
atoms. The total energies are given with respect to the lowest energy case.

Ni-Ni distribution and Ni magnetic | Co magnetic
distances moments, ug | moments, us | AE, meV
4 Ni dimers at 3.54 A;

Case 1 | 1isolated Ni at 6.12 A 0.61-0.84 0.82-1.03 3
4 Ni dimers at 3.54 A:

Case 2 | 1isolated Ni at 6.12 A 0.61-0.84 0.82-1.03 3
1 Ni trimer at 3.54 A:
2 Ni dimers at 3.54 A:

Case 3 | 2 isolated Ni at 6.12 A 0.63-0.95 0.93-1.02 12
1 Ni trimer at 3.54 A;
2 Ni dimers at 3.54 A;

Case 4 | 2 isolated Ni at 6.12 A 0.71-0.90 0.82-1.06 0
4 Ni dimers at 3.54 A;

Case 5 | 1isolated Ni at 6.12 A 0.61-0.84 0.82-1.03 3

Table S3. DFT GGA and GGA+U calculated total energies of six Cu(Coo.esNio.32)2S€e4
(100) slabs with Ni atoms substituting different Co atoms in the slab, given with respect
to the lowest case in each method. For comparison, the magnetic moment on Co atoms in
Ni-free CuCo2Ses (100) slab is 0.78-2.11 ug.

GGA, non- GGA+U, GGA+U GGA+U
Configuration | magnetic magnetic Ni magnetic | Co magnetic
for Ni atoms AE eV AE eV moment, ug | moment, us
Case 1 | Surface layer 0 2.76 0.82-0.97 0.78-0.92
Case 2 2" Jayer 1.12 0 0.95-1.18 0.93-2.11
Case 3 3 Jayer 1.89 1.02 0.98-0.99 0.87-2.13
Surface and
Cased | 2 layers 0.95 2.30 0.80-1.02 0.85-2.12
nd rd
2" and3 2.15 1.40 0.92-1.00 | 0.92-2.18
Case 5 layers
Surface and
Case 6 | 2" layers 0.50 2.75 0.95-1.02 0.85-2.12
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Figure S3. Simplified slab supercells of case 1 (a), case 2 (b), case 3 (c), case4 (d),
case 5 (e) and case 6 (f). All atoms except Ni are set as grey in order to exhibit the different
localizations of Ni atoms in each slab.
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Table S4. Comparison of the calculated adsorption energy, magnetic moment, bond
length and bond angle of OH™ attached on the surface Ni or Co atom with those with no
OH™ attachment for case 2 and 6.

Case 2 Case 6
Co atom Ni atom Co atom

no with no with no with

OH" OH" OH" OH" OH" OH

OH adsorption energy, eV - -1.44 - -2.36 - -3.21

Magnetic moment / ug 211 246 0.98 0.77 212 2.57
Bond length (metal-O) /A - 1.83 - 1.87 - 1.81
Bond angle (metal-O-H) / © - 110.80 - 109.98 - 110.41
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Figure S4. Comparison of total density of states (TDOS) of (100) surface of
Cu(Coo.68N10.32)2Se4 case 2 (red) and CuCozSes (blue) calculated with GGA+U with U =
6¢eV.
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ABSTRACT

Designing of high-efficiency, low-cost and stable oxygen evolution reaction (OER)
electrocatalysts has a great significance for fuel cells and other energy conversion devices.
Herein, we have reported three naturally occurring copper selenides (CuzSe, CusSe, and
CuSey) as efficient OER electrocatatlysts with excellent stability in the alkaline medium.
Interestingly, the OER catalytic activity of three copper selenides is as following: Cu,Se >
CusSez > CuSe». The superior OER activity of CuzSe requires an overpotential of 298 mV
to reach 10 mA cm, which can be attributed to its high surface area, optimal ratio of

Cu?*/Cu* and low charge transfer resistance at the electrode-electrolyte interface.

1. TEXT

With the increasing demands of renewable energy, hydrogen has been viewed as a

promising replacement for fossil fuels attributed to its high energy density and low
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environmental impact.! The traditional method of producing hydrogen (H.) is though the
reforming of natural gas, however, it suffers the drawbacks of low purity, high cost and
release of pollution gas.? Water splitting has been considered as an emerging and promising
technique to generate high purity H, with the assistance of electricity.> Water splitting is
composed of two half reactions, oxygen evolution reaction (OER, 40H" — O + 2H,0 +
4e’) occurring at the anode and hydrogen evolution reaction (HER, 2H,0 + 2e* — H» +
20H") taking place at the cathode.* Unfortunately, OER is kinetically sluggish process due
to four electrons involved and therefore makes the large-scale manufacture of Hz through
water splitting unreasonable.>® This hindrance has created an urgent need for an
electrocatalyst to facilitate the reaction rate of OER and thereby enhance the efficiency of
water splitting process.’® Presently, precious metal based catalysts such as RuO2 and IrO;
have been well-known for their high catalytic efficiency, but their rarity on Earth results in
too high a cost to produce for bulk use in industry.® Recent efforts have been poured into
the investigation of earth abundant transition-metal (Fe, Co, Ni and Mn) based materials,
especially oxides and oxyhydroxides as electrocatalysts towards OER.%112 Besides that,
transition metal based chalcogenides, including sulfides and selenides, have emerged as
immense promise due to their improved intrinsic properties and prime electrocatalytic
performance in increasing current density.'>41516 Among these chalcogenides, transition
metal selenides, such as NisSe,, CoSez, NiFeSe and NiCoSe, etc., have been widely
reported as more efficient electrocatalysts in comparison to oxides and
oxyhydroxides.1"81%20 This probably results from the optimal covalency of metal-Se in
selenides leading to a faster charge transfer rate at the interface of catalyst-electrolyte and

facilitating the OER reaction.?>?2 More recently, copper based compounds (such as Cuz0,
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CuCo0204, CuCo02S4 and CuzS), where Cu is one of the earth abundant elements as well as
with its high d-electron density, have shown excellent OER catalytic activity and have been
expected to be a new series of OER electrocatalysts?3242526 Some compounds from
copper-selenide family, such as Cu,Se and (CoNiCu)sSe,, have been reported by us and
others as showing excellent OER catalytic activity, however, the study about copper
selenides as the OER electrocatalysts is still under scarcity.?”?8 It is necessary to develop
copper based selenides and test their activity towards OER. Interestingly, most of the
binary copper selenides can have been found in naturally occurring earth minerals,
especially in the lake area, such as krutaite (or CuSe), berzelianite and bellidoite (or
Cu,Se), and umangite (or CusSe,).2%%%% Given the fact that lots of impurities might form
along with minerals, which greatly limits the utilization of most naturally occurring
minerals as OER electrocatalysts.®>3 In this work, we have the first time systematically
investigated three binary copper selenide minerals (CuSez, CuzSe, and CusSe2) as OER
electrocatalysts. To provide a fair comparison, all copper selenides were synthesized by a
typical hydrothermal method and test their activity and stability under same condition.
Detailed electrochemical measurements in the harsh alkaline medium revealed the OER
activity trend is as following: CuzSe > CusSe; > CuSez, where Cu2Se needs an
overpotential of 298 mV to achieve 10 mA cm. The optimal OER activity of CuzSe can
probably be attributed to the highest surface area along with the smallest particle size as
well as the optimal intrinsic ratio of Cu?*/Cu* as active centers and relatively fastest charge
transfer rate at the catalyst-electrolyte surface.

Three binary copper selenides (Cu.Se, CusSe> and CuSez) were obtained by

hydrothermal method with simply adjusting the precursor ratios, oven temperatures and
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reaction time. All copper selenides were characterized through powder X-ray diffraction
(pxrd), scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS)
to confirm their pure phase, structure and morphologies. All experimental and
characterization details have been presented in the supporting information. The purity and
crystallinity of copper selenides were confirmed using pxrd as shown in Figure 1la-c. In
Figure 1a, all peaks of Cu>Se indeed match with those of standard diffraction pattern of
CuoxSe (PDF # 00-006-0680) indicating the pure phase of Cu,Se. Similarly, peaks of
CusSe; (in Figure 1b) and CuSe> (in Figure 1c) match with their standard diffraction pattern
of CuzSe, (PDF # 00-047-1745) and CuSe, (PDF # 00-019-0400) respectively. The sharp
and narrow XRD peaks shown in Figure 1a-c suggest the high purity and crystallinity of
each copper selenides. From detailed structural information of copper selenides listed in
Table S1, CuzSe belongs to the cubic crystal system, while CuzSe, and CuSe; are tetragonal
crystal system. The atomic ratio of EDS in Table S2 were further confirmed the elemental
composition of three copper selenides. The morphology of copper selenides was studied
by SEM as shown in Figure 1d-f, where each copper selenide exhibits non-uniform
granular-like nanoparticles with various particle size. As can be seen, the particle size of
CuzSe is smaller than CusSe, and tailed by CuSe, indicating CuzSe probably has the largest
surface area among three copper selenides.

The deconvoluted X-ray photoelectron spectroscopy (XPS), the graphs for which
are in Figures 2a-c, was used to investigate the oxidation states and the chemical
compositions of the catalysts. The bonding energies of Cu and Se were calibrated against
the reference binding energy at C 1s (284.5 eV). The presence of metal ions’ mixed valence

was confirmed with the deconvoluted Cu 2p and Se 3d spectra. As shown in the XPS
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Figure 1. XRD pattern of CuzSe (a), CusSez (b) and CuSe: (c). Scanning electron
microscopy (SEM) images of Cu.Se (d), CusSez (e) and CuSe: (f).

spectra of CuzSe in Figure 2a, the peaks at 931.2 eV and 951.1 eV were attributed to Cu*
2p3r2 and Cu™ 2p12 respectively, while those at 933.1 eV and 953.2 eV corresponded to
Cu?* 2ps2 and Cu?* 2p12 with its shakeup satellite peaks at 940.9 eV and 960.9 eV.?>? In
the Se 3d spectra shown in Figure 2a, peaks at 54.5 eV and 55.3 eV were correspond to
Se3dss, and Se 3ds/2 respectively, while the peak at 59 eV is attributed to SeOx which is the
result of surface selenium oxidation.®**® Similarly, in the XPS spectra of CuzSe, shown in
Figure 2b, peaks at 931.3 eV and 951.2 eV corresponded to the Cu* 2psr and Cu* 2p1s
while those at 933.1 eV and 953.2 eV represented to Cu?* 2ps2 and Cu?* 2p1s2 peaks with
its satellite peaks at 941.5 eV and 961.7 eV. The peaks at 54.7 eV, 55.6 eV, and 59.6 eV
of the Se 3d spectrum in Figure 2b were ascribed to Se 3dsp, Se 3ds», and SeOx

respectively. As shown in the CuSe> spectra in Figure 2c, the Cu 2p XPS spectrum showed
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Figure 2. XPS spectra of Cu 2p and Se 3d of Cu»Se (a), CuzSe: (b) and CuSe> (c)
respectively.

peaks at 931.0 and 950.8 eV assigning to Cu* 2paz and Cu® 2p12 and peaks at 932.6 and
952.3 eV assigning to Cu?* 2ps;2 and Cu?* 2pup, respectively, while the satellite peaks can
be observed at 941.9 and 961.8 eV. In the Se 3d spectrum, the peaks at 54.8 eV, 55.7 eV,
and 59.5 eV were attributed to Se 3ds2, Se 3da2, and SeOx respectively. The percent of Cu
oxidation states were calculated from the area under these peaks. As can be seen, there are
52 % Cu* and 48 % Cu?* observed in Cu,Se; 30 % Cu* and 70 % Cu?* in CuzSe, while 23
% Cu* and 77 % Cu?* are in CuSex.

The electrocatalytic performances of copper selenides (Cu.Se, CuzSez, CuSe,) were

drop-casted on carbon fiber paper (CFP) and investigated in N»-saturated 1.0 M KOH
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solution at room temperature in a three-electrode system with an IviumStat potentiostat.
The OER catalytic activities were studied from linear scan voltammetry (LSV) while the
stability of the catalysts was measured by chronoamperometry at a constant applied
potential. Substrates with copper selenides drop-casted on served as the working electrode,
a glassy carbon (GC) as the counter electrode and an Ag|AgCl (KCI saturated) reference
as the reference electrode. The electrochemically active surface area (ECSA) was estimated
by measuring the double layer charging current in the non-Faradaic region as described in
previous reports and given in the supporting information.® As can be seen in Figure 3, the
cyclic voltammograms at different scan rates were obtained and the cathodic and anodic
plots were inserted in each figure. The ECSA of CuSe, CuzSe», and CuSe, was calculated
as 2.90 cm?, 1.64 cm?, and 0.69 cm? respectively and the roughness factor was 41.43, 23.39,
and 9.86 respectively. The roughness factor of the three compounds are ranked as Cu,Se >
CusSe, > CuSez, which is consistent with the particle sizes and morphologies as shown in
SEM.

The OER polarization curves of Cu.Se, CusSe; and CuSe; were measured in No-
saturated 1.0 M KOH at a scan rate of 10 mV st and compared with state-of-the-art catalyst
RuO- and bare CFP substrate as shown in Figure 3d. As can be observed, CFP substrate
showed barely OER activity with a very high overpotential. And CuSez showed an onset
potential of 1.531 V vs RHE and 345 mV to reach a current density of 10 mA cm, while
CusSe> exhibited a better catalytic activity with onset potential of 1.509 V vs RHE and 326
mV at 10 mA cm2. Obviously, Cu,Se showed the best catalytic activity among them where
its onset potential was 1.485 V vs RHE and it required overpotential of 298 mV to yield a

current density of 10 mA cm2, which is much higher than the well-known OER catalyst
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RuO; (370 mV at 10 mA cm). Figure 3e showed the Tafel slopes, 1 vs log j, for three
copper selenides and RuO,. Tafel slopes were obtained as 75.1 mV dec?, 83.3 mV dec?,
91.2 mV dect and 114.4 mV dec* for Cu,Se, CusSez, CuSe; and RuO; respectively. Based
on the above observations, CuzSe showed the best OER activity with the lowest
overpotentials and Tafel slope, suggesting Cu.Se is more kinetically favorable. The
superior catalytic activity of Cu»Se can be attributed to its high surface area, where more
catalytic active sites exposed to the electrolyte leads to high activity. Furthermore, as can
be observed in the XPS, CuzSe contained comparable percentage of Cu* to Cu?*, which
might also affect its OER activity. From previous studies, the highest oxidized state Cu?*
has been widely considered as the active species, while Cu* in CuzSe has a full-filled
configuration of d'® which probably leads to a weak bond of Cu* with hydroxyl species
and thereby facilitate the releasing rate of O, from the catalyst surface.36’

The durability and stability of Cu.Se, CusSe> and CuSe; were studied using
chronoamperometric measurements as inserted in Figure 5a-c, where a constant potential
requiring at 10 mA cm was applied to continuously generate O in alkaline medium. As
can be seen, three copper selenide catalysts were indeed stable over an 8-hour period with
no anodic current density loss. To further confirm the stability, LSV curves were re-
measured in No-saturated 1.0 M KOH after 8 hours chronoamperometry and compared
with that of the as-prepared samples. As observed in Figure 3g-i, the onset potential was
kept same while the overpotential at 10 mA cm was decreased for CuzSe, CusSe; and
CuSe, implying the OER activity has been improved after 8 hours chronoamperometric

measurement.
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Figure 3. Cyclic voltammograms measured for CuzSe (a), CusSe> (b) and CuSe: (c)
catalysts in Nz-saturated 1.0 M KOH solution at different scan rates from 5 to 40 mV s,
The inset is a plot of both anodic and cathodic currents as a function of scan rate. (d)
Polarization curves of Cu.Se, CusSez and CuSe; in N»-saturated 1.0 M KOH at a scan
rate of 10 mV s. (e) Tafel plots of Cu,Se, CusSe; and CuSe.. (f) Bar plot comparison of
overpotential at 10 mA cm. Comparison of LSV curves of Cu,Se (g), CusSe: (h) and
CuSe> (1) measured in Nz-saturated 1.0 M KOH before and after 8 h chronoamperometry.
The inset is chronoamperometric measurement of CuzSe (g), CuzSez (h) and CuSe; (i)

under continuous O2 evolution.
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Figure 4. Nyquist plots obtained from EIS measurements of Cu>Se, CusSe, and CuSe>
catalysts at an applied potential of 1.49, 1.51 and 1.54 V vs RHE in Nz-saturated 1.0 M
KOH solution. Symbols indicate the raw data, while solid lines represent the
corresponding fit to equivalent circuit model. Inset shows the equivalent circuit of
catalysts.

Electrochemical impedance spectroscopy (EIS) was also measured to investigate
the kinetics of copper selenides as OER electrocatalysts. EIS spectra were collected in N»-
saturated 1.0 M KOH solution at 1.49, 1.51 and 1.54 V vs RHE where were just right after
each onset potential for Cu»Se, CusSez and CuSe> respectively, and the Nyquist plots are
inserted in Figure 4. The spectra were fitted to an equivalent circuit from which electrolyte
resistance (Rs), the electron charge transfer resistance (Rct), and constant phase element of
double layer capacitance could be obtained, and the values are given in Table 1. In all cases,
the uncompensated electrolyte resistance was obtained as ca. 5 €, similar to values that
have been reported before.® The charge transfer resistance derived from lower frequency
region was closely related to the kinetics of OER process on the catalyst surfaces. Hence,
the smaller the value of R, indicates a more efficient electron transfer at the catalyst-

electrolyte interface leading to faster OER reaction rate and subsequently showing a better
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catalytic activity. As can be seen in Table 1, the fitted intrinsic resistance of Cu,Se is 483.5
Q, much smaller than those of CusSe, (1370.0 Q) and CuSe2 (3699.0 Q) and in line with

the best OER activity of CuzSe.

Table 1. Equivalent circuit parameters obtained from fitting of EIS experimental data.

Catalysts Rs/Q Rc/Q CPEal/F
CuzSe 5.0 483.5 0.72
CusSez 5.0 1370.0 0.86
CuSe2 5.0 3699.0 0.91

Rs is the resistance of the electrolyte; Rt is the electron transfer resistance; CPEaq is
the constant phase element of double-layer nonideal capacitance.

In summary, we have successfully synthesized three nanostructured binary copper
selenides (Cu.Se, CuzSe2 and CuSe), which can be found in naturally occurring minerals,
via a typical hydrothermal method. A series of detailed electrochemical study of copper
selenides were performed in alkaline solution indicating that copper selenides are indeed
active towards OER with excellent stability. Among these copper selenides, Cu»>Se showed
the best catalytic activity which can be attributed to its highest surface area exposed to the
electrolyte, as well as its optimal electronic structure leading to the smallest resistance at

the electrode-electrolyte interface.
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1. EXPERIMENTAL

Chemicals and Materials. Copper chloride dihydrate [CuCl,-2H>O], copper sulfate
pentahydrate [CuSO4-5H>0] and potassium hydroxide [KOH] were purchased from Fisher
Scientific, selenium dioxide [SeO;] and hydrazine monohydrate [NoH4-H>O] from Acros
chemicals. All chemicals were used as purchased. Distilled water (18 MQ/cm) was used to
prepare all the solutions. Au-coated glass used as conductive substrates were purchased

from Deposition Research Lab Incorporated (DRLI), Lebanon Missouri.
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1.1. SYNTHESIS OF COPPER SELENIDE

1.1.1. Synthesis of CuzSe. Cu,Se was synthesized by a hydrothermal method, 50
mM of CuSO4-5H>0 and 25 mM of SeO; were mixed in 10 mL of deionized water, then
0.5 mL of NoH4-H>O was added carefully. The resulting solution was stirred for another
10 min and then transferred into a 23 mL Teflon-lined stainless-steel autoclave. The
autoclave was tightly sealed and maintained at 145 °C for 24 h and then naturally cooled
to room temperature.

1.1.2. Synthesis of CusSez. CusSe; was synthesized by a hydrothermal method, 30
mM of CuCl2-2H>0 and 20 mM of SeO; were mixed in 10 mL of deionized water, then
0.5 mL of N2H4-H>O was added carefully. After stirring for 10 min, the resulting solution
was transferred into an autoclave. The autoclave was tightly sealed and maintained at 145
°C for 24 h and then naturally cooled to room temperature.

1.1.3. Synthesis of CuSe2. CuSe> was synthesized by a hydrothermal method, 30
mM of CuSO4-5H20 and 60 mM of SeO2 were mixed in 10 mL of deionized water, then
0.5 mL of NoH4-H>O was added carefully. The autoclave was tightly sealed and maintained
at 185 °C for 24 h and then naturally cooled to room temperature.

All final grayish products (CuzSe, CusSez and CuSe;) were centrifuged, followed
by washing several times with distilled water and absolute ethanol and finally dried in the
vacuum oven at room temperature overnight.

1.1.4. Electrode Preparation. Au coated glass was carefully cleaned by Micro-90,
isopropanol and Deionized (DI) water. To prepare the catalyst ink, 2.0 mg copper selenides
were dispersed into 1.0 mL 0.8 % Nafion® ethanol solution, following with 30 min

ultrasonication. Au-coated glass was covered with a Taflon tape, leaving an exposed
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geometric area of 0.70 cm on where 20 pL of the homogeneous ink was drop casted. The
electrodes with a loading of ~ 5.7 mg cm™ were dried at room temperature. After being
heated at a constant temperature of 130 <C for 30 min in a vacuum oven, the electrodes
were ready for the electrocatalytic measurements.

1.1.5. Characterization. The crystalline structure of copper selenides was
identified through PXRD using Philips X-Pert X-ray diffractometer (PANalytical, Almelo,
The Netherlands) with a Cu Ka (1.5418 A) radiation. The morphology of copper selenides
was observed with a scanning electron microscope (SEM, Hitachi S4700). Energy
dispersive spectroscopy (EDS) was used to identify the element atomic ratio from the same
microscope.

1.1.6. Electrochemical measurements. The electrocatalytic performances of
copper selenides were investigated in 1.0 M KOH solution at room temperature in a three-
electrode system with an IviumStat potentiostat. The OER and HER catalytic activities
were studied from linear scan voltammetry (LSV) while the stability of the catalysts was
measured by chronoamperometry at a constant applied potential. Substrates with copper
selenides drop-casted on served as the working electrode, a glassy carbon (GC) as the
counter electrode and an Ag|AgCl (KCl saturated) reference as the reference electrode. All
measured potentials vs. Ag|/AgCl (KCl saturated) were converted to the reversible
hydrogen electrode (RHE) according to the Nernst equation (eq. 1).

Erig = Eaglager +0.059pH + E:lg|AgCl (1)

Where Epyp is the calculated potential vs. RHE, and E:,g| agct 18 the standard

thermodynamic potential of Ag|AgCl (KCI saturated) at 25.1 °C (0.197 V), and Ejgagci

is the experimentally measured potential vs. Ag|AgCl (KCl saturated) reference electrode.
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1.1.7. Calculation of Tafel Slope. The Tafel slope is an important parameter to

explain the catalytic performance of CuCo2Ses and the equation is shown below.

2.3RT
anF

n=a+ log(j) ()

Where 7 is the overpotential, « is transfer coefficient and the other symbols have

their normal meaning. The Tafel slope is given by 2.3RT /anF.

1.2. ELECTROCHEMICALLY ACTIVE SURFACE AREA (ECSA)

The electrochemically active surface area of the catalysts was measured by
electrochemical double layer capacitance as described in previous reports.* It is assumed that
the current response in the non-Faradaic process region is due to the double-layer charging
instead of chemical reactions or charge transfer. To obtain the double layer current (ip,) in this
region, cyclic voltammograms (CVs) with various scan rates were performed in an unstirred 1.0
M KOH solution. The specific electrochemical double-layer capacitance (Cp;) was estimated
by double-layer current ij,; and the scan rate (v) of CV, which is shown in eq. 3. The cathodic
and anodic charging currents were as a function of scan rates and the Cp; can be determined
from the average of the absolute values of cathodic and anodic slops. ECSA can be

calculated by eq. 4.

ip, = Cp, XV (3)

ECSA = Cp, /C; 4)

Here, double-layer capacitance (Cp;) is in unit of mF. Based on other reported

values, the specific capacitance (Cs) was assumed to be 0.040 mF cm in the alkaline
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solution.®2* Roughness factor (RF) can be evaluated by ECSA divided by the geometric

area 0.07 cm?2.

Table S1. The geometry structure, space group, lattice parameter of Cu,Se, CusSe; and
CuSeo.

Sample Geometry structure Space group Lattice parameter

a=b=c=5768 A

CuySe Fm-3m a=p=y=90°

a=b=6.402 A;
CusSe; P-4 21m c=4279 A

a=B=y=90°

a=>5.023 A;
CuSe; Pnnm b=6.196 A:

c=3.747T A

a=B=y=90°

Table S2. EDS atomic ratio of Cu,Se, CusSe, and CuSe..

EDS atomic ratio / %

Sample Cu Se

CuzSe 66.78 33.22
CusSe; 60.19 39.81
CuSe 33.10 66.90
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SECTION

2. CONCLUSIONS

Designing high efficiency electrocatalysts for water oxidation has become an
increasingly important concept in the catalysis community due to its implications in clean
energy generation and storage. In this respect mixed transition metal selenides
incorporating earth abundant elements such as Ni, Fe, Co and Cu have attracted attention
due to their unexpectedly high electrocatalytic activity toward the oxygen evolution
reaction (OER) with low overpotential in alkaline medium. However, most of the reports
of mixed metal based OER electrocatalysts has been with limited compositional and/or
stoichiometric variations. A systematic investigation of the trend of catalytic activity as a
function of transition-metal doping is still very rare. Hence, a phase diagram exploration
to systematically investigate the trend of catalytic activity as a function of bimetallic and
trimetallic transition metal selenides has become necessary. Combinatorial synthesis is an
extremely effective method to screen compositions in the multinary phase space and study
the evolution of properties as a function of systematic change in composition.

In the first part of this dissertation, combinatorial electrodeposition method was
carried out to design nonstoichiometric mixed transition metal selenides as OER
electrocatalysts. Paper 1 describes a systematic investigation of OER electrocatalytic
activity of mixed-metal selenides comprising Ni-Fe-Co through combinatorial
electrodeposition exploring the trigonal phase diagram. It revealed that the gradient of
catalytic performance in Ni-Fe-Co phase space increased toward increasing Fe

concentration and the best performance was exhibited as (Nio.2sF€0.68C00.07)3Ses, which
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showed an overpotential of 230 mV (vs RHE) at 10 mA cm 2. (Nio.2sFeo.6sC00.07)35€4
showed excellent stability for 8 h under continuous oxygen evolution. DFT calculations
were performed to understand the enhanced catalytic activity of (Nio.2sFeo.68C00.07)3S€a,
consequently, the comparison of hydroxyl adsorption energy (Eads) on the surface of mixed
metal selenides and three parent compounds indicates (Nio.2sFeo.6sC00.07)3Ses showed the
highest Eags which is more kinetically favorable. Paper Il presents a systematic study of
Co-Ni—Cu selenides through combinatorial electrodeposition to investigate the effect of
transition metal doping and identify the optimal OER catalyst in this group. Most of the
quaternary metal selenides crystallized in the CusSe, (umangite) structure type, which also
shows excellent OER catalytic activity by itself, with a low overpotential of 326 mV at 10
mA cm™2. In this group, it was also observed that the catalytic activity was sensitive to the
concentration of Cu in the catalyst. The best performing quaternary composition was
identified as (Coo.21Nio.2sCUo.54)3S€2, requiring an overpotential of 272 mV to reach 10 mA
cm™2. Powder X-ray diffraction (pxrd) pattern confirmed that (Coo.21Nio25CUo54)3S€2
showed the same crystal structure of CusSe, with slight decrease in lattice spacing (0.0222
A and 0.0148 A for (101) and (210) plane, respectively), indicating that small amount Ni
and Co dopants led to only small change of the lattice parameters of CusSe,. Paper Il
introduces a systematic investigation of a series of mixed metal selenides comprising
various amounts of Fe, Co and Cu by exploring a trigonal phase diagram through
combinatorial electrodeposition. Surprisingly, Fe-Cu ternary selenides showed reduced
OER activity in comparison to their pure parent compounds FeSe and CusSe;, indicating
that neither Fe nor Cu doping can improve the activity of CuzSez or FeSe, respectively. On

the other hand, with introduction of Co dopant into the composition, all Fe-Co-Cu
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quaternary selenides showed enhanced catalytic activity with low overpotential as well as
lower Tafel slopes. The catalytic activity of the quaternary selenides improved as the
relative amounts of either Fe or Cu increased in the catalysts. The optimal catalyst
composition in this phase space has been identified as (Feo.4sC00.38Cuo.14)Se which required
an overpotential of 256 mV to achieve 10 mA cm and a showed Tafel slope of 40.8 mV
dec. The low value of Tafel slope indicates that the catalyst has favorable kinetics for
OER in alkaline medium.

In the second part of this dissertation, several interesting selenide-based naturally-
occurring minerals have been hydrothermally synthesized and studied their electrocatalytic
activity towards OER process. Paper IV presents nanostructured CuCozSes as superior
bifunctional electrocatalyst for OER and HER under alkaline condition. The CuCo2Ses
electrocatalyst with a spinel structure type requires a low overpotential of 320 mV to reach
a current density of 50 mA cm for OER and 125 mV to achieve 10 mA cm for HER,
respectively. The DFT results showed that CuCo2Ses is in the metallic state with a high
electrical conductivity which plays a crucial role in the catalytic activity. Among Co and
Cu, it was observed that Co showed better OER catalytic activity. Importantly, a surface
enhancement of the local magnetic moment on the Co atoms is found to be limited to the
top layer in the (100) slab, whereas it affects all layers of the (111) slab, strongly favoring
the OH™ adsorption on the Co atom at the (111) surface and making the (111) surface more
catalytically active. Paper V describes a pure phase naturally-occurring mineral — Tyrrellite
Cu(Coo.68Nio.32)2Ses as a superior OER electrocatalyst in alkaline medium with richness of
trivalent Co®* and Ni®* species in the system. Nanostructured Tyrrellite is a highly efficient

OER electrocatalyst, its onset potential is 1.42 V vs RHE and it only requires an
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overpotential of 205 mV to reach a current density of 10 mA cm. To further understand
the high OER activity of Cu(Coo.ssNio.32)2Ses, DFT calculation shows the presence of both
Ni and Co atoms in the octahedral site improved its metallic state near the Fermi Level due
to the d-d orbital delocalization. Moreover, Co served as a more favorable active site than
Ni resulting from an optimal adsorption energy and enhanced magnetic moment. The
synergic effects between Ni and Co in the octahedral site plays an important role in
enhancing the OER catalytic activity of Cu(Coo.6sNio.32)2Ses. Paper VI introduces three
binary copper selenide minerals (CuSe,, Cu,Se, and CusSez) as OER electrocatalysts.
Detailed electrochemical measurements in the harsh alkaline medium revealed the OER
activity trend is as following: Cu.Se > CusSez > CuSez, where Cu.Se needs an overpotential
of 298 mV to achieve 10 mA cm. The optimal OER activity of Cu.Se can probably be
attributed to the highest surface area along with the smallest particle size as well as the
optimal intrinsic ratio of Cu?*/Cu* as active centers and relatively fastest charge transfer

rate at the catalyst-electrolyte surface.
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