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ABSTRACT 

This research focused on the synthetic design of transition metal mixed anionic 

chalcogenide catalysts containing various ligand types around the central metal atom 

(chalcogen anion and chalcogen-based organic ligand) generating diverse crystal structure 

types applied for water splitting and carbon dioxide reduction reactions (CO2RR).  

A series of catalysts were synthesized starting with isolated metal complexes (MEn) 

with a central metal core (M = Co, Ni, Cu, and Cr) through molecular clusters, to bulk 

nanostructured solids of similar M-E coordination. Bis(dichalcogenoimidodiphosphinato) 

were employed as ligands in the metal complexes, and anionic chalcogen (E = S, Se, and 

Te) in bulk solids and metal clusters. This modulates the electron distribution and energy 

band structure of the catalyst to optimize their performances in electrocatalytic reactions. 

The electrochemical oxygen evolution reaction (OER) and hydrogen evolution 

reaction (HER) performances of cobalt bis(dichalcogenoimidodiphosphinato) complex, 

chromium molecular cluster, and nickel (telluro) selenide series were studied. Density 

functional theory was employed to corroborate evolutionary activity trends and to predict 

OER catalytic performance using a constructed volcano plot in metal chalcogenides.  

The molecular chromium carbonyl cluster was studied for electrochemical carbon 

dioxide reduction reactions (CO2RR). The catalyst is based on 3d early transition metal 

that was stabilized by bridging µ-Se and CO p-back bonding, increasing the nucleophilic 

character of the active center. This was capable of transforming CO2 into value-added C2 

products and was highly selective with high yield, towards ethanol and acetic acid 

production at -0.9 and -1.2 V vs RHE potential with high faradaic efficiency.  
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1. INTRODUCTION 

Addressing climate change issues is, without question, one of the most critical 

challenges of the current generation. According to the Intergovernmental Panel on Climate 

Change (IPCC) reports, humanity has caused a rise in global temperature of about 1°C. 

And it has been estimated that exceeding a value of 1.5°C based on pre-industrial level 

could lead to catastrophic consequences, including the melting of ice caps, a further rise of 

sea levels, and even drastic adverse effects on biodiversity[1]. While the world's fossil fuels 

are depleting, worldwide CO2 emissions from fossil fuels are rapidly increasing. Even in 

2018, emissions increased by more than 2%[1]. Therefore, strategies are needed to prevent 

further increases in the CO2 concentration in our atmosphere and reduce existing levels of 

CO2.  

Scientists have proposed several ways to address these issues by adopting 

renewable energy sources; wind, solar, geothermal, hydrothermal, nuclear energy, etc. 

These require places with abundant sunshine, strong wind, or flowing rivers. While others 

are costly to start or maintain, and their products are complicated to dispose of. More 

recently, a few technologies have received considerable attention, including water splitting 

to generate O2 and H2, which is a zero-emission higher energy density source of energy and 

capturing of carbon dioxide as well as its direct conversion into value-added chemicals for 

the chemical industry, for energy production or as fuel additives[2], as well as other 

important feedstock for various products. However, on the one hand, these processes are 

energy intensive due to the chemical inertness of CO2 and the electricity consumed for 

hydrogen production from water, usually more valuable than the hydrogen generated, and 



 

 

2 

hence, has not widely been employed. Subsequently, there is a need for a catalyst to lower 

the energy barrier and make these processes viable and scalable.  

To address these problems, catalysts must be systematically designed and 

channeled to be used for a specific process (CO2RR OER, or HER). However, despite the 

constantly growing number of studies leading to recent significant progress, existing 

catalysts for CO2RR, OER, and HER still operate at high overpotentials to achieve 

reasonable reaction rates and tend to have poor selectivity toward the desired products. 

Transition metal chalcogenides have been recognized as one of the most promising 

compounds that could be used for water splitting and CO2 reduction to address these issues. 

Our work is on catalyst design, aimed towards understanding the inherent property 

of transition metal mixed anionic chalcogenides. First, going from the core of isolated 

metal complexes with MEn central core (M = transition metal; E = S, Se, and Te) formed 

from chalcogen-based organic ligands. A system based on molecular cluster complexes 

with a more extended structure as well as extended bulk nanostructured solids with a 

similar M-E bonding nature was also explored. This systematic study will allow for the 

prediction of the activity in a general material series toward oxygen evolution reaction 

(OER) in water splitting and carbon dioxide reduction reactions (CO2RR) and to 

understand the active sites in those reactions and their evolutionary and activity trends. We 

explored how the incorporation of chalcogen atoms in carbonyl clusters' cores impacts the 

selectivity and activity during electrocatalytic CO2. This study provides a clear and better 

understanding of catalyst design principles that can yield novel, highly efficient catalysts, 

which could serve as a bifunctional catalyst for OER at the anode and CO2RR at the cathode 

with high product selectivity. 
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2. LITERATURE REVIEW 

2.1. TRANSITION METAL CHALCOGEN-BASED COMPLEXES 

Transition metal complexes have broadly been employed in numerous 

applications, including catalysis, sensing, and medicine. Till today, intense research aiming 

towards innovation, advancement in existing processes, and practical applications are 

being developed. Molecular complexes have been used in electrochemical and other 

electron transfer processes[4–5], where they allow for an in-depth understanding of the 

intrinsic properties of the isolated core metal center as its electronic structure is influenced 

by ligands around it[6]. On the one hand, numerous oxygen and nitrogen donor ligand-

based molecular complexes have been employed for homogeneous water oxidation 

catalysts [7–11], and CO2RR[12–15]; on the other hand, most of the metal–chalcogen-

based electrocatalysts reported are solid nanostructured materials with continuous metal–

chalcogen[16–19] bonds throughout their lattice structure, some of which are susceptible 

to deterioration with prolonged use in an alkaline medium. It is still unclear whether 

transition metal chalcogenides hydrolyze in alkaline media to form surface oxide layers or 

partially hydrolyze, resulting in mixed (oxy)anionic surface compositions which act as the 

actual electrocatalyst.  

Cobalt is of particular interest because it has the benefit of being relatively low-

cost and abundant, exhibits high catalytic activity and stability, and can be used to 

synthesize a large variety of structural compositions, giving room for tunable catalytic 

properties[20]. Cobalt complexes exhibit electrochemical properties relevant to 

catalysis[4,21], but most have been employed as homogenous catalysts for electrochemical 
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water reduction in non-aqueous media[21,22]. Several cobalt chalcogenide complexes 

have been synthesized[23,24]. The ligand type used is essential in these complexes since 

bulk organic ligands predominantly assist in the packing of molecules. In complexes with 

bridging chalcogenide ligands, for example, [(Co(HC(C(Me)NC6H3-iPr2)2)−)2(μ, η2-Se2)] 

and [(Co(HC(C(Me)NC6H3-iPr2)2)−)2(μ, η2-Te2)], the influence of strong specific 

interactions is shielded. With asymmetric ligands, the periodic packing of the complex 

tends to get distorted[23]. 

Dichalcogenoimidodiphosphinate ligands are an exciting class of bidentate and 

chelating ligands analogous to b- diketonates. They were first generated in the1960s by 

Schmidpeter et al.[25], the selenium analog chemistry of these ligands was established by 

Woollins and co-workers in 1995 [26]. The ligand is made from the reaction of 

chlorodiisopropylphosphine with bis(trimethylsilyl)amine under an inert atmosphere. The 

general schematic describing the synthesis of the ligand is shown in Figure 2.1. below. 

 

Figure 2.1. General synthesis of dichalcogenoimidodiphosphinate ligand [24,27]. 

The geometric preferences of the donor chalcogen atoms, combined with the 

metal ion, have been known to influence the structural features of the resulting complex. 
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The sodium salt of this ligand reacts in a straightforward metathesis with the metal halide 

of groups 12 and 15 to yield the corresponding complexes[28]. Actinide–tellurium bonds 

have also been reported in complexes of La(III) and U(III) compounds[29] as a six-

coordinate metal center bonded to three bidentate dichalcogenoimidodiphosphinate ligands 

through the chalcogen atoms, forming a distorted trigonal-prismatic geometry. The most 

common chemical structures characterization methods for these molecular complexes 

include single-crystal x-ray diffraction[24,27], Infrared spectroscopy[24], nuclear 

magnetic resonance (NMR)[27], and Fast atom bombardment-Mass spectrometry (FAB-

MS)[27]. Examples of the synthesis of some of these complexes are shown in Figure 2.2.  

 
Figure 2.2. Examples of chalcogenoimidodiphosphinate complexes[28,29]. 

The metal-chalcogen core is highlighted in red; this affects the structural and 

electron cloud distribution around the metal center, thereby influencing the geometric 
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structure, and magnetic and electrochemical properties[30–33]. Furthermore, the metal 

complexes with a more volatile isopropyl-based substituent are specifically captivating 

because they were found to be excellent chemical vapor deposition (CVD) precursors to 

produce numerous binary metal selenides. This approach could be used to create thin films 

of crucial ternary materials such as CuInSe2 using the thermal decomposition of a simple 

complex based on copper(I) in the presence of In[N(iPr2PSe)2]Cl as an indium 

precursor[34]. Also, new binary metal chalcogenide thin films have been reported from 

single-source precursors such as hexagonal Sb2Te3 nanoplates[35], In2Te3[36], CdTe[37], 

FeSe and Fe3Se4[32]. 

The investigation of this isolated core of molecular metal complexes with a 

structural motif obtainable in bulk metal–chalcogenide solids will be an excellent model to 

understand the effect of anion coordination on the catalytic stability performance and to 

accurately identify the active surface composition of these transition metal chalcogenide-

based electrocatalysts while tuning the electronic structure of these molecular complexes 

by changing the chalcogenides in the ligand system. This systematic investigation of 

coordination complexes with changing electronegativity of ligands investigated for OER 

and CO2RR catalytic activity has not been studied.  

2.2.  MOLECULAR METAL-CHALCOGENIDE CLUSTER COMPLEXES  

Molecule clusters are compounds consisting of tens of atoms, which are 

considered a link between molecular and solid-state chemistry[38]. Molecular metal-

chalcogenide cluster complexes are a very attractive class of compounds and present 

complexes with electrochemical, structural, and magnetic properties owing to their high 

structural symmetry, multinuclear structure type, and chalcogen-bridging, metal-metal 
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bonds[39–44]. Simple electron-counting rules can predict the oxidation states and 

structures of molecular clusters and their substituted derivatives [45]. The chemical 

structures of molecular cluster complexes have been characterized by single-crystal x-ray 

diffraction[46–49], Infrared spectroscopy[47], NMR[47,50,51], Electron paramagnetic 

resonance (EPR) spectroscopy[48,52], Electrospray Ionization Time-of-Flight (ESI-TOF) 

Mass Spectrometry[52], and DFT based on bonding models[48,52–54].  There are two 

important subclasses of bridging metal-chalcogenide cluster, one in the form of 

hexanuclear cluster complexes (M6E8L6; M = Cr, Mo, Co, Fe, W, etc.; E = S, Se, Te; L = 

PR3) [42,55–57] with cluster cores like those in superconducting metal chalcogenides 

called Chevrel phases. The M6E8 cluster core of group 6, 8, and 9 metal complexes have a 

valence electron count of 2e− for each μ3-E bridge, totally to (2e−×8 = 32 e−) for the eight 

μ3-E bridges, and the remaining electrons are used for the M–M bonding (remaining 

electrons: 20, 32, or 38e−). At the same time, the metal can sometimes have formal mixed 

valence [52]. They have been made via several approaches depending on the metal 

employed, some of which include ligand exchange[56] and reductive dimerization[57]. 

The second class is the [M3En(CO)x]n-, (where n = 1 and 2, x = 9 and 10), which has a total 

of 50 electrons count, typical of the M3 cluster, which possesses two more electrons than 

that (48 electrons), hence does not obey Wade’s rules. 

Most isolated and well-characterized molecular clusters are molecular solid-like 

compounds, such as polynuclear metal chalcogenide clusters. Therefore, when isolated, it 

can be acknowledged as distorted fragments of associated solid-state compounds, which 

makes it fall somewhere between continuous bulk solid and simple molecular complex. 

Since molecular clusters show remarkable correspondences with their associated extended 
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solids, some bulk solids have been made from the pyrolysis of their parent molecular 

clusters; for example, thermolysis of Cr6Te8(PEt6) treated at 315 ˚C for ~20 h yields an 

extended bulk Chevrel phase Cr3Te4 solid [43].  

 

Figure 2.3. Examples of bridging metal-chalcogenide clusters[58,59]. 

Chromium is an earth-abundant, relatively cheap first-row transition metal that 

exhibits variable oxidation states (+2, +3, +4, +5, and +6), making it versatile in catalytic 

reactions. Chromium-based materials have attracted attention in electrocatalysis due to 

their unique electronic and structural properties[60–62]. Chromium oxide (CrOx)[63–66] 

and chromium-based alloys[67,68] have been studied as potential electrocatalysts for 

various reactions, such as oxygen evolution reaction (OER)[63,69,70]and hydrogen 

evolution reaction (HER)[71]. The properties of chromium-based electrocatalysts can be 

tailored by adjusting the material's synthesis method, composition, and morphology. For 

example, controlling the size and shape of chromium nanoparticles and the surrounding 

ligands to tune their electronic structure can significantly affect their catalytic activity[72]. 

Molecular chromium carbonyl clusters are synthesized from a simple chromium carbonyl 



 

 

9 

precursor[49,59]. The carbonyl precursor has been structurally characterized and assigned 

an octahedral symmetry of (Oh) as confirmed by IR, proving that all the CO are 

equivalent.[73] This approach that uses a metal carbonyl precursor and chalcogenide 

powder precursor in the presence of a concentrated KOH or NaOH is the most practical 

method for synthesizing molecular clusters[49,50]. During the synthesis, a non-polar 

solvent (e.g., Toluene, THF, etc.) is used to dissolve the chromium carbonyl; the hydroxide 

is dissolved in methanol, and a counter-ion source to precipitate the product when the 

reaction is completed.[74,75]. A synthesis via metal-metal exchange reaction is possible 

where another metal displaces the metal of a molecular cluster (e.g., see Figure 2.4.)[76]. 

 

Figure 2.4. Synthesis of mixed-metal and metal displacement in metal 

selenotrichromiumcarbonyl cluster via a metal-metal exchange reaction. 

Although some homometallic chromium carbonyl cluster complexes have been 

reported[79], many are yet to be tested for applications. This could be because these 

complex cluster types containing Cr–Cr bonds are uncommon, owing to their relatively 
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long Cr-Cr bond length, indicating the weakness of the bonds, hence highly unstable. These 

usually were found in clusters containing stabilizing ligands such as μ3-chalcogen and 

phosphine-based ligands. However, most phosphines are air- and moisture-sensitive, 

limiting their application.  The trichromiumcarbonyl μ3-Se stabilized anion complex[51] 

is potentially interesting for many reasons. First, it contains Cr–Cr bonds stabilized by μ3-

Se atoms could increase the conductive property of the complex; secondly, it includes a 

Cr-Se bond with a covalency of interest in electrocatalytic applications. Furthermore, it 

consists of an early transition metal that can have coordination expansion and could 

potentially be promising in electrocatalytic applications.  

Only minimal reports investigating the intrinsic catalytic activity of complexes 

based on selenium and late-transition metal have surfaced over the past few years[30]. 

Chromium is almost between late and early transition metals, so it will exhibit higher 

reactivity than late transition metals and frequently exhibit different structures and 

orthogonal reactivity [78]. This can be useful in designing and adopting novel catalysts in 

water-splitting and CO2RR. And since Chromium is more oxophilic than late transition 

metals, it can form hydroxides. Such a phenomenon will be valuable for the catalytic 

pathway, which is generally initiated by the coordination of hydroxide at the transition 

metal site. So far, very few early transition-metal complexes have been reported in water-

splitting[79,80] and CO2RR[81,82] applications. Even fewer chromium complexes were 

documented, especially carbonyl chromium chalcogenide complexes with a tendency to 

form clusters with Cr–Cr bonds. Here, we studied molecular decacarbonyltrichromium 

diselenide [(CO)10Se2Cr3)]2- complex as a potential candidate in OER and CO2RR. 

Understanding the structural transformations of these clusters and the effect of carbonyl 
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and changing anion will be relevant in using their complexes in water splitting and CO2 

applications. 

2.3. TRANSITION METAL CHALCOGENIDES  

Transition metal chalcogenides (TMC) have been known for a very long time; 

however, only in recent years have these materials been explored for various applications. 

TMCs are inorganic compounds comprising of MEx E = S, Se, Te; and M = transition 

metal) and exhibiting different optical, electronic, magnetic, and catalytic 

properties[83]. Depending on chalcogen composition and metal type, these materials may 

have varying structure types and geometry. Furthermore, most TMCs exist as three main 

polymorphs: trigonal (1T), hexagonal (2H), and rhombohedral (3R) phases. Depending on 

certain conditions of temperature, solvent, additive addition, synthesis route, or 

crystallization method, phase transformations can occur in these TMCs. For example, 

MoS2 generally crystallizes in the 2H phase consisting of two layers of edge-sharing 

MoS6 trigonal prisms per unit cell; however, lithium intercalation led to its transformation 

into an octahedrally coordinated molybdenum, with one layer per unit cell metastable 

metallic 1T phase[84]. Due to their unique structural features, the 2H and 1T phases are 

the most broadly used MoS2 phases for HER. Moreover, studies have shown that because 

TMCs have a large surface area, a higher percentage of exposed atoms, and moderate 

thermo-neutral H-binding energy[85], they exhibit excellent catalytic properties compared 

to other transition metal catalysts.  

Non-precious TMCs with the general formula MmXn (M: transition metal; X: 

chalcogen) include two-dimensional (2D) layered (MX2) and nonlayered structural 

materials[86–89]. The 2D layered MX2 nanosheets generally exhibit unusual physical, 
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chemical, and electronic properties compared with their bulk counterparts[90–92]. One of 

the most common structure types is the layered metal dichalcogenides, which is analogous 

to graphite ME2 (E = S, Se, Te; M = transition metal), where the metal can have varieties 

of coordination. Examples are MoS2, WS2, ReS2, and NbS2[93–96]. Experimental findings 

have shown that the edges of 2D MX2 (e.g., MoS2 and MoSe2) are the electrocatalytic 

active sites for H2 production[97]. Moreover, density functional theory (DFT) calculations 

have shown that the Gibbs free energy for hydrogen adsorption (ΔGH*) for hydrogen 

evolution reaction (HER) of MoS2 is comparable to the state-of-the-art catalyst (Pt), 

signifying its promising potential toward HER applications[98]. At the same time, the 

nonlayered TMCs materials have been generally employed as bifunctional electrocatalysts 

for both OER and HER[99–101]. It has been demonstrated that a partially filled, e.g., band 

contributes toward the superior OER activity[100]. Even with the incredible progress made 

in TMC-based electrocatalytic materials, their electrocatalytic activities remain largely 

limited by their poor electrical conductivity, poor durability over time, serious 

agglomeration and restacking, inert basal plane, and unfavorable water adsorption and 

dissociation abilities[102–104]. Over the past few, attempts have been made through some 

developed strategies to improve the activity of TMC electrocatalysts, which are based on 

two broad categories as follows: 

(i) Increasing the number of active sites via structural engineering:  

This could still show limited enhancement in their overall activities because only 

a tiny fraction of active sites contribute to the electrocatalytic reaction rate[97]. In addition, 

increasing the catalysts loading onto an electrode has physical limits where further loading 

would lead to mass/charge transport restriction[105], thereby resulting in a plateau effect, 
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seen in practice at higher catalyst loadings. Consequently, these shortcomings have 

triggered the need to develop alternative strategies. This can be done in several ways, 

including vertical alignment, porous structures, stepped surface structure, nanostructuring, 

or increasing the loading of catalysts to ensure more active sites.  

(ii) Increasing the intrinsic activity of each active site by controlled tuning of the 

electronic structure:  

This approach revolves around modulating the energy band structure and electron 

distribution to optimize their performances in electrocatalytic reactions[106]. This is 

achieved through surface vacancy/defect creation, heteroatom doping, strain regulation, 

phase transition, and heterostructure engineering. Improving the intrinsic activity results in 

an appreciable enhancement in the electrode activity while mitigating the mass/charge 

transport problem from high catalyst loadings. With enhanced inherent activity, the catalyst 

loadings can be decreased, thereby minimizing the cost of the catalyst. It is important to 

note that, on the one hand, the intrinsic activity of a suitable catalyst can be more than ten 

orders of magnitude better than that of a poor one. While on the other hand, a high-loading 

catalyst is generally only one to three orders of magnitude better than a low-loading[107]. 

And so, increasing the intrinsic activity through controlled tuning of the electronic 

structure has a broader spectrum for improving the electrocatalytic activities of TMCs. 

The metal oxides (or hydroxides/oxyhydroxides) have shown excellent 

electrocatalytic abilities for OER and moving the chalcogen series from oxides to other 

chalcogenides (sulfide, selenides, or telluride) increases the inherent electrical conductivity 

of the materials. It’s been claimed that synthesized metal chalcogenides undergo surface 

transformation into oxides (or oxyhydroxides) during OER[108,109]. Examples include 
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sulfides, selenides, and tellurides of first-series transition metals (Mn, Fe, Ni, Co, and 

Cu)[110–117], the most common of which are the Ni and Co compounds. These materials 

have been inspected for OER activity to search for potential bifunctionality (HER and 

OER) to perform the overall water-splitting reaction[19,111,112,118-120]. These 

chalcogenide compounds were initially applied only in HER due to their excellent fast 

charge transfer capability as an electronic conductor and their moderate stability in 

acid/alkaline electrolytes hence less susceptible to corrosion. Furthermore, incorporating 

foreign metal ions has effectively enhanced the overall OER activity. For example, ternary 

FeNiS2 ultrathin nanosheets were investigated to show acceptable performance[108] in 

which the overpotential was 290 mV at 10 mA cm−2 with a Tafel slope of 46 mV dec−1. 

Also, doping of reactive mentals, into a metal chalcogenide has getting popular, few studies 

have shown the that Ni can be been doped in Co0.85Se [121-123]and demonstrated an 

appreciable enhancement in electroconductivity and improved OER activity with an 

overpotentials 255 mV and 324 mV at 10 mA cm−2 for (Ni, Co)0.85Se and Co0.85Se 

respectively[123]. In addition, it exhibits long-term OER stability, where the overpotential 

at 10 mA cm−2 did not change significantly even after 24 hours of operational time. 

Decorating the surface of (Ni, Co)0.85Se further with LDH by electrodeposition was 

reported to improve the OER activity of (Ni, Co)0.85Se–NiCo LDH by decreasing the 

overpotential even lower to about 216 mV[123]. In addition, doping can be done through 

the nitrogen of carbon material; for example, MnSe@MWCNT catalyst composite and 

CoSe2 nanobelts synthesized on nitrogen-doped graphene support were found to exhibit a 

very low overpotential of 290 mV and 366 mV to achieve 10 mA cm−2, respectively. Both 

with OER kinetics evidenced a small Tafel slope of around 54.76 mV dec−1 and 40 mV 
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dec−1, which outperforms state-of-the-art RuO2 and other oxide-based electrocatalysts 

[101,118]. In layered systems like CoSe2, where the exfoliation process can further increase 

the active sites, this was reported to expose the more active site and improve the OER 

activity[100] (Figure 2.5.). 

Figure 2.5. Schematic illustration of the exfoliation process of CeSe2 to increase the 

number of active sites (Covac)[100]. 

Not all metal chalcogenides undergo phase transformation during OER.  The 

structural characterization using XRD, Raman spectroscopy, and elemental analysis of 

Ni3Se2 before and after OER activity were similar, indicating that the OER activity of 

Ni3Se2 could be attributed to its intrinsic activity and stability[110]. It is worth mentioning 

that reports have shown that a high-index facet Ni3S2 nanosheet material with a similar 

crystal structure as Ni3Se2 has demonstrated excellent electrocatalytic ability both for HER 

and OER in 1 M KOH electrolyte with outstanding stability over 150 hours. This high 

durability of Ni3S2 for overall water-splitting could be attributed to the intrinsic stability of 

this phase[124]. 
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2.3.1. Synthesis of Transition Metal Chalcogenides. The method employed in 

synthesizing any material greatly influences the structure and properties of the materials, 

including morphology, particle size, dispersibility, and crystallinity. Even though the 

composition of the same catalyst prepared using different methods is the same from the 

same constituents and dosages, the catalytic performance of the prepared catalyst may still 

vary depending on some of the properties mentioned above differences. Subsequently, 

considering the advantages and disadvantages of the preparation method is crucial in 

choosing the most suitable method for synthesizing a catalyst based on the end catalytic 

application. Transition metal-based chalcogenides electrocatalysts have been prepared 

using various approaches, including electrodeposition[110,120,125], hydrothermal or 

solvothermal treatment[103,126–128], Chemical vapor deposition (CVD)[129-

132], microwave irradiation[133-135],  and hot injection method[136], solid phase 

chemical synthesis, self-assembly of nanocrystals and ion exchange method have been 

widely reported[137-141]. Different synthesis methods can be used to obtain specific 

physical and chemical properties for varieties of applications, as shown in Table 2.1. 

2.3.1.1. Hydrothermal/solvothermal. Hydrothermal synthesis is a standard 

synthesis method in transition metal chalcogenides material synthesis, which is simple, 

universal, and flexible to control the composition and morphology of the material. Most 

TMC catalyst materials could be made this way, provided the reaction conditions are well 

maintained, particularly when selecting an appropriate precursor reagent. Since the method 

employs moderately high temperature and pressure to drive the reaction, generally, the 

boiling point of a solvent (water or organic solvent) is always lower than the reaction 

temperature. And as the temperature increases, a high pressure is established in the closed 



 

 

17 

system to enhance the reaction and promote the crystallinity. Several catalyst compositions 

have been synthesized in Dr. Nath’s group by a simple and scalable hydrothermal strategy 

and drop-casted on carbon fiber cloth (CFC), most of which have been tested as stable 

bifunctional electrocatalysts for overall water splitting[19,112,118]. Other reported were 

Cu-doped Co3Se4, such as CuCo2Se4 synthesized through a one-step hydrothermal method, 

Table 2.1. The summary of the advantages and disadvantages of various synthetic 

methods of metal chalcogenides. 

 

 

Methods Advantages Disadvantages 

Solid phase Chemical  ● Low cost ● Low purity 

 ● Simple equipment and 

process 

● Uneven morphology 

● Rapid reaction rate ● High temperature 

Hydro/solvothermal ● High selectivity and 

efficiency 

● Unclear reaction 

mechanism 

 ● Good dispersion ● Use of surfactants 

● Controlled morphology ● Time-consuming 

Electrodeposition  ● Any conducting substrate ● Precursor must dissolve in 

solvent 

 ● Thin films  ● Difficult to control 

composition 

● Directly grown on 

substrates 

● Non-Uniform growth 

Hot-injection  ● Uniform size and 

morphology 

● Small organic molecules 

residuals removal 

 ● High crystallinity ● Low yield 

● Controlled morphology ● Difficult to scale up. 

Self-assembly of 

nanocrystals 

● Wide application ● Delicate control of the 

reaction process 

 ● Ordered multistage 

nanostructure 

● High-quality nanocrystals 

required 

● Rapid reaction rate ●  
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Table 2.1. The summary of the advantages and disadvantages of various synthetic 

methods of metal chalcogenides (cont.). 

providing a novel composition of excellent bifunctional HER and OER electrocatalysts 

made from cost-effective and earth-abundant transition metals[126].  

A simple two-steps hydrothermal approach has been reported in synthesizing 

Ti@Ni0.85Se electrodes with a triple hierarchy architecture and employed in water 

splitting[142]. Similarly, 3D MoSe2/NiSe2 were made hydrothermally and drop-casted on 

carbon fiber paper (CFP) to test in water splitting; it demonstrated an improved 

electrocatalytic activity for HER[103]. Molybdenum disulfide (MoS2) with reduced 

graphene oxide (RGO) nanocomposite was synthesized using hydrothermal methods, and 

their thermoelectric properties were studied and found to exhibit higher thermoelectric 

performance[127]. The synthesis schematics are shown in Figure 2.6. Compounds that are 

moisture/water sensitive (reacted with water, hydrolyzed, decomposed, or unstable) cannot 

Ion exchange  ● High selectivity and 

efficiency 

● Relatively low 

Microwave  ● Cost effective ● Difficult to scale-up  

 ● Shorten crystallization 

time 

●  

● aggregation of 

nanostructures 

●  

Chemical vapor 

deposition (CVD) 

● High efficiency for 2D 

nanocrystals 

● Specific equipment 

required 

 ● Multi Heterostructure 

engineering 

● High temperature 

 ● Limited application 
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be made via the hydrothermal method, so a different approach must be adopted; this 

promotes the generation and development of the solvothermal process.  

 

Figure 2.6. Schematic diagram for the synthesis of MoS2 by hydrothermal method[127]. 

The solvothermal method was developed on the principles of the hydrothermal 

process to replace it in the case of the synthesis of water-sensitive compounds. This differs 

from the hydrothermal reaction by the solvent used, where an organic solvent is employed 

instead of water. In addition, compared with the hydrothermal method, the solvothermal 

process can better control phase formation and particle size and has better 

dispersion[143]. The comparative study of Ni0.85Se nanocrystalline materials synthesized 

in N-dimethylformamide (DMF) solvothermal reaction gave superior electrocatalytic 

performance compared to the hydrothermally synthesized Ni0.85Se[144].  It can be 

attributed to the better dispersion of the solvothermal method, making the size distribution 
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more uniform, in addition to its rough surface morphology and porosity of the 

catalyst. Furthermore, NiSe-NixSy has been synthesized using a simple two-step 

solvothermal method[145]. A uniform array of NiSe/NF nanocubes was obtained in DMF, 

providing a large specific surface area and a uniform conductive substrate. This was 

followed by an ion exchange reaction that partially replaces Se2– with S2– during 

solvothermal sulfurization leading to the formation of NiSe-NixSy/NF[145] (Figure 2.7.).   

 

Figure 2.7. Schematic illustration of two-step solvothermal synthesis of NiSe-

NixSy compound nanocubes[145]. 

Another example of a unique hydrothermal synthesis is the transformation of 

porous β-Ni(OH)2 nanoplates formed by selective etching into mixed porous metal 

hydroxide and metal sulfide nanoplates by simple hydrothermal method[146]. Some of the 

major cons of hydrothermal and solvothermal processes are that the reaction mechanism is 

ambiguous and unclear, and the reaction time is usually long, mainly because the chemical 

reactions are generally different from the normal state, and a long reaction time is required 

to obtain a stable and pure catalyst. 

2.3.1.2. Electrodeposition synthesis. Electrodeposition is a simple and cost-

effective method to directly prepare and grow nanomaterials on current collectors with 

various morphologies. The nanomaterials were deposited on the surface of substrates by 
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cathodic reduction reaction in an aqueous or organic solvent, in which the precursors were 

dissolved. Commercial nickel foam (NF), carbon paper (CC), Cu foam (CF), stainless steel 

(SS), and carbon fiber cloth (CFC) are generally employed as substrates. Several metal-

doped Ni series have been synthesized using electrodeposition methods. A typical 

experimental setup is shown in Figure 2.8. Simple potential electrodeposition using a 

nickel salt and selenium oxide precursor to produce a nickel selenide phase at room 

temperature in the open air was reported to be successfully achieved and exhibited good 

catalytic performance in HER and OER[147]. A. T. Swesi reported the synthesis of 

Ni3Se2 via electrodeposition on Au-coated glass, Au-coated Si, glassy carbon (GC), ITO-

coated glass, and Ni foam, and was found to show high OER activity[110]. It was explained 

that the electrodeposition parameters, such as deposition time and pH of the 

electrochemical bath, annealing, and the nature of the substrate, greatly influence the 

activity. X. Cao reported the quaternary mixed-metal selenide compositions by 

incorporating Ni-Fe-Co through combinatorial electrodeposition to explore the ternary 

phase diagram of Ni-Fe-Co systems shown in Figure 2.8.[128]. 

 

Figure 2.8. Schematic of combinatorial electrodeposition. (a) Ternary phase diagram for 

exploring compositions of the mixed-metal selenide (b) Typical experimental set-up for 

electrodeposition[128]. 
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The drawback of electrodeposition is that the voltage and current may be unstable, 

which leads to the nonuniformity of the prepared nanomaterials and affects the 

electrocatalytic performance. 

2.3.1.3. Microwave synthesis. Microwave irradiation involves electromagnetic 

waves in the range of 1 mm – 1 m (300 MHz–300 GHz). Generally, microwave ovens or 

microwave reactors' electric field in the waveguide was defined at a frequency of 

2.45 GHz. Microwave irradiation produces effective internal heating by directly coupling 

microwave energy with the precursor and solvent molecules[133]. The heating in 

microwave radiation has been associated with two main mechanisms: dipolar polarization 

and ionic conduction. And it depends on the ability of the heated materials to absorb 

microwaves and convert them into heat. A microwave-assisted synthesis method is an 

elegant approach that is easy to operate, efficient, and cost-effective compared to 

hydrothermal methods. It promotes the reduction of metal precursors and nucleation of 

metal clusters, thereby reducing the crystallization time and minimizing the aggregation of 

nanostructures. S. Anantharaj et al. proposed a cheap, faster, and easy method of 

microwave-assisted synthesis that does not require sophisticated equipment and eliminates 

high-temperature and-pressure reactions. Here, a hierarchical 3D nano assembly of 

Ni3Se4 was fabricated on Ni foam in a comparatively more straightforward methodology 

using NaHSe solution as the Se source with the assistance of a simple microwave initiation 

(300 W) for the first 3 min and 5 h of aging at RT. The fabricated Ni3Se4 nano assemblies 

have demonstrated excellent HER and OER activity with the lower Tafel slopes suggesting 

its superior electrocatalytic bifunctional water-splitting. This proposed synthesis method 

can be chosen for the facile formation of other metal chalcogenides on suitable 
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substrates[133]. Furthermore, Zheng et al. proposed the rapid microwave-assisted 

synthesis of layered and tubular interwoven carbon nanotube (CNT) coated 

NiSe2 nanosheets (NiSe2@CNT) within 2 min for high-performance supercapacitors. 

Another excellent green, universal, and scalable approach for synthesizing micro-

/nanostructured metal chalcogenides from elemental precursors was reported by K. Ding 

et al. [134]. 

 

Figure 2.9. Schematic illustration of microwave-initiated MoTe2/graphene 

nanocomposite synthesis for supercapacitor application[135]. 

The method suggests that all chalcogens, sulfur, selenium, and tellurium have 

excellent solubility in phosphonium ionic liquids. Upon microwave-assisted heating this 

promotes faster kinetics between the chalcogens and various metal powders, producing 

nanocrystalline materials[134]. S. Sarwar el. al. reported a fast and facile microwave-

irradiated synthesis approach to making 2D-molybdenum ditelluride nanosheets deposited 
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on graphene substrate (MoTe2/graphene), as shown in Figure 2.9. This method constitutes 

a clean, ultrafast (90 seconds) synthetic approach employing microwave heating without 

inert gas protection or intense facilities. To yield a nanostructured hybrid material that 

could be used as an efficient energy storage material[135].  

2.3.1.4. Nanocrystals self-assembly synthesis. Self-assembly of nanocrystals is a 

synthesis method in which pre-synthesized a spontaneously self-arrange of nanocrystals 

into an ordered structure, fundamentally due to weak interactions between nanocrystals 

such as electrostatic, van der Waals, and hydrogen bonding[137, 148–151]. Various nano 

architectures can be created with integrated or multi-catalytic functionality. Recently, 

many scientists found interest in developing self-assembly strategies for nanocrystal 

fabrication and application. This is now an emerging method widely employed in metal 

chalcogenide synthesis. The synthesis of a highly ordered Cu2S multilayer superlattice was 

reported via a self-assembly approach, in which these highly uniform Cu2S were formed 

in a confined reaction at water–oil interface[150]. This technique provides a simple bottom-

up approach to create numerous self-assembled metal chalcogenide superlattices structures 

by providing controllable size and shape of the pre-synthesized block nanocrystals for 

integrating nanocrystals, as well as their properties for the potential applications in catalysis 

and energy conversion devices. 

Similarly, self-assembled ZnS 2D superlattices with two interesting 

morphologies, hexagonal bipyramid, and hexagonal bifrustum, were reported by Donega 

et al.,[148]. The self-assembly process was found to be driven by interfacial free-energies 

minimization and packing density maximization, while assembly structure determines the 
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morphology structure. This emphasizes the importance of precise morphology control in 

the self-assembly field. 

2.3.1.5. Hot injection synthesis. Hot injection is a standard method for preparing 

monodisperse colloidal nanocrystals with controllable particle size, shape, morphology, 

and composition. Typically, this method starts with a fast addition by injecting the reactants 

into a hot reaction solution containing a critical surfactant. A series of nickel selenide 

nanocrystals NixSe (0.5 ≤ x ≤ 1) was prepared by Zheng et al. with the following crystal 

phases; NiSe and Ni0.85Se as pure hexagonal), Ni0.75Se and Ni3Se4 as monoclinic, and 

Ni0.5Se and NiSe2 as cubic with accurate phase and controlling component by adjusting the 

addition dosage and raw material ratio using a rapid and ambient pressure thermal injection 

method (Figure 2.10.)[136].  

 

Figure 2.10. Schematic illustration for synthesizing NixSe (0.5 ≤ x ≤ 1) 

nanocrystals[136]. 
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Furthermore, an even anchor NiSe nanocrystalline on carbon nanofibers (CNFS) was made 

simply by hot injections to prepare CNFs@NiSe core/shell nanostructures that can be used 

for selective conversion of methanol and hydrogen production[152]. This method yields 

high-quality nanomaterials; however, transforming metal precursors to the corresponding 

metal-chalcogenide generally requires high temperatures, which limits their widespread 

application outside of lab-scale synthesis. Also, long-chain surfactants are generally 

employed in the reactions and are difficult to remove after the reaction, which poisons for 

catalysis, batteries, and other energy storage applications. Furthermore, the solvent choice 

is limited due to the high boiling point solvent requirement since a high temperature is 

usually required for the metal precursor to be converted to metal chalcogenide. 

2.3.1.6. Chemical vapor deposition (CVD) synthesis. CVD is an exciting 

synthesis technique with the promising capability to fabricate high-quality TMC layers 

with controllable size, manipulative thickness, and superior electronic properties. The 

generated TMC films can be used as the active components for nanoelectronics and as the 

building blocks for layered heterostructures. Currently, the CVD or CVD-like methods are 

the only techniques available that can be used to achieve wafer-scale TMCs[129, 130]. The 

conventional CVD setup used to grow 2D TMCs such as MoS2 is illustrated in Figure 2.11. 

In the process, a crucible containing a chalcogen powder (precursor 1) is loaded upstream 

in the low-temperature region of the furnace. Large MoS2 monolayers with excellent 

optical and electrical properties have been CVD-grown by sulfurization of a Mo film and 

MoO3[153]. The growth of MoS2 monolayers follows the typical vapor–solid–solid (VSS) 

mode, where sulfur and MoO3 powders are heated to vaporize. In contrast, transition metal 

oxide powder (precursor 2) and growth substrates are loaded in the high-temperature center 
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of the furnace at some intervals, as shown in Figure 2.11. An inert carrier gas transports 

these vapors onto the growth substrates to initiate the chemical reaction. This leads to the 

nucleation and growth of solid MoS2 monolayers. The CVD growth technique has become 

the universal method for fabricating various 2D TMDC monolayers[130]. However, CVD 

is not without challenges. One is that more critical growth conditions are required to grow 

some compositions, e.g., WSe2 monolayers[92].  

 

Figure 2.11. Scheme illustrating the experimental setup for grown MoS2 layers using the 

CVD method. 

Understanding these synthesis methods, their advantages and disadvantages, and the 

properties of the obtained transition metal chalcogenide product(s) are crucial in 

determining the best way to fabricate electrodes for a specific application(s).  

2.4. ELECTROCHEMICAL CARBON DIOXIDE (CO2) REDUCTION  

The natural escape route for atmospheric CO2 is jgenerally allowed through 

sequestration by forest cover on the Earth's surface, which over the past several decades 

has been depleted significantly due to deforestation and industrialization, paving the way 
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for the industrial landscape. The current CO2 level has exceeded 400 ppm in the 

atmosphere, so CO2 sequestration and storage alone will not be sufficient to combat this 

issue[154]. Subsequently, a practical solution is urgently needed that will allow for the 

transformation of this vast amount of atmospheric CO2 into valuable chemical products, as 

a result, closing the loop. The conversion of CO2 gas through electrochemical 

CO2 reduction reaction (CO2RR) into various value-added products is an important step 

towards addressing the problem of global warming. However, the chemical inertness of 

CO2 makes its reduction an extremely challenging task, which requires an energy source 

and a catalyst to accelerate the reaction rate and improve the selectivity of products in the 

reaction[155]. Over the past few decades, colossal research has been conducted to 

transform CO2 using Pt, Pd, Ru, Au, Ag, and their alloys[156-161] both in 

heterogeneous[156,158] and homogeneous[157,159] catalysis. These catalysts are costly 

and hence scalability is limited.  

More recently, several non-precious transition metal-based catalysts have been 

identified for CO2RR. However, these catalysts are limited in the product type and 

selectivity of products obtained. Generally, CO2RR product(s) is represented by (C ≥x, 

where x=1,2,3 or 4) depending on the mechanism of formation and extent of C–C linkage. 

Commonly, Cu and Ni-based catalysts have been observed to produce a mixture of 

predominantly C1 products, consisting primarily of carbon monoxide (CO), formate ion, 

and a small relative quantity of methanol and formaldehyde[162-164]. This poses two main 

concerns: selectivity towards desirable products is horrendous, and CO being very toxic, 

is highly undesirable and must be transformed into something useful, e.g., syngas, thereby 

reducing the efficiency and increasing the overall cost of the process. Despite the 
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constantly growing number of studies leading to recent significant progress, existing 

catalysts still operate at large overpotentials to achieve reasonable reaction rates. The 

selectivity toward the desired products is often low. A highly selective direct 

electrochemical reduction of CO2 to alcohols or other value-added hydrocarbons with a 

higher carbon content (C2 or higher) is more desirable. 

Copper-based catalysts have drawn much attention due to the range of reduction 

products they can generate at standard conditions and the considerably low electrochemical 

applied potential for CO2 reduction[165,166]. Both bulk and nanoparticles of Cu were 

observed to produce CO and CH4[165,166] primarily. Cu was also reported to have 

produced C1–C3 CO2RR products[165-168]. The nanoparticles size, morphology, and 

surface roughness of Cu catalyst in CO2RR have been reported to influence the faradaic 

efficiency, product(s) type, and product selectivity[168-170]. For example, C2 products are 

generated with surface oxidized Cu films[167], while Cu nanocrystals produce formic acid 

(HCO2H) at low potential V (vs. RHE)[165]. Cu2O has also been reported as an 

electrocatalyst towards CO2RR[163].  

  In general, even though Cu electrocatalyst has proven to be cost and energy 

efficient for CO2RR, there is a limitation in the selectivity of product at room temperature 

under ambient conditions[174-178]. Furthermore, they suffer from numerous drawbacks, 

including the poisoning of the catalyst surface by CO and other reaction intermediates and 

the subsequent deactivation of the catalysts shortly after[170,177]. Modifying the metal 

surface with oxide layers could minimize catalyst poisoning and prevent deactivation. 

However, studies have shown that although using ZnO support with Cu2O electrode 
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demonstrates sustained catalytic activity towards CO2RR, decreases the faradaic efficiency 

of the hydrocarbon products, leading to less product selectivity[178].  

Aside from Cu-based catalysts (Cu2O)[163,174,178], other transition metal 

chalcogenides have demonstrated good activity for the CO2RR, such as WSe2 and 

MoSe2[179-181]. Copper sulfide has been tested theoretically and experimentally for 

CO2RR, and formate was selectively produced in an aqueous electrolyte, while CO was 

produced only in trace amounts.[182] Several molecular-based complexes in the literature 

are reported for CO2RR, most of these complexes are porphyrin-based complexes[12-15].  

 

Figure 2.11. Catalyst design strategies for the heterogeneous CO2RR[183]. 

In designing a catalyst, surface electronic structure is critical in determining its 

potential and selectivity for CO2RR as it influences the binding energies of reaction 
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intermediates. The geometric structure relates to an atomic arrangement and catalytic site 

density, which could impact the product selectivity and current density (Figure 2.12.)[183]. 

In general, nanomaterials are generally composed of grain boundary defects that have 

specific electronic and geometric properties. Doping or alloying one metal or transition 

metal chalcogenide with a second metal or additional anion will inevitably affect both the 

electronic and local geometric properties. In this way, many new catalysts can be designed. 

It was reported that altering the anion electronegativity around a catalytically active 

transition metal site leads to better modulation of the electrochemical redox of the catalytic 

site and, subsequently, lowers the activation energy of the electrocatalytic 

reaction[169,182]. On that note, for our catalyst design approach, we propose the use of 

transition metal-based chalcogenides in two ways:  

(i)  Mixed anionic chalcogenides by alternating the anion electronegativity using 

multiple anions, e.g., MxEyEz (M = metal, E = S, Se, or Te) and x, y, and z 

could be any positive real numbers. This is proposed to change the electron 

density around the transition metal center, which will subsequently affect the 

binding energy of the CO intermediate on the surface. This is important for the 

preferential selectivity of C1 and C2 products. It is understood that the most 

suitable CO adsorption for C2 products is one whose energy allows for enough 

dwell time for further reduction of carbon-rich products. Weak CO adsorption 

energy leads to the desorption of C1 products. 

(ii) The use of transition metal complexes that are based on chalcogen ligands, 

where the core of metal bonded chalcogens through the ligands will be isolated 

as either metal chalcogen complexes ME4 (M = metal, E = S, Se, or Te) or 
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metal mixed chalcogen complexes ME’2E2 (M = metal, E = S, Se, or Te). This 

will include an understanding of the intrinsic properties of the core catalyst and 

its role in the CO2RR process. 

To indicate the selectivity of a catalyst (electrode), the so-called Faraday efficiency 

(FE) Equation (1) is given by  

!" = 	 !.#.$%.& 	100                                                (1) 

where: z = the number of electrons transferred; n = amount of substance of 

product; F = Faraday constant, I = current applied; t = reaction time. 

Studies focusing on catalyst design and synthesis use H-type cells, with cathode and 

anode compartments filled with liquid electrolytes, separated via an ion exchange 

membrane. The catalyst is usually deposited on glassy carbon or carbon paper and the 

CO2 is dissolved in the bicarbonate electrolyte to improve CO2 solubility thereby 

enhancing its mass transport.  

• Mechanistic Principles and Catalyst Design for CO2 Reduction Reaction  

The electrochemical CO2 reduction process starts with an electrochemical transfer 

of H+/e− to CO2, forming an intermediate that binds to the catalyst surface through either 

oxygen or carbon. The product depends on the nature of the binding and the element 

through which the binding occurs.  When the binding is via oxygen, HCOOH can be 

expected, whereas CO is formed when the binding is through carbon (Figure 2.13.). This 

makes this step a crucial product formation in CO2RR[183–186]. Also, this implies that 

CO is generally regarded as an essential intermediate for the further reduction of C1 and 

C2 products. This has been carefully and systematically studied by investigating CO by in 

situ measurements [187–192]. The C-C bond formation is the crucial reaction step that 
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separates the pathways for single and multi-carbon products. The dimerization of two ∗CO 

species is an important step in forming the C-C bond, resulting in bidentate ∗CO∗CO as 

intermediate species. Figure 2.13. shows the proposed mechanistic pathway for forming 

ethanol and n-propanol[192]. The subsequent reduction steps to ∗CO∗CHOH or 

∗CO∗COH species have been proposed as plausible intermediates steps[190–192]. 

 

Figure 2.13. (a) Plausible pathways towards CO2RR. (b) Some in situ characterization. 

(Presents insight into reaction intermediates, active sites, reaction pathways, the effect of 

the reaction environment, and catalyst transformation after reaction)[192]. 



 

 

34 

These intermediate species could be observed by characterization using in 

situ IR spectroscopy[189]. In addition, operando Raman spectroscopy results revealed that 

∗CO dimerization reaction competes with hydrogenation ∗COH or ∗CHO, which are 

further reduced to C1 products.[193,194] Along this line, C-C coupling steps via the 

reaction of ∗CHO or ∗COH with CO to ∗COCHO or ∗COCOH also have been 

postulated[191–193]. Methyl Carbonyl represents the most likely intermediate where a 

distinction occurs as to whether hydrogenation to ethanol or acetaldehyde occurs or 

whether further coupling with ∗CO and thus, the formation of propanol occurs. In this case, 

the ∗CO attacks the carbonyl carbon of acetaldehyde[195]. In situ spectroscopic systems 

generally characterize catalytic systems under reaction conditions and assist in 

comprehensively understanding the nature of active sites and reaction 

mechanisms[192,194]. These techniques have been employed in CO2RR systems to 

provide the following:  

(i) Identification and capture of reaction intermediates 

(ii)  Identification of active sites 

(iii)  Determination of preferred reaction pathways 

(iv)  Understanding the role of the reaction environment 

(v) Investigating the state changes of catalysts under reaction conditions.  

Multi-analysis using operando X-ray absorption spectroscopy (XAS) and quasi-

in-situ X-ray photoelectron spectroscopy (XPS) provides a correlation between catalytic 

structure and product formation multi-carbon (C2+)[167,169,172]. This would help in 

catalyst design to improve C2+ or any desired product selectivity and yield 

maximization[162,163]. This broadens our perspective on electrocatalytic CO2RR systems 
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and enables the rational design of efficient electrocatalysts and electrolytes for this 

reaction. Also, it is worth mentioning that the first adsorption intermediate determines the 

mechanistic pathway and subsequently the possible product(s) in the reaction, this could 

be from CO2 or the electrolyte. For example, using bicarbonate in the aqueous medium, a 

two-electron reduction of the adsorbed carbonate is possible[175], as schematically 

described in Figure 2.14. shown below. 

 

Figure 2.14. Possible intermediates of CO2RR during the first adsorption step[175]. 

The products formed during CO2RR have both economic and thermodynamic 

requirements. Ideally, the most desirable products should have high economic value and 

should require less energy to produce. The equilibrium potentials of popularly documented 

electrochemical CO2R products are summarized in Table 2.2. below [196]. The Gibbs free 

energy of reaction employing gas-phase thermochemistry data and Henry’s Law data for 

aqueous products[197] was used to calculate the CO2R standard potentials. The state of the 

products is aqueous or gaseous, while CO2 and water are considered as gas and liquid 

respectively. For any CO2R process, all the CO2 products are formed at the cathode, while 

an oxidation reaction mostly OER will necessarily take place at the anode to complete the  
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Table 2.2. Electrochemical reactions with equilibrium potentials. 

Reaction  E0 / [V vs RHE] Reaction, Product 

2H2O → O2 + 4H+ + 4e−  1.23 OER 

2H+ + 2e− → H2  0 HER 

xCO2 + nH+ + ne− → product + yH2O CO2RR 

CO2+ 2H+ + 2e− → HCOOH(aq) −0.12 Formic acid 

CO2 + 2H+ + 2e− → CO(g) + H2O −0.10 Carbon monoxide 

CO2 + 6H+ + 6e− → CH3OH(aq) + H2O 0.03 Methanol, MeOH 

CO2 + 4H+ + 4e− → C(s) + 2H2O 0.21 Graphite 

CO2 + 8H+ + 8e− → CH4(g) + 2H2O 0.17 Methane 

2CO2 + 2H+ + 2e− → (COOH)2(s) −0.47 Oxalic acid 

2CO2 + 8H+ + 8e− → CH3COOH(aq) + 2H2O 0.11 Acetic acid 

2CO2 + 10H+ + 10e− → CH3CHO(aq) + 3H2O 0.06 Acetaldehyde 

2CO2 + 12H+ + 12e− → C2H5OH(aq) + 3H2O 0.09 Ethanol, EtOH 

2CO2 + 12H+ + 12e− → C2H4(g) + 4H2O 0.08 Ethylene 

2CO2 + 14H+ +14e− → C2H6(g) + 4H2O 0.14 Ethane 

3CO2 + 16H+ + 16e− → C2H5CHO(aq) + 5H2O 0.09 Propionaldehyde 

3CO2 + 18H+ + 18e− → C3H7OH(aq) + 5H2O 0.10 Propanol, PrOH 

xCO2 + nH+ + ne− → product + yH2O COR 

CO + 6H+ + 6e− → CH4(g) + H2O 0.26 Methane 

2CO + 8H+ + 8 e− → CH3CH2OH(aq)  + H2O 0.19 Ethanol, EtOH 

2CO + 8H+ + 8e− → C2H4(g) + 2H2O 0.17 Ethylene 
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overall reaction, balancing the stoichiometric coefficients for electrons and protons in a 

sustained CO2RR. To date, there are limited reports on transition-metal-chalcogenide-

based molecular complexes towards CO2RR to understand the role of the core metal center 

in the chalcogen environment. Therefore, a more systematic approach to studying these 

complexes is by designing a unique class of ligands that will give varying chalcogenide 

that can change the electronic structure around the metal center to understand catalyst 

structure-product selectivity-yield relationship is desirable. This still needs to be explored 

or investigated for catalytic CO2 conversion to improve product selectivity and yield. We 

conducted a systematic study of the chemistry of molecular selenide carbonyl cluster 

materials, their detailed characterization FTIR, scanning electron microscopy (SEM), 

Energy-dispersive X-ray spectroscopy (EDX) Raman spectroscopy, and X-ray 

photoelectron spectroscopy (XPS), and CO2 catalytic efficiency and selectivity is reported. 

2.5. ELECTROCHEMICAL WATER SPLITTING  

Water splitting is a form of energy conversion and storage approach based on 

water electrolysis, in which H2 and O2 gasses are produced at the cathode and 

anode[198]. In this reaction, the water oxidation step is a complex four-electron transfer 

process and remains the most significant obstacle owing to its sluggish kinetics and high 

oxidation potential[199]. Platinum, RuO2, and IrO2 are the state of art water oxidation 

catalysts considered the most efficient. However, their industrial-scale application is 

challenging due to their low abundance (precious metal oxides), high cost, and alkaline 

conditions[200-202]. Catalysts, therefore, to be scalable, must be cost-efficient, made of 

readily available earth-abundant elements, have high catalytic activity under mild 

conditions at low overpotentials, and are stable for long periods or many cycles[203–205]. 
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The varying activity of these transition metal chalcogenides in OER and HER is due to 

their different compositions, variety of lattice structures, and unique electronic structures. 

And based on these properties, the transition metal chalcogenides are promising in various 

energy applications, including photocatalysis[206], electrochemical catalysis, and other 

energy conversion reactions[83, 86, 204, 205, 207-210],. Mainly for their rich defects 

sites[89,211], tunable electronic band structure[212–216], and various shapes, sizes, and 

morphologies[215-217], the transition metal chalcogenides exhibit boosting performance 

for water splitting. Despite their conductivity and activity, there is limited in their 

industrial-scale application; this is due to the susceptibility to corrosion that they suffer 

[19,217], and therefore systematic understanding of this class of material is necessary. 

Since the systematic synthesis of active and stable transition metal chalcogenide catalysts 

for wide electrochemical applications is uncommon. These are some strategies aimed 

towards providing better routes to developing and designing active and stable transition 

metal chalcogenide catalysts, summarized in Figure 2.15. below. 

 

Figure 2.15. Some metal chalcogenide catalysts are applied in water splitting[218]. 
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• Mechanism of Oxygen Evolution Reaction (OER)  

 Oxygen evolution reaction (OER) takes place at the anode, and it's the half-

reaction of the water-splitting reaction Equation (2) 

2H2O → 2H2 + O2                                                 (2) 

Notably, the cathode and anode reactions differ depending on the reaction medium 

employed for the water-splitting reaction. The sets of Equations (3) and (4), and Equations 

(5) and (6) below show the reactions under acidic and alkaline conditions, respectively. 

Many researchers have proposed numerous possible mechanisms for OER at the anode 

electrode in either acid (Equations (5-9)) or alkaline media (Equations (12-16)). Many of 

these proposed mechanisms include the same intermediates (MOH and MO), while the 

significant difference probably centers around the oxygen formation step. Based on these 

plausible mechanisms, it’s understood that there are two different approaches to forming 

oxygen from a MO intermediate; the first is the green route, as shown in Figure 2.16. via 

the direct combination of 2MO to produce O2(g) (Equation (7)); the second one involves 

the formation of the MOOH intermediate (Equations (8) and (15)), which subsequently 

decomposes to O2(g) (Equations (9) and (16)). Despite this difference, it’s been shown that 

the electrocatalysis of OER generally undergoes a heterogeneous reaction that involves the 

bonding interactions (M–O) within the intermediates (MOH, MO, and MOOH) as crucial 

steps for the overall electrocatalytic ability. 

(i) Acidic conditions 

Cathode reaction: 

4H+ + 4e− → 2H2 E0c = 0 V                                        (3) 
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Anode reaction: 

2H2O(l) → O2(g) + 4H+ + 4e− E0a = 1.23 V                              (4) 

 

Figure 2.16. The OER mechanism for acid (blue) and alkaline (red) conditions. The black 

line indicates that the oxygen evolution involves the formation of a peroxide (M–OOH) 

intermediate (black), while another route for the direct reaction of two adjacent oxos (M–

O) intermediates (green) to produce oxygen is possible as well[219]. 

The proposed mechanism under acidic conditions: 

M + H2O(l) → MOH + H+ + e−                                       (5) 

MOH + OH− → MO + H2O(l) + e−                                    (6) 

2MO → 2M + O2(g)                                                (7) 

MO + H2O(l) → MOOH + H+ + e−                                    (8) 

MOOH + H2O(l) → M + O2(g) + H+ + e−                                (9) 

(ii) Alkaline conditions 

Cathode reaction: 

4H2O + 4e− → 2H2 + 4OH− E0c = −0.83 V                           (10) 
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Anode reaction: 

4OH− → 2H2 + 2H2O(l) + 4e− E0a = −0.40 V                        (11) 

The proposed mechanism under alkaline conditions 

M + OH− → MOH                                                (12) 

MOH + OH− → MO + H2O(l)                                        (13) 

2MO → 2M + O2(g)                                               (14) 

MO + OH− → MOOH + e−                                         (15) 

MOOH + OH− → M + O2(g) + H2O(l)                                 (16) 

Several OER catalysts have been reported using various compositions of transition metal 

chalcogenides (See examples in Figure 2.17.). H. Singh reported a MnSe bifunctional 

electrocatalyst for OER and ORR activity in 1 M KOH. Its catalytic performance was 

enhanced by mixing multiwalled carbon nanotubes (MWCNTs) to give MnSe@MWCNT 

catalyst composite, increasing the catalyst's charge transfer and electronic conductivity. 

This composite was found to exhibit much higher activity, evidenced by a very low 

overpotential of 290 mV at 10 mA cm−2 and a Tafel slope of 54.76 mV dec−1, indicating 

fast OER kinetics as well as low charge transfer resistance shown by EIS, indicating a rapid 

movement of the reactant species at the electrode interface[118]. In another report, M. Nath 

compared hydrothermal and electrodeposited cobalt telluride phases (CoTe and CoTe2) for 

OER, HER, and ORR in an alkaline medium[112]. Although both catalysts show efficient 

electrocatalytic activities. CoTe demonstrated better performance for OER compared to 

CoTe2. According to the report, CoTe presented a better performance for OER and HER, 

with a low Tafel slope (43.8 mV dec–1) and lower overpotential (200 mV) at 10 mA cm–2, 

while CoTe2 shows better efficiency for ORR DFT studies revealed that CoTe showed 
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higher intermediate −OH adsorption energy on the catalyst surface, which corresponds to 

the catalyst activation step, and in good agreement with experimentally observed data for 

its superior performance. 

 

Figure 2.17. The electrochemical water splitting activity of various bulk metal 

chalcogenide nanomaterials in N2 saturated 1.0 M KOH solution at a scan rate of 10 

mV s−1. (a) OER LSV of iron cobalt copper selenide;(b) HER LSV of copper cobalt 

selenide (inset is the chronoamperometry); (c) OER LSV of cobalt telluride; (d) HER of 

nickel telluride (inset is the Tafel plot)[19,112,126,147]. 

Furthermore, they observed that, although the hydrothermally synthesized 

catalysts products were of higher quality crystalline nanostructured products with pure 

phases, the electrodeposited CoTe films showed superior electrocatalyst performance. This 
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could be due to direct catalyst growth on the electrodes with no binder or additives 

required[113]. U De Silva et al. tried to understand what happens on chalcogenide-based 

electrocatalysts surfaces by correctly identifying the catalytically active species on the 

surface. This was done by studying the evolution of the dynamic surface composition for 

nickel-selenide and telluride-based electrocatalysts by intentionally creating nickel-oxide-

coated Ni3Se2 and Ni3Te2 surfaces and comparing their electrocatalytic activity before and 

after extended time activity in KOH electrolyte. They observed that the surfaces remained 

stable in an alkaline medium, and no nickel oxide coating was detected even after 

prolonged exposure to KOH under anodic potential. The active surfaces are rather mixed 

with anionic (hydroxo)chalcogenides[19]. Mixed metal chalcogenides have also been 

tested for OER to understand the effect of doping metals on the activity and stability of an 

electrocatalyst. An interesting work on Cu-doped Co3Se4 yielded a spinel structure type 

CuCo2Se4 nanostructured phase that exhibits excellent bifunctional electrocatalytic activity 

OER and HER in alkaline media was reported from our Laboratory. This electrocatalyst 

required 320 mV and 125 mV overpotential for OER and HER to reach a current density 

of 50 mA cm–2 and 10 mA cm–2, respectively[126]. Furthermore, Fe–Co–Cu quaternary 

selenides series was studied for OER catalytic activity in N2-saturated 1.0 M KOH solution 

as a function of composition by exploring a trigonal phase diagram. They observed that 

quaternary Fe–Co–Cu selenides demonstrated more catalytic efficiency with increasing Fe 

or Cu in the catalysts. Ternary Fe–Cu selenides surprisingly demonstrated a reduced OER 

activity relative to their parent compounds (FeSe and Cu3Se2). (Fe0.48Co0.38Cu0.14)Se 

showed the best catalytic activity as indicated by a small overpotential and Tafel slope of 
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256 mV at 10 mA cm–2 and 40.8 mV dec–1, respectively[147]. Examples of these 

complexes and their cyclic voltammetry curves are shown in Figure 2.18. below.  

 

Figure 2.18. Cyclic voltammetry of molecular complexes. (a) 0.20 mM pentanuclear iron 

complex (black) and 1.0 mM Fe(ClO4)3 (red) homogeneous system in ACN(9): water(1), 

using a scan rate of 10 mV/s; (b)  CV of  0.5 mM (NMe4)2[CuII(L1)]  and 0.5 

mM  (NMe4)2[CuII(L2)] in pH 9.2 0.1 M carbonate buffer solution. [L1 = N,N′-(1,2-

phenylene)bis(2-hydroxy-2-methylpropanamide), and L2 = N,N′-(4,5-dimethyl-1,2-

phenylene)bis(2-hydroxy-2-methylpropanamide)]; (c); of various pH phosphate solutions 

for on FTO substrate CoHCF at 50mV s−1 scan rate; (d) Co(II)LCF3 at 0.1 V/s in 

phosphate buffered MeCN/H2O (1:1), at various concentrations. pH 7.3–7.5 for HER. 

(LCF3=2,6-bis(methoxybis(4-trifluormethyl-1H-imidazol-2-yl)methyl)pyridine)[7,10,220, 

223]. 

The exceptional catalytic performance of these quaternary selenides could be 

explained by the possible delocalization of electron cloud among the transition metal sites 

in the catalytic system through d-bands, resulting in improved film conductivity and lower 
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charge transport resistance at the catalyst–electrolyte interface. There are only a few reports 

on molecular-based complexes in the literature for water splitting; most of these reports are 

non-chalcogen-based complexes and are of homogeneous type system[220–222]. There 

are very scanty reports on transition-metal-selenide-based molecular complexes towards 

both OER and HER in alkaline to understand the role of the core metal center in the 

chalcogen environment[7-8], J. Masud et al. reported [Ni{(SePiPr2)2N}2] that demonstrated 

excellent performance and efficiency towards water splitting in alkaline solution as 

evidenced by the low overpotentials, exceptionally high mass activity, and a high TOF 

value recorded[30]. Their activity for OER was found to be better than the state-of-art-

RuO2, while their HER was less active as compared with Pt as shown in Figure 2.19. This 

was the first report to discuss seleno-based coordination complexes in water splitting.   

 

Figure 2.19. The electrochemical activity of molecular Ni-selenide complex (NiIISe4) on 

different substrates in N2 saturated 1.0 M KOH solution at a scan rate of 10 mV s−1. (a) 

OER;(b) OER Tafel plots; (c) HER; (d) HER Tafel plots[30]. 
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A more systematic approach to studying these complexes is designing a unique 

class of ligands that will give varying chalcogenides that can change the electronic structure 

around different metal center types.  This has not yet been explored or investigated for 

OER and HER catalytic activity. This behavior motivated us to investigate the activity of 

the intrinsic property of catalyst through isolated core metal complex and the effect of 

mixed anion chalcogenides by gradually replacing some portion of the chalcogen in 

transition metal chalcogenides with a different chalcogen in a continuous metal 

chalcogenides solid structure. Understanding the chemistry of these materials, from 

synthesis to structure-property relationship, could provide a plausible explanation of the 

interplay of the involving chalcogen anions within the structure and how they affect the 

charge distribution and electronic band structure, and subsequently tailoring this towards 

improving the electrochemical properties of transition metal chalcogenides in water 

splitting applications. This could open doors for many opportunities for the design of 

different catalytic system types by (i) using molecular complexes to determine the intrinsic 

properties of the active metal core when perturbed by a surrounding ligand (ii) doping 

multiple anions in a simple binary metal chalcogenide system and studying their properties 

evolution and activity in OER and HER in water splitting, with changing catalysts 

composition as well as tuning their electronic structure.  Here we present, for the first time, 

a systematic study of nickel telluros-elenide and their OER catalytic activity and stability. 

The electrochemical properties of these materials were investigated and compared with 

their selenide and telluride pristine binary transition metal chalcogenides. The catalytic 

activity of the telluro-selenides for OER was observed to be higher than the selenide but 

lower than the telluride, confirming that increasing anion electronegativity decreased 
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catalytic activity for OER. A systematic study of the chemistry of these new materials, their 

detailed characterization with powder X-ray diffraction, scanning, and transmission 

electron microscopy, Energy-dispersive X-ray spectroscopy (EDX), Raman spectroscopy, 

and X-ray photoelectron spectroscopy (XPS), and OER catalytic performance is reported.  
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ABSTRACT 

The cobalt–seleno-based coordination complex, [Co{(SePiPr2)2N}2], is reported 

with respect to its catalytic activity in oxygen evolution and hydrogen evolution reactions 

(OER and HER, respectively) in alkaline solutions. An overpotential of 320 and 630 mV 

was required to achieve 10 mA cm−2 for OER and HER, respectively. The overpotential 

for OER of this CoSe4-containing complex is one of the lowest that has been observed until 

now for molecular cobalt (II) systems, under the reported conditions. In addition, this 

cobalt–seleno-based complex exhibits a high mass activity (14.15 A g−1) and a much higher 

turn-over frequency (TOF) value (0.032 s−1) at an overpotential of 300 mV. These 

observations confirm analogous ones already reported in the literature pertaining to the 

potential of molecular cobalt–seleno systems as efficient OER electrocatalysts. Keywords: 

cobalt complex; electrocatalysis; water splitting; hydrogen evolution; oxygen evolution. 
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1. INTRODUCTION 

Over the past few decades, research interest in materials design and synthesis, the 

applications of which can be channeled towards sustainable energy generation and storage, 

has increased tremendously, due to the continuing depletion of fossil fuels. Research work 

on these materials has primarily focused on identifying earth-abundant non-precious metal-

based resources affording sustainable energy conversion from renewable sources such as 

the sun, wind and water. Among these, water splitting capable of generating clean 

hydrogen fuel on-demand has attracted considerable interest due to its wide range of 

applicability in various technologies including fuel cells, solar-to-fuel energy conversion, 

and water electrolyzers.[1,2] Electrocatalytic water splitting comprises two primary 

reactions occurring simultaneously: a hydrogen evolution reaction (HER) at the cathode, 

and an oxygen evolution reaction (OER) at the anode. The latter reaction is an energy 

intensive process involving multi-step proton-coupled electron transfer steps, and is 

thermodynamically less favorable, making it a major barrier for the advancement of these 

technologies.[3] Owing to the slow kinetics of oxygen evolution reactions (OER), catalysts 

are typically used to reduce the activation energy barrier as well as stabilize intermediate 

adsorption on the catalyst surface. Among these, precious metal-based systems such as 

iridium and ruthenium oxides are considered as state-of-the-art OER catalysts, while 

platinum-based materials are best for HER, with only a moderate activity towards OER. 

The use of precious metal-based oxides, however, is a severely limiting factor for 

widespread commercial applications due to their high cost and scarcity.[1] Consequently, 

the search for robust and efficient OER and HER catalysts based on abundant non-precious 
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transition elements has attracted considerable attention. Numerous types of such catalysts 

have been investigated with an aim to replace precious metal-based electrocatalysts without 

compromising either catalytic efficiency or stability. Among the transition metals, cobalt-

based electrocatalysts have emerged as an attractive class of non-precious metal-based 

catalysts for electrochemical water oxidation reactions, due to their abundance, stability, 

and more importantly superior catalytic performance.[4] Some of the most promising 

cobalt-based compounds identified as cost-effective and efficient catalysts for OER and 

HER are oxides [5–7] and chalcogenides (CoxEy; E = S, Se, Te).[8–12] A lot of cobalt 

selenides of the generic formula CoxSey have been reported to exhibit promising 

electrocatalytic activity for either HER or OER or both. Huge progress has also been made 

in efforts to develop bifunctional cobalt selenide catalysts for the overall water-splitting 

reaction. For instance, Masud et al. reported Co7Se8 nanostructured materials as a highly 

active and stable bifunctional electrocatalyst for both OER and HER in strong alkaline 

medium.[13] Numerous other cobalt-based electrocatalysts have also been explored; CoSe 

nanosheets,[14] Co3Se4 nanowires on cobalt foam,[15] CoSe2 nanosheets,[16] and some 

nonstoichiometric cobalt selenides such as Co0.85Se[17] have been reported as overall 

water-splitting electrocatalysts in alkaline media. Furthermore, the Co0.85Se nanosheet 

network arrayed on a cobalt plate substrate was also reported for HER in both basic and 

acidic media exhibiting an outstanding catalytic performance, due to its inherent metallic 

character, giving it abundant surface-active sites as well as higher conductivity.[18,19] In 

this family of electrocatalysts, it has been observed that the catalytic activity increases with 

decreasing electronegativity of the lattice anion. This has been confirmed in many 

transition metal chalcogenides as OER catalysts whereby changing the anion from O down 
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to Te in the chalcogen group led to significant improvement of the intrinsic catalytic 

properties in nickel-based chalcogenides.[20,21] Changing the anion leads to decrease in 

electronegativity in the following order: O (3.44) > S (2.58) > Se (2.55) > Te (2.1), which 

subsequently leads to increase in the covalency of the metal–chalcogen (M–E) bonds down 

the chalcogens group, i.e., M–O bonds being less covalent than M–Se or M–Te. This 

increased covalency assists in local electrochemical oxidation–reduction of the transition 

metal center by reducing their redox potential as well as by altering the electron density in 

the catalytically active transition metal site. Increased covalency in the chalcogenides also 

leads to alteration of the electronic band structure and proper alignment of the valence and 

conduction band edges with the water oxidation/reduction levels, respectively, leading to 

more facile charge transfer at the electrocatalyst–electrolyte interface which subsequently 

reduces the overpotential required for the electrochemical conversion.[22,23] Similar 

effects have also been observed by doping in transition metal sites which also redistributes 

electron density around the catalytically active site.[24] Until now, the most common 

cobalt–seleno-based electrocatalysts reported are from different types of nanostructured 

materials and solids with infinite Co–Se bonds throughout the lattice. Although some of 

them have shown both efficient catalytic activity for OER and great stability,[13,15] there 

are still some concerns about their stability in alkaline media. For instance, it has been 

suspected that in alkaline medium these transition metal chalcogenides hydrolyze to form 

surface oxide layers which act as the actual electrocatalyst in such cases. However, another 

opposing view is that the transition metal chalcogenides are only partially hydrolyzed, 

resulting in mixed anionic surface compositions. Several research groups are trying to 

accurately identify the active surface composition of these transition metal chalcogenide-
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based electrocatalysts. In that respect, studies of molecular complexes in which the core of 

the complex represents a structural motif of the metal– chalcogenide solid can shed more 

light on the effect of anion coordination on the catalytic activity as well as stability of this 

motif under alkaline conditions. The electronic structure of these molecular complexes can 

be finely tuned by modifying the electronic and steric properties of the ligands employed 

in the synthesis. Moreover, the molecular complexes can be very stable, diverse and can 

exhibit coordination expansion due to ligation of the solvent or other molecules,[25–29] 

which is very useful for the catalytic pathway typically initiated by hydroxide coordination 

to the catalytically active transition metal site. These properties are of especially great 

interest for electrochemical H2 and O2 generation. Therefore, investigating the intrinsic 

catalytic activity of transition metal complexes with limited or no propensity to form 

surface metal oxides, as well as understanding the inherent activity of the core structural 

motif is of paramount interest. Numerous molecular cobalt complexes based on different 

types of ligand designs have been reported as electrocatalysts.[30–39] For instance, 

pentadentate N-heterocyclic coordinated cobalt complexes exhibit HER activity in water 

[30]. In addition, a cobalt–polypyridyl complex bearing pendant bases and redox-active 

ligands, combining stability and appropriate redox potential, has also been reported for 

good electrocatalytic activity in HERs.[36] Cobalt-based coordination complexes have 

previously been studied for OER catalytic activity,[37] in instances where the catalysts are 

immobilized onto the electrode as composite or onto the surface.[38] However, cobalt 

coordination complexes with seleno-based ligands have not yet been investigated for OER 

catalytic activity. Such complexes containing the CoSe4 core that is commonly found in 

cobalt selenide phases will be very useful in understanding the electrocatalytic activity as 
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a function of anion coordination (composition and geometry). This will also aid in gaining 

an insight into the electrocatalysis pathways and the reasons for significantly enhanced 

activity of the metal chalcogenides for OER and HER. Herein, we report the bifunctional 

electrocatalytic activity of a seleno-based Co(II) bis(diselenoimidodiphosphinato) 

complex, [Co{(SePiPr2)2N}2], which shows significantly enhanced efficiency for OER and 

moderate HER, in alkaline medium. A very low onset potential of 1.44 V for O2 evolution 

as well as an overpotential of 320 mV at 10 mA cm−2 were recorded. The onset potential 

for H2 evolution is comparable to that of other non-platinum based HER electrocatalysts. 

2. METHODOLOGY 

2.1. MATERIALS 

Au-coated glass and GC used as substrates were purchased from Deposition 

Research Lab Incorporated (DRLI), Lebanon, Missouri, and Fuel Cells Etc, Texas, 

respectively.  

2.1.1. Synthesis of Bis(diselenoimidodiphosphinato) Cobalt(II) Complex 

[Co{(SePiPr2)2N}2]. The synthesis of the (SePiPr2)2NH ligand [59] and the 

[Co{(SePiPr2)2N}2] complex [39] was carried out following previously reported 

procedures. 

2.1.2. Electrochemical Measurement. In order to study the OER and HER 

catalytic activity, the CoSe4 catalyst was mixed with nafion and drop-cast onto different 

electrodes. All the electrochemical measurements were investigated using an 

electrochemical workstation (IviumStat potentiostat) in a standard three-electrode cell, 
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with N2-saturated 1 M KOH as the electrolyte solution. For all measurements, Ag/AgCl 

was used as a reference electrode, while GC and Pt mesh served as counter electrodes for 

HER and OER, respectively. Catalyst loaded on Au or GC served as the working electrode. 

The LSVs were performed at a scanning rate of 10 mV s−1 while the electrode was rotating 

at 1000 rpm. To reduce uncompensated solution resistance, all activity data were iR-

corrected, which was measured through electrochemical impedance studies. The reference 

electrode was calibrated by measuring open circuit potential (OCP, −0.199 V) at Pt wire in 

pure H2-saturated 1.0 M H2SO4 solution. Potentials measured vs. Ag/AgCl electrode were 

converted to values vs. RHE based on Nernst’s equation (Equation (1)):  

ERHE = EAg/AgCl + 0.059pH + E0Ag/AgCl                                    (1)  

where ERHE is the converted potential vs. RHE, EAg/AgCl is the experimentally measured 

potential against the Ag/AgCl reference electrode, and E 0 Ag/AgCl is the standard 

potential of Ag/AgCl at 25 ◦C (0.199 V). 

2.1.3. Tafel Plot. The Tafel slope was calculated by applying Equation (2):  

η = a + (2.3RT/αnF) log(j)                                                 (2)  

where η is the overpotential, j is the current density, and the other symbols have their usual 

meanings. The Tafel equation as shown Equation (2) is a fundamental equation which is 

acquired from the kinetically controlled region of OER/HER and relates the overpotential 

η with the current density j where the Tafel slope is given by 2.3RT/αnF. 

2.1.4. Turnover Frequency (TOF). The TOF value was calculated by Equation 

(3):  

TOF = I/(4 × F × M)                                                  (3) 



 

 

55 

where I is current in Ampere, F is the Faraday constant, and M is the number of moles of 

the active catalyst. 

2.1.5. Electrode Preparation. All solutions were prepared using deionized (DI) 

water. All substrates were cleaned with isopropanol and eventually rinsed with deionized 

water to ensure a clean surface. Catalyst ink was prepared by dispersing 10.0 mg of the 

catalyst in 1.0 mL isopropyl alcohol (IPA) and ultrasonicated it for 30 min. Au-coated glass 

substrates were covered with Teflon tape, leaving an exposed geometric area of 0.283 cm2, 

and GC (geometric area: 0.196 cm2) served as the working electrodes. A quantity of 20 µL 

of the ink was pipetted out on the top of the Au or GC substrates. The catalyst layer was 

dried at room temperature. Then, an aliquot of Nafion solution (10 µL of 1 mg/mL solution 

in 50% IPA in water) was applied to the catalyst layer. The Nafion-coated working 

electrode was dried at room temperature and finally heated at 130 ◦C in an oven for 30 min 

in air. 

2.1.6. Electrodeposition of RuO2. Electrodeposition of RuO2 on Au-coated glass 

and GC substrate were carried out from a mixture of RuCl3 (0.452 g) and KCl (2.952 g) in 

40 mL of 0.01 M HCl using cyclic voltammetry from 0.015 to 0.915 V (vs. Ag/AgCl) for 

100 cycles at a scan rate of 50 mV s−1. This was then heated in ambient air for 3 h at 200 

◦C. 

3. RESULTS 

The structural and magnetic properties of [Co{(SePiPr2)2N}2] (referred to as 

CoSe4 hereafter) have already been reported. [39,40] The crystal structure of CoSe4 shows 
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a first coordination sphere consisting of a Co (II) center tetrahedrally coordinated to four 

Se atoms stemming from two [SePiPr2)2N] chelating ligands, as shown in Figure 1a. This 

complex is structurally similar to the Ni (II) tetrahedral NiSe4-containing analogue.[41–

44] The complex was further investigated by Raman spectroscopy (Figure 1b) whereby the 

characteristic peaks observed at 174 and 188 cm−1 could be associated to CoSe2-like 

vibrations, while that at 143 and 233 cm−1 could be attributed to the trigonal-Se0 mode; 

furthermore, the two peaks at around 444 and 468 cm−1 could be associated with the cubic 

CoSe2-like phase mode,[45,46] indicating the presence of Co–Se in the CoSe4 complex. 

 

Figure 1. Structure and characterization of the [Co{(SePiPr2)2N}2] complex 
(CoSe4 catalyst). (a) The molecular structure showing the tetrahedral cobalt–seleno-

coordination. Color coding: Co (dark blue), Se (magenta), P (brown), N (light blue), C 
(gray). (b) Raman spectra of the complex measured before and after OER catalytic 

activity. (c) Co 2p XPS peaks. (d) Se 3d XPS peaks. 

The CoSe4 complex was also characterized through X-ray photoelectron 

spectroscopy (XPS) which showed Co 2p3/2 and 2p1/2 peaks at 781.2 and 796.3 eV, 

respectively, characteristic of Co (II), while the Se 3d peaks were observed at 55.1 eV 
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corresponding to Se2− (Figure 1b,c) [47]. The satellite peaks each found at the higher 

energy end of the Co 2p signals, are attributed to the contribution from the antibonding 

orbital [48]. In order to evaluate the electrocatalytic activity of CoSe4 for water splitting, 

the drop casting approach was used to prepare the working electrodes. Specifically, the as-

prepared CoSe4 powder was dispersed in isopropyl alcohol (IPA) under ultrasonication 

without changing its intrinsic properties. The film was fabricated by gradually dropping 

the catalyst ink (20 µL) onto Au-coated glass as the conductive substrate over a well-

defined geometric area. An amount of 0.1% Nafion was dropped on the top of the coating 

to form a covering layer as illustrated in Figure 2.  

 

Figure 2. Scheme for electrode preparation. 

This method has been widely used in our previous studies for preparing electrode 

material from powder catalyst samples.[44] Electrodes were also prepared with glassy 

carbon (GC) substrates. The electrocatalytic activity of CoSe4 was compared with RuO2 

electrodes prepared on Au-coated glass and GC following the above procedure. 



 

 

58 

The OER catalytic process was studied by linear sweep voltammetry (LSV) 

measurements conducted in N2-saturated 1 M KOH, at a scan rate of 10 mV s−1. Figure 3a 

shows the LSV plots of electrochemical oxygen evolution at CoSe4@Au, CoSe4@GC (GC: 

glassy carbon), RuO2@Au and RuO2@GC electrodes. CoSe4 loaded on Au-glass and GC 

electrodes showed high activity for OER with the exchange current density corresponding 

to O2 evolution showing a sharp and slow increase for Au and GC, respectively. Among 

these CoSe4@Au-glass showed lower onset potential for OER implying that using the Au-

coated glass as primary electrode for the CoSe4 catalyst, the latter showed higher activity 

toward OER compared to a GC electrode. The typical performance parameters including 

onset and overpotentials for the CoSe4@Au-glass catalyst evaluated in this work are listed 

in Table 1 below. 

Table 1. Electrochemical parameters of the catalysts measured in 1 M NaOH. 

OER HER 
Catalyst Onset 

potenti

al (V) 

h 

@10

mAc

m-2 

(V) 

Tafel slope Mass activity TOF 

(s-1) 

Onset 

poten

tial 

(V) 

h @10mAcm-2 

(V) 
CoSe4@Au 1.44 0.32 61.6 14.15 0.032 0.52 0.63 
RuO2@Au 1.51 0.38 117.2 - -   
Pt - - - - - 0.00 0.05 

The onset potentials for CoSe4@Au-glass and RuO2@Au-glass were 1.44 and 

1.51 vs. reversible hydrogen electrode (RHE), respectively, as shown in Figure 3a. The 

overpotential required to achieve current density of 10 mA cm−2 (considering the electrode 

geometric area) for CoSe4@Au-glass and RuO2@Au-glass were 320 and 380 mV, 

respectively (Figures 3a and 4). Furthermore, Tafel slopes obtained from Tafel plots (η vs. 

log j) applying Equation (2), were used to investigate OER kinetics of the CoSe4@Au-

glass and RuO2@Au-glass electrodes, as shown in Figure 3b. Tafel slopes of 61.6 and 
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117.2 mV dec−1 were obtained for CoSe4@Au-glass and RuO2@Au-glass, respectively. 

The smaller Tafel slope shown by CoSe4-modified electrodes compared to RuO2 further 

confirms faster kinetics for OER and consequently better electrocatalytic efficiency of 

CoSe4. The Tafel slope for CoSe4 is also comparable to reported values for other transition-

metal–chalcogenide-based catalysts.[14,24] 

 

Figure 3.  Electrochemical OER performance for the CoSe4 catalyst. (a) LSV plots of 
OER for the CoSe4 catalyst measured in N2-saturated 1.0 M KOH solution at a scan rate 
of 10 mV s−1. Dashed black line shows the current density of 10 mA cm−2. (b) Tafel plots 

of catalysts. (c) EIS spectra measured at 1.56 V vs. RHE in N2-saturated 1.0 M KOH 
solution over the frequency range of 1 MHz to 1 Hz. Inset shows the equivalent circuit 

where Rs is the electrolyte resistance and Rct is the charge transfer resistance at the 
catalyst–electrolyte interface. (d) Stability study of CoSe4 catalyst under continuous 
O2 evolution for 12 h at 1.53 V. Inset shows the LSV plots of the CoSe4 catalyst in 
N2 saturated 1.0 M KOH before (blue) and after (red) chronoamperometry for 12 h. 

The CoSe4@Au-glass was also analyzed through electro impedance spectroscopy 

(EIS) to estimate the charge transfer resistance (RCT) at the catalyst–electrolyte interface. 
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The EIS spectra shown in Figure 3c could be fitted to an equivalent circuit and the RCT was 

estimated to be approximately 180 ohm. The low value of RCT indicates faster charge-

transfer at the catalyst interface. In addition, the mass activity and turn-over frequency 

(TOF) of the CoSe4@Au catalyst was calculated at an η value of 0.320 V (Table 1). The 

mass activity was estimated to be 14.15 A g−1, indicating better performance than some of 

the state-of-the-art OER electrocatalysts, such as IrOx and RuOx.[49] The OER TOF at an 

overpotential of 320 mV for the CoSe4@Au-glass catalyst was estimated to be 0.032 s−1, 

under the assumption that all metal ions in the catalysts are catalytically active (Equation 

(3)). However, since not each and every metal atom is expected to be involved in the 

reaction, the actual TOF could be evidently underestimated. However, the calculated TOF 

for CoSe4@Au-glass is still important (Table 1), and is comparable or higher than that of 

other cobalt-based catalysts previously reported under similar conditions.[50,51] The 

stability of the CoSe4@Au-glass electrode under long-term electrolysis in alkaline medium 

was also investigated using the chronoamperometric technique by which the current 

density was measured at a constant applied potential of 1.53 V vs. RHE for prolonged 

period of time, as shown in Figure 3c. The stable current density over 12 h of continuous 

oxygen evolution indicates high functional durability exhibited by the CoSe4@Au-glass 

catalyst for OER in 1 M KOH. The LSV plots after 12 h of chronoamperometry (inset of 

Figure 3c) show no noticeable difference with the pristine catalyst, except for the small 

peak at 1.03 V (RHE) indicating the partial oxidation of Co(II) to Co(III).[52] Interestingly, 

the LSV plots confirmed that there was no degradation of catalyst performance for OER 

under conditions of continuous O2 evolution for an extended period of time. This indicates 
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the superiority in the catalytic activity of CoSe4 compared to state-of-the-art (RuO2) OER 

electrocatalyst (Figure 4). 

 

Figure 4.  Comparison of achieved overpotentials at 10 mA cm−2 for CoSe4 compared 
with RuO2. 

The stability of the CoSe4 catalyst was also confirmed with XPS measured after 

12 h chronoamperometry measurement as shown in Figure 5. The XPS spectra showed the 

presence of Co 2p and Se 3d peaks with similar peak positions. The comparison of XPS 

spectra before and after OER activity showed no noticeable change as shown in Figure 5 

confirming that the CoSe4 complex was indeed stable. This efficient OER electrocatalytic 

activity observed for the CoSe4 catalyst is a significant step in an effort to understand the 

inherent OER catalytic performance of transition metal selenides. It is understood that the 

stability of the ME4 center (M = metal, E = chalcogen) increases with decreasing 

electronegativity of the chalcogen atom, E.[22] The OER catalytic process is expected to 

be initiated by coordination of the OH− group to the catalytically active Co(II) center. 



 

 

62 

Tetrahedral Co(II) complexes containing chalcogenated imidodiphosphinato ligands have 

the tendency to increase their coordination number from four to six in the presence of 

coordinated solvents such as DMF.[29] 

 

Figure 5. XPS peaks of Co 2p and Se 3d before and after OER activity confirming the 
stability of the CoSe4 catalyst. 

Consequently, the catalytic process may be initiated by OH− coordination to the 

metal center without cleavage of the Co–Se bonds through coordination expansion, where 

the Co(II) center is concomitantly oxidized to Co(III) in order to accommodate the extra 

anionic charge. This proposition is also supported by the Tafel slope, which shows a value 

less than 120 for the CoSe4 catalyst (Table 1). The lower Tafel slope suggests that the rate-

determining step in the catalytic process corresponds to subsequent electron transfer steps 

from the catalyst’s surface to the electrolyte, rather than the initial OH− coordination to 

Co(II). Even though there are very scant reports on the proposed mechanisms specific to 

tetrahedral cobalt-based complexes,[53,54] a mechanism proposed for similar transition 

metal-based complexes has been reported.[55] Hence, it can be postulated that the 

tetrahedral CoSe4-containing complex is further coordinated to one OH−/H2O group 
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leading to the formation of a square pyramidal transition state, which can then react further 

to form an O–O linkage, and a subsequent removal of O2 (Figure 6). The Co site undergoes 

a reversible change in oxidation states from +2 to +3 and +4 following adsorption of the 

anionic intermediates and formation of the transition states. The observation of Co 

oxidation peak in the LSV (Figure 3c inset) supports the formation of higher oxidation 

states of Co during the catalytic cycles providing some support to this proposed 

mechanism. However, it must be mentioned here that this proposed mechanism is based 

on the general scheme of multistep proton coupled electron transfer mechanism for OER 

that has been observed and reported for other electrocatalytic systems.[53,54]  

 

Figure 6. Schematic illustration of the proposed OER mechanism on the CoSe4 complex. 
Shown through a vacant metal coordination site for OER showing the formation of a five-
coordinated square pyramidal transition state following the catalyst’s activation through -

OH− coordination to Co (II) and subsequent steps of OER. 
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To decipher the actual mechanism, one needs to identify the transition states 

through in situ spectroscopy and other techniques. However, based on characterization of 

the catalyst after OER activity, it can be clearly seen that the CoSe4 catalytic core remains 

intact and maintains its Co-Se bonds and, therefore, even though the catalytic reaction is 

initiated by coordination of OH− to the Co(II) center, the complex is not converted into any 

form of oxide/hydroxide. This confirms that the CoSe4 core is indeed stable for OER and 

hence the mechanism proceeds via formation of a mixed anionic (hydroxo)chalcogenide 

coordination. This mechanistic scheme could be extrapolated to the cobalt–selenide-based 

extended solids that have been repor ted as active electrocatalysts for OER. 

 

Figure 7. Polarization curves for HER with the CoSe4 catalyst in N2-saturated 1.0 M 
KOH solution at a scan rate of 10 mV s−1. 

The electrocatalytic HER performance of the CoSe4 catalyst and that of the state-

of-the-art Pt catalyst were also studied and compared under similar conditions (in N2-

saturated 1 M KOH). In order to avoid any form of catalytic activity interference, the HER 
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activity of CoSe4 was evaluated using GC as the counter electrode instead of Pt, since Pt 

could undergo anodic dissolution and redeposit onto the cathode, which would affect the 

activity. The LSV (Figure 7) obtained with CoSe4@Au-glass as cathode confirmed that it 

is active for HER and showed an onset potential of 0.52 V, which was higher than that with 

a Pt cathode. The cathodic current increased rapidly under more negative potentials. The 

overpotential for CoSe4@Au at a current density of 10 mA cm−2 was 0.63 V, which is also 

far from that with a Pt cathode. This shows that CoSe4 is moderately active for HER. The 

catalytic activity can be possibly improved by intermixing the electrocatalyst with other 

conducting additives such as activated carbon, graphene or carbon nanotubes as has been 

reported earlier for other catalysts.[56–58] 

4. CONCLUSIONS 

A cobalt–seleno-complex, [Co{(SePiPr2)2N}2], was reported as a bifunctional 

catalyst for OER and HER in alkaline medium. This complex bearing a catalytically active 

CoSe4 first coordination sphere shows high inherent catalytic activity for OER as 

evidenced by the low overpotential and Tafel slope. This observed activity can be attributed 

to the higher covalency of the metal–chalcogen bond in CoSe4 relative to cobalt oxides, 

which explains the observed enhancement in catalytic efficiency. The CoSe4 complex 

demonstrated good OER activity in 1.0 M KOH with an overpotential of 320 mV at 10 mA 

cm−2. Even though the activity for HER in alkaline medium demonstrated by the complex 

was low, modifying the ligands with either electron density donating or withdrawing 

groups[59,60] may improve HER activity. The superior catalytic activity shown by CoSe4 
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for OER, as well as its remarkable stability, indicates its promising potential as a noble-

metal-free catalyst for OER in water splitting. Further work on the ligand modification and 

elucidation of the mechanism and kinetics involved, as well as photoelectrocatalytic water 

splitting using this type of MSe4-containing catalysts in the presence of photosensitizers, 

is under investigation. 
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ABSTRACT 

Developing simple, affordable, and environmentally friendly water oxidation 

electrocatalysts with high intrinsic activity and low overpotential continues to be an area 

of intense research. In this article, a trichromium diselenide carbonyl cluster complex 

(Et4N)2[Se2Cr3(CO)10], with a unique bonding structure comprising bridging Se groups, 

has been identified as a promising electrocatalyst for oxygen evolution reaction (OER). 

This carbonyl cluster exhibits a promising overpotential of 310 mV and a low Tafel slope 

of 82.0 mV dec−1 at 10 mAcm−2, with superior durability in an alkaline medium, for a 

prolonged period of continuous oxygen evolution. The mass activity and turnover 

frequency of 62.2 Ag−1 and 0.0174 s−1 was achieved, respectively at 0.390 V vs. RHE. The 

Cr-complex reported here shows distinctly different catalytic activity based on subtle 

changes in the ligand chemistry around the catalytically active Cr site. Such dependence 

further corroborates the critical influence of ligand coordination on the electron density 

distribution which further affects the electrochemical activation and catalytic efficiency of 

the active site. Specifically, even partial substitution with more electronegative substituents 

leads to the weakening of the catalytic efficiency. This report further demonstrates that 
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metal carbonyl chalcogenides cluster-type materials which exhibit partially occupied sites 

and high valence in their metal sites can serve as catalytically active centers to catalyze 

OER exhibiting high intrinsic activity. The insight generated from this report can be 

directly extrapolated to 3-dimensional solids containing similar structural motifs, thereby 

aiding in optimal catalyst design. 

1. INTRODUCTION 

The search for highly active and durable materials for sustainable energy 

conversion and storage has been attracting significant attention owing to the rapid depletion 

of fossil fuels amidst the growing concern about global warming. Water oxidation has been 

identified as an effective approach to generate clean hydrogen, which is one of the most 

sustainable zero carbon emission energy sources with a high energy density of 142 kJ kg−1 

[1]. However, because of the sluggish kinetics of oxygen evolution reactions (OER) during 

water oxidation, electrocatalysts are generally employed to reduce the activation barrier 

along with stabilizing the OER intermediate adsorption on the catalyst surface [2–4]. 

Although significant research has led to the identification of precious metal-based oxides 

as efficient OER electrocatalysts, the high cost and scarcity of precious metals such as Ir, 

Ru, and Pt, severely limit their widespread practical applications. Over the last several 

years non-precious transition metal-based compositions have gained attention as OER 

electrocatalysts owing to their unprecedented high activity, tunable electrochemical 

property, and amenable band structure [5]. Although recent research has led to the 

identification of several transition metal-based electrocatalysts, a rational approach is still 



 

 

74 

missing for optimal catalyst surface design. An interesting approach to achieve this is by 

targeting transition metal-based coordination complexes (of Ni [6], Co [7], Cu [8], and Mn 

[9]) where the isolated metal–ligand core can provide significant insight into the intrinsic 

electrocatalytic activity of the transition metal site in presence of specific ligand 

environment, that can be then extrapolated into the extended solid. 

In this regard, multimetallic molecular clusters can be highly interesting for such 

catalyst design. These molecular cluster comprising a large number of atoms in the building 

block serves as the link interconnecting solid state and molecular chemistry [10]. Among 

these, homometallic metal chalcogenide carbonyls [11,12], clusters containing metal rings 

and metal–metal bonds stabilized by either phosphines [13,14], or arenes [15], as well as 

the bridging chalcogenide [16] (μ3-S [12,17], μ3-Se [18], and μ3-Te [13]) ligands are 

especially attractive due to the packing density and availability of multiple catalytic sites. 

Of particular interest is the selenium-capped carbonyltrimetallic cluster of which only very 

few have been reported [18–20]. The first three members of group 6B (Cr, Mo, and W) are 

known [18,19], and mixed metal [19,20] and Fe-based clusters have been reported [21]. 

Although some structural, magnetic, and optical studies have been reported [20–22], 

however, they have not been explored for electrochemical properties. 

Despite the unique properties of chromium favoring catalytic properties, very few 

Cr-based compositions have been studied for electrocatalysis [23–26]. Chromium is a high 

valance transition-metal and being slightly oxophilic can easily associate with hydroxide 

ions of the electrolyte. The strength of the Cr-O bond is of significance in catalysis, since 

higher strength favors chemisorption and O-O bond activation [27]. Recently, a 

trichromium diselenium carbonyl complex, [Se2Cr3(CO)10](Et4N)2, was reported [19], with 
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a distinctive triangular metal bonding structure. This complex provides a unique 

opportunity for understanding the role and effect of the structure and bonding nature of the 

core Cr-Se bond, and the presence of Cr-Cr bonds on electrocatalytic water oxidation. The 

activity of the Cr-Se core in the cluster system could demonstrate the intrinsic activity of 

the Cr-Se linkages and by extension the activity of bulk Cr-based chalcogenides, and other 

coordination polymers with similar structures. 

To date, the electrochemical OER activity of Cr-based molecular clusters has not 

been studied in any systematic investigations. Herein, we report the use of the Se-capped 

trichromium carbonyl cluster [Se2Cr3(CO)10](Et4N)2 as a highly efficient electrocatalyst 

for water oxidation. The OER activity in an alkaline medium revealed a low onset potential 

of 1.47 V vs. RHE with an overpotential of 310 mV @ 10 mA cm−2. This enhancement in 

electrocatalytic activity can be attributed to the optimal binding strength provided by 

catalytically active Cr sites, which is favorable for the adsorption of oxygen-containing 

intermediates, assisted by local oxidation of Cr(III) to (Cr(VI) during the polarization 

process. 

2. METHODOLOGY 

2.1. MATERIALS 

Conductive carbon paper (CCP) suitable for battery, fuel cell, and supercapacitor 

research purchased from MSE supplies, Tucson, AZ 85711 USA. While chromium 

hexacarbonyl, Nafion (5 wt.%), and selenium (IV) oxide (SeO2), isopropanol (iPr-OH), 

cyclohexane (C6H12) were purchased from Sigma–Aldrich Chemical Reagent Co., Ltd. St. 
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Louis MO, sodium hydroxide (NaOH), methanol (MeOH), dichloromethane (CH2Cl2) and 

tetraethyl bromide [Et4N]Br were purchased from Fisher Scientific Pittsburgh, USA. All 

the reagents were used as received. The deionized (D.I.) water purified through a Millipore 

system was used in all experiments. The CCP was washed with iPr-OH and D.I water 

several times to ensure the surface is cleaned before use. 

2.1.1. Preparation of Cr-Se Red (decacarbonyltrichromium diselenide 

ditetraethylamine). The synthesis of this compound has been reported in a previous 

report.[19] All reactions were carried out under the N2 atmosphere. A mixed solution of 

MeOH (30 mL) and cyclohexane (7.5 mL) was added to a mixture containing [Cr(CO)6] 

(0.8 g, 3.64 mmol), SeO2 (0.21 g, 1.89 mmol) and NaOH (3.0 g, 82.5 mmol) taken in 100 

mL three neck round flask. This mixture was heated to reflux at 70 °C for 12 h yielding a 

dark-red solution that was filtered, and the filtrate was concentrated. A MeOH solution of 

[Et4N]Br (3.0 g, 14.3 mmol) was added to the concentrated filtrate dropwise, whereby, the 

red Cr3Se2(CO)10](Et4N)2 was precipitated as a solid product in a metathesis reaction. The 

solid product was washed several times with MeOH and CH2Cl2 and dried as Cr-Se red 

complex. Elemental Analysis found the following composition for Cr-Se red: C, 36.20; H, 

5.61; N, 3.28%. Calculated: C, 36.55; H, 4.72; N, 3.28%. Compound Cr-Se red is soluble 

in MeCN and acetone, but insoluble in other organic solvents. 

2.1.2. Preparation of Cr-Se Green (decahydrate trichromium diselenide 

ditetraethylamine). The Cr-Se green was accidentally formed from Cr-Se red, by leaving 

the Cr-Se red solid product to remain standing in MeOH and CH2Cl2 during washing for 

2-3 weeks in the presence of moisture and air and was dried as Cr-Se green complex. 

Elemental Analysis found for Cr-Se green: C, 28.28; H, 7.91; N, 1.83%. Calculated: C, 
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25.47; H, 8.01; N, 3.71%. Compound Cr-Se green is soluble in MeCN and acetone, but 

insoluble in other organic solvents.  

2.1.3. Electrode Preparation. All CCP substrates were cleaned with iPr-OH, 

dried, and covered with Teflon tape, leaving an exposed geometric area of 0.283 cm2. 

Catalyst ink was prepared by dispersing 10.0 mg of the catalyst in 1.0 mL 0.8% Nafion in 

iPr-OH and ultrasonicated for 30 min. A 20 µL volume of the ink was pipetted out and 

drop-casted on the CCP substrate on the exposed geometric area, dried at room 

temperature, and finally heated at 130 °C in an oven for 30 min in air. This was used as 

working electrodes. 

2.1.4. Characterization Methods. XPS measurements were performed using a 

KRATOS AXIS 165 X-ray photoelectron spectrometer (Kratos Analytical Limited, 

Manchester, United Kingdom) using a monochromatic Al X-ray source. The C 1s signal at 

284.5 eV was used as a reference to correct all the XPS binding energies.[7] All XPS 

spectra were collected from the pristine catalyst surface without sputtering. The Raman 

spectra of the catalyst were recorded with LabRam ARAMIS (HORIBA Jobin-Yvon 

Raman spectrometer equipped with a CCD detector) in the Raman shift range between 50 

cm-1 to 1800 cm-1, 1200 lines mm−1 grating, HeNe laser 632.8  nm excitation with a 

nominal output power of 100mW, 0.95 cm-1/pixel spectral dispersion, 10% of laser power, 

10x objective, 0.25 numerical aperture, 100 μm slit, 200 μm hole, 30 seconds exposure 

time, 10x accumulations for each sample acquisition.[42] Fourier Transform Infrared 

(FTIR) spectra were recorded using a Thermo Nicolet NEXUS 470 FT -IR Spectrometer, 

in a range of 400 -4000 cm- 1 with 1 cm- 1 resolution. Pellets were prepared by pressing a 

mixture of 2 mg catalyst and 200 mg KBr under a load of 10 -15 tons.[43,44] Thermal 
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gravimetric analysis (TGA) was performed with a heating rate of 10 °C min−1 on a Netzsch 

STA 449C instrument.[33] Electrochemical measurements were performed using a 

conventional three-electrode system connected to an IviumStat potentiostat, with catalyst-

coated CCP as the working electrode, while graphite rod and Ag/AgCl electrode were used 

as counter electrode and reference electrodes, respectively, to measure the electrocatalytic 

performances. Linear sweep voltammetry (LSV), and cyclic voltammetry (CV) were 

carried out to study the OER catalytic performance and cycling stability. To reduce 

uncompensated solution resistance, all activity data were iR-corrected, which was 

measured through electrochemical impedance studies. All potentials measured were 

calibrated to RHE using the following Equation (1): 

E(RHE) = E(Ag/AgCl) + 0.197V + 0.059*pH                                (1) 

All electrolytes were saturated by oxygen (for OER) bubbles before and during the 

experiments. 

2.1.5. Chronoamperometry Stability Study. The steady-state performance and 

durability of Cr-Se red electrocatalysts in OER for long-term chronoamperometric stability 

in the alkaline electrolyte of 1 M KOH solution were carried out in two forms: (a) At a 

constant current density of 20 mA.cm–2 for 24 h. (b) At various current densities between 

5 – 30 mA.cm–2 as multistep study, both in N2-saturated 1.0 M KOH at room temperature. 

2.1.6. Tafel Slope. The Tafel slope, an important parameter to explain the 

electrokinetic activity of these thin film catalysts for OER and HER processes, was 

estimated from the Tafel plot. The Tafel equation is given as the dependence of 

overpotential η on the current density j as shown in Equation (2). 

h = a + (2.3RT / anF) * log (j)                                      (2) 
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where α is the transfer coefficient, n is the number of electrons involved in the reaction, 

and F is the Faraday constant. The Tafel slope is given by 
'.()*
+,- . The Tafel plots in this 

work were calculated from the reverse scan of CV collected at a scan rate of 2 mV s–1 in a 

non-stirred N2-saturated 1.0 M KOH solution. 

2.1.7. Electrochemical Impedance Spectroscopy (EIS). The EIS experiments 

were performed within 105–10–2 Hz frequency range, at an AC signal amplitude of 10 mV, 

to study the electrode kinetics and estimate the electrolyte resistance (R1), charge transfer 

resistance at the electrode (catalyst)-electrolyte interface (R2), as well as the film resistance 

(R3). The Nyquist plots were collected in N2-saturated 1.0 M KOH at an applied potential 

of 0.55 V vs. Ag|AgCl (KCl saturated).  

2.1.8. Turnover Frequency (TOF). Turnover frequency (TOF) for the 

electrocatalysts was calculated from Equation (3). 

TOF = j*A / 4*m*F                                                  (3) 

where j is the current density in mA cm-2 at a given overpotential (e.g., ( = 0.39 V), A is 

the surface area of the electrode (0.283 cm2), F is the Faraday constant (a value of 96485 

C mol-1), and m is moles of catalyst on the electrode. 

2.1.9. Mass Activity. Mass activity (A g-1) is the current density per unit mass of 

the active catalyst at a given overpotential. This is calculated from catalyst loading m and 

the measured current density j (mA cm-2) of the catalyst, at η = 0.39 V, calculated from 

Equation (4). 

Mass activity = j / m                                                  (4) 

2.1.10. Electrochemically Active Surface Area (ECSA) and Roughness Factor 

(RF). The electrochemically active surface area (ECSA) of the catalyst was estimated by 
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measuring the electrochemical double-layer capacitance (CDL) at different scan rates in the 

non-Faradaic region. It was assumed that the current obtained in the non-Faradaic region 

is caused by double-layer charging instead of electrochemical reactions or charge transfer. 

The double-layer current (iDL) was obtained by performing cyclic voltammograms (CVs) 

with various scan rates in a non-stirred N2 saturated 1.0 M KOH solution. The ratio of 

double-layer current (iDL) and the scan rate (ν) of CV yielded the specific electrochemical 

double-layer capacitance (CDL). Averaging of cathodic and anodic slopes gave absolute 

values obtained from the CV plot in the non-faradaic region as described in Equation (5). 

iDL = CDL * V                                                     (5) 

The ECSA of the catalyst was calculated using Equation (6) where CS is the specific 

capacitance as reported in alkaline solution to be between 0.022 and 0.130 mF cm–2 in 

alkaline solution. In this study, we assumed the value of CS to be = 30 μFcm-2 based on 

previously reported OER catalysts in an alkaline medium. 

ECSA = CDL / CS                                                                     (6) 

The roughness factor (RF) is another important parameter that defines catalyst surface 

roughness and can influence observed catalytic properties. It is estimated as the ratio of 

ECSA and the geometric electrode area (0.283 cm2) as shown in Equation (7). 

RF = ECSA / SA                                               (7) 

3. RESULTS 

The Se-capped carbonyltrichromium [Se2Cr3(CO)10](Et4N)2 molecular cluster 

was synthesized by reaction of Cr(CO)6 with SeO2 in concentrated methanolic-NaOH 
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solution using cation metathesis with [Et4N]Br, following reported procedure [19]. This 

reaction led to the formation of the Cr-Se complex as represented in Figure 1a which had 

a distinct red coloration and has been referred to as the red Cr-Se complex henceforth. The 

Cr-Se cluster has an interesting structure exhibiting trigonal bipyramidal coordination with 

bridging μ3-Se atoms capped above and below bonded Cr3-ring. In this bonding situation, 

each Se atom donates 4e− to the Cr3 triangle forming 48e− species, which supports the Cr3 

having (3×) Cr-Cr bonds. The washings during the metathesis with [Et4N]Br were 

collected, concentrated, washed, and dried, yielding another Cr-Se complex with a distinct 

green coloration, referred to as a green Cr-Se cluster. The detailed crystal structure analysis 

of the Cr-Se red cluster from single crystal X-ray diffraction has been reported previously 

[19]. Raman and FTIR analysis were used to further characterize these Cr-Se complexes, 

specifically the green cluster. The Raman spectra showed the presence of a Raman peak at 

117 cm−1 corresponding to the Cr3 motif, while peaks around 250 and 342 cm−1 were 

attributed to E1g and A1g modes in both clusters. The Raman peak at 847 cm−1 corresponds 

to the vibrational mode of Cr-C in the Cr-Se red cluster while the peak at 850 cm−1 indicated 

the presence of Cr-OH linkage in the Cr-Se green cluster Figure 1b. The FTIR spectra 

(Figure 1c) also showed broad IR peaks ~3461 cm−1 attributed to O-H stretching mode in 

both Cr-Se red and Cr-Se green clusters, indicating the presence of moisture. However, the 

peak was much broader and more intense in the Cr-Se green cluster, indicating the higher 

magnitude of hydrogen bonds, possibly due to the presence of coordinated H2O molecules, 

while the IR peak ~1623 cm−1 could be assigned to the O-H bending mode of H2O 

molecules. The Cr-Se green showed no peak between 1900–1550 cm−1 indicating the 
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absence of the CO group, while Cr-Se red shows a doublet peak at around 1800 cm−1, 

indicating the presence of a bound CO group [28]. 

 

Figure 1. Synthesis and spectroscopic characterizations of Cr–Se red and Cr–Se green 

catalysts. (a) Reaction scheme describing synthesis method along with compositional 

details. (b) Raman spectra, excited with 632.8 nm HeNe laser radiation; (c) FTIR spectra. 

Furthermore, the IR absorption vibrational peaks that appeared at 1461 cm−1 were 

assigned to CH3 while 2963 cm−1 and 2877 cm−1 correlate with CH3 and CH2 modes, 

respectively, confirming the presence of Et4N counter ions in these clusters [29–31]. The 

absorption peaks below 800 cm−1, correspond to other bending and stretching vibration 

modes including Cr-Se at 668 cm−1, while other less obvious peaks are most likely due to 

O-M-O and M-O-H modes. The CHN elemental analysis of the Cr-Se red and Cr-Se green 

cluster samples revealed the relative atomic ratio of C, H, and N in the samples. Such 
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compositional analysis also corroborated the formulation of the green cluster as 

Cr3Se2C40H117N5O10, while the red cluster had a molecular formula of Cr3Se2C26H40N2O10 

as shown in Figure 1a. Specifically, the CO ligands coordinated to Cr in the red cluster 

were replaced with water molecules to form the green clusters. 

X-ray photoelectron spectroscopy (XPS) was employed to characterize the 

oxidation states, composition, and local coordination of the cluster surface (Figure 2). 

Deconvoluted peaks of the Cr 2p spectrum (Figure 2a) showed peaks around 576.0 eV and 

585.9 eV attributed to Cr(III) of 2p3/2 and 2p1/2 states, respectively, while two other peaks 

around 578.4 eV and 586.7 eV were matched to Cr(VI) of 2p3/2 and 2p1/2 states, respectively 

[1]. This indicates that Cr(III) and Cr(VI) states co-exist in the cluster, with Cr(III) as the 

main species. The Se 3d spectrum (Figure 2b) shows peaks at 53.3 and 54.6 eV assigned 

respectively to Se 3d5/2 and Se 3d3/2, which corroborates the presence of Se2−, whereas the 

low-intensity peak around ~58.6 eV corresponds to SeOx species which could be from 

selenide surface oxidation [6,7,32]. Interestingly, XPS analysis revealed minimal Cr-oxide 

on the surface. The deconvoluted C 1s spectrum (Figure 2c) shows three peaks, 

corresponding to sp3-C at around 284.8 eV, the C-O of carboxyl, or carbonyl groups at 

286.1 eV, and the C=O of carbonyl groups at 288.8 eV. These were corroborated by the 

O1 s spectrum (Figure 2c) showing peaks corresponding to C=O and C-OH, in addition to 

Cr-C-O and Cr-O peaks. Similar observations were made for the Cr-Se green complex 

(Figure 3), where the high-resolution XPS spectra for Cr-Se green were measured to 

determine the valence states of the Cr species by the deconvolution of the Cr 2p spectrum. 

The peaks at 576.2 eV and 586.0 eV were assigned to Cr(III) 2p3/2 and Cr(VI) 2p1/2, 

respectively, while deconvoluted peaks at 574.1 eV and 574.4 eV were attributed to Cr(0) 
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and Cr(II), respectively. The other two peaks at 576.3 eV and 583.0 eV were due to the 

presence of Cr(OH) and CrOx, respectively. 

 

Figure 2. The high-resolution XPS spectra of Cr-Se red complex showing its elemental 

states. (a) Cr 2p peak; (b) Se 3d peak; (c) C s1 peak; (d) surface O 1s peak. 

This is similar to what was observed in the previous report [33], indicating the 

formation of surface oxides and hydroxyl coordination in the cluster. However, Cr(III) was 

still observed as the dominant species. The Se 3d spectrum, showed peaks shifted to 57.6 

and 58.6 eV corresponding to Se 3d5/2 and Se 3d3/2, respectively, which confirmed the 

presence of Se2−. The peak at ~62.0 eV indicates the existence of SeOx species which could 

arise from selenide surface oxidation. However, no metal oxides were detected on the 
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catalyst surface from the XPS analysis. The C 1s spectra were deconvoluted and the peak 

at 284.9 eV corresponded to the sp3-C bond, and the peak at 285.4 eV C-O bond of carboxyl 

or carbonyl functional groups, and the peak at 288.7 eV was assigned to C=O bond of 

carbonyl groups [1,23,24]. Furthermore, the thermogravimetric analysis (TGA) described 

the stepwise decomposition of both of Cr-Se red and Cr-Se green clusters (Figure S1), and 

the percentage weight loss in both complexes agree with the calculated values estimated 

from the proposed molecular formulation. 

 

Figure 3. The high-resolution XPS spectra of Cr-Se green complex showing its elemental 

states. (a) Cr 2p peak; (b) Se 3d peak; (c) C s1 peak; (d) surface O 1s peak. 
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The electrocatalytic OER performance of Cr-Se red and Cr-Se green clusters was 

investigated in an alkaline medium of 1 M KOH (pH 13.7) using a three-electrode system, 

with graphite rod and Ag|AgCl as counter and reference electrodes, respectively, while the 

catalysts were drop casted on a conductive carbon paper and used as working electrode. 

The assembly of the catalyst electrode (working electrode preparation) is described in the 

materials and methods section. The polarization curves obtained using linear scan 

voltammetry (LSV) (Figure 4a) indicate that Cr-Se red cluster achieved an overpotential 

of 310 mV at 10 mA cm−2 making it a better OER active electrocatalyst in comparison to 

the Cr-Se green cluster with 350 mV overpotential. It can be observed that the presence of 

Cr in variable oxidation states in both samples strongly influences the OER performance 

by improving current density and minimizing overpotential. The presence of Cr in two 

different oxidation states, not only increases electroactive sites but further enhances the 

electronic transition, thereby facilitating catalyst activation through hydroxide adsorption 

on the Cr catalytic sites. Moreover, the higher covalency of the multiple Cr-Se bonds 

present as well as the enhanced conductivity of Cr-Cr bonds is important factors that could 

affect the observed catalytic efficiency. Additionally, the lability of the coordinating 

ligands in the Cr-Se green clusters tends to free up the metal sites for incoming OH− under 

applied potential [34]. The activity of Cr-Se green was observed to be moderately good; 

this can be attributed to the association of Cr sites with water and OH- which has been 

demonstrated to show high intermediate adsorption on catalytic sites leading to 

performance enhancement [24]. The cyclic voltammetry (CV) shown in Figures 4b and 4c 

illustrates the reduction of the active Cr species during a reverse sweep at potentials of 1.33 

and 1.35 vs. RHE for Cr-Se red and Cr-Se green clusters, respectively, which is consistent 
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with reported literature [35]. The active species is regenerated in the forward oxidation 

sweep at potentials around 1.46 and 1.48 vs. RHE [36], just before the OER onset, further 

corroborating with the activity observed by the LSV (Figure 4a). The oxidation and 

reduction reaction kinetics of the Cr-Se red cluster was measured using variable scan rates 

between 10 and 100 mV/s in OER (Figure 4d). This shows more obvious reduction peaks 

shifting slightly more left, while oxidation peaks shifting slightly more right indicate quasi-

reversible behavior of Cr species [37]. 

 

Figure 4. Electrocatalytic OER activity of Cr–Se red and Cr–Se green complexes. (a) 

Linear scan voltammetry showing overpotential at 10 mA/cm2. (b) Cyclic voltammetry. 

(c) The Cr(III) and Cr(VI) redox potentials for Cr–Se red and green complexes. (d) 

Cyclic voltammograms of Cr–Se red complex measured at scan rates from 10 to 100 

mV/s. (e) Tafel plots. (f) Electrochemical impedance spectroscopy (EIS) showing 

Nyquist plots in the AC frequency range between 100 kHz and 0.1 Hz, at 1.55 V vs. 

RHE. Inset shows the fitted equivalent circuit. 
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The Tafel slope for Cr-Se red was found to be 82 mV dec−1 as compared Cr-Se 

green, which was 107 mV dec−1, which indicates a much faster reaction kinetics and simple 

electron transfer between the Cr-Se red electrocatalyst and electrolyte (Figure 4e), in 

agreement with the observation of facile OER. The electrochemical impedance 

spectroscopy (EIS) plots (Figure 4f) showed semi-circular ellipsoids, which could be fitted 

to equivalent circuit models depicting the various conducting pathways on the catalyst-

electrode composite [38]. Typically, two processes can occur during electrochemical OER: 

(i) reactive intermediate adsorption through catalyst activation; and (ii) O-O desorption 

process. An equivalent circuit demonstrating two charge-transfer, a process obtained from 

EIS plot fitting, is shown in the insert in Figure 4f. The R1 values are the electrolyte 

resistance. C1R2 represents the transformation of the active intermediate and W2R3 for the 

O-O desorption process. Table S1 shows EIS equivalent circuit parameters. The Cr-Se red 

revealed a smaller R1 value indicating a faster charge-transfer process. The OER activity 

of both Cr-Se red and Cr-Se green molecular complexes were compared with the recently 

published Cr-based OER electrocatalysts as shown in Table S2 in supporting information. 

It was found that our catalysts were comparable to or better than the recently published Cr-

based electrocatalysts which further confirms the critical influence of ligand coordination 

on electrocatalytic activity. 

To further appreciate the OER activity of the Cr-Se red and Cr-Se green cluster 

electrocatalysts, the mass activity and turnover frequency (TOF) were obtained as shown 

in Figure 5. The OER-specific mass activities were measured at 0.39 V overpotential. Cr-

Se red and Cr-Se green catalysts exhibit specific mass activities of 62.4 and 37.2 Ag−1, 

respectively (Figure 5a). Furthermore, the TOF of 0.0174 and 0.0164 s−1 was achieved at 
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0.39 overpotential for Cr-Se red and Cr-Se green catalysts, respectively. The 

electrochemically active surface area (ECSA) is one of the key descriptors for 

electrocatalysts which influences the kinetics of electrochemical conversion. The ECSAs 

of Cr-Se red and Cr-Se green were investigated using cyclic voltammetry (CV) plots 

collected in the range from 0.05 to 0.25 V vs. Ag|AgCl with scan rates between 20 and 100 

mV s−1 in N2 saturated 1 M KOH solution. 

 

Figure 5. Electrocatalytic performance and stability of Cr–Se red and Cr–Se green 

complexes. (a) Mass activity; (b) Turnover frequency (TOF); (c) Multistep 

chronoamperometry study of Cr–Se red at various current densities.; (d) 

Chronoamperometry at constant current density. Inset shows the comparison of OER 

activity before and after long-term chronoamperometry. 
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Figures S2 and S3 show the anodic and cathodic currents plotted as a function of 

scan rates. ECSA was calculated using the double-layer capacitance of the catalysts and 

the specific capacitance as described in the Experimental Section. Cr-Se red and Cr-Se 

green clusters showed ECSA of 91 cm2 and 54 cm2, respectively, corroborating the 

accessibility to a larger number of active sites and hence the high activity observed. 

The electrochemical OER parameters of Cr-Se red and Cr-Se green are compared 

in Table 1. The Cr-Se red shows lower overpotential and Tafel slope, indicating better 

electrocatalytic activity. In addition, its TOF, mass activity, and ECSA were higher for the 

Cr-Se red, further corroborating its higher performance. A higher ECSA value generally 

indicates a larger electrochemically active surface area which improves electrolyte/active 

site interaction, leading to better catalytic performance for OER. A large ECSA value 

results in high surface roughness (RF), which is another parameter considered that affects 

catalytic activity.  

Table 1. Electrocatalytic parameters compared in Cr-Se catalytic systems. 

 

 

 

 

 

The steady-state performance and long-term durability were tested by 

chronopotentiometry for the most active Cr-Se complex OER electrocatalyst. The 

multistep chronoamperometry stability test for Cr-Se red cluster at different current 

densities between 5 mA cm−2 and 30 mA cm−2 showed no obvious degradation in potential 

Material Cr-Se red Cr-Se 
green 

Onset potential (V) vs RHE 1.47 1.58 
Overpotential @ 10 mA cm–2 (mV) 310 350 
TOF (s–1) @ 0.39 V 0.0174 0.0164 
Mass activity (Ag–1) @ 0.39 V 62.4 37.2 
Tafel slope (mV dec–1) 82 107 
ECSA (cm–2) 289 139 
RF 1023 492 
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under the tested current density (Figure 5c), suggesting that the Cr-Se red cluster is highly 

stable under a wide range of current densities, exhibiting robustness toward longevity in 

OER. Furthermore, chronoamperometry sustained at 20 mA cm−2 current density for a 24 

h period and shows no significant change in the activity as shown in Figure 5d. This 

confirms that the Cr-Se red cluster material is highly active towards OER as well as durable 

over a long activity period under an alkaline medium. In the Cr-Se red catalyst, a decrease 

in the Cr-CO (847 cm−1) peak signal and an increase in the Cr-OH (850 cm−1) peak signal 

was observed, and a formation of a shoulder at ~900 cm−1 corresponding to O-Cr-O after 

chronoamperometry (Figure 6).  

 

Figure 6. Raman spectra of Cr-Se and Cr-Se clusters, excited with 632.8 nm HeNe laser 

radiation. (a) Cr–Se red complex before and after chronoamperometry study; (b) Cr–Se 

green complex before and after chronoamperometry study. 
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This could be from the adsorption of the OH ion on the surface of the catalyst. 

The Cr-Se green after chronoamperometry shows a more pronounced A1g (378 cm−1) due 

to the formation of surface chromium-hydroxide linkage, Cr-OH peak signal (850 cm−1), 

illustrating more OH adsorption on the catalytic site [39–47]. However, the catalyst 

characterization after chronoamperometry shows minimal surface oxidation as 

demonstrated by the XPS in Figures S4 and S5, further corroborating the stability of these 

complexes while catalytic sites underwent local activation through intermediate 

adsorption. Moreover, no significant surface-leaching structural changes were observed 

after the stability study. 

4. CONCLUSIONS 

In essence, we have successfully demonstrated the use of selenium-capped 

trichromium carbonyl [Se2Cr3(CO)10](Et4N)2 cluster for the first time as an efficient, high 

performance, and stable electrocatalyst for OER. This Cr-Se red cluster consists of a 

catalytically active Se-Cr-Se coordinated sphere which shows high intrinsic catalytic 

activity supported by its low overpotential and Tafel slope of 310 mV at 10 mA cm−2 and 

82 mV dec–1, respectively, as well as high TOF (0.0174 s-1) and mass activity (62.4 Ag-1). 

It also showed excellent stability over 24 h in alkaline (1 M KOH) electrolytes. This 

indicates the promising potential of high-valence metal complexes and by extension their 

bulk solids with similar structural composition as highly active electrocatalysts in OER. 

The covalency of the multiple Cr–Se bonds in the cluster as well as the enhanced 

conductivity of Cr-Cr bonds are associated with the observed high catalytic efficiency. We 
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believe that the presence of Cr in two different oxidation states, not only increases 

electroactive sites but further enhances the electronic transition. This facilitates the 

intermediate hydroxide adsorption on the Cr atoms, thus improving the electrocatalytic 

activity. These current findings provide a new avenue to explore the electrocatalytic 

applications of clustered high-valence metal complexes, as there is no systematic study 

reported for these cluster types in OER and other electrochemical energy conversions. 

SUPPLEMENTARY INFORMATION 

The thermogravimetric analysis (TGA) of the Cr-Se red and Cr-Se green clusters 

describes the stepwise decomposition of each sample (Figure S1). The TGA of Cr-Se red in 

argon showed a gradual decrease in weight in three steps; at the first step between 0°C and 

180 °C, 13.3 % weight loss was observed, due to the loss of lattice water.[16] The second 

weight loss from 180–240 °C corresponds to 38.7 % (calcd. 30.5%) which can be attributed 

to the decomposition of tetraethyl amine.[45] Finally, in the range of 240–900 °C a weight 

loss of 21.52% (calcd. 22.9%) is attributable to the loss of seven coordinated CO 

molecules. Similarly, Cr-Se green showed three weight loss steps; where 10.7 % weight 

loss was observed between 0°C and 180 °C at the first step, confined to loss of lattice water. 

A to 34.4 % (calcd. 30.5%) weight loss from 180–240 °C corresponds to the decomposition 

of tetraethyl amine. And a weight loss of 16.0% (calcd. 16.7%) in the range of 240–600 °C, 

attributed to the loss of seven coordinated water molecules. The percentage weight loss in 

the complexes agrees with the calculated values. 
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Figure S1. The thermogravimetric (TGA) analysis of (a) Cr-Se red; (b) Cr-Se 

green. 

 

Figure S2. Cr-Se red catalyst (a) Cyclic voltammograms measured at different scan rates; 

(b) The plots of anodic and cathodic currents measured as a function of scan rate. 
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Figure S3. Cr-Se green catalyst (a) Cyclic voltammograms measured at different scan 

rates; (b) The plots of anodic and cathodic currents measured as a function of scan rate. 

Table S1. Parameters of equivalent circuit obtained from fitting of EIS experimental data. 

Parameters Cr-Se red Cr-Se green 
R1 / ohm 1.38  2.0  

R2 / ohm 10.10  12.02  

R3 / ohm 19.84  16.65  

C1 / F 2.24 x10-2  3.9 x10-3  

W / s(1/2)/ohm 6.61 x 10-2 2.36 x 10-2  

 

 

Figure S4. The high-resolution XPS spectra of the Cr-Se red complex after stability 

showing (a) Cr 2p peak; (b) Se 3d peak; (c) surface O 1s peak; (d) C s1 peak. 
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Figure S5. The high-resolution XPS spectra of the Cr-Se green complex after stability 

showing (a) Cr 2p peak; (b) Se 3d peak; (c) surface O 1s peak; (d) C s1 peak. 

Table S2. Comparison of the OER performances in an alkaline electrolyte (overpotential 

at 10 mA cm-2 current density, and Tafel slope) of recently published chromium-based 

catalysts with our work. 

Catalysts Electrolyte Overpotential 

(η@ 10 mA.cm-2) 

Tafel slope 

(mV dec-1) 

Substrate References 

*CoCr2O4 1.0 M 

NaOH 

400 mV 87 mV dec-1 Glassy 

carbon 

[25] 

*CoFeCr 1.0 M KOH 330 mV 61 mV dec-1 Ni foam [46] 

*NiCrFeO4 1.0 M KOH 298 mV 44.47mV dec-1 PAN [47] 

*Cr2S3 1.0 M KOH 230 mV 162 mV dec-1 Carbon 

Fibre 

[48] 

#Cr(salen)Cl 3.0 M 

NaOH 

426 mV - Glassy 

carbon 

[49] 

#$Cr(H-byp)(bis-bpymd) OH 390 mV - - [50] 

#$Cr(tpy)(py)(isoquin) OH 380 mV - - [51] 

#$Cr(DPA)(2,2’-bpymd) OH 320 mV - - [51] 
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Table S2. Comparison of the OER performances in an alkaline electrolyte (overpotential 

at 10 mA cm-2 current density, and Tafel slope) of recently published chromium-based 

catalysts with our work (cont.). 

 
*γ-CrOOH 1.0 KOH 334 mV 41.4 mV dec-1 NF [51] 

*CrON 1.0 KOH 409 mV 157 mV dec-1 Carbon 

paper 

[52] 

Cr-Se red    1.0 M KOH 310.0 mV 

 

82 mV dec-1 

 

Carbon 

paper 

This work 

Cr-Se green    1.0 M KOH 350.0 mV 

 

107 mV dec-1 

 

Carbon 

paper 

This work 

 
*  Bulk solid samples 

# Complexes 

$ Computational study. 
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ABSTRACT 

Developing protocols for designing high-efficiency, durable, cost-effective 

electrocatalysts for oxygen evolution reaction (OER) necessitates a proper understanding 

of the structure-property correlation as a function of composition. In this article, it has been 

demonstrated that the incorporation tellurium atom into binary nickel chalcogenide (NiSe) 

and creating a mixed anionic phase perturbs its electronic structure and significantly 

enhances the OER activity. A series of nanostructured nickel chalcogenides comprising a 

layer-by-layer morphology along with mixed anionic ternary phase were grown in-situ on 

nickel foam with varying morphological textures using a simple hydrothermal synthesis 

route. Comprehensive X-ray diffraction, X-ray photoelectron spectroscopy, and in-situ 

Raman spectroscopy analysis confirmed the formation of a trigonal single-phase 

nanocrystalline nickel (telluro)-selenide (NiSeTe) as a truly mixed anionic composition. 

The NiSeTe electrocatalyst exhibits excellent OER performance, with a low overpotential 
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of 300 mV at 50 mAcm-2, and a small Tafel slope of 98 mV dec-1 in 1 M KOH electrolyte. 

Its turnover frequency and mass activity were 0.047 s-1 and 90.3 Ag-1, respectively. 

Detailed electrochemical measurements also revealed enhanced charge transfer properties 

of the NiSeTe phase compared to the mixture of binaries. Density functional theory 

calculations revealed favorable OH-adsorption energy in the mixed anionic phase 

compared to the binary chalcogenides confirming the superior electrocatalytic property.   

Keywords: NiSeTe, Oxygen evolution reaction, OH-adsorption, Density functional theory 

calculations, Water oxidation. 

1. INTRODUCTION 

Electrochemical water splitting is among the most significant and attractive clean 

hydrogen generation technology. Hydrogen is considered to be an ideal renewable energy 

source to substitute conventional fossil fuels owing to its zero-carbon emission, intense 

energy density, and the ability to utilize periodic renewable energy such as wind and solar 

energy.[1] However, due to the high energy requirement for water oxidation reaction, 

practical water electrolyzers operate at a much higher voltage (1.8-2.0 V) relative to the 

theoretical water splitting voltage of 1.23 V, leading to a large overpotential.[2] The use of 

efficient electrocatalysts in anodic oxygen evolution reaction (OER) and cathodic 

hydrogen evolution reaction (HER) can effectively decrease the overpotential and improve 

the sluggish kinetics of HER/OER and therefore enhance the energy efficiency of the 

process.[3]  
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To date, the state-of-the-art electrocatalysts for HER are mostly Pt-based 

materials,[4,5] whereas the oxides of precious metals such as Ru or Ir are used as 

electrocatalysts for OER.[6] These precious metals, however, are scarce and expensive, 

limiting their widespread usage. Over the last several decades, it has become apparent that 

implementing large-scale water electrolysis will require the development of high-

efficiency electrocatalysts, preferably composed of earth-abundant non-precious elements. 

Extensive research into designing such new electrocatalysts from earth-abundant elements 

has led to a class of catalyst compositions that exceed the present capabilities. Apart from 

enhanced performance, these novel compositions also broaden the knowledge and 

understanding of the factors that determine catalytic activity in order to customize catalyst 

surfaces atom by atom.[7]  

The electrocatalytic properties of any material are primarily influenced by its 

electronic structure, which depends on the central metal atom as well as the coordinating 

ligands. Hence, the main goal is to design catalysts through a proper understanding of 

structure-property correlation by varying the composition and physical structure of 

materials and understanding its effect on catalytic efficiency. Considerable attempts have 

been made to design efficient electrocatalysts for OER and HER comprising earth-

abundant elements. Appreciable progress has been made over the past few years in 

designing highly active OER catalysts based on metal phosphate,[8–10] oxides,[11] 

chalcogenides,[12–14] hydroxides,[15] metal complexes.[16,17] Some of these phosphates, 

chalcogenides, and some carbides have been used as  HER catalysts.[18–21]  Among these 

transition metal chalcogenides, particularly metal sulfides, selenides, and tellurides, have 

made a significant impact as electrocatalysts in water oxidation due to their unprecedented 
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high catalytic activity,[12,22–24] which is exemplified by their extremely low overpotential 

and high current density. One of the most commonly used commercial OER/HER 

electrocatalysts is porous Ni, due to its low cost, high robustness, and moderate catalytic 

activities. Also, it has been observed that in Ni-based chalcogenides, reducing anion 

electronegativity from O to Te (electronegativity order: E = Te (2.1) < Se (2.55) < S (2.58) 

< O (3.44)) lead to significant improvement in the intrinsic catalytic properties.[12,24,25] This 

was primarily attributed to increased covalency in the Ni–chalcogen (Ni–E) bond with 

reduced anion electronegativity down the chalcogens group, i.e., covalency order Ni–O < 

Ni-S< Ni–Se < Ni–Te. Such an increase in covalency leads to the adjustment of the 

electronic band structure and better alignment of the valence and conduction band edges 

with the water oxidation/reduction level. Better band alignment enhances facile charge 

transfer at the electrolyte–electrocatalyst interface which subsequently minimizes the 

overpotential for water oxidation/reduction. A critical factor in catalyst design is the ability 

to understand and predict the catalytic activity through systematic variation of composition. 

The chalcogenide series presents an ideal opportunity to understand the effect of anion 

electronegativity and lattice covalency on the electrocatalytic properties through anion 

substitution. Mixed anionic systems will be especially interesting for understanding the 

subtle effect of tunable anion electronegativity. One of the probes for understanding the 

direct effect of anion electronegativity on the catalytic activity is the hydroxyl (-OH) 

adsorption energy on the catalyst site, which is considered as the primary surface activation 

step. Hence investigation of the -OH adsorption energy will be a key component for 

developing effective catalyst design principles. The mixed anionic chalcogenides offer a 

unique opportunity for investigating the subtle effects of changing electronegativity on the 
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-OH adsorption energy since these systems offer more systematic control of electronic 

band structure and electrochemical tunability.[26,27] To the best of our knowledge, such 

mixed anionic chalcogenides have not been reported for electrocatalytic water-splitting 

reactions.  

We report herein a novel nanocrystalline nickel (telluro)-selenide NiSeTe 

materials grown on Ni foam (NF) by one-pot in-situ hydrothermally method as an efficient 

water oxidation catalyst.  We also illustrate the effect of adjusting the electronic structure 

of nickel-selenide (NiSe) by Te incorporation to form the mixed anionic coordination 

where both Se and Te are coordinated to the same catalytic (Ni) site. NiSeTe catalyst 

combines the characteristic favorable reaction kinetics and the synergistic effects between 

NiSe and nickel-telluride (NiTe) catalysts, as well as the stability of the nickel-supported 

structure. These mixed anionic compositions exhibit a significantly lower OER 

overpotential of 300 mV at 50 mAcm-2 and a small Tafel slope (98 mVdec-1). DFT 

calculations show favorable OH-adsorption energy as well as the charge transfer between 

the OH- ion and the surface of NiSe, NiTe, and NiSeTe compositions during OER. The 

enhanced conductivity of NiSeTe can encourage fast electron transfer between the active 

NiSeTe composition while the nanostructured surface provides abundant surface area and 

active sites. This NiSeTe electrode based on non-precious Ni metal, exhibits superior 

catalytic performance and durability towards water oxidation in strongly alkaline media. 

This study is of a more fundamental nature exploring the effect of mixed anionic 

coordination on the electrochemical activity and comparing that with the mixture of binary 

phases. The results reveal that a subtle change in the nearest neighbor coordination to the 

catalytically active site leads to significant changes in the electrocatalytic activity. These 
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results unlock exciting new avenues to explore mixed-chalcogenide electrocatalysts for 

water splitting and to understand structure−property−activity relationships for advanced 

catalysts with industrial scalability.  

2. EXPERIMENTAL PROCEDURE 

2.1. MATERIALS 

NF was purchased from Shenzhen Green and Creative Environmental Science and 

Technology Co. Ltd., hydrazine hydrate (N2H4.H2O) was bought from (Fisher Scientific, 

Waltham, Massachusetts, USA), nickel sulfate hexahydrate (NiSO4.6H2O), Nafion (5 

wt.%), sodium tellurite (Na2TeO3), and selenium (IV) oxide (SeO2) were purchased from 

(Sigma–Aldrich Chemical Reagent Co., Ltd. St. Louis MO), sodium hydroxide (NaOH), 

hydrochloric acid (HCl) and isopropyl alcohol (iPrOH) were purchased from (Fisher 

Scientific Pittsburgh, USA). All the reagents were used as received. The deionized (D.I) 

water purified through a Millipore system was used in all experiments. NF pre-treatment: 

A piece of NF (1 × 2 cm2) was washed with HCl, ethanol and D.I water several times to 

ensure the surface of the NF was well cleaned before use. 

2.2. METHODS 

The hydrothermal growth of the nickel chalcogenide series was performed at 160-

185 0C. It was also observed that nickel telluride growth requires higher temperature for 

hydrothermal growth (185 0C) compared to the selenide (160 0C) to achieve a comparable 

catalyst loading. And since a surfactant-free approach is employed in this experiment, to 

control the size of nuclei, the nickel salt, and the reducing agent; hydrazine employed, 
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respectively causes nucleation and reduction to occur steadily. The NiSeTe, NiTe and NiSe 

nanosheets were grown hydrothermally in-situ on NF by reacting chalcogen precursors 

with nickel sulfate. The chalcogen precursors used were SeO2 and Na2TeO3 which are 

highly reactive Se and Te sources respectively.[13] NiSO4.H2O was dissolved and added as 

a secondary source of Ni to a sonicated solution of SeO2 and Na2TeO3 in deionized water. 

Then, quantitative amount of N2H4.H2O, which serves both as reducing agent as well as 

complexing agent,[28] was gradually added into the solutions of SeO2, Na2TeO3 and a 

mixture of SeO2 and Na2TeO3 separately, to form a uniform and black, purple, and dark 

purple suspension respectively. Lastly, it was heated in the autoclave at 160 °C, 180 °C, 

185 °C for 12 h, respectively, where the produced Se and Ni intermediate species from 

SeO2, and NiSO4.H2O respectively, were reacted to form NiSe as shown in Equation (1). 

Similarly, Te species from Na2TeO3 and Ni species from NiSO4.H2O and NF, were reacted 

to form NiTe as represented in Equation (2), and lastly, Se species from SeO2 together with 

Te species from Na2TeO3, combined with Ni species from NiSO4.H2O and NF, were 

reacted to form NiSeTe as represented in Equation (3). It is critical to state that in all cases, 

the NF serves both as a Ni source and a substrate. 

 (1) 

  (2) 

  (3) 

2.2.1.  Preparation of NiSeTe. In this composition NiSeTe is hydrothermally 

deposited on NF. NiSO4.6H2O (113.42 mg), was added into deionized water (5 mL) and 

mild stirring for a few minutes until the solution is clear, followed by the addition of SeO2 

160
2 2 4 2 4 2 2 2 2 2 22 . .6 2 10 2 2CSeO N H H O NiSO H O NiSe N H O SO H O°+ + ¾¾¾® + + + + +

180
2 3 2 4 2 4 2 2 2 22 . .6 2 11CNa TeO N H H O NiSO H O NiTe N H O SO NaOH°+ + ¾¾¾® + + + + 2

185
2 3 2 2 4 2 4 2 2 2 2. .6 14 2CNa TeO SeO N H H O NiSO H O NiSeTe N H O SO NaOH°+ + 3 + ¾¾¾® +3 + + +
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(27.74 mg) and then Na2TeO3 (55.40 mg) under continuous stirring until the mixture is 

uniform. After which N2H4.H2O (2 mL) was added dropwise and further stirred for 30 

minutes. The mixture was then poured into 25 mL Teflon-lined stainless-steel autoclave 

containing a piece of pre-treated NF and heated at 180 0C for 24 h in an electric oven. The 

autoclave was cooled naturally to ambient temperature, and the sample was collected and 

washed with water and isopropyl alcohol many times and then dried at 60 0C for 8 h.  

2.2.2.  Preparation of NiTe. In this composition, NiTe is hydrothermally 

deposited on NF. NiSO4.6H2O (56.71 mg), was added into deionized water (5 mL) and 

mild stirring for a few minutes until the solution is clear, followed by the addition of 

Na2TeO3 (55.40 mg), under continuous stirring until the mixture is uniform. After which 

N2H4.H2O (1 mL) was added dropwise and further stirred for 30 minutes. The mixture was 

then poured into 25 mL Teflon-lined stainless-steel autoclave containing a piece of pre-

treated NF and heated at 185 0C for 12 h in an electric oven. The autoclave was cooled 

naturally to ambient temperature, and the sample was collected and washed with water and 

isopropyl alcohol many times and then dried at 60 0C for 8 h.  

2.2.3.  Preparation of NiSe. In this composition, NiSe is hydrothermally deposited 

on NF NiSO4.6H2O (56.71 mg), was added into deionized water (5 mL) and mild stirring 

for a few minutes until the solution is clear, followed by the addition of SeO2 (27.74 mg), 

under continuous stirring until the solution is clear. After which, N2H4.H2O (1 mL) was 

added dropwise and further stirred for 30 minutes. The mixture was then poured into a 25 

mL Teflon-lined stainless-steel autoclave containing a piece of pre-treated NF and heated 

at 160 0C for 12 h in an electric oven. The autoclave was cooled naturally to ambient 
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temperature, and the sample was collected and washed with water and isopropyl alcohol 

many times and then dried at 60 0C for 8 h.  

2.2.4.  Preparation of NiSe@NiTe. In this composition, NiTe is hydrothermally 

deposited on NF, then followed by the hydrothermal deposition of NiSe on the top. Step 1: 

NiSO4.6H2O (56.71 mg), was added into deionized water (5 mL) and mild stirring for a 

few minutes until the solution is clear, followed by the addition of Na2TeO3 (55.40 mg), 

under continuous stirring until the mixture is uniform. After which, N2H4.H2O (1 mL) was 

added dropwise and further stirred for 30 minutes. The mixture was then poured into a 25 

mL Teflon-lined stainless-steel autoclave containing a piece of pre-treated NF and heated 

at 185 0C for 12 h in an electric oven. The autoclave was cooled naturally to ambient 

temperature, and the sample was collected and washed with water and isopropyl alcohol 

many times and then dried at 60 0C for 8 h. Step 2: NiSO4.6H2O (56.71 mg), was added 

into deionized water (5 mL) and gentle stirring for several minutes until the solution is 

clear, followed by the addition of SeO2 (27.74 mg), under continuous stirring until the 

solution is clear. After which, N2H4.H2O (1 mL) was added dropwise and further stirred 

for 30 minutes. The mixture was then poured into a 25 mL Teflon-lined stainless-steel 

autoclave containing NF/NiTe from step 1 and heated at 160 0C for 12 h in an electric oven. 

The autoclave was cooled naturally to ambient temperature, and the sample was collected 

and washed with water and isopropyl alcohol many times and then dried at 60 0C for 8 h.  

2.2.5.  Preparation of NiTe@NiSe. In this composition, NiSe is hydrothermally 

deposited on NF, then followed by the hydrothermal deposition of NiTe on the top Step 1: 

NiSO4.6H2O (56.71 mg), which was added into deionized water (5 mL) and mild stirring 

for a few minutes until the solution is clear, followed by the addition of SeO2 (27.74 mg), 
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under continuous stirring until the solution is clear. After which, N2H4.H2O (1 mL) was 

added dropwise and further stirred for 30 minutes. The mixture was then poured into a 25 

mL Teflon-lined stainless-steel autoclave containing a piece of pre-treated NF and heated 

at 160 0C for 12 h in an electric oven. The autoclave was cooled naturally to ambient 

temperature, and the sample was collected and washed with water and isopropyl alcohol 

many times and then dried at 60 0C for 8 h. Step 2: NiSO4.6H2O (56.71 mg), was added 

into deionized water (5 mL) and mild stirring for a few minutes until the solution is clear, 

followed by the addition of Na2TeO3 (55.40 mg), under continuous stirring until the 

mixture is uniform. After which, N2H4.H2O (1 mL) was added dropwise and further stirred 

for 30 minutes. The mixture was then poured into a 25 mL Teflon-lined stainless-steel 

autoclave containing NF/NiSe from step 1 and heated at 185 0C for 12 h in an electric oven. 

The autoclave was cooled naturally to ambient temperature, and the sample was collected 

and washed with water and isopropyl alcohol many times and then dried at 60 0C for 8 h.  

The average crystallite sizes of NiSeTe phase particles were approximated from the 

Scherrer equation in Equation (4). 

                                                    (4) 

where D is the average crystallite size, β is the full width at half maximum (FWHM), θ is 

the Bragg angle of the NiSeTe crystal with a peak at 2θ, and λ is the wavelength of X-rays 

(Cu Kα1, λ = 0.154056 nm). The FWHM, values of the (011), (012), and (110) peaks at 

31.50, 43.41, and 47.22 ° peaks for NiSeTe were found to be 0.1310, 0.1319, and 0.1287 

respectively yielding crystallite sizes of 6.7, 6.7 and 7.9 nm, and the computed average 

crystallite size was estimated to be 7.1 nm.  

/ sD co= 0.9l b q
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2.2.6.  Electrode Preparation. The hydrothermally synthesized nickel 

chalcogenides are grown directly on nickel foam, and so, the resulting electrodes after 

drying at 60 0C for 8 h, do not need further processing before carrying out electrochemical 

and electrocatalytic studies, hence, were used as prepared for electrochemical 

measurements. The catalyst loading on each sample was calculated.  

The mass of the pure phase catalyst on NF was calculated using Equation (5) and the mass 

of the layered phase catalyst on NF was calculated using Equation (6) as follows. The 

weight increment (x mg) of NF can be directly weighted after the growth of Ni 

chalcogenide.  

                      (5) 

NiSe = 74.0 - 68.9 = 5.1 mg 

NiTe = 75.9 – 70.8 = 5.3 mg  

NiSeTe = 76.7 -70.9 = 5.8 mg 

    (6) 

NiSe@NiTe = 86.7 -78.5 = 8.2 

NiTe@NiSe = 87.1- 79.4 = 7.7 

where M is the molecular weight or atomic weight.  

a) NiSeTe electrode, the loading mass of NiSeTe is about 2.90 mgcm-2. 

b) NiTe electrode, the loading mass of NiTe is about 2.65 mgcm-2. 

c) NiSe electrode, the loading mass of NiSe is about 2.55 mgcm-2. 

d) NiSe@NiTe electrode, the loading mass of NiTe is ~ mgcm-2 and NiSe is ~4.10 

mgcm-2. 

( ) ( )NF catalyst pretreated NFx mg Weight Weight Weight  = + -

1 2( ) (( ) )NF st deposition nd deposition pretreated NFx mg Weight Weight Weight Weight   = + + -
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e) NiTe@NiSe electrode, the loading mass of NiSe is ~ mgcm-2 and NiTe is ~3.85 

mgcm-2 

2.2.7.  Characterization Methods. The hydrothermally prepared nickel 

chalcogenide series directly grown on nickel foam were characterized through powder and 

thin film X-ray diffraction (XRD) using a Philips X-Pert X-ray diffractometer 

(PANalytical, Almelo, The Netherlands) with Cu Kα (1.5418 Å) radiation. The 

morphology and chemistry of samples were analyzed with a scanning electron microscope 

(SEM) using a TESCAN-ASCAT system equipped with Bruker energy dispersive 

spectroscopy (EDX). For the cross-sectional area analysis, the samples were through their 

edge mounted in epoxy, and then ground using silicon carbide abrasive papers to 1200 grit 

and mechanically polished with 0.1 µm diamond under controlled low pressure to 

minimize the chances of the scale breaking. XPS measurements were performed using a 

KRATOS AXIS 165 X-ray photoelectron spectrometer (Kratos Analytical Limited, 

Manchester, United Kingdom) using a monochromatic Al X-ray source. The C 1s signal at 

284.5 eV was used as a reference to correct all the XPS binding energies. All XPS spectra 

were collected from the pristine catalyst surface without sputtering. The Raman spectra of 

the catalyst were recorded with LabRam ARAMIS (HORIBA Jobin-Yvon Raman 

spectrometer equipped with a CCD detector) in the Raman shift range between 50 cm-1 to 

1800 cm-1, 1200 lines mm−1 grating, HeNe laser 632.8 nm excitation with a nominal output 

power of 100mW, 0.95 cm-1/pixel spectral dispersion, 10% of laser power, 10x objective, 

0.25 numerical aperture, 100 μm slit, 200 μm hole, 30 seconds exposure time, 10x 

accumulations for each sample acquisition. Electrochemical measurements were 

performed using a conventional three-electrode system connected to an IviumStat 
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potentiostat, with NF/Catalyst as the working electrode, while graphite rod and Ag/AgCl 

electrode were used as counter electrode and reference electrodes respectively, to measure 

the electrocatalytic performances. Linear sweep voltammetry (LSV), and cyclic 

voltammetry (CV) were carried out to study the OER catalytic performance and cycling 

stability. In addition, the catalyst durability was also examined by conducting a constant 

potential chronoamperometry test at 50 mAcm–2 current density for an extended period in 

N2-saturated 1.0 M KOH at room temperature.  

All potentials measured were calibrated to RHE using the following Equation (7): 

                              (7) 

All electrolytes were saturated by oxygen (for OER) bubbles before and during the 

experiments. It should be mentioned here that the KOH electrolyte used in this study was 

purified to get rid of the trace amount of Fe impurity following reported procedures.[3] It 

has been reported previously that these trace Fe impurities in KOH can sometimes affect 

the observed OER electrocatalytic performance, especially in Ni-based systems.[29]  

IR-correction was done by correcting the Ohmic resistance according to Equation (8)  

                                                  (8) 

Here, E is the iR-corrected potential, while E(RHE) is the measured potential vs RHE, i is 

the measured current, and R is the uncompensated resistance generated from EIS. The EIS 

analysis was conducted by collecting the AC impedance spectrum from 100 kHz to 0.1 Hz 

with a voltage perturbation of 10 mV versus open-circuit potential. The uncompensated 

resistance is found as the magnitude of the impedance where the phase angle is closest to 

zero in a Bode plot or equivalently as the real part of the impedance where the imaginary 

part of the impedance is zero in a Nyquist plot.[30–32] 

( ) ( / ) 0.197 0.059 pHRHE Ag AgClE E V= +  + ´

( )RHEE E iR= -
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2.2.8.  Chronoamperometry Stability Study. The steady-state performance and 

durability of the electrocatalysts in OER for long-term chronoamperometric stability for 

the nickel series catalysts carried out in the alkaline electrolyte of 1 M KOH solution at 

constantly applied potentials of 1.51, 1.52, and 1.58 V vs RHE for 12h, to reach a current 

density of around 50 mAcm–2.  

2.2.9.  Tafel Slope. The Tafel slope, an important parameter to explain the 

electrokinetic activity of these thin film catalysts for OER and HER processes, was 

estimated from the Tafel plot. The Tafel equation is given as the dependence of 

overpotential η on the current density j as shown in Equation (9) 

                                          (9) 

where α is the transfer coefficient, n is the number of electrons involved in the reaction, 

and F is the Faraday constant. The Tafel slope is given by.  The Tafel plots in this work 

were calculated from the reverse scan of CV collected at a scan rate of 2 mV s–1 in a non-

stirred N2-saturated 1.0 M KOH solution.  

2.2.10.  Electrochemical Impedance Spectroscopy (EIS). The EIS experiments 

were performed within the 105–10–2 Hz frequency range, at an AC signal amplitude of 10 

mV, to study the electrode kinetics and estimate the electrolyte resistance (R1), and charge 

transfer resistance at the electrode (catalyst)-electrolyte interface (R2). The Nyquist plots 

were collected in N2-saturated 1.0 M KOH at an applied potential of 0.55 V vs. Ag|AgCl 

(KCl saturated). From the Nyquist plot, as fitted from the EIS equivalent circuit, electrolyte 

resistance (R1), and charge-transfer resistance (R2) were estimated. 

2.2.11.  Turnover Frequency (TOF). Turnover frequency (TOF) calculation of 

the catalysts The TOF value was calculated from Equation (10): 

RT/ nF) log jh = a+ (2.3 a
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                                             (10) 

where j is the current density in mA cm-2 at a given overpotential (e.g., ) = 0.36 V), A is 

the surface area of the electrode, F is the Faraday constant (a value of 96485 C mol-1), and 

m is moles of catalyst on the electrode.[33,34] 

2.2.12.  Mass Activity. Mass activity (A g-1) is the current density per unit mass 

of the active catalyst at a given overpotential. It was calculated from the catalyst loading 

m and the measured current density j (mA cm-2) for each sample,[33,34] at η = 0.36 V, 

calculated from Equation (11). 

                                          (11) 

2.2.13.  Density Functional Theory Calculations. To investigate the -OH 

adsorption energy, electronic, and charge transfer properties during the adsorption of the 

first hydroxyl group on the surface of nickel-selenide (Ni-Se), nickel-telluride (Ni-Te), and 

nickel-(telluro)-selenide (Ni-Se-Te) catalyst in OER, first principles Density Functional 

Theory (DFT) calculations are carried out using the Vienna ab initio simulation package 

(VASP).[35,36] The ion-electron interaction is described using the projector augmented 

pseudopotential (PAW) method[37,38] and the electron-electron interactions are treated 

using Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional within the 

generalized gradient approximation (GGA).[39] Since the Hubbard value (Ueff) incorporated 

GGA+U method has already proven its potential for accurately predicting the structural 

and electronic properties of materials in both bulk and slab forms, throughout the present 

calculations, we have used the same approach with Ueff values 5.9, 3.0 and 3.0 for Ni, Se 

and Te atoms, respectively.[40–42] For the computations of both bulk and slab 

configurations, a 3×3 supercell of NiSe, NiTe, and NiSeTe is created. During the 

F ) / (4 )jA mFTO = (

/Mass activity j m =
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calculation, the converged plane-wave energy cutoff was set to 500 eV followed by a 

Monkhorst-Pack[43] k-point mesh scheme of 5×5×1 for geometry optimization. However, 

a denser k-point mesh of 13×13×1 is used for the electronic property calculations. During 

the entire calculation, we set the convergence limits of force tolerance and ground-state 

energy which are 10-3 eV/Å and 10-6 eV, respectively. A DFT-D3 approach[44] was also 

considered to estimate the interaction between the Ni-series and the hydroxyl group. 

Sabatier plot was constructed using -OH adsorption energy to serve as a descriptor for 

observed catalytic activity, providing information about the catalytic efficiency (Tafel 

slopes and overpotential).[3,45] During the calculation, the bottom lattice plane of the slab 

was fixed at the ground-state bulk distances, whereas atoms on the top lattice plane were 

set to be free to move and adsorb the hydroxyl group. After that, the OH- ion was placed 

on top of the active Ni site of the relaxed free surface at 1.86 Å to calculate the adsorption 

energy. The adsorption energy of the first hydroxyl attachment was then calculated using 

Equation (12) 

                                          (12)  

where "./0123/21456 is the total energy of the lowest energy configuration of NiSe, NiTe, 

and NiSeTe slab structures with the adsorbed OH-, "./0123/21 is the total energy of the 

NiSe, NiTe, and NiSeTe structures without OH-, and  is the lowest energy value of the free 

OH- ion. 

The isosurface charge density difference (CDD) is calculated using Equation (13) below: 

                            (13) 

where, and Field are the combined charge densities of Ni-series and OH- ion, the charge 

density of the isolated NiSe, NiTe, and NiSeTe, and isolated OH- ion, respectively. 

( )ads Ni series OH Ni series OHE E E E- + ¾ -= +

( )Ni series OH Ni series OH- + ¾ -Dr = r r +r

OHr
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3. RESULTS 

Details of the hydrothermal synthesis along with a description of the layer-by-

layer in situ deposition scheme are provided in the supporting information. The general 

synthesis and composition of each catalyst as grown on NF are schematically illustrated, 

as presented in Figure 1. Throughout this paper, NiSe@NiTe represents NiSe grown on 

top of NiTe which was first grown on NF substrate. And NiTe@NiSe describes NiTe 

grown on top of NiSe which was first grown on NF substrate. Both NiSe@NiTe and 

NiTe@NiSe represent a layer-by-layer morphology. The NiSeTe composition, on the other 

hand, represents the true mixed anionic phase of NiSeTe grown on an NF substrate.  All 

the samples show a rough surface morphology relative to pure NF substrate indicating 

successful sample deposition on the NF substrate.  

 

Figure 1. Schematic describing the (a) Preparation of nickel mixed anionic chalcogenide; 

(b) Composition of catalyst deposited on nickel Foam (NF). 
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Scanning electron microscopy (SEM) images (Figures 2a-f and S1) showed clear 

evidence of distinct phase growth of different morphologies as indicated by 

homogeneously covered densely packed nanostructured particles grown on NF. The 

morphologies exhibit some degree of surface roughness. NiTe and NiTe@NiSe show a 

clustered nanosheet-like structure, and NiSeTe, NiSe, and NiSe@NiTe exhibited 

homogeneous growth of vertically interconnected grains. The porous nature of NF-catalyst 

systems is believed to enhance accessibility to catalytic sites. Surface elemental 

compositions of NiSeTe, NiSe@NiTe, and NiTe@NiSe were estimated from EDS 

mapping analysis (Figure S2). It shows the average surface atomic ratio of Ni: Se (1:1) in 

NiSe@NiTe, suggesting NiSe dominated surface and NiTe bottom layer. Similarly, 

NiTe@NiSe showed the average surface atomic ratio of Ni: Te (1:1), implying the NiTe 

surface layer and NiSe bottom layer. NiSeTe revealed Se: Te (1:1) surface atomic ratio, 

confirming NiSeTe composition. The cross-sectional SEM analysis showed the different 

phases in the nickel chalcogenide composite samples (Figure 2g-i). NiSe@NiTe showed 

two phases supported by NF substrate: NiSe phase surface layer and NiTe phase bottom 

layer (Figure 2g). Similarly, NiTe@NiSe displayed two phases: NiTe phase surface layer 

and NiSe phase bottom layer, as shown by elemental mapping analysis in Figure 2i.  This 

is consistent with the layer-by-layer hydrothermal growth hypothesis, suggesting that 

NiTe@NiSe and NiSe@NiTe each comprise two distinct layered phases rather than 

random phase distribution. Conversely, NiSeTe shows a single phase, corresponding to the 

NiSeTe phase. The cross-sectional SEM images were also used to estimate the thickness 

of the individual layers. NiSe@NiTe showed a composite layer thickness of 45 μm with 

the NiSe layer being approximately 20 μm thick atop a 25 μm NiTe layer. Similarly, the 
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NiTe@NiSe deposition showed a composite layer thickness of ~124 μm with a 20 μm NiSe 

layer below an approximately 100 μm NiTe layer. The NiSeTe on the other hand, showed 

a deposition thickness of 134 μm. These results are consistent with the cross-sectional EDX 

analysis data obtained for these samples (Figure S3-S5). 

 

Figure 2. SEM images of nickel chalcogenide series and their deposition thickness. (a) 

Nickel foam (NF); (b) NiSeTe; (c) NiSe; (d) NiTe@NiSe; (e) NiSe@NiTe; (f) NiTe; 

cross-sectional SEM-EDX images of (g) NiSe@NiTe with a thickness of 45 μm; (h) 

NiSeTe with a thickness of 135 μm; (i) NiTe@NiSe with a thickness of 124 μm. 

The NiTe@NiSe and NiSe@NiTe composites both yielded NiSe and NiTe mixed 

phases, as observed in the powder X-ray diffraction (PXRD) patterns shown in Figure 3(a, 

b), rather than a new resultant phase. The NiTe@NiSe composite (Figure 3d) shows peaks 

at 124 and 143 cm -1 in Raman, corresponding to Ag and Tg modes in NiTe, indicating the 
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dominance of NiTe on the surface. Conversely, the NiSe@NiTe composite (Figure 3e) 

shows Raman peaks at 262, 226, 181, and 141 cm-1 corresponding to Tg, Ag, Eg, and Tg in 

NiSe, respectively,[46,47] implying NiSe dominated the surface (see Figure S6). This is 

consistent with the layer-by-layer deposition growth order of the composites. Binary NiSe 

and NiTe, are used as a reference in this study, characterized as shown in (Figure S6).  The 

XRD pattern for NiTe and NiSe were identical to the standard diffraction patterns (PDF # 

01-075-0610), and (PDF # 01-089-2019), respectively. Their surface Raman spectra show 

peaks at 147, 225, and 265 cm -1 which corresponds to Tg, Ag, and Tg modes in NiSe (Figure 

S6), and peaks at 125 and 143 cm -1 presenting to Ag and Tg in NiTe (Figure S6), both of 

which were consistent with reported literature.[47,48]  

 

Figure 3. XRD spectra of (a) NiTe@NiSe; (b) NiSe@NiTe; (c) NiSeTe; Raman spectra 

of (d) NiTe@NiSe; (e) NiSe@NiTe (f) NiSeTe. 
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The crystal structure of NiSe (Figure S7) changes after hydrothermal tellurization 

into a single-phase trigonal NiSeTe nanocrystalline material as shown in the PXRD pattern 

in Figure 3c. NiSeTe occurs as a “Kitkaite” mineral and exhibits CdI2-like trigonal crystal 

structure with P3m1 space group of 3m crystal class (Figure S7), similar to previous 

reports.[49]  

The PXRD peaks at 31.51, 43.41, 47.22, 49.95, and 59.5°, were indexed to (011), 

(012), (110), (111), and (201) planes of trigonal NiSeTe, respectively (Figure 3c), which is 

consistent with its standard diffraction pattern (PDF # 01-089-2022). Both Se and Te in 

NiSeTe have a site occupancy factors (SOF) of 0.5 for equivalent crystallographic 

positions, consequently, Ni(1)–Se(1)/Ni(1)–Te(1) bond lengths are all equivalent (2.499 

Å). In this structure, the cations are no longer connected in the c direction and neighboring 

layers are held together by Van der Waals forces only. NiSeTe possesses metallic-like 

properties, hence, it has been reported to show weak and temperature-independent 

paramagnetism.[49] The calculated unit cell parameters from the Rietveld refinements 

are a = b = 3.716(5) Å and c = 5.126(5) Å for trigonal NiSeTe. Furthermore, Raman at 128 

and a shoulder at 148 cm-1 correspond to Ag and Tg modes in NiSeTe (Figure 3f). This is 

consistent with averaging the Ni-Te and Ni-Se modes, as reported in similar composition 

types,[47] supporting the coordination of both chalcogens (Se and Te) to the same metal 

atom (Ni) resulting in a true mixed anionic composition. The average crystallite size of 

NiSeTe was estimated to be 7.1 nm. This was calculated from the Scherrer equation (See 

Equation in S4) by fitting (011), (012) and (110) XRD reflection peak(s) using Lorentz 

function.[50,51] 
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XPS spectra of the as-prepared NiSe@NiTe show Ni 2p at 873.7 and 855.8 eV 

assigned to the Ni2+ oxidation state in mostly the surface layer (NiSe) of the NiSe@NiTe, 

with satellite peaks at positions 880.28 and 861.6 eV corresponding to Ni 2p3/2 and Ni 2p1/2, 

likely coming from NiSe and NiTe mixed phases. The higher binding energy of Ni 2p in 

NiSe@NiTe than that of NiTe indicates the strong synergetic interactions between the two 

layers; a similar observation has been reported previously.[52] The Se 3d and Te 3d spectra 

are shown as insets of Figure S8. The Se 3d spectrum indicates three peaks after 

deconvolution at 58.6, 57.6, and 54.8 eV corresponding to SeOx, Se 3d3/2, and Se 

3d5/2 respectively, indicating surface selenium oxidation. Interestingly, the inset showing 

Te 3d spectrum indicated very faint low-intensity peaks at 576.3 and 586.9 eV 

corresponding to Te 3d5/2 and Te 3d3/2 respectively. This indicates that the surface of 

NiSe@NiTe is mostly NiSe and has very little NiTe on it, which is consistent with layer-

by-layer compositional growth. The binding energy of the Se 2p peak in NiSe@NiTe is 

lower than that of NiSe, suggesting extra charges in the Se, indicating electronic 

interactions. This phenomenon indicates that interfacial charge transfer may occur to Se 

from other atoms.[52,53] The interfacial electronic interactions between NiTe and NiSe 

provide promising opportunities for modulating electrocatalytic properties. While the XPS 

spectra of NiTe@NiSe show Ni 2p at 873.7 and 855.8 eV assigned to the Ni2+ oxidation 

state of NiTe in NiTe@NiSe. The satellite peaks at positions 880.28 and 861.6 eV 

corresponding to Ni 2p3/2 and Ni 2p1/2. The two insets correspond to Se 3d and Te 3d 

spectra, respectively (Figure S9). The Se 3d spectrum shows no Se 3d5/2 and Se 3d3/2 and 

or SeOx peaks, indicating that the NiTe surface coverage is more effective than when NiSe 

is serving as the top surface layer. Again, this is consistent with layered growth. Further, 
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the inset showing Te 3d spectrum displays peaks at 576.3 and 586.9 eV assigned to Te 

3d5/2 and Te 3d3/2, respectively, suggesting the surface is mainly NiTe (inset of Figure S9). 

High-resolution XPS of NiSeTe shows Ni 2p peaks at 874.5 and 856.6 eV (Figure 

4a) assigned to the Ni2+ oxidation state, while peaks at 880.6 and 862.4 eV are due to Ni 

2p3/2 and Ni 2p1/2 satellite peaks. The peak at 853.1 eV representing Ni0 corresponds to 

metallic Ni 2p arising from the NF substrate or from excess unreacted Ni0 from reduced 

Ni2+ precursor. XPS spectra of Te and Se are shown in Figures 4b & c respectively. The 

Se 3d deconvoluted spectrum shows three peaks at 59.0, 57.4 eV, and 54.7 eV 

corresponding to SeOx, Se 3d3/2, and Se 3d5/2 respectively. The binding energy of the Se 2p 

peak is slightly lower than that of NiSe, suggesting extra charges in the Se due to electronic 

interactions.  

 

Figure 4. The high-resolution XPS spectra of NiSeTe. (a) Ni 2p peak; (b) Te 3d peak; (c) 

Se 3d peak; (d) surface O 1s peak. 
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This phenomenon indicates possible interfacial charge transfer from Te and Ni to 

Se.[52,53] The oxidation states of Se were recognized as Se2– and Se4+, corresponding to 

NiTeSe and SeO2. SeO2 could either be from mild surface oxidation of the Se in the system 

or from excess unreacted SeO2 adsorbed on the surface. The C1s and O1s signals are 

largely due to the surface adsorption of atmospheric adventitious carbon and oxygen 

species. Furthermore, the Te 3d spectrum shown in (Figure 4b) indicated peaks at 576.4 

and 586.9 eV which were ascribed to Te 3d5/2 and Te 3d3/2, respectively. The Te spectrum 

also indicated the presence of metallic Te at 573.0 and 583.4 eV. This could be coming 

from surface-adsorbed traces of unreacted Te generated from the reduction of the TeO2 

precursor in the reaction mixture. This type of observation is well documented in the 

literature.[20,24]  The peak positions of the binding energies in the mixed anionic ternary 

NiSeTe phase are slightly shifted to more positive values relative NiSe phase due to 

differences in the coordination and difference in electronic structure which leads to subtle 

variation in electron density distribution, in agreement with previous reports.[34,54,55] The 

binding energies for Ni 2p, Se 3d, and Te 3d in the XPS study of NiSe and NiTe (Figure 

S10) are also in agreement with the reported literature.[14,52,56]  

Nickel chalcogenides have shown superior electrochemical performance for 

OER, and overall water splitting.[30,57] Both NiTe[52] and NiSe[56] grown on NF as nanoarray 

and nanowire film, respectively, have shown excellent OER and HER performance. In 

addition, a vertically grown catalyst on NF with a porous structure type is highly beneficial 

for OER, as it provides easier accessibility to active catalytic surface area for reactive 

substrates,[42] which plays a vital role in electrolyte diffusion and gas discharge. In this 

work, OER electrocatalytic performance NiSe@NiTe and NiTe@NiSe catalysts were 
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compared to NiSeTe in O2-saturated 1 M KOH measured under the same conditions, to 

elucidate the effect of mixed anionic coordination. The polarization curves from iR-

corrected linear sweep voltammetry (LSV) scans (Figure 5a) indicate their OER 

performance, during which oxygen bubbles are observed from the electrode surface. The 

oxidation peaks around 1.37 V (vs RHE) correspond to the Ni2+ to Ni3+ redox couple, 

which shifts slightly on changing the anion composition.[25] This observation was 

consistent with the shift noticed in the comparative cyclic voltammetry measurements 

conducted for these nickel series samples (Figure S11). In this series of compounds, NiTe 

exhibits the best activity toward OER, exhibiting an overpotential of 260 mV to achieve 

the current density of 50 mAcm-2. The NiSe does not show any obvious anodic current 

until the potential reaches ≈1.53 V. In contrast, the NiSeTe-modified electrode displayed 

the onset of OER much earlier and achieved significantly higher catalytic current, thereby, 

demonstrating excellent activity with a low overpotential requirement of 300 mV to reach 

50 mAcm-2. The comparative efficiency towards OER for the nickel chalcogenides series 

is in the order NiTe > NiSeTe > NiSe, illustrating the critical effect of decreasing anion 

electronegativity around the catalytically active Ni center. As anion electronegativity 

decreases, covalency increases, thereby affecting the electronic structure and increasing 

the valence band edge comparable to the OER energy level.[26] The OER performance of 

layer-by-layer binary phases, NiSe@NiTe, and NiTe@NiSe at 100 mAcm-2, relative to the 

single-phase mixed anionic compositions is in the order NiTe > NiSe@NiTe > NiSeTe > 

NiTe@NiSe > NiSe (Table 1). Powder samples of NiTe, NiSeTe, and NiSe drop casted on 

carbon-cloth substrate exhibited identical electrocatalytic activity trends as those samples 

grown hydrothermally on NF (NiTe > NiSeTe > NiSe) (Figure 5b). This confirms the 
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inherent properties of these catalysts. However, a much higher current density is generated 

with a directly grown catalyst on a highly conducting substrate which is particularly 

beneficial in practical water electrolysis. Tafel plots shown in Figure 5c, reveal reaction 

kinetics in the electrocatalytic OER with a lower Tafel slope indicating faster kinetics. The 

Tafel slope showed an increase in the order NiTe (86 mVdec-1) < NiSeTe (98 mVdec-1) < 

NiSe@NiTe (112 mVdec-1) < NiTe@NiSe (124 mVdec-1) < NiSe (136 mVdec-1), 

indicating that NiTe has the fastest OER kinetics, in agreement with the observation of 

electrocatalytic activity. 

Table 1. Electrocatalytic parameter compared in nickel series catalytic systems. 

 

 

 

Conversely, the NiSe catalyst shows the highest Tafel slope value, corresponding 

to the slowest OER kinetics in the nickel chalcogenide series. Interestingly, NiSeTe 

exhibited a Tafel slope value, intermediate between the NiTe and NiSe. This suggests that 

changing the chalcogen anion from a more electronegative Se to a less electronegative Te 

facilitates the OER kinetics. Multistep chronoamperometry test on NiSeTe at different 

Material NiTe NiSe NiSeTe NiTe
@ 

NiSe 

NiSe
@ 

NiTe 

Onset potential (V) 1.43 1.53 1.48 1.51 1.47 

Overpotential @ 50 mA cm–2 (mV) 260 380 300 350 - 

Overpotential @ 100 mA cm–2 (mV) 320 450 350 400 310 

Ni2+→Ni3+ oxidation peak potential (V) 1.36 1.32 1.34 1.33 1.42 

Current density @ 300 mV (mA cm–2) 70.09 19.46 56.64 36.04 97.39 

Tafel slope (mV dec–1) 86 136 98 124 112 

Mass activity (Ag–1) 138.1 33.7 90.3 29.2 57.1 

TOF (s–1) 0.065 0.009 0.047 0.025 0.048 
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applied potentials between 1.30 V to 1.65 V vs. RHE shows no obvious degradation of 

current density under any of the tested applied potentials (Figure 5d). This demonstrates 

the superior reliability of NiSeTe catalyst within a wide potential range, as well as its high 

mass transport, and mechanical robustness toward longevity in OER activity. The 

Ni2+→Ni3+ pre-oxidation peak typically observed in OER of Ni-based systems provides an 

insight into the inherent property of the catalyst concerning its activation step.[29,59] 

 

Figure 5. Electrocatalytic OER activity of nickel chalcogenide series. (a) LSV plots of 

catalysts on Nickel Foam; NiSe@NiTe (black), NiTe@NiSe (violet), NiSeTe (red), NiSe 

(blue), NiTe (green) RuO2 (cyan), and nickel foam (brown); ( (b) LSV of catalysts on 

carbon cloth; NiSeTe (red), NiSe (blue), NiTe (green); (c) The Tafel slope obtained from 

LSV plots for different catalysts; (d) Multistep chronoamperometry study of the NiSeTe 

on NF electrode carried out at various constant applied potentials. 
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Additionally, the position of the Ni2+/Ni3+ oxidation peak is generally affected by the 

electronegativity of anion and coordination type around the Ni central atom.[24] This effect 

is observed in the Ni2+→Ni3+ oxidation peak potential (Table 1). It must be noted here that 

the effect of the thickness of grown catalyst layers was not moderated, although the sample 

loading was roughly comparable (Equations S5 and S6). For highly moderated samples, 

oxidation peak potential can be used to distinguish surface compositions. Since changes in 

anion composition and film thickness in catalysts could shift the Ni2+ oxidation peak 

position, one should be extremely quantitative when using this approach as a tool to 

appreciate the compositional evolution of active surfaces adequately.  

The electrocatalytic performance towards OER can be substantially influenced by 

electronic structure, which is a direct consequence of the chemical composition as well as 

the crystal lattice structure of the electrocatalyst.[7],37] Selenides have higher 

electronegativity and harder base characteristics, with a lesser degree of electron cloud 

delocalization, hence lower conductivity and charge mobility compared to telluride.[20] 

Consequently, nickel selenides show lower electrocatalytic activity towards OER. 

However, changing covalency around the catalytically active Ni site leads to rearrangement 

of the electronic band structure, and movement of the valence and conduction band edges 

closer to the water oxidation-reduction level, consequently, reducing the overpotential 

requirement. It is therefore recommended that bond energies of intermediates and 

electronic structure (through chemical composition and crystal structure) should be tuned 

in catalysts to enhance OER performance.[7,60] In NiSeTe crystal structure (trigonal), Ni 

atoms have unique coordination environments than those of NiSe and NiTe (hexagonal), 

thereby influencing its electrocatalytic activity towards OER.  
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To further appreciate the excellent OER performance of these nickel chalcogenide 

systems, the Tafel plot, mass activity, turnover frequency (TOF), and Electrochemical 

impedance spectroscopy (EIS) were computed as summarized in Figure 6. NiTe and 

NiSeTe catalysts exhibited the highest specific mass activities of 138.1 and 90.3 Ag-1, 

respectively at 0.36 V overpotential (Figure 6b). TOF achieved for NiSeTe is 0.047 s-1 at 

the overpotential of 0.36 V, which was three folds (3×) higher than NiSe. NiTe attained 

the highest TOF of 0.065 s-1 (Figure 6c). This demonstrates the higher intrinsic activity of 

NiSeTe and NiTe implying higher active sites and larger electrochemical surface area. The 

EIS analysis verified the fast OER kinetics of the catalysts. The charge-transfer resistance 

on NiSeTe at 1.55 V is 3.10 Ω, slightly smaller than that of NiSe@NiTe (3.55 Ω) and 

NiTe@NiSe (4.31 Ω) (Table S1), under similar conditions, implying faster electron 

transport in the NiSeTe. This is consistent with high activity kinetics observed in the nickel 

series. Overall, the charge transfer resistance follows the trend, NiTe (1.37 Ω) > NiSeTe 

(3.10 Ω) > NiSe@NiTe (3.55 Ω) > NiTe@NiSe (4.31 Ω) > NiSe (5.05 Ω), which 

corroborates well with the observed high catalytic efficiency.[22] The electrolyte resistance 

of NiSeTe is 26.0 Ω, substantially, smaller than that of NiSe@NiTe (53.0 Ω), NiSe (42.32 

Ω), NiTe (39.08 Ω), and NiTe@NiSe (37.99 Ω). The substrate-catalyst surface coverage 

resistance observed in some of the catalysts showed the least value in NiSeTe (29.00 Ω). 

The double layer capacitance on NiTe (350 μF), NiSe (43 μF), and NiTe@NiSe (279 μF) 

is smaller than that of NiSeTe (38.0 mF). The above observation implied that the diffusion 

effect on (NiTe, NiTe@NiSe, and NiSe) is more significant, as confirmed by their Warburg 

diffusion element contributions.[61] Enhancement in electrocatalytic performance has been 

previously reported, ascribed to the synergistic effect of combining multi-component 
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compositions,[62,63] and hetero-atomic doping, which could either be cationic, anionic, as 

well as interfacial engineering from the effects of ligands and electronic interactions around 

the different active centers.[64] Incorporation of Te into NiSe results in electron density 

redistribution around the catalytically active Ni species in the resulting NiSeTe. This 

enables enhanced charge transport on surface structure and optimized bond strengths 

between the NiSeTe surface and intermediate adsorbates.[22,65] 

 

Figure 6. Electrocatalytic performance of NiSe@NiTe (black), NiTe@NiSe (violet), 

NiSeTe (red), NiSe (blue), and NiTe (green) catalysts. (a) Tafel slopes; (b) Mass activity 

at η = 0.36 V; (c) Turnover frequency (TOF) at η = 0.36 V; (d) Nyquist plots in the AC 

frequency range between 100 kHz and 0.1 Hz, at 1.55 V vs RHE. The inset shows the 

fitted equivalent circuit for (i) NiTe; (ii) NiSeTe and NiSe@NiTe; (ii) NiSe and 

NiTe@NiSe. 
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The long-term chronoamperometric stability of NiSeTe for 12h (Figure 7a) 

showed excellent catalytic stability with no significant degradation under uninterrupted 

OER conditions at constant 1.51 V. Furthermore, the LSV polarization curves of NiSeTe 

before and after the chronoamperometry study were almost identical as illustrated by inset 

in Figure 7a. This indicates the outstanding mass transfer property and mechanical 

robustness of the NiSeTe electrode. The chemical states and composition of the NiSeTe 

surface before and after stability showed that the catalyst is less susceptible to self-

oxidation or corrosion, contrary to the belief that NiOOH formed on the catalyst surface 

during OER is the real active catalyst in nickel chalcogenide catalysts.[56,66]  

 

Figure 7. Chronopotentiometry curve of the NiSeTe recorded at 1.51 V for 12 h. The 

inset corresponds to the LSV of NiSeTe before and after chronoamperometry; (b) Raman 

spectrum of NiSeTe before and after stability (chronoamperometry). The high-resolution 

XPS spectra of (c) NiSeTe, Ni 2p; (d) NiSeTe after chronoamperometry, Ni 2p. The left 

side insets correspond to Se 3d peaks, while the left side insets correspond to Te 3d 

peaks. 
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Surface Raman spectral analysis reveals no formation of extra Ni-oxide phases on 

the surface as shown in Figure 7b. Also, there is no change in the relative intensity of the 

O1s peak in the XPS spectrum before and after stability, suggesting no surface oxide layer 

formation (Figure S12). Post-OER XPS analysis of NiSeTe indicates no increase in the 

intensity of the SeOx peak (inset Figure 7d), consistent with the Raman results. The 

metallic nickel peak at 853.1 eV (Figure 7c) and the tiny Te satellite peaks at 573.0 and 

583.4 eV originating from precursor-based surface impurities were absent after activity 

(Figure 7d). 

NiSeTe electrocatalysts indicated the least tendency towards oxidation compared 

to the other nickel chalcogenide catalysts, thereby preserving the structural coordination of 

NiSeTe in an alkaline medium. Similar observations have been made in NiSSe systems[34] 

and nickel chalcogenide systems.[25] Furthermore, the OER with NiSeTe may operate via 

a similar mechanism reported for other nickel chalcogenides, initiated by hydroxyl 

attachment on the catalytic site on the surface.[22,34] This will form hydroxylated nickel 

mixed anionic (hydroxy)-telluro-selenide (Ni(OH)SeTe) as possible intermediate species.  

The chronoamperometric study of NiSe@NiTe at a constant applied potential of 

1.52 V for 12h, suggests that there is no degradation in the catalytic activity of NiSe@NiTe. 

The polarization curves compared before and after chronoamperometry (Figure S8), shows 

identical activity, suggesting excellent stability of the NiSe@NiTe composite under OER 

condition. The Raman spectra and XPS of NiSe@NiTe after chronoamperometry was 

analyzed. The Ni XPS spectrum after chronoamperometry study shows additional peaks 

after deconvolution, corresponding to Ni 2p3/2 and Ni 2p1/2 of Ni3+ at 857.9 and 875.5 eV 

respectively (Figure S8). This Ni oxidation is consistent with what was previously observed 
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for NF/NiSe catalysts,[56] although it’s very minimal in this composite catalyst, indicating 

that substrate and composition play a role in the oxidation process. Also, the peaks for Te 

at 576.3 and 586.9 eV corresponding to 3d5/2 and Te 3d3/2 become more visible indicating 

increased porosity of the surface NiSe layer. Similar observations were made in previous 

reports.[58,67] While the XPS spectra of Se before and after chronoamperometry study looks 

very similar. The peak at around 58.9 eV for SeOx increases slightly due to minimal 

oxidation on the surface of this catalyst (inset Figures S8 & S13). Overall, there is no 

indication of drastic change in the surface composition of the NiSe@NiTe catalyst.  

A similar observation was made for NiTe@NiSe at a constant applied potential of 

1.58 V over 12h. The polarization curve before and after chronoamperometry (Figure S13) 

shows no significant change in activity. Raman spectroscopy and XPS before and after 

stability shows that the identity of the catalyst was retained after chronoamperometry 

(Figures S9 & S14). The XPS spectrum after chronoamperometry studies shows no 

additional peaks after deconvolution, implying no nickel oxide formation. Again, this 

suggests that the composite setup minimizes nickel oxidation from the NF substrate. The 

peaks for Te at 576.3 and 586.9 eV corresponding to 3d5/2 and Te 3d3/2 remain at the same 

position after chronoamperometry, and no Se was detected before and after 

chronoamperometry, suggesting NiTe covers the bottom layer effectively. The excellent 

stability of NiTe@NiSe and NiSe@NiTe could be from the synergistic effect of the 

interaction of the two compositions in each composite. The chronoamperometry of NiSe 

shows high surface oxidation as indicated by the high relative intensity of SeOx XPS peak 

after stability (Figure S15). The Raman shows a shift in Eg peak, which supports this claim. 
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While NiTe shows no significant changes in both Raman and XPS (Figures S15 & S16), 

indicating that NiTe is more stable than NiSe under the tested reaction conditions.   

3.1. DENSITY FUNCTIONAL THEORY (DFT) STUDIES 

OER in an alkaline medium is a complex multi-step process, initiated by a 

hydroxyl group (-OH–) adsorption at the catalytic site which is considered the activation 

step.[68] Besides, it is well understood that the kinetics of the OER is estimated by the rate-

determining step. This happens either during (i) the first or second -OH attachment on the 

catalyst surface, or (ii) the release of O2. In both cases, the activation step is strongly 

influenced by the optimal surface coverage of the -OH– on the catalytic surface which 

lowers OER onset potential.[69] Understanding the catalyst activation step following -OH 

adsorption on the surface-active site is crucial in providing detailed insights into the 

catalytic activities. The -OH adsorption energy on the different catalyst surfaces as reported 

in this article was calculated through Density Functional Theory (DFT), details of which 

have been provided in the supplementary material.  

 

Figure 8. Slab models of (a) NiSe; (b) NiTe; and (c) NiSeTe supercells. 
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The crystal structures of NiSe, NiTe, and NiSeTe were constructed from reported 

crystallographic data. Atomic positions of bulk NiSe, NiTe, and NiSeTe were relaxed, and 

their optimized geometries were used to construct slab models of NiSe, NiTe, and NiSeTe 

configurations. During the calculations, a relatively large vacuum space of 20 Å was set in 

the direction perpendicular to the xy-plane of the slab model (Figure 8). This is to avoid 

interaction with the periodic images of the lower layer. NiSe belongs to the hexagonal 

crystal system with a space group of P63/mmc.[70] Similarly, NiTe also belongs to the 

hexagonal crystal system (P63/mmc).[71] On the contrary, NiSeTe crystallizes in a different 

structure, belonging to the trigonal crystal system.[49] The crystal structures of bulk NiSe, 

NiTe, and NiSeTe are shown in Figure 9 (a-c). The DFT-optimized lattice constant and 

bond lengths of NiSe, NiTe, and NiSeTe bulk structures are provided in Table 2. 

Table 2. DFT optimized lattice constant and bond lengths of bulk NiSe, NiTe, and 

NiSeTe structures. 

The (V) in bond length denotes the vertical distance between two adjacent atoms. 

The active Ni site in each configuration was selected, and the system was relaxed 

to find the most stable binding location and corresponding energy. The -OH– ion was placed 

Structure Crystal 
System 

Space 
Group 

Lattice 
Constant 

(Å) 

Bond Length (Å) 

Ni-Se Ni-Te Se-Te 
(V) 

Se-Se 
(V) 

Te-Te 
(V) 

NiSe Hexagonal P63/mmc 3.659 2.476 - - 3.337  

NiTe Hexagonal P63/mmc 3.974 - 2.642 - - 3.482 

NiSeTe Trigonal P3m1 3.757 2.458 2.562 3.332 5.049 5.049 
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on the surface of the NiSe, NiTe, and NiSeTe slab structures in three different orientations: 

H-down, O-down, and OH-horizontal. Nine different DFT calculations were carried out to 

cover all possible configurations to compute the adsorption energy of -OH on the Ni-series 

surface. The H-down orientation gives the least favorable adsorption (Figure S17) because 

-OH adsorptions are expected to be directed towards the active Ni site through the more 

electronegative oxygen atom. Hence, the more probable -OH adsorption approaches are O-

down and -OH-horizontal orientations, shown in Figure 9d-f. Previous studies reported that  

 

Figure 9. Crystal structures of 3 × 3 × 1 supercells of bulk (a) hexagonal NiSe; (b) 

hexagonal NiTe; and (c) trigonal NiSeTe. In each configuration, Ni atoms are the active 

sites for OH adsorption, and the unit cell are marked as a red rhombus. Original and 

relaxed structures of (d) NiSe; (e) NiTe; and (f) NiSeTe, supercell slab models with an -

OH ion adsorbed on the active Ni site. 
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stable -OH adsorptions (energetically favorable) are facilitated by decrease (more negative) 

in adsorption energy.[65] A comparative analysis of the -OH adsorption energies on the 

different catalyst sites are shown in Figure 10a. The O-down orientation on NiTe and 

NiSeTe shows superior binding energy of -2.42 eV and -2.74 eV, respectively. Similarly, 

the -OH-horizontal orientation shows stable binding energy of -2.39 eV and -2.87 eV on 

NiTe and NiSeTe, respectively (Figure 10a). This shows that the more probable -OH 

adsorption orientations display consistent and favorable -OH adsorption energies.[49] 

However, NiSe showed wider adsorption energy difference with change in -OH 

orientation. This indicates that effects of anion electronegativity in the nearest neighbor 

coordination and molecular orientation could affect -OH adsorption energy of catalysts. 

The -OH adsorption energy analysis indicates that an energetically favorable -OH 

adsorption on the surface of Ni-site, may lead to optimal surface coverage and activation 

resulting in faster onset of OER catalytic activity. This is a critical pre-condition for 

superior OER performance. Hence, the average -OH adsorption energy for the more 

probable orientations (O-down and -OH-horizontal) was computed (Figure 10b), and it was 

observed that NiTe (Eave ads: -2.41 eV) has higher adsorption energy than NiSeTe (Eave ads: 

-2.81 eV). These results indicate that the adsorption of -OH on NiSeTe is more spontaneous 

and therefore energetically more favorable than that of NiTe and NiSe. This suggests that 

-OH adsorption is affected by changes in crystal structure, and anion composition. 

Conventionally, adsorptions with O-down in -OH orientation are employed for benchmark 

comparison since they are considered more likely. Under this orientation, NiSeTe shows 

very low adsorption energy, making it highly favorable (Figure 10c). This is consistent 

with the high activity of NiSeTe towards OER reaction. However, to adequately assess the 
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significance of the -OH adsorption on observed OER performance, we plotted OER 

overpotential as a function of -OH adsorption energy to create a volcano plot. This included 

few known catalysts (NiO, Ni3Te2, Co3O4, CoTe and CoTe2),[20] along with NiSe, NiTe 

and NiSeTe as shown in Figure 10d. It should be noted that the -OH adsorption energies 

for all these catalyst surfaces (NiO, Ni3Te2, Co3O4, CoTe, CoTe2, NiSe, NiTe and NiSeTe) 

were estimated following similar protocol and treated under similar conditions. It was  

 

Figure 10. Adsorption energies of -OH and volcano plot of NiSe, NiTe and NiSeTe. (a) 

The adsorption energy of -OH at different orientations, when placed on top of the slab 

model of NiSe, NiTe and NiSeTe; (b) Average adsorption energy of -OH for the most 

probable orientations when placed on top of the slab model of NiSe, NiTe and NiSeTe; 

(c) Calculated adsorption energy of -OH–ions on NiSe, NiSeTe, and NiTe for O-down in -

OH; (most probable adsorption configuration). The more negative value indicates the 

lower adsorption energy; (d) Graph of overpotential as a function of -OH adsorption 

energy for various OER catalysts revealing a dependence, like the rising part of a volcano 

plot. 
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observed that as the -OH adsorption energy increases, the overpotential also decreases 

down to a minimum overpotential and then starts to increase. This resembles the rising part 

of a volcano or Sabatier plot,[20,68,72,73] indicating that there is an optimum -OH adsorption 

energy for best OER activity, which is around (-2.5 eV) in this work. Such volcano plots 

can play a critical role in catalyst surface design by providing a simple descriptor for 

benchmarking catalyst efficiencies, which significantly simplifies catalytic surfaces 

comparison by reducing computational time.[72,73] Furthermore, the adsorption distance of 

-OH from the surface of NiSe, NiTe and NiSeTe was estimated, and it was observed that 

they all possess stable adsorption distances, as shown in Table 3. The computed adsorption 

distance of -OH from the Ni site of NiSe, NiTe and NiSeTe are 2.789 Å, 3.931 Å and 1.821 

Å, respectively. Bader charge analysis was performed to study the charge transfer between 

the -OH ion and Ni-series. The charge transfer is primarily ascribed to the difference in the 

electronegativity of the anions, which coupled with chemical bonding is theoretically 

associated with the adsorption energy. 

Table 3. The bond length of -OH adsorbed NiSe, NiTe, and NiSeTe configurations as well 

as the shortest distance between -OH and the Ni-series. 

System 

Bond Length 

Charge e 

Style 
(Ni site) 

Ni-Ni Ni-Se Se-Se Ni-Te Te-Te Se-O Te-O Ni-O Ni-H 
 

NiSe+OH 3.496 2.385 3.608 - - 2.702  2.789 - -0.280 Acceptor 

NiTe+OH 3.890 - - 2.585 3.911 - 2.021 3.931 - -0.233 Acceptor 

NiSeTe+OH 3.752 2.272 3.774 2.431 3.743 - - 1.821 2.398 -0.307 Acceptor 
Computed Bader charge of -OH adsorbed Ni series is also provided. The OH molecule acts as a charge 
acceptor with considerable exchange of charges with the Ni-series and is reflected in the adsorption energy. 
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In general, strong adsorption energy denotes a strong chemical bond, whereas low 

adsorption energy indicates a weak chemical and/or van der Waal’s bond.[74] During the 

adsorption of -OH ion on the surface Ni-site along the series, the charge is transferred from 

the -OH ion to the surface and the computed charges are -0.280 e, -0.233 e, and -0.307 e 

for NiSe, NiTe, and NiSeTe, respectively. The charge density of isolated NiSe, NiTe, and 

NiSeTe structures and -OH ion is computed under the same adsorbed configuration. In 

Figure S17, we show the isosurface of the electronic CDD during the interaction of the -

OH ion and the surface of the Ni series. The electron density accumulation and depletion 

can be correlated with the transfer of charges from the -OH ion to the surface. 

The electronic properties of the slab models of the Ni-series and the computed 

band structure along with the high-symmetry points Γ-M-K-Γ-A-L-H-A are shown in 

Figure S18. We noticed that all the studied configurations show metallic characteristics, as 

there is no gap between the valence and conduction bands and a finite density of states is 

present at the Fermi level. To obtain a deeper understanding of the electronic properties of 

bulk NiSe, NiTe, and NiSeTe structures, we analyzed the total and projected density of 

states (TDOS and PDOS) which are shown in Figure S19 and Figure S20, respectively. 

The electronic property analysis revealed that the DOS at and around the Fermi level of all 

the studied configurations are dominated by the contribution of Ni atoms. The metallicity 

in NiSe, NiTe, and NiSeTe structures is mainly due to the partially occupied bands in the 

conduction band. The PDOS of NiSe, NiTe, and NiSeTe in Figure S20, shows valence 

band maximum (VBM) and conduction band minimum (CBM) mainly dominate from the 

d-orbital of Ni and p-orbital of Se/Te, respectively. In VBM, orbital mixing between Ni 

(dz2), and Ni (dxz, dx2-dy2) orbitals was observed in the range of 0 eV to -2.0 eV, while the 
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px orbital of the Se/Te atom was larger compared to d-orbital of Ni. Although the p-orbitals 

of Se/Te are dominant around the Fermi level, the metallicity in NiSe, NiTe, and NiSeTe 

is mainly due to the d-orbitals.  

Furthermore, to understand the theoretical insights into the electronic properties 

of -OH adsorbed Ni-series, we analyzed the band structure, total, and projected DOS. We 

observed significant differences in the band structure of -OH adsorbed NiSe, NiTe, and 

NiSeTe structures compared to the bulk models. With the presence of -OH -ion, the 

conduction bands are shifted more towards the Fermi level, and an enhanced conductivity 

is observed. This increase in conductivity mainly arises from the shifting of valence bands 

up, as shown in Figure S21. The total DOS analysis reveals the metallic nature of -OH 

adsorbed Ni-series shown in Figure S22, which shows features similar to the slab structure 

of the Ni-series. The metallicity in the -OH adsorbed surfaces was observed to mainly come 

from the Ni atoms. Similarly, for -OH adsorbed NiSe and NiTe, the PDOS analysis reveals 

that the valence band maxima (VBM) and conduction band minima (CBM) mainly 

dominate from the d-orbital of Ni and p-orbital of Se/Te. In VBM, orbital mixing between 

Ni (dz2), and Ni (dxz, dx2-dy2) orbitals was observed in the range of 0 eV to -2.0 eV,  

significant contributions from the px and py orbitals of O atoms around the Fermi level were 

also observed for -OH-adsorbed NiSe. However, it is interesting to note that although the -

OH adsorbed NiTe is showing metallicity at and around the Fermi level, the contributions 

from the O atoms in the -OH is insignificant compared to O atoms in the -OH of NiTe. 

Furthermore, the PDOS of -OH adsorbed NiSeTe was analyzed and the presence of density 

of states at and around the Fermi level was observed.  This comes from the contribution of 

the dxz, dx2-dy2, and dz2 orbitals of Ni atoms, and px and pz orbitals of Se and Te atoms, as 
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shown in Figure S23. while the px orbital of the Se/Te atom was larger than the d-orbital 

of Ni, as shown in Figure S24. Also, it was observed that the contribution from the pz and 

py orbitals of O atoms in the OH-adsorbed NiSeTe is also significant and is essentially 

different from the OH-adsorbed NiSe and NiTe. Nonetheless, since the catalytic activity of 

the catalyst is strongly influenced by the electronic states, all the OH– adsorbed Ni-series 

show superior electrical conductivity and are suitable for electrochemical water-splitting 

applications.  

4. CONCLUSIONS 

We presented in-situ hydrothermal growth of NiSeTe, NiSe, NiTe, (NiSe@NiTe), 

and (NiTe@NiSe) as efficient, high-performance, and durable OER electrocatalysts. The 

NiSe@NiTe and NiTe@NiSe were found to be phase-layered systems, each containing 

mixture NiSe and NiTe phases. Nickel (telluro)-selenide (NiSeTe) was found to be a single 

pure phase as indicated by XRD and EDX and allow excellent OER catalysis with ultralow 

overpotentials of 300 mV at 50 mAcm-2, small Tafel slope of 98 mV/dec, high TOF (0.047 

s-1) and mass activity (90.3Ag-1), superior to numerous non-precious OER catalysts in the 

literature. This highlights the effect of changing anion coordination geometry, crystal 

lattice structure, and electronic density around the metal center in OER performance. The 

stability and durability of the catalysts suggest that this facile fabrication approach 

minimizes catalyst surface oxidation. This can also be associated with the interfacial 

synergistic effect between NiSe and NiTe in the layered samples. This work unlocks 

exciting new avenues to explore transition-metal mixed anionic chalcogenides to 
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understand structure−property−performance relationships in catalysts and their 

electrochemical applications. DFT calculations of −OH adsorption energy, electronic, and 

charge transfer properties provide insights into the mechanism of improved OER catalytic 

activity in the NiSeTe.  

SUPPLEMENTARY INFORMATION 

 

Figure S1. EDX SEM images of (a) NiSe@NiTe; (b) NiTe@NiSe; (c) NiSeTe. 

 

Figure S2. Surface EDX analysis of (a) NiSe@NiTe; (b) NiTe@NiSe; (c) NiSeTe. 

The surface elemental ratio obtained for NiSe@NiTe showed a ratio of Ni:Se: Te 

(2:1:0.25), the average atomic ratio of 1:1, for the surface NiSe and masking most of the 

NiTe bottom layer, suggesting the NiSe layer is on the top (Figure S2). Similarly, 
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NiTe@NiSe showed a surface elemental ratio (2:1:0.01) for Ni:Se: Te, indicating that Ni: 

Te has an average atomic ratio of 1:1, suggesting NiTe composition is on the surface layer 

(Figure S2). Furthermore, the relative atomic percentage for NiSeTe showed an excess of 

Ni coming from the NF substrate while Se: Te came up as 1:1, suggesting the composition 

to be NiSeTe (Figure S2).  

Figure S3. Cross-sectional EDX analysis of NiSe@NiTe; (i) phase 1 is the base layer, 

NF; (ii) phase 2 is the first deposition, NiTe. (iii) phase 3 is the second deposition, NiSe. 

 

Figure S4. Cross-sectional EDX analysis of NiTe@NiSe; (i) phase 1 is the base layer, 

NF; (ii) phase 2 is the first deposition, NiSe. (iii) phase 3 is the second deposition, NiTe. 
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Figure S5. Cross-sectional EDX analysis of NiSeTe; (i) phase 1 is the base layer, NF; (ii) 

phase 2 is the first deposition, NiSeTe. 

 

 

Figure S6. (a) XRD spectra of the NiTe; (b) XRD spectra of the NiSe; (c) Raman 

spectrum of NiSe; (d) Raman spectrum of NiTe. 
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NiSe occurs naturally as “Sederholmite” while NiTe occurs as “Imgreite” in 

nature. Their crystal lattice structures consist of Ni(1) in octahedral coordination with Se(1) 

and Te(1) atoms respectively, with the octahedra edge-shared and corner-shared resulting 

in a 3-D compact lattice. All Ni(1)–Se(1) bond lengths in NiSe were equivalent (2.498 Å), 

similar to equivalent Ni(1)–Te(1) bond lengths in NiTe (2.648 Å)  (Figure S7), with 

calculated unit cell parameters from the Rietveld refinements of a = b = 3.660(1) Å, c = 

5.330(1) for NiSe and a = b = 3.956(1) Å, c = 5.365(1) for NiTe. NiSe, NiTe, and NiSeTe 

respectively exhibit hexagonal P63/mm space group of 6/mmm crystal class, 

hexagonal P63/mmc space group of 6/mmm crystal class, and the CdI2-like trigonal crystal 

structure with P33m1 space group of 3P3m crystal class (Figure S7).  

 

Figure S7. Crystal structure (a) NiSeTe; (b) NiSe; (c) NiTe. 
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Figure S8. Characterization of NiSe@NiTe at (a) Chrono at 1.52 V for 12 h. LSVas inset; 

(b) Raman). XPS spectra (c), Ni 2p; (d) after chronoamperometry, Ni 2p. The left side 

insets correspond to Se 3d peaks, while the left side insets correspond to Te 3d peaks. 

 

Figure S9. Characterization of NiTe@NiSe at (a) Chrono at 1.58 V for 12 h. LSVas inset; 

(b) Raman). XPS spectra (c), Ni 2p; (d) after chronoamperometry, Ni 2p. The left side 

insets correspond to Se 3d peaks, while the left side insets correspond to Te 3d peaks. 
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Figure S10. The high-resolution XPS spectra of NiSe (a) Ni 2p peak; (b) Te 3d peak; (c) 

Se 3d peak; (d) surface O 1s peak. NiTe (d) Ni 2p peak; (b) Te 3d peak; (e) Se 3d peak; 

(f) surface O 1s peak. 

 

Figure S11. Comparison of (a) CVs measured for NiSe@NiTe (black), NiTe@NiSe 

(violet), NiSeTe (red), NiSe (blue) and NiTe (green) showing the Ni2+/Ni3+ oxidation 

peak; (b) Potential values of Ni2+ oxidation peaks in NiSe@NiTe (black), NiTe@NiSe 

(violet), NiSeTe (red), NiSe (blue) and NiTe (green). The inset indicates the deposition 

layer ordering in each sample. 
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Figure S12. NiSeTe XPS compared before and after chronoamperometry for (a) Ni 2p 

peaks; (b) Te 3d peaks; (c) Se 3d peaks; (d) O 1s peaks. 

 

Figure S13. Comparison of NiSe@NiTe XPS before and after chronoamperometry for (a) 

Ni 2p peaks; (b) Te 3d peaks; (c) Se 3d peaks; (d) O 1s peaks. 

O 1s spectra of NiSe@NiTe in Figure S13d revealed the presence of some 

amounts of surface-adsorbed oxygen at 531.2 eV before and after chronoamperometry 
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stability studies.  There was no evidence of Ni-oxide formation on the surface or any other 

additional phases.  

 

Figure S14. NiTe@NiSe XPS before and after chronoamperometry for (a) Ni 2p peaks; 

(b) Te 3d peaks; (c) Se 3d peaks; (d) O 1s peaks. 

 

O 1s spectra of NiTe@NiSe in Figure S14d revealed the presence of some 

amounts of surface adsorbed oxygen at 531.2 eV before and after chronoamperometry 

stability studies, there was no evidence of surface Ni-oxide formation or any other 

additional phases. XPS studies of NiSe and NiTe control samples (Figure S15) were 

observed to have similar deconvoluted peaks corresponding to binding energies for Ni 2p, 

Se 3d, and Te 3d, to what was reported in the literature.[14,52,56]  NiSe shows surface 

selenium oxidation after chronoamperometry, while NiTe showed no significant change in 

the spectra before and after stability studies.  
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Figure S15. The high-resolution XPS spectra of (a) NiSe, Ni 2p; (b) NiSe after chrono, Ni 

2p. The insets correspond to Se 3d peaks, peaks. (c) NiTe, Ni 2p; (d) NiTe after chrono, 

Ni 2p. The insets correspond to Te 3d peaks. 

 
 

Figure S16. (a) Raman spectrum of NiTe before and after stability; (b) Raman spectrum 

of NiSe before and after stability; (c) Chronop of the NiTe for 12 h. LSV inset for NiTe 

before and after chrono; (d) Chrono curve of the NiSe for 12 h. LSV inset of NiSe before 

and after chrono. 
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Figure S17. Side and top views of the charge density difference induced by the 

adsorption of OH on (a) NiSe (b) NiTe and (c) NiSeTe.  The yellow and cyan colors 

represent charge accumulation and depletion, respectively (isosurface value: 1.06 X 10-1 

electrons/Å3). Original and relaxed structures of (d) NiSe; (e) NiTe; and (f) NiSeTe 

supercell slab models with an OH- ion adsorbed on the active Ni site. 

 

 

Figure S18. Calculated electronic band structure of the slab models of (a) NiSe; (b) NiTe 

(c) NiSeTe structures. 
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Figure S19. The total density of states in the slab models of (a) NiSe; (b) NiTe; (c) 

NiSeTe structures. The vertical pink dashed line represents the Fermi level, which is set 

to 0 eV. 

 

Figure S20. Projected density of states of NiSe, NiTe, and NiSeTe using the PBE+U 

approach in the adsorption energy. 
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Figure S21. Calculated electronic band structure of OH adsorbed (d) NiSe; (e) NiTe; and 

(f) NiSeTe along the Γ-M-K-Γ-A-L-H-A path, using GGA+U functional showing the 

metallic characteristics The horizontal red dashed line represents the Fermi level and is 

set to 0 eV. 

 

Figure S22. The total density of states of OH adsorbed on (a) NiSe; (b) NiTe; and (c) 
NiSeTe, using the PBE+U approach. The vertical pink dashed line represents the Fermi 

level, which is set to 0 eV. 
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Figure S23. Projected density of states of OH- adsorbed NiSeTe using the PBE+U 

approach. 

 

Figure S24. Projected density of states of OH adsorbed (a)-(c)NiSe and (d)-(f) NiTe using 

the PBE+U approach. 
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Table S1. Parameters of equivalent circuit obtained from fitting of EIS experimental data. 

Catalyst R1/Ω R2/Ω R3/Ω R4/Ω C1/F C2/F C3/F W/s(1/2)Ω-1 

NiSe@NiTe 53.0 3.55 27.15 47.05 4.25E-02 4.30E-03 7.70E-03 - 

NiTe@NiSe 37.99 4.31 46.82 - 3.50E-04 4.10E-03 - 1.38E-02 

NiSeTe 26.0 3.10 31.00 29.00 3.80E-02 3.40E-03 3.90E-07 - 

NiSe 42.32 5.05 26.11 - 4.30E-05 4.80E-03 - 1.87E-02 

NiTe 39.08 1.37 18.15 46.36 2.79E-04 5.58E-04 5.19 E-03 5.99E-03 

R1 is the resistance of the electrolyte, R2 is the electron transfer resistance, C1 is the constant phase element 
(CPE) of double layer nonideal capacitance, R3 is the resistance of the catalyst layer, R4 is the resistance 

due to a changing surface coverage of adsorbed species, C2 is the capacitance, C3 is the capacitance and W 
is the Warburg element. 
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ABSTRACT 

Electrochemical CO2 reduction into multi-carbon products attracts considerable 

attention due to its ability to employ renewable electricity to generate value-added fuels 

and feedstocks. However, the CO2 conversion efficiency to C2+ products still needs 

improvement, and better catalysts have still been explored. Developing simple, affordable, 

environmentally friendly catalysts with high selectivity and relatively low potential is 

highly desirable. We report a highly selective electrocatalytic reduction of carbon dioxide 

to ethanol on selenium-capped tri-chromium carbonyl cluster [Se2Cr3(CO)10](Et4N)2 as a 

catalyst with a unique bonding structure in 0.3 M KHCO3 at constant CO2 purging rate of 

20 standard cubic centimeters per minute (sccm) for 2hr.  A highly selective C2 (ethanol) 

was produced as the primary product, showing a 98 % liquid product yield and Faradaic 

efficiency (FEEtOH) of 74.2% and a partial current density (jEtOH) of 35.28 mA cm−2 in an H-

cell reactor, on the molecular chromium carbonyl clusters and further showed high 

durability for ~24 hours of the electrochemical CO2RR. The work exemplifies the potential 

of using carbonyl clusters to optimize the available reaction intermediate binding sites for 

highly selective and efficient electrocatalytic CO2 conversion into C2+ products. 
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1. INTRODUCTION 

The growing global consumption of fossil fuels has expedited the dwindling of 

these limited natural resources and increased greenhouse gas carbon dioxide (CO2).1 To 

sustainably meet the current energy demands, the high accumulation of CO2 generated 

must be converted into value-added chemicals such as CO, formic acid (HCOOH), alcohols 

(ROH), etc.2 Electrochemical CO2 reduction is considered among many other methods, one 

of the most promising and potentially environmentally friendly methods since the supply 

of sustainable electric energy drives the process.3 However, an efficient catalyst is required 

to accelerate the reaction rate and increase the selectivity of this electrochemical 

conversion by mediating multi-step electron and proton transfers and energy pathways to 

CO2 at low overpotential. Despite the steadily expanding number of investigations 

necessitating remarkable progress, present catalysts operate at high overpotentials to attain 

reasonable reaction rates.4,5 Various carbon-containing products can be produced during 

the electrochemical CO2 reduction reaction (CO2RR), which form at comparable reduction 

potentials and compete with H2 production. The selectivity toward the desired products 

could be higher.  

 Chromium is an early high-valance transition metal with high reactivity relative 

to late-transition metals and can exhibit different structures and orthogonal reactivity.6 

Chromium being slightly oxophilic, tends to adsorb CO2 on the surface. This can be 
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valuable in catalyst design and identifying other electrocatalysts. Despite the unique 

properties of chromium favoring catalytic properties, very limited literature on Cr-based 

coordination complexes is available for CO2 electrocatalytic reduction,6,7 There is a very 

limited number of reports that use chromium molecular complexes, or clusters that are 

electrochemically or electrocatalytically active for CO2 conversion, most of which 

produces CO.8 Molecular clusters are a relatively unexplored class of materials in 

electrocatalytic CO2 conversion. They consist of tens of atoms and have been regarded as 

a link that interconnects molecular and solid-state chemistry.9 Metal chalcogenide 

carbonyls10,11 clusters are an excellent example of compounds with metal-metal bonds ring 

stabilized by groups such as arenes12, phosphines13,14 or bridged chalcogen (such as µ3-

S,11,15  µ3-Se,16 and µ3-Te,13), forming an extended metal cluster.9 Most studies on these 

clusters are focused on structural determinations to probe their structural bonding integrity. 

Few studies have shown them to exhibit unique magnetic and low energy gap properties.17 

Chromium carbonyl clusters have recently been reported to be active for oxygen evolution 

reaction (OER)18, but they have not been explored for CO2 electrochemical CO2 reduction. 

The structural features of these clusters, the effect of the core of the Cr-Se bond, and the 

presence of Cr-Cr bonds could play a role in the CO2 reduction application.  

Herein, we report a chromium selenium-capped carbonyl cluster electrocatalyst 

with quantitative current efficiencies for reducing CO2 to ethanol and acetic acid. Even at 

low catalytic overpotentials, CO and H2 gaseous products are generated. Here, turnover is 

defined as the passing of charge corresponding to two electron equivalents per catalyst 

molecule in solution. This excellent activity and selectivity are attributed to the unique 

properties of the molecular clusters, which contain coordinated carbonyls and two bridging 
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selenium atoms, enhancing the optimal binding strength provided by Cr active sites 

favorable for adsorbing CO2 enough to initiate the formation of intermediates leading to 

C2+ products. 

2. EXPERIMENTAL PROCEDURE 

2.1. MATERIALS 

Conductive carbon paper (CCP) suitable for battery, fuel cell, and supercapacitor 

research purchased from MSE supplies, Tucson, AZ 85711 USA. While chromium 

hexacarbonyl, Nafion (5 wt.%), and selenium (IV) oxide (SeO2), isopropanol (iPr-OH), 

cyclohexane (C6H12) were purchased from Sigma–Aldrich Chemical Reagent Co., Ltd. St. 

Louis MO, sodium hydroxide (NaOH), methanol (MeOH), dichloromethane (CH2Cl2) and 

tetraethyl bromide [Et4N]Br were purchased from Fisher Scientific Pittsburgh, USA. All 

the reagents were used as received. The deionized (D.I.) water purified through a Millipore 

system was used in all experiments. The CCP was washed with iPr-OH and D.I water 

several times to ensure the surface was cleaned before use. 

2.2. METHODS 

2.2.1. Preparation of Cr-Se Clusters (decacarbonyltrichromium diselenide 

ditetraethylamine). The synthesis of this compound has been reported in a previous 

report.19 All reactions were carried out under the N2 atmosphere. A mixed solution of 

MeOH (30 mL) and cyclohexane (7.5 mL) was added to a mixture containing [Cr(CO)6] 

(0.8 g, 3.64 mmol), SeO2 (0.21 g, 1.89 mmol) and NaOH (3.0 g, 82.5 mmol) taken in 100 

mL three neck round flask. This mixture was heated to reflux at 70 °C for 12 h yielding a 
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filtered dark-red solution, and the filtrate was concentrated. A MeOH solution of [Et4N]Br 

(3.0 g, 14.3 mmol) was added to the concentrated filtrate dropwise, whereby the red 

Cr3Se2(CO)10](Et4N)2 was precipitated as a solid product in a metathesis reaction. The solid 

product was washed several times with MeOH and CH2Cl2 and dried as Cr-Se red complex. 

Elemental Analysis found the following composition for Cr-Se red: C, 36.20; H, 5.61; N, 

3.28%. Calculated: C, 36.55; H, 4.72; N, 3.28%. Compound Cr-Se red is soluble in 

acetonitrile and acetone but insoluble in other organic solvents.  

2.2.2. Characterization Methods. Using a monochromatic Al X-ray source, XPS 

measurements were performed using a KRATOS AXIS 165 X-ray photoelectron 

spectrometer (Kratos Analytical Limited, Manchester, United Kingdom). The C 1s signal 

at 284.5 eV was used as a reference to correct all the XPS binding energies.20 All XPS 

spectra were collected from the pristine catalyst surface without sputtering. The Raman 

spectra of the catalyst were recorded with LabRam ARAMIS (HORIBA Jobin-Yvon 

Raman spectrometer equipped with a CCD detector) in the Raman shift range between 50 

cm-1 to 1800 cm-1, 1200 lines mm−1 grating, HeNe laser 632.8  nm excitation with a 

nominal output power of 100mW, 0.95 cm-1/pixel spectral dispersion, 10% of laser power, 

10x objective, 0.25 numerical aperture, 100 μm slit, 200 μm hole, 30 seconds exposure 

time, 10x accumulations for each sample acquisition.21 Fourier Transform Infrared (FTIR) 

spectra were recorded using a Thermo Nicolet NEXUS 470 FT -IR Spectrometer between 

400 -4000 cm- 1 with 1 cm- 1 resolution. Pellets were prepared by pressing a mixture of 2 

mg catalyst and 200 mg KBr under a 10 -15 tons load.22,23 Thermal gravimetric analysis 

(TGA) was performed with a heating rate of 10 °C min−1 on a Netzsch STA 449C 

instrument.24 
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2.2.3.  Electrocatalytic Studies. Linear sweep voltammetry (LSV) was performed 

in an N2-saturated and CO2-saturated 0.3 M NaHCO3 electrolyte with a scan rate of 10 mV-

1. An electrochemical H-cell was used in this study consisting of separate cathode and 

anode compartments with a volume of 30 mL each, separated by an anion exchange Nafon 

(115) membrane. This study used a carbon rod, Cr-Se clusters, and Ag/AgCl/KCl(sat.) as 

a counter, working, and reference electrodes, respectively. The Ag/AgCl reference 

electrode was calibrated using open circuit potential (OCP, -0.198 V) measured with a Pt 

wire in an H2-saturated H2SO4 solution. The potential measured in Ag/AgCl was converted 

to the reversible hydrogen electrode (RHE) using equation (1): 

E(RHE) = E(Ag/AgCl) + E0(Ag/AgCl) + 0.059*pH                                    (1) 

where E(RHE) is the converted potential vs. RHE, E(Ag/AgCl) is the experimentally obtained 

potential, E0(Ag/AgCl) is the standard potential of Ag/AgCl (0.198 V), and the pH of CO2 

saturated 0.3 M NaHCO3 was measured to be 6.8. 0.3 M NaHCO3 in the cathode 

compartment was saturated with CO2 through continuous flow at a controlled rate of 10 

sccm using a mass flow controller during the experiments. 

2.2.4.  Tafel Plots. The Tafel slope parameter obtained from the Tafel equation is 

employed in explaining the kinetics of the electrocatalytic reaction and activity; the 

equation is expressed as follows: 

h = a + (2.3RT/anF) * log (j)                                         (2) 

where h is the overpotential, a  is the transfer coefficient, n is the number of electrons 

involved in the reaction, F is the Faraday constant, j is the current density, and 2.3RT/nF 

gives the slope. The Tafel equation is acquired from the kinetically controlled region of the 

CO2RR and correlates current density j with the overpotential h, where 2.3RT/nF gives the 
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Tafel slope. The Tafel slopes were calculated using LSV plots from a slow scan speed (10 

mVs-1) in a non-stirred solution. 

2.2.5. NMR Analysis. Liquid products formed during CO2 electrochemical 

reduction were analyzed with 1H-NMR. Aliquots were collected at regular intervals, and 

2 μL DMSO (internal standard) and 200 μL D2O solvent were added to 0.5 ml electrolyte. 

The NMR experiments were performed on a Bruker 400 MHz spectrometer, using a pre-

saturation sequence to suppress the water signal. NMR spectra of the reaction mixture were 

measured before starting any electrochemical reaction to ensure no impurity in the solution, 

which could lead to false results. 

3. RESULTS 

The chromium selenide carbonyl ([Se2Cr3(CO)10](Et4N)2)cluster was prepared 

under basic conditions in methanol. The counter ion was introduced by cation metathesis 

with [Et4N]Br to produce the Cr-Se cluster,  as shown in Figure 1a. This molecular 

chromium cluster complex is structurally attractive; it exhibits trigonal bipyramidal 

coordination with bridging µ3-Se atoms capped above and below Cr3-ring bonded. In this 

bonding situation, the Se atom donates four electrons to the Cr3 ring, making it a 48e- 

species, supporting the three-chromium having three Cr–Cr bonds. The Cr-Se cluster was 

soluble in acetonitrile and acetone but insoluble in other organic solvents. The detailed X-

Ray single crystal structure analysis of the Cr-Se cluster has been reported in a previous 

report.19 Raman and FTIR analysis was used to further characterize the samples by 

revealing the vibrational modes in the clusters. The Raman spectra show the presence of a 
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Raman peak at 117 cm-1 corresponding to Cr3, while peaks around 250 and 342 cm-1 

attributed to E1g and A1g of both clusters. The 847 cm-1 corresponds to Cr-C in Cr-Se red 

cluster Figure 1b. The FTIR spectra (Figure 1c) show broad peaks around 3461 cm-1 

indicating the presence of moisture H2O molecules, assigned to the stretching vibration of 

O–H groups present in both Cr-Se red.  

 

Figure 1. Synthesis and spectroscopic characterizations of Cr-Se electrocatalyst. (a) 

reaction scheme describing synthesis; (b) Raman spectra, excited with 632.8 nm HeNe 

laser radiation; (c) FTIR spectra. 

The peak at 1623 cm-1 can be attributed to the O-H bending of moisture H2O 

molecules.  It also shows a doublet peak at around 1800 cm-1, indicating the presence of 

the CO group.25 Furthermore, the stretching and bending vibrational absorption peaks that 

appeared at 1461 cm-1 were assigned to CH3 while 2963 cm-1, and 2877 cm-1, 

corresponding to CH3 and CH2 modes, respectively, confirming the presence of Et4N 

counter ions in the clusters.  The rest of the absorption peaks under 800 cm-1 are responsible 

for the bending and stretching vibration modes, including Cr-Se at 668 cm-1; other less 



 

 

175 

prominent peaks most likely correspond to O–M–O and M- O–O–H. The CHN elemental 

analysis of the Cr-Se cluster reveals the total atomic percentage of C, H, and N in the 

samples as C, 36.20; H, 5.61; N, 3.28%. Calculated: C, 36.55; H, 4.72; N, 3.28%. 

The morphology of the Cr-Se cluster was studied by SEM, which suggests needle-

like clustered particles (Figure 2a) intertwined and intercalated together, with sizes in the 

range of 100 nm by 1 µm and displaying considerable surface roughness. The chemical 

compositions of these molecular clusters are examined by energy-dispersive X-ray 

spectroscopy (EDS) in (Figure 2b), the EDS mapping analysis indicating a uniform 

distribution of Cr, Se, C, O, and N. The N is mainly coming from the counter [Et3N]4+. The 

thermogravimetric analysis (TGA) of the Cr-Se clusters describes the stepwise 

decomposition of each sample (Figure 2c). The TGA carried out under argon gas showed  

 

Figure 2. Characterizations of Cr-Se electrocatalyst. (a) SEM images: (i) Low resolution; 

(ii) High resolution; (b) EDX: (i) SEM map; and EDS mapping profiles of (ii) Cr; (iii) C; 

(iv) Se; (v) O; (vi) N; (c) TGA. 

a gradual decrease in weight in three steps; at the first step between 0°C and 180 °C, 13.3 % 

weight loss was observed, due to the loss of lattice water.26 The second weight loss from 
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180–240 °C corresponds to 38.7 % (calcd. 30.5%), which can be attributed to the 

decomposition of tetraethyl amine.27  

Finally, in the range of 240–900 °C, a weight loss of 21.52% (calcd. 22.9%) is 

attributable to the loss of seven coordinated CO molecules. The percentage weight loss in 

the complexes agrees with the calculated values. X-ray photoelectron spectroscopy (XPS) 

was carried out to characterize the chemical states, composition, and local coordination of 

the cluster surface (Figure 3).  

 

Figure 3. The high-resolution XPS spectra of the Cr-Se red complex showing its 

elemental states. (a) Cr 2p peak; (b) Se 3d peak; (c) C s1 peak; (d) surface O 1s peak. 

High-resolution XPS spectra for the Cr-Se cluster were measured to determine the 

valence states of the Cr species, by the deconvolution of the Cr 2p spectrum. The peaks at 

576.0 eV and 585.9 eV were assigned to Cr(III) 2p3/2 and 2p1/2, respectively, whereas the 

other two peaks at 578.4 eV and 586.7 eV were attributed to Cr(VI) 2p3/2 and 2p1/2, 

respectively.28 This indicates Cr(III) and Cr(VI) states co-exist in the cluster, with Cr(III) 
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as the main species. The Se 3d spectrum shows peaks at 53.3 and 54.6 eV corresponding 

to Se 3d5/2 and Se 3d3/2, respectively, which confirm the presence of Se2-. The peak at ~58.6 

eV indicates the existence of partial SeOx species, which could be from selenide surface 

oxidation.20,29,30 However, no metal oxides were detected on the catalyst surface from XPS 

analysis. The C 1s spectra were deconvoluted into three symmetric Lorentzian-Gaussian 

peaks, corresponding to the Sp3-C bond at 284.8 eV, the C-O bond of hydroxyl, carboxyl, 

or carbonyl functional groups at 286.1 eV, and the C=O bond of carbonyl groups at 288.8 

eV. The electrochemical CO2RR measurements, product detection, and quantification were 

carried out following the standard protocol described in previous reports 31,32. At the same 

time, the electrochemical performance set-up was calibrated and verified by measuring the 

CO2RR activity of the standard polycrystalline Ag electrode33. Entirely different CO2 

reduction products were identified with our Cr-Se cluster electrode under conditions of 0.3 

M NaHCO3 at room RT, showing the novelty of the Cr-Se cluster catalyst.  Linear scan 

voltammetry (LSV) was carried out in CO2 or N2-saturated 0.3 M NaHCO3 at a 10 mVs-1 

scan rate. Hydrogen evolution reaction (HER) is observed following applying a negative 

potential in an N2-saturated electrolyte. The catalyst attained a reduction current density of 

108 mA cm−2 at − 1.0 V vs. RHE during CO2RR, which is higher than the current density 

exhibited by most other molecular-based catalysts34,35. But, in CO2-saturated electrolytes, 

both CO2RR and HER co-occur. The LSV of the Cr-Se cluster collected shows slightly 

increased current density in CO2-saturated electrolytes relative to N2-saturated electrolytes 

at the same potentials (Figure 4a), indicating the activity of the Cr-Se cluster electrode 

toward CO2RR. The CO2RR products were identified at the applied potentials − 0.3, − 0.6, 

− 0.9, − 1.2 V vs. RHE from the chronoamperometric study under steady CO2 flow at 20 
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sccm in 0.3 M NaHCO3 to study the effect of applied potential on product composition and 

selectivity.  The products were collected from the cathodic chamber after 2 h. 1H NMR 

identified and quantified liquid products, while gaseous products were detected and 

quantified using GC-TCD. The products were observed to vary in composition depending  

 

Figure 4. Electrocatalytic performance of Cr-Se in the presence and absence of CO2. 

(a) LSVs recorded in 0.3 M NaHCO3 at a scan rate of 10 mV s-1; (b) Tafel plots recorded 

in 0.3 M NaHCO3. 

on the applied potential and showed selectivity towards specific products to a particular 

potential. The Faradaic efficiency for the formation of each product was estimated from 

absolute product quantity obtained through NMR (Figure 5a) and GC-TCD measurements 

and by employing the standard reported procedures.31,36 Interestingly, the products 

generated at all applied potentials (− 0.3 to − 1.2 V vs. RHE) were selectively C2 

compounds, mainly ethanol and acetic acid. At − 0.3 V vs. RHE, ethanol yield (up to 88 % 

relative liquid product) was very high at appreciable current density. However, minimal 

acetone (12 %) was detected as a C3 product (Figure 5b). The Cr-Se cluster showed high 

faradaic efficiency for forming acetic acid at a potential of −1.2 V vs. RHE with a 91 % 

relative liquid product. Such high selectivity towards forming acetic acid with moderate 
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energy expense is unusual in CO2RR for Cr-based catalysts. To our knowledge, this was 

the best selectivity towards acetic acid for any Cr-based catalyst. This observation suggests 

that the Cr-Se catalyst, which requires a moderate potential for CO2RR and exhibits a 

higher FE for high-value products such as acetic acid than any other Cr-based catalyst at a 

similar applied potential. Previous reports have shown that productivity is enhanced by 

increased selectivity for C2+ products, including EtOH, and the surface area using 

nanoparticle structures or rough surfaces.32,37 Cr-Se has an attractive, intertwined needle-

like morphology with a high surface area. The production of Cl and C3 chemicals, including 

CO and HCOOH, (CH3)2CO was significantly suppressed in all the potential windows, 

while C1 chemicals were the major products of CO2RR at less negative applied potentials. 

Also, the HER decreased to an FE of < 14%, leading to a more selective CO2RR at a more 

negative potential higher than−0.9 V vs. RHE. At a potential of -0.9 V vs. RHE, Cr-Se 

clusters gave the best selectivity towards ethanol, with a 98 % relative liquid product.  This 

high ethanol productivity and selectivity at -0.3 and -0.9 V vs. RHE could be attributed to 

the effect of the inherent properties of the efficient Cr-Se cluster catalysts with sites that 

can efficiently adsorb CO and CO2 long enough for the reaction to be initiated towards a 

C2 product(s) pathway and the systematic advantage of flow-cell reactors. It must be noted 

here that the product composition at -0.6 V vs. RHE was a mixture of acetic acid and 

ethanol. Also, Ethanol and acetic acid are industrially valuable chemicals and the 

selectivity towards their generation at lower and moderate applied potential highlights the 

novelty of this catalyst. Specifically, this catalyst, just by changing potential, can bring 

about, with high selectivity, the direct synthesis of ethanol and acetic acid from CO2, 

replacing the conventional multi-step industrial process, which typically begins with the 
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synthesis of syngas and ends with the generation of methanol followed by its 

carbonylation,38 or from the fermentation of carbohydrates followed by fractional 

distillation.39,40 Furthermore, only two gaseous products (H2 and CO) were detected at all  

 

Figure 5. CO2 Reduction products distribution.  (a) NMR spectra identifying reduction 

products in reaction aliquots collected at different potentials; (b) GC-TCD spectra 

identifying reduction products in reaction gaseous phase collected at different potentials 

(c) Bar chart showing the relative % concentrations of liquid products quantified from 

NMR at various applied potentials. (d) Bar chart showing the relative % concentrations of 

gaseous products quantified from GC-TCD at various applied potentials. 

 potentials. Furthermore, only two gaseous products (H2 and CO) were detected at all 

potentials. CO was selectively dominant at all potentials for the gaseous products detected, 

with a percentage product ratio of 78-91 %, summarized in Table 1. Reports have shown 

that most chromium-based catalysts employed for electrochemical CO2RR predominantly 
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yield CO products.8,41,42 The functional stability of the Cr-Se cluster in CO2RR for long-

term hydrocarbon generation is essential in evaluating the catalyst's performance and 

practicability. The stability of Cr-Se clusters during the CO2RR electrochemical reaction 

was investigated using a chronoamperometry study at various applied potentials for 24 h 

period (as shown in Figure 6). There was no significant degradation in current density. 

Faradaic Efficiency was observed at all the potentials (− 0.3, − 0.6, − 0.9, and − 1.2 V vs. 

RHE), indicating the high functional stability of the catalyst for CO2RR. 

 

 Figure 6. (a) Current density plot for 12 h of chronoamperometry; (b) EIS of Cr-Se 

electrocatalyst study at the different applied potentials.  

Moreover, there is no change in product composition after long 

chronoamperometry, as revealed by NMR analysis of the aliquots collected at 3 h intervals, 

confirming a high degree of operational stability and minimal poisoning of the catalyst 

surface, which is common in noble metal-based electrocatalysts in CO2RR. Factors such 

as catalysis agglomeration43 active-phase composition transformation,44,45 and elemental 

dissolution46,47 considerably decrease CO2RR activity during high-rate reactions. Very few 



 

 

182 

studies have shown that the catalyst is stable at commercially relevant current densities. To 

our knowledge, such extended functional stability for molecular chromium-based 

complexes in CO2RR with continuous product formation for 24 h is yet to be reported. 

Table 1. Liquid and gaseous product ratios in electrocatalytic CO2RR. 

 

 Hence, Cr-Se clusters have displayed excellent activity and stability relative to 

many CO2RR catalysts. To produce ethanol and acetic acid products in a practical yield, 

highly active and stable during operation. The integrity of the catalyst during CO2RR at 

different potentials to understand the possible adsorbed intermediate and to confirm 

structural integrity was studied using operando-XPS spectra (Figure 7). The operando-XPS 

spectra of O 1s and C 1s at various potentials (-0.3 V to -1.2 V vs. RHE) were used to 

observe any shift or evolution of XPS bands. The O 1s spectra at ~ 530.2 eV correspond to 

Cr-O, which is more prominent in Cr-Se before the reaction. Cr-C-O was assigned to the 

peak at 532.0 eV, in Cr-Se @ -1.2 V vs. RHE, but appears as shoulder in all other samples, 

indicating more CO adsorption on the catalyst surface for samples with applied potentials. 

Furthermore, the shoulder at 532.1 and 534.1 eV is assigned to C=O and C-O, respectively. 

E(V) vs. RHE EtOH (%) AcOH (%) Acetone (%) H2 (%) CO (%) 

-0.3 88 0 12 9 91 

-0.6 54 46 0 13 87 

-0.9 98 1 1 22 78 

-1.2 5 91 4 11 89 
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While the C-OH peak at 535.7 eV was present in all samples after CO2RR but absent before 

the reaction, indicating the formation of organic products and intermediates. This could be 

 

Figure 7. Operando XPS spectra of Cr-Se complex red after CO2RR at different 

potentials from −0.3 to −1.2 V vs. RHE. (a) surface O 1s peak; (b) C s1 peak. 

attributed to different CO adsorption configurations, including bridge-bonded and top-

bonded CO or CO adsorbed on the surface and defect sites. The C 1s spectra band at 284.8 

eV to assigned to the Sp3-C bond, while the C-O bond of hydroxyl, carboxyl, or carbonyl 

functional groups came up as a shoulder at 285.2 eV, and the peak at 288.9 eV was assigned 

to the C=O bond of carbonyl groups. The spectra in Cr-Se @ -0.6 V vs. RHE and Cr-Se @ 

-1.2 V vs. RHE show intense peaks at 291.9 and 292.6 eV corresponding to the adsorbed 

intermediate bicarbonate, and carbonic acid, indicating the possible pathway for the 

formation of acetic acid. A small amount of CO32- was detected in all samples after the 

reaction, suggesting that they are essential as possible intermediate at all potentials while 
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maintaining the C=O peak at around 288.9 eV. The High-resolution XPS spectra for the 

Cr-Se cluster after CO2RR was carried out at -0.9 V vs. RHE (Figure 8) shows the Cr 

2p spectrum with peaks at 576.0 eV and 585.9 eV corresponding to Cr(III) 2p3/2 and 2p1/2, 

respectively, similar to the peaks before reaction, indicating no significant chances around 

the chromium site of the catalyst after the reaction. Whereas the other two peaks at 578.4 

eV and 586.7 eV were attributed to Cr(VI) 2p3/2 and 2p1/2, indicating the presence of higher 

oxidation states of chromium,28 while still co-existing as Cr(III) and Cr(VI) the cluster.  

 

Figure 8. The high-resolution XPS spectra of Cr-Se complex red after CO2RR at -0.9 V 

vs. RHE. (a) Cr 2p peak; (b) Se 3d peak; (c) C s1 peak; (d) surface O 1s peak. 

The Se 3d spectrum shows peaks at 53.3 and 54.6 eV corresponding to Se 

3d5/2 and Se 3d3/2, respectively, which confirm the presence of Se2. The peak at ~58.6 eV 

indicates a more pronounced l SeOx species after the reaction due to selenide surface 

oxidation.20,29,30 The C 1s spectra at 284.8 eV correspond to the Sp3-C bond, while the C-
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O bond of hydroxyl, carboxyl, or carbonyl functional groups was assigned to the peak at 

286.1 eV, and the C=O bond of carbonyl groups at 288.8 eV. New peaks at around 289.9 

and 293 eV correspond to the adsorbed HCO3- and H2CO3 on the catalyst surface, 

suggesting a pathway that goes through HCO3- species. The SEM image at -0.9 V vs. RHE 

was used for unlocking any changes in morphology after prolonged activity, and the SEM 

images of the Cr-Se clusters we compared before and after activity (Figure 9). It was 

observed that the needle-like structure was retained even after prolonged activity on the 

catalyst surface, and the intertwining of the need-like structure became more 

deagglomerated and more diminutive, most likely due to applied potential. Also, some 

spheric particles were observed after CO2RR at -0.9 V vs. RHE; this could be the 

bicarbonate detected in the XPS analysis. This indicates that although the size of the Cr-Se 

cluster decreased, the integrity of the catalyst is retained, as characterized by XPS. The  

 

Figure 9.  SEM images of Cr-Se cluster before CO2RR. (a) Low resolution; (b) High 
resolution; SEM images of Cr-Se cluster after CO2RR at -0.9 V vs. RHE: (c) Low 

resolution; (d) High resolution. 
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catalyst surface integrity after CO2RR activity @ -0.9 V vs. RHE was further analyzed 

using SEM-EDS for elemental composition, as observed in Figure 10, uniform distribution 

of the Cr, Cr, C, O, and N was observed throughout the sample surface area, indicating that 

the catalyst integrity has not been affected. No significant leaching is taking place during 

the CO2RR process. This signifies a potentially highly active and durable catalyst for 

electrochemical CO2RR.  

 

Figure 10. SEM-EDS of Cr-Se cluster. (a) Before CO2RR; (b) After CO2RR at -0.9 V vs. 
RHE.  

4. CONCLUSIONS 

In conclusion, we have successfully demonstrated the use of molecular chromium 

selenide carbonyl [Se2Cr3(CO)10](Et4N)2 cluster as a highly efficient CO2RR catalyst with 

high selectivity towards ethanol and acetic acid at very low and moderate potentials, 
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respectively. A high yield of 98 % ethanol was produced selectively as a liquid product at 

a low potential of -0.9 V vs. RHE, as a 91 % acetic acid at -1.2 V vs. RHE, indicating the 

high potential of this catalyst in C2 products production. Furthermore, CO and H2 are 

produced as two main gaseous products, with CO predominantly dominant yielding 79-

91% relative gasous ratio to H2.  This Cr-Se cluster consists of a catalytically active Se-Cr-

Se coordinated sphere with an increased tendency to adsorb CO2 on its surface. It also 

showed high durability over 24 h of CO2RR with no degradation in current. This indicates 

the vast potential of high-valence chromium carbonyl clusters as highly active 

electrocatalysts towards CO2RR. This observed activity could be attributed to the inherent 

surface sites on the Cr-Se cluster to adsorb CO2 moderately to bring about valuable product 

formation. Also, the covalency of the multiple Cr–Se bonds and the enhanced conductivity 

of Cr-Cr bonds could be contributing factors too. Also, any loss in terminal CO under 

applied potential opens another site to facilitate the adsorption of more CO2 on the Cr 

atoms, thereby boosting the electrocatalytic activity. This could open a new direction to 

explore the electrocatalytic CO2RR of the carbonyl cluster of high-valence metal, whose 

electronic structure is perturbed by other surrounding ligands.  
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SECTION 

3. CONCLUSIONS AND RECOMMENDATIONS 

3.1. CONCLUSIONS  

The metal, ligand (anion), particle size, morphology, and bonding coordination 

that change the electron density distribution in materials are some of the key properties that 

are critical for most water oxidation and CO2 reduction reactions. A fundamental study was 

developed to allow for catalytic activity prediction in catalyst series for both water 

oxidation and CO2 reduction reactions. Metal complexes serving as an isolated core of the 

active metal center were created with a structural motif of similar bonding coordination as 

the metal–chalcogenide bulk solid materials were synthesized to understand the effect of 

anion coordination on the catalytic stability performance and to accurately identify the 

active surface composition of these transition metal chalcogenide-based electrocatalysts in 

water oxidation reaction. While molecular clusters, with are more extended structures than 

molecular complexes but less than bulk solids, were also tested for water oxidation. These 

are exciting materials because they have multimetallic coordination, forming catalytically 

active nanostructures. They are considered a link between molecular and solid-state 

chemistry. Furthermore, tuning the electronic structure of nickel-chalcogenide using mixed 

anionic chalcogenide (with Se and Te bonded to the same Ni atom) and the effect of 

changing crystal-type coordination were screened to understand its impact on the activity 

of changing chalcogen anion and coordination environment in water oxidation reaction. 

On the other hand, the effect of chalcogen anion (Se) and carbon monoxide as ligands in 
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CO2 conversion using chromium chalcogenide clusters containing Cr–Cr bonds stabilized 

by CO and μ3-Se atoms in the form of Cr-Se bonds was evaluated, and C2 value-added 

products were favorably generated, with very high selectivity for ethanol and acetic acid at 

-0.9 and -1.2 V vs. RHE respectively.  

3.2. RECOMMENDATIONS 

In-depth density functional theory (DFT) calculations on the mechanistic study of 

molecular carbonyl cluster in CO2RR. Our findings have shown that C2 products can be 

produced from selenium-based chromium carbonyl clusters, contrary to most chromium 

complexes with organic ligands that produce CO as the main product. DFT will supplement 

our experimental results. Other transition metal molecular carbonyl clusters will be 

interesting to study. 

Our findings have shown that molecular complexes based on 

bis(diselenodiisopropylimidophosphinanto) and decacarbonyltrichromium diselenide 

ditetraethylamine) molecular cluster with more extended structures has the potential to be 

used in identifying the next start-of-the-art OER catalyst. More systems need to be 

systematically studied. The synthesis of complexes from multi-metal, mixed chalcogen 

chelating ligands can be explored in more nanostructured bulk solids systems to construct 

a more complete volcano plot for catalytic performance prediction.
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