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Abstract 

The commercial development of highly-efficient and low-cost bifunctional 

electrocatalysts for overall water electrolysis devices requires a simple synthesis 

method for controllable electrocatalyst preparation. However, common synthesis 

methods suffer from tedious process requirements and uncontrolled synthesis. 

Consequently, the development of efficient bifunctional electrocatalysts using simple 

and controlled techniques is particularly desirable for this field. To this end, the 

objectives of this thesis are to develop a simple strategy for the controllable synthesis 

of highly-efficient and low-cost bifunctional electrocatalysts and to investigate their 

electrocatalytic mechanisms. 

The first aspect of this thesis focuses on charge state manipulation in cobalt selenide 

catalysts for overall water electrolysis coupled with a synchrotron-based study of the 

electrocatalytic mechanism. Three-dimensional cobalt selenide electrodes with CoSe 

and Co9Se8 phases are synthesized by a one-step calcination of Co foil with Se powder 

in a vacuum-sealed ampoule. The charge state of Co species and the electrocatalytic 

performance of the prepared catalysts are manipulated by controlling the Co to Se mass 

ratio. The mechanism study shows that for the as-prepared cobalt selenide 

electrocatalysts, a high Co charge state favors oxygen evolution reaction (OER) activity 

while a low Co charge state promotes hydrogen evolution reaction (HER) activity. The 

resultant materials can act as free-standing bifunctional electrocatalytic electrodes for 

the OER and HER in alkaline media. Moreover, a 10.3 mA cm-2 current density at 1.8 

V is achieved for overall seawater electrolysis by exploiting the as-synthesized cobalt 

selenide electrodes as both anode and cathode. This performance is three times higher 

than that for a noble-metal-based seawater electrolyzer benchmark at the same voltage 

(2.9 mA cm-2). 

The second part of this thesis is to develop interfacial nickel nitride/sulfide as a 

bifunctional electrode to promote dissociative adsorption of water molecules for highly 

efficient overall water electrolysis. A nickel nitride/sulfide electrode (NiNS), whereby 

Ni3N and Ni3S2 species are interfaced, is synthesized via a one-step calcination process 
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of Ni foam with thiourea in a vacuum-sealed ampoule. The resultant NiNS can be 

employed directly as a bifunctional electrocatalyst for water splitting with excellent 

activity toward the HER and OER. The significant electrocatalytic performance of 

NiNS is attributed to the interface between Ni3N and Ni3S2, which functions as the 

electrochemical active sites and is beneficial for dissociative adsorption of water 

molecules. Current densities of 12.4 mA cm−2 and 48.3 mA cm-2 at 1.8 V are achieved 

for overall water electrolysis under neutral pH conditions and in seawater, respectively, 

when NiNS is applied as both the anode and cathode. This performance is significantly 

better than that of the benchmark Ir-C and Pt-C electrode system. 

The third section of this thesis is to establish non-metal single iodine atom 

electrocatalysts for the HER. The single atom nickel iodide (SANi-I) electrocatalyst 

with atomically dispersed non-metal iodine atoms is prepared via a simple calcination 

step in a vacuum-sealed ampoule and subsequent cyclic voltammetry activation. 

Various advanced characterizations, including aberration-corrected high-angle annular 

dark-field scanning transmission electron microscopy and synchrotron-based X-ray 

absorption spectroscopy are applied to confirm the atomic-level dispersion of iodine 

atoms and detailed structure of SANi-I. Single iodine atoms are found to be isolated by 

oxygen atoms. The SANi-I exhibits robust structural stability and exceptional 

electrocatalytic activity for the HER. In-situ Raman spectroscopy reveals that the 

hydrogen adatom (Hads) is adsorbed by a single iodine atom, forming the I-Hads 

intermediate, which promotes the HER process. 

The fourth part of this thesis focuses on contemporaneous oxidation state 

manipulation of cobalt nitride and sulfide (CoNS) bifunctional electrocatalysts to 

accelerate intermediates desorption for both OER and HER. The contemporaneous 

manipulation of Co, N, and S oxidation states was realized via the simple synthesis of 

CoNS, in which cobalt foil was activated by hydrochloric acid to prepare activated 

cobalt (ACo) and afterwards ACo was sealed with thiourea in an evacuated ampoule to 

synthesize CoNS. The oxidation state analyses via X-ray photoelectron spectroscopy 

reveal that low Co oxidation state favors the OER while high N and S oxidation state 

promotes the HER. This indicates that the water splitting process for this electrocatalyst 
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is kinetically governed by intermediates desorption. A 100 mA cm−2 OER current 

density is achieved for CoNS at an overpotential of 275 mV, which is lower than that 

for the Ir/C benchmark (374 mV) in 1.0 M KOH. A 4.5 mA cm-2 current density at a 

voltage of 1.8 V is achieved for CoNS when employed for overall electrolysis in neutral 

buffer solution, which is higher than that for the noble-metal based system at the same 

voltage (3.4 mA cm-2). 
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Chapter 1 Introduction 

1.1 Significance of the Project 

Electrochemical water splitting into hydrogen and oxygen is one of the most attractive 

technologies for the production of hydrogen fuel because it can efficiently and 

sustainably convert electrical energy into chemical energy.1, 2 Water electrolysis is the 

decomposition of water into oxygen gas through the oxygen evolution reaction (OER) 

at the anode and hydrogen gas via the hydrogen evolution reaction (HER) at the 

cathode.3, 4 Both the OER and HER are generally limited to electrocatalysts that consist 

of scarce and expensive noble-metal materials (such as Ir-based for the OER and Pt-

based for the HER). Thefefore, the development of non-precious metal electrocatalysts 

with high activity, low overpotential, and long-term stability for electrocatalytic water 

splitting is a crucial factor.5-7 OER electrocatalysts perform well in alkaline media while 

HER electrocatalysts exhibit excellent activity in acidic media. However, the 

incompatible combination of OER and HER electrocatalysts in the same electrolyte 

leads to inferior electrocatalytic performance for overall water splitting.8 As a result, 

highly efficient bifunctional electrocatalysts that simultaneously catalyze the OER and 

HER need to be developed to improve the efficiency for overall water electrolysis and 

reduce operational costs. However, common synthesis methods are generally tedious 

and uncontrollable.9-12 Consequently, the development of highly-efficient and low-cost 

bifunctional electrocatalysts using simple and controllable techniques is particularly 

desirable for this field. 

1.2 Research Objectives 

The principal goals of this thesis are to develop a simple strategy, i.e. the ampoule 

method, for the controlled synthesis of highly-efficient and low-cost bifunctional 

electrocatalysts and to investigate their electrocatalytic mechanism. In particular, the 

objectives are: 

 To develop novel cobalt selenide electrocatalyst for overall water electrolysis and 

conduct a synchrotron-based electrocatalytic mechanism study; 

 To design interfacial regions for nickel nitride/sulfide electrocatalysts to improve 

9



dissociative adsorption of water molecules and consequent electrocatalytic water 

splitting; 

 To improve the number of electrochemically active sites by innovating non-metal 

single iodine atom electrocatalysts for the HER and investigate the key HER 

intermediate; 

 To contemporaneously manipulate the oxidation state of activated cobalt nitride 

and sulfide bifunctional electrocatalysts to accelerate intermediates desorption for 

overall water electrolysis; 

 To design and controllably fabricate highly-efficient and low-cost bifunctional 

electrocatalysts via the ampoule method and provide percipient insight into the 

electrocatalytic mechanism of resultant materials. 

1.3 Thesis Outline 

This thesis is the partial outcomes of my PhD research presented in the form of journal 

publications. The chapters in this thesis are presented in the following sequence: 

 Chapter 1 introduces the significance of the project and outlines the research 

objectives and key contributions to the ampoule method and electrocatalysts for 

water electrolysis; 

 Chapter 2 reviews literature regarding controllable material synthesis via the 

ampoule method and the applications of the as-prepared materials; 

 Chapter 3 focuses on charge state manipulation of cobalt selenide catalysts for 

overall water electrolysis and the synchrotron-based electrocatalytic mechanism 

study; 

 Chapter 4 develops interfacial nickel nitride/sulfide as a bifunctional electrode to 

promote dissociative adsorption of water molecules for highly efficient overall 

water electrolysis; 

 Chapter 5 increases the number of electrochemically active sites by innovating 

non-metal single iodine atom electrocatalysts for the HER and investigates the 

HER intermediate involved in the process; 

 Chapter 6 simultaneously manipulates the oxidation state of activated cobalt 
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nitride and sulfide bifunctional electrocatalysts to accelerate intermediates 

desorption for overall water electrolysis; 

 Chapter 7 presents the conclusions and perspectives for future work on 

electrocatalyst design and electrocatalytic mechanism studies. 

1.4 References 
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Chapter 2 Literature Review 

2.1 Introduction 

The ampoule method provides a promising pathway towards controllable synthesis of 

novel electrocatalysts for water electrolysis due to its straightforward manipulation of 

reaction conditions, accessible experimental design, and controlled environment. This 

chapter reviews the development of the ampoule method and anticipates its application 

in electrocatalyst synthesis for water electrolysis. We first briefly introduce the history, 

device configuration, and merits of the ampoule method. Afterwards, we discuss typical 

materials that are synthesized by the ampoule method. Then, we highlight recent 

process in applying the ampoule method to synthesize electrocatalysts for water 

electrolysis. Finally, we discuss the opportunities and potentials of this method in 

facilitating electrocatalyst synthesis for water electrolysis. 

2.2 The Ampoule Method: A Pathway towards Controllable Synthesis 

of Electrocatalysts for Water Electrolysis 

This section is included as it appears as a journal paper by Yongqiang Zhao, Bo Jin, 

Anthony Vasileff, Bingyang Shi, Yan Jiao and Shi-Zhang Qiao, Chemistry - A 

European Journal 2019, submitted. 
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Abstract: The ampoule method provides a promising pathway 

towards controllable synthesis of novel electrocatalysts for water 

electrolysis due to its straightforward manipulation of reaction 

conditions, accessible experimental design, and controlled 

environment. This review introduces the development of the 

ampoule method and anticipates its application in electrocatalyst 

synthesis for water electrolysis. We first briefly introduce the 

history, device configuration, and merits of the ampoule method. 

Afterwards, we discuss typical materials that are synthesized by 

the ampoule method. Then, we highlight recent process in 

applying the ampoule method to synthesize electrocatalysts for 

water electrolysis. Finally, we discuss the opportunities and 

potentials of this method in facilitating electrocatalyst synthesis for 

water electrolysis. 

Introduction 

The controllable synthesis of electrocatalysts for water 

electrolysis is an ongoing technological challenge for renewable 

hydrogen production.[1-5] Although numerous methods for material 

synthesis have been developed, including thermal routes,[6-8] 

chemical/physical vapour deposition,[9, 10] atomic layer 

deposition,[11] exfoliation,[12] sol-gel,[13] combustion,[14] microwave-

induced,[15] electrochemical[16] and laser synthesis,[17] they suffer 

from unmanageable reaction conditions, environmental impact, 

and complicated device configuration. Therefore, controllable 

synthesis of water electrolysis catalysts via a simple method with 

accessible devices and controlled environment is highly desirable. 

Figure 1. (a) Scheme of the ampoule developed by Stockbarger in cross section. 

The ampoule is vertically placed in a furnace. The top of the furnace is covered 

with an insulating lid and the bottom is open. Reproduced with permission from 

ref. [20]. Copyright 1936 American Institute of Physics. (b) Scheme of the 

ampoule featuring a vacuum jacket. Seed selection can be realized by the 

application of a capillary (left) and ampoule damage can be eliminated by 

coating the growth region with an evaporated Al2O3 layer (right). Adapted with 

permission from ref. [21]. Copyright 1971 Elsevier. 

Figure 2. (a) Schemes of the crystallization of TaAs in a temperature gradient 

via the ampoule method. TaAs is transported from the cooler end to the hotter 

part and crystallizes on the foil. Reproduced with permission from ref. [22]. 

Copyright 2016 American Chemical Society. (b) The time-of-flight secondary ion 

mass spectrometry (TOF-SIMS) depth profiles to study impurities Na, K, Ca, Mg, 

B and Si in copper zinc tin sulfide films synthesized on soda lime glass (SLG), 

Pyrex (P) and quartz (Q), with (P + SLG, Q + SLG) and without (P, Q) a bare 

SLG present in the ampoule. The SIMS intensity is shown in counts per primary 

ion pulse. Reproduced with permission from ref. [23]. Copyright 2014 The Royal 

Society of Chemistry. (c) Postulated condensation of melamine. Reproduced 

with permission from ref. [24]. Copyright 2003 American Chemical Society. 

As a classical material synthesis pathway, the ampoule method 

is implemented in sealed ampoules that are placed in a furnace. 

Here, controllable synthesis is realized by manipulating reaction 

conditions and environmental impact is eliminated by the confined 

atmosphere.[18] The first work employing this method for material 

synthesis was reported by Bridgman in 1925.[19] Stockbarger later 

improved the ampoule method by implementing two vertically-

situated furnaces separated by a baffle (Figure 1a).[20] A new 

ampoule was then developed which featured a vacuum jacket 

surrounding the growth chamber which reduces the radial 

temperature gradient and cooling (Figure 1b).[21] Material growth 

mechanisms via the ampoule method were also investigated. This 

included the thermodynamics (Figure 2a),[22] the role of impurity 

in material growth (Figure 2b),[23] and the intermediates (Figure 

2c).[24] Diffusion that limits physical vapor transport in evacuated 

ampoules was modeled.[25] 

[a] Y. Q. Zhao, Prof. B. Jin, A. Vasileff, Dr. Y. Jiao, Prof. S. Z. Qiao 

School of Chemical Engineering 

The University of Adelaide 

Adelaide, SA 5005, Australia 

E-mail: s.qiao@adelaide.edu.au  

[b] Prof. B. Shi 

School of Life Sciences 

Henan University 

Kaifeng, Henan, 475004, China 
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Figure 3 (a) Scheme of (left) the ampoule in a classical furnace and (right) a 

constant gradient furnace. Adapted with permission from ref. [32]. Copyright 

1987 Elsevier. (b) Scheme of the vertical ampoule method (left) and its 

mathematical description (right). Adapted with permission from ref. [33]. 

Copyright 1992 Elsevier. (c) Schematic division of an ampoule into zones 

(dimensions in mm). Reproduced with permission from ref. [34]. Copyright 1970 

Wiley-VCH. 

Ampoules are made from silica, quartz, and corrosion-resistant 

niobium and tantalum and can be simply self-designed for various 

material synthesis. Starting materials are loaded inside the 

ampoule and thermally heated to react. The ampoule is 

evacuated or filled with inert gas. Afterwards, its open end is 

thermally melted and sealed. The ampoule method can be 

conducted over a wide temperature range, including low (≤ 

300 °C),[26, 27] mild (300-900 °C)[28, 29] and high temperatures (≥ 

1000 °C).[30, 31] Furnaces with heterogeneous or homogeneous 

temperature can be applied. For the former configuration, 

isothermal hot and cold regions are formed and separated by an 

adiabatic zone (Figure 3a left), or a linear temperature profile is 

established by tapered heating (Figure 3a right).[32] The ampoule 

is transferred from the high temperature zone where starting 

materials melt and react, to the low temperature zone where 

material growth and crystallization occurs (Figure 3b);[33] or an 

elongated ampoule is statically placed in the furnace (Figure 

3c).[34] For the latter configuration, the furnace is operated 

isothermally and the ampoule is not transferred. Ampoules can be 

easily self-designed and heated at a wide temperature range, 

whereby an extensive category of materials can be prepared via 

the ampoule method. Reaction conditions are easily manipulated, 

including reaction temperature and time, ratios of starting 

materials and/or ampoule transfer speed. The sealed ampoule 

eliminates environmental impacts and provides a confined 

atmosphere for volatile starting materials. Consequently, we 

expect that the ampoule method can provide a promising pathway 

towards controllable electrocatalyst synthesis for water 

electrolysis. 

Herein, we review typical materials that are synthesized by the 

ampoule method, highlight recent progress in applying the 

ampoule method to synthesize electrocatalysts for water 

electrolysis and discuss the potential of this method in facilitating 

future electrocatalyst synthesis for water electrolysis. 

The Ampoule Method for Material Synthesis 

The ampoule method exhibits great versatility in preparing various 

materials, including single crystals, alloys, nitrides and 

phosphides, chalcogenides and halides. 

Figure 4 (a) Photographs of a benzil crystal grown in (left) a single-wall and 

(right) a double-walled ampoule. Adapted with permission from ref. [35]. 

Copyright 2011 The Royal Society of Chemistry. (b) Position of the samples 

inside the ampoule before (left) and after (right) equilibration. Reproduced with 

permission from ref. [39]. Copyright 2011 Elsevier. 

The restricted atmosphere in the ampoule provides an impurity-

free environment for single crystal growth. Both organic and 

inorganic single crystals can be prepared via the ampoule method. 

Typical organic single crystals include benzil (Figure 4a)[35] and 

benzimidazole[36] crystals for optical devices. Inorganic complex 

single crystals, such as magnetic PrCo2
[37] and superconducting 

Ba1-xRbxFe2As2,[38] are synthesized via this method. Double-

walled ampoules are applied to enable the crystal to expand along 

the C axis without restraint and circumvent the formation of cracks 

and dislocations in the crystal.  
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Ampoules provide easy access to self-design and are widely 

used for alloy preparation. A neck was devised in the middle of 

the ampoule for iron-lead alloy synthesis to separate the Fe 

saturated Pb melt and Pb saturated Fe foil after equilibration by 

turning the ampoule 180° before quenching into iced water 

(Figure 4b).[39] A double-ampoule was developed to overcome 

ampoule breaking and crystal cracking for InAsxSb1-x alloy 

synthesis.[40] A carbon film was deposited on the inner wall of the 

ampoule to manipulate the microstructure and properties of GaSb 

alloys.[41]  

Figure 5 (a) Scanning electron microscopy image of Sr2Mg3GaN4.33. Adapted 

with permission from ref. [46]. Copyright 2017 Wiley-VCH. (b) LiZnP grown by 

the ampoule method. Adapted with permission from ref. [51]. Copyright 2015 

Elsevier. 

Nitrides and phosphides have been prepared at mild 

temperature using the ampoule method. Due to silicon diffusion 

from the quartz ampoule to samples above 700 °C,[42] niobium 

and tantalum ampoules, which will not react with the precursors, 

are implemented to synthesize high-purity nitrides. In addition, the 

corrosion resistant niobium and tantalum ampoules also provide 

a mechanically robust reactor,[43] where highly active sodium 

azide is commonly used as a nitrogen source. The as-prepared 

nitrides include group (II) (Mg, Ca, Sr and Ba) nitrides (Figure 

5a)[44-46] and group (III) nitrides, such as GaN3
[47] and Al2N4,[48] with 

doped lanthanide ion. Typical phosphides include zinc (Figure 

5b)[49-51] and lanthanum phosphides.[52-54]  
Chalcogenides can be easily synthesized in vacuum-sealed 

ampoules. The high gaseous sulfur pressure that is confined in 

vacuum-sealed ampoules benefits the sulfurization and 

crystallization of amorphous FeS2 films, yielding highly-crystalline 

FeS2 film, while flowing H2S is quantitatively insufficient to convert 

amorphous films into crystalline ones.[55] The controlled 

atmosphere is critical for the synthesis of bismuth selenide which 

is reactive in open atmosphere at high temperature.[56] Ampoule 

rotation systems were applied to enhance the convection in the 

cadmium zinc telluride melt and prepare high-quality cadmium 

zinc telluride (CZT) (Figure 6a).[57, 58] 

Figure 6 (a) Scheme of the ampoule method for CZT synthesis using 

accelerated crucible rotation technique (ACRT); (left) the ampoule and (right) 

thermal field; Tc is the temperature at the growth interface and Tm is the 

temperature at the dissolved interface. Adapted with permission from ref. [58]. 

Copyright 2018 Elsevier. (b) Scheme of (top) conventional purification by 

evaporation in a straight ampoule and (bottom) purification by evaporation in a 

bent ampoule. Adapted with permission from ref. [62]. Copyright 2018 American 

Chemical Society. 

The toxicity and volatility of halogen elements requires a closed 

environment for halide synthesis, which can be realized by the 

ampoule method. When the reactions are performed in flowing 

inert gas, the process suffers from inferior control over the 

halogen concentration. Sealed ampoules are applied to precisely 

control the reaction and achieve high halogen content in the 

product. The organic fluorine source, polytetrafluoroethylene 

(PTFE, -(CF2-CF2)n-), can decrease the temperature for 

fluoridation.[59] Chlorides and bromides that were synthesized by 

the ampoule method include mercury chloride and bromide[60] and 

lanthanum bromide.[61] Lin et al. reported the preparation of high 

purity Tl6SeI4 in which the purification of raw materials and the 

formation of Tl6SeI4 occurred simultaneously (Figure 6b).[62] 

The Application of Ampoule Method in 
Electrocatalysts Synthesis for Water 
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Electrolysis 

Although various materials have been synthesized via the 

ampoule method, their applications in water electrolysis are rarely 

reported. As nitrides, phosphides, and chalcogenides are widely 

used as electrocatalysts for water electrolysis, the ampoule 

method possesses great potential in electrocatalyst synthesis for 

water electrolysis.  

Figure 7 (a) Synchrotron-based Co K-edge X-ray absorption near-edge 

structure spectra and (insert) enlarged pre-edge spectra for cobalt selenide 

electrocatalysts. Adapted with permission from ref. [63]. Copyright 2018 Wiley-

VCH. (b) High resolution transmission electron microscopy image of interfacial 

nickel nitride/sulfide electrocatalyst. Adapted with permission from ref. [64]. 

Copyright 2019 The Royal Society of Chemistry. 

The ampoule method was implemented to synthesize cobalt 

selenide electrocatalysts.[63]  This method was used to manipulate 

the cobalt charge state (Figure 7a) and electrocatalytic 

performance by controlling the Co to Se mass ratio in the 

precursor materials.[63] The cobalt selenide electrocatalysts 

consist of novel CoSe and Co9Se8 phases. A low Co charge state 

promotes hydrogen evolution reaction (HER) activity and a high 

Co charge state favors oxygen evolution reaction (OER) 

performance. A 10.3 mA cm-2 current density at 1.8 V is achieved 

for overall seawater electrolysis through exploiting as-synthesized 

cobalt selenide electrodes as both anode and cathode, which is 

three times higher than that for a noble-metal-based seawater 

electrolyzer at the same voltage (2.9 mA cm-2). 

A nickel nitride/sulfide electrocatalyst (NiNS), whereby Ni3N and 

Ni3S2 species are interfaced (Figure 7b), was synthesized via the 

ampoule method.[64] The resultant NiNS was employed directly as 

bifunctional electrocatalysts for water splitting with excellent 

activity toward the HER and OER. The significant electrocatalytic 

performance of NiNS was attributed to the interface between Ni3N 

and Ni3S2, which functions as the electrochemical active sites and 

is beneficial for dissociative adsorption of water molecules. 

Current densities of 12.4 mA cm-2 and 48.3 mA cm-2 at 1.8 V were 

achieved for overall water electrolysis under neutral pH conditions 

and in seawater, respectively, when NiNS was applied as both the 

anode and cathode. This performance was significantly better 

than that of the benchmark Ir-C and Pt-C electrode system.  

Figure 8 (a) Magnified HAADF-STEM image and (inset) corresponding selective 

area electron diffraction pattern of SANi-I. Adapted with permission from ref. 

[65]. Copyright 2019 Wiley-VCH. (b) (top left) X-ray photoelectron spectroscopy 

(XPS) survey spectra for CoNS, (top right) XPS spectra of Co 2p for CoNS and 

activated cobalt (ACo), XPS spectra of (bottom left) N 1s and (bottom right) S 

2p for CoNS. Reproduced with permission from ref. [66]. Copyright 2019 The 

Royal Society of Chemistry. 
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A single atom nickel iodide (SANi-I) electrocatalyst with 

atomically dispersed non-metal iodine atoms for the HER was 

prepared via the ampoule method and subsequent cyclic 

voltammetry activation.[65] Aberration-corrected high-angle 

annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) and synchrotron-based X-ray absorption 

spectroscopy confirmed the atomic-level dispersion of iodine 

atoms (Figure 8a) and detailed structure of SANi-I. In SANi-I, 

single iodine atoms are isolated by oxygen atoms. The SANi-I 

exhibits robust structural stability and exceptional electrocatalytic 

activity for the hydrogen evolution reaction. In-situ Raman 

spectroscopy reveals that hydrogen adatom (Hads) are adsorbed 

by a single iodine atom, forming the I-Hads intermediate, which 

promotes the HER process. 

The ampoule method was used to prepared cobalt nitride 

sulfide (CoNS) electrocatalysts.[66] The electrocatalytic 

performance was manipulated via contemporaneously tailoring 

the oxidation state of Co, N and S in the electrocatalysts (Figure 

8b). A relatively low cobalt oxidation state led to a moderate bond 

strength which facilitates OER intermediates desorption; nitrogen 

and sulfur with a comparatively high oxidation state moderately 

bond with the HER intermediates and accelerate their desorption. 

The overall water splitting electrolyzer using CoNS as both the 

anode and cathode exhibited a decent cell voltage of 1.8 V to an 

output of 4.5 mA cm−2 in neutral buffer solution, higher than that 

for the Ir-C and Pt-C electrode system (3.4 mA cm−2). 

Summary and Outlook 

In summary, the ampoule method has been widely applied to 

synthesize various materials due to its straightforward 

manipulation of reaction conditions, accessible experimental 

design, and controlled atmosphere. Material growth mechanisms, 

including the thermodynamics, the role of impurity in material 

growth, and the intermediates, have been investigated. Furnaces 

with heterogeneous or homogeneous temperature profiles are 

applied to heat starting materials that are sealed in the ampoule. 

Various materials can be synthesized via the ampoule method, 

including single crystals, alloys, nitrides and phosphides, 

chalcogenides, and halides. Material properties can be simply 

tailored by manipulating reaction conditions, including reaction 

temperature and time, ratios of starting materials and/or ampoule 

transfer speed. Therefore, we expect that the structure, 

composition and electrocatalytic properties of electrocatalysts can 

be easily manipulated via the ampoule method. Ampoules can be 

easily self-designed for various material synthesis and heated at 

a wide temperature range. Therefore, the number of 

electrocatalysts that can be prepared via the ampoule method is 

expected to be greatly increased. In addition, the controlled and 

impurity-free atmosphere benefits material synthesis where high-

quality or reactive materials are prepared and toxic and volatile 

elements are used as starting materials. Consequently, novel 

electrocatalysts that cannot be obtained by other methods can be 

prepared by the ampoule method. Therefore, we anticipate the 

ampoule method will facilitate electrocatalyst synthesis for water 

electrolysis. 

  Despite the efficacy of the ampoule method for electrocatalyst 

design and synthesis, there are still two major challenges that 

need to be addressed. First, the majority of materials that have 

been synthesized via the ampoule method are bulk materials and 

do not possess nano-scaled morphology or structure, which may 

limit their applications in water electrolysis. A recent study shows 

that few-layer two-dimensional WS2, MoS2, WSe2, MoSe2, and 

ReS2 can be synthesized via a microwave-induced-plasma 

assisted ampoule method.[67] In addition, it was believed that this 

method can be implemented to synthesize few-layer thin 

tellurides, arsenides, and antimonites. Therefore, it is anticipated 

that the ampoule method that is integrated with other synthesis 

technique will create new opportunities for nanomaterial synthesis. 

Second, the majority of material growth studies predominantly 

focus on the thermodynamics and ampoule design, which 

severely limit percipient comprehension of the mechanism of real-

time material growth and deliberate material design. A clear 

understanding of electrocatalyst growth mechanisms in operando 

will enable us to develop devices for the ampoule method and 

consciously tailor the components, morphologies and structures 

of targeted electrocatalysts, aiming to improve their 

electrocatalytic performance. Progress regarding in-situ 

observation of material growth has been reported for physical 

vapor deposition synthesis via in-situ X-ray diffraction.[68] 

Consequently, the ampoule method that is integrated with in-situ 

characterizations, such as in-situ X-ray absorption 

spectroscopy,[69, 70] X-ray photoelectron spectroscopy,[71] infrared 

spectroscopy[72] and Raman spectroscopy[73] is anticipated to 

facilitate future electrocatalyst growth studies and guide their 

design. 
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Chapter 3 Charge State Manipulation of Cobalt Selenide 

Catalyst for Overall Seawater Electrolysis 

3.1 Introduction and Significance 

The development of bifunctional electrocatalysts for overall seawater electrolysis with 

high activity and stability is preferable for commercialized hydrogen production and 

yet remains challenging. Cobalt selenide has been considered as promising 

electrocatalyst and Co charge state of cobalt selenide plays a key role in electrocatalytic 

activity. However, conventional preparations fail to manipulate Co charge state. 

Consequently, it is imperative to develop a facile method to manipulate Co charge state 

and electrocatalytic activity. Here, manipulation of Co charge state and electrocatalytic 

activity was realized by one-step calcination in vacuum-sealed ampoule, catalytic 

mechanism was studied by synchrotron-based analysis, and the as-prepared cobalt 

selenide electrodes exhibited excellent electrocatalytic performance for overall 

seawater electrolysis. The highlights of this work include: 

 One-step calcination in vacuum-sealed ampoule was firstly applied to synthesized 

cobalt selenide electrocatalysts with CoSe and Co9Se8 phases. Manipulation of Co 

charge state and electrocatalytic activity of cobalt selenide was achieved by 

controlling the mass ratio of Co foil to Se powder. 

 Synchrotron-based X-ray absorption near-edge structure (XANES) and extended 

X-ray absorption fine structure (EXAFS) were applied to characterize Co charge 

state and to study catalytic mechanism. Co K-edge of cobalt selenide with higher 

OER activity shifts toward higher energy (higher Co charge state) and Co K-edge 

of cobalt selenide with higher HER activity shifts toward lower energy (lower Co 

charge state). It can be concluded that high Co charge state favors OER 

performance and low Co charge state promotes HER activity for as-prepared cobalt 

selenide electrocatalysts. 

 Owing to exposed electrocatalytic centers and rapid charge transfer capability, as-

prepared cobalt selenide electrodes displayed excellent electrocatalytic activity and 

stability, which compared favorably with that of novel metal based electrocatalyst 
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for water splitting in alkaline media. A 10.3 mA/cm2 current density at a voltage of 

1.8 V was achieved for overall seawater electrolysis, which was three times higher 

than that for novel-metal-based seawater electrolyzer at the same voltage (2.9 

mA/cm2). 

3.2 Charge State Manipulation of Cobalt Selenide Catalyst for Overall 

Seawater Electrolysis 

This chapter is included as it appears as a journal paper published by Yongqiang Zhao, 

Bo Jin, Yao Zheng, Huanyu Jin, Yan Jiao and Shi-Zhang Qiao, Advanced Energy 

Materials 2018, 8, 1801926. 
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The development of nonprecious metal 
electrocatalysts with high activity, low 
overpotential, and long-term stability for 
electrocatalytic water splitting has been 
vigorously investigated. The electrocata-
lysts include perovskite oxides[7,8] and 
transition metal oxides/hydroxides[9–11] for 
OER electrocatalysis, and transition metal 
borides/carbides/nitrides/phosphides/
sulfides/selenides[12–19] for HER electroca-
talysis. OER electrocatalysts perform well 
in basic media, while HER electrocatalysts 
exhibit excellent activity in acid media. 
However, the incompatible combination of 
OER and HER electrocatalysts in the same 
electrolyte leads to inferior electrocatalytic 
performance of overall water splitting. 
Considering sustainable H2 production, 
overall seawater splitting is a promising 
candidate for commercialization toward 
mass H2 production.[20] As a result, highly 
efficient bifunctional electrocatalysts that 
simultaneously catalyze OER and HER 
in seawater splitting need to be developed 
for improving overall water electrolysis 
efficiency and reducing operation costs. 

Recent study indicates that the development of alternative 
bifunctional electrocatalysts for overall seawater electrolysis 
with high activity and low overpotential is eminently desirable 
and yet remains challenging.[21]

Cobalt selenide, as a typical transition metal dichalcogenide 
and newly discovered alternative earth-abundant electrocatalyst, 
has recently drawn broad attention owing to its excellent elec-
trocatalytic activity, high chemical stability, and low cost.[6,22,23] 
The electrocatalytic activity of cobalt selenide electrocatalysts is 
mainly ascribed to proper surface active sites, resulting in mod-
erate bonds between Se/Co species in the catalysts and reaction 
intermediates (*OOH for OER and H* for HER) associated 
with water electrolysis. The catalyst electrodes are fabricated in 
hydro/solvothermal route that comprises relatively laborious and 
sophisticated steps, followed by loading on a current collector 
by binders.[23–25] Alternative synthesis methods are reported as 
electrochemical deposition[26,27] and direct selenization in open 
tube.[28,29] However, these methods are unable to manipulate 
charge state of Co species, resulting in failing to modulate the 
OER and HER electrocatalytic performance.[30,31] Moreover, 
the most reported cobalt selenide electrocatalysts for water 
splitting are CoSe2 based materials. Only a few case studies 
on Co0.85Se[32] and Co3Se4

[33] as electrocatalysts were reported. 
There is no reported study in the application of cobalt selenide 

Facile and controllable fabrication of highly active and stable bifunctional 
electrocatalysts for water electrolysis is important for hydrogen production. 
3D cobalt selenide electrodes with CoSe and Co9Se8 phases are synthe-
sized by one-step calcination of Co foil with Se powder in a vacuum-sealed 
ampoule. The charge state of Co species and the electrocatalytic performance of 
the prepared catalysts are manipulated by controlling Co to Se mass ratio. 
Mechanistic studies show that a high Co charge state favors oxygen evolution 
reaction performance and a low Co charge state promotes hydrogen evolution 
reaction activity for as-prepared cobalt selenide electrocatalysts. The resultant 
materials can act as free-standing bifunctional electrocatalytic electrodes for 
oxygen evolution reaction and hydrogen evolution reaction in alkaline media. 
Moreover, a 10.3 mA cm−2 current density at 1.8 V is achieved for overall 
seawater electrolysis through exploiting as-synthesized cobalt selenide elec-
trodes as both anode and cathode, which is three times higher than that for 
novel-metal-based seawater electrolyzer at the same voltage (2.9 mA cm−2). 
Experimental results reveal that the cobalt selenide electrodes show signifi-
cantly higher electrocatalytic performance than that of integrated Ni/Ir–C and 
Ni/Pt–C electrodes. Consequently, these novel bifunctional electrodes are 
promising candidates for realistic large-scale water electrolysis.
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Seawater Electrolysis

1. Introduction

Electrochemical water splitting into hydrogen and oxygen is one 
of the most attractive sustainable technologies for production 
of hydrogen fuel by converting electrical energy into chemical 
energy.[1–4] The water electrolysis is the decomposition of water 
into oxygen gas (O2) through oxygen evolution reaction (OER) 
at anode and hydrogen gas (H2) via hydrogen evolution reac-
tion (HER) at cathode. Both OER and HER are circumscribed 
by extortionate electrocatalysts that consist of noble-metal 
materials (such as Ir-based for OER and Pt-based for HER).[5,6] 

Adv. Energy Mater. 2018, 8, 1801926
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electrocatalysts for seawater splitting. Therefore, it is important 
to develop a facile and controllable method to fabricate novel 
cobalt selenide electrocatalysts with controllable Co charge state 
and electrocatalytic performance for seawater splitting.

Here, we report the development of novel 3D free standing 
cobalt selenide electrodes consisting of CoSe and Co9Se8 
phases. The cobalt selenide catalyst electrodes were prepared 
by directly selenizing Co foil with Se powder in vacuum-
sealed ampoule. The charge state of Co species (i.e., relative 
mole ratio of Co3+/Co2+) and electrocatalytic performance of 
the cobalt selenide catalysts were manipulated by controlling 
the mass ratio of Co foil to Se powder. Synchrotron-based 
mechanism study reveals that high Co charge state favors OER 
performance and low Co charge state promotes HER activity. 
As-prepared electrocatalysts shows 3D network which facilitates 
charge transfer, and delivers efficient and stable electrocatalytic 
performance. Inspired by efficient electrocatalytic capability, 
a seawater electrolyzer was setup using as-synthesized cobalt 
selenide electrodes as an anode and a cathode. Experimental 
results show that these cobalt selenide electrodes exhibit a low 
onset potential and electrocatalytic activity retention in sea-
water compared with novel metal counterpart. It is concluded 
that the novel design and fabrication of unique cobalt selenide 

electrocatalysts will provide a promising pathway for promoting 
overall performance and reducing operation costs of water elec-
trolysis for H2 production.

2. Results and Discussion

2.1. Synthesis and Characterization

The 3D cobalt selenide catalytic electrodes were synthesized 
by a facile one-step selenization of Co foil with Se powder in 
a vacuum sealed ampoule. One piece of precleaned Co foil 
and Se powder were sealed in ampoule under vacuum and 
calcinated at 550 °C for 5 h. A variety of Co to Se mass ratio, 
i.e., 1:0.02, 1:0.037, 1:0.085, 1:0.142, and 1:0.2, was employed, 
which are denoted as Co–Se1, Co–Se2, Co–Se3, Co–Se4, and 
Co–Se5 respectively. Among them, Co–Se1 exhibits best OER 
electrocatalytic activity and Co–Se4 shows optimal HER perfor-
mance. During this process, Co foil was selenized by selenium 
vapor under a pressure. This can be confirmed by the elemental 
distribution mapping (inset of Figure 1b,d) and energy dis-
persive spectra (EDS) (inset of Figure S1a,b in the Supporting 
Information) that clearly show the element of Se in the Co–Se1 
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Figure 1.  TEM images and (inset) corresponding SAED pattern of a) Co–Se1 and c) Co–Se4; HRTEM images, (inset) SEM and elemental distribution 
mapping of b) Co–Se1 and d) Co–Se4.
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and Co–Se4, respectively. Based on EDS, Element contents of 
Co and Se for Co–Se1 are calculated as 57.44% and 42.56% 
respectively and those for Co–Se4 are calculated as 37.75% and 
62.25% respectively. As shown in Figure S1 in the Supporting 
Information, the as-synthesized free-standing electrodes 
exhibit 3D network. Scanning electron microscopy (SEM) 
images further reveal that both Co–Se1 (inset of Figure 1b) and 
Co–Se4 (inset of Figure 1d) electrodes consist of densely packed 
nanoparticles in the dimension of tens of nanometers. The 
fragments of Co–Se1 and Co–Se4 (exfoliated from the resulting 
electrodes) were studied by the transmission electron micros-
copy (TEM) and high resolution TEM (HRTEM), as shown in 
Figure 1. The TEM images demonstrate crystal structure of Co–
Se1 (Figure 1a) and Co–Se4 (Figure 1c). The HRTEM images 
show clear lattice fringes of Co–Se1 (Figure 1b) with interplanar 
spacing of 0.181 and 0.185 nm, corresponding to the CoSe 
(110) and Co9Se8 (440) plane, and Co–Se4 (Figure 1d) with 
interplanar spacing of 0.205 and 0.185 nm corresponding to the 
CoSe (102) and Co9Se8 (440) plane. This indicates that both Co–
Se1 and Co–Se4 possess CoSe and Co9Se8 phases. The selective 
area electron diffraction (SAED) patterns (inset of Figure 1a,c) 
display several continuous bright rings, indicating polycrystal 
nature of as-prepared Co–Se1 and Co–Se4.

The crystal structure of Co–Se1 and Co–Se4 was character-
ized by X-ray diffraction (XRD), as shown in Figure 2a. The 
diffraction peaks of Co–Se1 and Co–Se4 are consistent with 
the (100), (101), (102), (110), (103), (201), and (202) planes for 
CoSe (PDF# 70-2870), as well as the (311), (222), (511), (440), 
and (622) planes for Co9Se8 (PDF# 89-4180), which coincide 
with the HRTEM images, both indicating conversion of cobalt 
metal into polycrystal cobalt selenide. Three diffraction peaks of 
Co foil are still retained for Co–Se1 after selenization, while two 
diffraction peaks of Co foil are observed for Co–Se4.

Surface chemistry of the synthesized cobalt selenide elec-
trodes was analyzed by X-ray photoelectron spectroscopy (XPS). 
The XPS survey spectra clearly display the presence of Se in 
Co–Se1 (Figure S2a, Supporting Information) and Co–Se4 
(Figure S2b, Supporting Information), respectively. The dif-
ferent bonding states of Co 2p for Co–Se1 (Figure 2b) and 
Co–Se4 (Figure 2c) were certified by XPS spectra of Co 2p and 
the deconvolution procedure. Figure 2b,c shows that there are 
two core-level signals of Co in Co–Se1 and Co–Se4 located at 
≈780 and 797 eV, which are attributed to Co2p3/2 and Co2p1/2, 
respectively. After deconvolution, the peaks at 778.3 eV for 
Co–Se1 and 778.4 eV for Co–Se4 are assigned to Co0,[31] which 
is attributed to Co substrate. The relative mole ratio of Co3+/
Co2+ of the materials was calculated as 2.77:1 for Co–Se1 and 
2.02:1 for Co–Se4, indicating a higher concentration of Co3+ in 
Co–Se1.[31,34] These results further demonstrate the coexistence 
of CoSe and Co9Se8 in the cobalt selenide catalysts. The high 
resolution Se 3d XPS spectra of Co–Se1 and Co–Se4 are shown 
in Figure S2c,d in the Supporting Information. The binding 
energies at ≈54 and 55 eV correspond to Se 3d5/2 and 3d3/2, 
respectively. The wide peak at ≈59.7 eV discloses the presence 
of SeOx in both Co–Se1 and Co–Se4.[22]

Additional information about the electronic nature and 
charge states of Co–Se1 and Co–Se4 was obtained from syn-
chrotron-based X-ray absorption near-edge structure (XANES) 
and extended X-ray absorption fine structure (EXAFS) analysis. 

Figure 2d shows the Co K-edge XANES spectra of Co–Se1 and 
Co–Se4. The enlarged preedge spectra show that Co–Se1 shifts 
toward higher energy compared to that of Co–Se4, indicating 
higher charge state of Co species in Co–Se1,[35] which is caused 
by a negative charge transfer from Co to Se.[36] This result cor-
responds well to the fact that Co–Se1 has higher concentration 
of Co3+, which is demonstrated by deconvoluted Co 2p XPS 
spectra. Furthermore, Figure 2e displays the Fourier trans-
formed k3 – weighted EXAFS spectra for Co–Se1 and Co–Se4. 
Both Co–Se1 and Co–Se4 exhibit a strong peak at ≈2 Å, which 
can be assigned to the typical Co–Se bond. Clearly, the peak 
intensity of Co–Se1 is higher than that of Co–Se4, indicating 
higher coordination number of Co species for Co–Se1.[35]

2.2. Catalytic Performances of OER, HER, and Overall 
Water Splitting

The OER activities of Co–Se1 and Co–Se4 electrodes were 
assessed by directly using these 3D networked materials as the 
working electrodes in O2-saturated 1.0 m KOH solution at a scan 
rate of 5 mV s−1 in a typical three-electrode apparatus. For com-
parison, bare cobalt foil and Ir–C loaded on Ni foam were pre-
pared to evaluate their OER electrocatalytic performance. The 
linear sweep voltammetry (LSV) curves demonstrate that Co–
Se1 exhibits a much higher catalytic current density and lower 
overpotentials at a high current density (100 mA cm−2) than 
Ir–C being loaded on Ni foam and Co–Se4 (Figure 3a). The OER 
current density of Co–Se1 increases dramatically beyond 1.49 V 
(vs RHE). A 100 mA cm−2 current density is achieved at an over-
potential of 280 mV (η = 280 mV), which is lower than those for 
Ir–C (370 mV) and Co–Se4 (410 mV). The details for calculation 
of overpotential are described in the Supporting Information. A 
comparative summary of the electrocatalytic activity of state-of-
the-art OER catalysts in recent reports is presented in Table S1 
in the Supporting Information. It is very interesting to note that 
Co–Se1 demonstrates favorable electrocatalytic activity with 
most active non-noble metal based electrocatalysts, such as 
Cu@CoSx/CF (210 mV),[37] CuCoO-NWs (340 mV),[34] Ni3C/C 
(390 mV),[38] and Ni3FeN-NPs (415 mV),[39] with overpotential of 
280 mV at a great current density of 100 mA cm−2, indicating 
potential practical value of this catalyst.

The OER kinetics was assessed by Tafel plots [η vs log (j)] 
derived from LSV curves for these electrodes. Figure 3b pre-
sents that the Tafel slop for Co–Se1 catalyst is 40.4 mV dec−1, 
which is lower than those of Ir–C on Ni foam (74.9 mV dec−1) 
and Co–Se4 (70.9 mV dec−1), indicating a favorable OER 
kinetics for the Co–Se1 electrode. The electrochemical OER in 
alkaline electrolyte is initialized by OH– electrosorption on the 
active sites of the catalyst. These results reveal that the catalyst 
with a favorable affinity for OH− intermediates can promote 
their formation and equilibrium coverage. Hence subsequent 
step to evolve oxygen will become rate-determining, leading to 
a lower Tafel slope.[5] Correspondingly, the reduced Tafel slope 
for Co–Se1 compared with Ir–C and Co–Se4 indicates an effi-
cient OER process coinciding with higher current density for 
Co–Se1 relative to Ir–C and Co–Se4 in the high potential range.

Durability in alkaline electrolyte at a high concentration 
is one of the key features to evaluate the performance of 

Adv. Energy Mater. 2018, 8, 1801926
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Figure 2.  a) XRD patterns for Co–Se1 and Co–Se4, b) XPS spectra of Co 2p for Co–Se1, c) XPS spectra of Co 2p for Co–Se4; d) synchrotron-based Co 
K-edge XANES spectra and (insert) enlarged preedge spectra for Co–Se1 and Co–Se4, and e) Fourier transformed k3—weighted EXAFS spectra for 
Co–Se1 and Co–Se4.
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catalysts in practical application. In this work, cycle stability 
measurement of Co–Se1 was implemented in alkaline media 
(Figure 3c). After a long-term test with 2000 cycles, no obvious 
degradation is observed for Co–Se1. Furthermore, the long-
term electrochemical stability of Ir–C on Ni foam and Co–Se1 
in 1.0 m KOH for bulk electrolysis was measured at a constant 
overpotential of 1.57 V (vs RHE). As demonstrated in inset of 
Figure 3c, Co–Se1 exhibits stable current density during 12 h 
continuous operation. The current density of Co–Se1 is higher 
than that of Ni/Ir–C under the same overpotential. Interest-
ingly, Co–Se1 shows an enhanced electrocatalytic activity in the 
first hour, which is commonly found in transition metal based 
electrocatalysts. The enhanced electrocatalytic activity can be 
attributed to the increased active electrocatalytic species ena-
bling in alkaline solution.[33] An activation process could occur 

in the first hour for stability measurement with the conversion 
of surface cobalt selenide to OER active cobalt hydroxide species 
(Figures S3 and S4, Supporting Information). In addition, the 
self-growth merit endows Co–Se1 electrode with 3D network 
structure, which is favorable for O2 release and long-term 
duality. Strong connection between catalytic cobalt selenide 
and Co substrate could also be beneficial for enhancing their 
exceptional OER stability.

The HER operation is significant to pursue bifunctional water 
electrolysis electrode and to simplify the processing installation. 
Hence, the catalytic capacity of the cobalt selenide electrodes to 
HER was evaluated in the identical electrolyte to OER. The elec-
trochemically catalyzed HER on Co–Se1 and Co–Se4 catalyst 
electrodes were evaluated in Ar-saturated 1.0 m KOH electrolyte 
at a scan rate of 5 mV s−1 in a typical three-electrode cell. Bare 
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Figure 3.  a) OER performance of Ni/Ir–C, Co–Se1, Co–Se4, and Co foil in 1.0 m KOH; b) corresponding Tafel plots with associated linear fittings;  
c) cycle stability of Co–Se1 and (inset) time dependence of current density under a constant potential of 1.57 V (vs RHE) of Ni/Ir–C and Co–Se1 in 1.0 m 
KOH; d) HER performance of Ni/Pt–C, Co–Se1, Co–Se4, and Co foil in 1.0 m KOH; e) corresponding Tafel plots with associated liner fittings; f) cycle 
stability of Co–Se4 and (inset) time dependence of current density under constant potentials of Ni/Pt–-C and Co–Se4 in 1.0 m KOH.
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cobalt foil and Pt–C loaded on Ni foam were also selected for 
comparison. The LSV curves of the Ni/Pt–C, Co–Se1, Co–Se4, 
and Co foil electrodes are illustrated in Figure 3d. Co–Se4 dis-
plays a much higher catalytic current density than Pt–C on Ni 
foam and Co–Se1. The HER current density of Co–Se4 exhibits 
a dramatic increase beyond −0.25 V (vs RHE). A 100 mA cm−2 
current density is realized at an overpotential of 268 mV for 
Co–Se4, which is lower than that for Co–Se1 (416 mV) and 
comparable with that for Pt–C (221 mV). A comparative sum-
mary of the HER electrocatalytic performance of state-of-the-art 
catalysts in recently reported works is presented in Table S2 
in the Supporting Information. It is seen that the electrocata-
lytic performance of Co–Se4 compares favorably with that of 
the most active non-noble metal based electrocatalysts, such as  
Ni3FeN-NPs (320 mV),[39] NiMoP2/CC (330 mV),[40] Ni3S2/Ni 
(440 mV),[41] and CoP/CC (505 mV),[42] with overpotential of  
268 mV at a great current density of 100 mA cm−2, suggesting that 
Co–Se4 practically acts as a high-efficient HER electrocatalyst.

Figure 3e shows the Tafel plots of Co–Se1, Co–Se4, and Ni/
Pt C catalytic electrodes for HER operation. The measured 
Tafel slope of Pt–C on Ni foam is about 56.5 mV dec−1, which 
is consistent with reported values.[43] The Tafel slop for Co–Se4 
catalyst is 61.4 mV dec−1, which is comparable with that of 
Pt–C and is smaller than that of Co–Se1 (107.9 mV dec−1), 
indicating a favorable HER kinetics for the Co–Se4 electrode. 
Furthermore, the slopes of Co–Se1 and Co–Se4 fall within the 
range of 40–120 mV dec−1, indicating that the HER on their 
surfaces might have proceeded via Volmer–Heyrovsky mecha-
nism.[44] HER kinetics with electrocatalytic activity was further 
analyzed through electrochemical impedance spectroscopy 
(EIS) investigations (Figure S5, Supporting Information). The 
Nyquist plots of both Co–Se1 and Co–Se4 catalysts display a 
semicircle in the low-frequency range (an indicator of charge 
transfer resistance of the catalysts). The calculated resistance 
of the Co–Se4 catalyst (56.7 Ω) is significantly lower than that 
of the Co–Se1 (107.5 Ω), indicating more rapid charge transfer 
within the Co–Se4 catalyst which is possibly associated with 
higher HER catalytic activity. Figure 3f shows that Co–Se4 
displays stable electrocatalytic performance after 2000 HER 
cycles. Furthermore, the catalytic stability of Co–Se4 for HER 
was evaluated by continuous chronoamperometric response in 
1.0 m KOH at a constant potential of −0.30 V (vs RHE). The 
resulting time-dependent current density curve is illustrated in 
inset of Figure 3f. Co–Se4 exhibits stable HER electrocatalytic 

performance with negligible degradation of current den-
sity during 12 h, which is comparable with that for Pt–C. In 
a similar vein, the self-growth merit and 3D network could be 
responsible for its excellent stability during HER process.

Based on current studies, it can be reasonably anticipated 
that as-prepared cobalt selenides act as highly efficient and 
stable bifunctional catalysts for OER and HER. Therefore, two 
electrode electrolyzers in 1.0 m KOH (Figure S6, Supporting 
Information), buffer solution (pH = 7.4) and seawater were 
established with integration of Co–Se1 and Co–Se4 catalytic 
electrodes as the anode and cathode of overall water electrolysis 
(denoted as Co–Se1//Co–Se4), respectively. Ir–C and Pt–C 
loaded on Ni foam denoted as Ir–C//Pt–C were also deter-
mined for comparison. Figure 4 presents the LSV curves of 
the Co–Se1//Co–Se4 and Ir–C//Pt–C in overall water splitting 
system at a scan rate of 5 mV s−1. Although the electrocatalytic 
performance of Ir–C//Pt–C in 1.0 m KOH electrolyte exceeds 
that of Co–Se1//Co–Se4 (Figure 4a), Co–Se1//Co–Se4 system 
exhibits better electrocatalytic activity in buffer solution and 
seawater (Figure 4b). The current density achieved at a poten-
tial of 1.8 V for Co–Se1//Co–Se4 is 10.3 mA cm−2, higher than 
that for Ir–C//Pt–C (2.9 mA cm−2). This is probably attributed 
to rapid charge transfer and 3D network with lacunose surface 
benefiting for ion and gas transportation.[45] The OER and HER 
activities of Co–Se1 and Co–Se4 in seawater were also assessed 
(Figure S7, Supporting Information). Notably, electrocatalytic 
activity of Co–Se1//Co–Se4 in seawater compares favorably with 
that of the most active non-noble metal based electrocatalysts, 
such as PtRuMo[20] and MHCM-z-BCC/NiMoS.[21] The duality 
of Co–Se1//Co–Se4 electrolyzer in 1.0 m KOH was evaluated at 
a constant potential of 1.95 V (Figure S8, Supporting Informa-
tion). Co–Se1//Co–Se4 system exhibits stable current density 
during 12 h continuous operation. Interestingly, Co–Se1//Co–
Se4 system shows enhanced electrocatalytic activity in the first 
hour, which is attributed to an activation process happening to 
Co–Se1 electrode with the conversion of surface cobalt sele-
nide to OER active cobalt hydroxide species (Figures S3 and S4, 
Supporting Information) in alkaline solution.[33]

2.3. Catalytic Mechanism

Catalytic mechanism of the electrocatalyst electrodes was 
studied using a serious of cobalt selenide electrodes (i.e., 
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Figure 4.  Polarization curves of Co–Se1//Co–Se4 and Ir–C//Pt–C in a) 1.0 m KOH and b) buffer solution and seawater at a scan rate of 5 mV s−1.
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Co–Se1, Co–Se2, Co–Se3, Co–Se4, and Co–Se5). Their elec-
trocatalytic OER and HER performances in 1.0 m KOH were 
systematically studied. Figure 5a,c presents the electrocatalytic 
performance for OER operation deteriorates with increasing 
Co:Se mass ratio. Overpotentials of the cobalt selenide elec-
trodes for achieving the current density of 100 mA cm−2 
for OER operation increases from Co–Se1 to Co–Se3 and 
remains unchanged from Co–Se3 to Co–Se5. It is worthwhile 
to note that the electrocatalytic performance for HER opera-
tion demonstrates opposite tendency compared with that for 
OER (Figure 5b,d). The electrocatalytic performance for HER 
operation deteriorates from Co–Se4 to Co–Se5 with further 
increasing Co:Se mass ratio.

It has been reported that introducing more highly oxidized 
metal species in electrocatalysts would promote oxidation reac-
tions.[46] Metal cations are oxidized to higher charge states in 
OER before the onset of the reaction. These highly oxidative 
metal cations are supposed as electrocatalytic active sites.[47] For 
example, it was revealed that enhanced oxidation of cobalt oxide 
by a metal support could improve OER activity.[30] XPS analysis 
results (Figure 2b,c) confirm that Co–Se1 exhibits higher rela-
tive mole ratio of Co3+/Co2+ (0.22:1) than Co–Se4 (0.15:1), 
indicating higher charge states of Co species for Co–Se1. 
This finding corresponds well with the results obtained from 
synchrotron-based XANES (Figure 2d). These highly oxidized 
Co species are able to enhance OER activity of the electrocata-
lyst. This can be clarified by the widely accepted five-step OER 
mechanism for transition metal electrocatalysts. [(1) * + OH− → 
*OH + e−; (2) *OH + OH− → H2O + *O + e−; (3) *O + OH− → 
*OOH + e−; (4) *OOH + OH− → *O2 + e−; (5) *O2 → * + O2].[48] 

It was reported that the third step involved in the formation of 
(*OOH) intermediate is the key in OER.[5,49] The higher charge 
state of Co can assist electrostatic adsorption of OH− ions, and 
reduce the energy barrier of Co transition from a lower- to a 
higher- charge state in the selenides promoting electrocatalytic 
OER. It was also revealed that Co3+ centers in electrocatalysts 
can be oxidized to Co4+ under anodic bias, and these Co4+ 
centers oxidize water to oxygen.[50] Moreover, the localized neg-
ative charges on negatively-charged Se active centers (Seδ−) can 
deactivate electrocatalysts from coordinating with the hydroxide 
ligand as a result of the increased 3p–2p repulsion between 
Co and Se.[23] This may considerably increase the overpoten-
tial for OER. As a result, Co–Se1 with higher Co3+ and lower 
Seδ− species exhibits a much greater catalytic current density, 
lower overpotential at 100 mA cm−2, and lower Tafel slope than  
Co–Se4 for OER operation.

Interestingly, Co–Se4 with lower relative mole ratio of 
Co3+/Co2+ exhibits increased electrocatalytic performance for 
HER. This can be attributed to rapid charge transfer based 
on analyses of the EIS results (Figure S5, Supporting Infor-
mation). The corresponding double layer capacitances were 
also measured to compare the electrochemical surface areas 
of Co–Se1 and Co–Se4. The Co–Se4 has a significantly larger 
electrochemical surface area than Co–Se1 (Figures S9, Sup-
porting Information). The high electrocatalytic activity of the 
Co–Se4 electrocatalyst for the HER can also be ascribed to less 
positively-charged Co species and consequent more Seδ−.[23] 
XPS and XANES spectra reveal that Co–Se4 electrodes with 
lower relative mole ration of Co3+/Co2+ possess more Seδ−. The 
HER process of the prepared cobalt selenides electrodes could 

Adv. Energy Mater. 2018, 8, 1801926

Figure 5.  a) OER and b) HER performance of Co foil, Co–Se1, Co–Se2, Co–Se3, Co–Se4, and Co–Se5 in 1.0 m KOH at a scan rate of 5 mV s−1; overpo-
tentials of as-prepared cobalt selenide for achieving the current density of 100 mA cm−2 for c) OER and d) HER operation.
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be carried out through a Volmer (H2O + e−  → H* + OH−) – 
Heyrovsky (H2O + e− + H* → H2 + OH−) pathway in alkaline 
media. Such pathway includes adsorption of H2O and the elec-
trochemical decomposition of trapped H2O into adsorbed H* 
and OH− species, followed by detachment of OH− and forma-
tion of H* to obtain H2. The H* species generated by Volmer 
step would preferentially attach to Seδ−. The polarization-
induced partial negative charges localized on E (E = P, S, and 
Se) centers with E-terminated surface can significantly enhance 
adsorption and discharge of H*, and promote the HER.[23,51] 
This can be attributed to moderate strength of Se–H bond  
(276 kJ mol−1). Consequently, Co–Se4 with moderate number of 
Seδ− centers exhibits best electrocatalytic performance for HER 
among all cobalt selenides electrodes.

3. Conclusion

A facile and scalable method for fabrication of new 3D cobalt 
selenide electrodes with novel CoSe and Co9Se8 phases was 
developed. The charge state of Co species and electrocatalytic 
performance of the prepared cobalt selenide catalysts were 
manipulated by controlling mass ratio of raw materials and 
calcining in vacuum-sealed ampoule at high temperature. 
Resultant 3D network, exposed electrocatalytic centers, and 
rapid charge transfer capability are responsible for highly active 
and stable OER and HER electrocatalytic activity of these novel 
electrodes. These merits resulted in excellent overall seawater 
splitting performance. This work will shed a light on devel-
opment of cobalt selenide electrocatalysts and uncover new 
horizons for research of clean energy systems.

4. Experimental Section
Fabrication of Cobalt Selenide Electrodes: The cobalt selenide 

electrodes were fabricated by a facile one-step selenization of Co 
(Sigma-Aldrich, USA, 99.95% trace metals basis, foil, thickness 0.1 mm) 
with Se (Sigma-Aldrich, Canada, ≥99.95% trace metals basis, powder, 
−100 mesh) in a vacuum sealed ampoule. In a typical synthesis, a Co 
foil (70.29 mg, 1.8 cm × 0.3 cm × 0.01 cm, length × width × height) 
was cleaned with alcohol, acetone, 1.0 m HCl and Milli-Q water for 
5 min in sequence. The Co foil and Se powder were sealed in ampoule 
under vacuum and then calcinated at 550 °C for 5 h. Heating rate 
was 5 °C min−1 and the cooling process took place naturally. A variety 
of Co to Se mass ratio, i.e., 1:0.02, 1:0.037, 1:0.085, 1:0.142, and 1:0.2, 
was employed. In the order of small to large in Co to Se mass ratio, 
the as-prepared cobalt selenide electrodes were denoted as Co–Se1, 
Co–Se2, Co–Se3, Co–Se4, and Co–Se5, respectively. The loading of 
electrocatalyst materials for Co–Se1 and Co–Se4 are around 2.6 and 
18.2 mg, respectively.

Fabrication of Pt–C and Ir–C Loaded Electrodes: 4 mg Pt–C or Ir–C were 
dispersed in 1 mL water, followed by sonication for 30 min to obtain 
a homogeneous catalyst ink. 150 µL catalyst ink and 40 µL 2% Nifion 
solution were loaded on the surface of Ni foam (surface area: 0.6 cm2) 
in succession. The overall loading amount is 1 mg cm−2.

Electrochemical Characterization: The HER, OER, and overall 
water splitting measurements were performed in a three-electrode 
glass cell. The data were recorded using a CHI 760 D bipotentiostat 
(CH Instruments, Inc., USA). The as-prepared electrodes were directly 
used as the working electrode for electrochemical characterizations. 
The reference electrode was Ag/AgCl in 4.0 m KCl solution and the 

counter electrode was a carbon electrode. The phosphate buffer 
solution (Sigma-Aldrich, USA, 1.0 m, pH = 7.4) was used for overall 
water electrolysis in neutral media. To investigate the performance 
of the systems in seawater, neutral-buffered seawater electrolyte 
was prepared. Natural seawater was collected from Glenelg beach 
in Adelaide, Australia, and was applied directly without further 
purification. The neutral-buffered seawater electrolyte was prepared 
by mixing phosphate buffer solution with natural seawater, and the 
pH of the mixed electrolyte was adjusted to 7.09. The current density 
was normalized to the geometrical surface area and the measured 
potentials versus Ag/AgCl were converted to a reversible hydrogen 
electrode (RHE) scale according to the Nernst equation

0.059 pH 0.205RHE Ag/AgClE E= + × + 	 (1)

A flow of Ar was maintained over the electrolyte during 
electrochemical measurements. The polarization curves were recorded 
in the range of 1.0–1.8 V versus RHE for OER and −0.6 to 0 V versus 
RHE for HER at a slow scan rate of 5 mV s−1 to minimize the capacitive 
current. The working electrodes were scanned for several times until 
the signals were stabilized, and then the data for polarization curves 
were collected and corrected for the iR contribution within the cell. The 
long time durability test was conducted by using controlled-potential 
electrolysis method without iR compensation. The EIS was obtained 
by AC impedance spectroscopy within the frequency range from 10 to 
100 kHz in 1.0 m KOH. The equivalent circuit for fitting of the EIS data 
was achieved with ZView software. The Tafel slope was calculated 
according to Tafel equation as follows

log / 0b j jη ( )= 	 (2)

where η denotes the overpotential, b denotes the Tafel slope, j denotes 
the current density, and j0 denotes the exchange current density. The 
onset potentials were determined based on the beginning of the linear 
region in Tafel plots. The overpotential was calculated as follows

vsRHE vsRHErE Eη ( ) ( )= − 	 (3)

where E denotes the actual applied potential and Er denotes the 
reversible potential of the reaction. Er is 1.23 V versus RHE for OER 
and 0 V versus RHE for HER. And HER η is always negative. The 
electrochemical surface area of the electrodes was related to double-
layer charging curves using cyclic voltammetry in a potential range  
(0.1–0.2 V vs SCE). The double-layer capacitance values were determined 
from the slope of the capacitive current versus scan rate.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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1. Experimental 

Physicochemical Characterization: Transmission electron microscopy (TEM) images and the 

selected area electron diffraction (SAED) patterns were obtained on a JEOL 2100F 

microscope at an acceleration voltage of 200 kV. High resolution TEM (HRTEM) images 

were obtained on an FEI Titan Themis 80-200 microscope at an acceleration voltage of 200 

kV. Scanning electron microscopy (SEM) images were collected on the FEI Quanta 450 at 

high vacuum with an accelerating voltage of 30 kV. Elemental composition was recorder on 

the FEI Quanta 450 using a silicon drift detector energy-dispersive X-ray spectroscopy (SDD 

EDS). X-ray diffraction (XRD) patterns were collected on a powder X-ray diffractometer at 

40 kV and 15 mA using Co-Kα radiation (Miniflex, Rigaku). X-ray photoelectron spectra 

(XPS) were obtained using an Axis Ultra (Kratos Analytical, UK) XPS spectrometer equipped 

with an Al Kα source (1486.6 eV). The synchrotron-based X-ray absorption near-edge 

structure (XANES) and extended X-ray absorption fine structure (EXAFS) measurements 

were conducted at the Shanghai Synchrotron Radiation Facility (SSRF). 
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2. Supplementary Results 

 

Figure S1. SEM images and (inset) corresponding EDS of a) Co-Se1 and b) Co-Se4. 

 

 

Figure S2. XPS survey spectra for a) Co-Se1 and b) Co-Se4; XPS spectra of Se 3d for c) Co-

Se1 and d) Co-Se4. 
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Figure S3. XRD patterns of Co-Se1 after 12 h continuous OER operation. 

 

 

 

 

 

 

Figure S4. SEM image, (inset) corresponding EDS and SAED pattern of Co-Se1 after the 

OER in 1.0 M KOH. 
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Figure S5. Nyquist plots of Co-Se1 and Co-Se4 electrodes in 1.0 M KOH with the potential 

of -0.214 V versus RHE. 

 

 

 

 

 

 

Figure S6. Digital photo of two electrodes electrolyzer in 1.0 M KOH. 
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Figure S7. a) OER and b) HER performance of Co-Se1 and Co-Se4 in seawater at a scan rate 

of 5 mV/s. 

 

 

 

 

 

 

Figure S8. Time dependence of current density under a constant potential of 1.95 V of Co-

Se1//Co-Se4 in 1.0 M KOH. 
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Figure S9. The double-layer region with scan rates ranging from 2 to 10 mV/s for a) Co-Se1 

and c) Co-Se4; charging current density with different scan rates for b) Co-Se1 and d) Co-Se4. 
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Table S1. OER performance comparison between Co-Se1 and recently reported bifunctional 

catalysts in alkaline media. 

Catalysts Electrolyte j, mA/cm2
 η required, mV Tafel slope, 

mV/dec 
Ref 

Co-Se1 1.0 M KOH 100 280 40.4 This work 

Cu@CoSx/CF 1.0 M KOH 100 ~210 ----- S1 

CuCoO-NWs 1.0 M KOH 100 ~340 68 S2 

Ni3C/C 1.0 M KOH 100 ~390 46 S3 

Ni3FeN-NPs 1.0 M KOH 100 415 46 S4 

NiMoO4 nanowires 1.0 M KOH 100 ~460 40 S5 

CoSe/Ti 1.0 M KOH 100 ~360 69 S6 

NiFe/NF 1.0 M KOH 100 ~370 28 S7 

ZnxCo3-xO4 nanoarrays 1.0 M KOH 100 ~470 51 S8 

LT-LiCoO2 0.1 M KOH 100 437 52 S9 

NiMoO4/CC 1.0 M KOH 100 ~400 96.7 S10 

 

 

Table S2. HER performance comparison between Co-Se4 and recently reported bifunctional 

catalysts in alkaline media. 

Catalysts Electrolyte j, mA/cm2 η required, mV Tafel slope, 
mV/dec 

Ref 

Co-Se4 1.0 M KOH 100 268 61.4 This work 

Ni3FeN-NPs 1.0 M KOH 100 ~320 42 S4 

NiMoP2/CC 0.5 M H2SO4 100 ~330 56 S10 

NixCo3-xS4/Ni3S2/NF 1.0 M KOH 100 258 95 S11 

MoS2/CoSe2 0.5 M H2SO4 100 ~240 36 S12 

Ni3S2/Ni 1.0 M KOH 100 ~440 ----- S13 

CoP/CC 1.0 M KOH 100 ~505 129 S14 
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Chapter 4 Interfacial Nickel Nitride/Sulfide as a Bifunctional 

Electrode for Highly Efficient Overall Water/Seawater 

Electrolysis 

4.1 Introduction and Significance 

The development of bifunctional Ni3N and Ni3S2 electrocatalysts for overall water 

electrolysis with high activity and stability is preferable for commercialized hydrogen 

production and yet remains challenging. The interface plays a significant role in 

accelerating dissociative adsorption of water, which further improves the sluggish 

kinetics for electrochemical water electrolysis. However, conventional preparations fail 

to create the interface between the Ni3N and Ni3S2 species. Consequently, it is 

imperative to develop a facile method to create interface between the Ni3N and Ni3S2 

species and to accelerate the kinetics for overall water electrolysis. Here, the regulation 

of interface and acceleration of dissociative adsorption of water were realized by one-

step calcination in vacuum-sealed ampoule, catalytic mechanism was proposed, and the 

as-prepared interfacial nickel nitride and sulfide electrode exhibited excellent 

electrocatalytic performance for overall water electrolysis under neutral condition and 

in seawater. The highlights of this work include: 

 One-step calcination in vacuum-sealed ampoule was firstly applied to synthesize 

Ni3N and Ni3S2 with abundant interface. And the dissociative adsorption of water 

was accelerated at the ubiquitous interface between the Ni3N and Ni3S2 species. 

 Electrochemical impedance spectroscopy reveals that interfacial nickel nitride and 

sulfide electrode (NiNS) display comparable charge transfer with that of 

mechanically mixed nickel nitride and sulfide electrode (MNiNS). Meanwhile, the 

electrochemical surface area of NiNS is 16 times of that of MNiNS under similar 

loading. Therefore, the promoted electrocatalytic performance of NiNS is 

attributed to enlarged electrochemical surface area, which is a result of abundant 

interface between the Ni3N and Ni3S2 species. Consequently, dissociative 

adsorption of water was accelerated and electrocatalytic performance of NiNS was 
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enhanced. 

 Owing to abundant interface between the Ni3N and Ni3S2 species, as-prepared 

NiNS electrode displayed excellent electrocatalytic activity and stability, which 

compared favorably with that of novel metal based electrocatalyst for water 

splitting under alkaline and neutral conditions and in seawater. The current density 

achieved at a potential of 1.8 V for NiNS//NiNS in buffer solution and seawater is 

12.4 mA cm−2 and 48.3 mA cm−2, respectively, higher than that for Ir-C//Pt-C in 

buffer solution (6.7 mA cm−2) and seawater (2.9 mA cm−2). 

4.2 Interfacial Nickel Nitride/Sulfide as a Bifunctional Electrode for 

Highly Efficient Overall Water/Seawater Electrolysis 

This chapter is included as it appears as a journal paper published by Yongqiang Zhao, 

Bo Jin, Anthony Vasileff, Yan Jiao and Shi-Zhang Qiao, Journal of Materials 

Chemistry A 2019, 7, 8117. 
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Interfacial nickel nitride/sulfide as a bifunctional
electrode for highly efficient overall water/
seawater electrolysis†

Yongqiang Zhao,a Bo Jin,a Anthony Vasileff, a Yan Jiaoa and Shi-Zhang Qiao *ab

Simple methods for fabricating highly active and stable bifunctional

electrocatalysts for water electrolysis are essential for hydrogen

production. A nickel nitride/sulfide electrode (NiNS), whereby Ni3N

and Ni3S2 species are interfaced, is synthesized via a one-step calci-

nation process of Ni foam with thiourea in a vacuum-sealed ampoule.

The resultant NiNS can be employed directly as a bifunctional elec-

trocatalyst for water splitting with excellent activity toward the

hydrogen evolution reaction and oxygen evolution reaction. The

significant electrocatalytic performance of NiNS is attributed to the

interface between Ni3N and Ni3S2, which functions as the electro-

chemical active sites and is beneficial for dissociative adsorption of

water molecules. Current densities of 12.4 mA cm�2 and 48.3 mA

cm�2 at 1.8 V are achieved for overall water electrolysis under neutral

pH conditions and in seawater, respectively, when NiNS is applied as

both the anode and cathode. This performance is significantly better

than that of the benchmark Ir–C and Pt–C electrode system.

Accordingly, interfacial NiNS is a promising bifunctional candidate for

realistic large-scale water electrolysis.

Introduction

Production of hydrogen and oxygen via electrochemical water
splitting is an appealing and sustainable method of energy
storage for renewable sources.1–4 Overall water electrolysis
requires effective electrocatalysts to accelerate both the
hydrogen evolution reaction (HER) and oxygen evolution reac-
tion (OER). Therefore, the development of bifunctional elec-
trocatalysts that are active for both the HER and the OER is
a crucial factor.5 Currently, the benchmark electrocatalysts for
the HER are Pt-based materials and the most effective

electrocatalysts for the OER are Ir/Ru-based materials.6

However, their large-scale application is circumscribed by their
high cost and scarcity. Therefore, the development of non-
precious bifunctional electrocatalysts with high activity and
long-term stability for overall water electrolysis is required.7

During recent years, non-precious metal and non-metal
electrocatalysts have been intensely investigated. These mate-
rials include transition metal borides/carbides/nitrides/phos-
phides/oxides/chalcogenides,8–14 perovskites,15 and carbon
materials.16 Among these electrocatalysts, nitride- and sulde-
based compounds are found to be very promising water split-
ting electrocatalysts due to their high electronic conductivi-
ties.17,18 However, improving their electrocatalytic activities is
greatly hindered by their lack of active sites. Consequently,
various strategies like doping hetero-atoms,19 optimizing
chemical composition,20 regulating specic morphologies,21

and exposing high-index facets,22 have been developed to
address this challenge. Despite the many strategies developed,
there has been little research on promoting the electrocatalytic
activity of nitride and sulde materials by creating interfaces
between nitride and sulde species. It has been documented
that the interface plays a signicant role in accelerating disso-
ciative adsorption of water,23 which further improves the
kinetics for electrochemical water electrolysis.24 In this regard,
interface regulation would be a favorable strategy to enhance
catalytic activity of electrocatalysts for both the HER and OER.

Herein, we report a novel interfacial nickel nitride/sulde
(NiNS) electrode that is fabricated by a simple one-step calci-
nation process of nickel foam with thiourea in a vacuum
sealed ampoule. Beneting from the interfacial contact
between the Ni3N and Ni3S2 species, the as-prepared NiNS
exhibited excellent electrocatalytic activity and stability for the
HER and the OER. A mechanically-mixed Ni3N and Ni3S2
electrode (MNiNS) with similar loading was also prepared to
explore its catalytic performance. Inspired by its signicant
electrocatalytic capability, as-synthesized NiNS was used as
both anode and cathode for overall water electrolysis. Results
show that NiNS exhibits greater electrocatalytic activity at low
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overpotentials under neutral pH conditions and in seawater
compared to the benchmark system. This is attributed to the
interfacial contact between Ni3N and Ni3S2 species. It is
concluded that the novel design and fabrication of interfacial
NiNS can provide a promising pathway for promoting neutral
water/seawater electrolysis performance and reducing costs
for hydrogen production.

Results and discussion

The interfacial NiNS was synthesized by a simple one-step
calcination process of Ni foam with thiourea powder in
a vacuum sealed ampoule. During the calcination, interfacial
NiNS was formed under a self-generated pressure (see details in
ESI†). The elemental mappings of NiNS (Fig. 1a and S1, ESI†)
show that Ni, N and S are homogeneously dispersed over the
whole architecture. The composition of NiNS was characterized
by elemental analysis (Table S1, ESI†). The as-prepared NiNS
consists of nickel (87.18 wt%), nitrogen (4.17 wt%) and sulfur
(8.65 wt%). The fragments of NiNS (exfoliated from the result-
ing electrode) were studied by scanning transmission electron
microscopy (STEM), transmission electron microscopy (TEM)
and high resolution TEM (HRTEM). The STEM and TEM images
demonstrate the crystal structure of NiNS (Fig. 1a and b). The
selective area electron diffraction (SAED) pattern (inset of
Fig. 1b) displays several continuous bright rings, indicating
a polycrystalline structure for as-prepared NiNS. The HRTEM
images of the interfacial NiNS (Fig. 1c and d) show the preva-
lence of interfacial regions between Ni3N and Ni3S2 species. The
interface is distinctly observed between the well-resolved lattice
fringes of the (100) plane for Ni3N species and the (1�10) plane of
the Ni3S2 species (Fig. 1c). The well-dened lattice fringes with

inter-planar spacing of 0.204 and 0.215 nm can be unambigu-
ously assigned to the (111) and (002) crystal planes of Ni3N with
an intersection angle of 61.8� (Fig. 1d), in agreement with
previous reports.10,18,25 The unique lattice fringes with inter-
planar distance of 0.183 nm correspond to the (210) crystal
plane of Ni3S2. Noticeable interface between the (111) and (002)
planes of Ni3N and the (210) plane of Ni3S2 is also observed.
Interfacial regions between various planes of Ni3N and Ni3S2
species were conrmed by HRTEM, suggesting ubiquitous
interfacial contact between the two throughout the material. We
propose the formation mechanism of interfacial regions as
follows. NH3 and H2S that were produced by decomposition of
thiourea over the nickel substrate at high temperature. Nickel
sulde was formed rst given the bond energy of H–S is lower
than that of H–N. Subsequently, NH3 reacted with surface
atoms of nickel sulde forming interfacial regions between
Ni3N and Ni3S2.

X-ray diffraction (XRD) was applied to characterize the crystal
structure of NiNS (Fig. 2a). The diffraction peaks of NiNS are
consistent with the (110), (002), (111), (112), and (300) planes for
Ni3N, as well as the (100), (1�10), (111), (210), (2�11), (310), and
(1�31) planes for Ni3S2, and agrees with HRTEM images.

Surface chemistry of NiNS was analyzed by X-ray photo-
electron spectroscopy (XPS). The XPS survey spectrum (Fig. 2b)
shows the presence of N and S in NiNS, indicating the
formation of nickel nitride and sulde. The high-resolution
XPS spectrum of Ni 2p (Fig. 2c) displays two core-level peaks

Fig. 1 (a) STEM image of NiNS and corresponding mapping images of
Ni, N and S. (b) TEM image and (inset) corresponding SAED pattern of
NiNS. (c, d) HRTEM images of NiNS.

Fig. 2 (a) XRD pattern for NiNS. (b) XPS survey spectrum for NiNS. XPS
spectrum of (c) Ni 2p, (d) S 2p and (e) N 1s for NiNS.
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of Ni centered at 855.3 and 872.8 eV, which are ascribed to Ni2+

2p3/2 and Ni2+ 2p1/2, respectively.26 Two satellite peaks at 860.8
(2p3/2) and 879.4 eV (2p1/2) are also observed. Two peaks at
852.6 (2p3/2) and 869.8 eV (2p1/2) suggest a metallic state of
nickel,26 which is consistent with the XRD patterns. The core-
level scan spectrum of S 2p (Fig. 2d) can be divided into two
main characteristic peaks at 161.8 and 163.1 eV, and are
ascribed to the S 2p3/2 and S 2p1/2, respectively.19 The high-
resolution N 1s spectrum (Fig. 2e) shows a distinct peak at
398.6 eV that can be assigned to Ni–N bonding.27 Based on the
aforementioned discussions, nickel nitride/sulde was
successfully incorporated on the Ni substrate and formed an
interfacial NiNS electrode.

Individual nickel nitride and nickel sulde samples were
also prepared. The scanning electron microscopy (SEM) images
and elemental mappings of nickel nitride (Fig. S2, ESI†) and
nickel sulde (Fig. S3, ESI†) demonstrate that nickel nitride and
nickel sulde were successfully synthesized. The crystal struc-
ture of nickel nitride (Fig. S4a, ESI†) and nickel sulde (Fig. S4b,
ESI†) samples were characterized by XRD.

The HER activity of interfacial NiNS was evaluated by directly
using the material as the working electrode. For comparison,
MNiNS, bare nickel foam and Pt–C loaded on Ni foam (Ni/Pt–C)
were prepared. The linear sweep voltammetry (LSV) curves

(Fig. 3a) display that a 100 mA cm�2 current density was ach-
ieved at an overpotential of 197 mV for NiNS, which was lower
than that for MNiNS (271mV) and Pt–C (220mV). A comparative
summary of the electrocatalytic activities of state-of-the-art HER
catalysts reported recently is presented in Table S2 in the ESI.†
With an overpotential of 197 mV at 100 mA cm�2, NiNS
demonstrated more favorable electrocatalytic activity compared
to most active non-noble metal based electrocatalysts, such as
Ni3N–Co (290 mV),28 Co3Se4/Co (262 mV),29 Pr0.5(Ba0.5Sr0.5)0.5-
Co0.8Fe0.2O3�d (310 mV),30 and NiCo2O4/Ni (275 mV).31 The Tafel
slope for NiNS was found to be 58.8 mV dec�1 (Fig. 3b), which is
smaller than that of Ni/Pt–C (69.5 mV dec�1) and MNiNS
(79.8 mV dec�1), indicating more favorable HER kinetics. A
Tafel slope within the range of 40–120 mV dec�1 suggests that
the HER might proceed via the Volmer–Heyrovsky mechanism
on NiNS.32 NiNS displayed stable electrocatalytic performance
for 5000 HER cycles (Fig. 3c) and negligible degradation of
current density during 12 h of operation (inset of Fig. 3c). The
XRD pattern of NiNS aer 12 h continuous HER operation
(Fig. S5a, ESI†) showed that NiNS was structurally stable under
operating conditions.

The HER kinetics were further analyzed through electro-
chemical impedance spectroscopy (EIS) (Fig. S6, ESI†). The
Nyquist plots of NiNS and MNiNS display a semicircle in the
low-frequency range (an indicator of charge transfer resistance
of the catalysts). The calculated resistance of NiNS (1.47 U) is
similar with that of MNiNS (1.89 U), indicating comparable
charge transfer. To obtain a profound insight into the electro-
catalytic mechanism, the electrochemical surface areas of NiNS
and MNiNS were characterized from the double layer capaci-
tance (Fig. S7, ESI†). The electrochemical surface area of NiNS is
16 times of that of MNiNS under similar loading, suggesting
that NiNS possess extra electrochemical active sites. From
previous discussion, it is clearly seen that NiNS and MNiNS
possess similar composition and structure, except for the
presence of interfacial regions. Consequently, the increased
number of electrochemically active sites on NiNS could be
attributed to the ubiquitous interfaces between Ni3N and Ni3S2
species. Previous study showed that interfacial sites are effective
for water adsorption and subsequent cleavage of the HO–H
bond.33 We propose that efficient dissociative adsorption of
water molecules happens at interfacial sites between Ni3N and
Ni3S2 species, followed by hydrogen adsorption (Had) on the
adjacent Ed� (E ¼ N and S) centers. These Ed� centers can
signicantly enhance adsorption and discharge of Had and
promote the HER.34–36 Finally, two Had atoms recombine to form
H2 (H2 desorption) and OH� desorbs, followed by adsorption of
another water molecule on the interfacial site. Given that NiNS
and MNiNS possess similar charge transfer resistance, the
substantially promoted HER performance of NiNS is predomi-
nantly attributed to the ubiquitous interface between Ni3N and
Ni3S2 species.

The catalytic activity of NiNS for the OER was evaluated in
identical electrolyte to that of the HER study. MNiNS, bare
nickel foam and Ir–C loaded on Ni foam (Ni/Ir–C) were selected
for comparison. The LSV curves (Fig. 3d) show that a 100 mA
cm�2 current density was realized at an overpotential of 404 mV

Fig. 3 (a) HER performance of NiNS, MNiNS, Ni foam, and Pt–C in Ar-
saturated 1.0 M KOH. (b) Corresponding Tafel plots with associated
linear fittings. (c) Cycle stability of NiNS and (inset) time-dependent
current density of NiNS under a constant overpotential of�0.119 V (vs.
RHE) in 1.0 M KOH. (d) OER performance of NiNS, MNiNS, Ni foam, and
Ir–C in O2-saturated 1.0 M KOH. (e) Corresponding Tafel plots with
associated linear fittings. (f) Cycle stability of NiNS and (inset) time-
dependent current density of NiNS under a constant overpotential of
0.39 V (vs. RHE) in 1.0 M KOH.

This journal is © The Royal Society of Chemistry 2019 J. Mater. Chem. A, 2019, 7, 8117–8121 | 8119
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for NiNS, which was lower than that for MNiNS (524 mV) and
comparable with that for Ni/Ir–C (374 mV). An oxidation peak at
around 1.4 V (vs. reversible hydrogen electrode, RHE) for NiNS
is observed in Fig. 3d, which is attributed to the formation of
nickel oxide and hydroxide species.37 A comparative summary of
the OER electrocatalytic performance of state-of-the-art cata-
lysts reported in recent works is presented in Table S3 in ESI.†
The electrocatalytic activity of NiNS (an overpotential of 404 mV
at 100 mA cm�2) is comparable with most active non-noble
metal based electrocatalysts, such as MoS2/NiS (475 mV),38

NF@Ni/C-600 (460 mV),39 Ni3S2/NF-2 (425 mV),40 and NiCo2-
O4@CoMoO4/NF-7 (510 mV).41 The Tafel slope for NiNS was
found to be 112.0 mV dec�1 (Fig. 3e), which is much lower than
that of MNiNS (308.2 mV dec�1), indicating more favorable OER
kinetics. Aer continuous testing with 5000 cycles, no obvious
current density attenuation was observed for NiNS (Fig. 3f).
NiNS also exhibited stable current density over 12 h of contin-
uous operation (inset of Fig. 3f). The XRD pattern of NiNS aer
12 h continuous OER operation (Fig. S5b, ESI†) indicates that
NiNS structurally very stable, demonstrating its potential value
as a catalyst.

Further, two electrodes electrolyzer systems with 1.0 M KOH,
buffer solution and seawater were established. These systems
integrated two NiNS electrodes as both anode and cathode for
overall water electrolysis (denoted as NiNS//NiNS). Ir–C/Ni and
Pt–C/Ni (denoted as Ir–C//Pt–C) were also applied for compar-
ison. Fig. 4 presents the LSV curves of the NiNS//NiNS and Ir–C//
Pt–C for overall water electrolysis in various solutions. Although
the electrocatalytic performance of Ir–C//Pt–C in 1.0 M KOH
electrolyte exceeded that of NiNS//NiNS, the latter exhibited
superior electrocatalytic activity in buffer solution and seawater
(Fig. 4a). The current density achieved at a potential of 1.8 V for
NiNS//NiNS in buffer solution and seawater was 12.4 mA cm�2

and 48.3 mA cm�2, respectively, higher than that for Ir–C//Pt–C
(6.7 mA cm�2 and 2.9 mA cm�2). This is likely attributed to the
ubiquitous interfacial contact between Ni3N and Ni3S2 species
which acts as the electrocatalytic active sites. Notably, the
electrocatalytic activity of NiNS//NiNS in seawater compares
extraordinarily well with that of the most active metal based
electrocatalysts, such as WO3/g-C3N4,42 PtRuMo,43 and MHCM-
z-BCC/NiMoS.44 NiNS//NiNS also exhibited stable current
density at a constant potential of 1.88 V during 12 h of contin-
uous operation (Fig. 4b).

Conclusions

A simple method was developed to fabricate bifunctional NiNS
electrodes with abundant interfacial contact between Ni3N and
Ni3S2 species. The obvious interface between various planes of
Ni3N and Ni3S2 species was conrmed by HRTEM. Acting as the
electrocatalytic active sites, these ubiquitous interfaces are
benecial for dissociative adsorption of water molecules and
consequent water electrolysis. This structural feature resulted
in excellent overall water splitting performance under neutral
pH conditions and in seawater. The electrocatalytic mechanism
was explored by the study of electrochemical active sites, which
suggested that the abundant interfacial regions is predomi-
nantly responsible for the excellent catalytic performance. This
work provides new opportunities for the development of low
cost and efficient bifunctional interfacial electrocatalysts for
overall water electrolysis under neutral pH conditions and in
seawater.
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Experimental

Chemicals: Nickel foam (thickness 1.6 mm, 95%), thiourea (≥99.0%), sulphur (≥99.0%), phosphate 

buffer solution (1.0 M, pH=7.4) and nickel hydroxide (99%) were purchased from Sigma-Aldrich 

and used without further purification, except for the nickel foam. Milli-Q water (18.2 M Ωcm, 

PURELAB Option-Q) was used in all experiments. The nickel foam was washed with dilute HCl, 

ultrapure water, acetone and ethanol, and dried in vacuum at 25 °C before use.

Fabrication of the interfacial nickel nitride and sulfide electrode (NiNS): The NiNS electrode 

was fabricated by a one-step calcination of nickel foam with thiourea in a vacuum sealed ampoule. 

In a typical synthesis, a pre-cleaned piece of Ni foam (20.60 mg, 1.5 cm × 0.3 cm × 0.16 cm, length 

× width × height) and thiourea (6.14 mg) were sealed in an ampoule under vacuum and then calcinated 

at 550 °C for 5 h. The heating rate was 5 °C min-1 and the cooling process took place naturally. The 

mass ratio of Ni foam and thiourea was 1:0.298. The loading of nickel nitride and sufide was 

calculated to be 9.27 and 10.68 mg, respectively. The NiNS electrode was washed with ethanol and 

dried in vacuum at 25 °C before use.

Fabrication of Pt-C and Ir-C Loaded Electrodes: 4 mg Pt-C or Ir-C were dispersed in 1 mL water, 

followed by sonication for 30 min to obtain a homogeneous catalyst ink. 150 μL of the catalyst ink 

and 40 μL 2% Nafion solution were loaded in succession on the surface of Ni foam (surface area: 0.6 

cm2). The overall loading amount was 1 mg cm-2.

Fabrication of nickel nitride: Nickel nitride (Ni3N) was fabricated according to a modified method 

from previous literature.S1 In a typical synthesis, 10 mg of nickel hydroxide was place in a tube 

furnace and heated to 390 °C under NH3 flow (1 bar, 400 sccm) to prepare black Ni3N.

Fabrication of nickel sulfide: Nickel sulfide (Ni3S2) was fabricated by a one-step calcination of 

nickel foam with sulfur in a vacuum sealed ampoule. In a typical synthesis, a pre-cleaned piece of Ni 

foam (20.60 mg, 1.5 cm × 0.3 cm × 0.16 cm, length × width × height) and sulfur (2.58 mg) were 

sealed in an ampoule under vacuum and then calcinated at 500 °C for 5 h. The heating rate was 5 °C 

min-1 and the cooling process took place naturally. The nickel sulfide was washed with ethanol and 

dried in vacuum at 25 °C before use.

Fabrication of mechanically mixed Ni3N and Ni3S2 electrode (MNiNS): 103 mg Ni3N and 118.67 

mg Ni3S2 were were dispersed in 1 mL 2% Nafion aqueous solution, followed by sonication for 30 

min to obtain a homogeneous catalyst ink. 200 μL of the catalyst ink was loaded on the surface of 

pre-cleaned Ni foam (surface area: 1 cm2). The as-prepared MNiNS electrode was dried at 40 °C in 

vacuum. The overall loading amount was 9.27 mg of Ni3N and 10.68 mg of Ni3S2, respectively.
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Electrochemical Characterization: HER and OER measurements were performed on a CHI 760 D 

Bipotentiostat (CH Instruments, Inc., USA) in Ar or O2 saturated 1.0 M KOH aqueous solution using 

a conventional three-electrode system with a graphite rod as the counter electrode and Ag/AgCl (4 M 

KCl) as the reference electrode. Overall water splitting measurements were performed in a three-

electrode glass cell. The phosphate buffer solution was used for overall water electrolysis in neutral 

pH conditions. To investigate the performance of the systems in seawater, neutral-buffered seawater 

electrolyte was prepared. Natural seawater was collected from Glenelg beach in Adelaide, Australia, 

and was applied directly without further purification. The neutral-buffered seawater electrolyte was 

prepared by mixing phosphate buffer solution with natural seawater, and the pH of the mixed 

electrolyte was adjusted to 7.05. The current density was normalized to the geometric surface area 

and the measured potentials versus Ag/AgCl were converted to the reversible hydrogen electrode 

(RHE) scale according to the Nernst equation:

ERHE = EAg/AgCl + 0.059 × pH + 0.205                                (1)

The polarization curves were recorded in the range of 1.0-1.8 V vs. RHE for the OER and -0.6 to 0 

V vs. RHE for the HER at a slow scan rate of 5 mV s−1 to minimize the capacitive current. The 

working electrodes were scanned for several times until the signals were stabilized, and then the data 

for polarization curves were collected and corrected for the iR contribution within the cell. The 

stability test was conducted using a controlled-potential electrolysis method without iR 

compensation. The EIS was obtained by AC impedance spectroscopy within the frequency range 

from 0.01 to 100 kHz in 1.0 M KOH. The equivalent circuit for fitting of the EIS data was achieved 

with ZView software. The Tafel slope was calculated according to Tafel equation as follows:

η = blog( j/j0 )                                                  (2)

where η denotes the overpotential, b denotes the Tafel slope, j denotes the current density, and j0 

denotes the exchange current density. The onset potentials were determined based on the beginning 

of the linear region in the Tafel plots. The overpotential was calculated as follows:

η = E (vs RHE) – Er (vs RHE)                                     (3)

where E denotes the actual applied potential and Er denotes the reversible potential of the reaction. 

Er is 1.23 V versus RHE for the OER and 0 V vs. RHE for the HER. HER η is always negative. The 

electrochemical surface area of the electrodes was related to double layer charging curves using cyclic 

voltammetry in the potential range 0.72 - 0.82 V vs. RHE. The double-layer capacitance values were 

determined from the slope of the capacitive current versus the scan rate.
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Physicochemical Characterization: STEM images and corresponding mapping images were 

obtained on an FEI Titan Themis 80-200 system. Transmission electron microscopy (TEM) images 

and the selected area electron diffraction (SAED) patterns were obtained on a JEOL 2100F 

microscope at an acceleration voltage of 200 kV. High resolution TEM (HRTEM) images were 

obtained on a Philips CM200 microscope at an acceleration voltage of 200 kV. Scanning electron 

microscopy (SEM) images were collected on the FEI Quanta 450 at high vacuum with an accelerating 

voltage of 30 kV. X-ray diffraction (XRD) patterns were collected on a powder X-ray diffractometer 

at 40 kV and 15 mA using Co-Kα radiation (Miniflex, Rigaku). X-ray photoelectron spectra (XPS) 

were obtained using an Axis Ultra (Kratos Analytical, UK) XPS spectrometer equipped with an Al 

Kα source (1486.6 eV). The composition of NiNS was determined by element analysis (vario EL 

cube, ELE-MENTAR).
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Supplementary Results

Fig. S1 (a) SEM image of NiNS. Corresponding mapping of (b) Ni, (c) N, (d) S, and (e) overlay.

Fig. S2 (a) SEM image of nickel nitride. Corresponding mapping of (b) Ni, (c) N, and (d) overlay.
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Fig. S3 (a) SEM image of nickel sulfide. Corresponding mapping of (b) Ni, (c) S, and (d) overlay.
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Fig. S4 XRD patterns of (a) nickel nitride and (b) nickel sulfide.
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Fig. S5 XRD patterns of NiNS after 12 h continuous (a) HER and (b) OER operation.

Fig. S6 Nyquist plots of NiNS and MNiNS electrodes in 1.0 M KOH with the potential of -1.31 V 

vs. RHE.
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Fig. S7 The double-layer region with scan rates ranging from 10 to 100 mV s-1 in 1.0 M KOH for (a) 

NiNS and (c) MNiNS. Charging current density with different scan rates for (b) NiNS and (d) 

MNiNS.
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Table S1 Element analysis of NiNS, Ni3N and Ni3S2

Nickel (wt.%)1 Nitrogen (wt.%) Sulfur (wt.%)

NiNS 87.18 4.17 8.65

         1By difference

Table S2 HER performance comparison between NiNS and recently reported electrocatalysts in 

alkaline media

Electrocatalysts Electrolyte j,

mA cm-2

η required,

mV

Tafel slop,

mV dec-1

Reference

NiNS 1.0 M KOH 100 197 This work

Ni3N-Co 1.0 M KOH 100 290 156 S2

NiMoN/Ni3N on

carbon cloth

1.0 M KOH 100 200 64 S3

Ni2P@NPCNFs 1.0 M KOH 100 205 79.7 S4

NixCo3-xS4/Ni3S2/NF 1.0 M KOH 100 258 107 S5

Co3Se4 nanowires on 

Co foam

1.0 M KOH 100 262 72 S6

200-SMN/NF 1.0 M KOH 100 287 72.9 S7

Pr0.5(Ba0.5Sr0.5)0.5Co0.8F

e0.2O3-δ

1.0 M KOH 100 310 45 S8

NiCo2O4 nanowire 

arrays on nickel foam

1.0 M KOH 100 275 88 S9

NiCo2O4 hollow 

microcuboids

1.0 M 

NaOH

100 245 49.7 S10

Ni3N nanosheets on 

carbon cloth

1.0 M KOH 100 470 N/A S11
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Table S3 OER performance comparison between NiNS and recently reported electrocatalysts in 

alkaline media

Electrocatalysts Electrolyte j,

mA cm-2

η required,

mV

Tafel slop,

mV dec-1

Reference

NiNS 1.0 M 

KOH

100 404 This work

MoS2/NiS NCs 1.0 M 

KOH

100 ~475 53 S12

NCP/G NSs 1.0 M 

KOH

100 400 65.9 S13

NF@Ni/C-600 1.0 M 

KOH

100 ~460 54 S14

Ni3S2/NF-2 1.0 M 

KOH

100 425 N/A S15

Fe1-(Co3O4)10 holy 

nanosheets

1.0 M 

KOH

100 ~410 55 S16

NiCo2O4@CoMoO4/NF-

7

1.0 M 

KOH

100 ~510 102 S17

Ni-MoxC/NC-100 1.0 M 

KOH

100 470 74 S18

NiSe-Ni0.85Se/CP 1.0 M 

KOH

100 420 75 S19

NiMoN-NF700 1.0 M 

KOH

100 ~405 54 S20

NiCo2O4 nanowire arrays 1.0 M 

KOH

100 470 66.9 S9
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Chapter 5 Non-metal Single Iodine Atom Electrocatalysts for 

the Hydrogen Evolution Reaction 

5.1 Introduction and Significance 

Single-atom catalysts (SACs) are attractive for various reactions because of their unique 

properties. However, common metal-based SACs require the complex synthesis 

processes. While non-metal SACs have been rarely reported, their preparation via 

simple methods is highly desirable. Here, a single atom nickel iodide (SANi-I) with 

uniformly dispersed non-metal single atom iodines was prepared via a simple 

calcination process in a vacuum-sealed ampoule and subsequent cyclic voltammetry 

(CV) activation in alkaline solution. Aberration-corrected high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM) and synchrotron-based 

X-ray absorption spectroscopy (XAS) were applied to confirm the atomic-level 

dispersion of iodine atoms and detailed structure of the SACs. In-situ Raman 

spectroscopy was used to explore the HER mechnism via characterizing the formation 

of single iodine atom - adsorbed hydrogen atom (I-Hads) intermediates. The highlights 

of this work include: 

 A simple one-step calcination process in a vacuum-sealed ampoule was applied to 

synthesize the nickel iodide (Ni-I) precursor, which was subsequently activated via 

CV scanning in alkaline solution to obtain SANi-I. 

 Aberration-corrected HAADF-STEM confirmed the atomic-level dispersion of 

iodine atoms. Synchrotron-based XAS revealed that iodine atoms were bonded to 

oxygen and nickel atoms, indicating that SANi-I was formed after the majority of 

the iodine atoms in the Ni-I precursor were replaced by oxygen atoms and 

hydroxide ions. 

 In-situ Raman spectroscopy was implemented on highly active SANi-I to study the 

HER mechanism. Clear I-Hads signals were observed, indicating that efficient 

dissociative adsorption of water molecules occurs at single iodine atoms. 

 A 100 mA cm−2 current density is achieved for SANi-I at an overpotential of 60 

mV, which is lower than that for benchmark Pt/C (61 mV) in 1.0 M KOH. A two-
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electrode electrolyzer in 1.0 M KOH was established by integration of Ir/C loaded 

on Ni foam as the anode and SANi-I or Pt/C loaded Ni foam as the cathode (Ir-

C//SANi-I and Ir-C//Pt-C, respectively), in which the current density achieved at a 

potential of 1.8 V for Ir-C//SANi-I is 408 mA cm-2, higher than that for Ir-C//Pt-C 

(154 mA cm-2). 

5.2 Non-metal Single Iodine Atom Electrocatalysts for the Hydrogen 

Evolution Reaction 

This chapter is included as it appears as a journal paper by Yongqiang Zhao, Tao Ling, 

Shuangming Chen, Bo Jin, Anthony Vasileff, Yan Jiao, Li Song, Jun Luo and Shi-Zhang 

Qiao, Angewandte Chemie International Edition 2019, DOI: 10.1002/anie.201905554. 
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Abstract: Common-metal-based single-atom catalysts (SACs)
are quite difficult to design due to the complex synthesis
processes required. Herein, we report a single-atom nickel
iodide (SANi-I) electrocatalyst with atomically dispersed non-
metal iodine atoms. The SANi-I is prepared via a simple
calcination step in a vacuum-sealed ampoule and subsequent
cyclic voltammetry activation. Aberration-corrected high-an-
gle annular dark-field scanning transmission electron micros-
copy and synchrotron-based X-ray absorption spectroscopy
are applied to confirm the atomic-level dispersion of iodine
atoms and detailed structure of SANi-I. Single iodine atoms are
found to be isolated by oxygen atoms. The SANi-I is structural
stable and shows exceptional electrocatalytic activity for the
hydrogen evolution reaction (HER). In situ Raman spectros-
copy reveals that the hydrogen adatom (Hads) is adsorbed by
a single iodine atom, forming the I-Hads intermediate, which
promotes the HER process.

Introduction

Single-atom catalysts (SACs) have drawn significant
attention owing to their maximum atom utilization efficiency,
remarkable catalytic activity, and superior reaction selectiv-

ity.[1–4] They exhibit great potential in electrocatalytic energy
conversion processes including the oxygen reduction reaction
(ORR),[5,6] hydrogen evolution reaction (HER),[7, 8] CO2

reduction reaction (CO2RR)[9, 10] and nitrogen reduction
reaction (NRR).[11, 12] Various synthetic strategies have been
developed to obtain SACs, including atomic layer deposi-
tion,[13] coordination development,[14] defect engineering[15]

and spatial confinement.[16] However, they generally require
costly and tedious synthesis processes which is unfavorable
for practical application. Furthermore, the majority of SACs
are metal-based, such as Pt SACs,[17,18] Ru SACs,[19, 20] Cu
SACs,[21,22] and Co SACs.[23,24] To our knowledge, non-metal-
based SACs have never been reported. Therefore, the
development of non-metal SACs using simple techniques
and their application in electrocatalysis is particularly desir-
able for the field.

Typically, the HER process in alkaline media undergoes
Volmer (H2O + e�!Hads + OH�)—Tafel (2 Hads!H2) or
Heyrovsky (H2O + e�+ Hads!H2 + OH�) steps,[25] where Hads

refers to an adsorbed hydrogen atom. The initial Volmer step
is crucial for the entire process as the dissociative adsorption
of H2O and subsequent cleavage of O�H bonds to form Hads

on the active sites takes place. Therefore, it is desirable to
characterize the in situ formation of E-Hads (E refers to the
active site) intermediate to explore the HER mechanism in
alkaline media. The S-Hads (where S is sulfur) intermediate
was observed via in situ Raman spectroscopy on Ni3S2 based
electrocatalysts at �0.477 V (vs. the reversible hydrogen
electrode (RHE)).[26] An ideal electrocatalyst for the in situ
characterization of the E-Hads intermediate should exhibit
response to the formation of the intermediate at relatively low
overpotential, which requires high electrocatalytic activity.
Consequently, in situ characterization of the E-Hads inter-
mediate on electrocatalysts with remarkable activity is
significant for the study of the HER mechanism.

Herein, we report the preparation of a single atom nickel
iodide (SANi-I) electrocatalyst with atomically dispersed
iodine atoms and explore its HER mechanism. Nickel iodide
(Ni-I) precursor was synthesized by a simple calcination step
in a vacuum-sealed ampoule. SANi-I was formed after the
excess iodine atoms in Ni-I were replaced by oxygen atoms
and hydroxide ions during cyclic voltammetry scanning in
alkaline solution. Aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) study reveals the atomic-level dispersion
of iodine. Synchrotron-based X-ray absorption spectroscopy
(XAS) reveals that iodine atoms were isolated by oxygen,
forming I�O bonds. In situ Raman spectra of SANi-I under
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HER conditions shows the presence of Hads on iodine atoms
with the observation of I-Hads vibrational bands. This suggests
that the iodine atoms expedite the dissociative adsorption of
water. Experimental results show that SANi-I exhibits good
electrocatalytic activity and stability in alkaline media for the
HER. The novel design and fabrication of SANi-I provide
a promising pathway for electrolytic H2 production.

Results and Discussion

The Ni-I was prepared by the one-step calcination of
nickel foam with ground iodine powder in a vacuum sealed
ampoule (see Experimental Section in the Supporting In-
formation). During the calcination, the vaporized iodine,
which was encapsulated by the ampoule, reacted with the
nickel foam to form nickel iodide. Scanning electron micros-
copy (SEM) and energy dispersive spectra (EDS) revealed
that the Ni-I precursor consisted of bulk nickel iodide with
uniformly distributed nickel (20.1 wt%) and iodine
(79.9 wt %) (Figure S1, Supporting Information). The trans-
mission electron microscopy (TEM), high resolution TEM
(HRTEM) and selective area electron diffraction (SAED)
images show that Ni-I possessed high crystallinity (Figure S2,
Supporting Information). The Ni-I precursor was subsequent-
ly activated in KOH solution via cyclic voltammetry, obtain-
ing SANi-I. During the activation process, the majority of the
iodine atoms in Ni-I were replaced by oxygen atoms and
hydroxide ions. The aberration-corrected HAADF-STEM
image of SANi-I confirms that iodine atoms were atomically
dispersed (Figure 1a) and the ring-like SAED pattern depicts
its low crystallinity (inset of Figure 1a). The SANi-I consisted
of bulk nickel hydroxide clusters (Figure 2a) with 1.2 wt%
iodine (Figure S3, Supporting Information). HAADF-STEM-
EDS line scan and mapping analysis reveal homogenous
spatial distribution of Ni, I, and O over the marked detection
range of SANi-I (Figure 1b). Homogeneously dispersed
single iodine atoms can be clearly observed from the different
intensity profiles (Figure S4, Supporting Information). SANi-
I after 96 h stability test (SANi-I96) was also studied and
details can be found in Experimental Procedures in the
Supporting Information. The morphology and elemental
composition of SANi-I96 remained unchanged (Figure S5,
Supporting Information). The iodine atoms in SANi-I96 were
also homogenously dispersed (Figure 1c) and SANi-I96
maintained low crystallinity (inset of Figure 1c) and elemen-
tal distribution (Figure 1d). The above results strongly
support the successful activation of Ni-I, forming highly
stable SANi-I.

Commercial nickel iodide (C-NiI2) was loaded on nickel
foam and activated to obtain activated nickel hydroxide (A-
Ni-OH) for comparison. C-NiI2 possessed similar morphology
and elemental composition to Ni-I (Figure S6, Supporting
Information). A-Ni-OH consisted of bulk nickel hydroxide
clusters with no iodine detected (Figure S7, Supporting
Information).

X-ray diffraction (XRD) was performed to study the
crystal structure. The XRD pattern of Ni-I corresponds well
with the standard powder diffraction file (Figure S8 a, Sup-

Figure 1. Magnified HAADF-STEM image and (inset) corresponding
SAED pattern of a) SANi-I and c) SANi-I96. Red circles are used to
highlight single iodine atoms. HAADF-STEM image and corresponding
mapping images and line-scanning profile (along the highlighted green
line) of Ni, I, and O for b) SANi-I and d) SANi-I96.

Figure 2. a) XRD patterns of SANi-I and SANi-I96. b) K3-weighted c (k)
function of EXAFS spectra. c) Iodine K edge XANES spectra and
(insert) enlarged absorption-edge. d) Nickel L edge XANES spectra.
e) XPS spectra of Ni2p3/2.
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porting Information). No peaks related to nickel iodide were
observed for SANi-I (Figure 2a), which is consistent with the
EDS spectra and HAADF-STEM-EDX line scan and map-
ping analysis. This indicates that SANi-I did not possess an
ordered nickel-iodine structure. The HAADF-STEM image
and XRD pattern of SANi-I reveal that after activation, the
bulk of Ni-I was converted to nickel hydroxide and single
iodine atoms were uniformly dispersed on the nickel hydrox-
ide support. It is interesting to note that SANi-I96 retained its
crystal structure. Peaks of nickel iodide hexahydrate are
observed for C-NiI2 (Figure S8 b, Supporting Information)
while, after activation, C-NiI2 was converted to A-Ni-OH with
predominantly nickel hydroxide and partially nickel oxide
(Figure S8 c, Supporting Information).

Synchrotron-based extended X-ray absorption fine struc-
ture spectroscopy (EXAFS) was employed to elucidate
detailed structural information for SANi-I. The EXAFS
spectra of R space exhibit I�O coordination at 1.47 � for
SANi-I and 1.45 � for SANi-I96,[27] and I�Ni coordination at
2.70 � for SANi-I and SANi-I96 (Figure 2 b), indicating the
robust structural stability of SANi-I. No I�I coordination
(2.50 �) was observed for SANi-I or SANi-I96, suggesting the
absence of elemental iodine in SANi-I and SANi-I96. For
SANi-I96, the I-O and I-Ni peaks have higher intensity,
indicating a different I-O and I-Ni coordination environment
(Table S1, Supporting Information). For Ni-I and C-NiI2, no I-
O characteristic peak was detected. The EXAFS fitting
results are illustrated in Figure S9, Supporting Information.
Figure 2c shows synchrotron-based X-ray absorption near-
edge structure (XANES) spectra of SANi-I, SANi-I96 and
elemental iodine. The absorption-edge of SANi-I and SANi-
I96 shifts toward higher energy compared with elemental
iodine (inset of Figure 2c), revealing that the charge state of
iodine for SANi-I and SANi-I96 was higher than that for
elemental iodine. This can be attributed to electron transfer
from the iodine atoms to adjacent oxygen atoms. The
XANES spectra of Ni-I and C-NiI2 are shown in
Figure S10, Supporting Information. From the above
results, it is clear that during activation, oxygen atoms
were inserted between the nickel and iodine atoms,
forming I�O bonds. Therefore, the iodine atoms were
isolated by oxygen and formed single iodine sites.
Additionally, nickel L-edge XANES spectra show
that the peak for SANi-I or SANi-I96 locates
between that for Ni-I and A-Ni-OH (Figure 2 d),
revealing that the nickel charge state for SANi-I and
SANi-I96 was situated between that for Ni-I and A-
Ni-OH.[28] X-ray photoelectron spectroscopy (XPS)
was used to study the chemical valence states of the
samples. For SANi-I96, the iodine 3d5/2 peak is at
624.0 eV (Figure S11, Supporting Information),
which is higher than that for Ni-I (619.0 eV) and C-
NiI2 (619.2 eV), suggesting a higher charge state of
iodine.[29] This observation agrees with the XANES
spectra. Ni 2p3/2 XPS spectra show that the peak for
SANi-I and SANi-I96 locates between that for Ni-I
and A-Ni-OH (Figure 2e), which agrees with the
XANES spectra. These results indicate that electron
transfer occurs in Ni-I-O for SANi-I, leading to a high

charge state on the iodine (compared with Ni-I) and
a moderate charge state on the nickel (compared with Ni-I
and A-Ni-OH).

From the aforementioned discussion, it is clear that SANi-
I with atomically dispersed iodine atoms predominantly
consists of nickel hydroxide. Unlike non-metal doping in
which a small amount of non-metal dopants are intentionally
introduced into host materials, SANi-I was formed after
predominant iodine atoms were replaced by oxygen atoms
and hydroxide ions. We propose that 1) iodine single atoms
are located at the interface between the nickel support and
the in situ grown Ni-I precursor, where nickel atoms and
iodine atoms are chemically bonded; 2) the nickel hydroxide
support was formed by the reaction between nickel and
hydroxide ions. Different from Ni-I (Figure S12a, Supporting
Information), no ordered nickel-iodine structure is observed
in SANi-I. Single iodine atoms are bonded to nickel and
oxygen atoms and uniformly dispersed on the nickel hydrox-
ide support (Figure S12b, Supporting Information).

SANi-I was then applied as an electrocatalyst for the
HER to evaluate its performance as a non-metal single atom
catalyst. The HER activity of SANi-I was assessed by directly
using SANi-I as the working electrode in Ar-saturated 1.0m
KOH solution in a three-electrode cell. A-Ni-OH, Pt-C
loaded on Ni foam (Pt-C/Ni) and bare Ni foam were also
prepared to evaluate their HER electrocatalytic performance
for comparison. The linear sweep voltammetry (LSV) curve
demonstrates that SANi-I exhibited substantially high elec-
trocatalytic activity (Figure 3a). A 100 mAcm�2 current
density was achieved at an overpotential of 60 mV, which
was lower than those for Pt-C (61 mV) and A-Ni-OH
(285 mV). Since the nickel hydroxide in our study exhibits
inferior electrocatalytic performance, the superior HER
performance of SANi-I is attributed to atomically dispersed
iodine atoms. A comparative summary of the electrocatalytic

Figure 3. a) HER performance of SANi-I, A-Ni-OH, Pt-C/Ni and Ni foam.
b) Corresponding Tafel plots with associated linear fittings. c) Cycle stability of
SANi-I and (inset) time-dependent overpotential of SANi-I under constant
current density without iR correction. d) Overall water splitting electrocatalytic
activity of Ir-C//SANi-I, Ir-C//A-Ni-OH, Ir-C//Pt-C and Ir-C//Ni foam.
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performance of state-of-the-art HER electrocatalysts in
recent reports is presented in Table S2, Supporting Informa-
tion. SANi-I demonstrated favorable electrocatalytic activity
among most active non-noble metal based electrocatalysts,
such as nickel phosphide nanoparticles in N-doped porous
carbon nanofibers (205 mV),[30] NiFe layered double hydrox-
ide nanosheet shells on Cu nanowire cores (192 mV),[31]

SrCo0.85Fe0.1P0.05O3�d nanofilm deposited onto nickel foam
(260 mV),[32] indicating the potential practical value of this
catalyst.

The HER kinetics for these electrodes was assessed by
Tafel plots (Figure 3b). The Tafel slope for SANi-I was
34.6 mVdec�1, which is comparable to that of Pt-C/Ni
and is smaller than that of A-Ni-OH (121.5 mVdec�1),
indicating faster HER kinetics for SANi-I and a differ-
ent rate limiting step. A Tafel slope close to
30 mVdec�1 suggests that the HER on SANi-I might
have proceeded via a Volmer—Tafel mechanism with
the Tafel step being rate limiting. Electrochemical
impedance spectroscopy (EIS) was applied to further
analyze the HER kinetics (Figure S13, Supporting
information). The calculated resistance of SANi-I
(5.9 W) is significantly lower than that of A-Ni-OH
(25.5 W), indicating more rapid charge transfer within
SANi-I.

The electrochemical active surface areas (ECSA)
of SANi-I and A-Ni-OH were measured by calculat-
ing the electrochemical double-layer capacitance (Cdl) to
obtain insight into electrocatalytic sites. SANi-I possessed
a Cdl of 607.13 mFcm�2 (Figure S14, Supporting information),
which was much higher than that of A-Ni-OH (5.53 mF cm�2).
This indicates that SANi-I had abundant electrocatalytic
active sites, which we attribute to the atomic-level dispersion
of iodine atoms and adjacent nickel atoms with moderate
charge state.

SANi-I showed remarkable stability during HER testing.
The LSV curve of SANi-I for the HER after 10000 potential
cycles was similar to the initial one (Figure 3c), with
negligible loss of cathodic current. SANi-I also exhibited
good long-term operating stability at 20 mAcm�2 (inset of
Figure 3c) during chronopotentiometry. The overpotential
exhibits an initial increase without significant variation from
the 8th h to the 24th h, suggesting good durability under the
testing conditions. Chronoamperometry at a constant poten-
tial of �0.06 V (vs. RHE) was also applied to measure the
stability of SANi-I. In each chronoamperometric test, the
current density exhibits an initial decrease without significant
variation from the 4th h to the 24th h (Figure S15a, Support-
ing Information). However, the LSV curves of SANi-I for the
HER after four 24 h chronoamperometric tests are similar to
the initial one (Figure S15b, Supporting Information), indi-
cating its excellent stability.

Based on current studies, it can be reasonably anticipated
that SANi-I acts as a highly efficient electrocatalyst for
practical H2 production. Therefore, a two-electrode electro-
lyzer in 1.0m KOH was established overall water electrolysis
by integrating Ir-C loaded on Ni foam and SANi-I as the
anode and cathode, respectively (denoted as Ir-C//SANi-I).
Ir-C//A-Ni-OH, Ir-C//Pt-C and Ir-C//Ni foam were also

prepared for comparison. The LSV curves of Ir-C//SANi-I,
Ir-C// A-Ni-OH, Ir-C//Pt-C and Ir-C//Ni foam for overall
water splitting demonstrate that Ir-C//SANi-I exhibited the
highest electrocatalytic activity (Figure 3d). The current
density achieved at a potential of 1.8 V for Ir-C//SANi-I is
408 mAcm�2, higher than that for Ir-C//A-Ni-OH
(23 mA cm�2), Ir-C//Pt-C (154 mAcm�2) and Ir-C//Ni foam
(24 mA cm�2).

To obtain a profound insight into the HER mechanism,
in situ Raman spectroscopy was employed to study the
reaction intermediates and possible role of single atom iodine
in SANi-I (Figure 4). No peaks were detected on either SANi-

I and A-Ni-OH when the samples were at open circuit
potential (OCP). For SANi-I, no peak was detected at
a potential of 0.035 V (vs. RHE), which is more positive than
HER thermodynamic potential. A broad peak at approx-
imately 2460 cm�1 was observed at a potential of �0.015 and
�0.065 V (vs. RHE) (Figure 4 a), which is attributed to an I-H
vibrational band.[33] The peak intensity increases when more
negative potentials were applied (from �0.015 V to �0.065 V
vs. RHE). When�0.015 V (vs. RHE) was reversely applied to
SANi-I, the I-H characteristic peak overlaps with the previous
one. Therefore, the results suggest that an I-Hads intermediate
was formed on the catalyst during the HER and is a pathway
relevant intermediate.[34] For A-Ni-OH, no such peak was
observed when potential was applied (Figure 4b). Therefore,
the above experimental results demonstrate that the single
iodine atoms can expedite water dissociation and H adsorp-
tion through I�Hads bond formation and enhance the HER
kinetics.

From what has been discussed above, we propose that
efficient dissociative adsorption of water molecules occurs at
single iodine atom and adjacent nickel atom sites, where one
hydrogen in the water molecule is adsorbed by a single iodine
atom and the oxygen/hydroxide is cleaved onto the nickel
atom (Figure S16, Supporting Information). Experimental
evidence supports the existence of an I-Hads intermediate
during the HER process. Therefore, it is reasonable to
propose that efficient dissociative adsorption of water occurs
in the Volmer step, leading to I-Hads intermediates and OH�

adsorbed on the nickel.[35] Subsequently, two Hads atoms
combine to form molecular hydrogen during a rate limiting
Tafel step. It is possible that the moderate electronegativity of
iodine (2.66 on the Pauling scale) grants a balanced hydrogen

Figure 4. In situ Raman spectra of a) SANi-I and b) A-Ni-OH at OCP and
constant potentials (vs. RHE).
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adsorption and desorption. Additionally, since the electro-
negativity of iodine is smaller than that of oxygen (3.44 on the
Pauling scale), the nickel atom in SANi-I possesses a moder-
ate positive charge state, which is supported by the nickel
XANES (Figure 2d) and XPS (Figure 2e) spectra. In addi-
tion, in situ Raman spectroscopy verified the formation of the
I-Hads intermediate. Furthermore, previous studies confirmed
that OH� can be adsorbed on nickel species through the
strong interaction of the two parts.[35] Consequently, based on
these experimental observations, it can be concluded that
efficient dissociative water adsorption can occur on the
synthesized electrocatalyst: hydrogen is adsorbed on single
iodine atoms and OH� is adsorbed on the adjacent nickel
species.[36]

Conclusion

In summary, we developed a simple synthesis route to
non-metal SAC catalyst (SANi-I) and explored its use as
a highly efficient electrocatalyst for the HER. Atomically
dispersed iodine and the structure of SANi-I were confirmed
by HAADF-STEM and synchrotron-based XAS. The resul-
tant SANi-I possessed superior structural stability and
exhibited extraordinary electrocatalytic HER activity. The
electrocatalytic mechanism was explored by in situ Raman
spectroscopy which suggested that the single iodine atoms
and adjacent nickel can accelerate the dissociative adsorption
of water via the formation of the I-Hads intermediate. This
work provides new opportunities for the development of
SACs for advanced energy conversion.
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Experimental Procedures 

Chemicals: Nickel foam (thickness 1.6 mm, 95%), iodine (≥99.8%), nickel iodide powder (98%), nickel 

hydroxide (99%), potassium hydroxide (90%), and ethyl alcohol (anhydrous, ≥99.5%) were purchased 

from Sigma-Aldrich and used without further purification except for the nickel foam. Milli-Q water (18.2 

M Ωcm, PURELAB Option-Q) was used in all experiments. The nickel foams were washed with dilute 

HCl, acetone, ethanol and ultrapure water, and dried in vacuum at 298 K before use. The commercial 

Pt/C catalyst contains 20 wt% ~3 nm platinum nanoparticles. 

Synthesis of Nickel Iodide (Ni-I) precursor: The Ni-I electrode was fabricated by a facile one-step 

calcination of nickel foam with ground iodine powder in a vacuum sealed ampoule. In a typical synthesis, 

a pre-cleaned piece of Ni foam (20.65 mg, 1.5 cm × 0.3 cm × 1.6 cm, length × width × height) and I 

powder (51.63 mg) were sealed in ampoule under vacuum and then calcined at 500 °C for 5 h. Heating 

rate was 5 °C min-1 and the cooling process took place naturally. The mass ratio of Ni foam and I powder 

was 1:2.5. The as-synthesized nickel iodide electrode was denoted as Ni-I. The Ni-I was washed by ethyl 

alcohol (anhydrous) before use. The loading of nickel iodide in Ni-I was calculated to be 63.57 mg. 

Synthesis of Single Atom Ni-I (SANi-I) electrode: The as-prepared Ni-I electrode was immersed in 1.0 

M KOH and 80 segments of cyclic voltammetry (CV) were applied to the Ni-I electrode to yield SANi-

I. The scan range was -0.6 to 0 V versus RHE at a scan rate of 100 mV s-1. The as-prepared SANi-I was 

washed carefully several times by Milli-Q water and anhydrous alcohol and dried under vacuum at 25 °C. 

The calculated iodine loading is 0.48 mg cm-2. 

Fabrication of Commercial Nickel Iodide Loaded Electrode (C-NiI2): 200 mg of commercial nickel 

iodide was dispersed in 1 mL 2% Nafion aqueous solution, followed by sonication for 30 min to obtain a 

homogeneous catalyst solution. 160 μL of the catalyst ink was loaded on the surface of pre-cleaned Ni 

foam (surface area: 0.5 cm2). The as-prepared C-NiI2 electrode was dried at 40 °C under vacuum. The 

overall loading amount was 64 mg cm-2. 

Synthesis of Activated nickel hydroxide (A-Ni-OH) Electrode: The as-prepared C-NiI2 electrode was 

immersed in 1.0 M KOH and 80 segments of CV were applied to the C-NiI2 electrode to yield A-Ni-OH. 

The scan range was -0.6 to 0 V versus RHE at a scan rate of 100 mV s-1. The as-prepared A-Ni-OH was 

washed carefully several times with Milli-Q water and anhydrous alcohol and dried under vacuum at 

25 °C. 

Fabrication of Pt-C and Ir-C Loaded Electrodes: 10 mg Pt/C or 8 mg Ir/C were dispersed in 1 mL 2% 

Nafion aqueous solution, followed by sonication for 30 min to obtain a homogeneous catalyst ink. 125 
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μL catalyst ink was loaded on the surface of pre-cleaned Ni foam (surface area: 0.5 cm2). The as-prepared 

electrodes were dried at 40 °C under vacuum. The overall loading amount was 2.5 mg cm-2 for the Pt/C 

electrode and 2 mg cm-2 for the Ir/C electrode. 

96 h stability test: The 96 h stability test was realized via four individual chronoamperometric HER tests 

whereby an overpotential of 60 mV was applied for 24 h. After each chronoamperometric operation, a 

cyclic voltammetry (CV) cycle was applied to regenerate SANi-I. Afterwards, an LSV was run to record 

the electrocatalytic activity of SANi-I after the chronoamperometric test and regeneration. The whole 

process was repeated four times. The single atom nickel iodide (SANi-I) after the 96 h stability test is 

denoted SANi-I96. 

Electrochemical measurements: HER measurements were performed on a 760 E potentiostat (CH 

Instruments, Inc., USA) using a conventional three-electrode system with a graphite rod as the counter 

electrode and Ag/AgCl in 4 M KCl solution as the reference electrode. The current density was 

normalized to the geometrical surface area and the measured potentials versus Ag/AgCl were converted 

to the reversible hydrogen electrode (RHE) scale according to the Nernst equation: 

ERHE = EAg/AgCl + 0.059 × pH + 0.205                                                                           (1) 

A flow of Ar was maintained over the electrolyte during electrochemical measurements. 80 segments 

of CV were applied to the working electrodes to stabilize signals. Then the data for linear sweep 

voltammetry (LSV) curves were collected in the range of -0.6 to 0 V (versus RHE) for HER at a slow 

scan rate of 2 mV s−1 to minimize the capacitive current and corrected for the ohmic potential drop (iR) 

contribution within the cell. The cycle stability test was carried out by continuously cycling the potential 

in the potential window of -0.6 to 0 V (versus RHE) at a scan rate of 100 mV s−1. After potential cycling, 

the LSV curve was recorded at a scan rate of 2 mV s−1 with iR correction. The time-dependent 

overpotential stability test was carried out by maintaining a constant current at 9 mA for 24 h. The time-

dependent current density durability test was conducted by using controlled-potential electrolysis method 

without iR compensation. To evaluate the electrochemical active surface areas (ECSA), CV was 

conducted from 0.265 to 0.315 V (versus RHE) for SANi-I and 0.493 to 0.543 V (versus RHE) for A-Ni-

OH in Ar-saturated 1.0 M KOH aqueous solution. Electrochemical impedance spectroscopy (EIS) was 

performed at -0.019 V (versus RHE) with a frequency from 0.01 to 100k Hz and amplitude of 5 mV. The 

Tafel slope was calculated according to Tafel equation as follows: 

η= blog( j/j0 )                                                                                                                 (2) 
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where η denotes the overpotential, b denotes the Tafel slope, j denotes the current density, and j0 denotes 

the exchange current density. The onset potential was determined based on the starting point of the linear 

region in the Tafel plot. The overpotential was calculated as follows” 

η = E (vs. RHE) – E0 (vs. RHE)                                                                                    (3) 

where E denotes the actual applied potential and E0 denotes the reversible potential of the reaction. E0 is 

0 V versus RHE for the HER. 

In-situ Raman test: A piece of SANi-I electrode was flattened until thin, cut into a 4 x 5 mm piece and 

attached to the screen-printed electrode by electrically conductive adhesive. The screen-printed electrode 

was connected to a 760E potentiostat and then laid flat and clipped to a microscope slide. 100 μl of Ar-

saturated 1.0 M KOH was pipetted on the working end of the electrode and a No. 1 thickness cover glass 

was placed on top. A Nd:YAG laser (532 nm, Mpc 3000, Laser Quantum) and an 1800 g cm-1 grating 

was used in all experiments. For a typical measurement, 40 CV cycles between -1.2 and -1.8 V vs. 

Ag/AgCl were first performed to obtain a stable current response. The electrolyte was then changed and 

Raman spectra were collected at open circuit potential (OCP) and during chronoamperometry at various 

potentials after 5 minutes. The potentials could not be extended to more negative range as the Raman 

signals were greatly interfered by the evolution of hydrogen gas bubbles. All potentials discussed in the 

results were given against the reversible hydrogen electrode (RHE). Conversion of the reference potential 

from the screen-printed electrode (Ag/AgCl) to RHE was calibrated against an external Ag/AgCl 

electrode and calculated using the following equation: 

ERHE = EAg/AgCl + 0.059 × pH+ 0.409                                                                     (4) 

Characterizations: Atomic-resolution high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) images and energy dispersive spectra (EDS) were taken using a FEI Titan 

Cubed Themis G2 300 S/TEM with a probe corrector and a monochromator at 200 kV. Scanning electron 

microscopy (SEM) images and EDS were collected on the FEI Quanta 450 at high vacuum with an 

accelerating voltage of 30 kV. Elemental composition was recorded on the FEI Quanta 450 using a silicon 

drift detector energy-dispersive X-ray spectroscopy (SDDEDS). X-ray diffraction (XRD) patterns were 

collected on a powder X-ray diffractometer at 40 kV and 15 mA using Co-Kα radiation (Miniflex, Rigaku). 

X-ray photoelectron spectra (XPS) were obtained using an Axis Ultra (Kratos Analytical, UK) XPS 

spectrometer equipped with an Al Kα source (1486.6 eV). The I K-edge XAFS measurements were 

conducted at the Shanghai Synchrotron Radiation Facility (SSRF). The X-ray was monochromatized by 

a double-crystal Si(311) monochromator. XAFS data was analyzed with the WinXAS3.1 program.[S1] 

Theoretical amplitudes and phase-shift functions were calculated with the FEFF8.2 code.[S2] The 
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synchrotron-based nickel L-edge XANES spectra were collected on the soft X-ray spectroscopy at the 

Australian Synchrotron, which is equipped with a hemispherical electron analyzer and a microchannel 

plate detector that enables simultaneous recording of the total electron yield and partial electron yield. 

The raw XANES data were normalized to the photoelectron current of the photon beam, measured on an 

Au grid. In-situ Raman spectroscopy was performed using a confocal Raman microscope (Horiba 

LabRAM HR Evolution) with a 50X (0.5 N.A) long working distance objective (Olympus). Screen-

printed electrodes (Pine Research Instrumentation, RRPE1002C) were employed for in situ tests. These 

screen-printed electrodes use a 4 x 5 mm carbon working electrode, Ag/AgCl reference electrode, and 

carbon counter electrode. 
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Supplementary Results 

 

Figure S1. SEM image, (inset) corresponding EDS and elemental distribution mapping of Ni-I. 
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Figure S2. a) HRTEM image of Ni-I. b) TEM image of Ni-I and (inset) corresponding SAED pattern. c) 

Nickel and d) iodine elemental distribution mapping of Ni-I. 

 

Figure S3. SEM image, (inset) corresponding EDS and elemental distribution mapping of SANi-I. 
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Figure S4. a) Highlighted single iodine atoms. b), c) and d) Corresponding intensity profiles. 

 

Figure S5. SEM image, (inset) corresponding EDS and elemental distribution mapping of SANi-I96. 
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Figure S6. SEM image, (inset) corresponding EDS and elemental distribution mapping of C-NiI2. 

 

 

Figure S7. SEM image, (inset) corresponding EDS and elemental distribution mapping of A-Ni-OH. 
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Figure S8. XRD patterns of a) Ni-I, b) C-NiI2 and c) A-Ni-OH. 
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Figure S9. EXAFS fitting results of a) SANi-I, b) SANi-I96, c) Ni-I, d) C-NiI2 and e) I2. 

 

 

 

Figure S10. Iodine K-edge XANES spectra. 
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Figure S11. Iodine 3d XPS spectra of SANi-I96, Ni-I and C-NiI2. 

 

 

 

 

Figure S12. Schematic structure of a) nickel iodide with ordered nickel-iodine structure and b) SANi-I. 
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Figure S13. Nyquist plots of SANi-I and A-Ni-OH electrodes in 1.0 M KOH with an applied potential 

of -0.019 V (vs. RHE). 

 

Figure S14. The double-layer region by CV measurement with scan rates ranging from 1 to 10 mV s-1 in 

1.0 M KOH for a) SANi-I and c) A-Ni-OH. Fitting of charging current density with different scan rates 

for b) SANi-I and d) A-Ni-OH. 
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Figure S15. a) Chronoamperometric stability test for SANi-I at a constant overpotential of -0.06 V (vs 

RHE) in the 1st, 2nd, 3rd and 4th day. b) HER performance of SANi-I after each individual stability test. 

 

 

 

 

Figure S16. Schematic illustration of water adsorption and water activation on SANi-I. 
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Table S1. Structural parameters extracted from the I K-edge EXAFS fitting. 

Sample Scattering 

pair 

Coordination 

number 

Bond 

length 

(Å) 

σ2 (10-3 

Å2) 

SANi-I I-O 2.5 1.90 7.6 

 I-Ni 3.1 3.06 6.7 

SANi-

I96 

I-O 5.6 1.85 2.5 

 I-Ni 4.7 3.04 4.1 

Ni-I I-I 10.1 3.86 18.4 

 I-Ni 2.6 2.72 8.8 

C-NiI2 I-I 12* 3.88 17.8 

 I-Ni 3* 2.72 8.0 

I I-I 1* 2.72 2.5 

σ2 is Debye-Waller factor (a measure of thermal and static disorder in absorber-scatterer distances). Error 

bounds (accuracies) were estimated as Coordination number, ±10%; Bond length, ±1%; σ2, ±10%. * is 

fixed coordination number according to the standard crystal structure. 
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Table S2. HER performance comparison between SANi-I and recently reported electrocatalysts in 

alkaline media. 

Electrocatalysts Electrolyte j, 

mA cm-2 

η required, 

mV 

Tafel slop, 

mV dec-1 

Reference 

SANi-I 1.0 M KOH 100 60 34.6 This work 

Ni2P@NPCNFs 1.0 M KOH 100 205 79.7 S3 

Ni3N/Ni/NF 1.0 M KOH 100 64 29.3 S4 

SCFP-NF 1.0 M KOH 100 260 108 S5 

NixCo3-xS4/Ni3S2/NF 1.0 M KOH 100 258 95 S6 

NS-MnO2 1.0 M KOH 100 350 62 S7 

Cu@NiFe LDH 1.0 M KOH 100 192 58.9 S8 

MoS2-Ni3S2 

HNRs/NF 

1.0 M KOH 100 191 61 S9 

Co1Mn1CH/NF 1.0 M KOH 100 328 N/A S10 

Ni12P5/NF 1.0 M KOH 100 290 N/A S11 

Ni2P5/NF 1.0 M KOH 100 215 N/A S11 

Ni0.89Co0.11Se2 

MNSN/NF 

1.0 M KOH 100 160 52 S12 

N-Ni3S2/NF 1.0 M KOH 100 230 N/A S13 

Ni-C-N nanosheets 1.0 M KOH 100 110 40 S14 

MoOx/Ni3S2/NF 1.0 M KOH 100 224 90 S15 

Hierarchical 

NiCo2O4 Hollow 

Microcuboids 

1.0 M KOH 100 245 49.7 S16 
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Chapter 6 Contemporaneous Oxidation State Manipulation 

to Accelerate Intermediates Desorption for Overall Water 

Electrolysis 

6.1 Introduction and Significance 

The development of bifunctional cobalt nitride and sulfide (CoNS) electrocatalysts for 

overall water electrolysis with high activity and stability is preferable for 

commercialized hydrogen production and yet remains challenging. The oxidation state 

of cobalt, nitrogen and sulfur in the CoNS electrocatalysts plays a significant role in 

accelerating desorption of intermediates for the oxygen evolution reaction (OER) and 

hydrogen evolution reaction (HER), which further improves the sluggish kinetics for 

electrochemical water electrolysis. However, conventional preparations did not provide 

a simple pathway to contemporaneously manipulate the oxidation state of Co, N and S. 

Consequently, it is imperative to develop a simple method to simultaneously tailor Co, 

N and S oxidation state and to accelerate the kinetics for overall water electrolysis. Here, 

contemporaneous manipulation of Co, N and S oxidation state and accelerated 

desorption of intermediates were realized by one-step calcination in vacuum-sealed 

ampoule, electrocatalytic mechanism was proposed, and the as-prepared CoNS 

electrodes exhibited excellent electrocatalytic performance for overall water 

electrolysis under neutral condition. The highlights of this work include: 

 The contemporaneous manipulation of Co, N and S oxidation state was realized 

via simple synthesis of CoNS, in which cobalt foil was activated by hydrochloric 

acid to prepare activated cobalt (ACo) and afterwards ACo was sealed with 

thiourea in an evacuated ampoule to synthesize CoNS. 

 The oxidation state analyses via X-ray photoelectron spectroscopy reveal that low 

Co oxidation state favors the OER while high N and S oxidation state promotes the 

HER, indicating that the water splitting process for this electrocatalyst is kinetically 

governed by the desorption of intermediates. 

 A 100 mA cm−2 OER current density is achieved for CoNS at an overpotential of 

101



275 mV, which is lower than that for benchmark Ir/C (374 mV) in 1.0 M KOH. A 

4.5 mA cm-2 current density at a voltage of 1.8 V is achieved for CoNS based 

overall electrolysis in neutral buffer solution (pH = 7.4), which is higher than that 

for novel-metal based system at the same voltage (3.4 mA cm-2). 

6.2 Contemporaneous Oxidation State Manipulation to Accelerate 

Intermediates Desorption for Overall Water Electrolysis 

This chapter is included as it appears as a journal paper by Yongqiang Zhao, Bo Jin, 

Anthony Vasileff, Yan Jiao and Shi-Zhang Qiao, Chemical Communications 2019, 

DOI: 10.1039/C9CC04231H. 
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Contemporaneous oxidation state manipulation to
accelerate intermediate desorption for overall
water electrolysis†

Yongqiang Zhao, Bo Jin, Anthony Vasileff, Yan Jiao and Shi-Zhang Qiao *

Contemporaneous oxidation state engineering of Co, N and S for

cobalt nitride and sulfide electrocatalysts is demonstrated to facili-

tate intermediate desorption for both the oxygen evolution reaction

and the hydrogen evolution reaction, leading to efficient overall water

electrolysis in a neutral buffer electrolyte.

Oxygen and hydrogen production via water electrolysis has long
been regarded as one of the most attractive sustainable techno-
logies, in which oxygen is produced through the oxygen evolution
reaction (OER) at the anode and hydrogen is produced via the
hydrogen evolution reaction (HER) at the cathode.1–5 However,
both the OER and HER are kinetically sluggish.6 Efficient electro-
catalysts, predominantly extortionate noble-metal based materials
such as Ru/Ir-based materials for the OER7 and Pt-based electro-
catalysts for the HER,8 are required to accelerate these two reactions.
This limits the large-scale application of water electrolysis.

Recently, non-precious metal and non-metal electrocatalysts
have been considered to be promising candidates for water
electrolysis.9–13 These materials include transition metal borides/
carbides/nitrides/phosphides/oxides/chalcogenides14–22 and carbon-
based electrocatalysts.23 Particularly, highly efficient bifunctional
electrocatalysts that simultaneously facilitate the OER and the
HER in the same electrolyte need to be developed for improving
the overall water electrolysis efficiency. It has been discovered that
the electrocatalytic performance can be modulated by manipu-
lating the oxidation state of metal and non-metal components
in bifunctional electrocatalysts.24,25 However, common synthesis
methods fail to simultaneously manipulate the oxidation state of
metal and non-metal components in bifunctional electrocatalysts.
Therefore, contemporaneous manipulation of the oxidation state
of metal and non-metal components in bifunctional electro-
catalysts is of great significance for accelerating the performance
of overall water electrolysis.

Herein, we demonstrate a simple strategy to simultaneously
tailor the oxidation state of metal (cobalt) and non-metal
components (nitrogen and sulfur) in cobalt nitride and sulfide
electrocatalysts. Cobalt foil was first activated using hydrochloric
acid, leading to activated cobalt oxide hydroxide (ACo). The ACo
was then sealed with thiourea in an evacuated ampoule to
prepare cobalt nitride and sulfide (CoNS). The oxidation states
of Co, N and S in the CoNS electrocatalysts were contempor-
aneously manipulated by controlling the mass ratio of Co foil
to thiourea. It was discovered that the low Co oxidation state
favors the OER performance while the high N and S oxidation
states promote the HER activity, indicating that the water
splitting process for this electrocatalyst is kinetically governed
by the desorption of intermediates.26,27 Inspired by the significant
electrocatalytic capability, the as-synthesized CoNS electrodes
were used as both anodes and cathodes for overall water
electrolysis. The results show that CoNS electrodes exhibit
greater electrocatalytic activity at low overpotentials in a neutral
electrolyte than the novel metal system. It is concluded that the
simple manipulation of the oxidation state and the novel
design of CoNS can provide a promising pathway for promoting
the neutral water electrolysis performance and reducing the
cost of hydrogen production.

The contemporaneous manipulation of Co, N and S oxida-
tion states was realized via simple synthesis of CoNS, in which
cobalt foil was activated using hydrochloric acid to prepare ACo
and afterwards ACo was sealed with thiourea in an evacuated
ampoule to synthesize CoNS (see Experimental details, ESI†).
During the activation, the inert cobalt oxide layer and cobalt on
the surface were dissolved and the highly active cobalt atoms
beneath were exposed. These active cobalt atoms were sub-
sequently oxidized by the dissolved oxygen in water, forming ACo.
Volatile nitrogen- and sulfur-containing species were formed
when thiourea was thermally decomposed and reacted with
ACo to form CoNS. The high gaseous pressure of nitrogen and
sulfur-containing species in the ampoule can benefit the nitrida-
tion and sulfurization of CoNS. The X-ray diffraction (XRD)
pattern (Fig. S1, ESI†) indicates that ACo consists of cobalt oxide
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hydroxide (CoOOH). Co peaks of the cobalt foil are also
observed. After activation, the stripped surface of cobalt foil
(Fig. S2a, ESI†) was covered with flake-shaped CoOOH (Fig. S2b,
ESI†). The enlarged scanning electron microscopy (SEM) image
and the energy dispersive spectra (EDS) (Fig. S3, ESI†) reveal that
ACo consists of bulk CoOOH crystals with a uniform distribution
of Co (99.5 wt%) and O (0.5 wt%). A variety of ACo to thiourea
mass ratios, i.e., 1 : 0.05, 1 : 0.09, 1 : 0.14, 1 : 0.21, and 1 : 0.35,
were employed for the preparation of CoNS. In the order of a
small to large ACo to thiourea mass ratio, the as-prepared CoNS
were denoted as CoNS1, CoNS2, CoNS3, CoNS4, and CoNS5,
respectively. Among them, CoNS3 exhibited the best OER
electrocatalytic activity and CoNS2 showed optimal HER perfor-
mance. The XRD patterns are closely indexed to Co2N and Co9S8

for both CoNS3 (Fig. 1a) and CoNS2 (Fig. 1b). The SEM images
and the EDS of CoNS3 (Fig. S4, ESI†) and CoNS2 (Fig. S5, ESI†)
reveal that both electrocatalysts consist of bulk crystals with
uniform elemental distribution, with 92.2 wt% Co, 0.2 wt% O,
4.2 wt% N and 3.4 wt% S for CoNS3, and 93.6 wt% Co, 0.2 wt%
O, 1.5 wt% N and 4.7 wt% S for CoNS2. Both the nitrogen and
sulfur contents are manipulated. The transmission electron
microscopy (TEM) and selective area electron diffraction (SAED)
images disclose the polycrystalline nature of CoNS3 (Fig. 1c) and
CoNS2 (Fig. 1d), which agrees with the XRD patterns. The
scanning transmission electron microscopy (STEM) images show
clear lattice fringes of Co2N with lattice fringes of 0.213 and
0.211 nm for CoNS3 (Fig. 1e) and CoNS2 (Fig. 1f), respectively.
Well-resolved lattice fringes of the Co9S8(311) plane (0.301 nm)
for CoNS3 (Fig. 1g) and the Co9S8(111) plane (0.573 nm) for
CoNS2 (Fig. 1h) are also observed. The above results strongly
support the formation of Co2N and Co9S8 for both CoNS3 and
CoNS2 electrodes.

The oxidation state of Co, N and S was analyzed by X-ray
photoelectron spectroscopy (XPS). The XPS survey spectra show
the presence of Co and O in ACo (Fig. S6, ESI†) and Co, O, N
and S in CoNS3 and CoNS2 (Fig. 2a). The binding energy of
Co 2p3/2 for CoNS3, CoNS2 and ACo is 778.18, 778.48 and
780.00 eV, respectively, and that of Co 2p1/2 for CoNS3, CoNS2
and ACo is 793.18, 793.48 and 796.88 eV, respectively (Fig. 2b).
It can be seen that the Co 2p3/2 and 2p1/2 peaks for CoNS3 shift

0.3 eV towards low energy compared with those for CoNS2. The
N 1s peak for CoNS3 is at 398.48 eV, which is 0.1 eV lower than
that for CoNS2 (398.58 eV) (Fig. 2c). The S 2p3/2 and 2p1/2 peaks
for CoNS3 shift 0.4 eV towards low energy compared with those
for CoNS2 (Fig. 2d). The XPS results suggest that CoNS3
possesses lower Co, N and S oxidation states than CoNS2.

The OER activity of CoNS3 and CoNS2 was determined by
directly using the as-prepared electrocatalyst as the working
electrode in 1.0 M KOH aqueous solution. For comparison,
ACo, cobalt foil and Ir–C loaded on Ni foam (Ni/Ir–C) were
prepared. The linear sweep voltammetry (LSV) curves (Fig. 3a)
display that a 100 mA cm�2 current density was obtained at an
overpotential of 275 mV for CoNS3, which was lower than those
for CoNS2 (353 mV), ACo (522 mV), cobalt foil (500 mV) and
Ir–C (374 mV). A comparative summary of the electrocatalytic
activities of state-of-the-art OER catalysts reported recently is
presented in Table S1 in the ESI.† CoNS3 demonstrated a more
favorable electrocatalytic activity compared to the most active
non-noble metal based electrocatalysts, such as MoS2 nanosheet
coupled NiS nanocuboids (475 mV),28 heterostructured nano-
sheet arrays of nickel–cobalt phosphide and graphene quantum
dot hybrids (400 mV)29 and nickel/carbon composites loaded
on nickel foam (460 mV).30 The Tafel slope for CoNS3 was
109.1 mV dec�1 (Fig. 3b), which is smaller than those for
CoNS2 (144.4 mV dec�1), ACo (124.8 mV dec�1) and Ni/Ir–C
(109.5 mV dec�1), indicating more favorable OER kinetics.
CoNS3 displayed stable electrocatalytic performance for 3000
OER cycles (Fig. 3c) and negligible degradation of the current
density during 12 h of operation (inset of Fig. 3c). The XRD
pattern of CoNS3 after the cycle stability test (Fig. S7a, ESI†)
showed that CoNS3 was structurally stable under the operating
conditions.

The catalytic activity for the HER was determined in an
identical electrolyte to that of the OER. ACo, bare cobalt foil and
Pt–C loaded on Ni foam (Pt/Ir–C) were selected for comparison.
The LSV curves (Fig. 3d) show that 100 mA cm�2 current density

Fig. 1 XRD patterns of (a) CoNS3 and (b) CoNS2. TEM images and (inset)
the corresponding SAED patterns of (c) CoNS3 and (d) CoNS2. STEM
images of the Co2N(111) plane for (e) CoNS3 and (f) CoNS2. STEM images
of the (g) Co9S8(311) plane for CoNS3 and (h) the Co9S8(111) plane for
CoNS2.

Fig. 2 (a) XPS survey spectra for CoNS3 and CoNS2. (b) XPS spectra of Co
2p for CoNS3, CoNS2 and ACo. XPS spectra of (c) N 1s and (d) S 2p for
CoNS3 and CoNS2.
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was obtained at an overpotential of 335 mV for CoNS2, which
was lower than those for CoNS3 (399 mV), ACo (484 mV) and
cobalt foil (434 mV). A comparative summary of the HER
electrocatalytic performance of state-of-the-art catalysts reported
in recent studies is presented in Table S2 in the ESI.† The
electrocatalytic activity of CoNS2 is comparable to those of
the most active non-noble metal based electrocatalysts, such
as Ni0.75Co0.25P supported on N-doped carbon (360 mV),31

Ni3(S0.25Se0.75)2@NiOOH (400 mV)32 and Ni1Co1P nanowires
(397 mV).33 The Tafel slope for CoNS2 was 141.1 mV dec�1

(Fig. 3e), which is lower than those for CoNS3 (147.3 mV dec�1)
and ACo (165.7 mV dec�1), indicating more favorable HER
kinetics. CoNS2 exhibited stable electrocatalytic performance
for 3000 HER cycles (Fig. 3f) and negligible degradation of the
current density during 12 h of operation (inset of Fig. 3f). The
XRD pattern of CoNS2 after the cycle stability test (Fig. S7b,
ESI†) indicates that CoNS2 is structurally stable, demonstrating
its potential value as an electrocatalyst.

The OER and HER kinetics were further analyzed through
electrochemical impedance spectroscopy. For the OER, the
Nyquist plots of CoNS3 display a semicircle in the low-frequency
range (an indicator of the charge transfer resistance of the
catalysts). The calculated resistance of CoNS3 (12.32 O) (Fig. S8a,
ESI†) is smaller than that of ACo (195.8 O) (Fig. S8b, ESI†),
indicating favorable charge transfer for CoNS3 in the OER. For

the HER, The calculated resistance of CoNS2 (11.62 O) (Fig. S8c,
ESI†) is smaller than that of ACo (34.5 O) (Fig. S8d, ESI†),
indicating favorable charge transfer for CoNS2 in the HER.

The electrochemical active surface areas of CoNS3, CoNS2
and ACo were measured by calculating the electrochemical
double-layer capacitance (Cdl) to obtain profound insight into
electrocatalytic sites. CoNS3 exhibits a Cdl of 24.87 mF cm�2

(Fig. S9a and b, ESI†), which is much higher than that of ACo
(0.79 mF cm�2) in the same potential range (Fig. S9c and d,
ESI†). Similarly, CoNS2 exhibits a Cdl of 32.63 mF cm�2

(Fig. S9e and f, ESI†), which is much higher than that of ACo
(4.41 mF cm�2) in the same potential range (Fig. S9g and h,
ESI†). This indicates that CoNS3 and CoNS2 possess abundant
electrocatalytic sites.

Based on the aforementioned results and discussion, we
present our understanding of the mechanism for the OER and
HER. The OER mechanism can be clarified by the widely
accepted five-step mechanism for transition metal electrocata-
lysts [(1) * + OH�- *OH + e�; (2) *OH + OH�- H2O + *O + e�;
(3) *O + OH�- *OOH + e�; (4) *OOH + OH�- *O2 + e�; and
(5) *O2 - * + O2] and the HER process is carried out through a
Volmer (H2O + e� - H* + OH�) � Tafel (2H* - H2) or
Heyrovsky (H2O + e� + H* - H2 + OH�) pathway in alkaline
media.34 Efficient dissociative adsorption of water molecules
occurs at electrocatalytically active Cod+ and Ed� (E = N or S)
sites, followed by OH� adsorption on Cod+ (OER mechanism
step 1) and hydrogen adsorption on Ed� (HER mechanism step 1).
The adsorbed intermediates will then react and form oxygen and
hydrogen. According to the Sabatier principle, the ideal OER and
HER processes require a moderate bond strength between the
electrocatalytically active sites and the adsorbed intermediates.35

If the bond is too weak, the activation of the intermediates on the
active sites will be decelerated. Nevertheless, if the intermediates
strongly bind with the active sites, the available active sites will be
fully occupied, leading to electrocatalyst poisoning. In addition,
it has been reported that the discharge of the HER and OER
intermediates can greatly promote the overall water electrolysis
process.26,27 In our study, CoNS3 with a relatively low cobalt
oxidation state exhibits a superior OER electrocatalytic activity
and CoNS2 with a comparatively high nitrogen and sulfur oxida-
tion state exhibits improved HER performance. Consequently, it is
reasonable to propose that a relatively low oxidation state for Cod+

leads to a moderate bond strength and can facilitate OER inter-
mediate desorption; at the same time, electrochemically active
sites Ed� with a comparatively high oxidation state can moderately
bond with the HER intermediates and accelerate their desorption.
As a result, the overall water electrolysis process is promoted.

Two-electrode electrolyzers in 1.0 M KOH and neutral buffer
solution were established with the integration of CoNS3 and
CoNS2 as the anode and the cathode for overall water electro-
lysis (denoted as CoNS3//CoNS2). Ir–C//Pt–C was also prepared
for comparison. Although the electrocatalytic performance of
Ir–C//Pt–C in 1.0 M KOH electrolyte exceeds that of CoNS3//
CoNS2, the CoNS3//CoNS2 system exhibits better electrocatalytic
activity in neutral buffer solution (Fig. 4a). The current density
obtained at a potential of 1.8 V for CoNS3//CoNS2 is 4.5 mA cm�2,

Fig. 3 (a) OER performance of CoNS3, CoNS2, ACo, and Ir–C in 1.0 M
KOH. (b) Corresponding Tafel plots with associated linear fittings. (c) The
cycle stability of CoNS3 and (inset) the time-dependent current density of
CoNS3 at a constant overpotential of 0.183 V (vs. RHE) in 1.0 M KOH.
(d) HER performance of CoNS3, CoNS2, ACo, and Pt–C in 1.0 M KOH.
(e) Corresponding Tafel plots with associated linear fittings. (f) The cycle
stability of CoNS2 and (inset) the time-dependent current density of
CoNS2 at a constant overpotential of �0.249 V (vs. RHE) in 1.0 M KOH.
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higher than that for Ir–C//Pt–C (3.4 mA cm�2). CoNS3//CoNS2
exhibits stable current density during 12 h of continuous opera-
tion (Fig. 4b).

In summary, we manipulated the electrocatalytic performance
of CoNS by contemporaneously tailoring the oxidation states
of Co, N and S in the electrocatalysts. A current density of
100 mA cm�2 was obtained at an overpotential of 275 mV for
CoNS3 in the OER operation and 335 mV for CoNS2 in the HER
operation, respectively. The overall water splitting electrolyzer
using CoNS3//CoNS2 exhibited a decent cell voltage of 1.8 V to
an output of 4.5 mA cm�2 in neutral buffer solution. Our results
provide a promising strategy for manipulating the oxidation
state and the electrocatalytic performance of electrocatalysts in
energy conversion devices.
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Experimental

Chemicals: Hydrochloric acid (ACS reagent, 37%) and thiourea (≥99.0%) were purchased from 

Sigma-Aldrich and used without further purification. Milli-Q water (18.2 M Ωcm, PURELAB 

Option-Q) was used in all experiments. The cobalt foil (99.95% trace metals basis, thickness 0.01 

cm) was washed with dilute HCl, ultrapure water, acetone, and ethanol, and then dried under vacuum 

at 25 °C before use.

Fabrication of activated cobalt oxide hydroxide (ACo): A pre-cleaned piece of cobalt foil (1.5 cm 

× 0.3 cm × 0.01 cm, length × width × height) and 10 mL of 3 M HCl were sealed in a reagent bottle 

and then heated at 140 °C for 1 h. The cobalt foil was then taken out and washed with water to obtain 

ACo.

Fabrication of cobalt nitride and sulfide (CoNS): The CoNS electrode was fabricated by a one-

step calcination of ACo with thiourea in a vacuum sealed ampoule. In a typical synthesis, a piece of 

ACo and thiourea were sealed in an ampoule under vacuum and then calcinated at 550 °C for 5 h. 

The heating rate was 5 °C min-1 and the cooling process took place naturally. A variety of ACo to 

thiourea mass ratios, i.e., 1:0.05, 1:0.09, 1:0.14, 1:0.21, and 1:0.35, were employed. In the order of 

smallest to largest ACo : thiourea mass ratio, the as-prepared cobalt nitride and sulfide electrodes 

were denoted CoNS1, CoNS2, CoNS3, CoNS4, and CoNS5, respectively. In a typical synthesis, a 

piece of ACo (32.97 mg) is used to synthesize CoNS3. The calculated Co2N is 14.02 mg and Co9S8 

is 3.71 mg. Similarly, a piece of ACo (38.32 mg) is used to synthesize CoNS2. The calculated Co2N 

is 5.80 mg and Co9S8 is 5.88 mg. The CoNS electrodes were washed with ethanol and water and dried 

under vacuum at 25 °C before use.

Fabrication of Pt-C and Ir-C Loaded Electrodes: 4 mg of Pt-C or Ir-C were dispersed in 1 mL of 

water followed by sonication for 30 min to obtain a homogeneous catalyst ink. 150 μL of the catalyst 

ink and 40 μL 2% Nafion solution were loaded in succession on the surface of Ni foam (surface area: 

0.6 cm2). The overall loading amount was 1 mg cm-2.

Electrochemical Characterization: OER and HER measurements were performed on a CHI 760D 

Bipotentiostat (CH Instruments, Inc., USA) in O2 or Ar saturated 1.0 M KOH aqueous solution using 

a conventional three-electrode system with a graphite rod as the counter electrode and Ag/AgCl (4 M 

KCl) as the reference electrode. Overall water splitting measurements were performed in a three-

electrode glass cell. The current density was normalized to the geometric surface area and the 

measured potentials versus Ag/AgCl were converted to the reversible hydrogen electrode (RHE) scale 

according to the Nernst equation:

ERHE = EAg/AgCl + 0.059 × pH + 0.205                               (1)
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The polarization curves were recorded in the range of 1.0-1.8 V vs. RHE for the OER and -0.6 to 0 

V vs. RHE for the HER at a slow scan rate of 5 mV s−1 to minimize the capacitive current. The 

working electrodes were scanned several times until the signals stabilized, and then the data for 

polarization curves were collected and corrected for the iR contribution within the cell. The stability 

test was conducted using a controlled-potential electrolysis method without iR compensation. The 

EIS was obtained by AC impedance spectroscopy within the frequency range from 0.01 to 100 kHz 

in 1.0 M KOH. The equivalent circuit for fitting of the EIS data was achieved with ZView software. 

The Tafel slope was calculated according to Tafel equation as follows:

η = blog( j/j0 )                                                  (2)

where η denotes the overpotential, b denotes the Tafel slope, j denotes the current density, and j0 

denotes the exchange current density. The onset potentials were determined based on the beginning 

of the linear region in the Tafel plots. The overpotential was calculated as follows:

η = E (vs RHE) – Er (vs RHE)                                     (3)

where E denotes the actual applied potential and Er denotes the reversible potential of the reaction. 

Er is 1.23 V versus RHE for the OER and 0 V vs. RHE for the HER. HER η is always negative. The 

electrochemical surface area of the electrodes was related to double layer charging curves using cyclic 

voltammetry in the potential range 0.606 - 0.656 V (vs. RHE) for CoNS3 and ACo, 0.611 - 0.561 V 

(vs. RHE) for CoNS2 and ACo. The double-layer capacitance values were determined from the slope 

of the capacitive current versus the scan rate.

Physicochemical Characterization: The scanning transmission electron microscopy (STEM) 

images and corresponding mapping images were obtained on a FEI Titan Themis 80-200 system. 

Transmission electron microscopy (TEM) images and the selected area electron diffraction (SAED) 

patterns were obtained on a JEOL 2100F microscope at an acceleration voltage of 200 kV. Scanning 

electron microscopy (SEM) images and energy dispersive spectra (EDS) were collected on a FEI 

Quanta 450 at high vacuum with an accelerating voltage of 20 kV. X-ray diffraction (XRD) patterns 

were collected on a powder X-ray diffractometer at 40 kV and 15 mA using Co-Kα radiation 

(Miniflex, Rigaku). X-ray photoelectron spectra (XPS) were obtained using an Axis Ultra (Kratos 

Analytical, UK) XPS spectrometer equipped with an Al Kα source (1486.6 eV).
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Supplementary Results

Fig. S1 XRD pattern of ACo.

Fig. S2 SEM image of (a) cobalt foil and (b) ACo.
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Fig. S3 SEM image and (inset) EDS spectra of ACo and corresponding mapping of cobalt, oxygen 

and overlay.

Fig. S4 SEM image and (inset) EDS spectra of CoNS3 and corresponding mapping of cobalt, oxygen, 

nitrogen, sulfur, and overlay.
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Fig. S5 SEM image and (inset) EDS spectra of CoNS2 and corresponding mapping of cobalt, oxygen, 

nitrogen, sulfur, and overlay.

Fig. S6 XPS survey spectrum of ACo.
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Fig. S7 XRD patterns of (a) CoNS3 and (b) CoNS2 after cycle stability tests.

Fig. S8 Nyquist plots of (a) CoNS3, (b) ACo for the OER process in 1.0 M KOH at a potential of 

1.42 V (vs. RHE) and (c) CoNS2, (d) ACo for the HER process in 1.0 M KOH at a potential of -0.319 

V (vs. RHE).
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Fig. S9 The double-layer region with scan rates ranging from 1 to 10 mV s-1 in 1.0 M KOH for (a) 

CoNS3 and (c) ACo in 0.606 - 0.656 V (vs. RHE), (e) CoNS2 and (g) ACo in 0.611 - 0.561 V (vs. 

RHE). Charging current density with different scan rates for (b) CoNS3 and (d) ACo in 0.606 - 0.656 

V (vs. RHE), (f) CoNS2 and (h) ACo in 0.611 - 0.561 V (vs. RHE).
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Table S1 OER performance comparison between CoNS3 and recently reported electrocatalysts in 

alkaline media

Electrocatalysts Electrolyte j,

mA cm-2

η required,

mV

Tafel slop,

mV dec-1

Reference

CoNS3 1.0 M 

KOH

100 275 109.1 This work

MoS2/NiS NCs 1.0 M 

KOH

100 ~475 53 S1

NCP/G NSs 1.0 M 

KOH

100 400 65.9 S2

NF@Ni/C-600 1.0 M 

KOH

100 ~460 54 S3

Ni3S2/NF-2 1.0 M 

KOH

100 425 N/A S4

Fe1-(Co3O4)10 holy 

nanosheets

1.0 M 

KOH

100 ~410 55 S5

NiCo2O4@CoMoO4/NF-

7

1.0 M 

KOH

100 ~510 102 S6

Ni-MoxC/NC-100 1.0 M 

KOH

100 470 74 S7

NiSe-Ni0.85Se/CP 1.0 M 

KOH

100 420 75 S8

NiMoN-NF700 1.0 M 

KOH

100 ~405 54 S9

NiCo2O4 nanowire arrays 1.0 M 

KOH

100 470 66.9 S10
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Table S2 HER performance comparison between CoNS2 and recently reported electrocatalysts in 

alkaline media

Electrocatalysts Electrolyte j,

mA cm-2

η required,

mV

Tafel slop,

mV dec-1

Reference

CoNS2 1.0 M 

KOH

100 335 141.1 This work

Ni:Co3S4 1.0 M 

KOH

100 330 91 S11

np-Co9S7.1P0.9 1.0 M 

KOH

100 320 102 S12

NFNS@NiP@Truss 1.0 M 

KOH

100 380 141 S13

Ni0.75Co0.25P/NC 1.0 M 

KOH

100 360 122 S14

Ni3(S0.25Se0.75)2@NiOO

H

1.0 M 

KOH

100 400 87 S15

Ni1Co1P NWs 1.0 M 

KOH

100 397 102.1 S16

Ni1-xFex-LDH 1.0 M 

KOH

100 380 110 S17

NC@CoNx/CF 1.0 M 

KOH

100 380 128 S18

Zn-Co-S/TM 1.0 M 

KOH

100 382 164 S19

Ni3N nanosheets on 

carbon cloth

1.0 M 

KOH

100 470 N/A S20
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Chapter 7 Conclusions and Perspectives 

7.1 Conclusions 

This thesis aims to develop a simple strategy, i.e. the ampoule method, for the 

controllable synthesis of highly-efficient and low-cost bifunctional electrocatalysts and 

investigate the electrocatalytic mechanism. Based on the research in this thesis, the 

following conclusions can be drawn: 

 A simple and scalable method for fabricating new three dimensional (3D) cobalt 

selenide electrodes with novel CoSe and Co9Se8 phases has been developed. The 

charge state of Co species and electrocatalytic performance of the prepared cobalt 

selenide catalysts are manipulated by controlling the mass ratio of raw materials 

and calcining in a vacuum-sealed ampoule at high temperature. The resultant 3D 

network, exposed electrocatalytic centers, and rapid charge transfer capability of 

these novel electrodes are responsible for their high activity and stability towards 

the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER). 

These merits result in excellent overall seawater splitting performance. 

 A simple method has been developed to fabricate bifunctional interfacial nickel 

nitride/sulfide electrodes with abundant interfacial contact between Ni3N and Ni3S2 

species. The obvious interface between various planes of Ni3N and Ni3S2 species 

is confirmed by high resolution transmission electron microscopy. Acting as the 

electrocatalytic active sites, these ubiquitous interfaces are beneficial for 

dissociative adsorption of water molecules and consequent water electrolysis. This 

structural feature results in excellent overall water splitting performance under 

neutral pH conditions and in seawater. The electrocatalytic mechanism is explored 

through the study of electrochemical active sites, which suggests that the abundant 

interfacial regions are predominantly responsible for the excellent catalytic 

performance. 

 The ampoule method has been applied to develop non-metal single-atom catalysts, 

i.e. single atom nickel iodide (SANi-I), which is utilized as a highly efficient 

electrocatalyst for the HER. Atomically dispersed iodine and the structure of 
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SANi-I are confirmed by aberration-corrected high-angle annular dark-field 

scanning transmission electron microscopy and synchrotron-based X-ray 

absorption spectroscopy. The resultant SANi-I possesses superior structural 

stability and exhibits extraordinary electrocatalytic HER activity. The 

electrocatalytic mechanism is explored by in-situ Raman spectroscopy which 

suggests that the single iodine atoms and adjacent nickel can accelerate the 

dissociative adsorption of water via the formation of the I-Hads (adsorbed hydrogen) 

intermediate. This work provides new opportunities for the development of single-

atom catalysts for advanced energy conversion. 

 The contemporaneous manipulation of the oxidation states of Co, N and S has been 

realized via the simple synthesis of cobalt nitride and sulfide (CoNS). Here, cobalt 

foil is activated by hydrochloric acid to prepare activated cobalt (ACo) and 

afterwards ACo is sealed with thiourea in an evacuated ampoule to synthesize 

CoNS. The oxidation state analysis via X-ray photoelectron spectroscopy reveals 

that low Co oxidation state favors the OER while high N and S oxidation states 

promote the HER, indicating that the water splitting process for this electrocatalyst 

is kinetically governed by intermediates desorption. A 100 mA cm−2 OER current 

density is achieved for CoNS at an overpotential of 275 mV, lower than that for the 

Ir/C benchmark (374 mV) in 1.0 M KOH. A 4.5 mA cm-2 current density at a 

voltage of 1.8 V is achieved for CoNS when utilized for overall electrolysis in 

neutral buffer solution. This performance is better than that for the noble-metal 

based system at the same voltage (3.4 mA cm-2). 

In summary, the ampoule method has been implemented to controllably synthesize 

highly-efficient and low-cost bifunctional electrocatalysts with abundant 

electrochemically active sites and improved electrocatalytic performance. The 

perceptive comprehension of the electrocatalytic mechanism can provide new insight 

for developing advanced bifunctional electrocatalysts for water electrolysis. 

7.2 Perspectives 

Although substantial achievement has been realized regarding the development of 
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bifunctional electrocatalysts and the understanding of their electrocatalytic mechanism, 

additional endeavors are still required to accelerate the ampoule method for energy 

conversion reactions. 

 The ampoule method demonstrates great potential for fabricating miscellaneous 

materials that have been applied in a wide range of applications. In this aspect, 

electrocatalysts, including copper-based materials for the carbon dioxide reduction 

reaction, bismuth-based materials for the nitrogen reduction reaction, and transition 

metal-based materials for the oxygen reduction reaction and hydrogen oxidation 

reaction can be designed and developed via the ampoule method. Expanding the 

range of electrocatalyst choice for energy conversion reactions will improve device 

efficiency and decrease the operational costs. 

 A clear understanding of the material growth mechanisms using operando 

techniques will enable conscious tailoring of the components, morphologies, and 

structures of targeted electrocatalysts, aiming to improve electrocatalytic 

performance. In-situ characterizations, such as in-situ X-ray absorption 

spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy, infrared 

spectroscopy, Raman spectroscopy, and transmission electron microscopy are 

anticipated to facilitate future studies into the growth mechanisms of 

electrocatalyst materials and guide electrocatalyst design. 

 Comprehension of the electrocatalytic mechanism at the atomic and molecular 

level is a crucial factor. However, the ambiguous electrocatalytic mechanism 

severely limits the development and practical application of water electrolysis 

devices. In-situ characterizations, such as in-situ X-ray absorption spectroscopy, 

X-ray photoelectron spectroscopy, infrared spectroscopy and Raman spectroscopy 

will deliver new ways to ascertain proposed reaction mechanisms. 

It is believed that increasing the number of breakthroughs in water electrolysis can 

be achieved through diversified electrocatalysts and in-situ characterization studies. 
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